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Abstract

We present results from Atacama Large Millimeter/submillimeter Array (ALMA) spectral line-scan observations
at 3mm and 2 mm bands of three near-infrared-dark (NIR-dark) galaxies behind two massive lensing clusters

Original content from this work may be used under the terms
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of the work, journal citation and DOL
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MACS J0417.5-1154 and RXC J0032.14+1808. Each of these three sources is a (sub)millimeter faint (delensed
S12mm < 1mly) triply lensed system originally discovered in the ALMA Lensing Cluster Survey. We have
successfully detected CO and [CI] emission lines and confirmed that their spectroscopic redshifts are z = 3.652,
2.391, and 2.985. By utilizing a rich multiwavelength data set, we find that the NIR-dark galaxies are located on
the star formation main sequence in the intrinsic stellar mass range of log (M,./M.) = 9.8-10.4, which is about 1
order of magnitude lower than that of typical submillimeter galaxies (SMGs). These NIR-dark galaxies show a
variety in gas depletion times and spatial extent of dust emission. One of the three is a normal star-forming galaxy
with gas depletion time consistent with a scaling relation, and its infrared surface brightness is an order of
magnitude smaller than that of typical SMGs. Since this galaxy has an elongated axis ratio of ~0.17, we argue
that normal star-forming galaxies in an edge-on configuration can be heavily dust-obscured. This implies that
existing deep WFC3/F160W surveys may miss a fraction of typical star-forming main-sequence galaxies due to

their edge-on orientation.

Unified Astronomy Thesaurus concepts: Starburst galaxies (1570); High-redshift galaxies (734); Strong
gravitational lensing (1643); Millimeter-wave spectroscopy (2252)

1. Introduction

Dust affects the spectral energy distribution (SED) of
galaxies by absorbing and scattering ultraviolet (UV) and
optical emission, mainly produced by young stars, and
reemitting the energy at the far-infrared (FIR) and submilli-
meter wavelengths. Consequently, dusty galaxies at z = 2
typically appear very faint at observed-frame optical/near-
infrared (NIR) due to dust obscuration. Instead, their dust
continuum is prominent at FIR /submillimeter band and some
extreme ones are bright enough (e.g., Sg70 um > several mly) to
be detected with single-dish telescopes. They are referred to as
submillimeter galaxies (SMGs; J. A. Hodge & E. da
Cunha 2020 for a review). Since the first detection of high-
redshift SMGs, many have been found to be completely
obscured in the rest-frame UV /optical (or observed-frame
NIR) due to strong dust attenuation, dubbed near-infrared-dark
(NIR-dark) galaxies (e.g., I. Smail et al. 1999, 2021; E. da
Cunha et al. 2015; C. M. Casey et al. 2019; Y. Yamaguchi
et al. 2019; U. Dudzeviciute et al. 2020; D. A. Riechers et al.
2020; H. Umehata et al. 2020; F. Sun et al. 2021; J. A. Zavala
et al. 2021; X. Shu et al. 2022). Similar terms, such as HST-
dark and H/K-dropout, are also used to describe these dust-
obscured sources.

The advent of the Atacama Large Millimeter/submillimeter
Array (ALMA) has enabled us to uncover the faint
(S12mm < 1mly) (sub)millimeter-selected galaxies, that are
significantly fainter (up to ~100 times) than the classical
SMGs. Hereafter, we will use the term dusty star-forming
galaxies (DSFGs) to more generally refer to dusty galaxies
including these faint sources. It has been revealed that the dust-
obscured galaxies exist not only among SMG-like extreme
starburst galaxies but also among more common DSFGs that
lie on the main sequence of the M,—SFR relation (C. Schreiber
et al. 2015), particularly at the high mass end where
M, > 10"* M, (e.g., T. Wang et al. 2019). These galaxies
have been detected through blind ALMA surveys (e.g.,
J.. M. Simpson et al. 2014; S. Fujimoto et al.
2016, 2023, 2024; Y. Yamaguchi et al. 2016, 2019; M. Franco
et al. 2018; U. Dudzeviciuté et al. 2020; C. Gruppioni et al.
2020; M. Y. Xiao et al. 2023), follow-up ALMA observations
of galaxies with very red colors in the NIR range (e.g.,
K. I. Caputi et al. 2012; T. Wang et al. 2016, 2019; B. Alcalde
Pampliega et al. 2019), follow-up ALMA observations of
strongly lensed galaxies that are identified in (sub)millimeter-
single-dish surveys (A. Pope et al. 2017, 2023; X. Shu et al.
2022; A. Mizener et al. 2024), and serendipitous discoveries

(B. Hatsukade et al. 2015; C. C. Williams et al. 2019;
M. Romano et al. 2020; Y. Fudamoto et al. 2021). Recent
James Webb Space Telescope (JWST) observations have also
begun to uncover a broader range of NIR-dark galaxies,
including those that are less massive (e.g., L. Barrufet et al.
2023, 2025; C. Gémez-Guijarro et al. 2023; V. Kokorev et al.
2023; J. McKinney et al. 2023a; E. J. Nelson et al. 2023;
P. G. Pérez-Gonzilez et al. 2023; 1. Smail et al. 2023; F. Sun
et al. 2024; M. Xiao et al. 2024).

This normal dust-obscured population was often missed by
previous (sub)millimeter-single-dish surveys due to its modest
(sub)millimeter flux, lower than the confusion limit of single-
dish telescopes, and was also overlooked by the Lyman break
technique, which relies on the rest-frame UV light. However,
T. Wang et al. (2019) suggested that this population constitutes
the bulk of massive galaxies (from 20% at M, ~ 10'%3 M., to
80% at M, ~ 10""° M) at z ~ 3—6 and is the main progenitor
of the most massive quiescent galaxies at z ~ 2-3, as well as of
today’s ellipticals that reside in the central regions of massive
groups and clusters (see also F. Valentino et al. 2020). The
large number of such dusty massive galaxies in the early
universe is not accounted for by current semianalytical models,
posing a challenge to our understanding of massive galaxy
formation.

Despite its importance, obtaining accurate redshifts for these
galaxies (either optical/NIR spectroscopy or (sub)millimeter
line scans) is challenging, hindering efforts to characterize the
population. This difficulty is partly due to significant
extinction in the rest-frame UV and optical, where key redshift
indicators like the Lyman break and 4000 A break lie. Another
factor is the significantly lower (sub)millimeter flux of this
population compared with those of classical SMGs, which
makes line scan observations for redshift search much more
expensive, even with ALMA. To date, several spectroscopic
redshift identifications for the NIR-dark galaxies have been
reported (e.g., A. M. Swinbank et al. 2012; C. M. Casey et al.
2019; C. C. Williams et al. 2019; D. A. Riechers et al. 2020;
H. Umehata et al. 2020; L. Zhou et al. 2020; V. Kokorev et al.
2023; 1. Smail et al. 2023; F. Sun et al. 2024; L. Barrufet et al.
2025), but almost all of them are for the SMG-class bright
sources except for a few cases, such as Y. Fudamoto et al.
(2021), which reported the serendipitous [C1I];sg line detec-
tion of two normal dust-obscured galaxies at z ~ 7. Therefore,
physical characterizations based on secure redshifts remain
largely unexplored for the normal NIR-dark population,
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particularly in terms of molecular gas properties based on CO
or [CI] emission lines.

