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ABSTRACT

We present our lens mass model of SMACS J0723.3—-7327, the first strong gravitational lens observed by the James Webb Space
Telescope JWST). We use data from the Hubble Space Telescope and the Multi Unit Spectroscopic Explorer (MUSE) to build
our ‘pre-JWST’ lens model and then refine it with newly available JWST near-infrared imaging in our JWST model. To reproduce
the positions of all multiple lensed images with good accuracy, the adopted mass parameterisation consists of one cluster-scale
component, accounting mainly for the dark matter distribution, the galaxy cluster members, and an external shear component. The
pre-JWST model has, as constraints, 19 multiple images from six background sources, of which four have secure spectroscopic
redshift measurements from this work. The JWST model has more than twice the number of constraints: 30 additional multiple
images from another 11 lensed sources. Both models can reproduce the multiple image positions very well, with a ;s of 0739 and
0751 for the pre-JWST and JWST models, respectively. The total mass estimates within a radius of 128 kpc (roughly the Einstein
radius) are 7.973 x 10"*M, and 8.770% x 10"*M, for the pre-JWST and JWST models, respectively. We predict with our mass
models the redshifts of the newly detected JWST sources, which is crucial information, especially for systems without spectroscopic
measurements, for further studies and follow-up observations. Interestingly, one family detected with JWST is found to be at a very
high redshift, z > 7.5 (68% confidence level), and with one image that has a lensing magnification of |u| = 9.51’8:3, making it an
interesting case for future studies. The lens models, including magnification maps and redshifts estimated from the model, are made
publicly available, along with the full spectroscopic redshift catalogue from MUSE.
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1. Introduction

Galaxy clusters are the most massive structures in the Universe
and are therefore powerful cosmic telescopes for observing faint
and distant sources via the gravitational lensing effect (e.g. Atek
et al. 2015). When a background source galaxy lies behind a

E galaxy cluster, the light rays that we see from the source are de-

flected by the gravitational potential of the foreground galaxy
cluster, that is, the source is gravitationally lensed by the clus-
ter. In the regime of strong lensing, we see multiple magni-
fied and distorted images of the background source. The lensing
magnifications produced by galaxy clusters can reach factors of
~ 100 — 1000, allowing us to detect the faintest sources, which
would otherwise be impossible (see e.g. Caminha et al. 2016b;

* e-mail address: caminha@mpa-garching.mpg.de. The MUSE red-
shift catalogue (Table A.1) and lens model files are available at the
CDS via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsarc.u-strasbg.fr/viz-bin/cat/J/A+A/666/L9.

Vanzella et al. 2020, 2021). The positions and morphologies of
the multiple lensed images also allow us to probe the distribu-
tion of matter, particularly dark matter, in the galaxy cluster,
which is crucial for understanding the nature of dark matter (e.g.
Bradac et al. 2006; Clowe et al. 2006). Furthermore, an individ-
ual galaxy cluster often lenses several background sources into
several corresponding ‘families’ of multiple images that straddle
different locations around the galaxy cluster. Families of mul-
tiple images formed by sources of different redshifts provide
measurements of angular diameter distance ratios between the
cluster and sources, allowing us to probe the geometry of the
Universe (Jullo et al. 2010; Acebron et al. 2017; Caminha et al.
2016a, 2022). In cases where a background source is time vary-
ing, such as a quasar or supernova, the time delay(s) between
the multiple images provide measurements of the ‘time-delay
distance’ and the Hubble constant that sets the expansion rate
of the Universe (Refsdal 1964; Suyu et al. 2010; Kelly et al.
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Fig. 1. The galaxy cluster SMACS J0723. Colour composed image using JWST/NIRCam imaging with the filters FOOOW, F150W in blue; F200W,
F277W in green; and F356W and F444W in red. Cyan circles show the positions of multiple images identified in the pre-JWST lens model and
the green circles are the newly identified multiple images with JWST. The red line is the critical line for a source at redshift z = 10.

2015; Grillo et al. 2018, 2020). Strong lensing galaxy clusters
are therefore excellent laboratories for astrophysical and cosmo-
logical studies.

