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Abstract

JWST has enabled detecting and spatially resolving the heavily dust-attenuated stellar populations of submillimeter
galaxies, revealing detail that was previously inaccessible. In this work, we construct a sample of 289
submillimeter galaxies with joint Atacama Large Millimeter/submillimeter Array (ALMA) and JWST constraints
in the COSMOS field. Sources are originally selected using the SCUBA-2 instrument and have archival ALMA
observations from various programs. Their JWST NIRCam imaging is from COSMOS-Web and PRIMER. We
extract multiwavelength photometry in a manner that leverages the unprecedented near-infrared (NIR) spatial
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resolution of JWST, and we fit the data with spectral energy distribution models to derive photometric redshifts,
stellar masses, star formation rates, and optical attenuation. The sample has an average (z) = 2.631):2,
(Ay) = 25713, (SFR) = 3007599 M., yr=!, and (log(My/M.)) = 11.1*03. There are 81 (30%) galaxies that
have no previous optical /NIR detections, including 75% of the z > 4 subsample (n = 28). The faintest observed
NIR sources have the highest redshifts and largest Ay = 4 + 1. In a preliminary morphology analysis we find that
~10% of the members of our sample exhibit spiral arms and 5% host stellar bars, with one candidate bar found at
z > 3. Finally, we find that the clustering of JWST sources within 10” of a submillimeter galaxy is a factor of 2
greater than what is expected based on either random clustering or the distribution of sources around any red

galaxy irrespective of a submillimeter detection.

Unified Astronomy Thesaurus concepts: Galaxy evolution (594); Observational astronomy (1145); High-redshift

galaxies (734); Submillimeter astronomy (1647)

Materials only available in the online version of record: figure set, machine-readable tables

1. Introduction

Extragalactic sources selected from deep and wide submilli-
meter fields capture galaxies in an evolutionary stage of rapid
mass assembly. The aptly named “submillimeter galaxies”
(SMGs; Sss0 ;m 2, 1 mly) are very luminous in the infrared (IR)
with (L /Lo > 102), large stellar masses (M. /M, ~ 10", and
typical redshifts of z ~ 2—3 (see, e.g., C. M. Casey et al. 2014a;
J. A. Hodge & E. da Cunha 2020, for a review, and the initial
discovery papers of I. Smail et al. 1997; A. J. Barger et al. 1998;
D. H. Hughes et al. 1998; S. Eales et al. 1999). SMGs can form up
to 100—1000 M., worth of new stars each year and are responsible
for most of the volume-averaged star formation over the past
10 billion years (i.e., from 0 < z < 3; E. J. Murphy et al. 2011;
P. Madau & M. Dickinson 2014, J. A. Zavala et al. 2021). It is the
energy from this vigorous star formation, and in some cases
accreting supermassive black holes (J. McKinney et al. 2021), that
heats significant reservoirs of cold dust and drives bright
submillimeter emission (D. B. Sanders & 1. F. Mirabel 1996).
This dust simultaneously attenuates rest-frame UV /optical light,
leading to typical Ay ~ 1-5 in SMGs (E. da Cunha et al. 2015;
U. Dudzeviciuté et al. 2020). That, combined with (z) = 2.5
(E. da Cunha et al. 2015; U. Dudzeviciaté et al. 2020), causes
SMGs to be very faint in the rest-frame UV /optical. As a result,
SMGs have been historically difficult to detect with ground- and
space-based facilities operating in the optical /near-infrared (NIR)
regime. This is especially true for SMGs at z > 3, which has led to
a panoply of monikers like “optically faint radio galaxies,”
“optically dark,” “NIR-dark,” and “HST-dark,” all used to
describe such dust-obscured sources that elude detection by the
most sensitive optical /NIR telescopes (e.g., S. C. Chapman et al.
2004; C. M. Casey et al. 2009; J. M. Simpson et al. 2014;
T. Wang et al. 2016b; M. Franco et al. 2018; C. C. Williams et al.
2019; I. Smail et al. 2021; S. M. Manning et al. 2022; V. Kokorev
et al. 2023; J. McKinney et al. 2023b; S. H. Price et al. 2023).

Thanks to JWST, the direct stellar light from SMGs is
readily detectable with the NIRCam long-wavelength (LW)
filters (2.4—5 ym) up to z ~ 6 and Ay ~ 6 (C. Cheng et al.
2022; C.-C. Chen et al. 2022a; S. Gillman et al. 2023;
J. McKinney et al. 2023b; W. Rujopakarn et al. 2023; Y. Wu
et al. 2023; J. A. Zavala et al. 2023). This enables more robust
photometric redshifts (C. M. Casey et al. 2023a), especially so
for the subset of sources with no prior optical/near-IR
counterpart. The inclusion of JWST bands can also dramati-
cally impact derived stellar masses (J. McKinney et al. 2023b),
thus yielding more precise constraints on the mass assembly in
the Universe's most prolific star factories.

Furthermore, the angular resolution achieved by JWST
enables detailed stellar morphology measurements in the
SMGs, a historically impossible task given their marginal
detections in, e.g., the Hubble Space Telescope (HST)
Advanced Camera for Surveys (ACS)/WFC3. Recently,
S. Gillman et al. (2023) studied a sample of SMGs matched
to optical counterparts based on their NIRCam colors,
recovering the standard SMG redshift posterior and finding
compact and clumpy stellar morphologies. A. Le Bail et al.
(2024) find similarly clumpy NIRCam morphologies and
identify subregions of quiescence within z ~ 2 galaxies still
undergoing active star formation. J. A. Hodge et al. (2024)
report a strong correlation between the dust continuum and
reddening of NIRCam colors on kiloparsec scales in 13 SMGs
favoring dust obscuration as the primary source of their red
rest-frame optical colors. J. McKinney et al. (2023b) use
ALMA and JWST to identify an SMG at z ~ 6, adding to the
growing sample of z > 5 SMGs that is coming into focus
(C. C. Williams et al. 2019; Z. Chen et al. 2021). Thus, JWST
is providing a new and powerful perspective on canonical z ~ 1
—3 SMGs while also revealing stellar light in the most distant
SMGs for the first time. This is profoundly changing our
understanding of their physical nature, as, for example, it is
difficult to test for morphological signatures of mergers without
being able to detect, let alone resolve, the stellar light.

These recent works stand atop decades of thorough analysis
of SMGs investigating their nature and distribution across
cosmic time and environment. Indeed, multiwavelength follow-
up of SMGs has been an active field, using first radio
interferometers like the Very Large Array (VLA) to identify
optical counterparts (A. J. Barger et al. 2000) and then later the
Atacama Large Millimeter/submillimeter Array (ALMA) at
submillimeter wavelengths (J. A. Hodge et al. 2013; A. Karim
et al. 2013). Near- and mid-infrared follow-up campaigns have
also been critical for establishing the physical nature of SMGs
(A. M. Swinbank et al. 2004, 2010; S. C. Chapman et al. 2005;
L. J. Hainline et al. 2009, 2011). In recent years samples
have grown beyond the <100 sources typical of early
pioneering studies to more than 1000 SMGs with counterparts
across the multiwavelength spectrum (D. Brisbin et al. 2017;
U. Dudzeviciateé et al. 2020; J. M. Simpson et al. 2020).

In this paper, we make a statistical effort to match a large
sample of SMGs identified with the SCUBA-2 submillimeter
instrument to their JWST counterparts. We analyze sources in
the COSMOS field (P. Capak et al. 2007; D. B. Sanders et al.
2007; N. Scoville et al. 2007) using data from the largest
contiguous JWST mosaic, COSMOS-Web (C. M. Casey et al.
2023a). We use archival ALMA data to resolve the low-
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resolution SCUBA-2 data on subarcsecond scales in order to
identify the optical counterparts for SMGs. By construction,
every source in our sample has both JWST and ALMA
detections. This is the first paper in a series and precedes a
thorough analysis of the JWST morphologies of SMGs, their
spatially resolved stellar properties, and the subset at the
highest redshifts (S. M. Manning et al. 2025, in preparation). In
this work we describe our sample and comment on properties
of the population as a whole.

This paper is structured as follows. In Section 2 we review
the multiwavelength data sets incorporated into our work. In
Section 3 we outline our sample selection criterion. Section 4
describes our reduction of archival ALMA data sets. Section 5
describes the manner in which we measure photometry for our
sample across the electromagnetic spectrum. We describe our
modeling of the galaxy-integrated spectral energy distributions
(SEDs) in Section 6 and present the corresponding results in
Section 7. Finally, we discuss the implications of our findings
in Section 8. Throughout this work we assume a ACDM
cosmology with Hy = 70kms ™' Mpc ™!, ©,, = 0.3, Q5 = 0.7,
and a Chabrier initial mass function (IMF; G. Chabrier 2003).
We report AB magnitudes (J. B. Oke 1974).

2. Data

Our work focuses on sources in the COSMOS extragalactic
field, which hosts an extensive collection of multiwavelength
data. Most relevant to this work is the JWST Cycle 1 GO
program COSMOS-Web, a 0.54 deg” survey using NIRCam
and MIRI (PID no. 1727, PIs Kartaltepe & Casey; C. M. Casey
et al. 2023a) centered in the middle of the 2 deg” field. The
NIRCam filters include two short-wavelength (SW) filters,
F115W and F150W, and two LW filters, F277W and F444W.
The 50 depths in these filters range between ~27 and 28 mag
and are accompanied by a 0.19 deg® noncontiguous MIRI/
F770W map with 50 ~ 25.8 mag (M. Franco et al. 2025, in
preparation; S. Harish et al. 2025, in preparation; C. M. Casey
et al. 2023a). We use the extensive compilation of rest-frame
optical and NIR maps from COSMOS2020 (J. R. Weaver et al.
2022) including HST/ACS imaging from A. M. Koekemoer
et al. (2007) and Spitzer/IRAC imaging from S-COSMOS
(D. B. Sanders et al. 2007; Euclid Collaboration et al. 2022).

Our submillimeter sources are selected from the James Clerk
Maxwell Telescope SCUBA-2 map of the COSMOS field
(S2COSMOS; J. M. Simpson et al. 2019). We also include
Spitzer/MIPS 24 ym from D. B. Sanders et al. (2007) and E.
Le Floc’h et al. (2009), far-infrared (FIR) maps from Herschel /
PACS+SPIRE (D. Lutz et al. 2011; S. J. Oliver et al. 2012),
submillimeter imaging from AzZTEC on ASTE (I. Aretxaga
et al. 2011), and radio maps with the VLA at 1.4 and 3 GHz
(E. Schinnerer et al. 2010; V. Smolci¢ et al. 2017b). As
described in the following section, we supplement these wide-
area extragalactic data sets with archival pointed ALMA
observations between 850 and 1250 pm.

3. Sample Selection

We construct our sample beginning with a Sgsg um > 2 mly
source catalog from S2COSMOS (J. M. Simpson et al. 2019).
Given the inhomogeneous S2COSMOS field depth between
ogso ~ 0.5 and 1.4mly, a flux-limited selection of 2mly
corresponds to 1985 sources with SNRgsy > 3.5. Next, we
require overlap with the 0.54 deg® COSMOS-Web NIRCam

McKinney et al.

area, which contains 706 SCUBA-2 sources with Sgso m >
2mly. Of these, 60% have SNRgsy € [3.5, 5], with the
remaining 40% having SNRgsy > 5.