Furthermore, it remains unclear what the origin of the strong
dust attenuation is, or in other words, what differentiates NIR-
dark galaxies from other normal main sequence SFGs. I. Smail
et al. (2021) investigated the correlation between the strength
of dust attenuation (Ay) and other physical quantities in
ALMA-identified SMGs, concluding that the correlations with
dust mass and stellar mass are weak, while those with the
photometric redshift and the “compactness” of the star-
forming region (Xg) show stronger links. However, they
suggest that other factors such as the geometry of stars/dust
may also be involved, particularly for completely dust-
obscured galaxies (see also E. da Cunha et al. 2015; W. Wang
et al. 2018; R. Cochrane et al. 2024). Moreover, recent JWST
studies claim that the viewing angle of the galaxy (i.e., an
edge-on disk) may be a contributing factor (E. J. Nelson
et al. 2023), while others argue that redshift and/or stellar
mass are the main factors (C. d. P. Lagos et al. 2020;
C. Gémez-Guijarro et al. 2023; B. Lorenz et al. 2023).

In this paper, we focus on normal dust-obscured galaxies
originally discovered in the ALMA Lensing Cluster Survey
(ALCS). Thanks to lens magnification, these galaxies appear
as bright as classic SMGs (detectable with typical single-dish
telescopes), making them suitable for follow-up observations.
We successfully identified spectroscopic redshifts for three
sources and estimated their basic physical properties via
ALMA Band 3 and 4 line scan observations. We then
compared these properties with those of other galaxy
populations. Based on the obtained results, we discuss the
evolutionary scenario and the origin of the strong dust
attenuation for the normal dust-obscured galaxies.

This paper is organized as follows. Section 2 describes the
observational data and reduction. In Section 3, we present
the spectral redshift identification, SED fitting results,
molecular gas properties, FIR morphology, and properties of
the photodissociation region of our samples. In Section 4, we
discuss the origin of the strong dust attenuation. A summary is
presented in Section 5. Throughout the paper, we adopt a
cosmology with €, = 0.3, Q, = 0.7, and Hy = 70km s~ ' Mpc "
and the Chabrier initial mass function (IMF; G. Chabrier
2003). We convert values obtained by other studies from the
E. E. Salpeter (1955) IMF to the Chabrier IMF by dividing SFR
and stellar masses by the same factor, 1.7 (J. S. Speagle et al.
2014). All magnitudes in this paper are expressed in the AB
system (J. B. Oke 1974).

2. Data and Reduction
2.1. ALMA Lensing Cluster Survey

The ALMA Lensing Cluster Survey (ALCS; K. Kohno
et al. 2023; S. Fujimoto et al. 2024) is a Cycle-6 ALMA large
program (project code: 2018.1.00035.L; PI: K. Kohno) that
targets highly magnified areas within 33 massive galaxy
clusters. The samples are selected from the best-studied
clusters drawn from the Cluster Lensing And Supernova
Survey with Hubble (CLASH; M. Postman et al. 2012),
Hubble Frontier Fields (HFF; J. M. Lotz et al. 2017), and the
Reionization Lensing Cluster Survey (RELICS; D. Coe et al.
2019). The survey employs a 15 GHz-wide spectral scan in
Band 6 (\gps = 1.15 mm, Zp; = 260 GHz). The total mapping
area reaches 134 arcmin? (primary beam > 0.3) with a typical
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noise level of 1o ~ 60 pJy beam ™. Thanks to cluster lensing,
ALCS explores a unique parameter space toward faint and
wide regimes, compared to existing ALMA deep surveys.

Observations were carried out between 2018 December and
2019 December in compact array configurations of C43-1 and
C43-2 (corresponding to a beam size of 0 ~ 1”) fine-tuned to
recover strongly lensed (i.e., spatially elongated), low surface
brightness sources. ALCS yields 180 continuum source
detections in total (including multiple images) consisting of
141 blind detections with a signal-to-noise ratio (SNR) of
greater than five in the natural weighting maps and 39 prior-
based detections with SNR = 4-5 that have IRAC-counter-
parts. Full descriptions of the data analysis and source catalog
are given in S. Fujimoto et al. (2024).

2.2. Optical, NIR, and FIR Catalogs

The 33 clusters were observed with HST, Spitzer Space
Telescope, and Herschel Space Observatory.

V. Kokorev et al. (2022) build a set of HST and Spitzer/
IRAC 3.6 and 4.5 yum mosaics and photometric catalogs by
reprocessing archival data in the ALCS fields. One of the
difficulties in studying the galaxy clusters and other crowded
regions is that the photometries taken by low-resolution
instruments such as Spitzer/IRAC suffer from the effect of
blending. To alleviate the effect, they model the Spitzer
photometry by convolving the HST detection image with the
Spitzer PSF using the novel GOLFIR software.

F. Sun et al. (2022) compile archival data from Herschel/
PACS and SPIRE observations of the 33 clusters, with most of
the data coming from the Herschel Lensing Survey (E. Egami
et al. 2010). The study includes data taken at 100 and 160 pm
with PACS, and 250, 350, 500 yum with SPIRE. Given the
coarse angular resolution of Herschel (typical beam sizes are
74 and 1174 for the 100 and 160 zzm bands of PACS, and 18",
24" and 35" for the 250, 350, and 500 ym bands of SPIRE),
the authors deblended the Herschel fluxes using secure ALMA
detections from the ALCS as priors.

2.3. Target Selection

In this work, we define NIR-dark sources as those with
H — [4.5] > 2.3, which are extremely red objects with H-band
(F160W-band) and IRAC 4.5 um channel color, following the
traditional method described in T. Wang et al. (2016). This
color selection is designed to complementarily select massive
star-forming galaxies that are systematically missed by the
Lyman break selection, which is specifically designed to select
young and less attenuated galaxies (e.g., R. J. Bouwens
et al. 2012).

Figure 1 presents the color-magnitude diagram (H — [4.5]
versus [4.5]) for the ALCS sample. We exclude sources that
are not covered in the H-band, those contaminated by nearby
bright objects or other artificial factors, or those identified as
IRAC-dropout. Among the NIR-dark objects, six are H-
dropout or HST-dark. We calculated the lower limit of their H-
band magnitude by taking three times the median uncertainty
of all photometric measurements within the corresponding
galaxy cluster region in the V. Kokorev et al. (2022) catalog.
In the V. Kokorev et al. (2022) catalogs, the IRAC
photometries are measured by convolving the HST detection
image with the IRAC PSF. The IRAC photometries of the
HST-dark sources are instead measured using a D = 3"



THE ASTROPHYSICAL JOURNAL, 989:115 (20pp), 2025 August 10

Tsujita et al.

Figure 1. Color—magnitude diagram of ALCS sources. The black solid line represents the threshold of H — [4.5] = 2.3. The dashed line shows the location of
H = 26.0 mag, which corresponds to the 3¢ limit of the shallowest HST data in 33 ALCS cluster fields. The red, orange, and magenta dots represent three triply
lensed images of our targets. However, M0417 ID46 is excluded due to contamination from a nearby bright source. For the H-dropout or HST-dark objects, the

H — [4.5] values are 30 lower limits, as indicated by the arrows.

aperture with some aperture corrections centered on ALMA
Band 6 continuum positions (V. Kokorev et al. 2022). To
mitigate contamination from nearby sources, we use the
residual IRAC maps, wherein sources detected in the HST
maps are modeled with the IRAC PSF and subtracted.

