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ABSTRACT

We use JWST observations (1.5 pm to 4.44 pm), together with complete ALMA observations (870 ym
and/or 1.2mm), of the massive lensing cluster field A2744 to show that galaxies between z = 1.5 and
z = 5.5 with rest-frame red colors f;/fy > 3 correspond to dusty star-forming galaxies (DSFGs), little
red dots (LRDs), and quiescent galaxies. The color selection picks out 34 of the 41 > 4.50 ALMA
sources in the field (83%). We find that the luminous [rest-frame L, (1.22 ym)> 3.6 x 10? ergs~! Hz 1]
red sources are generally extended, while the less luminous red sources are almost all compact and
correspond to the LRD population. We also find that the great majority of the luminous, extended red
sources are DSFGs based on the ALMA data, with a small admixture of quiescent galaxies at z < 3—4
that we identify based on their location in the rest-frame U — V versus V — J diagram. We do not
detect any LRDs or quiescent galaxies at the > 3¢ level in the ALMA images. Roughly 10% of the
DSFGs have high rest-frame X-ray luminosities (here, L(8-28keV) > 2.5 x 10%3 ergs~!) and must be
AGN dominated. The DSFGs and quiescent galaxies nearly all have M, > 10'° M. These massive

galaxies become rare at z > 5, paralleling the fall off in the number of detected DSFGs.

1. INTRODUCTION

Dusty star-forming galaxies (DSFGs), where the bulk
of the light emerges in the far-infrared (FIR), are a key
population, providing much of the star formation over
at least the redshift interval z = 2-5 (e.g., A. J. Barger
et al. 2012; J. A. Zavala et al. 2021; F. Sun et al. 2025).
With their high star formation rates (SFRs), they may
grow to become the bulk of the most massive galaxies
at these redshifts (e.g., L. Barrufet et al. 2025a,b). Ob-
servationally, however, developing large samples of DS-
FGs with the accurate (arcsecond) positions needed for
spectroscopic follow-up and morphological classification
has not been easy. Surveys with single-dish submillime-
ter /millimeter telescopes cover large areas but have poor
spatial resolution and are limited by confusion, while in-
terferometric surveys with submillimeter/millimeter ar-
rays have the needed resolution but suffer from small-
area coverage.

In order to avoid these problems, we need alternative
ways of finding DSFGs. Over the last decade, there
has been considerable interest in using an observed-
frame red color selection to find large, highly complete
samples of DSFGs with accurate positions (e.g., W.-H.
Wang et al. 2012; T. Wang et al. 2019; A. J. Barger &
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L. L. Cowie 2023; L. Barrufet et al. 2023, 2025b; S. J.
McKay et al. 2024, 2025). These methods are highly ef-
fective in finding DSFGs without recourse to submillime-
ter/millimeter observations. However, for fields with
highly complete redshift information, we can improve on
this approach by using a rest-frame red color selection.
This allows us to separate the different red populations,
to map and compare them as a function of redshift, and
to determine galaxy properties, such as NIR luminos-
ity /stellar mass.

In this paper, we use the massive lensing cluster field
A2744—with its vast redshift information from JWST
(e.g., J. R. Weaver et al. 2024; S. H. Price et al. 2025;
R. P. Naidu et al. 2024), along with its wide-field ALMA
data (S. Fujimoto et al. 2025 and the present work)—
to develop a red selection using rest-frame colors. By
comparing with the ALMA data, we show that a rest-
frame red color (f;/fy > 3), together with a high near-
infrared (NIR) luminosity criterion (L, (1.22 gm)> 3.6 x
10% ergs~1 Hz 1), is very effective in finding DSFGs.

Our rest-frame red selection (f;/fv > 3) also captures
other interesting high-redshift galaxies, such as the “lit-
tle red dots” (LRDs), which are currently suspected to
be high-redshift active galactic nuclei (AGNs) (e.g., J.
Matthee et al. 2024; I. Labbe et al. 2025; K. N. Hain-
line et al. 2025; D. D. Kocevski et al. 2025; A. J. Taylor
et al. 2025). These objects, which become more abun-
dant at higher redshifts than DSFGs, are readily sepa-
rated from the DSFGs by their compactness and their
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comparatively low NIR to mid-infrared (MIR) luminosi-
ties/stellar masses.

At redshifts at or below z ~ 34, our rest-frame red
selection begins to include small numbers of quiescent
galaxies, whose red colors are produced by the sharp
drop in flux at 4000 A (the Balmer break) due to their
older stellar populations. We can separate these galaxies
from the DSFGs using their color-color properties (e.g.,
R. J. Williams et al. 2009; F. Valentino et al. 2023).

Finally, A2744 has deep Chandra X-ray data (A.
Bogdan et al. 2024), which we can use to identify lu-
minous X-ray sources that are dominated by AGNs.

The paper is structured as follows. In Section 2, we
describe the JWST, ALMA, X-ray, and redshift data
that we use in our analysis. We also determine the de-
magnified rest-frame fluxes and luminosities and give
our adopted conversion to stellar mass. In Section 3,
we describe our red selection and the separation of the
different populations that comprise it. In Section 4, we
present our analysis of the redshift evolution of the dif-
ferent red populations. Finally, in Section 5, we sum-
marize our results.

We assume a standard cosmology of Hy =
70.5 km s~! Mpc~!, Qy = 0.27, and Qy = 0.73 (D.
Larson et al. 2011). In calculating masses and SFRs, we
assume a P. Kroupa (2001) initial mass function.

2. DATA
2.1. JWST

The A2744 field has JWST observations from several
surveys, including the GLASS-A2744 (T. Treu et al.
2022) and UNCOVER (R. Bezanson et al. 2024) pro-
grams. Here we use the DR2 photometric catalog from
J. R. Weaver et al. (2024), which contains additional
data products provided by the UNCOVER team, includ-
ing lensing magnifications, photometric and spectro-
scopic redshifts, and rest-frame HST and JWST fluxes
in many bands. The provided lensing magnifications
were derived from the lensing model of L. J. Furtak
et al. (2023), which is highly constrained using HST and
JWST multiply-imaged sources.

We restricted to sources that lie in the ALMA covered
area (see Section 2.2) with signal-to-noise (S/N) above
20 in the F444W band. This corresponds roughly to a
lower limit of 0.01 uJy for the F444W fluxes, and the
median value is 0.107 uJy. The 1o errors are as low as
0.005 uJy. We visually inspected each of the sources,
and we removed any blends and bad sources. This left
us with a final sample of 5819 sources, which we refer to
as our JWST sample.

We measured the source sizes using 2D Gaussian fits to
the F444W images, defining the FWHM as the geomet-
ric mean of the FWHMs in the two axes. We consider
sources with mean FWHM (hereafter, FWHM) < 07172
to be compact, where we chose the value to match J. E.
Greene et al. (2024), who defined sources to be compact
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Figure 1. Comparison of the FWHM from the Gaussian
fits with the 50% enclosed light radius from the pysersic pro-
cedure of I. Pasha & T. B. Miller (2023). The latter has the
PSF deconvolved. The vertical blue line shows our compact
galaxy selection using FWHM, and the horizontal blue line
a similar selection using the pysersic results. We show 68%
confidence ranges for the pysersic results and place points
that would lie off the top of the figure at nominal values of
0”077. We have not corrected either of these measures for
lensing magnification. Published LRDs are shown with red
circles.

if the ratio of the fluxes in 4”0 to 270 diameter apertures
is < 1.7. This criterion should select all sources that
are small compared to the F444W point spread function
(PSF) FWHM of 0//148.

