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ABSTRACT

We present the strong lensing analysis of two galaxy clusters: MACSJ0242.5-2132 (MACS 0242, z

= 0.313) and

MACS J0949.8+1708 (MACSJ0949, z = 0.383). Their total matter distributions are constrained, thanks to the powerful
combination of observations with the Hubble Space Telescope (HST) and the Multi-Unit Spectroscopic Explorer instrument.
Using these observations, we precisely measure the redshift of six multiple image systems in MACSJ0242 and two in
MACS J0949. We also include four multiple image systems in the latter cluster identified in HST imaging without MUSE
redshift measurements. For each cluster, our best-fit mass model consists of a single cluster-scale halo and 57 (170) galaxy-
scale halos for MACS J0242 (MACS J0949). Multiple images positions are predicted with a rms 0.39 arcsec and 0.15
arcsec for MACS J0242 and MACS J0949 models, respectively. From these mass models, we derive aperture masses of M(R
<200kpc) = 1.671’8:8; x 10" Mg and M(R <200 kpc) = 2.00’:8:% x 10 Mg. Combining our analysis with X-ray observations
from the XMM—Newton Observatory, we show that MACS J0242 appears to be a relatively relaxed cluster, whereas conversely,
MACS J0949 shows a relaxing post-merger state. At 200 kpc, X-ray observations suggest the hot gas fraction to be, respectively,
fe = 0.11570003 and 0.05370-007 for MACS J0242 and MACS J0949. MACS J0242 being relaxed, its density profile is very well
fitted by a Navarro—Frenk—White distribution, in agreement with X-ray observations. Finally, the strong lensing analysis of
MACS J0949 suggests a flat dark matter density distribution in the core, between 10 and 100 kpc. This appears consistent with
X-ray observations.

Key words: cosmology: observations —cosmology: dark matter — gravitational lensing: strong — galaxies: clusters: general.

1 INTRODUCTION

One of the most promising avenues towards understanding the nature
of dark matter is to study its gravitational influence on the universe’s
large-scale structure, particularly within the most massive galaxy
clusters. These gravitationally bound clusters act as the largest natural
laboratories, allowing not only to observe the large-scale baryonic
physics, but also to indirectly probe dark matter thanks to the effect
of gravitational lensing. Gravitational lensing is the phenomenon of
optical distortion of background images, occurring when a massive
foreground object — like a cluster, the ‘lens’ — is on its line-of-sight.
Gravitational lenses act as magnifying telescopes of objects in the
background, creating in some cases multiple images of a same source,

* E-mail: jall0809 @uni.sydney.edu.au

and allowing observers to study objects in the distant universe (for a
review, see Kneib & Natarajan 2011).

For all these reasons, since the first discovery of the gravitational
giant arc of Abell 370 (Hammer 1987; Soucail et al. 1988) to the
modern surveys of galaxy clusters and gravitational lenses, such as
the Cluster Lensing And Supernovae survey with Hubble (CLASH,
Postman et al. 2012), the Hubble Frontier Fields (HFF, PI: Lotz, Lotz
et al. 2017), the REionization LensIng Cluster Survey (RELICS,
PI: Coe, Coe et al. 2019), the SDSS Giant Arcs Survey (SGAS,
PI: Gladders, Sharon et al. 2020), and the Beyond the Ultra-deep
Frontier Fields And Legacy Observation programme (BUFFALO, PI:
Steinhardt & Jauzac, Steinhardt et al. 2020), gravitational lensing has
emerged as a field of cosmology, capable of bringing key information
to comprehend the structure formation and the nature of dark matter.

In particular, the study of a system of multiple images originating
from one source through gravitational lensing allows one to constrain
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Strong lensing mass models of MACS J0242.5—2132 & MACS J0949.8+1708

the mass distribution within the lens and to characterize the dark mat-
ter density profile within it. The descriptive potential of gravitational
lensing has already been showcased at multiple occasions, such as
in Jauzac et al. 2014; Richard et al. 2014a; Grillo et al. 2015; Diego
et al. 2015a, b, 2016; Jauzac et al. 2016¢c; Caminha et al. 2017;
Diego et al. 2018; Williams, Sebesta & Liesenborgs 2018; Diego
et al. 2020. Using the combination of high-resolution images taken
with the Hubble Space Telescope (HST) and the Dark Energy Survey
(DES) for photometric analysis in the one hand, and the Multi-
Unit Spectroscopic Explorer (MUSE, see Bacon et al. 2014) for
spectroscopy in the other, we were able to securely identify cluster
members and multiple images systems. This combination has proven
to be particularly successful over the past few years (e.g. Grillo et al.
2016; Treu et al. 2016; Jauzac et al. 2016a; Lagattuta et al. 2017;
Mahler et al. 2017; Caminha et al. 2019; Jauzac et al. 2019; Lagattuta
et al. 2019; Jauzac et al. 2021).

In this paper, we repeat a similar exercise, looking at two galaxy
clusters, MACS J0242.5—-2132 and MACS J0949.8+1708 (i.e. RXC
J0949.84-1707), hereafter MACS J0242 and MACS J0949 respec-
tively, initially discovered by the MAssive Cluster Survey (MACS,
PI: Ebeling, Ebeling, Edge & Henry 2001). We combined multiband
HST and ground-based imaging with spectroscopy from VLT/MUSE
with the lensing modelling technique presented in detail in Richard
et al. (2014b) which makes use of the publicly available LENSTOOL
software (Kneib et al. 1996; Jullo et al. 2007). We then confront our
lensing results to the intra-cluster gas distribution observed by the
XMM—Newton X-ray Observatory.

Itis common practice to use the combined baryonic analysis of the
X-ray signal and the Sunyaev-Zel’dovich effect (SZ) to understand
the thermodynamics of galaxy clusters. One can then reconstruct the
total matter density of galaxy clusters by making a number of hy-
potheses, such as hydrostatic equilibrium or polytropic temperature
distribution (see Tchernin et al. 2018). Furthermore, as the analysis
of multiwavelengths observations (optical, SZ effect, X-rays) char-
acterizes the thermodynamics of the intra-cluster medium (ICM;
see Sereno et al. 2017), a careful comparison between these and a
strong lensing analysis can provide clues on the possible differences
between expected and observed baryon and dark matter distributions.

As an example, the study in merging galaxy clusters of the
offset between the position of the centre of dark matter, luminous
galaxies, and X-ray emission can be used to constrain the cross-
section of self-interacting dark matter (SIDM, see Tulin & Yu 2018,
for an overview). In fact, simulations of colliding clusters suggests
the cold dark matter (CDM) distribution to be bounded to the
luminous distribution; whereas in SIDM scenarios dark matter lags
behind baryonic matter (Massey, Kitching & Nagai 2011; Robertson,
Massey & Eke 2016, 2017). For instance, Robertson, Massey &
Eke (2017) present SIDM simulations with anisotropic scattering,
yielding an offset between the galaxies centre and that of dark matter
(DM) smaller than 10 kpc for an interaction o/m = 1 cm?.g~". This
was pioneered in Clowe, Gonzalez & Markevitch (2004) and Bradac
et al. (2008) and has now become more and more popular as shown
in, e.g. Merten et al. (2011); Harvey et al. (2015); Massey et al.
(2015); Jauzac et al. (2016b); Jauzac, Harvey & Massey (2018);
Massey et al. (2018).

In this article, we focus on the lensing-based mass reconstructions
of the two clusters. Utilizing the ICM detected in the X-rays to infer
the dark matter halo profile, we compare the results of our lensing
reconstruction to the XMM—Newton X-ray data from CHEX-MATE
Collaboration et al. (2021), processed following the X-COP pipeline
(Ghirardini et al. 2019) for these two clusters. We present a broader
context for such comparisons, i.e. new models of baryonic matter
distribution rooted in lensing analysis to constrain the electronic
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densities of galaxy clusters, in a companion paper (Allingham et al.
in prep.).

Our paper is organized as follows. In Section 2, we present
the observations used for our analysis. The methods to extract
multiple image candidates and to build cluster galaxy catalogues
are presented in Section 3. The lensing reconstruction method is
introduced in Section 4, the mass models are described in Section 5,
and conclusions are presented in Section 6. Throughout this paper,
we assume the ACDM cosmological model, with 2,, = 0.3, Q, =
0.7, and Hy = 70 km/s/Mpc. All magnitudes use the AB convention
system (Oke 1974).

2 DATA

To determine the cluster mass distributions as robustly as possi-
ble, we include both imaging and spectroscopic information when
constructing lens models. This combination is especially powerful,
allowing us to identify and confirm individual components of the
model (such as multiple-image constraints and cluster members)
while simultaneously rejecting interlopers along the line of sight.
We complement the observations we have with HST and VLT/MUSE
with XMM—Newton X-ray Observatory observations to cross-check
our lensing model results. Figures 1 and 2 present a stack of the
imaging, spectroscopic, and X-ray data for clusters MACS J0242
and MACS J0949 respectively.

2.1 Imaging
2.1.1 Hubble Space Telescope

As part of the MACS survey (Ebeling et al. 2001), both targets
in our study have publicly available HST data. Snapshot (1200s)
imaging of MACS J0242 taken with the Wide Field Planetary Camera
2 (WFPC2, Holtzman et al. 1995) exists for both the F606W
and F814W bands (PID:11103, PI: Ebeling), supplemented by an
additional 1200s image taken with the Advanced Camera for Surveys
(ACS, Ford et al. 1998) in F606W (PID: 12166, PI: Ebeling).
Similarly, shallow imaging for MACS J0949 have been taken with
the ACS in both F606W (PID:10491, PI: Ebeling) and F§14W (PID:
12166, PI: Ebeling). Archival processed versions of these datasets
are available from the Hubble Legacy Archive.!