The James Webb Space Telescope (JWST; Rigby et al. 2022)
operating in the infrared will provide unprecedented observa-
tions of high-redshift galaxies, in terms of both sensitivity and
angular resolution. Studying these distant galaxies is crucial for
understanding how the first galaxies formed and evolved into the
structures that we see today. These first galaxies are inherently
faint, and the combination of JWST and galaxy cluster lensing
is therefore the best way to detect and study these faintest galax-
ies. As part of the Early Release Observations (ERO), the JWST
team publicly released the observations of its first cosmic targets,
including the galaxy cluster SMACS J0723.3-7327 (hereafter
SMACS J0723, discovered by Ebeling et al. 2001 and Repp &
Ebeling 2018). In this Letter we demonstrate the power of strong
gravitational lensing and JWST to unveil and study faint distant
galaxies. In particular, we identify new sources in the JWST im-
ages that were previously undetected in Hubble Space Telescope
(HST) imaging, more than doubling the number of families of
multiple images. Even though these new families of images do
not yet have spectroscopic redshifts, we demonstrate the utility
of our cluster lens mass model to constrain the redshifts of these
new source galaxies, including one at z > 6.

Article number, page 2 of 10

Our paper is organised as follows. In Sect. 2 we present the
pre-JWST archival data of the galaxy cluster SMACS J0723. The
JWST observations used in this work are presented in Sect. 3.
In Sect. 4 we present our lens models based on archival data
only (pre-JWST), the updated version that includes new multiple
images identified with JWST, and a comparison to other models
in the literature. Finally, we provide a summary in Sect. 5.

2. Pre-JWST archival data

In this section we describe the data used in this work, consist-
ing of HST photometry and Multi Unit Spectroscopic Explorer
(MUSE) spectroscopy, to build the pre-JWST lens model.

2.1. HST

Observations from HST of SMACS J0723 were obtained un-
der the treasury programme Reionization Lensing Cluster Sur-
vey (RELICS; Coe et al. 2019). Imagings were obtained in the
filters F435W, F606W, and F814W using the Advanced Camera
for Surveys, and in F105W, F125W, F140W, and F160W using
Wide Field Camera 3. All reduced images and catalogues are
publicly available at the Mikulski Archive for Space Telescope



Table 1. Multiple image list.
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1D RA Dec z Il

1.1 110.8405365164  —73.4509957549  1.4503 9.8t};§
1.2 1108427758496  —73.4547637941  1.4503 21.9%32
1.3 110.8388129336  —73.4587087766  1.4503 6.713»37
2.1 110.8384630963  —73.4510225059  1.3782 9.27}>
2.2 110.8405113048  —73.4548709934  1.3782 113+
2.3 110.8361429009  -73.4587973008  1.3782 6.070°
3.1 110.8302653775  —73.4484703860  1.87700° 4.4t§:§
3.2 110.8315839500  —73.4551704511 " 36400
33 110.8250107058  -73.4595997391 " 16.1765
3.4 110.8230386287  —73.4548011166 " 14703
4.1 110.8068620127  —73.4583655711 9.3l
4.2 110.8050431160  —73.4545561509 " 13.5%
43 110.8130876147  —73.4487156625  2.14*0% 5.7tg»2
5.1 110.8237341404  -73.4518040104  1.4254 28.1%62
5.2 110.8221590678  —73.4527025651  1.4254 49.2*7)
5.3 110.8207468206  —73.4601341978  1.4254 3.9j8§
19.1  110.8207007748  —73.4506760494  1.3825 9.03‘;52)
192 110.8162335526  —73.4534926339  1.3825 12.7+1¢
193 110.8171039789  —73.4589088990  1.3825 5.2fg»§“
6.7  110.8356387152 734517465412  1.697007 4537131
6.2t 110.8365547868  —73.4530182644 " 18.3717
6.3t 110.8302221440  -73.4607653275 " 3.9fg§
704 110.7944672364  —73.4490759821  5.1727 7953
7.2 110.7954106149  —73.4485708909 20.172
73%  110.7993143225  —73.4470330844 " 4.7+04
8.1  110.8021918024 -73.4601348271 >7.5 6.1707
821 1107993733038  —73.4552793576 " 9.5j8¢8
#3831 110.8128699466  —73.4465944181 — 4.5j§¢§
9.2f  110.8026934208  —73.4548842598  3.007027 12.9%_4
9.1f  110.8048945912  —73.4589021013 ” 8.8%0%
1217 110.8219242869  —73.4491076284  1.6970%¢ 5.3j§;§
1221 110.8144209400  —73.4543348989 4.3+00
1231 1108171117496 —73.4592453685 5.5f§¢§
3.1 110.8295177750 —73.4489165365  2.7570%% 6.21%
1321 110.8217443301  -73.4541282431 6.0%)
1331 110.8229393279  —73.4616409371 " 3.9f§f§
1341 110.8322177002  —73.4544051992 "~ 3.6°07
1517 110.8192030143  —73.4486729318  1.877007 5.5f§;§
1521  110.8111947441  —73.4545527988 " 6.7+
1531  110.8137839019  —73.4589815364 " 6.4j§12
17.1%  110.8237732631 —73.4574832535 7 21.8%37
1721 110.8229423834  —73.4557325725 " 10.6*13
17.31  110.8295676112  —73.4473859288  1.92+0.% 3.5t3-§
20.17  110.8163947858  -73.4518737634  1.47793% 46.8%32
2021 110.8157525822  -73.4523225418 4421353
2117 110.8166488501  —-73.4485063451 2.2970° 5.2t$§
2121 110.8084789438  —73.4540734888 " 7.7j8;9
21.31  110.8113960548  —73.4595739183 56702
2217 110.8291533467 734560496998  2.15°0% 9.5
2221 110.8266763430  —73.4577453680 " 19.742

