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Abstract

We exploit a new sample of around 400 bright dusty galaxies from the Atacama Large Millimeter/submillimeter
Array (ALMA) CHAMPS Large Program, together with the rich JWST multiband data products in the COSMOS
field, to explore and validate new selection methods for identifying dusty star-forming galaxies (DSFGs).
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Here we present an effective empirical selection criterion based on a newly defined parameter:
L, = log,(M,) x log,,(SFR). Incorporating the my77w — Maaaw color as a second parameter further improves
the purity of the selection. We then apply this method to the COSMOS2025 catalog to search for fainter dusty
galaxy candidates below the ALMA CHAMPS detection limit and, through a stacking technique, identify a
population of high-redshift DSFG candidates with an average flux density of Sj,mm ~ 150 uJy and a space
density of ~6 x 10~®Mpc . Three of these galaxies have been spectroscopically confirmed at Zspee = 71.20, 5.85,
and 5.04. This faint population seems to have been missed by most of the previous submillimeter/millimeter
surveys and ground- and space-based UV —near-IR observations. We then show evidence of a possible
evolutionary connection between the z > 10 UV-bright galaxies recently discovered by JWST, the faint dusty
7z &~ 6-8 galaxies identified here, and the population of z ~ 3-5 massive quiescent galaxies; all of them are
potentially linked as progenitor—descendant populations based on their abundance, redshifts, and stellar masses.
Future spectroscopic campaigns will be essential to confirm the redshifts and physical properties of these massive,
faint, high-redshift DSFG candidates.

Unified Astronomy Thesaurus concepts: Galaxies (573); High-redshift galaxies (734); Dust continuum emission
(412); Star formation (1569); Early universe (435); Galaxy evolution (594); Submillimeter astronomy (1647);
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Millimeter astronomy (1061); James Webb Space Telescope (2291)

1. Introduction

Submillimeter-selected galaxies (broadly called dusty star-
forming galaxies (DSFGs); see reviews by C. M. Casey et al.
2014; J. A. Hodge & E. da Cunha 2020) are among the most
extreme dust-enshrouded extragalactic systems. They have
been shown to account for the majority of massive
(M, > 10"°M.) star-forming galaxies at redshifts of
7~ 2-4 (e.g., J. S. Dunlop et al. 2017; T. Wang et al. 2019;
U. Dudzeviciaté et al. 2020; A. S. Long et al. 2023; F.-Y. Liu
et al. 2026) and to contribute significantly to the cosmic star
formation history (e.g., J. A. Zavala et al. 2021). However,
their physical properties and abundance, particularly at z > 6,
remain highly uncertain (e.g., H. S. B. Algera et al. 2023). This
represents an important gap in our current census of galaxies
and in our understanding of the earliest phases of galaxy
formation.

This challenge is twofold. First, the apparent rarity of
DSFGs at high redshifts (compared to their lower-redshift
counterparts) requires relatively deep and wide-area (sub)
millimeter surveys to directly identify them via their dust
continuum emission. Such surveys remain scarce and expen-
sive with current instrumentation, and as a result, existing
samples of DSFGs (or candidates) at z > 6 are very limited.
Second, because of their high dust obscuration, these systems
are typically faint at rest-frame UV /optical wavelengths, with
many of them undetected even in the deepest Hubble Space
Telescope (HST) images (e.g., D. H. Hughes et al. 1998;
E. Daddi et al. 2009; M. Franco et al. 2018; Y. Fudamoto et al.
2021; S. M. Manning et al. 2022; I. Smail et al. 2023)—a
problem that becomes increasingly severe at higher redshifts
owing to the strong K-correction in these wave bands. This has
historically hindered their identification, confirmation, and
characterization. However, this is set to change soon.

The high sensitivity and long-wavelength coverage of the
instruments on board JWST promise to provide the long-
needed data to study the stellar light of these galaxies. In fact,
there are a growing number of DSFGs observed with JWST
observations, and most of them are clearly detected by the
NIRCam camera (particularly in the reddest filters; e.g.,
C.-C. Chen et al. 2022; T. Herard-Demanche et al. 2025;
J. A. Hodge et al. 2025; S. M. Manning et al. 2025;
J. McKinney et al. 2025; H. Umehata et al. 2026; but see
F. Sun et al. 2025 for a counterexample). This can be exploited
not only to characterize current samples of dusty galaxies but

also to develop new selection methods to identify new dusty
candidates. This, combined with the new generation of
submillimeter /millimeter surveys, promises to complete our
census of dust-obscured star formation during the Universe’s
first Gyr.

In this work, we take advantage of a new large sample of
around 400 bright millimeter-selected sources to test the use of
JWST observations (and associated catalogs) for identifying
DSFG candidates at z > 6. These 400 objects were selected
from the COSMOS High-z ALMA-MIRI Population Survey
(CHAMPS) Atacama Large Millimeter/submillimeter Array
(ALMA) Large Program (proposal No. 2023.1.00180.L;
A. Faisst et al. 2026, in preparation; F. Martinez et al. 2026,
in preparation). Our goals are (1) to provide and validate
efficient JWST selection diagrams for DSFGs and (2) to use
these diagrams to search for a population of faint, high-redshift
dusty systems to constrain the prevalence of DSFGs in the
early Universe. The physical characterization of the CHAMPS
galaxies is not part of this work and will be presented in a
forthcoming work.