Following the initial MACS data, MACS J0949 was subsequently
observed as part of the RELICS survey (Coe et al. 2019) — under the
name RXC J0949.84-1707 — and thus there are additional data sets
for this cluster. Specifically, ACS imaging in F435W, F606W, and
F814W provide wider, deeper coverage of the cluster field in optical
bands, whereas coverage in F105W, F125W, F140W, and F160W
bands using the Wide Field Camera 3 (WFC3, Kalirai et al. 2009)
provide information in the near-infrared regime. These data are also
publicly available? and therefore in this work combine all of the
imaging (save for the F435W band, which is too low S/N for our
purposes) to create our master data set. A summary of all available
HST imaging can be found in Table 1.

2.1.2 DESI legacy survey

Since the available HST imaging for MACSJ0242 are shallow
and colour information is limited to a WFPC2-sized footprint, we
complement these data with additional multiband ground-based

Thttps://hla.stsci.edu/
Zhttps://archive.stsci.edu/prepds/relics/
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Figure 1. Composite DES colour image of MACS J0242. The gas distribution obtained from XMM—Newton observations is shown with dashed green contours.
In cyan, we highlight the positions of the multiple images used to constrain the mass model and which are listed in Table 6. Critical lines for a source at z =
3.0627 (redshift of system 1) are shown in red. The MUSE field of view is shown in pink.

imaging from the Dark Energy Spectroscopic Instrument (DESI)
legacy archive. To enhance the HST data as much as possible, we
extract cutout images in three optical bands — g, r, and z, see Abbott
et al. (2018). The images are centred around the MACS J0242
brightest cluster galaxy (BCG) located at (« = 40.6497 deg,
8 = —21.5406 deg), and extend over a full ACS field of view.
Combining the space- and ground-based information allow us to
improve our galaxy selection function during lens modelling (see
Section 3). The DESI data are summarized in Table 2.

2.2 Spectroscopy

In addition to imaging, our lensing reconstruction makes use of the
MUSE (Bacon et al. 2014) observations at the very large telescope.
Such observations are invaluable to obtain redshift information.
Both clusters were observed with MUSE as part of the filler large
programme ‘A MUSE survey of the most massive clusters of galaxies
— the universe’s kleidoscopes’ (PI: Edge). Data for each cluster

MNRAS 522, 1118-1137 (2023)

consist of a single MUSE pointing, divided in a series of three
exposures of 970 s. To reduce the effects of bad pixels, cosmic rays,
and other systematics, each successive exposure is rotated by 90°, and
a small (~0.05 arcsec) dither pattern is applied. We reduce the raw
data following the procedure detailed in Richard et al. (2021). Details
of the observations for both clusters are summarized in Table 3.

2.3 X-ray data

We searched the XMM —Newton archive for publicly available obser-
vations of the two systems of interest. MACS J0242 was observed for
a total of 70ks (OBSID:0673830101) and MACS J0949 for a total
of 36ks (OBSID:0827340901). We analysed the two observations
using XMMSAS Vv17.0, and the most up-to-date calibration files. We
used the XMMSAS toolsmos-filter andpn-£filter toextract
light curves of the observations and filter out periods of enhanced
background, induced by soft proton flares. After flare filtering, the
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Figure 2. Composite colour ST image of MACS J0949. The critical lines of system 1, at redshift 4.8902, are shown in red. The gas distribution obtained
thanks to XMM—Newton observations are shown with dash green contours. In cyan, we highlight the positions of the multiple images used to constrain the mass
model. They are listed in Table 8. In pink, we display the MUSE field of view.

Table 1. Summary of the HST observations used in this analysis for MACS J0242 and MACS J0949.

Galaxy cluster Date of observation Proposal Camera/Filter RA (°, J2000) Dec (°,J2000)  Exposure time (s)

MACS J0242 29/02/2012 12 166 ACS/F606W 40.645985 —21.541129 1200
30/11/2007 11103 WFPC2/F606W 40.649625 —21.540556 1200
27/10/2008 11103 WFPC2/F814W 40.649625 —21.540556 1200

MACS J0949 09/10/2015 14096 WEC3/F105W 147.462029 17.120908 706
09/10/2015 14096 WFC3/F125W 147.462029 17.120908 356
09/10/2015 14096 WEC3/F140W 147.462029 17.120908 331
09/10/2015 14096 WFC3/F160W 147.462029 17.120908 906
20/11/2015 14096 ACS/F606W 147.463077 17.120878 1013
20/11/2015 14096 ACS/F814W 147.463077 17.120878 1013
23/04/2011 14096 ACS/F814W 147.463077 17.120878 1440
25/10/2005 14096 ACS/F606W 147.463077 17.120878 1200

MNRAS 522, 1118-1137 (2023)
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Table 2. Summary of the DESI observations used in this analysis for MACS J0242.

Date of observation? Proposal Filter RA (°, J2000) Dec (°, J2000) Exposure time (s) Seeing (” )¢
24/09/2016 2012B-0001 DES/g 40.6497 —21.5406 810 0.738
05/11/2016 2012B-0001 DES/r 40.6497 —21.5406 720 0.701
16/11/2016 2012B-0001 DES/z 40.6497 —21.5406 810 0.859

Note.* Median values, determined over all observations.

Table 3. Summary of MUSE observations for MACS J0242 and MACS J0949. Columns 1 to 3 indicate respectively the name of the cluster, its average
redshift, and the ID of the ESO programme. For each pointing, we then give the observation date in column 4, the right ascension, R.A., and declination,
Dec., of the centre of the field of view in columns 5 and 6, the total exposure time in column 7, and the full width at half maximum (FWHM) of the seeing

during the observations in column 8.

Galaxy cluster z Date of observation ESO proposal RA (°, J2000) Dec (°,J2000)  Exposure time (s) Seeing (”)
MACS J0242 0.3131 26/12/2017 0100.A-0792(A) 40.650167 —21.5401389 2910 0.63
MACS J0949 0.383 20/02/2020 0104.A-0801(A) 147.465792 17.119528 2910 0.71

available clean exposure time is 61 ks (MOS) and 53 ks (PN) for
MACS J0242, and 35 ks (MOS) and 34 ks (PN) for MACS J0949.

3 SPECTROSCOPIC AND PHOTOMETRIC
ANALYSES

In this section, we present the key steps to obtain cluster galaxy
catalogues and (candidate) background multiple image systems for
both MACS J0242 and MACS J0949: from the source extraction
to the selections of galaxies and identification of cluster galaxies
specifically, using both the multiband imaging in hand for the two
clusters as well as the spectroscopy from VLT/MUSE.

3.1 Spectroscopic analysis

We here present the analysis of the spectroscopic observations
described in Section 2.2. In spite of the field of view of the MUSE
cubes, 1 arcmin x 1 arcmin, being smaller than that of HST or DES,
we can still access the redshift of a large number of foreground,
cluster, and background galaxies.

In order to detect specifically multiple image systems, we use
MUSELET (MUSE Line Emission Tracker), a package of MPDAF
(Muse Python Data Analysis Framework) which removes the con-
stant emission from bright galaxies in the field and is optimized
for the detection of the faintest objects. For more details about the
technique, we refer the reader to (Bacon et al. 2016) and (Piqueras
et al. 2017). We go through each of the 3681 slices of this subtracted
MUSE datacube and identify the bright detections.

We complete this technique with CatalogueBuilder (see
Richard et al. 2021) for a thorough and systematic analysis. The latter
embeds the MUSELET analysis, but also uses a modified version of
MARZ (see Hinton et al. 2016), which is better tuned to the resolution
and spectral profiles specific to MUSE data. CatalogueBuilder
also uses the position data of the deepest field available (in this case
HST/ACS). These make it easier to confirm the likely source of the
multiple images which we are looking for. Using the spectroscopic
information, we adjust with our own custom redshifting routine the
detected spectra to the known absorption lines, and notably [OII],
[OHI] and Ly-or. We then obtain catalogues containing coordinates
and redshifts, such as Tables 6 and Al. We also consider multiple
detections within a radius of <0.5 arcsec and a redshift separation
of §z < 0.05 to be a unique object. All redshifts are supposed known
with a precision estimated to §z = 0.0001.

MNRAS 522, 1118-1137 (2023)

‘We can associate to these detections Signal-to-Noise (S/N) ratios.
As we also know the type of pattern the absorption lines should
match, we can use the S/N ratio and spectral patterns to define differ-
ent confidence levels. We only keep in all catalogues, including for
example in Section A, detections judged to be ‘good’ or ‘excellent’
(identifiers 3 and 4 in MARZ and CatalogueBuilder). In the
case of several detections representing a same object, we merge
them keeping the best quality of detection.

The distribution of redshifts in each cluster is shown in Fig. 3 for
the full MUSE frame. We measure 36 and 96 good spectroscopic
redshifts in MACS J0242 and MACS J0949, respectively. Due to the
small statistics, this distribution is not Gaussian but it is sufficient to
constrain the redshift of the clusters, which we estimate to be 0.300
<z<0.325and 0.36 < z <0.41 for MACS J0242 and MACS J0949,
respectively. For the current analysis, we define the redshift of each
cluster by that of their BCG, i.e. respectively 0.3131 and 0.383 for
MACS J0242 and MACS J0949, respectively.

3.2 Photometric analysis

3.2.1 Source extraction

We first align all images from a given instrument (HST/ACS,
HST/WFEC3, HST/WFPC2, and DESI) to the same wcs coordinates
and pixelate them accordingly to allow for direct colour comparison
of detected objects. In order to extract all detected objects from the
multiband imaging in hand for each cluster, we run the SEXTRAC-
TOR software (Bertin & Arnouts 1996) in dual-image mode, for
each pass-band of each instrument. For each instrument, we adopt
a reference pass-band and a position of reference. The former sets
the Kron-like magnitude of each detection, whereas the latter sets
its location. The number of bands per instrument as well as the
reference pass-band used is listed in Tables 4 and 5 for MACS J0242
and MACS J0949, respectively.