The SCUBA-2 point-spread function (PSF) has an FWHM
of 1479, which allows for many JWST sources per SCUBA-2
beam. Methods using NIRCam colors to identify SCUBA-2
counterparts have had some success (e.g., S. Gillman et al.
2023) but can still miss the true source of the dust emission.
The only way to unambiguously associate SMGs with their
multiwavelength counterparts is with high-resolution follow-up
using a millimeter interferometer like ALMA, SMA, or
NOEMA (Y. D. Hezaveh et al. 2013; J. A. Hodge et al.
2013; A. Karim et al. 2013; D. Brisbin et al. 2017; U. Dudze-
vicitte et al. 2020; J. M. Simpson et al. 2020) or a radio
interferometer like the VLA (S. C. Chapman et al. 2005;
M. Talia et al. 2021), although a significant number of SMGs
can go undetected in deep radio maps (S. C. Chapman et al.
2003; A. J. Barger et al. 2007) or the radio emission can
misidentify the counterpart (J. A. Hodge et al. 2013; F. X. An
et al. 2018). Therefore, our second selection criterion is the
presence of an archival ALMA observation within the FHWM
of the SCUBA-2 source in a band well matched to the SCUBA-
2/850 um filter (i.e., Bands 6, 7, and/or 8 between 600 and
1250 pm). We intentionally omit SMG follow-up using lower-
frequency ALMA bands, which are explored by J. A. Zavala
et al. (2021) and A. S. Long et al. (2024; B4 /2 mm blank field
selection), O. R. Cooper et al. (2022) and O. R. Cooper et al.
(2025, in preparation; pointed B4/2mm follow-up), and
F. Gentile et al. (2025, in preparation; VLA /3 GHz sources).
These lower-frequency follow-up techniques can impose
different redshift selection functions that may not uniformly
capture SCUBA-2 sources (e.g., C. M. Casey et al. 2018). In
any case, ~ 90% of the archival ALMA data over COSMOS
are in Bands 6 and 7, so the exclusion of other bands does not
exclude a significant fraction of sources. The vast majority of
the ALMA coverage comes from Bands 6 (Ay,s ~ 1250) and 7
(Aobs ~ 850 pum), and our final sample is drawn exclusively
from observations in these bands, with 97 pointings in Band 6
and 168 in Band 7.

4. ALMA Data Reduction and Fluxes

Using the ALMA archive, we download all observations in
Bands 6 and 7 with footprints that overlap a SCUBA-2 source
interior to the COSMOS-Web NIRCam area, which totals 265
pointings, 10 of which have pointing centers within 5” of one
another. These ALMA data cover 260 unique S2COSMOS
sources. We froze our archival analysis in 2023 November, and
so our data set reflects all observations publicly available on the
archive as of 2023 September 7. Updating the archival search
based on public data as of 2024 July would increase the number
of ALMA pointings by 7%, which we leave to future work. We
uniformly reimage all of the observations as individual pointings
using tclean and natural weighting in continuum mode with
CASA v6.6.3 (J. P. McMullin et al. 2007). The angular
resolutions among these data range between 0.022 and 1.76,
with a median of 0.83 and upper and lower quartiles of 0,36 and
1724, respectively. Only one source was observed in a baseline
configuration with resolution below 0.1. The noise properties
across the ALMA data are fairly uniform given the modest rms
used when following up single-dish SMGs, and given the fact
that 41 of the ALMA observations used in this work come from
PID: 2013.1.00118.S (D. Brisbin et al. 2017) and 85 from
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Figure 1. JCMT/SCUBA-2 flux distribution for the parent sample S2COS-
MOS from J. M. Simpson et al. (2019) and its overlap with the COSMOS-Web
footprint. We find ALMA matches for 219 SCUBA-2 sources (black), which
corresponds to 289 individual galaxies that compose the SCUBADive sample
(orange). Of these, 80 had no prior rest-frame optical/NIR counterpart (i.e., a
detection in the COSMOS2020 catalog; J. R. Weaver et al. 2022), as shown
in red.

PID: 2016.1.00463.S (AS2COSMOS; J. M. Simpson et al.
2020). The median 1o map noise is 0.14 mlJy, with upper and
lower quartiles of 0.08 and 0.19 mly, respectively.

For ALMA pointings from the AS2COSMOS program we
adopt the source list and associated flux densities reported in
J. M. Simpson et al. (2020), who perform a thorough search for
all submillimeter sources in their Band 7 observations of the
brightest (Sgs0 > 6.2 mJy) SCUBA-2 sources in S2COSMOS.
This yields 85 ALMA sources. For all other pointings we
conduct a blind source extraction using PyBDSF (N. Mohan &
D. Rafferty 2015), which was developed and optimized for
radio interferometer data. Given that our final sample will
include multiple ways to validate counterpart identification, we
use the following strategy with PyBDSF to consider all
tentative ALMA detections as potentially real sources. We first
run PyBDSF blindly on the non-primary-beam-corrected maps
with a 30 integrated flux threshold and a 40 peak flux
threshold. Then, we rerun PyBDSF on the primary-beam-
corrected ALMA maps using the last iteration for positional
priors and to measure primary-beam-corrected fluxes. In this
manner, we identify another 255 >4 candidate ALMA
sources that may correspond to SCUBA-2/850 um emission
and an optical counterpart.

From this list we visually check the data comparing the
ALMA continuum observations with multiwavelength maps.
Out of this initial PyBDSF catalog we remove 50 candidate
sources that all have integrated and peak ALMA signal-to-
noise ratios (SNRs) below 5 and no obvious counterparts in the
JWST data. While there is some evidence for “JWST-dark”
ALMA sources from S. Fujimoto et al. (2023), these have only
been documented in cluster lenses with magnification factors
1 > 2. Given the total area of the ALMA data we consider
(60.43 arcmin?) and their individual resolution, we expect to
find roughly tens of 4 < SNR < 5 noise peaks due to random
chance alone. This is basically consistent with the number of
SNR < 5 ALMA candidates that have no JWST counterpart
and supports the interpretation that these are likely spurious
sources.

For spatially resolved sources we adopt an integrated flux
density that encases the extent of the source, and for unresolved
sources we adopt the peak flux. A minority of sources in the
sample are resolved (10%), with most being unresolved point
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sources. Five sources in our sample have ALMA imaging at
850 pm that likely resolves out extended emission: AzZTEC8_O,
z23 89 0, z23_74 0, z23_62_0, and z23_62_2. These sources
have SNR = 6—13 in SCUBA-2 from J. M. Simpson et al.
(2019), and the ALMA detections recover <30% of the
deblended SCUBA-2 flux. For these five sources we do not
include the ALMA data in any model fits, but the sources are
included in the sample, as the ALMA detections identify robust
JWST counterparts.

Of the 260 SNR > 3.5 S2COSMOS sources matched to
archival ALMA data, we successfully uncover ALMA+JWST
counterparts for 219. This includes 96% of SCUBA-2 SMGs
with SNR > 5. We do not have counterparts for the remaining
41 SMGs because the associated ALMA data lack detections.
This is principally because (a) the S2COSMOS target has
SNR < 5 (28/41) and may be spurious to begin with (see
J. M. Simpson et al. 2019, Section 3.2) and/or (b) the archival
ALMA data are centered >7” from the S2COSMOS peak (10/
41), in which case the flux is pushed to the wings of the ALMA
primary beam, where the noise is higher. Ten of the unmatched
S2COSMOS targets do have SNR > 5 and ALMA pointings
centered on their peaks, in which case the ALMA nondetec-
tions are surprising. Of these, most are from snapshot programs
with integrations of <2—3 minutes that could be too shallow
for a detection if the SCUBA-2 source is a blend of multiple
fainter objects. In any case, these represent a small fraction of
our final sample, and future ALMA observations may be
needed to secure counterparts to these SMGs.

Our final sample includes 290 sources, corresponding to 289
galaxies and accounting for one doubly imaged lensed source.
These galaxies correspond to 219 SCUBA-2/850 pm sources.
Of these SCUBA-2 sources, 54 host multiples where two to
four ALMA sources contribute to the observed 850 ym
emission. Of these, nine SCUBA-2 sources (4% of the total)
host triplet submillimeter systems, and 44 (20%) host doublets.
One source is resolved into four components all at z = 2.5 as
originally discussed in T. Wang et al. (2016b). Therefore, we
measure a multiplicity fraction for the SCUBA-2 sources of
25%. This is fairly common for follow-up programs of SMGs
(C.-C. Chenetal. 2013; Y. D. Hezaveh et al. 2013; J. A. Hodge
et al. 2013; A. Karim et al. 2013; D. Brisbin et al. 2017;
J. M. Simpson et al. 2020).

A significant fraction of the galaxies in our sample (81/
289 = 28%) have no counterpart in the COSMOS2020 catalog
within 1”, which is expected given that 20%—30% of SMGs in
pre-JWST studies had no optical /near-IR (OIR) counterpart in
the deep field OIR data (50 ~ 25—26 mag) prior to JWST
(J. L. Wardlow et al. 2011; J. M. Simpson et al. 2014;
M. Franco et al. 2018; U. Dudzevicitte et al. 2020). Figure 1
shows the final catalog's SCUBA-2 flux distribution, which has
an average (Sgso) from SCUBA-2 of 5.97)3mly. A two-
sample Kolmogorov—Smirnov test of the SCUBA-2 source flux
distribution of SCUBADive versus all S2COSMOS sources in
COSMOS-Web returns a Kolmogorov—Smirnov D-statistic and
log p value of 0.3 and —14.8, respectively, which does not
reject the null hypothesis that the samples are drawn from
different distributions.

4.1. Naming Scheme

There are many options for naming sources in SCUBADive
that reflect the data sets used in this work. We choose to
preserve the ALMA source name listed in the ALMA science
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archive to make it easy for readers to acquire those data. For
sources in AS2COSMOS (J. M. Simpson et al. 2020) we adopt
their naming scheme directly. All other sources have their ALMA
source names appended by an underscore and a number that
follows from our source extraction using pyBDSF and internal
naming schemes therein. For example, the ALMA observation
targeting “DSFGS2.60” from PID no. 2015.1.00568.S (PL: Casey)
reveals three separate sources that in this work are labeled as
DSFGS2.60_0, DSFGS2.60_1, and DSFGS2.60_2.