Notes. IDs, coordinates (RA and Dec based on the RELICS world coor-
dinate system) used as inputs to our lens model, redshifts (z) and mag-
nifications (|u|) of all multiple images. Exact redshift values are spectro-
scopic confirmations, and values with 68% confidence level uncertain-
ties are obtained from the JWST lens model. Lensing magnifications
are also from the JWST model. IDs marked with § are objects detected
with the release of JWST data. Image #8.3 is only a candidate (indicated
by the #) and was not used in the model, although its morphology and
colours strongly indicate it is correctly identified as a image of family
8. The IDs reported here are the same as in the last version of Pascale
et al. (2022) and Mabhler et al. (2022).

website!. The imaging and colour information were used to iden-

' https://archive.stsci.edu/prepds/relics/

tify multiple images and cluster members with no spectroscopic
information. More details are presented in Sect. 4.1.

2.2. VLT/MUSE

MUSE data of this field are available at the ESO Science Archive
Facility website?. The field was observed as part of programme
ID 0102.A-0718 (P.I.: A. Edge) under fair conditions, with see-
ing ~ 0.7 and a moon illumination of 68%, and with an expo-
sure time of 2910 seconds on target. We processed the raw data
following all steps in the standard reduction pipeline (version
2.8.3; Weilbacher et al. 2020). To improve the sky-subtraction,
we used the auto-calibration mode and applied the Zurich
Atmosphere Purge (Soto et al. 2016) to the data. The final dat-
acube has a 1 arcmin? field of view and covers the wavelength
range 4750A to 9350A.

We extracted the 1D spectra from all HST-detected sources
to measure their redshifts. In a second step, we performed a blind
search to detect faint emission lines with no clear photometric
counterpart. We refer the reader to our previous works (Cam-
inha et al. 2019, 2017b,a) for more details on this procedure.
Our final redshift catalogue contains 78 secure and precise red-
shift measurements; it is presented in Table A.1 and is available
in electronic form at the CDS.

3. JWST Early Release Observations

SMACS J0723 is the first gravitational lens observed by JWST.
It was one of the targets of the ERO carried out during the tele-
scope commissioning. The observations obtained photometric
data from the Near Infrared Camera (NIRCam; e.g. Rieke et al.
2005) and the Mid-Infrared Instrument (MIRI; Rieke et al. 2015,
Bouchet et al. 2015) and spectroscopy from the Near Infrared
Spectrograph (NIRSpec; Jakobsen et al. 2022) and the Near In-
frared Imager and Slitless Spectrograph (NIRISS; Doyon et al.
2012). Since MIRI imaging has a very large point spread func-
tion (> 1” for wavelengths > 7.5 ym ) compared to NIRCam,
we do not consider mid-infrared data in this work. NIRSpec tar-
geted multiple images: 4.1, 4.2, and 7.1 (see Table 1). No secure
spectroscopic redshift has been obtained for images 4.1 or 4.2.
For image 7.1, a secure redshift of z = 5.1727 is reported in
Mahler et al. (2022) from Om and H «a detections. We incor-
porated this measurement into our model. We did not consider
NIRISS data since slitless spectroscopy is subject to strong spec-
tral contamination, especially in crowded fields such as the core
of SMACS J0723. In the next sections we focus on NIRCam
imaging to identify new multiple image families not detected
with HST.

