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Abstract

The massive galaxy cluster El Gordo (z = 0.87) imprints multitudes of gravitationally lensed arcs onto James Webb
Space Telescope Near-Infrared Camera (NIRCam) images. Eight bands of NIRCam imaging were obtained in the
“Prime Extragalactic Areas for Reionization and Lensing Science” (“PEARLS”) program. Point-spread function—
matched photometry across Hubble Space Telescope and NIRCam filters supplies new photometric redshifts. A
new light-traces-mass lens model based on 56 image multiplicities identifies the two mass peaks and yields a mass
estimate within 500 kpc of (7.0 4+ 0.30) x 10" M_. A search for substructure in the 140 cluster members with
spectroscopic redshifts confirms the two main mass components. The southeastern mass peak that contains the
brightest cluster igalaxy is more tightly bound than the northwestern one. The virial mass within 1.7 Mpc is
(5.1 £ 0.60)x10™ M, lower than the lensing mass. A significant transverse velocity component could mean the
virial mass is underestimated. We contribute one new member to the previously known z =4.32 galaxy group.
Intrinsic (delensed) positions of the five secure group members span a physical extent of ~60kpc. 13 additional
candidates selected by spectroscopic / photometrrc constraints are small and faint, with a mean intrinsic luminosity
~2.2 mag fainter than L'. NIRCam imaging admits a fairly wide range of brightnesses and morphologies for the
group members, suggesting a more diverse galaxy population in this galaxy overdensity.

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.
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1. Introduction

The z=0.87 galaxy cluster ACT-CL J0102—-4915, known
as El Gordo, was discovered by its large Sunyaev—Z’eldovich
effect (SZE) decrement observed by the Planck mission
(Marriage et al. 2011). The cluster has the highest X-ray
luminosity of any cluster at z > 0.6 (Menanteau et al. 2012),
and filaments of synchrotron radio emission flank the two
major cluster components. Such filaments are typically a
consequence of cluster-scale dynamical disturbances (Lindner
et al. 2014). Mass estimates by independent methods, including
applying the virial theorem to the velocity dispersion and
stron%— and weak-lensing approaches, place El Gordo at a mass
>10"° M., close to exceeding the maximum mass allowable by
the ACDM model at El Gordo’s redshift (e.g., Mortonson et al.
2011). Diego et al. (2023) give a complete summary of the
mass estimates of El Gordo and the associated caveats on such
measurements.

The cluster’s galaxy distribution consists of prominent
southeastern (SE) and northwestern (NW) components, but
there is some debate over which is dominant. Weak-lensing and
dynamical mass estimates have historically favored the NW
component, with a mass ratio of SE:NW close to 0.6:1
(Menanteau et al. 2012; Jee et al. 2014), while more recent
weak- and strong-lensing studies promote the SE component to
a ratio closer to 1:1 (Zitrin et al. 2013; Cerny et al. 2018; Diego
et al. 2020; Kim et al. 2021; Diego et al. 2023). Diego et al.
(2023) pointed out that both values may be true if the SE
component is more massive on smaller physical scales but
gradually loses out to the NW one with increasing radius. The
dynamical stage of this binary cluster is also under debate.
While there is consensus regarding a major merger, it is not yet
settled whether the collision was head-on or off-axis (Zhang
et al. 2018, and references therein). The cluster appears to be
postfirst passage (Molnar & Broadhurst 2015) and post—
maximum separation and is now on its return phase (Ng et al.
2015), although the unusual X-ray morphology and positions
of the radio relics prevent strong constraints on its evolutionary
stage (Kim et al. 2021).

The first estimate of El Gordo’s mass distribution by
strong-lensing modeling was based on nine cases of a single
galaxy appearing in multiple locations, called an “image
system,” and was constructed prior to the availability of
spectroscopic redshifts of the image systems to anchor the
model (Zitrin et al. 2013). Nonetheless, this initial lens model
confirmed the elongation of the cluster in the direction of the
ongoing merger and the high mass. Cerny et al. (2018)
extended the number of image systems by a factor of 2, and
Diego et al. (2020) contributed additional lensing constraints
and confirmed the high mass. Even with these steps forward,
the lack of spectroscopic redshifts of the image systems
limited the accuracy of the resulting lens models and their
ability to recover the lensed image positions (Johnson &
Sharon 2016).

An advance was made by Caminha et al. (2022), who
measured spectroscopic redshifts for 23 image systems in El
Gordo using the Very Large Telescope Multi-Unit Spectro-
scopic Explorer (MUSE) instrument. This result was made

feasible by the integral field unit (IFU) spectroscopic approach
that obtains spectra for all objects in the field of view. Four of
the systems are at a similar redshift of z=4.32, uncovering a
strongly lensed grouping of galaxies behind the cluster (Caputi
et al. 2021). By fitting spectral energy distributions (SEDs) to
the Hubble Space Telescope (HST) photometry, Caputi et al.
(2021) found the galaxies to be relatively low in mass
(~107—1010M@) and to have star formation rates (SFRs) of
0.4-24 M, yr ! that qualify two of them as starbursts. This
result led Caputi et al. (2021) to suggest that these four galaxies
may be experiencing enhanced star formation as a result of
galaxy—galaxy interactions. The typical morphology of the
galaxies—a blue, compact clump superimposed on a more
extended and redder component—supports this claim, but the
sources are too red and faint for the HST data to separate the
components. High-resolution imaging that extends redward of
the 4000 A and Balmer breaks (A>2 pm observed) is needed
to characterize the stellar populations and morphologies of
these galaxies.

The first lensing analysis of El Gordo to incorporate James
Webb Space Telescope (JWST) Near-Infrared Camera
(NIRCam; e.g., Rieke et al. 2005) imaging (Diego et al.
2023) was completed using the nonparametric WSLAP-+
approach. The authors constructed a base lens model by
incorporating the 23 image systems of Caminha et al. (2022)
and identified an additional 37 new image systems. Two lens
models using all 60 systems assign roughly equal mass to the
NW and SE components and confirm El Gordo’s high mass.
Diego et al. (2023) also reported photometric redshift
estimates using only the HST bands and separately using
only NIRCam bands.

El Gordo is one of seven galaxy clusters selected by the
“Prime Extragalactic Areas for Reionization and Lensing
Science” (“PEARLS”) project (Windhorst et al. 2023) on
account of its significant lensing strength and large critical
curve perimeter. This paper presents new point-spread function
(PSF)-matched photometry for El Gordo across HST and
NIRCam filters, enabling more reliable photometric redshifts
and a search for additional members of the z=4.3 galaxy
overdensity. An independent lensing analysis is carried out
using a “light-traces-mass” (LTM) lens model instead of
WSLAP+, and a new spectroscopic analysis is used to search
for substructures. This paper is organized as follows. Section 2
introduces the NIRCam data and the relevant ancillary imaging
data. Section 3 describes the new NIRCam photometry and
PSF-matched photometry that incorporates the bluer HST
filters and the generation of the object catalog. The construction
of the LTM lens model appears in Section 4. The spectroscopic
analysis is given in Section 5, the new constraints on the cluster
physical properties are discussed in Section 6, and the search
for new members of the galaxy overdensity at z =4.3 appears
in Section 7. Section 8 summarizes the results. This paper uses
the AB magnitude system throughout, and we assume a flat
ACDM cosmology with Hy =67 kms ™' Mpc ™", Q,,0=0.32,
and €2, o = 0.68 (Planck Collaboration et al. 2020).
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Figure 1. HST and JWST/NIRCam coverage of the field. The background
negative image is an r-band image from DES that has a field of view of
3.6 x 3.4 Mpc at the cluster redshift. The pair of blue squares depict the two
NIRCam fields of view, and other squares depict the HST imaging: F435W
(green), F814W (red), and F606W (magenta), in order of increasing field
coverage.

2. Observations and Reductions
2.1. NIRCam

NIRCam observations were obtained on 2022 July 29 as a
part of the JWST PEARLS program (PI: Windhorst, Program
ID 1176). The observing window was selected by the Space
Telescope Science Institute (STScl) in order to reduce stray
light expected from a nearby bright star in projection.
Exposures were taken in FO090W, F115W, F150W, and
F200W in the short-wavelength (SW) module and in F277W,
F356W, F444W, and F410M in the long-wavelength (LW)
module. Point-source limiting magnitudes are filter-dependent,
but approximately mag = 28.0-28.9 mag.

The images were reduced by our team as discussed in detail
by Windhorst et al. (2023). Briefly, the data were retrieved
from the Mikulski Archive for Space Telescopes (MAST) and
corrected for 1/f noise by first using the prescription of C.
Willott.>® We then ran the ProFound code, which makes a
second round of corrections of any remaining residuals in the
relevant rows and columns and also flattens the background
and corrects for detector-level offsets, wisps, and snowballs
(Robotham et al. 2017, 2018). Finally, the frames were
astrometrically aligned onto a common astrometric reference
frame and drizzled into combined mosaics, following similar
methodology to that first described by Koekemoer et al. (2011),
updated to use the JWST pipeline.”’ Figure 1 depicts the field
coverage against the backdrop of the r-band Dark Energy
Survey (DES) image. The single, central NIRCam pointing
covers both the SE and NW cluster components and the many

30 hitps: //github.com/chriswillott/jwst.git
31 https://github.com/spacetelescope/jwst
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prominent arcs. Figure 2 shows the NIRCam color image.
Some of the data presented in this paper were obtained from
MAST at STScl. The specific observations analyzed can be
accessed via doi:10.17909/x49n-d207.