4.2. Notable Sources

A handful of sources in our catalog are worth mentioning
individually given their unique nature and discussion in prior
works. AZTECC71 from J. McKinney et al. (2023b) is an SMG
at Zpho = 5.7 &£ 0.6 and in this work is labeled AzZTECC71_1.
MAMBO-9 (S2COSMOS.850.50_1 in this work) is composed
of a pair of unlensed dusty star-forming galaxies at Zgpe. = 5.850
(C. M. Casey et al. 2019; S. Jin et al. 2019; H. Akins et al. 2025,
in preparation) residing in an overdensity plausibly representing
a protocluster environment (M. Brinch et al. 2024). AzZTECC3a
is a well-known lensed galaxy at z = 4.6237 (D. Brisbin et al.
2017; O. Miettinen et al. 2017; N. Alvarez Crespo et al. 2021),
with the two counterpart images denoted AzTECC3a_0 and
AZzTECC3a_1 in this work. J10004-0234_1 is a known dusty
star-forming galaxy at the center of an overdense environment
and Lya blob (V. Smolci¢ et al. 2017a; M. Solimano et al.
2024). AZTEC-2 (in this work AzZTECC2b_0) is a pair of
massive galaxies at zge. = 4.633 making up one of the brightest
SCUBA-2 sources in COSMOS (E. F. Jiménez-Andrade et al.
2020; J. M. Simpson et al. 2020; I. Mitsuhashi et al. 2021).
AS2C0OS0005.1 is a lensed SMG at z = 2.625 (S. Jin et al. 2024;
J. Pearson et al. 2024). Other sources have been reported and
studied in prior works but are slightly less well characterized
than those mentioned here (e.g., I. Aretxaga et al. 2011;
C. M. Casey et al. 2013; J. E. Geach et al. 2017).

5. Multiwavelength Photometry

5.1. Custom Optical/Near-IR Aperture Photometry with
Diver

The NIRCam counterparts to millimeter/submillimeter-
selected galaxies can exhibit complex morphologies that are
not optimally captured by classical photometric methods. We
tested circular and elliptical apertures from SE/SE++
(E. Bertin & S. Arnouts 1996) and found (i) many examples
where the apertures could not encase the extent of the source
without adding in substantial noise, (i) JWST fluxes incon-
sistent with ground-based maps at lower resolution, and (iii)
generally underestimated flux uncertainties relative to what we
expect from the map depths (C. M. Casey et al. 2023a). In light
of these challenges, we developed diver—an empirically
motivated photometry tool built to preserve the resolution of
JWST when measuring PSF-matched multiwavelength photo-
metry. We now summarize the methodology of diver, which
we use to extract optical/near-IR photometry from the u band
up to MIRI/F770W and Spitzer/IRAC Channel 4 from both
ground- and space-based imaging.

For each of our sources diver proceeds through the
following: First, we make 50” x 50” cutouts (to ensure robust
noise estimates) around the target in the science image and
error/weight image from which a flux will be measured. In this
case we use JWST/NIRCam and MIRI data from COSMOS-
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Table 1
Table Content of SCUBADive Continuum Data

Instrument/Telescope Band/Central A Units
Ground based:

MegaCam/CFHT" u mly
HSC/Subaru® g mJy
HSC/Subaru* r mly
HSC/Subaru® i mJy
HSC/Subaru” b4 mly
VIRCAM/VISTA* Y mly
VIRCAM/UltraVISTA" J mly
VIRCAM/UltraVISTA* H mly
VIRCAM/UltraVISTA* K; mly
Band 7/ALMA 850 um mly
SCUBA-2/JCMT 850 pm mly
AZTEC/ASTE 1100 zim mly
Band 6/ALMA 1150 gum mly
Band 6/ALMA 1250 um mly
VLA S/3 GHz mly
VLA L/1.4 GHz mly
Space based:

ACS/HST" F814W mly
NIRCam/JWST* FOoOwW mly
NIRCam/JWST* F115W mly
NIRCam/JWST* F150W mly
NIRCam/JWST* F200W mly
NIRCam/JWST* F277W mly
NIRCam/JWST* F356W mly
NIRCam/JWST* F410M mly
NIRCam/JWST* F444w mly
MIRI/JWST" F770W mly
IRAC/Spitzer” Ch. 1 mly
IRAC/Spitzer* Ch. 2 mly
IRAC/Spitzer" Ch. 3 mJy
IRAC/Spitzer” Ch. 4 mly
MIPS /Spitzer 24 pm mly
PACS /Herschel 100 pm mly
PACS /Herschel 160 pm mly
SPIRE/Herschel 250 pm mly
SPIRE/Herschel 350 pm mly
SPIRE/Herschel 500 pm mly

Note. This table is published in its entirety including measurements from all
ground- and space-based photometric bands from the optical through radio
with their uncertainties, in machine-readable format. Photometry extracted with
diver.

(This table is available in its entirety in machine-readable form in the online
article.)

Web (F115W, F150W, F277W, F444W, F770W) and
PRIMER (GO no. 1837; PI: Dunlop; J. S. Dunlop et al.
2021; imaging in FO90OW, F200W, F356W, F410M) where
available, as well as all multiwavelength imaging data
compiled in the COSMOS field in COSM0S2020 (e.g., CFHT,
HSC, HST, UVISTA, Spitzer; see J. R. Weaver et al. 2022 and
Table 1). In principle, any data map can be included in diver
if accompanied by a PSF and an error map. Next, we identify
the reddest NIRCam band containing the source (typically
F444W) and create a segmentation map using photutils
(L. Bradley et al. 2023), in some cases with an additional
deblending step included to isolate the source from its
neighbors. We save the arbitrarily shaped segmentation
boundary down to an SNR per pixel of 3, 5, or 10 as the
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custom aperture through which to measure all multiwavelength
photometry. Due to the larger PSF, the flux density is generally
the most extended in F444W, making it a good choice for
capturing the source flux with minimal added noise across
bands.

When measuring flux through diver’s nonparametric
aperture, we make the following calculations to preserve PSF
information and properly estimate uncertainties. For maps of
poorer spatial resolution than NIRCam/F444W we calculate a
PSF correction factor by first convolving the map used for
segmentation (F277W or F444W) to the lower resolution
using a convolutional PSF kernel derived using pypher
(A. Boucaud et al. 2016). We take the ratio of the total
convolved flux to the convolved flux interior to the custom
aperture as our PSF correction factor, effectively using an
empirical model of the source from JWST/NIRCam to
estimate flux loss from beam smearing in lower-resolution
optical /near-IR maps. Then, we measure the flux of the map by
summing pixels within the arbitrarily shaped aperture multi-
plied by this PSF correction factor. To estimate flux errors, we
follow the uncertainty in the CCD-based detector given by

2 2 2 2 2
O aper = Mpix Obg + (Up + Odak + O&)

—~ 2 2
~ Opoot,sci + Uboot,err (])

for an aperture containing n,;, pixels, a background noise of

Opg (Which we estimate locally), a CCD with shot noise o, and
further error terms from dark current (o4,4) and readout (o).
We bootstrap the sky noise (Opoorsci) and detector level
uncertainties (Opooterr) DY projecting the science map (after
source masking) and error/weight maps, respectively, through
the custom aperture randomly placed 1000 times within the
50" x 50” cutout. We combine these terms in quadrature for a
full representation of the flux uncertainty.

For consistency we test the diver photometry on targets
with simple morphologies (compact sources) by comparing
against photometric extraction using SE/SE++. For these, the
fluxes and flux errors measured with diver are generally
consistent with the aperture fluxes from SE/SE++ within
10 giver, but not within losg/sg++ < Ogiver- Most notably, the
multiwavelength fluxes from diver are far more consistent
between ground-based and JWST data given the expected
shape of the rising SEDs into the NIR. Our approach to PSF
corrections using the NIRCam light profile and convolutional
kernels from pypher grounds the multiwavelength photo-
metry estimator in the most accurate empirical model available.
One caveat is that this technique assumes that the F277W or
F444W light profile is a good model across the full optical/
near-IR spectrum, which may or may not be the case; however,
it does seem to work well for the purposes of estimating
aperture corrections.

Figure 2 shows, for one source, the JWST/NIRCam red-
green-blue (RGB) from the COSMOS-Web bands alongside
cutouts for most but not all of the optical/near-IR data for
which we measure flux densities. We also highlight a system
with complex morphology for which diver is exceptionally
well suited for measuring optimal flux densities.

5.2. X-Rays

We check for X-ray detections of our sources in the Chandra
COSMOS Legacy Survey (F. Civano et al. 2016; S. Marchesi
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et al. 2016). There are 18 SNR > 5 X-ray counterparts to
galaxies in SCUBADive with median (£16th—84th percentiles)
log Ly jorev/(erg s™) = 43.9703. We check for 30—50
detections at the positions of SCUBADive galaxies not found
in the X-ray catalogs and find marginal detections for a further
~20% of the sample.

5.3. Optical/Near-IR Aperture Photometry for NIRCam Point
Sources

A small subset of SCUBADive galaxies are dominated by
point-source components in NIRCam and/or MIRI. There are
seven such sources, for which we measure aperture photometry
using circular apertures of r = 0.5 and make the appropriate
PSF corrections. Through curve-of-growth analysis an r = 0.5
circular aperture was found to maximize the SNR.

All seven of the point-source-dominated SCUBADive
galaxies are detected in X-rays, which indicates the presence
of a heavily dust-obscured supermassive black hole. In extreme
cases a heavily obscured active galactic nucleus (AGN) can
contribute significantly to the FIR and submillimeter fluxes of
IR-luminous galaxies (J. McKinney et al. 2021). We leave a
careful analysis of such sources in SCUBADive to future
works, in part because better empirical constraint on the mid-
infrared continuum is needed to disentangle the contribution of
AGN to the SED.

5.4. Mid-IR/FIR, Submillimeter, and Radio Fluxes

For mid-IR up through radio fluxes we first check for >50
matches in existing catalogs within 1”7 of the ALMA dust
continuum centroid. We use S-COSMOS for Spitzer/MIPS
24 ym (66 matches; D. B. Sanders et al. 2007; E. Le Floc’h
et al. 2009), PEP and HERMES for Herschel PACS and SPIRE
(20 and 39 matches; D. Lutz et al. 2011; S. J. Oliver et al. 2012;
P. D. Hurley et al. 2017), and the VLA at 1.4 and 3 GHz (55
and 153 matches; E. Schinnerer et al. 2010; V. Smolci¢ et al.
2017b). For objects without matches to catalogs, we set the flux
density to that of the pixel containing our target and set the flux
uncertainty to that of the total mosaic and flag the data point as
an upper limit for the purposes of modeling. As implemented in
J. McKinney et al. (2023b), this can include flux contribution
from nearby sources in the Herschel/SPIRE bands, a limiting
uncertainty that we let propagate into our SED modeling.