The Gaussian fit gives a robust measure of the sizes
of the compact sources we are interested in here, but we
also fitted the sources using the pysersic procedure of I.
Pasha & T. B. Miller (2023). This allows us to determine
the 50% enclosed light radius with the PSF deconvolved.
We compare the two measures in Figure 1, where we also
mark the published LRDs with red dots. In general,
the two measures agree well in the selection of compact
sources (blue lines show our compact galaxy selection
for the two measures), which is what we are interested
in. (Note that T. B. Miller et al. 2026 present a detailed
analysis of the size-mass relation from 0.5 < z < 8 and
0.5 < z < 3, for, respectively, star-forming and quiescent
galaxies in A2744 using a morphology catalog based on
20-band JWST data from Y. Zhang et al. 2026.)

However, in certain cases, the pysersic fits produce
incorrect large values of the radii for blended or faint
sources, as can be seen from Figure 1. For this reason,
we prefer to use the Gaussian fits for our analysis.



200

100

-100

-200

-200 -100 O
Arcsec

100 200

-200 -100 O 100 200
Arcsec

Figure 2. ALMA observations in the JWST UNCOVER (black contour) area. (Left) The shading shows areas covered by
either DUALZ ALMA 1.2mm (light gray) or this work’s ALMA 870 ym (medium gray). The pixel size on the image is 0”467,
and the total covered area is 29 arcmin®. Sources detected only at 870 um are shown in green, only at 1.2mm in blue, and at
both in purple. (Right) The ALMA sources overlaid on the SCUBA-2 850 um image of the field with the same color coding.

2.2. Submillimeter/Millimeter

The SCUBA-2 data in A2744 were presented in L. L.
Cowie et al. (2022) and discussed further in A. J. Barger
& L. L. Cowie (2023) and S. J. McKay et al. (2024).
The SCUBA-2 images are centered on the inner cluster
region and have minimum 1o rms noise values at 450 pm
and 850 ym of 2.8 mJy and 0.26 mJy, respectively.

In addition to the previous ALMA coverage of the
central A2744 cluster region from the 1.2mm ALMA
Lensing Cluster Survey (ALCS; S. Fujimoto et al. 2024)
and the 1.1mm ALMA Frontier Fields Survey (AFFS;
J. Gonzélez-Loépez et al. 2017; A. M. Munoz Arancibia
et al. 2023) surveys, S. Fujimoto et al. (2025) recently
published the Deep UNCOVER-ALMA Legacy High-
Z (DUALZ) survey data and catalog, which covered
a 24 arcmin? region corresponding to the UNCOVER
NIRCam mosaic with 1.2 mm ALMA imaging down to a
minimum rms value of 32.7 uJy. We use the data prod-
ucts from that survey, since they include the previous
ALMA data in the field.

Our own ALMA observations (Project
2023.1.00468.S) were carried out between April and
August 2024 and consisted of 62 pointings toward > 4o
SCUBA-2 850 um sources in A2744. The observations
were performed in the C-3 configuration, giving angular
resolutions of # ~ 074-0”5 for a central frequency of
869 um. We calibrated and processed our data using
the standard ALMA data reduction pipeline with CASA
version 6.5.4.9. We generated cleaned data cubes for
each pointing using robust = 0.5 and collapsed all
spectral channels to produce continuum images. We

cleaned these images using the standard parameters,
with a 20 clean threshold and automasking enabled.
The final continuum images have typical (clean) beam
sizes of (/52 x 0/41. The typical opms per pointing
is 90 pJybeam~!. To capture extended flux, we also
produced uv-tapered versions of the continuum images
using a 170 taper and the standard casA reduction
parameters. The average o, in the tapered images is
~113 pJybeam™!.

We performed our source detection and flux measure-
ment procedure on the cleaned images (untapered and
tapered) using the pyBDSF software (N. Mohan & D.
Rafferty 2015). pyBDSF finds pixels above a set peak
S/N threshold, sp, and then identifies islands of emission
above an “island threshold,” s;. It then fits Gaussians
to each identified island and groups these into sources.
In our case, since we expect only moderately extended
sources, we set group_by_isl = True, which groups all
sources together within a single island. Errors on the
individual pixels and on the Gaussian-derived peak and
total fluxes are computed by pyBDSF using an rms map
generated from the cleaned images.

We performed the source detection on the primary-
beam-uncorrected images (since these have uniform
noise characteristics) and corrected the fluxes and er-
rors for primary beam attenuation afterwards. We re-
stricted our search to the area with primary beam re-
sponse > 0.5; i.e., the half-power beam width. For
ALMA at 870 um, this corresponds to a radius of 8”75.

To determine our S/N threshold, we produced a his-
togram of all the pixels combined from all 80 ALMA
pointings (uncorrected for the primary beam) and fit a
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Gaussian to the distribution. For the untapered images,
the best-fit Gaussian has ¢ = 87 uJybeam™!. At a
threshold of ~ 4.5¢, or 392 puJybeam™!, the expected
number of false positives becomes < 1. (For sources
identified in other ways, we may use a lower thresh-
old; in later sections, we consider such sources measured
at a 30 level in either the 870 pm or DUALZ images.)
Thus, we set our direct detection S/N to s, = 4.5 in
our pyBDSF catalog construction procedure. Although
the noise characteristics are not identical across the dif-
ferent maps, they vary only slightly, and our catalog is
not significantly affected by using a global peak thresh-
old. For the tapered images, the best-fit Gaussian has
o =110 pJybeam™!, and the number of false positives
goes to < 1 at a threshold of ~ 4.00. Thus, we set our
tapered S/N cutoff to s, = 4.0.

To further assess the purity of our resulting catalog,
we also ran our source extraction on the inverse of each
image (i.e., the cleaned images multiplied by -1.0). For
sp = 4.5, we find just two detections on the negative
untapered images. This is slightly higher than the esti-
mate based on Gaussian statistics (0.3 for > 4.5¢0, given
the roughly 78,000 independent beams in the dataset);
however, it shows that our purity at this threshold is
very high (p = 1 — Nyeg/Npos = 0.97).

Our final ALMA 870 um catalog consists of 38 > 4.5¢0
sources. Some appear partially resolved in the unta-
pered images at our resolution of ~ 0”5. We therefore
measured the fluxes for these sources using pyBDSF’s 2D
Gaussian fits to each source in both the tapered and un-
tapered images. By comparing these various flux mea-
surements to the SCUBA-2 850 pm flux at each source
position, we determined that the total flux in the ta-
pered images does the best job of recovering the source
flux (i.e., minimizing losses due to extended emission).
Thus, we take the total fluxes in the tapered images as
the 870 pm fluxes, except for the sources not detected
at > 4.00 in the tapered images, for which we instead
use the total fluxes measured in the untapered images.