NIRCam ERO observations of SMACS J0723 were carried
out in the filters FOOOW, F150W, F200W, F277W, F356W, and
F444W, covering the wavelength range from 0.8 umto = 5.0 um,
under programme ID 2736 (PIL.: K. Pontoppidan). The total
exposure time in each filter was 7537 seconds divided over
nine dither patterns, ensuring enough depth to detect and re-
solve faint sources. We used the standard NIRCam reduction
pipeline with the calibration files available with the first data
release. We produced mosaics with resolutions of 20mas/pixel
for the FOOOW, F150W, and F200W filters, and 40mas/pixel for
F277W, F356W, and F444W.

The final mosaics cover the core of SMACS J0723 and the
entire region of multiple image formation. In Fig. 1 we show
the colour composite image created using the software trilogy

2 http://archive.eso.org/cms.html
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Fig. 2. Colour-magnitude diagram of galaxies in the field of view of
SMACS J0723. The spectroscopically confirmed cluster members (red
points) define the red sequence. The colour and photometric redshift
distribution of spectroscopically confirmed members are used to select
38 additional cluster members with no spectroscopic information (or-
ange points) down to a magnitude of 24 in F160W.

(Coe et al. 2012). We aligned the final images to the RELICS
HST data to maintain the same coordinate reference as previ-
ous observations. This introduces a small rigid offset with re-
spect to the nominal coordinates of the ERO release. The astro-
metric precision between the JWST and HST data we obtained
has an r.m.s. of 0”7015. Moreover, because of the nature of these
early JWST observations, the calibration files are not ideal and
the absolute flux calibration might have some issues. Nonethe-
less, these caveats do not influence the colours or morphology of
multiple images in the imaging, with no significant effect on our
model.

4. Strong lens model

We used the software lenstool (Kneib et al. 1996; Jullo et al.
2007; Jullo & Kneib 2009) to model the mass distribution of
SMACS J0723. The fiducial mass model consists of an ellipti-
cal cluster-scale dark matter halo (six free parameters), a trun-
cated spherical isothermal mass profile for each cluster galaxy
member (two free parameters with a constant M/L scaling re-
lation for the members), and an external shear (two free pa-
rameters). The model constraints are the positions of multiple
images and (when available) spectroscopic redshifts. For fami-
lies of multiple images with no spectroscopic measurements, we
leave the redshift values free to vary in the model. We built two
versions of the lens model: The first uses information from HST
and MUSE only (i.e. data available prior to the JWST ERO re-
lease). The second model was built upon JWST NIRCam imag-
ing, which allowed us to confirm 30 additional, secure multiple
images from 11 individual sources. Naturally, these new identi-
fications are extremely faint or not detected in the HST optical
and near-infrared imaging. We carefully checked the MUSE dat-
acube around these positions, but as expected, no optical emis-
sion was detected. In the following sections we describe the two
models we present in this work.

Article number, page 4 of 10

4.1. Pre-JWST lens model

Before the release of JWST/NIRCam imaging, the best dataset
available for SMACS J0723 was photometry from the RELICS
program and spectroscopy from MUSE (see Sects. 2.1 and 2.2).
From the spectroscopic data, we confirm a total of 23 cluster
members in the redshift range of 0.367 — 0.408, correspond-
ing to a rest-frame velocity of +3000 km/s from the cluster
mean redshift of z=0.387. However, the spectroscopically con-
firmed members are limited to the MUSE field of view of 1
arcmin®. We computed the 68% confidence intervals from the
colour and photometric redshift distributions of spectroscopi-
cally confirmed members and used these intervals to select ad-
ditional cluster members with no spectroscopic information. In
Fig. 2 we show the colour-magnitude diagram for the HST filters
F606W and F160W, where the red sequence is clearly defined by
the spectroscopically confirmed members. In total, we selected
38 photometric members down to a magnitude of 24 in F160W.

From the MUSE spectroscopy, we confirmed the redshifts of
four families of multiple images. In Table 1 we list all the posi-
tions and redshifts of multiple images used as constraints in the
lens model. In this first version of the model, two families have
no secure spectroscopic confirmations, but are clearly detected
in HST and have colours and parities as expected in strong lens-
ing. Our pre-JWST model thus has 19 multiple images as input
from six families, and only two of the redshifts are free to vary
in the model.

The mass profiles we adopted are the pseudo-isothermal el-
liptical parameterisation (PIEMD; Kassiola & Kovner 1993), to
describe the extended cluster mass (dark matter), and the dual
pseudo-isothermal mass profile with axial symmetry (Eliasdét-
tir et al. 2007; Suyu & Halkola 2010), to describe the 61 cluster
members. As commonly done in the literature, we assumed a
constant mass-to-light ratio for the cluster members. With this,
the number of free parameters describing these components is re-

duced to two normalisations, namely o7 and r"°™ . Finally,
v,gals cut,gals

we also considered an external shear component to account for
external massive perturbers that can affect the light deflection of
background sources.