As previously mentioned, 88 ALMA sources in our sample
belong to doublets where two ALMA sources contribute to the
SCUBA-2 flux. A further 27 sources belong to triplets where
three sources contribute to the SCUBA-2 flux and one
SCUBA-2 system is composed of four ALMA sources. We
take a simple approach to deblending the SCUBA-2 flux by
dividing the total among the ALMA sources proportional to the
ALMA flux ratios. Nearly two-thirds (56/88) of the multiples
have Band 7 870 um imaging and therefore directly constrain
the flux ratios contributing in SCUBA-2. For the other sources
we are assuming that the flux ratios at 1100—1200 gm and
850 um are equal. This only falls apart if (a) the targets have
very different redshifts or dust temperatures such that 850 ym
probes the cold dust SED peak in one while 1.1 mm remains
along the Rayleigh—Jeans (RJ) tail in its companion, (b) the
submillimeter spectral index [ varies dramatically source to
source, and/or (c) the observations resolve out emission
disproportionately. The standard deviation among 3 measured
for Sgs0 > 5 mJy SMGs is <20% (E. da Cunha et al. 2021;
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Figure 2. An example of one SCUBADive source in COSMOS-Web and the multiwavelength data we analyze with diver. Top: 5” x 5” cutouts from
COSMO0S2020, JWST/COSMOS-Web, ALMA, and the VLA. Bottom left: the optical-through-radio SED, with photometry in blue and the best-fit model in black,
and its corresponding best-fit parameters. Bottom right: B = F115W + F150W, G = F277W, R = F444W image of the source AZTECC112_0. Our custom aperture is

shown in blue, which we use in the optical through NIR photometry.

0. R. Cooper et al. 2022), which makes this an unlikely source
of systematic error in deblending SCUBA-2 emission. No
SCUBADive source has zphe > 6, beyond which redshift
differences would lead to different sampling on and off the RJ
tail. Moreover, the cold dust temperatures of submillimeter-
detected galaxies appear not to systematically evolve with
redshift out to z ~ 2 (P. M. Drew & C. M. Casey 2022);
however, there is some debate as to how this trend extrapolates
to higher redshifts (C. Schreiber et al. 2018; L. Liang et al.
2019; M. P. Viero et al. 2022; L. Sommovigo et al. 2022;
H. S. B. Algera et al. 2024), and of course, individual sources
can deviate from these trends because of recent starbursts and/
or growing supermassive black holes (A. Kirkpatrick et al.
2015). Thus, the cold dust temperature uncertainties constitute
a systematic on deblending that only robust FIR SED coverage
sampling the peak of the dust continuum can overcome.

6. Derived Quantities
6.1. Spectroscopic Redshifts

We compile spectroscopic redshifts from optical, NIR, and
submillimeter/radio spectra for our sources where possible using
matches reported in the following: AS2COSPEC (C.-C. Chen
et al. 2022b), S. Jin et al. (2019, 2024), B. Horowitz et al. (2022),
G. Hasinger et al. (2018), E. A. Shah et al. (2020), F. Valentino
et al. (2020), J. S. Kartaltepe et al. (2015), D. Kashino
et al. (2019), J. P. Stott et al. (2016), MAGIC (B. Epinat et al.
2024), C. M. Casey et al. (2019), M. Onodera et al. (2015),

M. Kriek et al. (2015), QUAIA (K. Storey-Fisher et al. 2024),
J. K. Krogager et al. (2014), hCOSMOS (I. Damjanov
et al. 2018), zCOSMOS (S. J. Lilly et al. 2007), and zFIRE
(T. Nanayakkara et al. 2016). Most of these matches were
compiled as part of the latest update to the spectroscopic redshift
compilation of all surveys and published redshifts in the
COSMOS field (A. A. Khostovan et al. 2025, in preparation).
In total we find spectroscopic redshifts for 59 of the 289 galaxies
in our sample, with a median zg.. = 2.5 and 16th-84th
percentiles of Zgpe. = 2.4 and zgpe. = 3.9, respectively. The highest
spectroscopic redshift we include is zgpee = 5.850 for the well-
studied system “MAMBO-9” (C. M. Casey et al. 2019; S. Jin
et al. 2019). A majority (60%) of our z > 3 spec-z's are from
AS2COSPEC (Z. Chen et al. 2021), which uses Band 3 ALMA
scans to confirm redshifts of dusty galaxies with multiple
CO/[C1] detections. We also measure and report one new
Zepee > 5 from ALMA PID no. 2018.1.00874.S (PI: Oteo) for
AZTECCI129_0 at zgp.. = 5.0175, based on a detection of
CO (4-3) in our rereduction of this archival data set.

6.2. Spectral Energy Distribution Modeling

To derive physical properties across our sample and to
estimate photometric redshifts, we fit the multiwavelength
photometry listed in Table 1 independently with CIGALE
(M. Boquien et al. 2019). We assume the following constraints
on the model SEDs: a delayed star formation history with a
main stellar population of age 0.5—12 Gyr and an e-folding
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time € [30, 6000] Myr, combined with a late-stage burst 50
—300 Myr old. We assume a Chabrier IMF (G. Chabrier 2003),
solar metallicity, and a modified S. Charlot & S. M. Fall (2000)
attenuation curve o A\~7 with Ay € [0, 9]. We model the FIR
SED using templates from B. T. Draine & A. Li (2007) (as
updated in B. T. Draine et al. 2014) with gpay € [0.47, 4], a
minimum radiation field density U,;, € [5, 50], and
dU/dM o U'"? illuminating v = 1%—4% of the dust. We
let the redshifts vary between z = 0.5 and 7, and we assume a
flat prior, unless the target has a spectroscopic redshift, in
which case we fix the redshift to zy,... Finally, we include a
radio power-law component constrained by our VLA 1.4 and
3 GHz data with a fixed slope of 0.8 and FIR /radio correlation
coefficient gg € [1.8, 2.6] to span the range of values common
among high-z, dusty star-forming galaxies (I. Delvecchio et al.
2021). For bands with nondetections we let the models
fit the photometry measured through the aperture =+ the lo
uncertainty. These model and fitting assumptions are successful
in reproducing the SEDs of high-redshift, dusty star-forming
galaxies as demonstrated by F. Gentile et al. (2024), who also
show that they yield results consistent with other modeling
codes such as magphys (E. da Cunha et al. 2008, 2015;
A. J. Battisti et al. 2019), specifically developed for dust-
obscured galaxies. We also fit our targets with magphys and
discuss systematic differences where relevant.

As mentioned in Section 5.3, seven sources have point-like
morphologies and X-ray detections indicating that their
optical/NIR light might be dominated by an AGN. Out of
the remaining sources, ~10% have cataloged X-ray detections
from F. Civano et al. (2016) and S. Marchesi et al. (2016). This
is consistent with X-ray detection statistics among SMGs from
works using much deeper X-ray data than COSMOS (e.g.,
S. X. Wang et al. 2013), which also find minimal contribution
of AGN to the SED. For these reasons we do not believe that
AGN are a systematic source of contamination in this sample.
Nevertheless, we omit the seven strong X-ray sources with a
NIRCam/F444W point-source profile from our population
analysis on the stellar masses.

We run the model fits once including all multiwavelength
data and then again fitting only to the optical/near-IR
photometry up to ~8 um in MIRI/F770W and/or IRAC
8 um. The full multiwavelength fit is used when estimating and
reporting derived quantities, but we compare against the
optical /near-IR  fits to assess systematics imposed by
CIGALE’s energy balance, with particular attention to derived
redshifts and stellar masses that are most susceptible to the
inclusion of a direct constraint on the dust. As shown in
Figure 3, photometric redshifts derived purely from the optical/
NIR data are generally lower than those derived from fitting the
full multiwavelength SED by ~10%—30%. We find that z,p
does a better job of recovering spectroscopic redshifts as shown
in Figure 3 because of added SED degeneracies in the FIR.
Therefore, we adopt zop as the fiducial photometric redshifts
for our sample in the absence of zy,e.. For all other derived
quantities we adopt the results from a full multiwavelength fit
(with redshifts fixed to zop) including direct constraint on the
dust in the FIR and submillimeter. Table 2 lists the redshifts,
stellar masses, star formation rates, and Ay, we adopt in this
paper from our SED modeling.

As a consistency check on our model assumptions, we calculate
rest-frame H-band and K-band mass-to-light ratios from the model
SEDs, which reflect the stellar ages and star formation history
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Figure 3. A comparison of photometric redshifts derived using only the
optical/near-IR SED up to 8 yum (no FIR) vs. all the multiwavelength
photometry out to the radio (with FIR). Top: recovery of spectroscopic
redshifts expressed as the fractional deviation |Zpnor — Zspec| /(1 4 Zspec) for both
Zphot (N0 FIR; blue) and z,p (with FIR; tan), with binned medians shown as
dashed/dotted black lines. Fitting to only the optical/near-IR SED recovers
Zspec Within ~10% out to z = 6. Including the FIR data leads to, on average,
poorer recovery of zgpee to within - ~30%—40%. Bottom: direct comparison
between photometric solutions for zn, (no FIR) and zpne (With FIR). The
inclusion of FIR/submillimeter and radio data prefers photometric redshifts
that are on average ~30% higher.

(L. J. Hainline et al. 2011; M. J. Michatowski et al. 2014;
J. M. Simpson et al. 2014). From the CIGALE fits described
above we find log(My/Ly [Mo/L ® 1) = —0.33703] and
log(My/Lx [Mo/L ® 1) = —0.217035. The H-band mass-to-
light ratio we recover is ~0.2 dex less than the average among
ALESS SMGs derived from magphys in E. da Cunha et al.
(2015), as well as for AS2UDS SMGs in U. Dudzeviciaté et al.
(2020). To account for this artificial offset in mass tied to the
different modeling assumptions, and for a fair comparison against
the literature, we normalize our stellar masses from CIGALE to
the average H-band mass-to-light ratio of E. da Cunha et al.
(2015).
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Figure 4. JWST/NIRCam color-magnitude diagram in the F277W and
F444W filters for ~300,000 galaxies in the COSMOS-Web survey with
SNR > 10 (gray), the subset with no detection in F150W (pink), SCUBADive
(blue), and LRDs (red; H. B. Akins et al. 2024). The dashed black line outlines
a typical color-magnitude wedge used to select HST-dark z 2 3 dusty galaxies
(e.g., L. Barrufet et al. 2023). SMGs exhibit a redder F277W — F444W color
than ~95% of all sources in COSMOS-Web, and the z > 3 SCUBADive
subset preferentially has F444W > 23 mag and F277W — F444W > 0.6. The
reddest SMGs in SCUBADive also overlap with the domain of LRDs, but they
do not qualify for the compactness criterion that reflects LRD point-source
morphologies (H. B. Akins et al. 2024). There are 480 F150W dropouts in
COSMOS-Web that fall within the high-z, dusty galaxy selection wedge (black
dashed line) and do not belong to either the SCUBADive/SMG or LRD
samples. These F150W-dropout, red galaxies may represent less extreme
counterparts to the SMGs and LRDs in terms of their stellar masses, Ay, and
specific star formation rates.