For each instrument, we then apply several cuts and selection
criteria to the output catalogues from SEXTRACTOR. That allows us
to build a complete multiband catalogue composed only of galaxies.
We summarize the different steps of this process:

(1) All detections without reliable magnitude measurements (i.e.
MAG_AUTO=-99) and incomplete (or corrupted) data are removed
from all catalogues. This includes isophotal data and memory
overflow that occurs during deblending or extraction.

G20z 8unf G| uo 1senb Aq G219802/81 L L/1/22S/P0IMe/SEIU/ WO dNo"olwapede//:sdny Wwoly papeojumoq



Strong lensing mass models of MACS J0242.5—2132 & MACS J0949.8+1708

I Stars
E Foreground z < 0.292
10" 4 B Cluster 2 <0.333
3 Background z < 1.400
-
=1
=
Qo
o
0
Rl - I . . . : — 11, H
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Zspec
N Stars
Hl Foreground z < 0.352
, | HEE Cluster z<0.418
10 [ Background z < 1.400
=
=
o
o
0
10 T T T I_II I_I T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Zspec

1123

I Stars
HEl Foreground z < 0.25
I Cluster 2 <037
- 10! 4 [ Background z < 1.40
g Ly 2 < 7.00
(o]
O I
0
10 T T l T .-'
0 1 2 3 4 5
Zspec
g
1
=] 10
8 I Stars
HEl Foreground z < 0.30
I Cluster 2 <047
[ Background z < 1.40
100 El Ly-o 2 < 7.00
0 1 2 3 4 5
Zspec

Figure 3. Redshift distribution of all MUSE detected objects. Top row: cluster MACS J0242. Objects identified as being in the cluster are shown in green,
whereas foreground and background objects are shown in blue and yellow, respectively. We highlight Lyman-« emitters in red. At last, objects within the Milky
Way (stars, etc.) are displayed in purple. Left panel: redshift distribution of objects located at small redshifts z < 1. — Right panel: redshift distribution of all
objects with a measured redshift. Bottom row: cluster MACS J0949. Left panel: redshift distribution of objects located at small redshifts z < 1. — Right panel:

redshift distribution of all objects with a measured redshift.

Table 4. Number of detections (Nod) after each source extraction selections
as listed in Section 3.2.1 for MACS J0242.

Table 5. Number of detections (Nod) after each source extraction selections
as listed in Section 3.2.1 for MACS J0949.

Observable DES HST/WFPC2 HST/ACS Observable HST/WFC3 HST/ACS
Number of bands 3 2 1 Number of bands 4 2
Reference band F814W F606W Reference band F160W F814W
Nod (0) 186 808 559 Nod (0) 3114 3055
Nod (i) 185 540 559 Nod (i) 2388 2700
Nod (ii) 180 492 456 Nod (ii) 2172 2639
Nod (iii) 180 429 456 Nod (iii) 1648 2490
Nod (iv) 142 202 402 Nod (iv) 773 1708
Colour-magnitude 51 45 179 Colour-magnitude 42 172
Final 58 Final 170

(ii) All objects with a stellarity greater than 0.2 are removed as
they are likely to be stars rather than galaxies. We additionally mask
all detections very close to bright stars.

(iii) For a given cluster, only objects detected in all pass-bands are
kept.

(iv) All objects with a S/N ratio smaller than 10 are removed.

Tables 4 and 5 are listing the number of detections remaining
once each of these criteria are applied for each instrument, for
MACS J0242 and MACS J0949, respectively.

3.2.2 Spectroscopic redshift identification

Now that we have a galaxy catalogue for each instrument, we can
match our detection with spectroscopic redshift measurements from
VLT/MUSE. In order to ensure a MUSE detection corresponds to a
photometric one, we compare the positions measured by SEXTRAC -

TOR in the different filters for all objects, using a Haversine function®
If the separation angle between objects from the spectroscopic and
the photometric catalogues is smaller than 0.5 arcsec, we consider
the detection to be of the same objects, and hence associate the
spectroscopic redshift to the photometric detection. This error is
equal to 2.5 MUSE pixels and captures the positional uncertainty on
spectroscopic detections.

Out of this step, we attribute a spectroscopic redshift to 20, 25,
and 25 sources in the DES, HST/WFPC2, and HST/ACS catalogues
for MACSJ0242. In the case of MACSJ0949, we attribute a
spectroscopic redshift to 54, and 49 sources in the HST/ACS and
HST/WFC3 catalogues.

3The Haversine angle reads as

8 —38 _
H = 2arcsin \/sin2 (%) + cos 81 cos &, sin? (%).
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3.2.3 Cluster galaxy selection

The next step is the identification of cluster galaxies specifically. For
that we are using colour-magnitude selections for each clusters.

The first step consists in applying the red sequence technique (e.g.
Gladders & Yee 2000). Using the catalogues after source extraction
selections and spectroscopic redshift identification, we compute
for both clusters a series of colour-magnitude (CM) diagrams. We
compute these for each instrument. As each pass-band represents a
magnitude, we can respectively compute 3 and 1 CM diagrams for
DES and HST/WFPC2 for MACS J0242 (none for HST/ACS as only
one band is available), and 1 and 6 for HST/ACS and HST/WFC3 for
MACS J0949.

As shown in Fig. 4, cluster members are expected to follow a
main sequence (magenta line). To calibrate our selections, we use
spectroscopically confirmed cluster members. We then remove all
detections with a magnitude exceeding m,,x, Which varies depending
on instruments and filters. For MACS J0242, we have m,x = 22 for
HST/WFPC2, 23.5 for DES/z, and 24.5 for DES/r. For MACS J0949,
we have mpy. = 21.5 for HST/WFC3 and 22.5 for HST/ACS. We
then perform a linear regression and obtain the main sequence. We
give in Appendix B the fits for all colour-magnitudes used for both
clusters.

Galaxies selected as cluster members are galaxies which have
a colour within 20 ¢ of the main red sequence for HST/ACS and
HST/WFC3, and within 30 ¢ for HST/WFPC2 and DES. o is the
weighed colour standard deviation of the spectroscopically con-
firmed cluster galaxy sample. These limits are highlighted as black
rectangles in Fig. 4. For an instrument with more than two pass-bands,
we can compute more than one CM diagram, and thus only retain
cluster member identifications compatible with all colour-magnitude
diagram selections. We summarize in Tables 4 and 5 for MACS J0242
and MACS J0949, respectively; the number of galaxies identified
as cluster members per instrument once these colour-magnitude
selections are applied. In some cases, spectroscopically confirmed
cluster galaxies fall outside the colour-magnitude selection. These
objects are ultimately conserved in our cluster galaxy catalogue.
However, we do not include them in the CM cut counts, to show the
effect of the photometric selection.

3.2.4 Instrument catalogue combination

We now assemble the galaxy catalogues for each instrument before
merging these into a final cluster galaxy catalogue for each cluster.
We match the coordinates of sources with the already defined 0.5
arcsec separation angle.

MACS J0242 and MACS J0949 were imaged with different in-
struments and thus have different coverage. We define the camera
of reference as the camera with the highest resolution. In the case
of the both clusters, it is HST/ACS, but the reference band is
chosen as F606W for MACS J0242, and F814W for MACS J0949.
MACS J0242 was observed with HST/ACS in only one band.
Moreover, MACS J0242 was observed with HST/WFPC2 in two
pass-bands, but the shape of the camera field of view does not cover
the entire ACS field of view. MACS J0242 has DES observations in
three pass-bands, covering a wide field of view. However the quality
of these observations is lower than the ones we have from space.
We therefore require for a given cluster member selected galaxy
in HST/ACS to be at least present in DES or WFPC2 in order to
be included into the final cluster member catalogue. MACS J0949
was imaged with HST/ACS and WFC3 cameras. HST/WFC3 has a
smaller field of view than ACS. We detected multiply imaged systems
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out of the WFC3 field of view. In order to account for the gravitational
effect of individual galaxies on these systems, we include all galaxies
detections from at least one camera to our galaxies catalogue.

Finally, cluster galaxies located at a distance larger than 40 arcsec
from the cluster centre and with a magnitude difference to the BCG
of Am > 4 are ignored. Due to their small mass, these galaxies would
only have a very small impact on the strong lensing configurations
observed.

3.3 Final catalogues

3.3.1 Cluster galaxy catalogues

Section 3.2 describes all the steps for the identification of cluster
members, including colour-magnitude selections as well as spectro-
scopic identifications. All galaxies identified as cluster members and
used for our lensing modelling are listed in Appendix, in Tables A3
and A4 for MACS J0242 and MACS J0949. Our final catalogues
include 58 and 170 galaxies for MACS J0242 and MACS J0949,
respectively.

In order to probe the robustness of our catalogues, we conducted
the following verification analysis. We isolated only the spectro-
scopic detections, and then reinjected them into our photometric
selection. We found respectively 15 out of 16 and 34 out of 34
galaxies retained within the photometric selection for MACS J0242
and MACS J0949. As these spectroscopic detections were used to
define these selections, they are expected to be selected. Thus,
in order to estimate the contamination by galaxies out of the
cluster redshift boundaries, we examined the number of selected
spectroscopic detections out of the cluster. We find a maximum 2 (2)
out of 54 (97) galaxies of our sample contaminants, i.e. 4 percent
(2 percent) contamination of our sample in cluster MACS J0242
(MACS J0949). Thus, we are confident in our galaxy selection.
Nevertheless, for accuracy, we removed these known out-of-cluster
galaxies from the final catalogue.

3.3.2 Multiple image systems

In Section 3.1, we described the preliminary steps leading to the
multiple image system catalogue. At this point, this is simply a
catalogue of reliable detections with redshift z > 0.6. The second
step in the identification of multiple image systems is to look for
similarities between these detections, starting with their spectra. We
then look at their positions and see if they are compatible with a
lensing geometry. The MUSE field of view being narrower than the
HST one, one can also look at the colour and morphology of possible
multiple images. If a given set of multiple images presents at the same
time compatible positions, colours, morphologies and, if available,
redshift, we consider them as a multiple image system.