This Letter is structured as follows: Section 2 presents the
ALMA and JWST datasets used in this study. The proposed
selection diagrams for identifying DSFGs are presented in
Section 3, and their application to search for z ~ 6-8 systems
is presented in Section 4. The 18 dusty candidates found within
this redshift range are also presented in Section 4, along with a
discussion of their properties in the context of other galaxy
populations. Finally, we summarize our results in Section 5.
Throughout this Letter, we adopt a ACDM cosmology with
Q,, = 0.32, Q) = 0.68, and h = 0.696.

2. Sample Selection and Observations
2.1. The ALMA CHAMPS Galaxy Sample

CHAMPS is a Cycle 10 ALMA Large Program covering a
total area of 0.18 deg” with continuum observations at 1.2 mm
(~243 GHz). The observations have an average lo rms
sensitivity of lojomm =~ 120 pJy and an average angular
resolution of Ogwim & 1”. The mosaic layout, which covers a
total area of ~0.18 deg?, was designed to overlap with the
MIRI imaging of the JWST COSMOS-Web survey
(C. M. Casey et al. 2023; S. Harish et al. 2025) and consists
of 43 independent mosaics (or boxes) that were observed
separately and processed independently. The imaging of the


http://astrothesaurus.org/uat/573
http://astrothesaurus.org/uat/734
http://astrothesaurus.org/uat/412
http://astrothesaurus.org/uat/412
http://astrothesaurus.org/uat/1569
http://astrothesaurus.org/uat/435
http://astrothesaurus.org/uat/594
http://astrothesaurus.org/uat/1647
http://astrothesaurus.org/uat/1061
http://astrothesaurus.org/uat/2291

THE ASTROPHYSICAL JOURNAL LETTERS, 998:L.36 (11pp), 2026 February 20

uv-visibilities was done using CASA, with a natural weighting
approach to maximize the sensitivity. Further details of the
program, observing setup, and data reduction will be presented
in F. Martinez et al. (2026, in preparation).

We build our galaxy sample through a simple peak-search
detection algorithm (e.g., J. S. Dunlop et al. 2017) with a
conservative selection threshold of S¢. During this process, the
noise in each ALMA mosaic was adopted to be the 68th
percentile of the pixel values within the corresponding box
(equivalent to one standard deviation in the case of a Gaussian
distribution) after applying a 5o clipping to remove the bright
sources.

Following this methodology, we identify a sample of around
420 candidates at >50 in the CHAMPS survey, with a typical
flux density range of S| »;ym =~ 0.6-2.0 mJy. Note that the final
CHAMPS catalog, which explores multiple selection techni-
ques and signal-to-noise ratio (SNR) thresholds, will be
presented in F. Martinez et al. (2026, in preparation), along
with the completeness and the expected false detection rate,
but we highlight that the contamination fraction of our sample
is below 5% (based on the ratio of negative to positive pixels
in the map).

Here we use this conservative sample to construct a new
selection diagram for DSFGs based purely on JWST
observations, as described in the next sections.

2.2. Identification of JWST Counterparts

To identify JWST counterparts for our ALMA-selected
galaxies, we make use of the COSMOS2025 -catalog
(M. Shuntov et al. 2025). This catalog is based on the JWST
observations of the COSMOS-Web survey (C. M. Casey et al.
2023), which provides deep imaging in four NIRCam filters
(F115W, F150W, F277W, F444W; M. Franco et al. 2025) plus
parallel MIRI observations in one filter (F770W; S. Harish
et al. 2025). The catalog also includes additional photometric
constraints based on several ground- and space-based data,
including up to 37 bands spanning 0.3-8 um. Note that the
adopted CHAMPS mosaic layout ensures the availability of
both NIRCam and MIRI photometry for our galaxies, which
increases the robustness of the spectral energy distribution
(SED) fitting results.

During the counterpart matching, we use only galaxies in
the COSMOS2025 catalog with quality flags* warn -
flag=0 and warn flag=2 and a search radius of 0.75
centered at the ALMA positions (comparable to the measured
rest-frame optical size for other DSFGs; S. Gillman et al.
2023), although we note that the vast majority (~94%) of the
matches lie within a 03 radius.

After this process, we identify 378 CHAMPS galaxies with
matches in the COSMOS2025 catalog. The remaining ~10%
without matches can be explained by different reasons,
including a larger positional uncertainty (due to low SNR or
blending of close sources), contamination from false detec-
tions, sources close to JWST artifacts and/or masked areas,
objects with additional flags in the COSMOS2025 catalog, or
real sources undetected by JWST. These sources, whose nature
and demographics will be presented in a future study, are not
included in this work. We note, however, that since our goal is

*2 Galaxies with warn_flag=0 correspond to the most secure sources in the
catalog, while sources with warn flag=2 are sources with highly uncertain
or unreliable ground-based photometry but with reliable space-based
measurements (see details in M. Shuntov et al. 2025).
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to perform a population-level characterization, excluding these
missing sources has a negligible impact on the conclusions
drawn from this work.

Hereafter we will focus on this subsample of 378 galaxies
with both ALMA and JWST constraints. Across this work,
when using the SED-based properties of the COSMOS2025
catalog, we adopt the LePHARE results and the model
photometry (M. Shuntov et al. 2025).