7. Results
7.1. JWST Photometry and NIRCam Colors

Figure 4 shows the NIRCam F277W and F444W color—
magnitude space spanned by our sample. SCUBADive SMGs
have NIRCam [F444W] < 26.5, in good agreement with
predictions from C. d. P. Lagos et al. (2020) and the SHARK
semianalytic model. In these filters, SCUBADive galaxies are
redder than 95% of all other sources in COSMOS-Web, and the
F444W magnitude correlates with the [F277W] — [F444W]
color such that fainter sources are redder, consistent with higher
redshifts and Ay. Out of the total sample containing 289 galaxies,
157 (54%) are not detected in NIRCam/F115W at SNR > 5,
and 78 (27%) are not detected in NIRCam/F150W at SNR > 5,
which are explored in detail in S. M. Manning et al. (2025, in
preparation). Considering an SNR > 3 threshold, these detection
statistics change to 115 (40%) and 60 (21%) for F115W and
F150W, respectively. The nondetection rate in FIS0W ( <50) is
very similar to the fraction of SMGs that historically have not
had optical counterparts or are described as “optically dark”
(J. L. Wardlow et al. 2011; J. M. Simpson et al. 2014; M. Franco
et al. 2018; U. Dudzeviciaté et al. 2020), even though the
NIRCam/F115W depth is much deeper than the UltraVISTA
data at the same wavelength. In SCUBADive these galaxies
have (log M /M) ~ 11, (z) = 3.3, and (Ay) = 3.5. There are
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Table 2

Table Contents for Derived Physical Properties in SCUBADive
Column Units Description
id Source ID
ra degrees R.A. J2000
dec degrees decl. J2000
z_opt OIR photo-z
z full With FIR photo-z
z_spec Spec-z
logmstr M., log stellar mass
sfr M yr™! log SFR
Av mag Attenuation

Note. This table is published in its entirety including in machine-readable
format. We include 1o uncertainties on derived quantities using the appropriate
column names appended by err.

(This table is available in its entirety in machine-readable form in the online
article.)

thousands of COSMOS-Web sources with F277W — F444W >
0.5 and no F150W detection, which may also represent z > 3
dust-obscured star-forming galaxies (L. Barrufet et al. 2023; see
also E. Gammon et al. 2025, in preparation). Only nine sources
have SNR < 5 in NIRCam/F277W, one of which is MAMBO-9
at z = 5.850 (C. M. Casey et al. 2019), hinting at a rare
population of massive and dusty galaxies very faint at 2.7 pm.

A handful of SMGs in SCUBADive exhibit unusual colors.
Most are red in [F277W] — [F444W] between 0.5 and 1.5
mag with [F444W] = 20—24 mag, but a small subset (N = 12)
with [F277W] — [F444W] > 1.5, z = 3.5-5, log My/M;, =
11.1 — 12.3, and Sgs0 = 3—6 mlJy overlap with the NIRCam
LW colors of so-called “little red dots” (LRDs). However, the
SCUBADive galaxies in this parameter space do not have blue
SW slopes, nor do they have 40%—70% of their flux within 02,
which is an important compactness criterion for LRD selection
(H. B. Akins et al. 2024; see also F. Gentile et al. 2025, in
preparation, for discussion of “not so little red dots”).

Among the bluer sources in the NIRCam LW bands, 12
SCUBADive galaxies have [F277W] — [F444W] < 0.3 mag,
two of which have z ~ 1 and low star formation rates
~50M, yr! relative to the typical range of SMGs (E. da Cunha
et al. 2015). One source in our sample, J10004+0234_1, is
unusually blue with [F277TW] — [F444W] ~ 0. As previously
mentioned, this source resides within an overdensity at z = 4.54.
M. Solimano et al. (2024) conduct a NIRSpec/IFU analysis of
this source and find very strong [O 1] A5007 with equivalent
width >1000 A that must contribute significantly to its F277W
photometry, hence the very blue [F277W] — [F444W] color (e.g.,
J. McKinney et al. 2023a). The two bluest sources with
[F277TW] — [F444W] = —0.59 mag make up a foreground
galaxy (AS2COS0005.2, z = 0.5) and lensed galaxy
(AS2CO0S0005.1, z = 2.6) pair. Given the spatial extent of the
foreground source, there is likely significant contamination to the
background object's NIRCam photometry.

7.2. NIRCam Morphology

A major advantage of JWST, in addition to its sensitivity, is
its unprecedented spatial resolution in the NIR probing the rest-
frame optical emission in galaxies at high z. This has enabled
recent studies into the substructures of heavily dust-obscured
galaxies. W. Rujopakarn et al. (2023) identify stellar
substructure in one z = 2.696 star-forming galaxy with ALMA
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and JWST. Y. Wu et al. (2023) identify spiral arms in an SMG
at z = 3.059 using NIRCam, and both C.-C. Chen et al. (2022a)
and C. Cheng et al. (2022) identify compact reddened
substructures in NIRCam maps of several SMGs at z ~ 2 with
hints of spiral arms and stellar bars. J. A. Hodge et al. (2024)
find that the surface density of dust continuum and red
NIRCam colors correlate on kiloparsec scales, reinforcing the
origin of their red colors in dust obscuration rather than older
stellar populations. In an analysis of 80 SMGs S. Gillman et al.
(2024) find lower Sérsic indices than less active galaxies of
comparable redshift and specific star formation rate, which may
indicate lower-mass black holes, lower dynamical stability, and
therefore an increase in secular and /or minor merger triggering
of star formation in the SMGs.

The Appendix contains the RGB postage stamps for our
sample. We visually classify galaxies using uniformly scaled
RGBs with two classifiers (JM, CS). We identify 50 £ 7
(17% =+ 4%) SMGs with disturbed morphologies, evidence of
an ongoing or recent major merger. This occurrence of mergers
is consistent with the morphology analysis of S. Gillman et al.
(2024). A further 32 + 5 (11% £ 3%) SMGs exhibit spiral
arms, and 23 £ 6 SMGs (8% =+ 3%) show evidence for
stellar bars. The remaining sources are either compact and
smooth ( ~40%) or clumpy ( ~20%). We investigate the
candidate stellar bars further by subtracting out a 2D Sérsic
profile fit to the central bulge emission in F444W to reveal
underlying structure and also by modeling the radial profile
with a series of 2D ellipsoids as described in Y. Guo et al.
(2023). This corroborates the evidence for 10 bars and leaves
the rest as candidates.** The barred structures of SCUBADive
sources will be explored in further detail in future works (C.
Silva et al. 2025, in preparation). For now, we show in Figure 5
examples of stellar bars in SMGs, including one source at
z = 3.4 £ 1.3 that if verified would be the highest-redshift
stellar bar detected to date. I. Smail et al. (2023) also report a
candidate stellar bar in a z = 4.26 SMG, suggesting that
massive and obscured sources may be sites of early bar onset.
One interesting source to note is z23_10_0, which has clear
spiral arms and a point-source F444W component in the
nucleus. After subtracting a point-source model, there is
tentative evidence for a stellar bar, suggesting that gas can
still feed a central AGN despite the resonance trapping imposed
by bars. The fact that (1) the fraction of SMGs exhibiting bars
and/or spirals is about equal to those exhibiting disturbed
morphologies and (2) most SMGs have smooth morphologies
means that major mergers cannot be invoked to fully explain
the submillimeter-bright starburst phase (P. F. Hopkins et al.
2008) and that in situ mechanisms for extreme gas compaction
are certainly at work (J. A. Hodge et al. 2016). This is
consistent with S. Gillman et al. (2024) and also the results of
submillimeter imaging that find a high incidence of disklike
morphologies in SMGs (L. L. Cowie et al. 2018; B. Gullberg
et al. 2019; J. A. Hodge & E. da Cunha 2020).

7.3. Redshifts

The redshift distribution of SMGs has been the focus of
many works dating back to the earliest spectroscopic follow-up
campaigns at optical (S. C. Chapman et al. 2003, 2005) and

42 (1) Maximum ellipticity e > 0.25 along the bar with constant position angle,
and (2) a drop in ellipticity of 0.1 or more combined with >10° position angle
change over the transition from the bar-dominated region to the outer disk. See
also S. Jogee et al. (2004) and 1. Marinova & S. Jogee (2007).

10

McKinney et al.

radio (A. WeiB et al. 2009) wavelengths. Among SMGs with
Sgso =, 1 mJy the field has mostly converged (z) ~ 2.5, with
lower and upper quartiles of z = 1.8 and z = 3.4, respectively
(e.g., E. da Cunha et al. 2015; D. Brisbin et al. 2017,
J. M. Simpson et al. 2019; U. Dudzeviciuté et al. 2020). As
shown in Figure 6, we recover this range with a median z = 2.6
and lower/upper quartiles spanning z = 1.6—3.5. However, a
subset of SMGs with no optical counterparts (prior to JWST)
have had highly unconstrained redshifts (C. M. Casey et al.
2018; M. Franco et al. 2018). ALMA follow-up has revealed
that they overwhelmingly have zspec 2 3 (Z. Chen et al. 2021),
but such confirmation usually requires >1 hr per source to
complete a full Band 3 scan. With JWST we can now derive
well-constrained photometric redshifts for sources that have not
been detected by prior ground- and space-based maps. For the
SCUBADive sources with no counterparts in COSMOS2020
(i.e., having lacked a secure optical source until now) we find a
median z and upper/lower quartiles of (z) = 3.17}3, with 26%
having z > 4. Remarkably, the fraction of sources with no prior
optical /near-IR counterpart before JWST is ~20% between
1 < z < 3 (Figure 6(b)). These galaxies have Ay € [1, 4] with
(Ay) = 2 and (logM,/My) = 11.3, demonstrating that even
massive systems at lower redshift have eluded optical detection
because of their dust attenuation. At z > 4 the fraction of
sources with no prior optical/near-IR counterpart grows
to 75%.

7.4. Stellar Masses

Due to their high attenuation and likely stochastic star
formation histories, the stellar mass distribution of SMGs has
been difficult to assess and impossible to measure for the
~30% of SMGs that have had no optical counterpart prior to
JWST. In fact, the stellar masses among the same samples of
highly dust-obscured galaxies can change by up to an order of
magnitude depending on assumptions and the available data
(L. J. Hainline et al. 2011; M. J. Michatowski et al. 2012). Here
we report the stellar mass statistics measured for our sample
and compare to previous works in the literature. Note that in
this section (and throughout the rest of this work) we consider
the stellar masses after applying the mass-to-light ratio
correction factor discussed in Section 6.2.

The median stellar mass in our sample is log My/M =
11.172 and spans the range logMy/M, = 9-122. The
average lo stellar mass uncertainty from our model fits is
0.07f8j(1)}‘ dex, which is less than the 0.1 dex systematic variance
of stellar masses from the choice of star formation history (e.g.,
A. C. Carnall et al. 2019). Our median mass is greater than that
of canonical analyses of SMGs by ~0.2 dex (e.g., C. Borys
et al. 2005; L. J. Hainline et al. 2011; M. J. Michatowski et al.
2012). More recently, ALMA has been used to identify
counterparts to SMGs in deep NIR maps and HST images,
which have led to revised stellar mass measures. As shown in
Figure 7, the stellar mass distribution of SCUBAD:ive is fully
consistent with AS2UDS SMGs from U. Dudzevidiuté et al.
(2020), which were constrained primarily with K-band and
IRAC 3.6 um maps with 30 depths of 25.7 and 23.5 mag,
respectively. The SCUBADive stellar masses are generally
consistent with those found for SMGs in the ALESS sample
(E. da Cunha et al. 2015), but the median of SCUBADive is 0.3
dex greater than that of ALESS.