In Fig. 5, we show a colour composite HST image of four MUSE
detections, four multiple images of the same galaxy located at redshift
z =4.89. In the case of MACS J0949, we force extract emission from
the MUSE cube corresponding to the location of multiple images
previously identified by the RELICS collaboration (obtained through
private communication); we only reveal marginal identification as
explained in Sec. 5.1.2. The final list of system used in this analysis
is presented in Table 8.
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Figure 4. Colour-magnitude diagrams. Top row: cluster MACS J0242. Left panel: instrument HST/WFPC2 — mpgjaw versus (mpgoew — Fs14w ). Right panel:
Instrument DES —m, versus (mg — m;). Grey filled circles (with their error bars) have successfully passed all selections described in Section 3.2.1. The magenta
line represents the main sequence regression. Blue, gold, and red dots represent spectroscopic detections of foreground, cluster, and background objects,
respectively. Bottom row: cluster MACS J0949. Left panel: instrument HS7T/ACS — mpgiaw versus (mrsoew — Mpgiaw). Right panel: instrument HST/WFC3 —

mEj6ow VErsus (mpjosw — MEI60W)-

4 STRONG LENSING MASS MODELLING

The mass distribution of each cluster is reconstructed using the
LensTooL software* (Kneib et al. 1996; Jullo et al. 2007), in its
parametric mode. The optimization is performed in the image plane
with a Markhov Chain Monte-Carlo algorithm (MCMC) assuring
the sampling of parameter space. It optimizes the predicted positions
of multiple images while fitting an underlying mass distribution
composed of large-scale halo(s) to describe the overall cluster

“https://projets.lam. fr/projects/lenstool/wiki

potential, and small-scale halos to account for local perturbers such
as cluster galaxies.

For both clusters, we describe any potential using a dual Pseudo-
Isothermal Elliptical matter distribution (dPIE, see Kassiola &
Kovner 1993) which, as described in Eliasdottir et al. (2007), has
two different pivot scales: a core radius, which describes the potential
evolution due to the baryonic matter content, and a cut radius that
describes the dark matter potential. A dPIE potential is described by
seven parameters (excluding the redshift): the central coordinates,
the ellipticity e, the position angle 6, the core and cut radii, rcye and
rew Tespectively, and a fiducial central velocity dispersion o. The
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Figure 5. HST composite colour image of the four multiple images of System 1 detected in MACS J0949 with VLT/MUSE observations. Colours were enhanced
to outline the multiple images. Labelled cyan circles show the positions of the multiple images and correspond to the peak of the Lyman-« emission. The green
contours show flux density levels at 1.500, 2.125, and 4.000 x 10~20 erg sTlem 2 A1,

fiducial central velocity dispersion in LENSTOOL o relates to the true
three dimensional central velocity dispersion with oy = +/3/20, as
detailed in Bergamini et al. (2019), Appendix C.

For each cluster, we assume one single large-scale dark matter halo
to describe the overall cluster potential. It is described by a large
velocity dispersion (~103km.s™!), a large core radius (~10?kpc)
and large cut radius. We optimize all the parameters of the potential,
excluding the cut radius which we fixed to values >1Mpc as it
is located far from the strong lensing region and thus cannot be
constrained by multiple images only. The position of each cluster
halo is allowed to vary within 10 arcsec of the cluster centre, i.e.
the position of the BCG. The ellipticity of the halo is limited to
values <0.8. The cut radius is fixed to 1.5 Mpc for both MACS J0242
and MACS J0949, as our investigation to model the ICM through
lensing shows that this value provides a better fit to the X-ray
observations (see our companion paper Allingham et al. in prep.).
This value is in agreement with Chang et al. (2018), taking in
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consideration the higher mass range of the clusters we are exploring
here.

The BCG of each cluster is also modelled independently, using
a dPIE potential. The BCG has a strong gravitational influence
in the cluster core and will thus impact the geometry of multiple
images quite strongly (Newman et al. 2013a). We fix their r o to
a small value of 0.30 kpc for cluster MACS J0242 and 0.25 kpc for
MACS J0949. For their positions, position angle, and ellipticity, we
fix their values to the shape parameters in outputs of SEXTRACTOR.
Finally, we only optimize its their velocity dispersion and cut radius.

Each individual cluster member is modelled by its own dPIE po-
tential. Their positions, ellipticities, and position angles are obtained
with the photometric extraction.

We again assume a small but non-null value for r.y.. Their cut
radii and velocity dispersions are optimized using their magnitude
and assuming the Faber—Jackson scaling relation (Faber & Jackson
1976). All cluster members cut radii and velocity dispersions are

G20z 8unf G| uo 1senb Aq G219802/81 L L/1/22S/P0IMe/SEIU/ WO dNo"olwapede//:sdny Wwoly papeojumoq


art/stad917_f5.eps

Strong lensing mass models of MACS J0242.5—2132 & MACS J0949.8+1708

E
27 =10.46 kpc

Figure 6. Composite colour HST image of the Southern clump in
MACS J0949. In cyan, we highlight the positions of the multiple images
identified with HST and listed in Table 8. The external/tangential critical
lines for a source at redshift z = 3.65 are represented in red — this
redshift being compatible with sources 4, 5, and 6, according to the best fit
optimization.

rescaled with regard to a unique set of parameters (reu 0, 00)-
This allows us to optimize each cluster galaxy potential using a
remarkably small number of parameters. r., and o are allowed to
vary between 1 and 50kpc, and 100 and 300 km.s~! respectively.
As mentioned earlier, the Faber—Jackson relation being scaled to a
reference magnitude mag,, we use the reference pass-band of the
main camera for each cluster, ACS/F606W (magy, = 20.0205) and
ACS/F814W (mag, = 19.5085) for MACS J0242 and MACS J0949,
respectively.

As the centre of the cluster-scale halo and the BCG are aligned,
the Feores Feu, @and o parameters of both potentials are degenerate.
Due to the limited number of lensing constraints, we proceed
incrementally to model the potential, to narrow the parameters
space. First, we include the BCG in the scaling relation of the
cluster galaxies and optimize the cluster-scale halo and the scaling
relation parameters as described above. Second, we run a model
with the BCG optimized independently, only optimizing 7., and
o as explained above. However in this case, the cluster-scale halo
parameters are allowed to vary within a restricted range, defined
Gaussianly around the best fit values obtained from the first model.
This way, we can limit the degeneracy between the cluster-scale
and BCG halos, and obtain physical values to describe the BCG
potential.

Finally, we added a completely free dPIE potential south to the
main cluster halo of MACS J0949. This structure has already been
included in the public RELICS models and correspond to the location
of three candidate multiply-imaged systems 4, 5, and 6 as shown in
Fig. 6. We optimized their redshifts as well as the potential and to
prevent nonphysically high value we imposed Gaussian priors on
Teores Teut, and velocity dispersion.
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Table 6. List of multiple images detected with VLT/MUSE in MACS J0242.
We here list their ID, coordinates, R.A. and Decl., given in degrees (J2000),
and their measured spectroscopic redshift z.

1d. R.A. Decl. z
1.1 40.6574070 —21.5383801 3.0627
1.2 40.6575168 —21.5387136 3.0627
1.3 40.6531265 —21.5473860 3.0627
14 40.6446350 —21.5392391 3.0627
2.1 40.6453464 —21.5336906 3.8681
22 40.6411296 —21.5407791 3.8681
2.3 40.6419142 —21.5436276 3.8681
24 40.6546554 —21.5416287 3.8681
3.1 40.6580815 —21.5363952 3.8682
32 40.6454775 —21.5404581 3.8682
4.1 40.6523889 —21.5446358 3.0615
4.2 40.6499994 —21.5316520 3.0615
5.1 40.6529585 —21.5386743 4.9492
52 40.6432539 —21.5482627 4.9492
6.1 40.6499320 —21.5354918 1.3010
6.2 40.6541677 —21.5382729 1.3010
6.3 40.6463323 —21.5366811 1.3010
6.4 40.6479134 —21.5470977 1.3010
5 RESULTS

5.1 Strong lensing mass models
5.1.1 MACS J0242 model

In MACS J0242, we detected six systems of multiple images with
MUSE. Their positions and redshifts are given in Table 6. We provide
the best fit parameters of our model in Table 7. The fixed values
are highlighted by an asterisk. Our best-fit model yields predicted
multiple images with a rms of 0.39 arcsec of the observed positions.
The inclusion of an external shear component does not provide
a significant improvement to the mass model, i.e. a rms of 0.38
arcsec compared to our best-fit mass model of 0.39 arcsec. This
error is smaller than the positional error associated to spectroscopic
detections. However, the error on the position of the multiply-lensed
images is associated to their photometric detections, with much
smaller positional error.

The geometry of the cluster is typical of arelaxed cool-core cluster.
The density profiles peak in the centre, and the transition between
the BCG and the DM halo appears to be very smooth as illustrated
in Fig. 7. No other significant structure are identified. Fig. 7 shows
the surface density profile, ¥, and includes a 68 per cent confidence
interval around the best contours, as a function of the distance to the
cluster centre. The inner part of the profile, R < 50 kpc, is dominated
by the BCG potential, whereas at larger radii, the dark matter halo
takes over. This pivot scale of about 50 kpc corresponds to the core
radius of the DM halo, and the separation between the two different
regimes of the dPIE potential. However, disentangling the potential
influence of the BCG and the DM of the halo would require a much
finer study of the stellar mass distribution of the BCG with a spectral
energy distribution (SED) fit, which is beyond the scope of this
article.