From these NIR-dark objects, we focused on three triply
lensed systems: ID46, ID58, and ID121 in the MACS J0417.5-
1154 (hereafter M0417) cluster region; 1ID127, ID131, and
ID198 in the RXC J0032.141808 (hereafter R0032) cluster
region; and ID208, ID281, and ID304 in the R0032 cluster
region. Figure 3 shows the multiband images for these sources.
For clarity, we will hereafter refer to the three intrinsic sources
as M0417-z365, R0032-z239, and R0032-z299, and their
associated triply lensed images as M0417-z365.1D46/.1D58/.
ID121, R0032-z239.1D127/1ID131/.1ID198, and R0032-z299.
ID208/.ID281/.ID304, respectively. The “z” values represent
the spectroscopic redshift of each source, as described in
Section 3.1. Note that M0417-z365.ID46 is excluded in
Figure 1 due to the blending with a foreground galaxy (see
Figure 3). These systems were predicted to be multiple images
by our fiducial lens model (Section 3.2). Figure 2 shows their
ALMA 1.2 mm continuum and HST images with critical lines
of our fiducial lens models. We selected them since we are able
to estimate their redshifts by the lens model, which allowed us

to carry out line scan observations even though the
photometric redshifts are unreliable.

2.4. ALMA Follow-up Line Scan Observations

Based on the redshift estimates, we conducted follow-up
line scan observations for the three lensed systems with
ALMA bands 3 and 4 (project code: 2019.1.00949.S and
2021.1.01246 for M0417 and RO0032 region, respectively).
Four and three different tunings were assigned to band 3 and 4
observations, respectively. The observational parameters are
summarized in Table 1.

The fields of view of the observations are shown in Figure 2.
The data were calibrated and flagged in the standard manner
using the Common Astronomy Software Applications package
(CASA; CASA Team et al. 2022). The four tunings for band 3
and the three tunings for band 4 were separately combined to
create individual continuum images for each band using the
CASA/tclean task with the natural weighting. The spectral
channels where the emission line is detected were not used for
the continuum imaging. Each tuning data was also imaged to
produce a cube with a channel width of 40MHz
(~100 km s~ ') to search for emission lines after the continuum
subtraction with CASA/uvcontsub task. The emission is
cleaned down to the 2¢ level. For all images and cube data, the
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Figure 2. (Left) ALMA 1.2 mm continuum image of M0417 cluster. (Right) False-color HST image of M0417 cluster (red: F160W, green: F125W, blue: F814W).
The top row shows the M0417 cluster and the bottom row shows the R0O032 cluster. The white circles indicate the positions of multiple images of the NIR-dark
galaxies. The white solid lines denote the critical lines of our fiducial lens model at z = 3.652 and 2.985 for M0417 and R0032, respectively. The yellow and green
dashed lines represent the FoV of ALMA band 3 and 4 follow-up observations described in Section 2.4, respectively.

ALMA Band 3 and 4 Observation Parameters

Table 1

Project Code Target Date Antenna® PWV Frequency Range Beam Size Cont. Sensitivity
(mm) (GHz) (1Jy beam™ ")
MO0417-2365.1D46/.ID58 /. ID121 2019/12 C43-2 49-6.8 85.05-112.18 3'84 x 2795 4.6
2019.1.00949.S (2-pointing mosaic) (46-48) (T1-T4)
(PL: K. Kohno) MO0417-2365.1D46 2019/12  C43-1/2  2.5-3.3 130.57-153.95° 266 x 1'96 7.6
(1-pointing) (42-43) (T5-T7)
R0032-z239.ID127/1D131/.ID198  2021/12  C43-4/5 1.5-75 85.06-112.18 1704 x 0'87 3.8
R0032-z299.ID208/.1D281/.ID304  ~2022/1  (41-45) (T1-T4)
2021.1.01246.S (2-pointing mosaic)
(PI: K. Kohno) R0032-z239.ID127/.1D131 2022/8 C43-5 0.3-0.9 130.56-153.94°  0.77 x 0'53 6.8
R0032-2299.1ID208 (44-47) (T5-T7)

(2-pointing mosaic)

Notes.

? Antenna configuration (the number in parentheses indicates the number of antennas).
® There is a frequency gap of about 2.75 GHz in this range as shown in Figure 4.
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Figure 3. Multiband images for the three triply lensed systems. The blue contours denote the ALMA band 6 (1.2 mm) continuum drawn at [4, 8] x o levels. The
color scale is adjusted to show the 50 range for each emission. The image size is 10” x 10”. The black ellipses show the beam size.

primary beam correction is applied. We create images and
cubes with a pixel size of 1” for both band 3 and 4 in the
MO0417. In the R0032 region, a pixel size of 0.2 is used for
both Bands 3 and 4.

2.5. JCMT SCUBA-2 450 and 850 um

We observed the M0417 cluster region at 450 pum and
850 um with James Clerk Maxwell Telescope (JCMT)/
Submillimetre Common-User Bolometer Array 2 (SCUBA-
2) (Program ID: M20APO036, PI: K. Kohno). Observations
were conducted on 2020 February 4 and 16 and July 8 and 31

using the CV Daisy scan, which creates a ~6' diameter
circular map with a deep and uniform exposure coverage in the
central ~1. 5 diameter region. The total on-source time was
7.2 hr under excellent weather conditions, where the measured
atmospheric opacities at 225 GHz were less than 0.05. The
typical beam sizes are 7” and 15" at 450 ym and 850 pm,
respectively.

We reduced the data using the Dynamic Iterative Map
Maker (DIMM) within the STARLINK Sub-Millimetre User
Reduction Facility (SMURF) software package (E. Chapin
et al. 2013). The maps for each individual exposure were
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coadded and combined, using the STARLINK Pipeline for
Combining and Analyzing Reduced Data (PICARD), and
beam-match filtered. The resulting lo noise levels were
~39mlJy and ~0.6mlJy at 450 yum and 850 ym bands,
respectively. The ALMA observations conducted by the
ALCS did not detect any contamination sources near the
positions of M0417-z365.1D46, ID58, and ID121. Therefore,
no deblending was required, and the peak values at the ALMA
Band 6 continuum positions were extracted as the source
photometries.

2.6. Kg-band

In order to obtain better constraints on the stellar properties
of faint ALMA sources without any counterpart in H-band, we
observed M0417 cluster region at 2.16 pm Ks-band with the
6.5m Magellan Baade Telescope/FourStar near-Infrared
Camera on 2021 November 20 (PI: Wei-Hao Wang). We
expect a significantly improved characterization of the stellar
population (i.e., stellar mass, stellar age, visual extinction, etc.)
by catching the 4000 A break between H- and Ks-bands at
z ~ 3.7 (the redshift of the triple-lensed images in the M0417
region, as we will conclude in Section 3.1). We obtained
approximately 4.8hr of on-source exposure. The final
averaged seeing measured with PSFEx software is ~0.64.
We extracted photometries using a D = 15 aperture centered
on the ALMA band 6 continuum positions for our target
sources. We confirmed that this aperture maximizes the SNR
of the enclosed flux density by drawing a growth curve. The
noise level is obtained by 1000 random apertures on the sigma-
clipped map. We note that the values in the weight map do not
deviate significantly from the average at the source location.
The aperture correction factor, calculated with the obtained
PSF, is ~1.4. The 50 depth is measured to be 24.18 mag with
the D = 1’5 aperture.