3. New DSFG Selection Diagrams

Armed with a large sample of DSFGs and the rich
information from the COSMOS2025 catalog that includes
not only JWST photometry in several filters but also galaxies’
physical properties inferred from multiwavelength SED
modeling, here we explore different diagrams and multi-
dimensional spaces to efficiently isolate and distinguish
DSFGs from other populations.

3.1. Color—Color and Color—-Magnitude Selection Diagrams

We start by exploring several color-magnitude and color—
color diagrams to isolate DSFGs. In this comparison, we also
include other objects known to have red optical /near-infrared
colors, namely z > 2 massive quiescent galaxies and the
JWST-discovered population of little red dots (LRDs; e.g.,
G. Barro et al. 2024; J. E. Greene et al. 2024; J. Matthee et al.
2024). We use only samples within the COSMOS-Web field to
ensure a homogeneous photometry. For the quiescent systems
we use the samples from W. M. Baker et al. (2026) and A.
Long et al. (2026, in preparation), and we use the sample of
H. B. Akins et al. (2024) for the LRDs.

Figure 1 shows two diagrams that seem useful to separate
these populations of galaxies, one based only on NIRCam
photometry and the second combining NIRCam and MIRI
measurements. As can be seen in the first panel, the majority of
ALMA/CHAMPS galaxies have my77w—nigaaw ~ 0.6-2.0
and a redshift-dependent m,;7w magnitude as faint as ~26-27.
The massive quiescent galaxies show less red colors
(mo77w—mgasw =~ 0.0-0.6), while LRDs occupy a locus
defined by Mo77wWw—My4q4w ~ 1.2-3.0 and nMo7rw ~ 25-29
(without mentioning their characteristic point-like morph-
ology). In the right panel, we can see a clear redshift trend in
the mgqqw—m770w color for the CHAMPS galaxies (a similar
trend also exists for my77w—mgqqw, but with slightly larger
scatter). Notably, both LRDs and massive quiescent galaxies
are, on average, fainter in the MIRI F770W filter compared to
the DSFGs, resulting in less red mgqqw—m770w colors
(typically associated with a lack of hot dust emission).

While these diagrams are definitely useful to separate
DSFGs from the bulk population of galaxies, they are not free
of contamination from other systems. For this reason, and
because similar color—color and color-magnitude plots have
already been discussed in the literature (although with smaller
samples of galaxies; e.g., A. J. Barger & L. L. Cowie 2023;
P. G. Pérez-Gonzalez et al. 2023; L. Barrufet et al. 2023;
C. C. Williams et al. 2024; J. McKinney et al. 2025;
S. J. McKay et al. 2025), below we explore new selection
diagrams based on physical properties inferred from SED
modeling (e.g., C. Conroy 2013). This is now possible thanks
to the rich ancillary data available in some of the extragalactic
fields and the unparalleled public data products, such as the
COSMOS2025 catalog.
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Figure 1. The distribution of galaxies in the COSMOS2025 catalog on the mpga77w VS. ma77w — Magqw (left) and mggaw — m770w VS. Maz7w — Myaqw (right) planes is
illustrated with the gray scale (the darker the color, the higher the number of galaxies). The lighter-gray tones in the right panel are the result of the significantly
lower number of galaxies detected with MIRI with respect to the NIRCam-detected objects. Galaxies detected at >5¢ in the CHAMPS survey are represented by the
large circles and color-coded according to their COSMOS2025 photometric redshifts. Massive, z > 2 quiescent galaxies (W. M. Baker et al. 2026; A. Long et al.
2026, in preparation) and LRDs (H. B. Akins et al. 2024) are shown as purple and red circles, respectively.

3.2. SED-based Selection Diagrams

It is well established that stellar mass correlates strongly
with dust-obscured star formation rate (SFR; e.g., J. S. Dunlop
et al. 2017; K. E. Whitaker et al. 2017), making M, a
potentially effective criterion for identifying DSFGs. How-
ever, at lower redshifts, quiescent galaxies dominate the high-
mass end of the population and could introduce significant
contamination. To mitigate this limitation, in this study we
explore alternative selection criteria, including simple SFR
cuts and combined criteria based on both SFR and M,.

As discussed more deeply in Appendix C, a simple SFR cut
does a good job of isolating the CHAMPS-detected galaxies
from the bulk of galaxies in the COSMOS2025 catalog. We
found, however, that a parameter involving both SFR and M,
performs even better.

Here we introduce the stellar index, or simply I,, defined as

I, = log,o(M,/M.) X log,,(SFR/M, yr~}). (1)

We estimate this parameter for all the galaxies in the
COSMO0S2025 catalog, including our ALMA/CHAMPS
sources, and the quiescent galaxies and LRDs mentioned
above, using the stellar masses and the SFRs from the LePhare
SED fitting results reported in the catalog. While this
construction, coupling the stellar mass and SFR in logarithmic
space, is unusual and lacks a direct physical interpretation, it
provides a useful diagnostic for distinguishing galaxy popula-
tions—particularly at the high-mass end—with a transition
from positive to negative values at SFR = 1 M. yr ' (see
Appendix B for a deeper discussion of this parameter).

The left panel of Figure 2 shows all these galaxies on the
plane formed by I, and the NIRCam-based my77w — Migqqw
color. As can be seen, the majority of the ALMA/CHAMPS
galaxies occupy a unique locus on this plane, with high I, 2 15
values and red colors (my77w — Mgaaw =, 0.5), by virtue of
their high stellar masses and SFRs and their high dust

attenuation (see Appendix C for a comparison with other
similar diagrams). On the contrary, the majority of the JWST-
selected galaxies have I, ~ 0 and my;7w — mMggqw ~ 0 and
skew toward negative I, values and bluer colors.