Figure 8 shows the change in derived stellar mass for
SCUBADive under three different model/data combinations.
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Figure 5. F444W cutouts for SCUBADive sources exhibiting candidate stellar
bars, with Sérsic-subtracted F444W maps on the right to reveal the bar and
spiral arm structures. In the bottom row we show an SMG hosting a nuclear
point source in F444W with a residual also revealing a candidate stellar bar.

First, we compare the masses from the COSMOS2020
FARMER catalog (J. R. Weaver et al. 2022) and our updated
masses that include the JWST constraint. There is no
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systematic offset between these cases; however, sources with
masses in COSMOS2020 >0.5 dex away from our derivations
were previously fit by models that assumed no dust (Ay ~ 0)
and underestimated the redshifts by 1.2 on average, with 50%
having (zc2020 — ZscuBabpive) < —2. In total, 66 (23%) of the
SCUBADive galaxies were significantly misclassified with
respect to their stellar mass, Ay, and redshift. The most extreme
cases correspond to SMGs misidentified as z = 0.6—0.8 dwarf
galaxies (N = 23, 8%) and z ~ 0—5 post-starburst/quiescent
galaxies (N = 14, 5%) with SFR/M,, < 10~ '®yr~"'. This is
unlikely to drastically impact the number density of either
interloper population, but it represents a significant fraction of
the SMG sample. Figure 8 also compares the stellar masses we
estimate using CIGALE versus magphys, which on average
agree with with one another as expected given the M, /Ly
correction we implement for consistency with E. da Cunha
et al. (2015). The ~0.3 dex scatter in CIGALE versus
magphys stellar masses could arise from the internal treatment
of attenuation (R. Uematsu et al. 2024, Appendix D), but it
most likely reflects lingering effects of the star formation
history assumptions between the two models: although we
normalize to the mean M, /Ly of E. da Cunha et al. (2015),
both their work and ours exhibit a 10M,. /Ly of 0.2—0.4 dex.
Finally, we also rerun the SED fits leaving out MIRI/F770W
where available to test how the reddest SED sampling from
JWST systematically changes our results. On average the
masses do not change if the MIRI data are removed from the
fits, and the mass uncertainties only decrease by 1%—7% when
fitting includes MIRI/F770W.

7.5. Optical Attenuation

In Figure 9 we show the distribution in Ay as a function of
total stellar mass and redshift. SCUBADive has (Ay) = 2.6},
which overlaps with the attenuation inferred among SMGs
from ALESS (E. da Cunha et al. 2015), as well as the HST-
dark NIRCam-selected galaxy sample from L. Barrufet et al.
(2023, 2024) that exhibits comparable A, at ~2dex lower
stellar mass. These samples of dust-obscured galaxies all
exhibit higher Ay for fixed stellar mass than the more normal
sample of z ~ 1—4 galaxies from MOSDEF (M. Kriek et al.
2015; N. A. Reddy et al. 2015; L. Shivaei et al. 2015). Galaxies
without a prior counterpart in COSMOS2020 have
(Ay) = 3.0720, ~25% greater than the median of those with
a match in COSMOS2020, and the faintest subset of
SCUBADive in F444W with [F444W] > 24 mag has
(Ay) = 4%} and tends to have z > 3 as shown in Figure 9
(right). While these A, measurements are likely uncertain to
~20% with only four NIRCam bands (see J. McKinney et al.
2023b), the submillimeter constraint from SCUBA-2 and
ALMA reduces systematic uncertainty pertaining to less
obscured solutions. Furthermore, L. Barrufet et al. (2024)
confirm with NIRSpec the high Ay > 2 for HST-dark galaxies,
a likely less extreme population having lower Ay than sources
in this work for lack of submillimeter counterparts. The
optically faint subset (less than four detections in optical /near-
IR photometric bands) of ALESS has (Ay) = 2.9703. The
added constraint by JWST aids in robustly identifying SMGs
with higher Ay and higher redshift but that still exhibit the high
stellar masses and star formation rates common among SMGs
in general.
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Figure 6. Redshift distributions. (a) The redshift histogram for all of SCUBADive (black), sources that have counterparts in COSMOS2020 (blue), and the “new”
OIR-dark subset with no prior counterparts (purple). In panel (b) we show the fraction of NIR-dark sources in SCUBADive between z = 0 and 6, which grows from an
average of 20% £ 10% at 1 < z < 4 to nearly 100% at z > 4. In panel (c) we compare the SCUBADive cumulative redshift distribution function against large analyses
of SMGs: AS2COSMOS (J. M. Simpson et al. 2020), AS2UDS (U. Dudzeviciaté et al. 2020), and D. Brisbin et al. (2017). SCUBADive is consistent with these prior

works, and the OIR-dark subset is biased toward higher redshifts.
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8. Discussion
8.1. The Volume Density of SMGs

Most SMGs have z ~ 1-3 with an average of z ~ 2.5
(S. C. Chapman et al. 2005; F. Walter et al. 2012; E. da Cunha
et al. 2015; D. Brisbin et al. 2017; U. Dudzeviciiité et al.
2020; J. M. Simpson et al. 2020) and a high-end tail at 7 > 3—4
associated with those lacking optical counterparts (e.g., M. Franco
et al. 2018; C. C. Williams et al. 2019; S. M. Manning et al.
2022). The z > 3 subset of the SMG population has been of
growing interest as (a) models of dust formation in the early
Universe demonstrate how difficult creating early dust reservoirs
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Figure 8. The difference in stellar masses derived for our sample under various
modeling assumptions and data inclusion. Our fiducial stellar mass (M ga)
refers to the CIGALE fits outlined in Section 6.2 normalized to the H-band
mass-to-light ratio (E. da Cunha et al. 2015). We show the change in M, with
and without the inclusion of JWST data by comparing against derived stellar
masses from the COSMOS2020 FARMER catalog (J. R. Weaver et al. 2022;
blue circles). We also compare against M, inferred from leaving out the
JWST/MIRI data from our fits (black) and when using the magphys SED
fitting code (orange). The solid lines show the average change in stellar mass
for each modeling approach, which are all within 0.08 dex of zero. There is no
statistically significant correlation between the mass offset when leaving out
JWST data and the total stellar mass as measured by JWST with a Pearson
correlation coefficient r, and p-value of r, = —0.21 £ 0.04 and
p = 0.03 £ 0.03. Note that the number of sources in each mass comparison
group is not the same because only 94 have MIRI fluxes and 81 lack
COSMOS2020 counterparts. We have cropped the y-axis to avoid showing the
5% of sources misclassified as z < 1 dwarf galaxies as discussed in Section 7.4.

might be (C. Gall et al. 2011; G. Popping et al. 2017) and (b) they
are good progenitor candidates for the emergent z ~ 3 quiescent
galaxy population (S. Toft et al. 2014; A. S. Long et al. 2023).
In both regards, the volume-averaged number density of SMGs
is a key measurable that models must reproduce, as it captures
the formation history, source density, and duty cycle of z >
3 SMGs. Prior to JWST the volume density of z > 3 SMGs
exhibited over 1dex in scatter owing to small survey volumes,
small number statistics, and highly uncertain photometric redshifts
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Figure 9. Stellar optical attenuation Ay vs. total stellar mass (left) and redshift (right). SCUBADive is shown in blue compared to normal z ~ 1—3 galaxies from
MOSDEF (green contours; M. Kriek et al. 2015; N. A. Reddy et al. 2015; I. Shivaei et al. 2015), ALESS SMGs (black contours; E. da Cunha et al. 2015), and the
HST-dark sample of L. Barrufet et al. (2023, 2024) as red diamonds. Black crosses indicate SCUBADive sources with [F444W] > 24 mag.

(J. A. Zavala et al. 2021; A. S. Long et al. 2023). Programs like
AS2COSPEC (Z. Chen et al. 2021) are making significant
progress in this regime, with 52 spectroscopic redshifts for
z > 2 SMGs in COSMOS; howeyver, spectroscopic follow-up with
ALMA is time expensive. Given the significant photometric
redshift constraint added by JWST on optically faint sources
coupled to the wide area of COSMOS-Web as compared to other
JWST extragalactic fields, SCUBADive is well suited to constrain
the z > 3 volume density of SMGs at high precision.

Figure 10 shows the volume density of SCUBADive SMGs
with log(My/Mg) > 10'° and Sgso > 2 mJy between z = 1 and
6 assuming redshift bins of Az = 1. We restrict our volume
density measurement to SCUBADive sources with deblended
Sgso > 2mly (87% of total) for completeness reasons. The
error bars capture cosmic variance uncertainty, the ~/N Poisson
uncertainty, and the photometric redshift uncertainty, which we
fold in by bootstrapping the measurement using 1000 iterations
of the sample's redshifts perturbed by their 1o uncertainties.
There are 487 SMGs in the COSMOS-Web area that do not
have a secure JWST/NIRCam counterpart for lack of ALMA
data. We have corrected for this by scaling the counts in each
redshift bin assuming that the SCUBADive redshift posterior
applies to the unmatched SMGs. We also correct for the
completeness of the SCUBA-2 map, which can be as low as
50% around the SNR limit of the S2COSMOS catalog
(J. M. Simpson et al. 2019). A total of 44% of SCUBADive
sources correspond to SCUBA-2 sources with Sgso > 6.4 mly,
where the average completeness of the S2COSMOS map is
>90% (J. M. Simpson et al. 2019). We estimate a completeness
correction factor from the range of SCUBA-2 850 ym flux
densities in SCUBADive and the completeness function of
J. M. Simpson et al. (2019). On average, this increases the
volume density by 0.2 dex at most, and it is worth noting that
COSMOS-Web overlaps with the deepest portion of the
SCUBA-2 map. Table 3 lists the SCUBADive volume density.

Volume density measurements must be accompanied by
proper estimates on their uncertainties attributed to cosmic
variance: variation in observed source counts attributable to
large-scale density fluctuations (B. P. Moster et al. 2011). This
is especially true when discussing favored models and those
ruled out by the observations (M. Trenti & M. Stiavelli 2008),
and it certainly factors into the ~2 dex range in reported
volume densities on z > 3 SMGs found in the literature.
More often than not the error bars quoted on volume densities
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Figure 10. The volume density of dusty star-forming galaxies inferred from
SCUBADive (blue circles) out to z = 6 in bins of redshift with Az = 1. We
compare to the semianalytic model predictions of SHARK (gray solid line;
C. d. P. Lagos et al. 2019, 2020) and SIDES (gray dashed line; M. Béthermin
et al. 2017), as well as results from the 0.16 deg? 2 mm blank field EXMORA
(purple; A. S. Long et al. 2024). The dashed blue line represents the maximal
volume density allowed by the completeness of S2COSMOS (J. M. Simpson
et al. 2019), and the shaded gray region corresponds to the limit of one source
per bin over the COSMOS-Web area. The top panel shows the cosmic variance
uncertainty inherent to volume densities by their survey area, assuming bins in
redshift of Az = 1, stellar masses >10'° M, and following the formalism in
B. P. Moster et al. (2011). We show the 1o cosmic variance for a 0.54 deg2
field (e.g., COSMOS-Web) and a 0.16 deg2 field (e.g., CEERS, EXMORA).
Uniform selection over large areas like COSMOS-Web is critical for
overcoming the limitations of cosmic variance and for discriminating between
galaxy formation models at z 2 3.

only reflect the Poisson statistics of the sample. Here we outline
our method for calculating the volume density uncertainty
from cosmic variance, which follows the formalism developed
by B. P. Moster et al. (2011; see their Section 3.4). First,
we start with the dark matter root cosmic variance (ogp,)
reported by B. P. Moster et al. (2011) for the COSMOS field
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Table 3
SCUBADive Volume Density over COSMOS-Web for SCUBA-2 Sources
with Sgso > 2 mlJy, and the Relevant Error Terms from Poisson Noise (o,,),
Cosmic Variance (ocy), and Redshift Uncertainties (o)

z log(n/Mpc?) op Ocv 0
l<z<2 —4.68 £ 0.15 0.06 0.06 0.13
2<z<3 —4.35 £ 0.16 0.04 0.08 0.13
3<z<4 —4.51 £0.17 0.05 0.12 0.11
4<z<5 —5.00 £ 0.23 0.09 0.18 0.11
5<z<6 —5.50 £ 0.34 0.18 0.25 0.15

Note. These table values have not been corrected for the incompleteness of the
parent SCUBA-2 map, which could increase the volume density by 0.2 dex on
average in each redshift bin. They have been corrected for the SCUBADive
sampling of S2COSMOS SMGs over COSMOS-Web.