Our fiducial cluster mass model was obtained following the
procedure in Caminha et al. (2019), in order to find the combina-
tion of mass profiles that can reproduce the position of multiple
images well while not overfitting the data. We tested a range of
combinations of mass profiles, from the simplest one, composed
of a single PIEMD halo profile plus cluster members, to mod-
els with additional cluster halo components, external shear, and
individual cluster members with mass parameters varying freely
outside the mass-to-light scaling relation. We find that the pa-
rameterisation with the smallest values of the Bayesian informa-
tion criterion (Schwarz 1978) and Akaike information criterion
(Akaike 1974) is the one with ten parameters for the mass distri-
bution (as described at the beginning of Sect. 4) and the two un-
known redshifts of families 1 and 4 (see Table 1). In this model,
the best-fit offset between the multiple observed images and the
model predicted positions is d;s = 0739. We note that our best-
fit Orms 1s significantly lower than that previously obtained by
Golubchik et al. (2022), who quoted a value of 6, = 273.

4.2. JWST lens model

With the new JWST/NIRCam imaging, at wavelengths not
reachable with HST and the high spatial resolution, we were able
to significantly improve our lens model constraints. We carefully
inspected the near-infrared imaging in order to find new multiple
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images that were not previously identified. Thanks to the colour
information and resolution, we obtained a sample of 30 new se-
cure multiple images from 11 background galaxies, increasing
by a factor of two the number of model constraints compared to
the pre-JWST (HST and MUSE only) lens model.

Given that these sources are very faint in observed optical
wavelengths, none have spectroscopic confirmation from MUSE
and, in most cases, they have no clear HST counterpart. In Ta-
ble 1 we list all new multiple images as well as their model
redshifts. Moreover, in Fig. A.3 we show the JWST NIRCam
cutouts around all multiple images used in our lens model.

The lens model with the new multiple images has a best-fit
Orms Of 0”751, Considering that the number of model constraints is
around twice that of the pre-JWST model, this small increase in
Orms 18 expected. Nonetheless, it is significantly lower than what
was reported in previous published works on SMACS J0723. In
Fig. 1 we show the critical line for a source at z = 10 overlaid
on the JWST/NIRCam imaging. The lens model, including mag-
nification maps and lenstool configuration files, are available
in the electronic version of this manuscript and upon request to
the authors. We encourage the community to further explore the
lens model presented in this work.

In Table A.2 we list the constrained total mass parameters,
and in Fig. A.1 we show the total mass and density profiles. We
find a mass of 8.7’:8:% x 10"*My, at a radius of 128 kpc, approxi-
mately the Einstein radius for a source at z — oco. At this radius,
this mass estimate is 51% more accurate when compared to our
pre-JWST lens model.

One special case is family 8. Images 8.1 and 8.2, shown
in Fig. A.3, are secure multiple images thanks to their colours
and morphology. They are composed of two main clumps and
some smaller possible substructures. Image #8.3 is very likely
a counter-image, showing similar colour and the double-clump
morphology. In order to avoid any bias in our lens model, we did
not include #8.3 as an observational constraint. The total lensing
magnifications are 6.1*07, 9.5*02. and 4.5703 for 8.1, 8.2, and
#8.3, respectively. The multiple images are located in the east-
ernmost region of the cluster (see Fig. 1). This makes it difficult
to precisely constrain its redshift from the model. However, the
lens model indicates it might be at z > 7.5 from the posterior
probability distribution.

4.3. Comparison to models in the literature

Mahler et al. (2022) and Pascale et al. (2022) also used the
new JWST observations, particularly the imaging, to model
SMACS J0723. The model by Pascale et al. (2022) was built
upon the model of Golubchik et al. (2022), which was based on
HST observations and created before the JWST ERO. We briefly
compare our model ingredients and results to these studies.

All studies identified new families of multiple images in the
NIRCam imaging: 16 in Mahler et al. (2022), 14 in Pascale et al.
(2022), and 11 in this work. Since no families have spectroscopic
redshift confirmations (except one identified by Mabhler et al.
2022 with NIRSpec), we deliberately used only highly secure
families of multiple images (in Table 1) to constrain our mass
model in order to avoid misidentifications of families that could
bias our mass model parameters. This explains our lower number
of reported families.