Compared to the color—color and color-magnitude plots
discussed above, this diagram does a better job at separating
the massive quiescent galaxies from the DSFG population,
with the former having very low I, values owing to their low
SFR (and having red colors owing to their old stellar
populations).

The positions of the LRDs in this plot, with comparable I, as
some of the DSFGs, might seem surprising. Nevertheless, it is
well-known that, when a pure galaxy SED model is adopted,
inferences based on SED fitting techniques lead to very large
stellar masses (and thus high I, values; e.g., I. Labbé et al.
2023; H. B. Akins et al. 2024). However, recent results suggest
that LRDs are likely dominated by AGN activity and, thus, the
stellar masses and SFRs reported in the COSMOS2025 catalog
(and adopted in this work) are most likely incorrect (see
B. Wang et al. 2024 for a thorough discussion of the typical
uncertainties of these parameters). These SED-based results—
which are not used anywhere else in the Letter—are, however,
useful to isolate them in this diagram.

The right panel of Figure 2 shows, again, the product
between the logarithm of the stellar mass and the logarithm of
the SFR for galaxies in the COSMOS2025 catalog, but now as
a function of the COSMOS2025 photometric redshift and
color-coded by their mean my77w — Mgaqw color. This figure
reveals that galaxies with I, 2 20 have systematically red
colors virtually from z =~ 0 to z ~ 10 and thus should be
dominated by DSFGs and/or LRDs. Note that sources with
such high I, values are very rare in the catalog, as indicated by
the contours in the figure.

This figure also reveals a few other interesting points. First,
we can see at z ~ 5.7 and z ~ 7.9 an excess of red sources with
respect to the average trend. At these redshifts, the Ha and
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Figure 2. Left: analog to Figure 1, but for the my77w — maqqw Vs. I, plane. The red dotted lines delineate the locus preferentially occupied by DSFGs, which is also
used in Section 4 to select high-redshift dusty candidates (note that LRDs are excluded from this selection by imposing a size cut). Right: the COSMOS2025 galaxies
in the I,—z plane, with contours indicating the source density in steps of 1 dex. Each grid cell is colored according to the corresponding galaxies’ mean
Ma77w — Maaaw color. Galaxies with high I, values of 215 have systematically redder colors than those from the bulk population. Other populations of red
Ma77w — Mgaqw sources, but with lower /,—including quiescent galaxies and line emitters at specific redshifts—are also highlighted.

[O 11] lines fall within the F444W filter. We therefore suggest
that these two populations likely correspond to Ha and [O 111]
emitters, with emission lines contaminating the F444W
photometry. Similarly, sources with blue my77w — Mggaw
colors at z ~ 4.5 could correspond to [O III] emitters, with their
emission lines boosting the F277W photometry. Finally, it can
also be seen that the population of massive quiescent galaxies,
with red colors and low I, statistically appears at z ~ 3 and
dominates this parameter space within z ~ 1-3. At lower
redshift, galaxies with low I, are mostly low-mass galaxies
with blue colors.

The product between the logarithm of the stellar mass and
the logarithm of the SFR, I,, in combination with other
parameters like the my;7w — mgqqw color and redshift, seems
thus to be a powerful way of discriminating (and selecting)
different populations of galaxies, and it is potentially useful to
identify dusty star-forming galaxies, as discussed in the next
sections.

4. On the Search for High-redshift Dusty Galaxies

Despite the successful detection of dust continuum emission
in a few tens of spectroscopically confirmed galaxies at z > 6
(e.g., D. Watson et al. 2015; T. Hashimoto et al. 2019;
T. J. L. C. Bakx et al. 2021; N. Laporte et al. 2021; H. Inami
et al. 2022; S. Schouws et al. 2022; R. Endsley et al. 2023;
M. Castellano et al. 2025; F. Sun et al. 2025), the volume
density of such high-redshift dusty systems, as well as their
contribution to the cosmic star formation history, remains
highly uncertain. This issue is closely tied to the small sample
sizes of these studies—often limited to only one or two sources
—as well as to the challenges inherent in their identification
methods. Such methods include, for example, searches
sensitive only to extreme starburst or gravitationally amplified
systems (e.g., D. P. Marrone et al. 2018; J. A. Zavala et al.
2018; S. Fujimoto et al. 2021) or serendipitous detections

around quasar and/or other massive galaxies (e.g., R. Decarli
et al. 2017; Y. Fudamoto et al. 2021; F. Sun et al. 2025).

Here, taking advantage of the well-defined and relatively
large area of the ALMA CHAMPS 1.2 mm imaging—which
also benefits from NIRCam and MIRI imaging and the rich
legacy of the COSMOS2025 catalog—we attempt to identify
high-redshift (z =~ 6-8) DSFGs and to put constraints on their
number density and millimeter brightness through a stacking
analysis.

4.1. Selection of Faint DSFG Candidates

Based on the results from Section 3, first we identify dusty
star-forming galaxy candidates by selecting all the sources in
the COSMOS2025 catalog that satisfy the following criteria
(see also Figure 2):

I, > 17,
mg77w — Mpsasw > 0.6,  and
6 < Zphot < 8.