2.2. Ancillary Data

We augmented the NIRCam data with bluer HST Wide
Field Camera (WFC) F435W, F606W, and F814W imaging
drawn from the literature (PID 14096; PID 12477). Data in
HST Advanced Camera for Sureys (ACS) WFC, WFC3-IR,
and Spitzer/IRAC filters also exist, which substantially
overlap with the data used here, but they are superseded by
the NIRCam imaging and so are not included here.
Spectroscopy is available from Sifén et al. (2013) and
Caminha et al. (2022).

Three Chandra observations were acquired (ObsIDs 12258,
14022, and 14023; PI: J. Hughes) with a total of 351ks of
combined exposure time. We reprocessed the observations to
generate level-2 event files using the chandra_repro script
available in the Chandra Interactive Analysis of Observations
(CIAO; Fruscione et al. 2006) software, version 4.14, with
CALDB v.4.9.8. The three observations were merged using
the merge_obs script to produce a broadband (0.5-7.0 keV),
coadded, clipped counts image and a corresponding exposure
map. We detected X-ray point sources using the wavdetect
script and visually inspected the source list to create a list of
point sources that did not pertain to the cluster. We removed
and replaced the pixels of these sources with interpolated
values from the surrounding background regions of each source
using the dmfilth script. The resulting image was divided by
the corresponding exposure map to produce an exposure-
corrected image and smoothed using aconvolve with a
Gaussian kernel.

3. Photometry
3.1. NIRCam Photometry

Photometry is delivered individually for each NIRCam filter
as a part of the JWST pipeline image reductions. Using only
the eight NIRCam bands tends to underestimate the redshifts
relative to the spectroscopic values (Diego et al. 2023), thereby
motivating photometry extending to the bluer HST filters.
These are the HST ACS filters F435W, F606Wa and F814W,
which provide coverage blueward of the 4000 A and Balmer
breaks at the redshift of the background galaxy overdensity at
z=4.32. Deriving accurate photometric redshifts requires
consistent photometry in all filters.

The JWST NIRCam F200W image was assigned as the
reference image. In this filter, the imaging performance is
diffraction-limited, defined as having a Strehl ratio >0.80. To
find sources, SExtractor (Bertin & Arnouts 1996) was used in a
two-step HOT+COLD process, following the prescription of
Galametz et al. (2013). The object catalog reports AUTO
magnitudes, which are measured in a Kron-like elliptical
aperture.

For other JWST filters, each image was convolved with a
kernel to match the PSF of the F200W image. The kernels were
derived in Fourier space by applying the convolution theorem
(Pascale et al. 2022). The original rms maps remain adequate
because all NIRCam filters have similar PSF FWHMs.
Isophotal (ISO) magnitudes were derived from forced aperture
photometry in SExtractor’s dual-image mode, using the F200W
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Declination
-49:15:38 -49:15:11

-49:16:06

-49:16:33

01:03:02 01:02:59

01:02:56
Right Ascension
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01:02:53 01:02:50

Figure 2. NIRCam color image of the central region of El Gordo. The image is 2/2 x 2/2 on a side, and the orientation is North up and East to the left. The colors
follow the prescription in Trilogy (Coe et al. 2012), with red showing F410M+F444W, green showing F200W+F277W+F356W, and blue showing FOOOW
+F115W. All colors are multiplied by the sum of all the wide NIRCam filters (FOOOW + F115W + F150W + F200W + F277W + F356W + F444W) to the 1/4
power. The 56 image systems used in our lens model are labeled in green, as is the cooling flow detected in HST imaging. The axes give the R.A. and decl. in J2000

coordinates.

image and its associated weight map for detection, but each
other NIRCam image and its weight map for the measurements.
The ISO colors were then added to the F200W AUTO
magnitudes to derive the magnitudes in each filter. This was
done because isophotal magnitudes generally yield more
accurate colors, while AUTO magnitudes tend to better
estimate total flux (Coe et al. 2006). Magnitude uncertainties
were computed by SExtractor, based on the rms maps.
Systematics are broadly accounted for in the photometric
redshift estimation that follows, by enforcing a minimum
uncertainty of 0.05 mag for each photometric measurement.

3.2. HST Photometry

To prepare the HST imaging for multiband photometry, the
HST and NIRCam imaging were both aligned to the GAIA
reference frame. The PSFs were then generated in all filters. We
first attempted to measure the PSFs in the HST images from the
data by coadding the profiles of isolated and unsaturated stars.
The search for suitable stars was done with the photutils
DAOStarFinder (Bradley et al. 2022). This exercise yielded
fewer than five stars in each filter, too few to give accurate
PSFs. Instead, we adopted the model PSFs provided by STScl,



THE ASTROPHYSICAL JOURNAL, 952:81 (17pp), 2023 July 20

6

o Lephare
s Eazy

[ o
N2
o

Az/(1+2)

=
&~
% =
e
P
*

Zspec

Figure 3. Photometric redshifts vs. spectroscopic redshifts. The points depict
redshifts, as indicated in the legend. The dashed line shows equality, and the
dotted lines delineate the region where |6z|/(1 + z) < 0.15, the goodness-of-fit
criterion used by Pascale et al. (2022). The bottom panel shows |6z|/(1 + z)
directly. The panel on the right gives the histogram of photometric redshifts,
which peaks at the El Gordo cluster redshift (shown by the dashed line).

which Erovide better representations of the point-source
profile.*> We also attempted to measure the NIRCam PSFs
from the data and again found too few stars, prompting us to
model the PSFs using the WebbPSF software.

The photometry in each of the HST filters proceeded as for
the NIRCam photometry (Section 3.1), measuring ISO color
differences with respect to the F200W reference image. This
avoids measuring fluxes directly from the HST images, on
which fainter objects can get lost in the noise. This procedure
assumes that the detection image is a good model for the HST
images. The coverage in the bluest available band, F435W, is
relatively shallow, and none of the members of the galaxy
overdensity at z=4.32 were detected in this filter. Obtaining
deeper F435W imaging would improve the SED fits discussed
below, especially for the z > 4 sources.

3.3. Full Object Catalog

Two independent software approaches were applied to estimate
photometric redshifts: EAZY (Brammer et al. 2008; Bram-
mer 2021) and LePhare (Amouts & Ilbert 2011). In both cases,
SED templates were optimized for the identification of high-
redshift galaxies using JWST/NIRCam imaging (Larson et al.
2022). A comparison of 161 galaxies that have both spectroscopic
and photometric redshifts shows good agreements for both
LePhare and for EAZY. In 98% of cases, the photometric
redshifts are within 15% of the spectroscopic redshifts. There are
nevertheless a handful of outliers (Figure 3). Most of the outliers
are at redshifts at which strong nebular emission lines are between
two filters. For example, at z= 1.1, the observed wavelength of
Ha is between the F115W and F150W filters, and at z = 2.6, Ho

32 Empirical models for the WFC3/UVIS and WFC/ACS PSFs (Krist et al.
2011).
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is between the F200W and F277W filters. In these cases, this
strong nebular emission line that would increase the flux within a
filter gets missed and therefore cannot contribute to the redshift
measurements. Although the LePhare redshifts have two outliers
that EAZY does not, the LePhare redshifts show slightly less
scatter at z=4.3, where they are most important for this study.
For this reason, we adopted LePhare for the remainder of this
study, but given the similar performance between the two
photometric redshift approaches and the many spectroscopic
redshifts, the choice should make little difference.

After the successful checks, we extended the photometric
redshift estimates to the full multiband object catalog. A
photometric redshift is considered secure if the object is: (1) in
the field of view for all filters; (2) detected in a minimum of eight
filters; and (3) spatially resolved from its neighbors. The resulting
distribution of photometric redshifts peaks at the cluster redshift
and displays also minor peaks at zx 1.6, z~2.4, z=3.75, and
7=4.32 (Figure 3). The z = 1.6 peak is caused by a problem case
in which [O 1] falls in a gap between the F115W and F150W
filters and at the same time Hev is situated between the F150W and
F200W filters, resulting in redshift degeneracies. Likewise, at
z~2.4, [O11] falls between F150W and F200W. The z =4.32
peak corresponds to the redshift of the known galaxy overdensity
mentioned in Section 1.

The redshift peak at z=3.75 is poorly understood. The
spectroscopy found only one lensed source at a redshift near this
peak (z=3.77), yet the probability distributions of the photo-
metric redshifts of the other sources are largely consistent with a
single peak and do not allow for other redshift solutions. A
concern is that an instrumental gap in the MUSE
spectrograph prevents the detection of features in the wavelength
range 5805-5965 A, corresponding to Lya at z=3.75. None-
theless, broader features such as the Ly-series continuum break
should be detectable if there really is a galaxy group at this
redshift. This problem is compounded by the fact that at this same
redshift, the Ha+[N 1] complex falls between the F200W and
F277W bands and so is not recorded, while H3+[O 1] falls
within F200W, resulting in redshift degeneracies (McKinney et al.
2023). These special circumstances explain why some sources at
z=3.75 might be missed, but do not explain a peak at this
redshift. In sum, the peak in lensed source counts at z = 3.75 may
indicate the presence of a bona fide galaxy overdensity, but its
existence remains uncertain, pending spectroscopic confirmation.