We find the total density profile (baryonic and dark matter) of
MACS J0242 to be well fitted by a Navarro—Frenk—White profile
(NFW, see Navarro, Frenk & White 1996) in the region between
20 and 1000 kpc. We limit the reconstruction to radii r > 20 kpc
as the Kron-like magnitude radius of the BCG is about 10 kpc, and
we attempt to limit the influence of stellar physics within the fit.
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Table 7. Best fit parameters of the strong lensing mass models for MACS J0242 and MACS J0949. We here list the central coordinates, A, and Aj in
arcsec, relative to the centre, the ellipticity, e, the position angle in degrees, 6, the core radius in kpc, rcore, the cut radius in kpc, rey, and the velocity
dispersion in km.s~!, o, for each component of the model. The centres are taken to be respectively (e, 8.) = (40.649555, —21.540485) deg and («,, 6.) =

(147.4659012, 17.1195939) deg for MACS J0242 and MACS J0949. The asterisks highlight parameters which are fixed during the optimization.

Ay As e 0 Teore Teut o
MACS J0242
DM halo —0.138709% 0.13670 11 0.28710.037 17.88410-7% 57.1947¢00 1500* 918.47913% 05
BCG 0.044* —0.090* 0.226* 155.75875%0%6 0.300* 177.575T3285 524516735510
Galaxy catalogue 0.030* 5.6257] 800 199.242730721
MACS J0949
DM halo —1.93619213  —0.6717038 0.24970. 3% 9243470300 116.24672}1% 1500 1236.094737597,
Southern halo 4.80010748  —60.1331231 0.097102%  128.629T1E8 2054873506 232,502 18002 323.2201120.292
BCG 0 0 0.475* 120.130* 0.250* 98.044T13%13% 253749112647
Galaxy catalogue 0.150* 23.135M) 1037 139.314732-80

Table 8. List of the multiple images detected with VLT/MUSE in
MACS J0949. We here list their ID, coordinates, R.A. and Decl. given in
degrees (J2000), and their measured spectroscopic redshift z. Values within
brackets were obtained after LensToor redshift optimization.

Id. R.A. Dec. z

1.1 147.4683753 17.11409360 4.8902
12 147.4738000 17.11754490 4.8902
1.3 147.4561230 17.11911410 4.8902
14 147.4687438 17.12369520 4.8902
1.5 147.4668972 17.12016960 4.8902
2.1 147.4687829 1711396160 4.8844
22 147.4735428 17.11690610 4.8844
23 147.4560463 17.11877380 4.8844
24 147.4685346 17.12338060 4.8844
3.1 147.4702800 17.11513600 [4.85T 0301
32 147.4714400 17.11579400 [4.85%3%1
4.1 147.4630587 17.10291430 [3.767 5301
4.2 147.4642781 17.10251570 [3.76 5201
43 147.4663104 17.10264970 (3.76 0301
5.1 147.4631754 17.10292500 (3.637053]
52 147.4641921 17.10257190 (3.637550]
53 147.4664329 17.10269780 (3.637550]
6.1 147.4633639 17.10469208 (3.57 0201
6.2 147.4644174 17.10467818 (3.577930]
6.3 147.4665100 17.10432399 [3.57193%

In order to compare it to the NFW fit of cluster MACS J0949, we
arbitrarily take 20kpc to be a good compromise of strong lensing
potential reconstruction without stellar physics contamination. For
regions r > 200kpc, the cluster-scale DM halo should dominate
the whole matter distribution. As the DM halo dPIE parameters pg
and 7o are well constrained through strong lensing, this region
beyond multiple images constraints and below the cut-off radius 7y
is expected to be well represented by a NFW profile. With NFW
parameters pg = 3.42 x 1072 kgm™3 and ry = 209.9 kpc, we find
areduced x% = 1.11.

In order to compare our results to the X-ray data, we extrapolate
the masses M . comprised within an overdensity A using

M(< R)
RA:{R:A-,OC(Z)}, (H

1
3TR3
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where p,. is the critical density at the cluster redshift, and M(< R)
the total mass enclosed within a given radius, R. At large radii (R
> 200 kpc), the strong lensing mass reconstruction only provides an
estimate of the true mass distribution as there is no strong lensing
constraints to precisely and accurately estimate the mass distribution
in the outskirts. It therefore only provides a pure extrapolation of the
inner core mass distribution, and only a weak-lensing analysis would
provide a precise mass estimate in this region of the cluster; however,
this is beyond the scope of this analysis. We also compute M,p(R <
200 kpc), the integrated mass within a radius of 200 kpc. This mass
is a direct output of the lensing mass reconstruction. These values
are all listed in Table 9.

5.1.2 MACS J0949 model

In MACSJ0949, we identified several objects located behind the
cluster with the MUSE observations. However, most of them appear
to be singly lensed. Through the techniques exposed in Section 3,
we detected a multiple image system in the MUSE field at redshift
z = 4.8902. This system 1 is composed of five multiple images,
including four in the field, and one counterpart 1.3 located outside
the MUSE field of view, and detected in the HST imaging. We also
detect a fifth image, image 1.5, located close the BCG of the cluster.
Images 1.4 and 1.5 (see Fig. 2), straddling the central critical curve
of the cluster, allow to set stringent constraints on the inner slope of
the mass density profile (as exhibited in Schneider, Ehlers & Falco
1992; Newman et al. 2013b; Caminha et al. 2017).

Careful consideration of the HST images allowed us to detect
secondary, fainter emission knots for four multiple images in system
1 — all except the central one which is hidden by the emission of
the BCG. This is shown in Fig. 5. The MUSE spectroscopic analysis
of these three images which compose system 2 shows a faint Ly-o
peak for all of them, allowing us to measure a redshift of 4.8844,
very close to that of system 1. We interpret system 2 either as part
of the same galaxy, or a companion galaxy of system 1’s source.
The Ly-o halo of system 1 extends, and the potential secondary
peak emission coincides with system 2 emission knots. We include
4 multiple images of system 2 as additional constraints to our mass
model, the fifth image being demagnified we restrain ourselves from
including it in our mass model. The coordinates and redshifts of the
multiply imaged systems are given in Table 8. We give a list of the
singly imaged objects in Appendix A.
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Figure 7. Top row: cluster MACS J0242. Left panel: surface mass density profile derived from the best-fit mass model. Shaded regions show the 68 per cent
confidence interval. We display in red the range of the multiple images, and thus the regions in which the constraints are the most stringent. — Right panel:
volume mass density. The reconstruction of the XMM—Newton observations are shown in black, given with 1o error bars in yellow. The green and red curves
— with error bars — represent respectively the BCG and DM halo reconstructions, and the full cluster is shown in blue. The magenta dashed line represents
the NFW fit of the total density from LensTooL reconstruction — all galaxies and DM halo. The cyan line shows the fit to the X-ray data. Bottom row: cluster
MACS J0949. Blue: our model, with 68 per cent confidence interval. Cyan: LenstooL model from RELICS. We note that error bars were obtained on a different
sample (2000 realizations for our model, 100 for RELICS). Green: Grarzc RELICS model, realized under the same conditions. Red: region of the multiple
images constraints — Right panel: volume mass density. The reconstruction of the XMM—Newton data are shown in black, given with 1o error bars in yellow.
The green and red curves represent respectively the BCG and DM halo reconstruction, and the full cluster is shown in blue. The magenta dashed line represents
the NFW fit to the LensTooL reconstruction. The cyan line shows the fit to the X-ray data.

The inspection of HST images also led to the discovery of system 3,
composed of two multiple images. These faint detections in the South
of the cluster were equally present in the MUSE field. A faint and a
priori inconclusive detection of Ly-o — see Fig. 8 —is consistent with
the redshift optimization of this system using only system 1, or 1 and
2 as constraints. We therefore conclude that this system’s redshift is

5.8658. However the stack of the spectra presents a S/N ratio <2, and
the MUSE data are sensible to sky perturbations in the speculated
Ly-a bandwidth. We therefore decide not to use this as a redshift
constraint, but to let the redshift free during the model optimization.

At last, we detect three candidate multiply lensed images in the
South of the HST field of view, in a region not covered by the MUSE
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Figure 8. Spectra of images 3.1 and 3.2 of cluster MACS J0949 obtained by
VLT/MUSE. We can observe a faint signal, possibly Ly-«. Blue: spectrum
of 3.1; Red: spectrum of 3.2; Green: summed spectra. The redshift measured
would be of 5.8658. However, the confidence level of our measurements is
low due to high sky noise at this wavelength.

observations. We included these three candidate systems 4, 5, and 6
in our mass model, letting their redshifts as free parameters. Their
detection supposes the presence of a Southern halo as described in
Section 4. For systems 3, 4, 5, and 6, our best fit mass model gives
the respective redshifts: 4.85)33, 3.76730, 3.63751 and 3.57 5.

Similarly to MACS J0242, we model the mass distribution of
the cluster scale halo and the BCG galaxy separately. The best-fit
mass model parameters are listed in Table 7, and gives a rms of
0.15 arcsec. The addition of an external shear component does not
improve the mass model, and gives a rms of 0.16 arcsec . In a similar
fashion to MACSJ0242, although the degeneracy between the
cluster scale halo and the BCG is still present, the BCG optimization
converges. The rms is particularly small which may be explained
by the lack of constraints in our model. Indeed, as shown in e.g.
Johnson & Sharon (2016), a larger number of constraints may
increase the value of the rms but could also improve the accuracy
of the model. Similarly to MACSJ0242, we compute integrated
and 3D masses for MACS J0949. These are listed in Table 9 and
discussed further in Section 6.