Then, we remove all point-like sources by comparing the
aperture photometry measured within 02 and 0.5. Following
H. B. Akins et al. (2024), we remove all objects with Sgs4w(0’
2)/SF444W(0/./5) > 0.5 (this is actually the inverse of the
H. B. Akins et al. 2024 selection criterion since they were
interested in selecting compact objects and LRD candidates).
Note that this cut also removes imaging artifacts with apparent
sizes smaller than the PSF. This results in a selection of only
73 galaxies, which illustrates the rareness of this kind of
object, representing only ~0.01% of the whole catalog (and
~1% of the sources within 6 < Zphe < 8).

However, not all of these 73 galaxies are covered by the
CHAMPS survey since the CHAMPS area of 0.18 deg” (driven
by the available MIRI imaging at the time of the survey
design) represents only ~30% of the whole COSMOS-Web
NIRCam imaging, the base of the COSMOS2025 catalog.
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Figure 3. The top right panel shows the stacking of the CHAMPS 1.2 mm data at the position of the 18 z ~ 6—8 DSFG candidates identified in Section 4 (and shown
on the left, with their respective COSMOS2025 IDs). The So detection in the stack implies an average flux density of Sy 2, = 0.16 £ 0.03 mJy, confirming both the
effectiveness of our selection method to identify dusty candidates and the existence of a dust-enshrouded population of galaxies within the epoch of reionization. The
bottom right panel shows the results of a similar stacking procedure but centered at the position of random sources from the COSMOS2025 catalog, which results in

a nondetection.

From these 73 objects, there are only 20 galaxies within the
CHAMPS coverage that can be used for the stacking analysis.
We visually inspect all of them and finally remove two objects,
one potential image artifact and an object on top of a
diffraction spike (IDs: 89430 and 703091). The remaining
sources (shown in Figure 3) are adopted as our final sample of
z ~ 6-8 DSFG candidates and used below in a stacking
analysis to put constraints on their dust continuum emission.
All of them have best-fit stellar masses of M, > 10'° M_, in the
COSMOS2025 catalog, with the exception of two systems, and
SFRs above 50 M, yr .

We finally confirm that none of these 18 galaxies are
detected in the CHAMPS mosaic (all being below the 3o level)
and that they have not been reported in previous (sub)
millimeter catalogs such as SCUBADive (J. McKinney et al.
2025), exMORA (A. S. Long et al. 2024), or A3COSMOS
(D. Liu et al. 2019; F.-Y. Liu et al. 2026).

4.2. Stacking Analysis

Here we stack the ALMA CHAMPS data (in the image
plane) at the position of the 18 high-redshift DSFG candidates
reported above. For this purpose, we use an inverse-variance-
weighted mean defined as i = > |(x; - w;)/>" w;, where
the weights, w;, are given by 1/07, with o; being the standard
deviation of the pixel values in each cutout image. The stack
results in a ~5.00 detection of dust continuum emission

(see Figure 3) with a peak flux density of Sirmm =

0.16 + 0.03 mJy, with the error estimated as o; = /1/>"w;.
Assuming a typical modified blackbody for the dust SED
(Tp ~ 35K, B =~ 2; e.g, C. M. Casey 2012) and an
Lirs—1000.m—SFR conversion factor (R. C. Kennicutt &
N. J. Evans 2012), the inferred 1.2 mm flux density would
translate into a dust-obscured star formation of ~30 M., yr .

A potential drawback of this method, though, is that it is
prone to statistical outliers, without mentioning the fact that
the estimated error depends only on the data uncertainties but

not on the data spread. To take this into account, we quantify
the uncertainties through a bootstrapping technique, randomly
drawing 15 objects at a time (allowing a single object to appear
more than once) before estimating the weighted mean as
described above. After 100 iterations, we measure the average
and standard deviation of the weighted mean to be
S12 mm = 0.15 £ 0.02 mJy, in good agreement with the value
reported above.

To further test the significance of the detection, we repeat the
exact same procedure but now stacking the CHAMPS data at
random positions and at the position of randomly selected
sources from the COSMOS20205 catalog (keeping the same
number of sources as in our main stacking). These tests result in
nondetections, as illustrated by an example included in Figure 3.

Two conclusions can be drawn from these results. First, this
demonstrates the effectiveness of the proposed selection
method (based on I, and the my77w — Migqqw color) to identify
DSFG candidates, and second, it confirms the existence of a
high-redshift population of faint dusty galaxies that contribute
to the cosmic history of star formation, even up to z ~ 8 (see
also H. S. B. Algera et al. 2023; L. Barrufet et al. 2023;
G. Rodighiero et al. 2023; S. Fujimoto et al. 2024;
C. C. Williams et al. 2024; M. Xiao et al. 2024; L. Bing
et al. 2025).