4. Strong-lensing Model
4.1. LTM Approach

We constructed an LTM strong-lensing model, which takes
advantage of strong-lensing evidence and especially of image
systems (Zitrin et al. 2009, 2015). This model approach requires
few free parameters and therefore minimizes overfitting of the
lensing constraints and resulting unphysical solutions. The model
began with the central cluster galaxies, each with an assumed 2D
power-law surface mass density profile of power-law index g and
with mass normalized by the measured luminosity of each galaxy,
to create a cluster galaxy mass map in 2D. An approximate
“cluster” mass component was generated by summing up the
galaxy mass distributions and smoothing with a Gaussian kernel
of width S. These galaxy and cluster components were then added
with a relative weight k), reflecting the ratio of luminous to dark
matter, which together were scaled to a desired redshift by a factor
K. A third component is a global external shear of strength ., and
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Figure 4. Color-magnitude diagram generated from the JWST/NIRCam
photometry. Cluster members are indicated by red dots, and other galaxies are
indicated by green dots. Galaxies with spectroscopic redshifts are surrounded
by squares. The black dashed line shows the cluster red sequence. Magnitudes
are SExtractor AUTO, and colors are based on PSF-matched isophotal
photometry.

position angle ¢.,. The external shear allows for elongated critical
curves, but contributes only to the deflection field and not to the
total mass density. Thus, the model’s six free parameters are g, S,
K, keat, Yex» and ¢e.. When fitting images that lack a secure
redshift measurement, the source distance is an additional free
parameter to be optimized in the fit. The best fit that satisfies the
free parameters was obtained by a Markov Chain Monte Carlo
(MCMC) approach, with uncertainties computed by bootstrapping
the MCMC steps. We refer to Pascale et al. (2022) for details on
the implementation of this code.

The cluster members inputted to the model were selected by
their spectroscopic redshifts and also by making a strict color cut
to isolate the red sequence (Figure 4). To correlate the mass with
the luminosity, the cluster members were all nominally assigned
the same global weight factor of 1.0, which was subsequently
modified for two special regions. First, a galaxy overdensity in the
direction of the SE component in the foreground at z=0.63
introduces a non-negligible deflection to the lens model.
Following previous work (Caminha et al. 2022; Diego et al.
2023), we adopted the cluster redshift for these galaxies, but
assigned a weighting factor less than unity to account for the
different lensing geometries. Second, a handful of galaxy
members that are ultrabright and/or situated near in projection
to the critical curve have a higher lensing impact than their
individual brightnesses would imply. As such, the weighting
factors and configurations (core radius, position angle, and
ellipticity) were left free to be fit by the model. These galaxies
include the brightest cluster galaxy (BCG), which is situated in the
SE component, and other influential members, such as the galaxy
closest in projection to El Anzuelo (system 24 in Figure 2).

The lensed galaxy constraints were introduced in a multistep
process, starting with the 23 image systems with spectroscopic
redshifts (Caminha et al. 2022). We also added El Anzuelo,
which is a partial Einstein ring and ALMA source for which
CO(3-2) line emission is detected at z=2.291 (Diego et al.
2023; Kamieneski et al. 2023). The initial lens model was
based on these 24 spectroscopically confirmed systems with
their redshifts fixed. The parameters of the remaining systems
were free to be fit by the model. Additional secure image
systems were introduced gradually, each time making sure that
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WSLAP+ (D23)
LTM (This study)

Figure 5. Color image using all NIRCam filters that depicts the critical curves
for our LTM model at z =4.3 (magenta) and for the free-form WSLAP+
model at z = 2.5 (cyan; Diego et al. 2023). The critical curve is depicted at a
z=4.33 in order to match the redshift of the galaxy overdensity discussed in
Section 7. The orientation and color rendering are the same as Figure 2.

the fit improved. To qualify as secure, we required that all
images in a given image system must have similar colors and
spectroscopic redshifts (where available), a consistent lens-
predicted location and model-predicted redshifts, and corre-
lated morphologies (for uncontaminated images). Based on our
criteria, we were unable to accept six image systems from the
literature. The Appendix gives details. We augmented the list
of image constraints in stages: (1) new image family members
of known image systems; and (2) new image systems, which
were all subsequently vetted by our lens model. In total, we
identified five new counterimages of known image systems and
two new image systems (61 and 62). The image systems from
Caputi et al. (2021) are reported in Table 1, and the full set of
lensing constraints is reported in Table 2. The image system
identifications for the first 23 systems follow the designations
of Caminha et al. (2022), and the remainder follow the
designations of Diego et al. (2023).

Our best-fit model, which is the one for which X2 is
minimized, includes a total of 56 image systems and is
presented in Figure 5. This model reproduces the angular
positions of input lensed images to an rms difference of ~1”8.
It is reassuring that the critical curve has a similar orientation,
shape, and Einstein radius in both the LTM and WSLAP+
models. Although the new model incorporated most of the
same image systems as Diego et al. (2023), our LTM model
was constructed independently and by a different method.

The LTM lens model gives a total mass (7.0 & 0.3) x 10'* M,
within a radius of 500 kpc of the cluster’s luminosity-weighted
mean center (LWMC; see Section 6). The uncertainty is
dominated by systematics (Johnson & Sharon 2016; Meneghetti
et al. 2017; Strait et al. 2018; Pascale et al. 2022) because strong-
lens modeling is an inherently underconstrained problem. The
systematic uncertainties estimated above come from two sources:
differences in galaxy mass-to-light ratios (assumed by the LTM
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Figure 6. NIRCam color images of the four known and one probable z = 4.32
systems showing resolved morphologies. Scale bars are shown in each image,
and the orientation is North up, East left. Systems 8, 9, 10, and 11 were first
identified by Caputi et al. (2021), in whose study the HST imaging was not able
to detect the red component in system 9. In NIRCam, the galaxy images
separate out into multiple components, suggesting ongoing galaxy interac-
tions/mergers, and also flip in image parity between the counterimages, as
expected on each crossing of the critical curve. System 39 was discovered in
this study by its model-predicted redshift, photometric redshift, and
morphology.

approach to be identical for all galaxies) and uncertainty in fitting
model parameters to the data. Each uncertainty was estimated by
an MCMC approach using 100 iterations on a simplified model
using only the 24 image systems having spectroscopic redshifts.
The 1o uncertainty from 0.3 dex variation in the mass-to-light
conversion factor is 1 x 10" M., or 2% of the inferred mass,
while the model construction itself gives an uncertainty of
8 x 10'? M., or 1%. These uncertainties are small, but consistent
with those of Johnson & Sharon (2016), who concluded that lens
models based on at least one spectroscopic image system yield
uncertainty <4% in mass within 1 Mpc. To be conservative, we
adopted 4% as the overall uncertainty.

The mass given by our LTM model is slightly smaller than that
in Diego et al. (2023), who estimated a mass of 8.0-8.6 x
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Table 1
Galaxy Overdensity Members (z = 4.32)
ID z Zph Iz ME200W.int
8a 43175 4127908 4.2 26.84
8c 4.3175° 4017533 3.1 27.16
9.1a 43196 4477003 5.6 24.07
9.1c 4.3196° 429708 3.0 25.40
9.2a 43196 7.5
9.2¢ 4.3196° 2.9
10a 4.3275* 4424001 4.0 25.57
10b 4.3275° 3.4 >27.93
10c 4.3275" 4291008 3.0 25.90
11.1a 4.3278" 4277987 45 25.21
11.2a 4.3278° 4291008 4.2 25.82
11.1b 4.3273" 3.0
11.2b 4.3273° 2.9
11.1c 43273 4.3470% 32 25.78
11.2¢ 4.3273° 3.0
39a 4.14¢ 4.29+018 3.8 27.28
39b 4.14¢ 72 26.23
39c 4.14¢ 33
101 4.317° 2.1 >28.77
102 432" 4.1279% L5 26.78
103 4.32f 4227936 1.7 27.73
104 4.32° 3.54108¢ 1.6 28.32
105 4.32f 4201048 1.7 25.32
106 432" 420708 2.5 29.01
28a 432 4347513 6.6 2772
107 4.32f 5651921 11 28.91
108 432 4207913 22 26.41
109 4.32f 3.97193 22 28.43
110 4.32f 485199 3.6 29.39
111 4.32f 422799 1.6 25.32
112 4.32f 4601921 22 26.96

Notes. Column (1): image system ID; column (2): redshift; column (3):
photometric redshift estimate from LePhare; column (4): lensing magnification
factor estimated from our lens model; and column (5): F200W apparent
magnitude corrected for lensing magnification (“intrinsic”).
 Caputi et al. (2021) measured a spectroscopic redshift at this coordinate.

A spectroscopic redshift was measured along the same arc and near this
specific coordinate in projection.
© A spectroscopic redshift was measured for a counterimage of this arc system.
9 Lens model redshift
¢ MUSE single-line detection, this study.
f Pure photometric selection, this study, with the redshift assumed.

10'* M., in the same 500 kpc radius we used. Our values may be
consistent with an older LTM model (Zitrin et al. 2013), based on
nine image systems, none with spectroscopic redshifts, for which
the mass was reported to be 6 x 10" M, in a 370 kpc radius and
1.7 x 10"> M, in 700kpc. At the same time, the weak-lensing
mass within a radius of 0.8 Mpc for the NW and 0.7 Mpc for the
SE components, which roughly corresponds to our radius of
500kpc from the LWMC, is Msp= (1.8 +£0.34) x 10"° M,
(Jee et al. 2014, their Table 2). Their value is comparable to the
high end of the strong-lensing values.