In the ALMA covered area of the JWST image, 68
sources are detected at > 4.50 in at least one of the
ALMA 870 pum and 1.2mm catalogs. In Figure 2, we
show these sources (squares) marked on the ALMA
covered area (the contiguous DUALZ observed area is
shown in light gray, and this work’s 870 ym observed
areas in medium gray) (left panel) and on the SCUBA-
2 image (right panel).

In Table 1, we give the ALMA total fluxes and uncer-
tainties at both 870 yum and 1.2mm for the 68 sources,
uncorrected for magnification. We also provide the mag-
nifications from J. R. Weaver et al. (2024). The median
magnification for the 68 sources is 1.5, and the maximum
magnification is 4.6. Finally, we give the JWST F444W
fluxes from J. R. Weaver et al. (2024), but not the un-
certainties, since these are so small. Sources where there
is contamination or blending are marked with ‘7. We
measured source 3 directly from the F444W image, since
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Figure 3. The ALMA sources in the UNCOVER region
(open squares using the color notation of Figure 2) overlaid
on the 0.5-7 keV Chandra image. In the top panel, we show
the X-ray image, which emphasizes the impact of the cluster
foreground emission. In the lower panel, we have subtracted
a 7’5 median smoothed image to show the point sources
in the region of the cluster atmosphere. The black contour
shows the JWST UNCOVER area.

there was not a measured value in J. R. Weaver et al.
(2024). We mark two sources with no F444W counter-
parts as ‘blank’. Both of these sources are at the very
low S/N end of the 1.2mm data and may be spurious.
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Figure 4. Demagnified X-ray fluxes for our JWST sample
vs. redshift. The ALMA sources are marked in purple, and
faint X-ray sources are shown at 1.4 x 1077 ergem 257!,
The red curves show a rest-frame 8-28keV luminosity of

10" ergs™" (solid) and 2.5 x 10*3 ergs™" (dashed).

2.3. X-ray

We took the ACIS observations of A2744 from the
Chandra X-ray Observatory archive. The total exposure
time is 2.1 Ms, but eliminating high-background peri-
ods reduces this to just over 2 Ms. We first reprocessed
the individual observations using the CIAO tool CHAN-
DRA REPRO. We then used the CIAO tool SRCFLUX
to measure the X-ray fluxes at the positions of the 68
sources in our JWST sample with > 4.50 ALMA detec-
tions. In Table 1, we give the measured fluxes in the soft
(0.5-1.2keV), medium (1.2-2keV), and hard (2-7keV)
bands for these sources. Because of the increased cluster
contamination at the softer energies, we do not do any
X-ray spectral distribution analyses.

We find that just over half (37) of the 68 sources are
detected at the 90% confidence level in one or other of
the bands. For comparison, in the deeper 7Ms CDF-S
field, A. J. Barger et al. (2019) found that two-thirds
of the ALMA sample were X-ray detected at > 30. As
with previous studies in other fields (e.g., Y. Ueda et al.
2018; L. L. Cowie et al. 2018), we find that the fraction
that are X-ray detected is higher when we restrict to the
more luminous (fg7o um > 3mJy) sources.

We computed the rest-frame luminosities at z = 3 in
order to match approximately the median redshift of our
JWST sample. Three of the 68 sources have demagnified
rest-frame 8-28 keV luminosities (computed with Equa-
tion 3 of L. L. Cowie et al. 2018) > 2.5 x 10*3 ergs™1,
which we will hereafter refer to as bright X-ray sources.
These sources must be dominated by AGN contributions
rather than star formation.

We next formed exposure-weighted images using the
CIAO4.17 tools. We restricted to the hard (2-7keV)
and broad (0.5-7keV) energy bands, because of the high
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soft X-ray backgrounds owing to the cluster atmosphere
(see upper panel of Figure 3). Even with this restric-
tion, it is necessary to subtract off a smoothed image
to see sources in the central region of the image (bot-
tom panel of Figure 3). We then computed the observed
frame 2-7keV fluxes at the positions of our JWST sam-
ple from 1” diameter aperture counts with a background
computed in a 3” to 5 annulus. The 1” diameter aper-
ture corresponds to a 70% to 80% encircled energy in
this band over the JWST footprint. We used a single
conversion of 1.87 x 107 ergcm~2s~! to convert from
countss~!. We show the demagnified 2-7 keV fluxes ver-
sus redshift in Figure 4.

As an aside, we note that, consistent with the results
of T. T. Ananna et al. (2024), none of the LRDs detected
in the field (J. E. Greene et al. 2024; 1. Labbe et al.
2025; D. D. Kocevski et al. 2025) are strongly detected
in X-rays, with all of the demagnified 2-7keV fluxes
<1070 ergem 2571,

2.4. Spectroscopic Redshifts

We updated the J. R. Weaver et al. (2024) cataloged
redshifts with recently measured JWST spectroscopic
redshifts (J. E. Greene et al. 2024; S. H. Price et al.
2025; R. P. Naidu et al. 2024). The redshifts from these
papers are generally consistent, with only two sources
having significant but minor discrepancies. In these
cases, we adopted the redshifts of S. H. Price et al.
(2025). We took a further 8 spectroscopic redshifts from
the DAWN archive and 32 spectroscopic redshifts from
Keck/MOSFIRE data obtained as part of the present
program. Only 3 of the DAWN redshifts are at z < 5.5.

Our JWST sample contains 1250 sources with spec-
troscopic redshifts. We adopted the J. R. Weaver et al.
(2024) photometric redshifts for the remaining sources.
We note that while these are mostly consistent with
the spectroscopic redshifts, for some sources, the photo-
metric redshifts substantially disagree with the spectro-
scopic redshifts. For the 638 sources with spectroscopic
redshifts between z = 1.5 and z = 5.5, 69 sources have a
photometric redshift that differs by more than 0.2 from
the spectroscopic redshift. This suggests that ~ 10% of
the photometric redshifts may be problematic.

2.5. Rest-frame Colors and Luminosities

We started from the rest-frame fluxes at J, V', and U
(1.22 pm, 0.55 pm, and 0.33 pm) given in J. R. Weaver
et al. (2024). The only exceptions are when the new
spectroscopic redshifts are substantially different than
the redshifts used by J. R. Weaver et al. (2024); for
these 150 sources, we need to recompute the rest-frame
fluxes. In order to minimize extrapolations in computing
the rest-frame flux at J, we restrict to sources with z <
5.5. We also restrict to sources with z > 1.5, since the
conversion from 850 um flux to SFR only works well at
these redshifts. This leaves us with 2268 sources, of
which 41 are in the > 4.50 ALMA sample.
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Figure 5. Rest-frame color (J = 1.22 ym and V = 0.55 um) vs. demagnified rest-frame luminosity at 1.22 um for our
JWST sample with L,(1.22 ym) > 10?7 ergs ™ Hz~! in four redshift intervals (black circles). We overlay the sources with
> 4.50 ALMA detections (see Table 1) with solid purple squares, LRDs (J. E. Greene et al. 2024; 1. Labbe et al. 2025;
D. D. Kocevski et al. 2025) with red circles, and bright X-ray sources with green triangles. We enclose compact sources with
FWHM < 07172 in open diamonds. The horizontal line denotes our red selection (f;/fv > 3), and the vertical line shows
L,(1.22 ym) = 3.6 x 10*° ergs™* Hz ™!, which corresponds to a stellar mass of M, = 10 Mg. The uncertainties are smaller
than the symbol sizes.