For the R0032 region, we make use of K¢-band imaging data
taken with the High Acuity Wide field K-band Imager
(HAWK-I) on the Very Large Telescope. The Ks-band
imaging of R0032 region (Program ID: 0103.A-0871(B), PI:
A. Edge) is publicly available on the ESO Science archive.
The final averaged seeing is ~1712, and the 5o depth is
22.81 mag with a D = 2.0 aperture. No significant detection is
obtained for our sources.

3. Data Analysis
3.1. Spectroscopic Redshift Identifications
3.1.1. M0417-z365.1D46/.ID58/.1D121

Due to the sufficiently large beam size, the detection can be
considered as a point source. We first created integrated-
intensity maps around 99.1 GHz for Band 3 and around
148.6 GHz for Band 4, where bright emission lines were
detected. On these maps, we selected the pixels with peak
values at each position of the triply lensed image. The spectra
were then extracted from the cube image data at these specific
pixels.

Emission lines are clearly detected at 99.114 + 0.005 GHz
with peak flux densities of 8.60, 7.30, and 5.40 from ID46,
58, and 121, respectively. Here, the noise level is calculated
as the standard deviation of the line-free channel fluxes at the
same pixels, specifically those within 50 channels of the
emission line, with an absolute flux calibration error of 5%.
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Table 2

Velocity-integrated Line Flux Density

M0417-2365. 1D46 ID58 D121 Total
+2.6 +1.6 +1.4 +3.3

H . 3. 4 .

> 1—2.6 9—1.6 3 -14 12 5—3.3
CO®4-3) 0.88 £0.06 059 +0.05 048 +£005 1.95=+0.10
[C1](1-0) 0.16 £ 0.06  0.17 £0.06  0.16 = 0.07 0.49 £ 0.11
CO(6-5) 1.20 £ 0.05 1.20 £ 0.05
R0032-z239. ID127 ID131 ID198 Total
m +3.6 _ +2.7 _ +1.1 ] +4.6

6'9—3.5 5372.7 25—1.0 14 7—4.6
CO(3-2) 35+03 37+£03 1.1 £0.3 83 £0.5
CO(4-3) 59+03 4.8+ 04 10.7 £ 0.5
[C1](1-0) 37+£04 22£05 59 £ 0.6
R0032-2299. ID208 ID281 1D304 Total

+4.1 +1.8 +1.3 +4.6

H . . . .

7 974.0 4 371.8 3 071.2 15 274.6
CO(3-2) 057 £0.17 042 £0.15 0.59 £0.13 1.6 £ 0.2
CO(5-4) 1.6 £ 0.3 1.6 £ 0.3

Note. 1 is the magnification factor. The velocity-integrated line flux density is
in units of Jy km s~'. The magnification factor is not corrected.

We fitted the emission line with a single Gaussian and
calculated the total flux as the integral over a frequency range
of 1.5 x FWHM. For a more robust measurement, the
FWHM of all lines is fixed to that of the CO(4-3) line with
the highest SNR. The total fluxes are 14.60, 12.50, and 8.9¢0
from ID46, 58, and 121, respectively. This line detection
confirms the initial prediction from our lens model that these
three sources are triply lensed images. In addition, a bright
emission line is detected at 148.650 + 0.006 GHz from ID46
with a peak (total) flux = 9.60(22.30). The noise level
of the total flux is calculated by summing, in quadrature, the
rms noise from each channel derived from signal-free regions
of the map across the channels containing the line.
Furthermore, when combining the spectra of the triply
lensed images, a faint emission line is marginally detected at
105.84 + 0.02 GHz with a total flux of 4.60, although the
peak flux density is only 3.40. We search the redshift
solution that matches the three detected line combinations
using a publicly available code*’ (T. J. L. C. Bakx &
H. Dannerbauer 2022). Since the frequency spacing between
CO rotational transition lines is constant, detecting two CO
lines can result in multiple possible redshift solutions. This
code visually identifies the correct redshift solution by
considering the observed frequencies, as well as the presence
of detected lines and the absence of others. The only solution
is at z = 3.6517 4+ 0.0002 and the three lines are CO(4-3),
[C1](1-0), and CO(6-5). This result is somewhat lower than
the initial prediction from our lens model, z = 4.5 £+ 0.5.
Figure 4 shows the full ALMA band-3/4 spectra for the three
triply lensed NIR-dark sources, including the other two triply
lensed images in the R0O032 region discussed below. The line
properties are summarized in Table 2. We similarly measured
the band 3 and 4 continuum fluxes by extracting peak values
near the source positions.

47 hups: //github.com/tjlcbakx /redshift-search-graphs
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Figure 4. The obtained spectra from ALMA line scan observations toward M0417 ID46, 58, and 121 (top); R0032 ID127, 131, and 198 (middle); and R0032 ID208,
281, and 304 (bottom). For each triply lensed system, the top panel shows the full band-3/4 spectra from seven 7.5 GHz-wide independent tunings (T1-T7). The
combined spectrum is also shown. The horizontal bars show the coverage of the seven tunings, each of which has four spectral windows. The positions of the
identified emission lines are shown with vertical black dashed lines. In the bottom panel, enlarged views of combined line spectra are shown. Velocities are relative

to z = 3.652, 2.391, and 2.985, respectively. The black solid lines are the best-fit single Gaussian. The orange shade indicates the integration range for the velocity-
integrated flux.
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3.1.2. R0032-z239.ID127/ID131/1ID198

We used a circular aperture with a diameter of D = 4”
centered on the ALCS band 6 continuum positions to extract
spectra and continuum fluxes. By drawing a growth curve, we
confirmed that this aperture is sufficient to include source
fluxes. Emission lines are clearly detected at 101.963 =+
0.008 GHz with peak (total) fluxes of 8.80(13.60), 6.90
(11.70), and 2.50(3.30) from ID127, 131, and 198, respec-
tively. Thus, these three sources are triply lensed images as
predicted from our lens model. The total line fluxes are
measured in the same manner as in Section 3.1.1. In addition,
bright emission lines are detected at 135.956 + 0.008 GHz and
145.123 £ 0.018 GHz from ID127 and ID131. From these
lines, we conclude that this triply lensed source is at
z = 239112 £ 0.00019 and detected emission lines are
CO(3-2), CO(4-3), and [CI](1-0). This result is consistent
with the initial prediction from our lens model, z = 2.0 £ 0.5.