4.2. Spectroscopic Image Systems at z =4.32

Four galaxies at z=4.32are triply imaged and previously
known (Caputi et al. 2021): image systems 8, 9, 10, and 11
(Figure 6). We recount below the photometric, lensing, and
morphological information that is new to this study, and report
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Table 2

Strong-lensing Image Systems
ID R.A. Decl. ME200W 0bs Zsp Zph Zmod n References
l.la 01:02:55.39 —49:15:00.35 22.48 2.5636° 2.4 Z13(1)
1.1b 01:02:53.35 —49:15:16.32 21.58 2.5636" 230 Z13(1)
1.1c 01:02:52.77 —49:15:18.68 20.38 2.5636 1.0455% 35 Z13(1)
1.2a 01:02:55.33 —49:15:01.16 24.70 2.5636" 2.5 Z13(1)
1.2b 01:02:53.35 —49:15:16.32 2.5636" 28 Z13(1)
1.2¢ 01:02:52.61 —49:15:19.69 2.5636" 1.8 Z13(1)
2.1a 01:02:56.58 —49:15:47.09 22.66 2.8254° 65 Z13(2)
2.1b 01:02:55.98 —49:15:51.23 22.70 2.8254° 19 Z13(2)
2.1c 01:02:54.38 —49:16:04.53 23.74 2.8254° 3.3 Z13(2)
2.2a 01:02:57.09 —49:15:43.54 23.49 2.8254° 12 Z13(2)
2.2b 01:02:55.62 —49:15:53.82 23.41 2.8254° 3.40+008 13 Z13(2)
2.2¢ 01:02:54.45 —49:16:04.07 23.69 2.8254° 2,655 3.5 Z13(2)
2.52 01:02:56.52 —49:15:47.51 2.8254° 130 Z13(2)
2.5b 01:02:56.08 —49:15:50.57 23.53 2.8254° 23 Z13(2)
3a 01:02:51.64 —49:14:53.67 28.19 3.3300° 18 Cam22(3a)
3b 01:02:50.69 —49:15:06.54 28.68 3.3300° 14 Cam22(3b)
4b 01:02:52.41 —49:15:03.10 25.98 3.3339° 20 Cam22(4b)
4¢ 01:02:51.65 —49:15:09.28 25.27 3.3339° 4.6 Cam22(4c)
5.1a 01:02:59.99 —49:15:49.47 24.09 3.5376° 4015092 6.8 Z13(4.1)
5.2a 01:02:59.99 —49:15:50.64 25.68 3.5376" 3.857003 8.2
5.3a 01:02:59.97 —49:15:50.30 26.41 3.5376" 3.22908 8.8
5.1b 01:02:56.62 —49:16:08.21 23.90 3.5376* 4014094 63 Z13(4.5)
5.2b 01:02:56.74 —49:16:08.38 25.49 3.5376° 3.90+99%3 20
5.3b 01:02:56.71 —49:16:07.93 25.05 3.5376" 3.90%902 28
5.1c 01:02:55.37 —49:16:26.03 23.94 3.5376° 4045391 22 Z13(4.4)
5.2¢ 01:02:55.39 —49:16:27.23 25.41 3.5376° 3.924004 2.1
5.3¢ 01:02:55.34 —49:16:26.87 26.22 3.5376° 3.8570:08 2.1
6a 01:02:59.45 —49:15:54.71 27.86 4.1879* 4.047948 47 Cam?22(6a)
6b 01:02:57.80 —49:16:03.32 27.78 4.1879° 6.8 Cam22(6b)
6¢ 01:02:54.45 —49:16:31.76 28.10 4.1879° 1.8 D23
7a 01:02:57.59 —49:15:15.55 26.43 4.2306° 3.7440% 3.6 D23(7a)
7b 01:02:54.59 —49:15:37.22 25.69 4.2306" 0.515499¢ 5.4 Cam?22(7b)
Tc 01:02:53.03 —49:15:48.74 26.10 4.2306" 4091043 5.8 Cam22(7¢)
8a 01:02:55.99 —49:15:05.38 25.29 43175° 4125908 42 Ca21(2a)
8b 01:02:54.61 —49:15:16.44 4.3175° 33 Ca21(2b)
8¢ 01:02:51.24 —49:15:37.08 25.93 4.3175° 401592 3.1 D20; Ca21(2¢)
9.1a 01:02:55.78 —49:15:07.89 22.20 4.3196° 44740024 5.6 Ca21(4a)
9.1b 01:02:54.85 —49:15:14.90 4.3196° 4.0 Ca2l(4b)
9.1c 01:02:51.11 —49:15:38.53 2421 4.3196° 429400 3.0 Ca21(4c)
9.2a 01:02:55.74 —49:15:08.37 4.3196" 7.5 D23(9.2a)
9.2b 01:02:54.89 —49:15:14.61 4.3196" 42 D23(9.2b)
9.2¢ 01:02:51.06 —49:15:38.86 4.3196" 2.9 D23(9.2¢)
10a 01:02:56.28 —49:15:06.93 24.07 4.3275° 4424981 4.0 Z13(3.1),Ca21(3a)
10b 01:02:54.77 —49:15:19.53 4.3269° 3.4 713(3.2),Ca21(3b)
10¢ 01:02:51.56 —49:15:38.36 24.71 4.3289° 4294008 3.0 713(3.3),Ca21(3¢)
11.1a 01:02:55.82 —49:15:00.30 23.58 4.3278° 4274007 45 D20;Ca21(1a)
11.2a 01:02:55.86 —49:14:59.37 24.26 4.3278° 4294000 42
11.1b 01:02:54.31 —49:15:12.43 4.3273° 3.0 D20;Ca21(1b)
11.2b 01:02:54.27 —49:15:12.33 4.3273° 2.9
11.1c 01:02:50.97 —49:15:33.55 24.52 4.3273° 434190 32 D20;Ca21(1c)
11.2¢ 01:02:50.97 —49:15:33.08 4.3273" 3.0
12.1a 01:02:55.44 —49:14:49.23 25.39 4.7042° 2.5 Cam22(12a)
12.2a 01:02:55.44 —49:14:49.83 25.94 4.7042° 4.887991 26 Cam22(12a)
12.1b 01:02:53.38 —49:15:04.29 26.87 4.7042* 7.0 Cam22(12b)
12.2b 01:02:53.43 —49:15:04.95 4.7042° 72 Cam22(12b)
12.1c 01:02:50.43 —49:15:26.15 25.20 4.7042* 4701948 5.1 Cam22(12c)
12.2¢ 01:02:50.43 —49:15:26.69 4.7042° 48 Cam22(12¢c)
13a 01:02:56.86 —49:15:00.06 28.38 4.7528° 25 D23
13b 01:02:54.41 —49:15:26.49 28.33 4.7528" 48 Cam22(13b)
13¢ 01:02:52.19 —49:15:39.44 >27.93 4.7528* 6.2 Cam22(13¢)
14a 01:02:57.51 —49:15:24.17 >27.93 4.9486" 12 Cam22(14a)
14b 01:02:55.73 —49:15:35.60 >27.93 4.9486" 6.3 Cam22(14b)
15b 01:02:55.13 —49:16:09.01 2472 4.9770* 49510034 55 Cam?22(15b)
15¢ 01:02:54.98 —49:16:10.74 24.72 4.9770* 5.0 Cam22(15¢)
16a 01:02:56.15 —49:15:16.70 >27.93 5.0880° 11 Cam22(16a)
16b 01:02:55.56 —49:15:21.71 >27.93 5.0880° 32 Cam22(16b)
16¢ 01:02:51.57 —49:15:49.93 >27.93 5.0880° 2.7 This paper
17a 01:02:50.29 —49:14:53.04 27.89 5.0929° - 13 Cam22(17a)
17b 01:02:50.63 —49:14:55.36 26.75 5.0929* 12 Cam22(17b)
17¢ 01:02:50.36 —49:14:58.58 26.64 5.0929° 51550934 40 Cam?22(17¢)
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Table 2