We then used the magnifications given in J. R. Weaver Calzetti et al. (2000) extinction law. For their sources
et al. (2024) to determine the demagnified rest-frame that are also included in our sample, we confirm that the
fluxes: fj, fv, and fyy. We did not recompute the mag- masses are close, but the S. J. McKay et al. (2025) val-
nifications, since there is only a weak dependence on ues are better fit with the 0.85 in Equation 1 increased
redshift. to 0.95. S. J. McKay et al. (2025) noted the uncertain-

From f;, we computed the demagnified rest-frame lu- ties in the masses introduced by the choice of extinction
minosities at 1.22 ym: L, (1.22 pm). This NIR luminos- law. When appropriate, we use the mass conversion in
ity is a rough measure of the stellar mass, with Equation 1, but given the uncertainty in the derived

masses, we generally prefer to use the directly measured
M, = —-0.410 x M; + 0.85, (1) luminosities.

where M is the absolute magnitude of L, (1.22 um)

(G. Nagaraj et al. 2021). Using this conversion, 3. RED GALAXIES

L,(1.22pum) = 3.6 x 10*? ergs~* Hz~! corresponds to In Figure 5, we plot f;/fy versus L, (1.22 um) for our
a stellar mass of M, = 1019 M. JWST sample in four redshift intervals: z = 1.5-2.5,

S. J. McKay et al. (2025) measured masses for a num- 2.5-3.5, 3.5-4.5, and 4.5-5.5, with the > 4.50¢ ALMA
ber of their red selected sources in the A2744 field us- sources shown with purple squares. As we discussed in

ing spectral energy distribution (SED) fitting with a D. Section 2.5, there are 41 > 4.50 ALMA sources in the



1.0_ T. T TTTTTT T ||||||||| T |||||||_
! [ mALMA
® | RD _
B Red
& Compact |7
i _
)
0 _
t
2
=
I
=
o
0.1 | IIIIIII| | I|IIIIII| 1 L1 1iill
1028 102 10%° 103
L, (1.22 micron) (erg/s/Hz)
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luminosity at 1.22um for our JWST sample with
L,(1.22 um) > 10*® ergs™' Hz ™' over the full redshift inter-
val z = 1.5-5.5 (small black dots). We mark compact sources
with FWHM < 07172 with large open diamonds. We mark
galaxies that satisfy our red selection (fs/fv > 3) as fol-
lows: sources with > 4.50 ALMA detections (see Table 1)
with solid purple squares; LRDs (J. E. Greene et al. 2024; 1.
Labbe et al. 2025; D. D. Kocevski et al. 2025) with solid red
circles; and other red galaxies with solid black squares. The
vertical line shows L,(1.22 um) = 3.6 x 10* ergs™' Hz ™!,
which corresponds to a stellar mass of M, = 10" M.

redshift interval z = 1.5-5.5 with well-defined counter-
parts in the JWST sample. If we choose f;/fy > 3
(horizontal line) as our red selection, then 34 (83%) of
these ALMA sources lie in this region. Although a lower
selection ratio would increase this completeness, it would
be at the expense of including more non-ALMA sources.
Thus, we define our red selection as fj/fy > 3. This
selection also picks out most of the published LRDs (red
circles), but these tend to lie at lower L, (1.22 ym) than
the ALMA sources (e.g., Y. Ma et al. 2025).

If we choose L,(1.22um) > 3.6 x 10?% ergs™' Hz !
(vertical line) as our luminosity selection, then only one
> 4.50 ALMA source does not lie in this region (i.e., 1
out of 41). This implies that 98% of the ALMA sources
correspond to high-mass galaxies (M, > 10" Mg).

There are a total of 47 sources that have
L,(1.22um) > 3.6 x 10¥ ergs™ ' Hz~! and f;/fv > 3,
and hence lie in our selection quadrant. In addition to
the 32 > 4.50 ALMA sources that lie in the quadrant,
there are a further 5 > 30 ALMA sources there. We
discuss these and the remaining 10 sources below.

3.1. Separating DSFGs from LRDs

Our main goal here is to separate extended sources
from compact ones. A more detailed discussion of the

RED SOURCE
z2=3.056

ALMA 870

LRD
2=4.316

Figure 7. (Left) RGB image (F444W, F200W, and F150W)
of an example extended red source (white circle of radius
0”3). The field size is 3”2. The 870 um ALMA image of the
same area is shown in the inset at the lower left. The galaxy
is strongly detected with ALMA at both 870 ym and 1.2 mm.
(Right) Same for an example compact red source, which is
an LRD. Here the inset is from the DUALZ image, and there
is no ALMA detection.

sizes of DSFGs in the A2744 and GOODS-S fields can
be found in S. J. McKay et al. (2025).

In Figure 6, we plot FWHM versus L, (1.22 ym) over
the full redshift interval z = 1.5-5.5. We do not demag-
nify the measured observed sizes, since these contain
substantial contributions from the instrument PSF, and
we are only using these to distinguish between extended
and compact sources. From the figure, we see that there
are only a very small number of compact sources; there
are 18 with FWHM < 07172. These include 10 of the
LRDs in the region, together with one ALMA source
and one further red source.

Nearly all of the sources with > 4.50 ALMA detec-
tions (purple squares) are extended, with F444W widths
comparable to those of the general galaxy population.



8

In the redshift interval z = 3-5, the mean size of the
sources with > 4.50 ALMA detections is (//27, while for
those without, it is 0/26. At z = 2-3, these numbers
are, respectively, 0734 and (0731.

In Figure 7, we show examples of both an extended
red source and a compact red source.

Some of the red sources that are extended but do not
have > 4.50 ALMA detections may be quiescent galaxies
(black squares). We discuss them in Section 3.2.

3.2. Separating DSFGs from Quiescent Galazies

The full-coverage ALMA data make it possible to ex-
amine the color separation between DSFGs and quies-
cent galaxies.

3.2.1. Massive Populations

In Figure 8, we plot rest-frame U — V versus V — J
for our JWST sample with M, > 1010 Mg over the full
redshift interval z = 1.5-5.5, and for two higher redshift
intervals separately (z = 3-4 and z = 4-5.5). We show
the strict color selection of R. J. Williams et al. (2009)
with the solid lines, and the padded color selection of F.
Valentino et al. (2023) with the dashed lines. We show
the sources lying in the strict region as blue diamonds,
except for the two luminous LRDs, which we show as
red circles.

Of the 123 sources at z = 1.5-5.5 (top panel of Fig-
ure 8), and excluding the two luminous LRDs, there are
16 sources in the strict region. None of these 16 sources
has a > 30 ALMA detection. All of these sources are
covered by the DUALZ imaging, and their mean 1.2 mm
flux is 0.059 £ 0.040mJy. The padded region shows a
roughly equal mixture of > 30 ALMA detections and
potentially quiescent galaxies (5 and 7, respectively).

For the sources at z = 4-5.5 (bottom panel of Fig-
ure 8), we see that there are no quiescent galaxies at
these redshifts. Moreover, nearly all of the massive
galaxies here (6 out of 7) are DSFGs.