All three models are parametric in having a cluster halo com-
ponent with cluster members, and we have a further external
shear component that is not present in the other two studies. Our
robust selection of 61 cluster members is based on both MUSE
spectroscopy and HST photometry, whereas Mahler et al. (2022)

and Pascale et al. (2022) relied on HST photometry to identify
~ 130 members (which will be refined in future work by includ-
ing spectroscopy).

Pascale et al. (2022) have posted three versions of their
model with measured photometric redshifts based on the NIR-
Cam photometry and also predicted the redshifts based on their
mass model. The first version from Pascale et al. (2022)* pro-
duced ten redshift estimates for the new JWST lensed sources,
as did our model, although only six of the ten are the same. While
the model redshifts from both models for five of these sources are
all in the range ~ 1 — 3, only one of the five agrees within the 1o
uncertainty. The sixth source is our family 7 at z > 7.5, whereas
its redshift is unconstrained by Pascale et al. (2022). The model
redshifts are therefore highly model dependent and rely on the
goodness of the model fits. Future spectroscopic redshift mea-
surements of some of these sources would be valuable. The third
version of Pascale et al. (2022) was posted after the release of
our model and now has nine redshift estimates in common with
ours, all agreeing within the 10~ uncertainty.

Even though a direct comparison of the different models is
not straightforward given the different families of multiple im-
ages used, the d;ms of the models provides an indication of the
goodness of the model fit. Our ;s of 0751 is a factor of = 2
lower than the 1”708 from Mahler et al. (2022) and the 0”793 from
the first version of Pascale et al. (2022). We attribute our better
fitting model to (1) our use of only the secure families of mul-
tiple images and (2) our robust cluster member selection based
on both spectroscopy and photometry throughout our work since
the beginning. The third version of Pascale et al. (2022) quotes
Orms = 0748, similar to the value obtained by our model.

5. Conclusions

We present our strong lens model of SMACS J0723, the first
gravitational lens ever observed by JWST, using newly available
data from NIRCam. With the new data, we have doubled the
number of model constraints, increasing the number of multiple
images from the 19 identified with HST and MUSE data to 49.
This demonstrates the unique capabilities of JWST in discover-
ing faint and/or high-redshift galaxies that were previously unde-
tected in HST observations. Our lens model is capable of repro-
ducing the positions of all multiple images with a high accuracy
of drms = 0751. We report the lens model redshifts for 12 lensed
galaxies, most of which are very faint; it remains challenging
to obtain spectroscopic information for them. While most of the
lensed galaxies have modelled redshifts <3, one object stands
out as a high-redshift galaxy at z > 7.5, with image 8.2 having a
magnification of |u| 9.5:’8:2. This might be the first galaxy with
spatially resolved substructures at the epoch of re-ionisation of
the Universe (see Fig. A.3) and an interesting target for follow-
up deep spectroscopy. We report spectroscopic redshifts from
MUSE archival data and their lensing magnifications. Finally,
our lens models, including magnification maps and configuration
files for the software lenstool, are made publicly available.

These first observations by JWST of SMACS J0723 have
proven to be a treasure trove, allowing us to reduce the uncer-
tainties in our cluster mass measurements by 51% even without
incorporating any spectroscopic information on the newly iden-
tified lensed galaxies. We anticipate future JWST observations
of other strong lensing galaxy clusters to be transformative in
both constraining cluster mass distributions and studying high-
redshift galaxies.

3 https://arxiv.org/abs/2207.07102v1
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Fig. A.1. Total mass and density profiles of SMACS J0723 from our pre-
JWST (red) and JWST (green) lens models. The regions correspond to
the 95% confidence, and the positions of multiple images are indicated
by vertical lines.
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Fig. A.2. Probability distribution functions (PDF) for lens model red-
shifts for multiple image families. Median and 68% confidence levels
are listed in Table 1. The PDF for family 8 is not shown in this figure
for better visualisation of the other families’ PDFs.

Appendix A: Supporting material

In this appendix we present the supporting material of this work.
The full redshift catalogue from the MUSE data and the lens-
ing magnification estimates from the JWST model are presented
in Table A.1. In Table A.2 we show the recovered mass model
parameters for the JWST lens model, and the total mass and den-
sity profiles in Fig. A.1. In Fig. A.2 we present the normalised
probability density function of the lens model-z for all multiple
image families, except for family 8 because its redshift value is
above 7.5 and otherwise unconstrained by our model. Figure A.3
shows the cutouts of all multiple images used in our lens models,
and Fig. A.4 the spectra of confirmed multiple images.

Fig. A.3. Multiple image cutouts. The white scale bar has a length of
1”.
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Table A.1. MUSE spectroscopic catalogue.