(Continued)
ID RA. Decl. ME200W.obs Zsp Zph Zmod n References
18a 01:02:57.66 —49:15:11.80 >27.93 5.1173¢ 32 D23
18b 01:02:54.67 —49:15:33.62 >27.93 5.1173 3.8 Cam22(18b)
18¢c 01:02:52.57 —49:15:49.96 26.65 5.1173* 5.1640% 43 Cam22(18c)
19a 01:02:58.18 —49:15:11.16 26.67 5.1199° 541759 2.7 D23
19b 01:02:53.80 —49:15:40.74 27.12 5.1196* 1.894473 5.9 Cam22(19b)
19¢ 01:02:53.23 —49:15:45.56 26.86 5.1196" 16 Cam22(19c)
20a 01:03:00.70 —49:15:43.22 27.04 5.4845° 6.7 D23
20b 01:02:56.07 —49:16:15.15 26.95 5.4845" 5854028 3.0 Cam?22(20b)
20c 01:02:55.67 —49:16:22.06 27.74 5.4845" 4491018 3.0 Cam?22(20c)
2la 01:02:57.80 —49:15:24.98 >27.93 5.5811° 11 Cam22(21a)
21b 01:02:55.98 —49:15:37.76 >27.93 5.5811° 43 Cam22(21b)
22.1a 01:03:01.39 —49:16:15.23 26.96 5.9521° 5.2 Cam22(22a)
22.2a 01:03:01.28 —49:16:16.76 27.39 5.9521° 6.001018 2.0 D23
22.1b 01:03:00.14 —49:16:35.72 26.72 5.9521° 1124033 2.0 Cam22(22b)
22.2b 01:03:00.24 —49:16:34.40 2831 5.9521° 6.5 D23
23.3a 01:02:59.64 —49:16:26.36 2.1878" 3.0 Z13(c5.1)
23.3b 01:02:59.38 —49:16:29.17 2.1878° 2.5 Z13(c5.2)
23.3c¢ 01:02:57.95 —49:16:38.88 24.52 2.1878° 1.8 D23
24.1a 01:02:49.215 —49:15:08.84 21.23 2.29° 2.00509! 5.8 D23
24.1b 01:02:49.322 —49:15:04.52 2.29" 6.6 D23
24.1c¢ 01:02:49.452 —49:15:06.03 2.29° 6.1 D23
24.2a 01:02:49.150 —49:15:05.44 21.90 2.29" 2704939 5.5 D23
24.2b 01:02:49.141 —49:15:05.99 o 2.29° 5.6 D23
24.2¢ 01:02:49.263 —49:15:03.86 229" 6.2 D23
25a 01:02:54.55 —49:14:58.59 22.40 2.44 2.5 D23
25b 01:02:53.26 —49:15:06.85 21.62 43 D23
25¢ 01:02:51.83 —49:15:16.91 23.01 4.4 D23
26a 01:03:00.26 —49:15:52.35 27.77 3.34 9.7 D23
26b 01:02:56.89 —49:16:12.27 28.99 12 D23
26¢ 01:02:55.88 —49:16:28.44 27.81 0.1133:57 D23
27a 01:02:56.33 —49:16:16.09 >27.93 3.82 10 D23
27b 01:02:56.24 —49:16:17.35 >27.93 7.7 D23
28a 01:02:55.51 —49:16:07.15 25.67 434012 4.40 6.6 Z13(c7.1)
28b 01:02:54.94 —49:16:14.73 25.38 3.247512 6.5 Z13(c7.2)
29a 01:02:55.85 —49:16:07.45 24.67 3.28 8.0 D23
29b 01:02:55.24 —49:16:15.79 25.24 3424002 3.0 D23
29¢ 01:02:59.72 —49:15:43.77 25.93 3.6940:9 46 D23
30a 01:02:56.32 —49:16:07.80 24.54 2.897908 2.25 6.0 Z13(c9.1)
30b 01:02:55.66 —49:16:17.43 24.21 225408 2.4 713(c9.2)
30c 01:02:59.07 —49:15:53.23 24.57 246152 34 713(c9.3)
32a 01:02:54.59 —49:14:54.12 2491 377109 2.50 26 D23
32b 01:02:53.04 —49:15:04.85 25.39 5.1 D23
32¢ 01:02:51.80 —49:15:14.24 25.19 3.755908 3.1 D23
33a 01:02:59.89 —49:16:30.64 26.03 2.6759% 10.87 44 D23
33b 01:02:59.74 —49:16:32.47 26.05 3.841043 11 D23
35a 01:02:58.53 —49:16:36.96 25.63 1064092 2.23 3.1 D23
35b 01:02:58.75 —49:16:35.70 25.94 0.20991 33 D23
35¢ 01:03:00.13 —49:16:20.82 25.46 2.645033 4.6 D23
36a 01:02:57.32 —49:15:45.39 24.95 3455008 2.96 15 D23
36b 01:02:55.79 —49:15:56.19 10 D23
36¢ 01:02:54.60 —49:16:06.90 27.22 3.0 D23
37a 01:02:55.76 —49:16:08.94 26.47 0.69+3:% 9.86 2.9 D23
37b 01:02:55.07 —49:16:19.71 >27.93 12 D23
38a 01:02:58.97 —49:15:55.90 23.97 168990 3.08 1.5 D23
38b 01:02:58.72 —49:15:56.85 24.37 3775908 2.0 D23
38¢c 01:02:58.67 —49:15:57.29 24.85 3715908 22 D23
38e 01:02:54.76 —49:16:27.93 25.46 3.40°0%3 1.9 D23
39a 01:02:55.03 —49:15:03.00 25.83 4291018 4.14 3.8 D23
39b 01:02:54.42 —49:15:08.30 24.09 72 D23
39¢ 01:02:50.10 —49:15:28.77 26.14 3.3 This Paper
40a 01:02:56.63 —49:15:47.43 27.72 3.03 23 D23
40b 01:02:55.96 —49:15:52.05 27.52 28 D23
40c 01:02:54.51 —49:16:03.71 26.67 3.8 D23
41a 01:02:51.53 —49:15:05.90 25.99 5.65739% 4.02 6.0 D23
41b 01:02:51.66 —49:15:04.68 25.47 6.9 D23
42a 01:02:57.98 —49:15:59.14 25.16 2594013 2.24 11 D23
42b 01:02:57.64 —49:15:59.80 27.75 14 D23
42¢ 01:02:55.52 —49:16:19.98 25.99 3.7643:08 22 D23
46a 01:02:58.759 —49:16:45.35 23.68 2.76 2.6 D23
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Table 2

(Continued)
ID RA. Decl. ME200W.obs Zsp Zph Zmod n References
46b 01:02:58.499 —49:16:46.27 23.68 2.5 D23
47a 01:02:51.25 —49:15:01.35 371 8.9 D23
47b 01:02:51.08 —49:15:03.35 28.74 9.6 D23
48a 01:02:54.62 —49:14:45.72 25.88 3.06+002 431 2.6 D23
48b 01:02:50.92 —49:15:13.71 25.96 0.98%918 7.8 D23
49a 01:02:53.27 —49:15:14.55 28.52 2.46 39 D23
49b 01:02:52.78 —49:15:16.31 27.18 17 D23
49¢ 01:02:55.19 —49:14:59.66 24.85 3.8179%2 2.6 D23
5la 01:02:53.47 —49:15:14.26 2.77 16 D23
51b 01:02:52.46 —49:15:18.40 25.61 12 D23
5lc 01:02:55.22 —49:14:59.35 25.18 2.5 D23
52a 01:02:55.86 —49:15:51.85 26.07 2.92 34 D23
52b 01:02:56.74 —49:15:45.66 26.12 25 D23
52¢ 01:02:54.42 —49:16:03.93 3.9 D23
53a 01:02:58.52 —49:15:39.30 26.48 7.11 7.4 D23
53b 01:02:59.13 —49:15:40.12 27.82 58 D23
53¢ 01:02:58.77 —49:15:38.83 27.33 19 D23
54a 01:02:54.24 —49:16:05.14 26.30 4084014 4.30 6.7 D23
54b 01:02:55.01 —49:15:58.00 26.13 3.7040:49 6.1 D23
S4¢ 01:02:59.08 —49:15:31.23 26.83 3.65500% 5.4 D23
55a 01:02:52.74 —49:15:21.11 26.37 1.257012 3.18 1.5 D23
55b 01:02:52.81 —49:15:20.85 25.53 441783 1.6 D23
55¢ 01:02:55.58 —49:14:56.94 24.19 2094317 1.1 This paper
56a 01:02:59.11 —49:15:54.18 22.44 3.184092 3.20 2.3 D23
56b 01:02:57.56 —49:15:59.80 2231 5.9 D23
56¢ 01:02:54.78 —49:16:27.06 23.43 3.3240%8 1.9 D23
56d 01:02:57.69 —49:16:02.07 13 D23
57a 01:02:59.63 —49:15:56.55 >27.93 4.15 28 D23
57b 01:02:58.45 —49:16:03.37 27.80 321598 3.1 D23
58a 01:02:58.91 —49:16:42.87 28.05 3.40 23 D23
58b 01:02:59.02 —49:16:42.21 >27.93 22 D23
59 01:02:52.67 —49:15:21.17 >27.93 4.57 2.0 D23
59b 01:02:52.76 —49:15:20.69 27.44 1.7 D23
59¢ 01:02:56.43 —49:14:51.46 27.45 0754314 22 This paper
60a 01:02:53.83 —49:15:17.40 26.53 1047993 2.66 12 D23
60b 01:02:52.70 —49:15:23.04 26.59 1.065934 34 D23
60c 01:02:55.31 —49:15:05.89 26.50 1.707933 22 This paper
6la 01:02:56.54 —49:15:25.61 >27.93 3.78 21 This paper
61b 01:02:55.64 —49:15:32.06 >27.93 20 This paper
62a 01:02:55.83 -49:16:03.35 26.05 4.863" 10 This paper
62b 01:02:54.60 -49:16:19.91 27.90 4.863 29 This paper
62¢ 01:03:00.98 -49:15:38.32 25.72 4.863" 2.4 This paper
Notes.

? A spectroscopic redshift is measured at this coordinate in Caminha et al. (2022).
A spectroscopic redshift is assumed along the same arc and near to this specific coordinate in projection.
© A spectroscopic redshift is measured not at this coordinate, but for one or more of its counterimages.

4 The photometric redshift is estimated using EAZY.

© A spectroscopic redshift is measured at this coordinate in Caputi et al. (2021).

fa spectroscopic redshift is measured for this arc in this study.