3.1.3. R0032-z299.ID208/.1D281/.1D304

We reconstructed the initial lens model of the RO032 cluster
with the additional constraint that the R0032-z239.ID127/.
ID131/.ID198 are triply lensed images and then found that it is
highly likely that the R0032-z299.1D208/.1D281/.ID304 are
also triply lensed images. The spectra and continuum fluxes
are measured in the same manner as in Section 3.1.2. An
emission line is barely detected at 144.56 + 0.03 GHz with
peak (total) fluxes of 3.00(5.20) from ID208. In addition,
when combining the spectra of the triply lensed images, a faint
emission line is detected at 86.77 4+ 0.02 GHz with a peak
(total) flux of 5.10(6.20). These results conclude that this
lensed source is at z = 2.9853 + 0.0009 and detected emission
lines are CO(3-2) and CO(5-4). This result is consistent with
the initial prediction from our lens model, z = 3.0 = 0.5. These
consistencies enhance the reliability of the identified spectro-
scopic redshift, even though the line detections are marginal.
We emphasize that the detection of the CO(3-2) line was made
possible by the total magnification factor of ~15, making the
observation more than 100 times more efficient in terms of
observation time.

3.2. Mass Model

We utilize the publicly available glafic code
(M. Oguri 2010, 2021) to construct our fiducial lens models,
following R. Kawamata et al. (2016) and T. Okabe et al.
(2020). The multiple images that constrain the lens model are
sourced from G. Mabhler et al. (2019) for the M0417 cluster
and from A. Acebron et al. (2020) for the R0032 cluster.
Additionally, the three triply lensed systems identified in this
study are included to provide further constraints. To assess the
statistical uncertainty of the magnification factor, we employ a
Markov Chain Monte Carlo (MCMC) method, taking into
account uncertainties in the positions of the multiple images
(Ax = Ay = 0'4) and photometric redshifts (Az = 0.6). The
median value is chosen as the representative value, with the
16th and 84th percentiles serving as the uncertainty range. To
account for potential systematic errors in the lens model, we
introduce an additional error based on a comparison with other
lens models that are constructed with different software, as
detailed by S. Fujimoto et al. (2024). Specifically, we
incorporate an error of 40% for magnifications below 5%
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and 50% for those above 5. The obtained magnification factors
can be found in Table 2.

3.3. SED Fitting

We use the CIGALE code (M. Boquien et al. 2019) to
perform SED fitting and estimate key physical parameters. The
photometries used for the SED fitting are listed in Table 3.
CIGALE models the SED panchromatically based on an
energy balance principle, where all the absorbed energy is then
reemitted by the dust in the mid/far-infrared domains.
Following S. Huang et al. (2023b), instead of the default fixed
grid parameter search in CIGALE, we implement a Bayesian-
based approach using the DYNESTY package (J. S. Spea-
gle 2020). This allows for efficient exploration of extensive
parameter spaces and computation of the Bayesian posterior
distribution for the free parameters. We use flat prior
distributions for all parameters.

We assume a nonparametric star formation history (SFH;
J. Leja et al. 2019) and adopt the stellar population model from
G. Bruzual & S. Charlot (2003) with solar metallicity. The dust
attenuation law is taken from D. Calzetti et al. (2000). For the
dust infrared emission model, we use B. T. Draine et al. (2014)
templates. We note that bright optical emission lines such as
Ha and [O 1IT] 5997 do not fall into the photometric bands used
for our sources at their redshifts. For each multiple image, we
performed SED fitting and, based on the posterior distribution,
determined the median value as the best-fit parameter,
accompanied by the 16%—-84% credible interval. In our case,
differential magnification is negligible, meaning that the
physical quantities scale linearly with the magnification factor.
Therefore, the intrinsic physical quantities are derived by
dividing the obtained apparent physical quantities by the
magnification factor. After correcting each value for magni-
fication, we took the intrinsic physical quantity as the average
weighted by the inverse square of the uncertainties. The best-
fit SED models along with their 16%—-84% credible interval
are shown in Figure 10. The obtained intrinsic physical
parameters along with their 16%—-84% credible interval are
listed in Table 4. For the fiducial SFR value, we take one that
is averaged over 100 Myr. The SFR can also be estimated from
the total infrared luminosity (Ljgr) using the relation
SFR = 4.5 x 107 M, yr~!(erg s™)! Lig, which is a cali-
bration by P. Madau & M. Dickinson (2014), but we multiply
a factor of 0.63 to account for the correction from the Salpeter
IMF to the Chabrier IMF. Using this equation, the SFR values
inferred from L are 167f23 M, yr=! for MO0417-z365,
92+3 M, yr! for R0032-z239, and 33712M, yr! for
R0032-z299. These values are consistent within the uncertain-
ties with the SFRs derived from the SED fitting.

Figure 5 shows the SFR versus M, relation of our three
intrinsic sources. For comparison, JWST/NIRCam (long-
wavelength filter)-selected H-band dropouts (30 depth of
H > 27mag, L. Barrufet et al. 2023), ALMA and Spitzer/
IRAC-detected H-band dropouts (typical 50 depth of
H > 27mag, T. Wang et al. 2019), 2 < z < 4 SMGs from
the AS2UDS samples (U. Dudzevicitte et al. 2020), NIR-dark
SMGs (C. M. Casey et al. 2019; C. C. Williams et al. 2019;
D. A. Riechers et al. 2020; H. Umehata et al. 2020; L. Zhou
et al. 2020; S. M. Manning et al. 2022; V. Kokorev et al. 2023;
I. Smail et al. 2023; F. Sun et al. 2024), and NIR-dark DSFGs
(Y. Fudamoto et al. 2021) are also shown. Some of these
previous studies estimate physical quantities using MAGPHY S
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Table 3
Photometries of the Three NIR-dark Triply Lensed Systems (the Magnification Factor Is Not Corrected)
MO0417-z365 R0032-z239 R0032-z299
Band Wavelength Unit 1D46 1D58 ID121 D127 ID131 1D198 1D208 1D281 1D304 References
HST-F606W 606 nm nly blended <26 <26 <53 <53 <53 <53 <53 <53 K22
HST-F814W 814 nm nly blended <68 <68 <63 <63 <63 <63 <63 <63 K22
HST-F105W 1.05 pm nly blended <106 <106 <83 <83 <83 <83 <83 <83 K22
HST-F125W 1.25 ym nly blended <135 <135 <137 <137 <137 <137 <137 <137 K22
HST-F140W 1.40 pm nly blended <116 <116 207 £+ 31 <119 <119 <119 <119 <119 K22
HST-F160W 1.60 ym nly blended <111 <111 262 £+ 23 707 £ 121 362 £ 42 <88 <88 <88 K22
FourStar-Ks 2.2 pm wly blended 0.85 = 0.22 <0.63 This work
HAWKI-Ks 2.2 pm wly <24 <24 <24 <24 <24 <24 This work
IRAC-chl 3.6 pm uly blended 1.59 £ 0.08 1.33 £ 0.07 477 £ 0.19 11.5 £ 0.2 377 £ 0.15 2.02 £ 0.19 25+£0.2 2.65 £ 0.16 K22
IRAC-ch2 4.5 pm wly blended 2.85 £ 0.14 2.67 £0.14 8.32 £ 0.17 17.85 £ 0.17 6.44 £ 0.14 322 +£0.17 25+03 4.10 £ 0.14 K22
SPIRE 250 pm mly 454 +£ 5.8 11.1 £7.3 109 £ 6.3 132 +53 127 £53 33.8 £ 7.7 <15.6 <15.7 S22
SPIRE 350 pum mly 39.0 £ 6.2 148 £53 6.9 + 4.7 302+ 74 15.6 £ 7.4 249 + 84 <21.7 <21.8 <27.0 S22
SCUBA-2 450 pm mly 249 £ 4.0 143 £ 4.0 13.8 £ 3.8 This work
SPIRE 500 pm mly 30.7 £ 5.1 11.1 £5.7 176 £5.2 <38.9 327+ 114 <23.0 10.6 + 8.8 <21.8 <22.7 S22
SCUBA-2 850 pm mly 11.09 £ 0.65 5.4 £ 0.66 5.28 £ 0.65 This work
ALMA-B6 1.2 mm mly 43 £0.5 3.1+04 21+03 45+£05 39+04 14+£02 12 +£02 12 +£02 1.1 £0.2 This work
ALMA-B4 2.1 mm mly 0.395 £+ 0.018 . 1.1 £0.1 0.88 + 0.09 0.41 £+ 0.08 This work
ALMA-B3 3.0 mm mly 0.095 £ 0.007 0.051 £ 0.005 0.039 £ 0.007 0.25 + 0.04 0.23 + 0.04 <0.09 <0.08 <0.08 0.09 £ 0.03 This work
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Table 4
Derived Intrinsic Physical Properties for Our Three Samples
Parameters M0417-2365 R0032-z239 R0032-z299
Redshift z 3.6517 £ 0.0002 2.3911 + 0.0002 2.9853 + 0.0009
Stellar mass IOgIO(M*//W@) 1037+023 1004+020 982+019
—0.47 —-0.30 —0.37
Infrared luminosity log (L[R/L:.\,) 12 19+0~14 11 93+O-14 11 48+0'14
" 7015 77014 * 017
Star formation rate (averaged over 100 Myr) SFR [M yr '] 1011739 518 71 T8
—54 —24 -10
Dust attenuation Ay [mag] 45704 461019 40104
—-0.4 —0.20 -0.5
Dust mass log,,(Myust/ M) 3 46-|—0.14 3 73-i-0.14 8 29+O.14
e *°_0.14 2015 “70.14
Offset from the main sequence AMS 14705 yREs. 13703
—-0.7 —0.8 —0.6
Molecular gas mass (CO-based, aco = 1) log,( (MG /M.,) 9.83 + 0.14 10.22 + 0.15 9.66 + 0.16
Molecular gas mass ([C I]-based) log,,(MIS™ /M) 9.92 + 0.15 10.71 + 0.17
Gas depletion time (aco = 1) Tgas [Gy1] 0.0770-02 0351009 0.2210:07
. 10,03 —0.14 ~0.10
Gas fraction (aco = 1) Saas = Mgas/ My 0.304'0-15 1_7+0-7 0'7+O~3
e 032 ~11 ~06
1.2 mm continuum circularized radius Re12 mm [kpc] +0.14 +0.06 13103
‘ 060_ 04 053 014 303
Apparent axis ratio b/a 0 50+0-27 0 24+0-O4 0 17+O-11
7032 T-0.07 T -0.07