We compare our model of MACSJ0949 to the two publicly
available models from the RELICS collaboration®> Comparing the
surface density profiles, we find a 10 agreement between the model
presented in this article and the LenxsTooL. RELICS model as can
be seen in Fig. 7. As for the RELICS model obtained using the
Graric lensing algorithm (presented in Oguri 2010), its density
profile is in agreement with our model, although the most stringent
constraints (in the R € [40, 100] kpc region) yield a slightly smaller
surface density. The overall profile from the Lenstoor RELICS
public release model presents a flatter density profile and an excess
in mass after 80 kpc (coincidental with the Einstein radius of system

Shttps://archive.stsci.edu/prepds/relics/
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1). This could be partially explained by the more massive structure
in the South of the cluster, which is slightly offset from the South
bright galaxy surrounded by systems 4, 5, and 6 as mentioned before
(Myp(< 100kpe) = 13.02 x 10'> Mg, compared to M,p(< 100 kpc)
= 7.65 x 10> My, for our model). We report a very good agreement
between the measured spectroscopic redshift obtained from MUSE
observations with the photo-z used by the RELICS team (ob-
tained through private communication with K. Sharon). Our model
presents a significantly lower rms of 0.15 arcsec, in comparison to
0.58 arcsec.

The reconstructed mass distribution appears to be more elliptical
than the X-ray surface brightness obtained with XMM—Newton
as shown in Fig. 2. The three-dimensional (3D) density profile is
presented in Fig. 7. It confirms the inflexion point in the density
profile at r ~ 100kpc, and therefore suggests that the cluster is
still undergoing a relaxing phase. The NFW profile fit in the r € [20,
1000] kpc region yields NFW parameters pg = 1.23 x 10722 kgm ™3,
rs = 405.5kpc, for a reduced x2 = 1.90. The quality of this fit is
thus not comparable to that of cluster MACS J0242, mostly due to
the flatter density profile in the R € [40, 100] kpc region.

Looking at the galaxy distribution within the cluster, we observe
four bright and massive galaxies, of comparable magnitude to the
BCG.® We could extrapolate all of these bright galaxies to have been
the BCG of former galaxy clusters, which would have merged with
MACS J0949 in the past. However, the X-ray observations show a
diffuse emission centred on the BCG and thus do not provide any
evidence of recent merger events. Therefore, our analysis strongly
suggests a unique dominant cluster scale dark matter component.
Nonetheless, we stress that the magnitude gap between the BCG and
the second-brightest cluster galaxy in MACS J0242 is much larger
than in MACS J0949. According to Trevisan & Mamon (2017), this
is an additional argument to claim that the former cluster is more
relaxed, and that MACS J0949 went through a recent merging event.

Our interpretation of the dynamical state of MACS J0949 and
its lensing power could be further constrained with additional
spectroscopic or imaging observations. The clear identification of
the spectroscopic redshift of system 3, and of additional systems
would particularly assist constraining the dark matter halo ellipticity,
core radius, and velocity dispersion.

5.1.3 Relensing in MACS J0949

On Fig. 9, we display the extracted emission of images 1.1 and 2.1
detected in MACS J0949 from the MUSE narrow-band centred on
A =715.869 nm within a yellow box. In order to verify the robustness
of the lensing model of MACS J0949, we then infer the emission in
the source plane (z = 4.8902), before projecting it back to the image
plane with our lens model, to obtain a relensed prediction.

The other multiple images on the MUSE field, 1.2, 1.4, 1.5, 2.2,
and 2.4 are correctly predicted. Their Lyman-o detections are also
listed in Table 8. Images 1.4 and 1.5 emission appear to be connected.
This is simply due to the extended source emission of systems 1 and
2, as a number of faint multiple images of system 2 are predicted
between 1.4 and 1.5, in agreement to the MUSE observations on the
narrow-band.

9The maximum magnitude separation between these five galaxies being 0.29
on the reference band ACS/F814W.
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Table 9. Mass and radius measurements for MACS J0242 and MACS J0949. All error bars show a 68 % confidence
interval. We here list M,, the stellar mass, Mop(R < 200kpc), the mass distribution obtained in projection on the plane
of the cluster, within a radius of 200kpc, and Ma and R, defined in equation (1). Masses are given in 104 Mg and

distances in kpc. The X-ray masses are following the NFW fit.

MACS J0242 MACS J0949
Mass (10 M) Lensing X-ray Lensing X-ray
M, 0.065 = 0.006 0.139 £ 0.014
Map(R < 200kpe) 166710932 1.16375:938 19967995 1.6357006
Masoo 313510 1§75+ 070 56217002 3439702
+0.289 +0.122 +0.000 +0.778
Moo 4.628+0.2% 2.6955122 8.84879:-000 5.547+0.178
Msoo 595470755 337970 165 114837551 74297113
Moo 7.74870 358 4.3437933%8 14.79079-999 10.1657 733,
MACS J0242 MACS J0949
Radius (kpc) Lensing X-ray Lensing X-ray
Rasoo 54125 466°3 641.7748, 555+13
Riooo 838.37)7 71311 1013.2750, 88473
Rsoo 1148.7733% 969718 1392.4799 1227188
Raoo 1702.013%3 143072 2056.1799 184912

10” = 52.3 kpc . I

Figure 9. MACS J0949 reconstruction of the full image plane of system
1 from the unique extended emission images 1.1 and 2.1. Their region,
highlighted with the yellow box is cut out and deprojected into the source
plane, and casted back in the image plan to produce the full system. We
clearly observe a continuous emission between the North-East image 1.4 and
the central one 1.5. We display in green the contours of the Ly-« extended
emission from the VLT/MUSE narrow-band image centred at 715.869 nm
and 1.625 nm wide, showing the four detected multiple images of system 1,
and three of system 2 (see Fig. 2 for more details). The last images 1.3 and
2.3 of these systems are located outside of the VLT/MUSE field of view. The
critical lines are displayed in red, for redshift z = 4.8902 of system 1. The
pink overlay represents the MUSE narrow-band contours.

5.2 Stellar mass estimate

The strong lensing analyses are giving us an estimate of the total
mass enclosed in each clusters.

We further compare our strong lensing mass with an estimate stel-
lar mass. We use the reference cluster members catalogue magnitudes

described in Section 3, converted into K-band luminosity Lg,” and
use it as a proxy for stellar mass. For the scaling relations we refer the
reader to Hogg et al. (2002); Lin et al. (2006). These catalogues were
established over the entire observable clusters, although the faintest
galaxies were cut out beyond distances of 40 arcsec from the centre.

Once the L catalogue established, we adapt the Salpeter ini-
tial mass function, and use the mass-to-light relationship for red
quiescent galaxies derived by Arnouts et al. (2007) on the SWIRE-
VVDS-CFHTLS surveys, based on the Bruzual & Charlot (2003)
stellar population models:

M, Lo

log, {M—Q a} =az+0b, (2)
given the parameters {a, b} = { — 0.18 £ 0.04, +0.07 £ 0.04}.
While we acknowledge our studied clusters are within a redshift
range presenting large uncertainties in the relationship presented in
Arnouts et al. (2007, see Fig. 9), we refer the reader to the detailed
comparison made in Appendix D, Fig. 28 of Ilbert et al. (2010).
Although the former appears to overestimate the stellar mass by
an average 0.2 dex for red sequence galaxies, it also appears to be
reasonably well calibrated for z € [0.3, 0.4]. We present the inferred
stellar masses for both clusters in Table 9.

In order to have a theoretical reference, we compare our estimates
with the stellar mass predicted using the formula derived by Giodini
et al. (2009). This relationship, established for poor clusters, with
redshifts 0.1 < z < 1, relates the total mass of the cluster to its stellar
fraction (M,/Msy, here) using the relation:

—0.37+0.04
. +0.001 JZE
Ss00 = 0.05Zg g0 (5 ) .

— 3
x 1013 M@ ( )

Let us notice the high (~ 50 per cent) logarithmic scatter in the data
fitting this relationship. As this relationship was established using
X-ray measurements of Msg, and that strong lensing is not a direct
probe of this value, we use the NFW reconstruction obtained through
X-ray for the Msyy values (see Fig. 7).

7We take the K-band reference here to be the KPNO Flamingos Ks filter.

MNRAS 522, 1118-1137 (2023)

GZ0zZ unr G| uo 1senb Aq 6219802/ | 1/1/22S/I0IHE/SEIUL/WOd"dNO"0IWBPE.//:SARY WOl PSpEOjUMOQ


art/stad917_f9.eps

1132 J. E V. Allingham et al.

Table 10. Comparison between the star fractions f5,, = M, /Msoo measured
with this work and the predictions from the Giodini et al. (2009) formula.
Ms is taken to be the NFW X-ray extrapolated value. All results are in
percentage.

f300(%) MACS J0242 MACS J0949
This work 1.919 £ 0.205 1.873 £ 0.360
Prediction 2.466 £+ 0.334 1.842 £ 0.407

For MACS J0242, the field of view considered is quite large (DES:
182 arcsec), as we consider all galaxy in HST/WFPC2 or DES, and
thus our cluster member catalogue is assumed to be relatively com-
plete. We measure a stellar mass M, = (6.484 4 0.615) x 10> Mg
for MACS J0242. Let us notice these error bars are only associated
to the error on the measured magnitude and the parameters a and
b equation (2). We obtain a difference between our measured value
and the predicted value of M, giogini = (8.332 & 1.128) x 10'2 M,
We may explain this discrepancy by the variable conditions for
selecting a galaxy within the galaxy catalogue. Indeed, the field of
view being different between WFPC2, ACS, and DES, as well as
the poorer imaging quality of the latter instrument, we expect our
error bars to be far larger than those computed given the error on
the measured magnitude.