(This table is available in machine-readable form.)

redshift values that are sourced from Caputi et al. (2021). To start,
Arc 8a has a spectroscopic redshift of 4.3175. With only NIRCam
data, Arcs 8a and 8c gave zyn ~ 0.7 (Diego et al. 2023), likely a
result of misidentification of the Lyman break as the 4000 A and
Balmer breaks. The inclusion of the bluer HST bands helps to
break this degeneracy, yielding a better photometric redshift
estimate for these two galaxy images. Arcs 8a and 8c consist of
multiple components. The brightest clump near Arc 8a (the yellow
knot above the blue knot in Figure 6) is of concern because it does
not appear in Arc 8c and has the colors of a cluster member.
Therefore, the SED was measured by integrating over the bluer
and more compact arc clumps, excluding this apparent cluster
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member. Our lens model gives magnification factors p of 4.2 and
3.1 for Arcs 8a and 8c, respectively. Arc 8b is severely
contaminated by a bright stellar diffraction spike, and no useful
photometry is possible.

Arc 9.1a has zg, = 4.3196. Each image of this triply imaged
system has two main components: a bluer one detected in the
HST imaging (Arcs 9.1a, b, and c) and a redder one detected in
archival ALMA imaging (Arcs 9.2a, b, and c). Both
components appear in the NIRCam imaging. Our photometric
redshift easily recovers the spectroscopic redshift for Arc 9.1a,
which is detected in every NIRCam filter. Arc 9.2a, on the
other hand, has lower signal to noise and is not detected in the
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Figure 7. Spectroscopy in the El Gordo cluster field. Left: the cluster members with spectroscopic redshifts are depicted by the colored dots. Cluster members are
assigned a different color with respect to a cut that bisects the cluster (black dashed line). Right: the redshift histogram is depicted for all cluster members (gray) and
separately for the NW (purple) and SE (green) sides. The dashed vertical line corresponds to the mean cluster redshift of z = 0.873, and the dotted line gives the
relative velocity of the BCG. The components of this ongoing major cluster merger do not obviously separate out in velocity space, motivating a more complex

statistical analysis of the galaxy velocities to uncover any substructures.

SW NIRCam filters; it yields no photometric redshift. This
dual-colored lensed image flips in parity between the counter-
images, as expected on each crossing of the critical curve. The
lens model gives p=3-8, depending on the component
(Table 2).

Image system 10 has spectroscopic redshifts measured
individually for all three images: z,, =4.3275 for Arc 10a,
Zsp =4.3269 for Arc 10b, and zy, =4.3289 for Arc 10c.
Similar to system 8, the NIRCam-only z,, ~ 0.7 measured for
Arcs 10a and 10c in Diego et al. (2023) is incorrect, and adding
HST data produces photometric redshifts consistent with the
true ones. The morphology resembles an upside-down blue
“check” and a red mark. This “checkmark” galaxy image flips
in parity twice across the three images, as expected for each
crossing of the critical curve. We estimate magnification factors
of 4.0 and 3.0 for Arcs 10a and 10c, respectively. Arc 10b
suffers from contamination by a bright stellar diffraction spike.

Image system 11 has spectroscopic redshifts measured
individually for all three images: zy, =4.3278 for Arc 11.1a,
Zsp =4.3273 for Arc 11.1b, and z,, =4.3273 for Arc 11.1c.
Again the NIRCam-only photometric redshifts are unreliable,
with z,, =0.69 for Arc 11.1a and z,, =4.11 for Arc 11.1c.
Photometric redshifts using our HST+NIRCam catalog are
consistent with z=4.32 for both images. The morphology
consists of multiple blue and red clumps that again appear to be
indicating galaxy—galaxy associations or interactions. Arc
11.1b has severe contamination from a stellar diffraction spike,
and no photometric redshift could be obtained. Magnification
factors range from 2.9 to 4.5.

5. Spectroscopic Analysis

Spectroscopic redshifts for El Gordo (z=0.873) are drawn
from two main sources. First, Sifon et al. (2013) obtained
redshifts for 89 galaxies, which extend out to 2.5 Mpc
(physical), well outside of the NIRCam field of view. Second,
Caminha et al. (2022) secured redshifts for 402 objects in the
central 1’ x 3/ region of the cluster. The redshifts range from 0
up to 5.9521 with fairly uniform azimuthal coverage, owing to
the IFU spectroscopic setup. In all, they found 150 galaxies
near the cluster redshift (0.85 < z < 0.90).
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Cluster membership is met for galaxies that have velocities
within 4000 kms ' of the mean value of z=0.873. This
corresponds to the range 0.862 <z<0.890. We further
selected the subset of galaxies within the projected virial
radius of 1.7 Mpc from the cluster center. With these criteria, a
total of 140 galaxies make it into our cluster member catalog.
Figure 7 (left) shows the galaxy positions.

The number of cluster galaxies with radial velocities suffices
to assess cluster disturbances (e.g.,Windhorst et al. 2018,
Appendix A) and also to estimate the mass. In the simple
approximation that a single dark matter halo underlies the
cluster, the virial theorem applied via the Gapper method
(Wainer & Thissen 1976; Beers et al. 1990) yields
M;=(4.64+0.54) x 10" M. within the virial radius
(1.7Mpc). (The uncertainty was computed by jackknife
sampling, following the prescription of Beers et al. 1990.)
However, El Gordo is a double cluster, and that has to be taken
into account. For a double cluster with mass ratio unity and
separation between components e times the virial radius, the
above M, underestimates the mass by a factor of (1 — %62).
For El Gordo, € = 0.40, resulting in a correction factor of 0.93,
and total mass M,=(5.1=+0.60)x 10" M. The stated
uncertainty is based solely on the uncertainty in the velocity
dispersion. M, is smaller than the mass reported by Menanteau
et al. (2012),1.867033 x 10'5 M. Those authors also reported
a mass ratio closer to 2:1 between the NW and SE components,
while ours is closer to unity (Section 6). Menanteau et al.
(2012) estimated the mass in a different way, applying a scaling
relation between M,oy and dark matter concentration to the
velocity dispersion, which incurs additional uncertainty.

M, is about a factor of 4 smaller than the virial mass
estimated by a strong-lensing approach to a similar radius,
2.09-2.24 x 10" (Diego et al. 2023). A recent weak-lensing
estimate also to a similar radius of 2.137933 x 10'° M, (Kim
et al. 2021) is similar to the strong-lensing mass and larger than
M,. This discrepancy with the strong- and weak-lensing results
can be explained in part by orientation effects. The absence of a
double peak in the redshift histogram suggests that the cluster is
oriented near the plane of the sky with a significant transverse
velocity component. If this is the situation, the true virial mass
will be larger than M, above. Other factors that can bias the
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mass include the existence of other cluster halos/subhalos and
the validity of the assumption of hydrostatic equilibrium for a
merging cluster.

El Gordo is observed during a cluster merger involving at
least two components, thereby explaining its elongated
structure. Even though the double-peaked galaxy distribution
is well known, there is no obvious bimodality in the radial
velocities (Figure 7, right), similar to the results of Menanteau
et al. (2012). If the collision axis is the line drawn through the
centers of the SE and NW components, then bisecting that line
(Figure 7, left) and computing the velocity histograms on each
side still does not uncover two distinct components. However,
the mean radial velocity difference between the 71 galaxies SE
of the dividing line and the 69 galaxies on the NW side is
~300km s~ " in the cluster rest frame. If the collision axis is in
the plane of the sky, the transverse velocity difference should
be much larger than that.

Building on the work of Dressler & Shectman (1988),
Biviano et al. (2002) devised a statistic to search for galaxy
substructure. In their approach, the parameter 6 compares the
local radial velocity properties of the Student-r and x>
distributions with their global values. For a cluster with N
redshifts, the group size is /N, equating to 12 nearest
neighbors for this study. Figure 8 depicts the distribution of §
values, with each point representing the § value computed from
its dozen nearest neighbors. In turn, the individual 140 6 values
are summed up to yield A,. To calibrate this statistic, a final
step compares the sum of the § values of 1,000 randomly
generated instances in which the redshifts of each galaxy
remain the same, but their positions are azimuthally scrambled,
Agim. For each instance in which the data have a smaller and
more bound Ay, value, the numerator of the probability P
relative to 1000 increments by one. From this exercise, we
calculate the value P for which the randomly generated A will
be larger than the observed A.

To get an intuition for how to interpret these values, in a
study of 59 clusters, Biviano et al. (2002) found P < 0.05 to
indicate significant substructure. On the other hand, a value of
P closer to 1.0 indicates a more dynamically intact structure
that lacks significant substructures. For El Gordo, P = 0.858
(panel (A) of Figure 8). The probability is thus fairly high that
the cluster as a whole is bound. To gain more physical insights,
we isolated the cluster into the NW and SE halves and
recomputed P. We obtained P = 0.428 and 0.946, for the NW
and SE components, respectively (panels (B) and (C) of
Figure 8). Notably, P approaches 1.0 only for the SE
component, consistent with that component having a higher
mass density in the vicinity of the BCG.