(7045 arcminz). We next scale this to the area of COSMOS-
Web (1944 arcmin2) by interpolating between oy, reported for
the UDF, GOODS, GEMS, EGS, and COSMOS in
B. P. Moster et al. (2011). Next, we calculate the galaxy bias
b(my, 7) for the stellar mass range in our sample
(>10'0° M. /M,; see Figure 7) and at the center of each
redshift bin (Z), where we calculate a volume density. The bias
ranges from 2 at z = 1 to 22 at z = 5. We next compute the root
cosmic variance for galaxies ocy = b(my, 2)0um (2, Az =
0.2)/0.2/Az. The last term is there to match the redshift bin
widths we adopt of Az = 1. For comparison we also calculate
the galaxy root cosmic variance assuming a field area of
700 arcmin® to compare against surveys like CEERS in the
EGS and ExXMORA in COSMOS. For the COSMOS-Web area
and a redshift bin width of Az = 1 we estimate oy for SMGs
tobe0.12dexat3 <z<4,0.18dex at4 < z < 5, and 0.25 dex
at 5 < z < 6. For a 700% arcmin area the root cosmic variance at
z > 3 is ~0.3 dex greater in each bin, highlighting the
importance of wide fields when studying the volume densities
of massive sources like SMGs.

For a comparison against semianalytic model predictions we
follow A. S. Long et al. (2023; see their Section 4.4) in
extracting mock samples of actively star-forming galaxies with
log My/M;, > 10.5 and log Lig/L. > 11 from SHARK
(C. d. P. Lagos et al. 2019, 2020), which does a good job
matching 850 ym number counts, and SIDES (M. Béthermin
et al. 2017), which successfully reproduces the number counts
of Herschel/PACS and SPIRE maps. The SCUBADive
volume densities are in good agreement with SHARK at
z < 3, but accounting for completeness in S2COSMOS could
favor SIDES. At z > 3 the SCUBADive volume density is 0.3
—0.4 dex above SHARK and ~0.5 dex below SIDES. A major
conclusion of SHARK is that Sgso > 2 mJy SMGs contribute
negligibly to the volume-averaged star formation rate density at
z > 3, which the SCUBADive measurements challenge by
allowing for a ~3x greater SMG volume density at z > 3
after accounting for incompleteness. This enhancement is
exacerbated by the fact that an 850 pm selection on the highest-
redshift, dusty star-forming galaxies might yield a subdominant
population to those more efficiently selected at 2 mm (e.g.,
C. M. Casey et al. 2021; J. A. Zavala et al. 2021; O. R. Cooper
etal. 2022; A. S. Long et al. 2024). Indeed, we compare against
the ExXMORA 2 mm blind survey over COSMOS from
A. S. Long et al. (2024), which falls between the SHARK
and SIDES models at z > 5. Combined with SCUBADive, the
data do not rule out Sgs0 > 2 mlJy SMGs as potentially
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important contributors to the star formation rate density at z > 3
if they are confirmed to be ~1 dex more numerous than the
SHARK semianalytic model.

8.2. Selecting High-redshift Dusty Star-forming Galaxies with
JWST Alone?

SCUBADive being a verified high-redshift, dusty star-
forming galaxy sample matched to NIRCam and MIRI
counterparts allows for tests on selection methods using JWST
alone. These are of interest for subsets of high-z dusty galaxies
that may harbor significant dust reservoirs but are not detected
in wide-field SCUBA-2 submillimeter maps.

In SCUBADive there are 82 (28%) sources that satisfy the
HST-dark selection criterion for massive, high-redshift, and
obscured galaxies from L. Barrufet et al. (2023) and R. Gottu-
mukkala et al. (2024): [F160W] — [F444W] > 2.3. This
subset of SCUBADive indeed consists of the highest-redshift
members; however, it misses 44 (75%) z > 3 SCUBADive
galaxies and 9 (32%) with z > 4.

Figure 11 shows a zoom-in to the F277W and F444W color—
magnitude space also shown in Figure 4, but now highlighting
the domain of z > 3 SMGs. We find that the following color
and magnitude cuts in the F277W and F444W filters encase
most of the high-z subset of SCUBADive with minimal
contamination of lower-redshift SMGs:

@) [F444W]> 21

[F277TW] — [F444W]> 0.4
[F444W]

(ii)
(iii) [F277W] — [F444W] > — 3.98.

We construct these color/magnitude cuts based on the limits
of z > 3 SCUBADive sources and because 46 of the 63 z > 3
SMGs in SCUBADive have SNR < 5 in F115W and 29 have
SNR < 5 in F150W. NIRCam/LW bands are best suited for
selecting z > 3 SMGs, in part due to their faint fluxes below
Aobs = 2 um. The colors of z > 3 SCUBADive SMGs are
consistent with z = 3—7 evolution in [F277W] — [F444W] and
[F444W] for template SEDs from ALESS at Ay >2 (E. da
Cunha et al. 2015). This selection may be useful for selecting
z > 3 candidates, but ultimately spectroscopic follow-up is
needed. Indeed, 70 SCUBADive galaxies with z,,¢ < 3 fall
within the color/magnitude selection, but this is a strong
function of the adopted lower [F444W] limit, falling to 18 low-
Z SMGs for [F444W] >22 and 2 with [F444W] > 23.

While the above selection wedge encases all but one of the
z > 3 SMGs in SCUBADive, it does not exclusively capture
this population. Galaxies of similar color can include LRDs,
but these are point sources and can therefore be morphologi-
cally separated from SMGs (V. Kokorev et al. 2024). No
SCUBADive galaxy is exclusively a point source in NIRCam,
and none overlap with the sample of LRDs in COSMOS-Web
from H. B. Akins et al. (2024). Many host point-source profiles
in F444W, but always on top of other structure apparent in
F444W and the shorter NIRCam bands. Recently different
works using a selection function combining red JWST/
NIRCam colors with a lack of detection in HST bands have
uncovered a population of dust-obscured galaxies apparently
below the SMG limit on dust masses but with nonnegligible
dust obscuration (L. Barrufet et al. 2023; C. C. Williams et al.
2024). Based on spectroscopic follow-up of 24 objects, these
sources have z ~ 4—5, Ay > 2 mag, and log My/M; > 9.8
(L. Barrufet et al. 2024). Given the masses and attenuation
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Figure 11. Zoom-in on the faint and red subset of COSMOS-Web sources in
JWST/NIRCam's F277W and F444W color-magnitude space. In blue and
purple we show SCUBADive sources at z > 3 and z > 4, respectively. The
black solid line shows our color-magnitude wedge that encases z > 3
SCUBADive galaxies, some of which are missed by JWST-calibrated
selections on massive galaxies that exclude sources brighter than
F444W < 23 mag (black dashed line; L. Barrufet et al. e.g., 2023; R. Gottu-
mukkala et al. e.g., 2024). Gray circles within the solid black wedge represent
652 COSMOS-Web sources within the FWHM of a SCUBA-2 SMG from
S2COSMOS (J. M. Simpson et al. 2019) and not already in SCUBADive,
which, given the domain/range of both SCUBADive and z = 3—7 redshifted
SED tracks for Ay ~ 2, 3 and Ay > 3 ALESS SMGs from E. da Cunha et al.
(2015), are plausibly z > 3 dusty star-forming galaxies.

found among SCUBADive, these NIRCam-selected sources
could be a less massive, less extreme tail of the z > 3 SMG
population. Indeed, recent models suggest that z = 4-—5
galaxies harbor ~5x more dust-obscured star formation than
their z = 0—2 mass-matched counterparts (D. T. Zimmerman
et al. 2024), which supports a heterogeneous population of
z > 3 dust-obscured, star-forming galaxies, including the most
extreme SMGs. Ultimately, differential dust geometry across
an SMG can cause its optical/NIR colors to appear far less
extreme (e.g., J. H. Howell et al. 2010; C. M. Casey et al.
2014b; R. K. Cochrane et al. 2024); hence, an overlap in colors
with samples like those of L. Barrufet et al. (2023, 2024) and
R. Gottumukkala et al. (2024) is unsurprising.

In addition to the aforementioned confusion with other
galaxy populations, we should approach with caution NIRCam
selection of SMG counterparts without high-resolution inter-
ferometer follow-up. There are some cases where red NIRCam
colors can be a useful prior in predicting likely SMG
counterparts (e.g., S. Gillman et al. 2023), but the technique
is not guaranteed to select the true SMG. Discounting SMGs
resolved into two or three ALMA sources, 50% of SCUBAD-
ive galaxies are not the reddest NIRCam source within the
footprint of their SCUBA-2 detection, consistent with the
findings of S. Gillman et al. (2024). Indeed, within our
selection wedge in Figure 11 there are 652 NIRCam sources
that are also within the FWHM of the SCUBA-2 beam and
therefore plausible counterparts to the submillimeter emission.
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Of these, only 90 (14%) can be ruled out as SMGs given
overlap with the available ALMA data. Applying the z > 3
fraction in SCUBADive to the whole sample, there should be
157 z > 3 SMGs in S2COSMOS + COSMOS-Web yet to have
confirmed NIRCam counterparts. For these sources there are on
average four candidate JWST counterparts that occupy the red
and faint color space in Figure 11, highlighting the need for
ALMA, NOEMA, SMA, and/or VLA follow-up to isolate the
true optical counterparts to SMGs.