(E. da Cunha et al. 2015). Different SED fitting codes often
produce systematic differences in results due to various
assumptions they employ, especially the dust attenuation
models. R. Uematsu et al. (2024) investigated whether there
are systematic differences in physical quantities obtained with
MAGPHYS and CIGALE with the Calzetti attenuation curve,
using the ALCS sample. They found that while the SFR
estimates agree well, the stellar mass estimates from CIGALE
are 0.37 dex lower at M, = 10'%> M_... In any case, our sample
remains significantly lower in SFR and stellar mass compared
to the SMGs in previous studies. Our three samples lie on the
main sequence (offset from the main sequence
AMS = SFR/SFRys is within a factor of 3), exhibiting a
M ,—SFR relation similar to typical star-forming galaxies
selected in NIR bands (e.g., C. Schreiber et al. 2015;
C. M. S. Straatman et al. 2016). T. Wang et al. (2019) and
M. Y. Xiao et al. (2023) suggest that such dust-obscured
galaxies on the main sequence are a dominant population of
the massive galaxies (M, > 10°° M.) at 3 < z < 6. Among
our samples, M0417-z365 is located at a region where H-
dropouts of T. Wang et al. (2019) are sampled. R0032-z299 is
positioned on the lower mass and SFR region, bridging the gap
with the dust-obscured galaxy candidates recently explored
by JWST.

3.4. Molecular Gas Properties

We estimate the total molecular gas mass Mg, using the
CO@3-2) line for the R0032-z239 and R0032-z299 and
CO(4-3) line for the M0417-z365, respectively. We assume
an average CO excitation of r3;;0 = 0.58 £ 0.10 and
43710 = 0.30 &= 0.08 (L. A. Boogaard et al. 2020), where r
represents brightness temperature ratio. The value of CO-to-H,
conversion factor aco depends on various properties including
metallicity, galactic environment, and morphology. In the
following, we will show both results obtained with the
assumption of aco = 3.6 M, (K km s~! pc?)~!, which is often
assumed for massive MS galaxies (e.g., M. Aravena et al.
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2019), and of aco = 1.0 M, (K km s~! pc?)~!, which is often
assumed for SMGs and compact starbursts (e.g., M. S. Bothw-
ell et al. 2013). We also calculate the molecular gas mass using
[CT](1-0) luminosity for MO0417-z365 and R0032-z239
following H. Umehata et al. (2020). The gas masses derived
from both CO and [CI] luminosities are consistent provided
that the aco ranges between 1.0 and 3.6. We use CO-based
molecular gas mass as a fiducial value. The gas depletion time
Taep = Mgas/SFR and gas fraction fy,s = Mgas/M, are also
derived in conjunction with the SED fitting results. The
obtained values are listed in Table 4.

The molecular gas depletion time (Tgep = Meas /SFR) and gas
fraction (fyas = Mas/My) depend on redshift, stellar mass, and
offset from the main sequence (AMS). L. J. Tacconi et al. (2018)
compiled molecular gas mass data of star-forming galaxies at 0 <

7z < 4, covering a wide range of stellar mass and AMS and
derived the scaling relations of T, o< (1 + 7) 7002 x

AMS 0% 5 MY and  fra o (1 + 2)*5 x AMS?S2 x M, 0%,
Figure 6 shows Ty, and fy,s as a function of AMS, normalized
using the scaling relations. For comparison, we also plot
ASPECS DEFGs (M. Aravena et al. 2020), NIR-dark SMGs in
the literature (C. C. Williams et al. 2019; D. A. Riechers et al.
2020; H. Umehata et al. 2020; F. Sun et al. 2024). The gas
depletion time and gas fraction of R0032-z299 are consistent with
the scaling relation regardless of aco value. This suggests that
this galaxy is a normal star-forming galaxy undergoing secular
evolution. M0417-z365 seems to exhibit a shorter 74, and a
smaller fu,,, deviating by 0.80 dex and 0.96 dex from the scaling
relations, respectively, assuming aco = 1.0 (0.25dex and
0.41dex if aco = 3.6). For R0032-7239, these quantities are
consistent with the scaling relation when aco is close to 1.
Examining our results with those of the previous literature
suggests that the NIR-dark galaxy population has a wide range of
molecular gas depletion time and gas fraction. We will further
discuss the interpretations of the molecular gas properties in
Section 4.
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Figure 5. SFR against stellar mass relation for our three intrinsic sources (red star/diamond/circle) is shown along with other populations for comparison. The green
triangle represents JWST/NIRCam selected H-dropouts at 2 < z < 4 (L. Barrufet et al. 2023). The orange circle shows ALMA and Spitzer/IRAC-detected H-
dropouts (T. Wang et al. 2019). The blue point represents 2 < z < 4 SMGs from the AS2UDS samples (U. Dudzeviciate et al. 2020). The red squares are NIR-dark
SMGs from the literature (C. M. Casey et al. 2019; C. C. Williams et al. 2019; D. A. Riechers et al. 2020; H. Umehata et al. 2020; L. Zhou et al. 2020;
S. M. Manning et al. 2022; V. Kokorev et al. 2023; I. Smail et al. 2023; F. Sun et al. 2024). Two magenta squares are NIR-dark DSFGs at z ~ 7 (Y. Fudamoto
et al. 2017). The gray dashed lines indicate the star-forming main sequence at z = 3, 4, and 5 (C. Schreiber et al. 2015).