6. El Gordo Physical Properties

The mass distribution gives insights into the physical
properties of this cluster. In a 1D trace of the surface mass
density (Figure 9), both mass peaks are prominent, and there is
a smaller peak at z=0.63, situated between the two major
components. A depression appears between the peaks in the 1D
trace (lower panel of Figure 9), but not a sharp mass cutoff. The
masses on the two sides of the cluster (divided at the LWMC
position: the blue star in Figure 9) are (3.6 +0.15) x 10'* M
for the SE component and (3.4 & 0.15) x 10" M_, for the NW
one. This makes the SE component slightly more massive than
the NW one. Our statistical analysis (panel (C) in Figure 8)
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Figure 8. Search for substructure in El Gordo. Each dot, located at the position
of a cluster member, represents the § value computed using the 12 nearest
neighbors. The dots are color-coded relative to the ¢ values, as indicated in the
color bars. In this rendition, darker colors indicate the presence of more tightly
bound regions. Values of P are recorded in each panel, for which higher values
correspond to a more dynamically bound structure. (A) ¢ for all galaxies in the
cluster. (B) and (C) ¢ calculated separately for the two cluster components.

makes the SE component more tightly bound, which may yield
a higher galaxy number density there.

Other strong- and weak-lensing models also slightly favor
the SE component (Zitrin et al. 2013; Cerny et al. 2018; Diego
et al. 2020; Kim et al. 2021; Caminha et al. 2022; Diego et al.
2023), even though earlier studies had favored an NW-
dominant mass with mass ratio ~0.6:1 (Menanteau et al.
2012; Jee et al. 2014). Even those studies, though, were
consistent with 1:1 within the uncertainties. The angular
separation between the SE and NW components is 83",
equating to 650kpc at the redshift of the cluster. If the
transverse velocity is similar to the transverse velocity
dispersion (Section 5), the crossing time is ~1.3 Gyr. In the
more likely event the transverse velocity is higher, the time
would be correspondingly shorter.

NIRCam detects not only gravitationally lensed arcs in the
central region of the cluster, but also filaments of a cooling
flow, which are somewhat arc-like in appearance, yet lack the
morphology and geometry of lensed background galaxy images
(Figure 2; see also Diego et al. 2020; Caminha et al. 2022). The
X-ray source (Figure 9) has a cometary shape and is mostly
confined to the SE component, despite the relatively equal mass
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Figure 9. Surface mass contours scaled to the critical value (k) from our lens
model (red continuous contours), relative to the X-ray map (green continuous
contours). The mass peak is offset from the positional centroid in the X-ray
map by a physical separation of between 5 and 9 kpc, similar in extent to the
nonparametric lens model using NIRCam data by Diego et al. (2023). The
X-ray peak is correlated with the position of a bright filament thought to be
associated with a dense cooling flow onto the BCG. The lower panel depicts
the 1D scan of x summed up in a column orthogonal to the collision axis,
obtained by summing up s over an angular range of £35”, equating
to 275 kpc at z = 0.87. The SE and NW component mass peaks are detected,
as is an intervening mass peak at z = 0.63 that is taken into account in our lens
model. The integrated mass does not have a low minimum, suggesting a
significant amount of mass near the position of the LWMC (the blue star-
shaped symbol).

ratio between the two components discussed above and their
presumed similar dynamical history. On closer evaluation, the
X-ray peak is a bit elongated, offset from the BCG by 5-9 kpc,
and centered on the cooling flow of the BCG, suggesting a
physical association. The interpretation that the cooling flow is
mainly responsible for the X-ray emission is also motivated by
the high particle number density in the cooling flow, such that
the bremsstrahlung radiation within the cooling flow is stronger
than the same radiation mechanism operating within the more
diffuse and much more widespread intracluster medium.
Because the X-rays might not be a reliable indicator of the
global cluster properties, we can turn to the spectroscopy. For
example, the velocity offset of the BCG from the systemic
redshift of the cluster is a known diagnostic of cluster
virialization (Rumbaugh et al. 2018). For El Gordo, the BCG
has a measured velocity offset of ~800 km s~ ! from which we
infer that the cluster is not well approximated as a virialized
system (Figure 7). Moreover, the centroid position of the
projected luminosity of the spectroscopically confirmed cluster
members is another known diagnostic of cluster virialization
(Rumbaugh et al. 2018). For our case, the “LWMC” was
computed from the F200W image. Its rest wavelength of
1.07 pm is a proxy that samples the SED longward of the
4000 A and Balmer breaks at the cluster redshift. The resulting
LWMC (Figure 9) is situated near the midpoint of the two
cluster components, rather than near the BCG. This corrobo-
rates that there has been a major disturbance of the cluster.
At longer wavelengths, data obtained at 610 MHz and
2.1 GHz using the Giant Metrewave Radio Telescope and the
Australia Telescope Compact Array uncover two filamentary
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structures of radio emission that are aligned along the collision
axis, positioned on diametrically opposite sides, and separated
by the viral radius (Lindner et al. 2014). These “radio relics”
are thought to be synchrotron-emitting regions induced by
shock waves propagating through the intracluster medium
during mergers between two galaxy clusters. According to N-
body simulations of -cluster—cluster mergers, which are
constrained by the X-ray, SZE, HST lensing, and dynamical
data, the most likely scenario is that El Gordo is a simple binary
cluster that made its first pericentric passage ~480 Myr ago
(Molnar & Broadhurst 2015). It is not yet established whether
the collision was head-on or off-axis (Zhang et al. 2018). A
dark matter—only Monte Carlo modeling code applied to these
same constraints finds that the SE and NW components may be
inbound (Ng et al. 2015), which would naturally explain the
radio relics trailing the two subhalos, each of which has a
synchrotron lifetime §107'5 yr, i.e., considerably shorter than
the crossing time measured above. As a caveat, Kim et al.
(2021) used Monte Carlo simulations and the radio relic
constraints to show that neither the outgoing nor return phase is
fully supported by the available information.

In sum, merger simulations, our study, and other studies
have obtained several new constraints on merger properties,
such as: (1) the LWMC is situated near the midpoint of the two
components; (2) the line-of-sight peculiar velocity difference
between the merger components is ~300kms '; (3) the
velocity difference between the BCG and the NW component
is ~400 kms™'; (4) the k-map has a center near the BCG and is
offset from the X-ray peak, consistent with the cooling flow
being the primary source of the X-ray emission; (5) the mass
ratio is near unity; and (6) the crossing time is large relative to
the lifetime of the radio relics. New simulations that take these
constraints into account can help to place this massive and
high-redshift cluster into the larger context of mass assembly.

7. Background Galaxy Overdense Region
7.1. Background

Zitrin et al. (2013) identified a triply imaged system with a
model-predicted redshift of 4.16. This system corresponds to
Arcs 10a, b, and c. Caputi et al. (2021) measured a
spectroscopic redshift for this arc of 4.33 and measured similar
redshifts for three other systems (here, 8, 9, and 11—Table 1).
By fitting SEDs to the rest-frame UV data, Caputi et al. (2021)
found all members to be star-forming and to have low dust
extinction. Two of the galaxies have relatively high specific
SFRs, from which they inferred that these galaxies may be
undergoing galaxy—galaxy interactions.

To investigate this somewhat rare, strongly lensed z=
4.32 galaxy overdensity, it is beneficial to obtain observations
longward of the 4000 A and Balmer breaks (observed A 2>
2 pm) to detect the redder stellar population and search for
other members. The new JWST PEARLS data provide rest-
frame visible imaging to complement the rest-frame UV
imaging from HST. We searched for additional lensed sources
with similar redshifts predicted by the gravitational lens model
(zmog) and for galaxies with similar photometric redshift
estimates (zpp). The search identified one new probable member
(system 39, Table 1). Figure 6 shows the known and one new
probable group members.

The high sensitivity and resolution of NIRCam confirms
image systems 8, 9, 10, and 11 by their similar morphologies,
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image orientations, and lens model-predicted locations. In
some cases, the higher resolution of NIRCam separates the
images into additional components, strengthening the claim
that galaxy associations and/or interactions may be instigating
the star formation. The most striking example is system 9, the
galaxy whose “checkerboard” dual-color sides are detected in
each of three images of this one galaxy. The counterimages
make obvious parity flips between images a and b and then
again between images b and c, as predicted by lensing theory
on each crossing of the critical curve. This parity information
provides additional constraints on the lens model. It is
interesting to ask if these four galaxies at z=4.32 comprise
the entire galaxy group, or if they might be a subset of a larger
galaxy overdensity.

7.2. Search for New Members

We searched the Caminha et al. (2022) redshift catalog for
other lensed sources that have velocity separations within
+2800kms ' of the systemic redshift of the initial group of
galaxies, equating to 4.275 <z <4.375 (Sifén et al. 2013;
Caputi et al. 2021; Caminha et al. 2022). With these criteria,
three other galaxies are identified, but only one of them is
within the NIRCam field of view. That one galaxy has a
redshift of 4.2750 and a quality flag rating of “9” from
Caminha et al. (2022), which means that the emission feature is
narrow or noisy, with no secure identification, and therefore
fails to meet our criteria for a secure redshift. We then searched
the MUSE data cube for any emission lines that are consistent
with being Ly« at z =4.32, an exercise that uncovered two
spectroscopic candidates. Of these, only one lensed source
(Object 101) survives our conservative requirements that the
source must also be detected by NIRCam. Object 101 has
Zsp =4.317 if the line is indeed Lya. The object is only
marginally detected in NIRCam F200W, and its counterimages
cannot be securely detected. The lens model gives a
magnification factor of 2.1.