For MACS J0949, we require that a galaxy is detected in either
HST/ACS or HST/WFC3 to include it in the final catalogue. Because
the field of view of WFC3 is smaller than that of ACS, a large
number of selected cluster member galaxies are weakly constrained,
as ACS only contains two bands here. This method is adapted to our
lensing analysis, the main goal of this paper, as galaxies far from
the cluster centre are particularly important to constrain the southern
halo. However, when considering the stellar content of the cluster,
we might be selecting too many galaxies. Our analysis yields M, =
(1.392 £ 0.137) x 10" Mg, Similarly to MACS J0242, we compare
our measurement with the predicted value following the Giodini
et al. (2009) formula. We obtain a stellar mass M, Giogini = (1.369 £
0.302) x 10'3 Mg, This difference, however small, can give us an
estimate of the overestimation of our cluster member catalogue. We
summarize the estimated stellar fractions for both clusters, f5,, =
M, /Msy, as well as the predicted values with the Giodini et al.
(2009) formula in Table 10.

5.3 X-ray analysis
5.3.1 Analysis procedure

We used the X-COP analysis pipeline (Ghirardini et al. 2019) to
analyse the data and compute the hydrostatic mass profiles of the
two systems. We extracted X-ray photon images in the [0.7-1.2]
keV band, which maximizes the signal-to-background ratio. To
estimate the non-X-ray background, we used the unexposed corners
of the MOS detectors to estimate the cosmic-ray-induced flux at the
time of the observations. The difference between the scaled high-
energy count rates inside and outside the field of view were then
used to estimate the residual soft proton contribution, which was
next modelled following the method described in Ghirardini et al.
(2018). To determine the spectroscopic temperature profile of the two
systems, we extracted spectra in logarithmically spaced concentric
annuli centred on the surface brightness peak. The sky background
emission was measured in regions located well outside of the cluster’s
virial radius and described by a three-component model including
the cosmic X-ray background, the local hot bubble, and the galactic
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halo. The sky background spectrum was then rescaled appropriately
to the source regions and added as an additional model component.
Finally, the source spectrum was modelled by a single-temperature
APEC model (Smith et al. 2001) absorbed by the Galactic Ny, which
was fixed to the HI4PI value (HI4PI Collaboration et al. 2016).

5.3.2 Hydrostatic mass reconstruction

We used the publicly available Python package hydromass?®

(Eckert et al. 2022) to deproject the X-ray data and recover the
mass under the hypothesis of hydrostatic equilibrium. The X-ray
surface brightness and spectroscopic temperature profiles are fitted
jointly using a NFW profile to recover the X-ray mass profile. The
technique employed here is similar to the method described in Ettori
etal. (2019), in which the gas density profile and the parametric mass
profile are used to integrate the hydrostatic equilibrium equation and
predict the 3D pressure and temperature profiles. The 3D temperature
profile is then projected along the line of sight using spectroscopic-
like weights (Mazzotta et al. 2004) and adjusted onto the observed
spectroscopic temperature profile. The model temperature and gas
density profiles are convolved with the XMM-—Newton PSF to cor-
rect for the smearing introduced by the telescope’s spatial resolution,
in particular in the cluster’s central regions.

5.3.3 MACSJ0242

MACS J0242 exhibits all the features of a relaxed, cool-core cluster.
Its X-ray morphology is regular and it shows a pronounced surface
brightness peak, a central temperature drop, and a metal abundance
peak in its core. The dynamical state of the cluster is best gauged
from the X-ray emission, but the optical emission lines of the
BCG is an additional, relatively faithful tracer of the presence
of a cool core. The NFW mass reconstruction returns a mass
Mspp = (3.4 £0.2) x 10" M. In order to compare it directly to
the lensing mass where multiply imaged systems yield important
constraints, we project the NFW density in two-dimensional (2D) and
compute Map(< 200kpe) = 1.16370:035 x 10'* M. For an average
temperature of 4.5keV, this is in agreement with the expectations
of mass-temperature relations (e.g. Lovisari et al. 2020). The cluster
appears to be highly concentrated, with a fitted NFW concentration
0 = 8.2 = 0.5. At 200 kpc, X-ray observations suggest the gas
fraction to be f, 200kpe = 0.11570 00, The ellipticity of the cluster
obtained with our lensing mass model is not recovered by the X-
ray analysis, as it presents a spherical surface brightness. The ICM
has its own dynamics and thus is not expected to present a similar
ellipticity to the total density of matter. The discrepancy between
the ICM and DM halo ellipticity is documented in e.g. (Lee & Suto
2003; Debattista et al. 2008; Lau et al. 2012; Umetsu et al. 2018;
Stapelberg et al. 2022). It stems from the collisional character of
baryons, allowing the ICM to geometrically relax faster than the
cold dark matter halo counterpart, non-collisional.

5.3.4 MACS J0949

MACS J0949 exhibits a regular X-ray morphology with no obvious
large substructure. However, its brightness distribution is relatively
flat, it shows a high central entropy and central cooling time, and
no temperature drop in its core. Therefore, MACS J0949 is not a

Shttps://github.com/domeckert/hydromass
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relaxed cool-core cluster, but its regular morphology indicates that
it is not strongly disturbed either. Such properties are typical of
post-merger clusters in the process of relaxation after a merging
event. The hydrostatic mass profile is well described by an NFW
model with cy00 = 5.37}7 and Msgo = 7.47]5 x 10'*M,. The NFW
projected mass yields Mp(< 200kpe) = 1.6357005 x 10" Mo,
Its hydrostatic gas fraction f, soo = 0.1557005 is consistent with
the Universal baryon fraction (Ade et al. 2016). At 200 kpc, the
same gas fraction is measured at f, 200kpc = 0.0531’81382. Similarly

to MACS J0242, the X-ray signal does not present any ellipticity.

6 DISCUSSION AND CONCLUSION

In order to reconstruct the mass distribution of strong lensing galaxy
clusters MACS J0242 and MACS J0949, we have used the combina-
tion of imaging (HST, DES) and spectroscopic (VLT/MUSE) surveys
to detect, respectively, 6 and 2 spectroscopically confirmed multiple
image systems. Adding to that, in MACS J0949, we identified four
multiply imaged systems, without a confirmed spectroscopic redshift
— the spectroscopic emission line not fitting spectral templates
convincingly enough, or the images being out of the VLT/MUSE
field of view. The imaging data, calibrated with the spectroscopic
detections of cluster members, allowed to establish conservative
cluster galaxy catalogues of respectively 58 and 170 galaxies for
MACS J0242 and MACSJ0949. We then established the strong
lensing mass models of both galaxy clusters. We modelled each
individual galaxy with a dPIE profile and included for each cluster a
dPIE cluster-scale halo. We present our main results as follows:

(i) The rms on the multiple image positions for the best-fit models
are respectively of 0.39 arcsec and 0.15 arcsec, which is considered as
a good-quality indicator of the reconstruction. We found that adding
a shear-field does not improve the quality of the reconstruction. We
note that degeneracies between the BCG and the dark matter halo
could hinder the lens model optimizations, and could thus affect our
conclusion regarding the morphology of the dark matter distribution
in these clusters (see e.g. Limousin et al. 2016).

(i1) Using XMM—Newton X-ray observations from CHEX-MATE
Collaboration et al. (2021), processed with the X-COP pipeline
Ghirardini et al. (2019), we compare the ICM to the reconstructed
dark matter density. The combination of the lensing mass recon-
structions with the X-ray analyses of the ICM and the VLT/MUSE
spectroscopy shows that MACS J0242 is in a cool-core, relaxed dy-
namical state, compatible with a NFW profile, whereas MACS J0949
has a flat distribution between radii of 50 to 100kpc because it
is still undergoing the relaxing process, being in a post-merger
dynamical state. In particular, the hot gas fractions at 200 kpc
of MACSJ0242 and MACS J0949 are f; 200kpe = 0.1157000% and
0.0530%07 " respectively. We can for instance compare these re-
sults to those of Bonamigo et al. (2018). In Fig. 6, the authors
present the cumulative hot gas fraction of each of the three clusters
analysed. MACS J0416 is presented as a merging cluster, whereas
MACS J1206 and Abell S1063 (RXC J2248) show a cool-core. These
clusters have fg200kpe = 0.09, 0.11 and 0.13, respectively, thus
exhibiting the trend of more relaxed clusters displaying higher hot
gas fraction values at 200 kpc. This is an additional indication of the
relaxed dynamical state of MACS J0242 and the post-merger state of
MACS J0949.

(iii) Converting the cluster member catalogue magnitudes into K-
band luminosities, we used the Arnouts et al. (2007) mass-to-light
ratio relationship to extrapolate the stellar mass detected in both
clusters. SED fitting should be performed to obtain a more precise
measurement, but this is beyond the scope of this paper. We com-
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pare the obtained stellar masses of M, = (6.48 4 0.62) x 10'>2 Mg
and (1.39 £0.14) x 103 Mg for MACS J0242 and MACS J0949,
respectively, to the predictions of Giodini et al. (2009), yielding
respectively (8.33 £ 1.13) x 10> Mg and (1.37 £ 0.30) x 10"* M.
Although not identical in the case of MACS J0242, this means our
stellar mass estimates appear to be reasonable.

(iv) We fit the XMM—Newton observations to a NFW profile.
Projecting this reconstruction, we can measure Mop(< 200 kpc),
allowing for a direct comparison with the strong lensing model
mass estimates. For MACS J0242, we measure Mpp(< 200kpc)
= (1.16 £ 0.04) x 10'"*My, from the X-rays, to be compared to
1.677993 x 10'* M, obtained from our strong lensing analysis. We
obtain a sizeable 12.75¢0 difference between these two values.
Discrepancies between the X-ray hydrostatic and lensing masses
are common and may be explained by the hydrostatic hypothesis
bias, or by the presence of asymmetric structures along the line-of-
sight. In the former case, the gas is not perfectly relaxed and the
thermal pressure only accounts for a fraction of the gravitational
pressure. Thus, the hydrostatic mass would underestimate the true
mass. Moreover, if there is a distribution of substructures or an
elongation of the dark matter component along the line-of-sight, the
projected lensing mass may overestimate the 3D mass. For instance,
Umetsu et al. (2015) display a combination of both these scenarios.