Using the molecular gas masses derived above and the dust
masses estimated from the SED fitting, we calculate the dust-
to-gas mass ratio (6gpr = Maust/Mgas). Assuming aco = 1.0,
the dust-to-gas mass ratios based on CO luminosity are
23 + 13 for M0417-z365, 31 + 18 for R0032-z239, and
23 + 14 for R0032-z299. When compared with the sample of
SMGs at z = 1-5 presented in J. E. Birkin et al. (2021), where
molecular gas masses are derived using CO with the
assumption of aco = 1.0, the égpr values for our sources
appear to be smaller, despite the large scatter in the sample. If
the 6gpr of our sources is comparable to that of the z = 1-5
SMG sample, this could imply that aco for our sources is
larger than 1.0.

3.5. Morphology of the Star-forming Region

We reconstruct ALMA band 6 (1.2 mm) continuum images
for the three triply lensed systems observed by ALCS using the
glafic version 2. Ideally, it would be preferable to
simultaneously fit the triply lensed images using a single
source model. However, galaxy cluster lenses have complex
gravitational potential such as small-scale substructures that
are not accounted for in the parametric mass model. As a
result, the positions of these multiple images typically often

12

deviate by about ~0'5 (e.g., M. Oguri et al. 2013). In this
study, we perform individual fittings for each of the three
images and then adopt their average value.

First, we refine the lens model by including the multiple
images identified in this study as constraints, in addition to
those previously recognized. Subsequently, we put a Sérsic
source with a Sérsic index n of 1, characterized by six free
parameters: xy-coordinates, flux, effective radius (half-light
radius), major-to-minor axis ratio, and position angle) on the
source plane and all source parameters are optimized with the
lens parameters held constant. For x* optimization, only the
area within a 3”-radius circle centered on each source was
considered.

The uncertainty in source reconstruction arises from both
the lens model and the observed image. To address the
uncertainty of the lens model, we utilize the multitude of lens
models generated and accepted via the MCMC method when
constructing the lens model as described in Section 3.2. We
repeat the same glafic fitting process with these lens
models. In addition, to consider the uncertainty of the observed
image, we add a randomly generated noise map with the same
noise level as the observed image to the best-fit (lensed) model
image (which does not include noise; the image in the Model
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Figure 6. Gas depletion time against AMS (left) and gas fraction against AMS (right). The dashed line and blue shaded region show the best-fit line for the PHIBBS
samples (Tgas/Tgas(MS) = AMS %4 and Sous/feas(MS) = AMS®>%) derived in L. J. Tacconi et al. (2018) and its +0.3 dex offset, respectively. The green square
represents the ASPECS DSFG samples from M. Aravena et al. (2020), and the red square shows the NIR-dark SMGs for which gas mass is measured based on
emission lines (C. C. Williams et al. 2019; D. A. Riechers et al. 2020; H. Umehata et al. 2020; F. Sun et al. 2024).

panel of Figure 7) and iterate the fitting. Given the pixel-
correlated noise characteristic of interferometric images, we
use a noise map convolved with the dirty beam of the ALMA
observation. After conducting the fitting procedure 20,000
times in total, we adopt the median value as the best-fit value
and use the 16%-84% interval as the uncertainty. In
Appendix B, we further discuss the feasibility of spatially
resolving the dust continuum from our ALMA observations.
Figure 7 shows the best-fit model for the three triply lensed
systems. The obtained intrinsic circularized effective radius r,
and apparent axis ratio for them are listed in Table 4. Figure 8
shows the relation of the intrinsic infrared luminosities and
circularized effective radii for our three samples along with
massive (10'° M. < M, < 10"'M.) MS SFGs at z ~ 2
(W. Rujopakarn et al. 2016), faint DSFGs with SFR of
10—100M®/yr7l at z = 14 (J. Gonzélez-Lopez et al. 2017,
N. Laporte et al. 2017; A. Pope et al. 2023; A. Mizener et al.
2024), massive (M. > 10" M) DSFGs at z ~ 2 (K. Tadaki et al.
2020), SCUBA-2 selected SMGs at z = 1-4 (B. Gullberg et al.
2019; U. Dudzeviciute et al. 2020), and NIR-dark SMGs
(H. Umehata et al. 2017, 2020; C. Gémez-Guijarro et al. 2022).
While the infrared luminosity of M0417-z365 and R0032-z239 is
much lower than that of SMGs, their dust-emitting regions are as
compact as those of NIR-dark SMGs. The tendency for compact
objects to experience stronger dust attenuation has been suggested
by other studies (e.g., I. Smail et al. 2021; C. Gémez-Guijarro
et al. 2023). On the other hand, R0032-z299, the faintest one in
our sample, has a more extended dust continuum of
Reiomm = 1.3 £ 03kpc. The infrared surface densities of

MO0417-z365, R0032-z239, and R0032-z299 are 6.6+;'§ x 101,

4.7+f'g « 10", and 2.87%0

We will further discuss the inferpretations of the size-luminosity
relation in Section 4.

x 10'° L., kpc~2, respectively.
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3.6. PDR Properties

The photodissociation regions (PDRs) play a dominant role in
the heating, cooling, ionization, and dissociation of molecules in
the neutral interstellar medium (ISM; A. G. G. M. Tielens &
D. Hollenbach 1985; E. L. O. Bakes & A. G. G. M. Tiel-
ens 1994). The heating occurs when far-UV photons penetrate the
ISM and are absorbed by polycyclic aromatic hydrocarbons
(PAHs). These particles release photoelectrons, which collision-
ally excite the gas, ultimately converting the energy into dust
emission. The gas cooling occurs primarily through FIR fine
structure lines, such as [C1I],58, [O1]¢3, and [CI] where the
cooling rate depends on the gas density. Thus, we can constrain
the gas density ny and far-UV incident radiation field Uyy in
PDRs from the dust luminosity (8 um < A < 1000 xm) and the
ratio of CO to [CI] luminosity. We perform the PDR modeling
for our two samples, M0417-z365 and R0032-z239, which have
both CO(4-3) and [C 1](1-0) line data using the PDRTToolbox
(M. W. Pound & M. G. Wolfire 2008, 2011, 2023). The model of
M. J. Kaufman et al. (2006) with the gas metallicity of Z = 1 and
simple plane-parallel geometry is assumed.