It is worth noting that most of these galaxies are undetected
or very faint in the bluest NIRCam filters of COSMOS-Web
and in most of the available data at \,,s < 1.15 um, meaning
that they were missed in pre-JWST studies. As a reference, six
of these galaxies are undetected in the F115W filter, and the
median magnitude of those detected is mg;sw ~ 27.
Additionally, seven are undetected or fainter than 27 mag in
F150W, which is similar to the typical 50 detection limit of
HST/F160W surveys. Similarly, because of their faintness at
millimeter wavelengths—being around one order of magnitude
fainter than the CHAMPS-detected sources—these high-red-
shift DSFGs would remain undetected in most of the
submillimeter /millimeter surveys available to date.
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Figure 4. Stellar masses as a function of redshift for different populations of galaxies, including spectroscopically confirmed massive quiescent galaxies at z > 3
(gold circles; A. C. Carnall et al. 2024; K. Glazebrook et al. 2024; A. de Graaff et al. 2025; K. Ito et al. 2025), JWST-selected galaxies at z > 10 (blue circles;
P. Arrabal Haro et al. 2023; A. J. Bunker et al. 2023; S. Carniani et al. 2024; M. Castellano et al. 2024; R. P. Naidu et al. 2025; J. A. Zavala et al. 2025), and our
z =~ 6-8 DSFG candidates (red and gray circles). The gray circles represent the best-fit parameters obtained when including the submillimeter photometry in the SED
fitting (see Section 4.3). We also include the evolutionary track of the five massive galaxies from A. C. Carnall et al. (2024; blue/green shaded areas), which nicely
connect the three different populations. This supports a potential evolutionary link between the z > 10 galaxies recently discovered with JWST, z 2 6 DSFGs, and
z &~ 3-5 massive quiescent galaxies, all of them having a comparable comoving volume density (see Section 4.3).

Finally, we point out that the inferred average IR-based SFR
of these galaxies of 30 M, yr~' is comparable to or smaller
than the dust-corrected SFR from the COSMOS2025 catalog.
In fact, the median SFR{r/SFR| ¢pyarE ratio is approximately
0.25, indicating that dust-obscured star formation in these faint
systems is not the dominant component. This population may
therefore bridge the gap between dust-free UV-bright galaxies
and more massive dusty systems, providing insights into dust
formation processes at high redshift (e.g., T. J. L. C. Bakx
et al. 2025; 1. Mitsuhashi et al. 2025).

4.3. Constraining Their Volume Density and Potential
Evolution

Based on the 18 candidates reported above and the 0.18 deg?
area blindly covered by the CHAMPS survey, we estimate a
surface density of 0.027+39% arcmin~2 and, considering the
redshift range of z = 6-8, a comoving volume density of
59718 % 1079 Mpc—3 (where the error bars represent the 84%
Poisson confidence interval; N. Gehrels 1986). The cosmic
sample variance uncertainty within this redshift range is
expected to be around 13% (according to the formalism
derived by S. P. Driver & A. S. G. Robotham 2010 and
implemented by the ICRAR cosmology calculator),** which is
relatively small compared to other surveys covering smaller
areas.

The inferred space density for these objects is comparable to
the abundance of bright (Myy < — 20.5) galaxies at

~
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z &~ 11-14, constrained to be from a few times 10~° Mpc_3

to a few times 107> Mpc > (e.g., M. Castellano et al. 2023;
C. M. Casey et al. 2024; C. T. Donnan et al. 2024;
S. L. Finkelstein et al. 2024; M. Franco et al. 2024; Y. Asada
et al. 2026; Y. Harikane et al. 2025), although leaning toward
the lowest estimations. Note, however, that the inferred space
density reported above for DSFGs does not include brighter
sources that would be detected above 50 in the CHAMPS
catalog (like those systems recently reported by R. Endsley
et al. 2023; M. Xiao et al. 2024; F. Sun et al. 2025). Including
those objects would increase the comoving volume density by
up to a factor of 2x, making the agreement with some of the
reported z > 10 galaxies’ source density even better.

The comoving volume density of these two populations is
also similar to that of the massive (log(M,/My) 2 10.5)
quiescent galaxies at z =~ 3-5, constrained to be around
2 x 107> Mpc > (with field-to-field variations of the order of
2-3x;e.g., F. Valentino et al. 2023). This can be interpreted as
evidence for a potential progenitor—descendant link between
these populations as further explored below (see also F. Sun
et al. 2025).

To further test this scenario, in Figure 4 we compare the stellar
masses and redshifts of these three populations with the predicted
stellar mass growth of quiescent systems according to available
constraints on their star formation histories. The stellar masses
and redshifts of the quiescent galaxies and z > 10 galaxies are
taken from the literature (see figure caption for details), whereas
the properties of the high-redshift dusty candidates identified in
this work are taken from the COSMOS2025 catalog. As can be
seen, the stellar masses of the z ~ 68 DSFG candidates (which
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range from ~10' to ~10'"'M.) and those from the z > 10
sources (~10*~10° M) are in good agreement with the expected
evolutionary track of the z > 3 massive quiescent galaxies. In
other words, the high-z DSFG candidates reported here are
consistent with being the progenitors of massive quiescent
galaxies and the descendants of the z > 10 bright systems. This
scenario is supported not only by their inferred redshifts and
masses but also by their similar comoving volume densities, as
described above (see also F. Sun et al. 2025), although we
acknowledge that this might not be the only evolutionary
pathway for all these systems.

4.4. Caveats and Limitations of Redshift Estimates

Without spectroscopic confirmation, the redshifts of our
dusty candidates—and thus their inferred physical properties
—are very uncertain (see uncertainties in Figure 4). A few of
them have indeed secondary redshift solutions at z ~ 3-5, a
well-known problem for dusty systems (e.g., J. A. Zavala
et al. 2023; S. Jin et al. 2024; A. J. Battisti et al. 2025).