(v) As for MACS J0949, we measure M,p(< 200kpe) = (1.64 +
0.07) x 10'* M, with the X-rays, to be compared with 2.00709 x
10'"* My, obtained with the strong lensing analysis. These val-
ues differ by 3.850. The Lenstoon and Graric RELICS strong
lensing models provide M(R < 200kpc) = 1.8470:03 x 10" Mg,
and M(R < 200kpc) = 1.85%0:08 x 10'* My, respectively, in good
agreement with our model. At last, we compare this latter value
to the one obtained with the Planck SZ data of M,p(< 200kpe) =
1.5970:38 5 10 Mg (see Fox et al. 2022), assuming a NEW profile.
This 1.49¢ difference with the strong lensing value outlines a good
agreement with our model.

In order to compare cylindrical masses, we define Rjpq =
0.1Rx0,.. For MACSJ0242, with Rjgq = 170.27032 kpe, we ob-
tain Mop(< Riog) = (1.41 4 0.03) x 10" Mg, with our strong lens-
ing analysis (for which Mjy is extrapolated). With Rjgq =
143.0%3 7 kpe, we get Map(< Ryge) = (8.06 +0.21) x 10" Mg,
with the X-rays NFW inferred profile, yielding ratios of M)p(<
R109%)/ Mo, = 0.181 £ 0.014 and 0.186 £ 0.012, respectively. This
allows us to characterize the ratios of masses measured in the centre
and in the outskirts as quite close for X-ray and lensing, in spite of
the remarkable difference between the mass measurements. As the
strong lensing inferred M, mass obtained here is an extrapolation
at larger radii of a profile based on gravitational lensing occurring
at R < 200kpc, we cannot claim the strong lensing ratios to be
firmly established. Nonetheless, the extrapolated lensing distribution
appears to follow a profile similar to that of the X-rays, at different
masses. We can compare this result to the ratios found by Bonamigo
et al. (2018) for three clusters exhibiting varied dynamical states
(Abell S1063, MACS J0416, and MACS J1206), all around 0.13. Let
us notice this study uses three to four potentials across all clusters, and
thus our models should be expected to yield larger ratios of core-to-
outskirts densities. Moreover, as this comparison uses Moy values
from weak-lensing shear-and-magnification analyses (see Umetsu
et al. 2014), we can only cautiously compare it to our X-rays and
extrapolated strong lensing measurements. As the ratio is much
higher for MACS J0242, this comparison is one more indication that
the concentration of mass in the centre of MACS J0242 is particularly
high relative to its total mass. This is in good agreement with our
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conclusion of the cluster being in a cool-core, relaxed dynamical
state.

In the case of MACSJ0949, the cylindrical mass at Rygq =
205.679% is Mop(< Rion) = (2.07 £0.14) x 10" Mg, using our
strong lensing measurements and with Rgq = 184.9t}%;2, Myop(<
Rio%) = (1.48 +0.05) x 10' Mg with the X-rays NFW inferred
profile. The respective ratios are 0.140 £ 0.025 and 0.146 + 0.029.
For this cluster again, we notice these ratios to be quite close to one
another, supporting the quality of the strong lensing M s extrapolation
in spite of the large difference between the X-rays and strong lensing
measured masses. Interestingly, the comparison with the 0.13 ratio
from Bonamigo et al. (2018) hints towards a relative concentration
of mass slightly more important in MACS J0949.

As we have established through strong lensing models the total
matter density distribution in two galaxy clusters, we laid the foun-
dations of our companion paper (Allingham et al. in prep.). In this
forthcoming paper, we describe a new method using analytical mod-
els of galaxy cluster potentials to predict the ICM distribution and in
the foreseeable future to put constraints on interacting dark matter.
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APPENDIX A: SPECTROSCOPIC DETECTIONS
OF INTEREST

We present additional spectroscopic good detections in the back-
ground of both clusters MACS J0242 and MACS J0949, respectively,
in Tables Al and A2.

Table Al. Spectroscopic detections of singly imaged objects in
MACS J0242. Coordinates are in degrees (J2000). The reference for right
ascension and declination are taken to be the centre of the cluster.

Id. R.A. Dec. z

10 40.6559072 —21.5412424 0.5756
11 40.6536287 —21.5327925 0.5928
12 40.6546722 —21.5328188 0.5937
13 40.6466813 —21.5480705 0.5942
14 40.6517158 —21.5453613 0.5943
15 40.6566147 —21.5399484 0.5943
16 40.6552620 —21.5388619 0.7707
17 40.6551537 —21.5382257 0.7713
18 40.6407123 —21.5444971 0.8363
19 40.6508138 —21.5463873 0.8380
20 40.6457745 —21.5366071 3.1120

1135

Table A2. Spectroscopic detections of singly imaged objects images in
MACS J0949. Coordinates are in degrees (J2000). The reference for R.A.
and declination are taken to be the centre of the cluster.

1d. R.A. Dec. z

10 147.46989360 17.11231290 0.5841
11 147.46892360 17.12212680 0.6395
12 147.45946988 17.11584094 0.8472
13 147.46832980 17.11256280 0.8473
14 147.46913850 17.12435220 0.8488

Table A3. The brightest cluster members in the cluster MACS J0242.
Coordinates are in degrees (J2000). We remind that the reference coordinates
are (40.649555; —21.540485) deg. Magnitudes are given on the reference
band ACS/F606W. All spectroscopic redshift detections are also provided.

Id. Ay As a b [ Mag. z
1 0.04387 —0.08964 1.886 1.499 1.83 17.765 0.3130
2 —31.28771 72.89640 1.027 0396 2.34 19.898 -
3 59.25290  79.37028 0.595 0.593 —14.20 20.055 -
4 8231906 —5.37408 0.829 0.501 23.90 20.081 -
5 —47.40417 —5.82480 0.731 0.410 —4.47 20214 -

Table A4. Brightest cluster members in the MACS J0949. Coordinates are
in degrees (J2000). We remind that the reference coordinates are (., §.) =
(147.4659012, 17.1195939). Magnitudes are given on the reference band
ACS/F814W.

1d. Ay Ag a b 0 Mag. z

1 —51.61743 —32.11128 1.344 0.709 4531 18.761 -

2 0.05608 —0.15120 1.344 0.740 —-57.20 18.789 0.3829
3 —17.02960 5.76108 0.704 0.657 60.72 18.875 0.3817
4 51.33490 121.06692  0.742 0.529 50.52 18.970

5 1593092  —74.92248 0.812 0.526 —24.40 19.054

We present in Tables A3 and A4 (respectively for clusters
MACS J0242 and MACS J0949) a few cluster members in their final
catalogue format: their positions and all geometrical components
(semimajor and minor axes a and b, rotation angle 0) as well as their
magnitudes are coming from the photometric analysis, whereas the
redshifts are detected through spectroscopy.

APPENDIX B: ADDITIONAL INFORMATION ON
COLOUR-MAGNITUDE DIAGRAMS
SELECTIONS

We here provide the equation of each main red colour sequence for
both galaxy cluster MACS J0242 and MACS J0949, according to
process described in Section 3.2.3. We also provide all the additional
colour-magnitude diagrams we can plot. Tables B1 and B2 provide,
respectively, the equations of the main colour sequences of clusters
MACS J0242 and MACSJ0949 and the weighed colour standard
deviation of the spectroscopically confirmed cluster galaxy sample
o c. The height of the selection box is 20 ¢ away from the main red
sequence for HST/ACS and HST/WFC3, and 3o ¢ for HST/WFPC2
and DES.
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Figure B1. Colour-magnitude diagram for MACS J0242, instrument DES. Top row: Left: The colour is (m, — m,), and the magnitude m,. Right: m, versus
(mg — my). Grey filled circles (with their error bars) have successfully passed all selections described in Section 3.2.1. The magenta line represents the main
sequence regression. Blue, gold, and red dots represent spectroscopic detections of foreground, cluster, and background objects, respectively.
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Figure B2. Colour-magnitude diagrams for cluster MACS J0949, instrument HST/WFC3. Top row: Left: The colour is (mpjaow — mrisow), and the magnitude
mrp1eow- Middle: mpigow versus (mpjasw — mpieow). Right: mgiaow versus (mgjosw — mpiaow). Bottom row: Left: mp4ow versus (mgjosw — mpiaow). Right:
mp125w versus (mpjosw — mri2sw). Grey filled circles (with their error bars) have successfully passed all selections described in Section 3.2.1. The magenta line
represents the main sequence regression. Blue, gold, and red dots represent spectroscopic detections of foreground, cluster, and background objects, respectively.
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Table B1. Equations of the main colour sequences and standard deviations
on colours for all colour-magnitude diagrams of MACS J0242. m; represents
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the magnitude in abscissa. Associated graphs are Fig. 4 and B1.

Table B2. Equations of the main colour sequences and standard deviations
on colours for all colour-magnitude diagrams of MACS J0949. m represents
the magnitude in abscissa. Associated graphs are Fig. 4 and B2.

Filter I  Filter 2 oc Main colour sequence equation Filter 1  Filter 2 oc Main colour sequence equation

HST/WFPC2 HST/ACS

F814W  F606W 0.0508 —0.0307m; + 1.6176 F814W  F606W 0.1956 —0.0317m; + 2.0530
DES HST/WFC3

z r 0.0466 —0.0382m; + 2.078 F160W  F140W 0.0230 —0.0121m; + 0.4217

z g 0.1651 —0.0744m; + 4.651 FI60W  F125W 0.0365 —0.0253m; + 0.8511

r g 0.1319 —0.0415my + 2.779 F160W  FI105W 0.0684 —0.0483m; + 1.6344

F140W  F125W 0.0220 —0.0158m; + 0.5043

F140W  FI105W 0.0523 —0.0361m; + 1.2308

FI125W  F105W 0.0371 —0.0209m; + 0.7565

This paper has been typeset from a TEX/I&TEX file prepared by the author.
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