Although small numbers of quiescent galaxies appear
at z = 3-4 (middle panel of Figure 8) (two in the strict
region, and two more in the padded region), together
with a number of blue galaxies (U — V < 0.75), DSFGs
remain the predominant population, with 10 sources in
this redshift interval.

We show this in histogram form in Figure 9, where we
see that compared to the LRDs, which mostly lie at the
very high end of the redshift range, the DSFGs begin
to enter at z < 5 and the quiescent galaxies at z < 4.
We will consider what this implies for the formation and
evolution of the massive galaxies in the Discussion.

As an aside, we also investigated alternate color selec-
tions, such as the ugi method of J. Antwi-Danso et al.
(2023) and the NUV—r — J selection of O. Ilbert et al.
(2013). The selections of quiescent galaxies from these
methods are broadly consistent with the UV J method,
but the separations are less clean, so we adopt the UV J
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Figure 8. Rest-frame U —V vs. V — J for our JWST sam-
ple with stellar masses M, > 10'° My and that lie in (top)
the full redshift interval z = 1.5-5.5, (middle) z = 3—4 only,
and (bottom) z = 4-5.5 only. We show the R. J. Williams
et al. (2009) strict selection of quiescent galaxies with solid
lines, and the F. Valentino et al. (2023) padded selection with
dashed lines. We show sources that satisfy the strict selec-
tion with blue diamonds, except for luminous LRDs, which
we show as red circles. We also show: ALMA detection-
s—purple squares (solid for sources with > 4.50 detections;
open for > 30); bright X-ray sources—green triangles; re-
maining sample—black squares. The vertical red line marks
our red color selection (see Section 3), with red objects lying
to the right.
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Figure 9. Relative evolution of the numbers of candidate
quiescent galaxies (blue), DSFGs (purple), and LRDs (red)
in the redshift interval z = 1.5-5.5 vs. redshift. For the qui-
escent galaxies and DSFGs, we only show those with stellar
masses M, > 10'© My. The DSFGs show all > 30 ALMA
sources, and the quiescent galaxies correspond to the strict
selection.

method. This has the additional advantage that it is the
method most often used in the literature.

In the following, we will consider galaxies lying in the
strict region (excluding the two luminous LRDs) plus
galaxies lying in the padded region without > 30 ALMA
detections as possible quiescent galaxies.

3.2.2. Lower Mass Populations

In Figure 10, we plot rest-frame U —V versus V —J for
our JWST sample with M, = 108-10'° M, separated
into two redshift intervals: z = 2-3 and z = 3-5.5. At
these lower stellar masses, more LRDs (red circles) and
other compact sources (large open diamonds) begin to
appear. There are a total of 24 compact sources with
FWHM < 07172 in this mass range between 2z = 2 and
z = 5.5, 8 of which have been classified as LRDs. We
do not detect any of the 24 sources at the > 30 level in
the ALMA images. Excluding the LRDs, there are 12
compact sources that are blue with V — J < 0.75. Four
compact sources in the z = 3-5.5 range are redder and
could be additional LRDs, including an extremely red
source at RA: 0" 14™ 11.45%, Decl: —30° 20’ 173 with
a spectroscopic redshift of z = 4.874 from both S. H.
Price et al. (2025) and R. P. Naidu et al. (2024). The
prism spectrum of this source appears to show a weak
underlying broad line in Ha, which would be consistent
with it being an LRD. There are also no DSFGs or qui-
escent galaxies above z = 3 at these masses. However,
there are six quiescent galaxies and one DSFG in the
low-mass interval at z = 2-3.

4. DISCUSSION

Studies like A. J. Barger et al. (2014) and L. L.
Cowie et al. (2017) showed that there is a close lin-

e 10 . L I L L L O
- IE]RbALMA ! ]
2’5:_ <.>Compoct : _:

- OQuiescenq ! 3

> 205 T E =
) 15: =1 -
2 @ :
1.0 i _:

] .

0.5 , log(Mstar)=8-10"1
W 2=2.0~3.0 -
0,0|‘|||||||||||||||||||||||_

0.0 0.5 1.0 1.5 20 25 3.0

REST v-J

3’0 [TTTTTTTTTTT TT | T | TTTT T TTT]

- l%’?IﬁALMA ' ! 3

2.5 :_ 5 Compact : _:

— | ® Quiescent ! ]

>| 2.0 :_ ,@ _:

- - .1 ]

(|7) 1.5 strict /'<¥> —

& . [-Fodd -4 ]

1.0 O @ —

0.5 <% Qlog(Ms%r)=8—1O_:

z=5.0-5.5 3

0,0 ill'.l 1111 | 1 11 | 1111 | 1111 | 11117
0.0 0.5 1.0 1.5 20 25 30

REST v-J

Figure 10. Rest-frame U — V vs. V — J for our JWST
sample with stellar masses M, = 10%-10'° My and that
lie in the redshift intervals (top) z = 2-3 and (bottom)
z = 3-5.5. We show the R. J. Williams et al. (2009) strict
selection of quiescent galaxies with solid lines, and the F.
Valentino et al. (2023) padded selection with dashed lines.
We show sources that satisfy the strict selection with blue
diamonds. The other symbols are ALMA detections—pur-
ple squares (solid for sources with > 4.50 detections; open
for > 30); LRDs—red circles; other compact sources with
FWHM < 07172—large open diamonds; remaining sam-
ple—black squares. The vertical red line marks our red color
selection (see Section 3), with red objects lying to the right.

ear relation between the SFR and the 850 ym flux for
bright (> 2 mJy) DSFGs. S. J. McKay et al. (2025)
demonstrated that this relation extends to the faint
(< 2 mJy) DSFGs, as well, by selecting a sample of red
galaxies in the A2744 and CDF-S fields using observed-
frame colors and fluxes: frasaw/frisow > 3.5 and
frasaw > 1pdy. By converting the integrated IR lu-
minosities that they obtained from full galaxy SED fits
with the BAGPIPES code (A. C. Carnall et al. 2018),



10

they computed magnification-corrected SFRs for their
sample. (Note that BAGPIPES uses a fully Bayesian
framework to constrain the posterior likelihood distribu-
tions of the model parameters.) They then performed a
linear fit to the 234 sources in their sample, along with
1130 sources from five literature samples (the 99 sources
in the main ALESS sample (E. da Cunha et al. 2015);
the 707 sources in the AS2UDS sample (U. Dudzeviciute
et al. 2020); the 289 sources in the SCUBADive sam-
ple (J. McKinney et al. 2025); and the 35 sources in
the main ASPECS sample (M. Aravena et al. 2020),
weighted by the individual errors on the data points, to
obtain

SFR [Mgyr— '] = (83 + 11) X fss0 pm mJy]  (2)

for the range 0.1-10 mJy (the error was derived from
bootstrapping the best-fit relation). It is important to
stress that this relation is independent of redshift.