To test the reliability of the adopted photometric redshifts
and to minimize potential biases related to the adopted SED
fitting code, we refit the JWST photometry of our high-redshift
DSFG candidates using a different software (i.e., BAGPIPES;
A. C. Carnall et al. 2018) and including the average 1.2 mm
flux density derived from the stacking procedure, which can
break the well-known dust/age degeneracy. Each galaxy was
fitted twice, first using aperture photometry and then using the
model-based photometry (see M. Shuntov et al. 2025 for
details). We remind the reader that all of these galaxies benefit
from MIRI coverage per design, which typically improves the
SED fitting results (e.g., C. Papovich et al. 2023; T. Wang
et al. 2025). Reassuringly, this independent fitting procedure
confirms that the majority of these sources lie within z &~ 6-8,
with only <20% of them having best-fit photometric redshifts
of z < 6 (see gray circles in Figure 4). We stress, however, that
both spectroscopic redshift confirmation and direct submilli-
meter/millimeter detection are necessary to further test the
proposed scenario and to constrain the nature of these objects.

With this in mind, we exploit the available spectroscopic
data from the JWST/COSMOS-3D program (GO#5893;
K. Kakiichi et al. 2024) and search for any detections in these
galaxies, finding robust detections in two galaxies and
tentative lines in three other objects. We include the spectra
of the two robust detections (IDs 386433 and 469510) in
Appendix A. The former shows three emission lines that
correspond to the [OIII] doublet and HB, which implies a
spectroscopic redshift of zge. = 7.20. In fact, this object was
included in the recent study of [O 1] line emitters presented
by R. A. Meyer et al. (2025). The latter shows a single line that
is likely associated with Hav at zgpe. = 5.04 (or, alternatively,
[O 1] at 6.86). We finally noticed that one of our tentative
detections (ID = 662086) was indeed confirmed by
H. B. Akins et al. (2025) to lie at44zSpec = 5.836 based on
the JWST/NIRSpec observations of the CAPERS program
(GO#6368; P.I. M. Dickinson; C. T. Donnan et al. 2025;
A. J. Taylor et al. 2025).

Although these spectra confirm the high-redshift (z > 5)
nature of these galaxies, two of them fall below our
photometric redshift threshold of z ~ 6. This strengths the

4 This source is part of the galaxy overdensity reported by H. B. Akins et al.
(2025) around MAMBO-9, a brighter DSFG at z = 5.85.
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importance of confirming the redshifts and physical properties
of these galaxies. Upcoming spectroscopic campaigns using
the NIRSpec multiobject spectroscopy mode (similar to the
CAPERS survey; M. Dickinson et al. 2024) and the NIRCam
Wide Field Slitless Spectroscopy mode (such as FRESCO and
COSMOS-3D; P. A. Oesch et al. 2023; K. Kakiichi et al.
2024) will be critical in this effort.

5. Summary

1. Using the combination of the ALMA CHAMPS Large
Program and the JWST-based COSMOS2025 catalog in the
COSMOS-Web field, we showed that DSFGs have unique
properties compared to the bulk population of galaxies
detected with JWST. The ALMA-detected galaxies have
among the lar%est stellar masses (M, 2 1010 M) and SFRs
(Z100 M, yr ), as well as distinctively red colors
(ma77w — Masaw 2, 0.5). Indeed, the product between the
logarithm of the stellar mass and the logarithm of the SFR, I,,
nicely isolates DSFGs from other populations, particularly
when combined with a red color criterion.

2. We then exploit the COSMOS2025 catalog to search for
faint, high-redshift DSFGs through a color-based selection
combined with SFR and stellar mass cuts, identifying 18
candidates at zpho ~ 6-8. A stacking analysis constrains their
mean 1.2 mm flux density to Sjrmm = 0.15 £ 0.02 mly,
corresponding to a dust-obscured SFR of ~30 M. yr ',
assuming standard dust SED templates, and to a typical
SFRig /SFR o ratio below or around 0.5. This suggests the
presence of a faint population of dusty galaxies within the
epoch of reionization, which, together with other confirmed
dusty systems in the field, indicates a nonnegligible contrib-
ution from dust-obscured star formation to the cosmic history
of star formation, even up to z ~ 7-8.

3. Using our well-defined surveyed area, we constrained the
volume density of these faint high-redshift dusty candidates to
be 5.971% x 107° Mpc 3, in broad agreement with the massive
quiescent systems at z =~ 3-5 and the ultra—high-redshift
population of bright galaxies at z > 10. Finally, we compared
the predicted stellar mass growth history of quiescent galaxies
with the inferred stellar masses and redshifts of our high-
redshift DSFG candidates and with the properties of UV-bright
galaxies at z > 10 and concluded that the three populations
might be evolutionarily linked, with the z ~ 6-8 DSFGs being
the descendants of the UV-bright z > 10 galaxies and the
progenitors of the massive z ~ 3-5 quiescent galaxies.

While these results suggest the existence of a population of
dusty galaxies within the Universe’s first billion years—
supporting recent findings in the literature—further observa-
tions are needed to confirm their redshifts and physical
properties, as well as to establish their potential evolutionary
connection with other galaxy populations in the early
Universe.
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Appendix A
Spectroscopic Confirmation of Three Galaxies

We use observations from the COSMOS-3D program
(GO#5893; PI: K. Kakiichi) to search for spectroscopic
detections within our final sample of 18 faint DSFG
candidates. We use the internal data release processed with
the grizli*> reduction pipeline (G. Brammer 2019) in
combination with JWST pipeline version 1.18 (see
R. A. Meyer et al. 2025 for details). All spectra have been
continuum-subtracted.