In addition to the blind spectroscopic search, we also
searched for 7~ 4.32 candidates based on redshifts predicted
from our lens model (z y0q4) and from our photometry (z ,p). To
be considered a candidate, we required that the lensed images
have both z mo and zp, consistent with z=4.32. One galaxy
satisfied these criteria, image system 39, with z,,0q¢ = 4.14. Arc
39a has zp,=4.29 £0.16. At the system 39 positions, the
MUSE data cube reveals only noise, with no continuum or
emission line features anywhere in the spectrum covering
4700-9350 A. However, at z =4.32, the only strong line in the
passband is Lya, whose emission may be weak or even absent,
depending on the outflow velocity of the expanding HII
regions within which the line is produced (Frye et al. 2002).
The properties of these five members appear in Tables 1 and 2.
For reference, the four confirmed members and system 39 have
a mean intrinsic F200W magnitude corrected for lensing
magnification of 25.75. This value is fainter than L at F200W,
which is =25.0 mag at z=4 (R.Cabanac, private commu-
nication, 2023).

Last, we extended our search for group members by a pure
photometric approach, resulting in another 12 nonredundant
lensed sources with z, = 4.3 within the 1o uncertainties. The
positions of these objects are in Table 3. Figure 10 shows the
source plane positions of all 18 sources. The five more secure
members of the galaxy overdensity have a total physical extent
of ~60kpc. The single-line spectroscopic detection and the
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Figure 10. NIRCam F200W negative image depicting the z = 4.32 probable
and candidate members. The image positions and source positions are
designated by circular and stellar shapes, respectively. The four galaxies at
z=4.32 and one probable additional member with similar zyoq and zp, values
are lensed into 15 images (blue open circles), which map onto the source plane
as indicated by the blue stars. (These are image systems 8, 9, 10, 11, and 39 in
Tables 1 and 2.) A circle with a radius of 30 kpc is overlaid for reference. The
one galaxy obtained by a single-line detection in the MUSE data cube is
indicated in green. The 12 galaxies uncovered by a pure photometric search are
indicated by the red open circles, which map onto the source plane at positions
given by the red stars. These arcs correspond to systems 102—112 in Tables 1
and 3. The caustic for our LTM model is indicated by the solid pink contour.

Table 3
New z = 4.32 Galaxy Candidates

D R. A. Decl. TE200W.0bs z o
Found with MUSE single-line detection:

101 01:02:51.20  —49:15:27.01 >27.96 4317 2.1
Found with LePhare photometric redshift estimates:

102 01:02:48.57  —49:16:00.26 26.34 412403 15
103 01:02:50.46  —49:16:05.99 27.29 4227936 1.7
104 01:02:5046  —49:16:21.07 27.81 3.54+08¢ 1.6
105 01:02:51.16  —49:16:18.84 24.74 4207588 1.7
106 01:02:52.91 —49:16:09.12 28.02 420798 25
282 01:02:55.51  —49:16:07.15 25.67 4344012 66
107 01:02:55.83  —49:15:49.25 2631 5651921 11
108 01:02:57.78  —49:16:42.92 25.55 4205013 22
109 01:02:57.97  —49:16:44.33 27.57 3.9780% 22
110 01:02:58.24 —49:15:19.04 28.00 4851095 3.6
111 01:03:01.39  —49:14:40.88 24.81 422709 1.6
112 01:03:01.83  —49:15:40.50 26.10 4.60793" 22

Note. Column (4) gives the measured AB magnitudes, not corrected for
magnification.

12 photometrically selected galaxies are more broadly
distributed along the caustic and just outside it. The caustic is
elongated along the long axis of the cluster, and perhaps not
surprisingly, the group member candidates are relatively bright
as a result of their high magnification factors of 1.5-11. The
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12 photometrically selected members have a mean apparent
F200W magnitude corrected for lensing magnification that is
1.5 magnitudes fainter than the value for the five confirmed and
probable members, pushing the limit of detectability in the
HST filters. The deflections, as depicted by the dashed line
segments in Figure 10, do not vary much in angular extent.
This is consistent with lensing theory, which predicts that for
the idealized case of an isothermal lens, all sources at a similar
source distance that are situated well behind the lens will be
deflected by a constant amount (Narayan & Bartelmann 1996).

High-redshift galaxy overdensities can comprise only a few
galaxies or, in the most extreme case, they can be sprawling
structures extending up to several comoving megaparsecs
(Chiang et al. 2017). The fact that the five secure members of
this galaxy overdensity are relatively bright and tightly
arranged, and that an additional 13 lensed sources are plausibly
also at z=4.3, suggests that this galaxy overdensity may be
larger than just a compact group of ~a few galaxies. Four of
the five secure members are also confirmed to be star-forming
(Caputi et al. 2021), resolved (intrinsic physical extents of
~1 kpc), and have morphologies indicative of galaxy
interactions (Figure 6). By contrast, the 13 other candidate
members are faint and small. It is tempting to speculate whether
these candidate members, if real, may have had their SFRs
truncated below 10% of their peak star-forming episode, one
definition of a quiescent galaxy (Nanayakkara et al. 2022).
Numerous NIRCam imaging studies have informed us that
quiescent galaxies are more common than expected at z =34,
implying an early and relatively rapid buildup of stellar
material in galaxies and/or an efficient conversion rate of gas
to stars at early times (Nanayakkara et al. 2022; Carnall et al.
2023; Valentino et al. 2023). A comprehensive investigation of
the physical properties and star formation histories of these
galaxies/candidates should uncover hints regarding their
assembly and their connection to any larger galaxy overdensity.

8. Conclusions

A total of 56 multiply imaged galaxies are vetted by our
LTM model, including two new image systems and five new
counterimages, showcasing the benefits of the high-sensitivity
and high-resolution NIRCam imaging. The incorporation of
HST imaging enables PSF-corrected photometry across the
visible and NIR passbands for all sources in the region of
overlap of the 11 bands. The mass estimated from the lens
model within 500 kpc is (7.0 4 0.30) x 10'* M., with a mass
ratio between the SE and NW components close to unity. The
SE peak is centered near the BCG, and the X-ray peak is
centered very near the cooling flow of the BCG, in agreement
with recent studies.

Although the two mass peaks are 650kpc (projected
distance) apart in the imaging, they are close in velocity space.
This suggests a significant transverse velocity component, and
in fact a statistical search is required to uncover the SE and NW
components. The dynamical mass measured from the galaxy
velocity dispersion in a double-halo configuration is
(5.1 £0.60) x 10'* M_. This value is based on 51 more
galaxies than a previous estimate to a similar radius. The
measured mass is lower than the value estimated by strong- and
weak-lensing studies. This difference can be explained if the
transverse velocity is high, therefore underestimating the
dynamical mass.
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A motivation of this study was the search for additional
galaxy members in the previously known z=4.32 galaxy
overdensity. This new study was made feasible by the high
sensitivity of NIRCam, enabling the detection of z=4.32
galaxies, by extending the wavelength reach longer than the
4000 A and Balmer breaks and at depths equating to ~a few
magnitudes below M. By the combination of our model-
predicted and photometric redshift estimates, one new member
was discovered with high probability, and another possible
member was discovered by a single emission line, assumed to
be Ly« in the MUSE data cube. A pure photometric redshift
search identified another dozen candidates. If real, then the
addition of these 14 galaxies more than quadruples the total
number of galaxies in this rare view of a strongly lensed
structure. Given the broad range in apparent magnitudes, it is
tempting to ask if there may be an even more diverse
population of galaxies underlying the confirmed members,
some of which may be already be quiescent. Ultimately,
spectroscopic confirmation of these candidate members is
needed to establish the nature of this rare view of a strongly
lensed galaxy overdensity.
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Appendix

The arc systems in the El Gordo Field that are utilized in our
lens model are presented in Table 2. The image system
designations for numbers 1-23 follow Caminha et al. (2022),
and the image system designations for numbers 24-60 follow
Diego et al. (2023). We removed six of the 60 previously known
systems for the following reasons: systems 31 and 44 and image
43c are at or below the NIRCam detection limit; system 34 has
counterimages that have different colors and one image that is
very close in projection to another source, preventing its
verification; and systems 45 and 50 are very close in projection
to a cluster member, preventing their verifications. At the same
time, systems 31 and 43a and b have image family members that
are too closely separated to usefully constrain the macro lens
model that is the objective of this study. In general, an arc system
that is predominantly lensed by a single cluster member is left out.
The one exception is for El Anzuelo (system 24), because it is
situated relatively close to the cluster center and has a new
tentative spectroscopic redshift presented in this paper. The table
columns are as follows. Column (1): ID; column (2): R.A;
column (3): decl; column (4): observed AB magnitude
(SEXTRACTOR MAG_AUTO) in the F200W filter; column (5):
spectroscopic redshift (zg,); column (6): photometric redshift
estimate (zpn); column (7): lens model-predicted redshift (zmoa);
column (8): magnification factor (1); and column (9): discovery
citation. Among the known image systems 1 through 60, we
identified an additional five counterimages (labeled “This paper”
in the “Ref.” column). We also extended the catalog to include the
two new image systems, 61 and 62, which meet our selection
criteria. The analysis of the strong-lensing properties appears in
Section 4.

The galaxies with photometric redshifts that place them in
the galaxy overdense region at z=4.32are presented in
Table 3. The columns are as follows. Column (1): ID; column
(2): R.A.; column (3): decl; column (4): observed AB
magnitude (SEXTRACTOR MAG_AUTO) in the F200W filter;
column (5): photometric redshift (z,,); and column (6): the
magnification factor on the assumption that the redshift is
z = 4.32. One image from the doubly imaged system 28 also
has a photometric redshift and a model-predicted redshift of
4.40. These identifications are all new to this study and are
displayed also in Figure 6. Section 7 gives details on their
selection.
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