Although U. Dudzevic¢iuté et al. (2020) claimed a
stronger correlation of fgso m With cold dust mass us-
ing the AS2UDS sample alone, it is clear that the lin-
ear fss0,m—SFR relation of S. J. McKay et al. (2025)
(see their Figure 11) provides a good fit across a wide
range of submillimeter fluxes. We note that previous
determinations of this relation have been higher (e.g.,
SFR=134 X fg50 um from A. J. Barger et al. 2014, when
converted to a P. Kroupa 2001 initial mass function, and
SFR=143 X fg50 um from L. L. Cowie et al. 2017), but
this could reflect systematic differences in the way the
SFRs are calculated (i.e., direct IR luminosity conver-
sions versus SFRs derived from SED codes). The above
differences are probably a good representation of the
systematic uncertainties.

We find that 61 of the S. J. McKay et al. (2025) sources
also appear in our JWST sample in the redshift interval
z = 1.5-5.5. Thus, we adopted their SFRs for these
61 sources. For the remaining sources in our JWST
sample, we computed the SFRs using Equation 2, after
correcting the fluxes for magnification.

To do this, we first cross-correlated the ALMA data
with the SCUBA-2 data to estimate 850 um fluxes for
the ALMA sources. For each of the sources from our
ALMA program, we applied a multiplicative correction
of 1.13 to the total ALMA 870 ym flux. This correc-
tion factor is based on the mean ratio of the SCUBA-
2 850 ym flux to the ALMA 870 um flux for sources
with ALMA 870 um flux > 1.5mJy. For each of the
sources from the DUALZ program, we applied a multi-
plicative correction of 2.55 to the total ALMA 1.2mm
flux. This correction factor is based on the mean ratio
of the SCUBA-2 850 um flux to the ALMA 1.2mm flux
for sources with ALMA 1.2mm flux > 0.5mJy. Next,
we calculated the SFR from the fs50 um—SFR relation
of S. J. McKay et al. (2025) (see Equation 2).

Both our ALMA 870 um fluxes and the DUALZ
1.2mm fluxes give very similar demagnified SFR sen-
sitivities, i.e., a 40 of 26 Mg yr~! and 30 Mg yr—!, re-

spectively, for a median magnification of 1.62 and an rms
of 0.11mJy (our ALMA 870 pm) and 0.056 mJy (wide
DUALZ 1.2mm). In the following, we consider galazies
with SFRs > 30 Mg yr—! to be powerfully star-forming
galazies. The remaining galaxies could be quiescent, or
they could have star formation below this level.

We find that in our sample, there are 59 powerfully
star-forming galaxies in the redshift interval z = 1.5—
5.5. While 43 of these are also in S. J. McKay et al.
(2025), the remaining 16 have single-flux SFRs and are
roughly equally divided between our ALMA data and
the DUALZ data. Of the 59 galaxies, 31 have spectro-
scopic redshifts, and the rest have photometric redshifts.

In Figure 11, we show SFR versus redshift in two mass
intervals: M, = 103-10° My (top) and M, > 10'° M
(middle). Nearly all of the powerfully star-forming
galaxies (above the red line), and all of the z > 3 pow-
erfully star-forming galaxies, have M, > 10'° My ; none
of the 685 galaxies with M, = 108-10'° M and z > 3
have a dust obscured SFR, > 30 Mg yr—*.

Given that we cannot accurately estimate the rest-
frame J-band fluxes in the JWST data at z > 5.5, we
can no longer sort by stellar mass at these redshifts.
However, we can still determine the SFRs based on
their submillimeter fluxes, which are completely inde-
pendent of the mass determination. In Figure 11 (bot-
tom), we show the extension to these higher redshifts
for all galaxies, regardless of mass. LRDs become more
common at these redshifts, but none are detected in
the ALMA data. The mean of the 16 LRDs at z;4 is
—2.24+ 1.6 Mg yr~!. We see that none of the galaxies
beyond z = 4.57 are detected at the > 30 level in the
ALMA images, and all SFRs are < 30 Mg yr—!. This
means that, in this sample, we are seeing no significant
star formation beyond z = 5.

This is consistent with previous studies. Though
larger (and brighter) samples of DSFGs do show small
numbers of galaxies at the higher redshifts, they still
show a rapid fall off. In Figure 12, we show the
redshift distribution for our JWST sample with SFR
> 30 Mg yr~tcompared with that of SCUBADive (J.
McKinney et al. 2025). SCUBADive is a large sam-
ple of 289 DSFGs. Although it is significantly brighter
than our sample, it has a nearly identical redshift distri-
bution, as do the samples of J. E. Birkin et al. (2021),
AS2COSMOS (J. M. Simpson et al. 2020), and AS2UDS
(U. Dudzeviciute et al. 2020). The SCUBADive sam-
ple contains three spectroscopically identified galaxies at
z = 5-6, and a further three with photometric redshifts
in this interval. This 2% rate is broadly consistent with
the present data: for zero DSFGs at z = 56, we have a
1o upper limit of 1.8 (N. Gehrels 1986) and a total sam-
ple of 68, giving an upper limit rate of 2.6%. However,
it should be emphasized that the number of outliers in
the photometric redshifts is substantial (around 20%),
which can result in contamination of the high-redshift
tail (S. J. McKay et al. 2026).
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Figure 11. SFR vs. redshift for our JWST sample

with (top) z = 1.5 — 5.5 and M, = 10%-10'° Mg, (mid-
dle) z = 1.5 — 5.5 and M, > 10'° Mg, and (bottom) z > 4
without any mass restriction. Along the top of each panel
is the age in Gyr. The red line shows SFR = 30 Mg yr'.
The symbols are ALMA detections—purple squares (solid
for sources with > 4.50 detections); open for > 30); pub-
lished LRDs—red circles; quiescent galaxies satisfying the
strict R. J. Williams et al. (2009) selection—Dblue diamonds;
bright X-ray sources—green triangles; remaining sources—
plus signs. Note that none of the LRDs or quiescent galaxies
are detected in the ALMA data.
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Figure 12. Comparison of the redshift distribution of

our JWST sample with SFR > 30 Mg yr~*(purple shading)
with the redshift distribution of the SCUBADive sample of
J. McKinney et al. (2025) (289 DSFGs).

S. J. McKay et al. (2026) used a near-complete spec-
troscopic sample of the SUPER GOODS sources from
L. L. Cowie et al. (2018) to obtain a lo upper limit rate
of 1.8% at z = 5-6, which is again consistent with the
present data.

In Figure 13, we show the evolution of the galaxy
masses. We choose to focus on the more directly mea-
sured quantities (stellar mass and SFRs) rather than
more uncertain sSFRs. A discussion of these may be
found in S. J. McKay et al. (2025). Massive (M, >
10 Mg; above the green line) galaxies become rare at
z > 5, paralleling the fall off in the number of de-
tected DSFGs. We note that given the timescales, we
can only marginally form M, > 10 Mg, galaxies by
z = 5. For example, a galaxy that has a constant SFR
= 25Mg yr~! from z = 10 to z = 5 would form a stellar
mass of M, = 1.8 x 101° Mep.