1D RA Dec ZMUSE QF mult. [l Olul min Olul max
1 110.8284294  -73.4602574  0.0000 4 1 1.000 0.000 0.000
2 110.8479302  -73.4616212  0.0000 4 1 1.000 0.000 0.000
3 110.8334991 —73.4484003  0.0000 4 1 1.000 0.000 0.000
4 110.8080566  —73.4466289  0.0000 4 1 1.000 0.000 0.000
5 110.8075712  —73.4469594  0.0000 4 1 1.000 0.000 0.000
6 110.8261351 —73.4486167  0.0000 4 1 1.000 0.000 0.000
7 110.8235839  -73.4499063  0.0000 4 1 1.000 0.000 0.000
8 110.8235958  —-73.4474173  0.0000 4 1 1.000 0.000 0.000
9 110.8066750  —73.4516338  0.0000 4 1 1.000 0.000 0.000
10 110.8117026 ~ —73.4532181 0.0000 4 1 1.000 0.000 0.000
11 110.8354266 ~ —-73.4530012  0.0000 4 1 1.000 0.000 0.000
12 110.8404555  —73.4533044  0.0000 4 1 1.000 0.000 0.000
13 110.8166004  —73.4551109  0.0000 4 1 1.000 0.000 0.000
14 110.8450243  —73.4553745  0.0000 4 1 1.000 0.000 0.000
15 110.8354564  —73.4557020  0.0000 4 1 1.000 0.000 0.000
16 110.8178433  —-73.4544317  0.0000 4 1 1.000 0.000 0.000
17 110.8040760  —73.4581786  0.0000 4 1 1.000 0.000 0.000
18 110.8230292  -73.4593733  0.0000 4 1 1.000 0.000 0.000
19 110.8367020  —73.4585449  0.0000 4 1 1.000 0.000 0.000
20 110.8486872  —73.4593321 0.0000 4 1 1.000 0.000 0.000
21 110.8495683  -73.4625124  0.3217 3 1 1.000 0.000 0.000
22 110.8362871 —73.4568771 0.3241 3 1 1.000 0.000 0.000
23 110.8252476  -73.4545586  0.3774 3 1 1.000 0.000 0.000
24 110.8243781 —73.4599050  0.3806 3 1 1.000 0.000 0.000
25 110.8557313  —-73.4557427  0.3822 3 1 1.000 0.000 0.000
26 110.8530957  -73.4566588  0.3836 3 1 1.000 0.000 0.000
27 110.8161206  -73.4511937  0.3844 3 1 1.000 0.000 0.000
28 110.8456507  -73.4513365  0.3847 3 1 1.000 0.000 0.000
29 110.8538419  —73.4500630  0.3848 3 1 1.000 0.000 0.000
30 110.8185163  -73.4552171 0.3849 3 1 1.000 0.000 0.000
31 110.8045012  -73.4561504  0.3864 3 1 1.000 0.000 0.000
32 110.8550113  —-73.4501908  0.3865 3 1 1.000 0.000 0.000
33 110.8377986  —73.4536001 0.3865 3 1 1.000 0.000 0.000
34 110.8326866  —73.4569116  0.3869 3 1 1.000 0.000 0.000
35 110.8562438  —73.4506971 0.3872 2 1 1.000 0.000 0.000
36 110.8257093  —-73.4586938  0.3888 3 1 1.000 0.000 0.000
37 110.8376015  -73.4561834  0.3896 3 1 1.000 0.000 0.000
38 110.8024677  —73.4586733  0.3905 3 1 1.000 0.000 0.000
39 110.8182380  —73.4546131 0.3909 3 1 1.000 0.000 0.000
40 110.8401314  —-73.4558252  0.3911 3 1 1.000 0.000 0.000
41 110.8268052  —-73.4546385  0.3914 3 1 1.000 0.000 0.000
42 110.8264520  -73.4549705  0.3915 3 1 1.000 0.000 0.000
43 110.8184078  —73.4482682  0.3932 2 1 1.000 0.000 0.000
44 110.8006165  —73.4485206  0.3940 3 1 1.000 0.000 0.000
45 110.8487541 —73.4603147  0.3970 3 1 1.000 0.000 0.000
46 110.8368347  —-73.4565146  0.3980 3 1 1.000 0.000 0.000
47 110.8049026  —73.4494579  0.4138 2 1 1.097 -0.003 0.003
48 110.8418679  —73.4567000  0.4233 3 1 1.194 -0.005 0.005
49 110.8521136  -73.4555097  0.5189 3 1 1.700 -0.035 0.039
50 110.8327947  -73.4466290  0.6002 3 1 1.527 -0.032 0.036
51 110.8302846  -73.4604916  0.7455 3 1 2.144 -0.081 0.083
52 110.8089116  —73.4609025  0.7460 3 1 1.936 -0.060 0.061
53 110.8384789  —73.4492352  0.7469 3 1 2.315 -0.088 0.098
54 110.8035266 ~ —-73.4573758  0.9366 3 1 3.876 -0.167 0.195
55 110.8523022  -73.4594938 1.0815 3 1 3.119 -0.135 0.149
56 110.8533363  —73.4595550 1.0815 3 1 3.195 -0.143 0.157
57 110.8535225  —73.4591817 1.0823 3 1 3314 -0.147 0.171
58 110.8101344  —73.4605069 1.0826 3 1 2.733 -0.137 0.144
59 110.8566353  —73.4587921 1.0833 3 1 3.378 -0.150 0.189
60 110.8557579  -73.4588674 1.0833 3 1 3.371 -0.148 0.190
61 110.8066813  —73.4523137 1.2696 9 1 22.076 -3.915 5.736
62 110.8363455  —73.4587211 1.3782 3 3 63.360 -17.166 34.317
63 110.8385802  —73.4509557 1.3782 3 3 8.717 -0.878 1.073
64 110.8405311 —73.4551527 1.3782 3 3 6.234 -0.581 0.625
65 110.8156178  —-73.4602436 1.3802 9 1 3.540 -0.242 0.265
66 110.8207008  —73.4506760 1.3825 9 3 5.193 -0.439 0.482
67 110.8162336  —73.4534926 1.3825 9 3 12.655 -1.484 1.603
68 110.8171040  —73.4589089 1.3825 9 3 8.959 -1.002 1.160
69 110.8222252  -73.4526676 1.4254 3 1 28.789 -5.146 6.543
70 110.8236935  -73.4518167 1.4254 3 2 54.813 -6.289 8.633
71 110.8405974  -73.4510474 1.4503 3 3 6.682 -0.635 0.694
72 110.8427896  —73.4546490 1.4503 3 3 22.004 -3.654 4.245
73 110.8388169  —73.4587230 1.4503 3 3 10.271 -1.064 1.336
74 110.8485993  -73.4606870 1.4792 9 1 3.450 -0.201 0.228
75 110.8520623  -73.4525378 1.4816 3 1 11.676 -1.151 1.523
76 110.8519575  —73.4523356 1.4817 3 1 10.683 -0.969 1.290
77 110.8053717  —73.4499939  3.3136 9 1 143.596  -77.257 357.679
78 110.7998624  —-73.4549695  3.4287 9 1 14.849 -2.354 3.257