Figure 5 shows the extracted spectra for three objects with
robust line detections, corresponding to spectroscopic redshifts
of 7.20, 5.85, and 5.0 (for the latter, conservatively assuming
that the single detected is Hav).
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Figure 5. COSMOS-3D spectra of three of our 18 DSFG candidates with
detected emission lines. From top to bottom, IDcosmos2025=386433 at
z = 7.20 (first reported in R. A. Meyer et al. 2025), 662086 at z = 5.85
(confirmed by H. B. Akins et al. 2024 using NIRSpec observations), and
469510 at z = 5.04, assuming that the line corresponds to Ha (with an artifact
at around 4.47 pm).

Appendix B
A Deeper Look into the I, Parameter

Here we explore the /, parameter in the context of the main
sequence (MS) of star-forming galaxies and how a selection
based on this quantity relates to a selection based on, for example,
offset from the MS (AMS). For this purpose, in Figure 6 we plot
a representative sample of galaxies within z ~ 2-4 (extracted
from the COSMOS2025 catalog) along with the MS of star-
forming galaxies at z=3 (using the parameterization from
J. S. Speagle et al. 2014) and different cuts of I, (dotted lines in
the figure). A cut in AMS would be almost orthogonal to a cut in
I, and could, in principle, select low-mass galaxies as long as
they pass the adopted AMS threshold. In contrast, a cut in I,
would preferentially select massive galaxies on the MS and
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Figure 6. A random subsample of galaxies at z = 24 from the COSMOS2025
catalog is shown, color-coded by their /, values, along with the MS of star-
forming galaxies at z ~ 3 (J. S. Speagle et al. 2014; solid black line). The dashed
lines represent curves of constant /, values. As can be seen, a cut at fixed /, value
allows the selection of starburst galaxies at low stellar masses and MS galaxies at
high stellar masses, which can be used to preferentially select DSFGs.

11 12

would include relatively low mass galaxies only if they are
significantly above the MS (i.e., starbursts). Given that some (if
not the majority of) DSFGs are known to lie on the high-mass
end of the MS and that they could even dominate the high-mass
population (e.g., M. J. Michatowski et al. 2012; J. S. Dunlop
et al. 2017; A. S. Long et al. 2023; F.-Y. Liu et al. 2026), the
proposed selection based on I, would result in a higher
completeness compared to a selection based on AMS, and it
would have less contamination compared to selection based on
the specific SFR (sSFR).

Appendix C
A Comparison of Different Diagrams to Isolate DSFGs

Most of the DSFGs detected at submillimeter/millimeter
wavelengths have been shown to be massive systems, with
M, > 10" M, (e.g., M. J. Michatowski et al. 2012; J. S. Dunlop
et al. 2017; U. Dudzeviciuté et al. 2020; J. McKinney et al. 2025).
Despite this, a simple selection criterion based on a stellar mass
threshold would suffer from contamination from other kinds of
galaxies, particularly at z < 3-4, where massive quiescent
galaxies start to rise. This is clearly seen in the top left panel of
Figure 7, where we plot different galaxy subsamples. Actually, at
z < 3 quiescent galaxies become an increasingly dominant
population at these high stellar masses. Similarly, a simple
selection based on the sSFR would introduce contamination from
low-mass galaxies with lower SFRs than those measured in
DSFGs but with comparable—or even higher—sSFR (see middle
panel of Figure 7). To alleviate this, other works have
implemented selections based on the combination of these two
parameters (namely M, and sSFR) to preferentially select DSFG
candidates (e.g., F.-Y. Liu et al. 2026). Here we explore
alternative criteria such as a simple SFR cut and introduce a
new parameter, /,, defined as the product between the logarithm
of the stellar mass and the logarithm of the SFR. This parameter
seems to perform better in isolating DSFGs, as discussed below.

The bottom left panel of Figure 7 shows I, as a function of
redshift for the ALMA-selected galaxies and other subsam-
ples. As can be seen, this quantity nicely separates DSFGs
from other populations without the necessity of adding extra
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Figure 7. The stellar mass (top left), sSFR (top right), Z, (bottom left), and
SFR (bottom right) as a function of redshift for galaxies in the COSMOS2025
catalog. The gray points represent a random ~5% subsample of the catalog,
while counterparts to other specific subsamples are identified with different
colors: red asterisks for the >50 ALMA CHAMPS galaxies (see Section 2),
blue circles for massive quiescent galaxies (W. M. Baker et al. 2026; A. Long
2026, in preparation), and light-red circles for LRDs (H. B. Akins et al. 2024;
redundancy intended). As can be seen, the SFR and I, are the best parameters
to isolate DSFGs from other populations (while the sSFR, for example, works
better for separating quiescent galaxies).

selection criteria. Although this parameter has no direct
physical interpretation, it represents a powerful tool to isolate
DSFGs and identify new DSFG candidates. Finally, we note
that the SFR performs nearly as well as the I, parameter (see
bottom right panel of Figure 7). This is thanks to the
availability of JWST photometry (including MIRI in some
cases), which is less affected by dust attenuation compared to
previous catalogs such as COSMOS2020 (J. R. Weaver et al.
2022) that relied primarily on HST data and shorter-
wavelength observations. However, I, shows slightly higher
completeness and lower contamination and is therefore
adopted as the preferred method in this manuscript.
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