Relative to the powerfully star-forming galaxies (red
squares), massive quiescent galaxies (blue diamonds) are
a small fraction of the massive galaxies. Of the two qui-
escent galaxies identified in the strict selection region at
z > 3 (see Figure 8), the highest redshift is the z = 3.97
source at RA: 0" 14™ 15.06%, Decl: —30° 23’ 2774. The
colors and spectrum of this source have been analyzed
by D. J. Setton et al. (2024), who concluded that half
the stellar mass had formed by z = 7.5. If the source
formed stars at a constant rate between z = 10 and
z = 7.5, then it would require SFR = 28 M yr~!'. We
do not see such sources in the present data at these
high redshifts (see Figure 11), but this could be a conse-
quence of the field size in the source plane. However, it
is also possible that few quiescent galaxies at z ~ 3 — 4
require high-redshift star formation beyond z = 5 and
that the majority of the quiescent galaxies correspond
to the star-forming galaxies seen in the z = 4—5 interval
in Figure 11. For example, T. Nanayakkara et al. (2024)
found that only two out of 12 z = 3 quiescent galaxies
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Figure 13. Stellar mass vs. redshift for our JWST sample
in the redshift interval z = 1.5-5.5. The powerfully star—
forming galaxies (> 30 Mg yr™ ') (red squares) and quiescent
galaxies (blue diamonds) are mainly found in massive galax-
ies (M. > 10" Mg) (above the green line).

in the ZFOURGE sample required large amounts of star
formation at z > 5 (see also T. Nanayakkara et al. 2025).

5. SUMMARY

In this paper, we used the rich dataset on the massive
lensing cluster field A2744 to develop a new method for
selecting DSFGs at 1.5 < z < 5.5. The data we used
in our analysis include new ALMA 870 ym observations
and DUALZ ALMA 1.2mm observations, which cover
much of the JWST UNCOVER area; SCUBA-2 850 um
data; Chandra X-ray data; and extensive JWST spec-
troscopic and photometric redshifts. With the addition
of the redshift information, we were able to develop a
rest-frame red color selection, which has the advantage
over an observed-frame red color selection of making it
possible to separate out the different red populations, to
map and compare them as a function of redshift, and to
determine galaxy properties, like NIR luminosity /stellar
mass.

We found that a rest-frame red color selection of
f7/fv > 3 and a high NIR luminosity criterion of
L,(1.2pum)> 3.6 x 1029 ergs™ ' Hz~! are very effective
in selecting DSFGs, though at z < 3-4, we begin to see
a small number of quiescent galaxies also populate this
region. Using the strict selection of R. J. Williams et al.
(2009), we find two quiescent galaxies in the redshift in-
terval z = 3-4 and zero above z = 4. Using the padded
selection, we could add a further two possible quiescent
sources in the z = 3-4 range. Fortunately, these can be
effectively separated from the DSFGs by their distinct
location in the rest-frame U — V versus V — J diagram.

We do not find any low-mass (M, < 10'°Mg) ALMA
or quiescent sources above z = 3, though five low-mass
quiescent galaxies and one low-mass ALMA source are
seen in the redshift interval z = 2-3. When we consider
powerfully star-forming galaxies (SFR > 30 Mg yr—1),

nearly all—and all 15 beyond z = 3—are massive galax-
ies.

Our f;/fv > 3 selection also identifies a population of
compact, less luminous red sources, most of which have
already been identified as LRDs. The most luminous
LRDs contaminate the quiescent galaxy region in the
rest-frame U—V versus V —J diagram. We do not detect
any of the LRDs or quiescent galaxies at the > 30 level
in the ALMA images. We also do not strongly detect
in X-rays any of the LRDs in the field, consistent with
previous results.

By applying this new selection technique, we were able
to map the evolution of these different galaxy popula-
tions as a function of redshift. We found that massive
galaxies become rare at z > 5, which parallels the fall
off in the number of detected DSFGs, while LRDs are
more common at these high redshifts.
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Table 1. JWST Sample with ALMA > 4.50 Detections

No. Name R.A. Decl. 870 pm 1.2mm  F444W  f;/fv = g 0.5-1.2keV  1.2-2keV  2-8keV
J2000.0 J2000.0 (mJy) (mJy) (udy) (107 ergs™!)

(1) (2) 3) (4) (5) (6) (7) (8) (9) (10 (11) (12) (13)
1 A001411-302317 3.5474167 -30.388277 4.70(0.19) 2.81(0.07) 20.86  9.00  2.05 1.61 10 5 12
2 A001408-302137 3.5362918 -30.360334 6.71(0.37) 2.67(0.08) 42.85  7.13 1.891 1.58 0 0 0
3 A001432-302615 3.6342499 -30.437721 3.73(0.19) 6.107  10.7  1.52 127 8 3 8
4 A001411-302108 3.5491667 -30.352251 3.93(0.20) 1.87(0.07) 17.92 509 2489 147 35 38 189
5  A001418-302527 3.5755835 -30.424362 6.13(0.41) 3.01(0.12) 4.968  8.45 4.014 1.63 6 12 32
6 A001419-302307 3.5825000 -30.385473 2.98(0.22) 1.49(0.06) 7.180  4.10 3.056 4.61 4 5 7
7 A001418-302447 3.5760000 -30.413195 7.43(0.50) 3.04(0.11) 3.638  9.21  2.03 1.82 10 0 10
8  A001428-302207 3.6172502 -30.368807 4.49(0.33) 1.97(0.09) 3159  2.63  0.52 1.15 60 51 77
9  A001417-302300 3.5732501 -30.383501 2.21(0.20) 0.91(0.06) ? ? ? ? 0 2 13
10 A001430-302339 3.6276667 -30.394278 1.96(0.19) 1.05(0.08) 2.084 540  3.36 1.42 0 2 4
11 A001403-302251 3.5126665 -30.380972 1.76(0.20) 0.71(0.14) 6.501  4.56  2.56 1.36 24 3 0
12 A001420-301959 3.5847917 -30.333166 1.76(0.17) 1048 552 232 1.34 0 4 0
13 A001413-302117 3.5582917 -30.354944 2.11(0.23) 1.22(0.09) 2.626 475  2.00 1.56 0 0 3
14 A001419-302242 3.5797083 -30.378416 2.45(0.26) 0.93(0.07) 21.18  7.54 231 2.68 0 0 0
15 A001420-302254 3.5850000 -30.381805 2.62(0.38) 1.71(0.12) 24.05  4.24  3.058 3.13 12 0 22
16 A001424-302145 3.6005836 -30.362720 1.60(0.34) 0.75(0.05) 8.031  9.70 2496 1.50 0 3 25
17 A001422-302123 3.5938752 -30.356638 1.07(0.21) 1.54(0.11) 107.8  4.68 0.707 1.49 2 0
18  A001414-302503 3.5601251 -30.417557 1.28(0.22) 2479 545 148 1.34 7 5 68
19 A001416-302341 3.5668333 -30.394890 1.63(0.34) 0.70(0.05) 9.134  6.28  3.054 2.12 31 4 47
20 A001415-302039 3.5641668 -30.344444 2.17(0.29) 0.97(0.09) 6.732 294  0.37 1.00 2 0 8
21 A001417-302258 3.5720000 -30.382944 1.91(0.47) 0.68(0.05) 45.83 883 1.672 2.79 0 10 21
22 A001409-302136 3.5391667 -30.360250 1.48(0.40) 0.59(0.05) 127.6  10.6  1.33 1.54 278 351 1429
23 A001423-302135 3.5990419 -30.359751 1.29(0.25) 0.68(0.05) 62.46  4.82 1.360 1.41 4 2 10
24 A001420-302530 3.5863748 -30.425056 2.33(0.42) 0.79(0.05) 3.106  5.12 2.974 1.78 3 0 0
25 A001407-302140 3.5312083 -30.361307 0.89(0.23) 0.50(0.05) 31.63  9.81  1.28 1.54 10 8 23
26 A001413-302219 3.5543332 -30.371973 2.37(0.44) 0.64(0.05) 22.31  6.04 2.387 347 4 1 2
27 A001405-302138 3.5211248 -30.360666 2.37(0.42) 0.54(0.06) 62.36 525 1.529 1.52 0 0
28 A001415-302507 3.5632501 -30.418694 1.22(0.41) 3.893 517 2980 1.36 0 0 1
29 A001405-302217 3.5237501 -30.371445 1.01(0.21) 0.33(0.05) 8.687  4.62  2.387 2.02 0 0 17
30  A001414-302239 3.5599167 -30.377777 1.23(0.36) 0.28(0.05) ? ? ? ? 30 28 1150
31 A001420-302523 3.5872500 -30.423056 0.86(0.16) 5679 319 246 1.90 0 0 1
32 A001413-302238 3.5579166 -30.377279 0.88(0.24) 0.37(0.05) 21.62 221  2.578 9.03 0 3 0
33 A001424-302546  3.6036251 -30.429556 : 0.27(0.05) 25.29  4.82 152 158 0 0 1
34 A001425-302505 3.6056249 -30.418056 0.27(0.05) ? ? ? ? 0 0 2