8.3. The Clustering of Sources around SMGs

Many works have proposed SMGs as signposts of overdense
environments with respect to the large-scale structure of the
Universe (D. L. Clements et al. 2014; H. Dannerbauer et al.
2014; C. M. Casey et al. 2015; D. L. Clements et al. 2016;
L. Flores-Cacho et al. 2016; C.-L. Hung et al. 2016; T. Wang
et al. 2016a; S. M. Stach et al. 2021; R. Calvi et al. 2023).
However, there is outstanding controversy on this issue (e.g.,
S. C. Chapman et al. 2009; T. B. Miller et al. 2015;
T. M. Cornish et al. 2024), and ultimately high-fidelity
redshifts are needed to leverage SMGs and their companions
to select (proto)cluster galaxy populations (T. B. Miller et al.
2015; C. C. Hayward et al. 2018; for a recent review, see
S. Alberts & A. Noble 2022). Given the improvement on
photometric redshifts with the added JWST data now available
for COSMOS-Web (C. M. Casey et al. 2023b), we conduct a
simple test on the overdensity around SCUBADive SMGs.

We construct a sample of candidate counterparts to
SCUBADive galaxies, i.e., possible physical associations, by
first searching COSMOS-Web for all NIRCam sources within
10" of a SCUBADiIve coordinate. This corresponds to a physical
search radius of approximately 100 kpc given the redshift range
of SCUBADive, covering ~30%—40% the virial radius of a
10"° M., halo within which SCUBADive sources likely fall
given their stellar masses (P. S. Behroozi et al. 2010). We then
only consider the candidate companion galaxies with photo-
metrically derived redshifts within 1o of the SCUBADive
source. While this is not the strictest method for removing
objects with chance alignment, it does reflect allowable
associations given the data at hand. In this manner we find
1870 candidate counterparts to SCUBADive galaxies corresp-
onding to 7 & 3 associations per source. For random points in
the field with the same redshift distribution we expect as many as
10 £ 4 per source based on Monte Carlo simulations drawn
from the catalog. Figure 12 shows the NIRCam SW
(F115W — F150W) versus LW (F277W — F444W) color—color
space occupied by both SCUBADive galaxies and their
candidate companions, which exhibit colors inconsistent with
the entirety of COSMOS-Web: candidate companions have, on
average, redder colors in both the SW and LW bands by 0.15
and 0.3 dex, respectively, and the blue peak in F277W — F444W
at —0.7 mag found for all of COSMOS-Web is not pronounced
in the companion distribution. Figure 13 shows the two-point
correlation function for the candidate companions, which we
compute using astroML (J. VanderPlas et al. 2012; Z. Ivezié
et al. 2020).

To assess the statistical significance of clustering around
SCUBADive sources, we create a series of test samples
containing 289 sources/positions drawn from (a) the NIRCam
color space occupied by SCUBADive, (b) the entire COSMOS-
Web catalog, and (c) random positions in COSMOS-Web. For
cases (a) and (b) we weight the draw of any particular source
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Figure 12. NIRCam SW and LW color—color space for SCUBADive detected
in all four COSMOS-Web bands (blue), their candidate companions (orange),
and the rest of the COSMOS-Web sources (gray). The respectively colored
dashed lines correspond to the average colors of the COSMOS-Web and
candidate companion data sets. The companions to SCUBADive galaxies
exhibit redder NIRCam colors in both SW and LW bands than what would be
expected from a randomly drawn sample from all COSMOS-Web sources.

—2.0L

by the value of the normalized SCUBADive redshift distribu-
tion at its corresponding photometric redshift. This ensures a
fair comparison against SCUBADive given redshift-dependent
effects on the colors of galaxies. For each of these mock
samples we then follow the previously described method for
selecting candidate counterparts to build a mock candidate
catalog, which we then use to calculate a two-point correlation
function. We repeat this process 1000 times to bootstrap the
two-point correlation function range. As shown in Figure 13,
the two-point correlation function around SCUBADiIve sources
is ~2x that of all the mock catalogs between ~5"” and 20” and
is statistically significant given the propagated uncertainties. In
other words, the -clustering strength around SMGs in
SCUBADive is 2x that of the baseline for arbitrarily selected
galaxies in COSMOS-Web, galaxies with similar colors to the
SMGs in SCUBADive, and random positions in the field. We
acknowledge that the significance of the two-point correlation
function clustering signal around SMGs would most likely
increase with better constraint on redshifts across the board and
a more careful analysis of candidate companions; however, this
analysis does corroborate the hypothesis that submillimeter-
selected galaxies and, more generally, dusty star-forming
galaxies reside within massive dark matter halos at the centers
of overdense environments as discussed by many works in the
literature (C. M. Casey 2016; J. Greenslade et al. 2018;
T. Cheng et al. 2019; C. Gémez-Guijarro et al. 2019; S. Alberts
& A. Noble 2022; R. Popescu et al. 2023). Future clustering
work will investigate this in more detail.

9. Conclusions

In this work we present the SCUBADive project. We
uncover the COSMOS-Web (C. M. Casey et al. 2023a) JWST/
NIRCam counterparts to galaxies detected in the SCUBA-2
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Figure 13. The clustering signal for sources around SCUBADive galaxies with
consistent redshifts. Top: two-point angular correlation function w(6). With
black circles we show w(6) for 1870 candidate companion galaxies within 10”
of a SCUBADive source and with a consistent photometric redshift within 1o.
The shaded gray region encases the bootstrapped range in w(6) derived for
1000 mock clustering catalogs generated semirandomly to match the NIRCam
LW space of SCUBADive galaxies and their redshift distribution as described
in Section 8.3. The black dotted line shows the two-point correlation function
around random coordinates in COSMOS-Web, a baseline test against the
significance of the SCUBADive clustering signal. Bottom: the ratio of our
measured two-point angular correlation function to that of the average mock
clustering catalogs for three different random selections as listed in the legend.
Between ~5” and 20” the clustering of our candidate companion sample is
statistically significant at ~2x what is expected based on the clustering around
random galaxies and random positions in the field.

850 pm map of the COSMOS field (J. M. Simpson et al. 2019).
Using every publicly available archival ALMA observation in
Band 6 and 7 over COSMOS-Web, we resolve on subarcse-
cond scales the submillimeter emission from 219 SCUBA-2/
850 pm sources into 289 galaxies. We then match these sources
to the COSMOS-Web data, investigate their NIR morpholo-
gies, measure their NIRCam photometry, and fit the galaxy
SEDs to derive redshifts and other physical properties. Our
main conclusions are as follows:

1. We resolve 25% of 219 SCUBA-2 sources into multiple
galaxies, 44 of which are doublets and nine of which are
triplets. In some cases the member galaxies are obviously
interacting with one another as evidenced by their
NIRCam imaging.

2. The NIRCam/LW colors of SMGs are redder than 95%
of all sources in COSMOS-Web. The highest-redshift
SMGs in our catalog have [F277W] — [F444W] > 1.5
and [F444W] > 23, overlapping the color—magnitude
space of other high-redshift, dusty galaxy populations
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like LRDs and HST-dark galaxies. No SMG in
SCUBADive is in the COSMOS-Web LRD sample of
H. B. Akins et al. (2024).

3. Approximately 50% of the NIRCam counterparts to
SMGs in SCUBADive do not have the reddest
[F277W] — [F444W] color among nearby galaxies
within the extent of the SCUBA-2 detection. Thus,
NIRCam-alone selection methods may miss the true
optical counterpart to an SMG ~50% of the time,
highlighting the need for interferometer follow-up to
confirm counterpart association.

4. Fitting the optical-through-radio SEDs, we measure
stellar masses of log My/M, = 11.173, fully consistent
with other large samples of SMGs (e.g., U. Dudzevicitte
et al. 2020). We find (A,) = 2.5713 also in good
agreement with past estimates of attenuation in SMGs;
however, the faint subset of SCUBADive sources with
[F444W] > 24 that also have z > 3 exhibit (A,) = 471,
consistent with these sources having both higher redshifts
and higher attenuation.

5. A total of 81 NIRCam sources have no prior optical /NIR
counterpart in COSMOS2020. These represent the
majority of z > 4 sources in SCUBADive and
surprisingly a constant ~25% fraction of SMGs between
1 < z < 4. This “OIR-dark” subset has (Ay) = 3%34
and log My/M,, = 11.110%,

6. The majority of SCUBADive sources either exhibit
smooth Sérsic-like morphologies or are irregular/clumpy.
We visually identify 50 candidate mergers, 32 SMGs
with spiral arms, and 23 SMGs with candidate stellar
bars. Most of the barred SMGs are at z ~ 1-2, but we
also report a candidate stellar bar caught in the act of
forming at z = 3.4 + 1.3. We observe dust emission in
the cores of bar hosts and even nuclear NIRCam point
sources, suggesting that stellar bars might positively
affect the growth of a central stellar population, as well as
the supermassive black hole.

7. We measure the volume density of SMGs in SCUBAD-
ive out to z ~ 6 and collapse the volume density
uncertainty by a factor of 6 at z > 4 compared to prior
works given (a) our source density at this epoch, (b) the
reliability of our photometric redshifts, and most
importantly (c) the large survey area of COSMOS-Web.
Our volume densities fall between semianalytic models
like SHARK (C. d. P. Lagos et al. 2019, 2020) and
SIDES (M. Béthermin et al. 2017).

8. Based on a simple search for companion galaxies with
similar redshifts to the SMGs in SCUBADive, we find
the clustering of NIRCam-detected galaxies around
SMGs to be greater than the clustering around randomly
selected galaxies and random positions by a factor of 2.
This is statistically significant but warrants future work to
precisely measure the overdensity of companions
around SMGs.

SCUBADive is an ongoing statistical project to study the
JWST counterparts to SMGs. We have built a large sample of
289 galaxies complete with JWST and ALMA data, which are
telling new stories about the in situ mass assembly of stars and
supermassive black holes and the physical nature of SMGs.
However, the sample remains incomplete. Within the COS-
MOS-Web area there are 706 SMGs, of which we have ALMA
Band 6 and 7 detections for just 219 ( ~31%). Assuming the
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multiplicity fraction in SCUBADive would imply ~600 high-
redshift, dusty star-forming galaxies yet to be unambiguously
associated with their optical counterpart in existing JWST
imaging. There are ongoing efforts with longer-wavelength
ALMA imaging (ExXMORA; A. S. Long et al. 2024) and radio
counterpart matching with the VLA (M. Talia et al. 2025, in
preparation; F. Gentile et al. 2025, in preparation) that may
chip away at this unmatched population, but a dedicated
follow-up program is needed to achieve a flux-limited
SCUBADive data set. The outcome of such a program would
be a multiwavelength census of SMGs out to z ~ 6 over the
COSMOS field, including ~30—50 more sources at z > 4 and
~100 with 1 < z < 4 that still elude detection by ground-based
facilities and HST.
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Appendix

This appendix shows example JWST/NIRCam RGBs for a
subset of SCUBADive (Figure 14). The complete figure set
(290 images) is available in the online journal.

Figure 14. JWST/NIRCam RGBs (B = F115W+F150W, G = F277W, R = F444W) of SCUBADive galaxies using data from the COSMOS-Web program. ALMA
contours are drawn in white at 30, 40, 50, and 100, with the ALMA beam shown in the lower left corner. Each image is 5” x 5”. The complete figure set (290 images)

is available in the online journal.
(The complete figure set (290 images) is available in the online article.)
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