Notes. Spectroscopic confirmations from MUSE. The columns QF is the quality flag of the MUSE confirmation, where 3 corresponds to a secure measurement, 2 to
a probable secure redshift, 9 to a measurement based on a single emission line, and 4 to a secure star confirmation. Multiple images are indicated in the mult. column,
and magnification factors with the error bars are also indicated in columns x and 6,,min/max (68% confidence interval). Entries with |u| = 1 are cluster members and
foreground objects not subject to the cluster lensing magnification. Coordinates in this table are obtained from SExtractor (Bertin & Arnouts 1996), and they are
slightly different from Table 1 for which we fine tuned the positions of corresponding clumps of multiple images.

Article number, page 8 of 10



Fig. A.3. Continued.

G. B. Caminha et al.: First JWST observations of a gravitational lens

\\
- |

Fig. A.3. Continued.

Table A.2. Recovered mass parameters from the JWST lens model.

Median 68% CL  95% CL  99.7% CL
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Notes. The first 6 rows are the cluster halo parameters, the next 2
are the external shear parameters, and the last 2 are the cluster mem-
ber normalisation parameters. The angles are defined as zero along
the x-axis and increase counterclockwise. The parameter ¢ is given by
(a* — b*)/(a® + b*), where a and b are the semi-major and minor axis,
respectively. The positions x and y are relative distances to the central
galaxy (RA=110.8268104, Dec=—-73.4546454). The reference magni-
tude value used for the members scaling relation is maggigow = 17.649.
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Fig. A.4. MUSE spectrum of confirmed multiple images. Blues lines
are the spectra extracted from the data cube, and the shaded regions are
the re-scaled variance. Vertical lines indicate the O 1 emission at the
source redshift.
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