Table 1 continued
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Table 1 (continued)

No. Name R.A. Decl. 870 pm 1.2mm  F444W  f;/fv = p o 0.5-1.2keV  1.2-2keV  2-8keV
J2000.0 J2000.0 (mJy) (mJy) (udy) (107 ergs™)

(1) (2) 3) (4) (5) (6) (7) (8) (9)  (10) (11) (12) (13)
35 A001426-302452 3.6085835 -30.414583 0.54(0.05) 34.98  3.14 2613 217 0 2 20
36 A001415-302443 3.5650415 -30.412193 0.27(0.05) 13.89  4.48 127 143 0 3 2
37 A001416-302410 3.5690000 -30.402805 0.29(0.05)  45.37  7.40 2.583 1.81 0 0 8
38  A001417-302345 3.5723751 -30.395945 0.39(0.05) 6.256  3.18 0.75 1.84 24 6 0
39 A001424-302346 3.6005418 -30.396168 0.17(0.03) 3245  4.07 0.945 1.93 8 0 7
40 A001428-302342 3.6175418 -30.395000 0.28(0.05) 1.575  1.66 4.569 1.61 0 0 0
41 A001431-302337 3.6326668 -30.393639 0.60(0.05) 1.540  4.09 3.970 1.38 0 0 4
42 A001429-302335 3.6214998 -30.393112 0.56(0.05) 3.544  3.03 345 151 0 0 0
43 A001419-302326 3.5809999 -30.390751 0.47(0.14) 0.28(0.05) ? ? ? ? 5 6 0
44 A001407-302314 3.5327084 -30.387333 0.37(0.05) 24.35 238 2190 1.43 7 2 10
45  A001404-302310 3.5190415 -30.386332 1.50(0.20) ? ? ? ? 12 2 1
46 A001432-302256 3.6357501 -30.382389 0.59(0.05) 8548  6.97 235 1.30 12 1 0
47 A001422-302249  3.5920832 -30.380499 0.53(0.05) 9.189  14.6  2.645 2.24 18 35 63
48 A001419-302248 3.5812917 -30.380249 0.33(0.05) 3.620  6.77 3.475 3.13 23 0 2
49 A001419-302237 3.5823753 -30.377167 0.29(0.05) ? ? ? ? 8 1 7
50  A001423-302228 3.5995834 -30.374695 0.38(0.05) 8314  6.57 2.083 1.64 0 3 2
51 A001402-302231 3.5103331 -30.375444 0.35(0.06) 14.54  3.28  0.94 1.30 0 0 16
52 A001415-302203 3.5637918 -30.367611 0.26(0.04) 78.63  2.86 1.324 1.94 5 6 0
53 A001409-302156 3.5375836 -30.365639 0.34(0.05)  41.23  4.46  1.35 1.90 0 6 4
54  A001405-302133 3.5237501 -30.359222 0.29(0.05)  7.675  3.28 2.387 1.54 0 0 0
55  A001422-302122 3.5926247 -30.356140 0.44(0.05)  10.75  4.36  2.384 1.58 0 0 0
56 A001411-302112 3.5463750 -30.353472 0.27(0.05)  4.571  4.44 2497 1.47 0 0 1
57 A001407-302108 3.5305417 -30.352304 1.27(0.34) 0.31(0.05) 29.26  4.48  1.35 1.35 0 0 0
58  A001414-301937 3.5612917 -30.326973 0.21(0.04) 1.046  4.68 4.20 1.31 0 0 16
59 A001413-302008 3.5555418 -30.335638 0.26(0.05) 2.014 230 3.70 1.36 0 0 0
60  A001412-302038 3.5528333 -30.344166 0.44(0.05) 31.96  3.27 1.71 1.37 4 0 1
61  A001414-301948 3.5610831 -30.330057 0.41(0.05) 39.19 802 1.33 126 0 0 0
62  A001433-302252 3.6384580 -30.381222 0.30(0.06) ? ? ? ? 12 0 17
63  A001413-302228 3.5582497 -30.374445 0.26(0.05) 18.40  2.81 2407 4.87 2 14 27
64  A001422-302206 3.5923750 -30.368389 0.26(0.05)  blank ? ? ? 0 0 2
65 A001413-301952 3.5580418 -30.331112 0.26(0.05) 17.83  2.54  1.775 1.29 6 0 17
66  A001414-301951 3.5617917 -30.330944 0.28(0.05) ? ? ? ? 0 12
67 A001416-301946 3.5685835 -30.329639 1.13(0.24)  blank ? ? ? 3 0
68  A001414-302458 3.5605416 -30.416140 0.80(0.17) 24.32 217 2290 1.39 11 15 176

Table 1 continued
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Table 1 (continued)

No. Name R.A. Decl. 870 um 1.2mm  F444W  f;/fv =z g 05-1.2keV 1.2-2keV  2-8keV
J2000.0 J2000.0 (mJy) (mJy) (udy) (1077 ergs™1)
(1) (2) 3) (4) (5) (6) (7) (8) (9)  (10) (11) (12) (13)

NOTE—The fluxes are in the observed frame. Sources that are blended/contaminated by a foreground object in F444W are

marked as ‘7’

in the F444W, f;/fv, z, and magnification columns. lo uncertainties are given in parentheses for the 870 ym
and 1.2 mm fluxes but not for the JWST F444W flux, since they are so small. However, they can be found in the J. R. Weaver
et al. (2024) catalog. Only source 3 was not included in their catalog, so we measured its flux using a 0”5 radius aperture on
the R. Bezanson et al. (2024) F444W image. The 68% confidence errors on the magnification are all less than 25%, with only
four greater than 10%. Two of the lowest S/N submillimeter sources have no F444W counterparts (sources 64 and 67) and

are marked as ‘blank’ in that column and as ‘?” in the fs/fv, z, and magnification columns.
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