Figure 9 shows the model predictions for Lc 1j1—0y/Lco@—3)
against Lc yy¢1—o0)/Lir together with the observed data of our two
samples, previously reported NIR-dark SMGs at z = 3.99
(H. Umehata et al. 2020) and z = 4.26 (I. Smail et al. 2023),
z ~ 1-5 bright SMGs (M. S. Bothwell et al. 2017; F. Valentino
et al. 2020; K. C. Harrington et al. 2021; M. Hagimoto et al.
2023), MS SFGs at z ~ 1 (F. Valentino et al. 2020), z ~ 2-6.5
QSOs (S. Alaghband-Zadeh et al. 2013; M. S. Bothwell et al.
2013), and local U/LIRGs (T. Michiyama et al. 2021). While
dust continuum and [CI](1-0) emission are generally optically
thin, low-J CO emission is optically thick. Thus, we increase the
observed CO(4-3) luminosity by a factor of 2 to incorporate this
effect. M0417-z365 has a lower [CI]/CO and [CI]/FIR
luminosity ratio than R0032-z239 and is located closer to other
SMGs than MSs or R0032-z239, indicating a higher gas density
and stronger radiation field. However, we note that the actual
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Figure 7. Source reconstruction for the three triply lensed systems. From left
to right, the observed ALCS band 6 (1.2 mm) cleaned image, best-fit model,
residual, and reconstructed source are shown. The white contours on the
observed image and model image are drawn at [4, 8, 16, 32] x o. The peak
residuals are less than 30. The black contours in the source panel show 20%,
40%, 60%, and 80% of the peak. The synthesized beam size is displayed in the
lower-left corner of each panel. The dotted line in the model panel shows the
shear direction and strength at the position. The reduced chi-square values and
magnification factors are annotated on the residual and source images,
respectively.
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ISM would consist of a range of molecular clouds that have
different properties like density and radiation field rather than a
simple plane-parallel model. Since our measurements are
integrated over the whole galaxy, the obtained results should be
treated qualitatively.

4. Discussion

In this section, we discuss how our three normal dust-
obscured galaxies relate to the broader context of galaxy
evolution, primarily based on the properties of molecular gas
and the morphology of the star-forming regions.

4.1. M0417-z365 and R0032-7239: Compact Dust-obscured
Galaxies

Both M0417-z365 and R0032-z239 are main sequence star-
forming galaxies and they are characterized by having compact
star-forming regions of ~0.6 kpc, comparable to those of NIR-
dark SMGs in the literature. The gas depletion time and
molecular gas fraction of M0417-z365 seem to be lower than
the scaling relation, although those gas properties are
consistent with the scaling relation within the margin of error
when acp is 3.6. We first state an interpretation of the former
case. D. Elbaz et al. (2018) and C. Gomez-Guijarro et al.
(2022) focus on a galaxy population that lies on the MS but has
gas depletion times shorter than the scaling relations like
starburst (SB) galaxies. They term these galaxies “SBs in the
MS” and report that they tend to have a smaller gas fraction
and higher dust temperature (but see also S. Jin et al.
2019, 2022; M. Y. Xiao et al. 2023). Furthermore, the authors
argue that the compactness of the dust continuum area
correlates with these characteristics: As the star-forming
region becomes more compact compared to the stellar disk,
the gas depletion timescale and gas fraction become lower (see
also E. F. Jiménez-Andrade et al. 2019). To phenomenologi-
cally explain this galaxy population, C. Gémez-Guijarro et al.
(2022) propose a scenario in which the galaxy exhausts its gas
from the outside and, through some mechanism, gradually
becomes more compact. However, this is not confirmed
observationally (L. Ciesla et al. 2023).

Next, we present an interpretation of the latter case. The
molecular gas properties of R0032-z239 are also aligned with
the scaling relation when acg is close to 1. This case can be
interpreted as being in a compaction phase of a steady galaxy
evolution scenario for MS galaxies, proposed by cosmological
simulations (e.g., A. Zolotov et al. 2015; S. Tacchella et al.
2016). In this scenario, the galaxy experiences compaction of
gas and star formation triggered by an intense gas inflow event
such as minor mergers or counter-rotating streams. This phase
is then followed by inside-out quenching driven by outflows
and central gas depletion. These processes are repeated until
the halo mass grows sufficiently to halt cold gas accretion from
the intergalactic medium. Throughout these cycles, the galaxy
remains MS on the SFR-M, plane and upholds the scaling
relations for gas depletion time and gas fraction.

Both M0417-z365 and R0032-z239 have compact star-
forming regions, which aligns with prior studies suggesting a
correlation between compactness and the strength of dust
attenuation (I. Smail et al. 2021). However, based only on our
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Figure 8. Intrinsic infrared luminosities vs. circularized effective radii for our three samples, massive main sequence galaxies at z ~ 2 (W. Rujopakarn et al. 2016),
faint DSFGs at z ~ 14 (J. Gonzdlez-Lépez et al. 2017; N. Laporte et al. 2017; A. Pope et al. 2023; A. Mizener et al. 2024), massive (M, > 10" M) SFGs at
z ~ 2-3 (K. Tadaki et al. 2020), AS2UDS SMGs at z = 1-4 (B. Gullberg et al. 2019; U. Dudzeviciuté et al. 2020; I. Smail et al. 2021), and NIR-dark SMGs
(H. Umehata et al. 2017, 2020; C. Gémez-Guijarro et al. 2022). The red dashed lines (with a shaded region of 1o uncertainty for R0032-z299) correspond to the
constant infrared surface density relations for our samples. The blue shaded region shows the scaling relation with 1o uncertainty derived from a statistical ALMA

archival study (S. Fujimoto et al. 2017).

current results, it is unclear whether this compactness is the
actual cause of the strong dust attenuation observed in these
galaxies.

4.2. R0032-z299: A Normal DSFG with Edge-on Disk

R0032-z299, the faintest source in our sample, is an LIRG-
class MS SFG and its gas depletion time and gas fraction are
consistent with the scaling relation, which suggests that this
galaxy is under secular evolution. This source has a dust
continuum that is roughly twice as extended as the other two
samples and NIR-dark SMGs in the literature. Its infrared

— 2.8—’_2.6

surface brightness of g x 1010 L, kpc~2 is more

than an order of magnitude lower. The FIR size—luminosity
relation at z 2 2 is not well constrained at the faint end of
Lig < 102 L. While S. Fujimoto et al. (2017) postulates in
their statistical ALMA study that fainter galaxies tend to be
smaller, J. Gonzélez-Lépez et al. (2017) and W. Rujopakarn
et al. (2016) report that, despite large scatter, the FIR sizes of
fainter DSFGs at z ~ 1-2 are either comparable to or exceed
those of brighter SMGs. In the local universe, the IR—size
relation has been investigated down to Lig ~ 10'° L,
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suggesting that galaxies with lower Lz tend to have larger
sizes (J. McKinney et al. 2023b).

B. Gullberg et al. (2019) stack dust continuum of SCUBA-2
detected bright SMGs to find not only a central compact
(subkiloparsec) component but also a fainter extended
component extending about a few kiloparsecs associated with
(unobscured) star and molecular gas. The infrared surface
brightness of the compact and extended components are about
(6-10) x 10" and 1 x 10" L. kpc™?, respectively. As the
SFR increases, the infrared surface brightness of the compact
component shows a rising trend, while that of the extended
component remains constant. Based on this result and
simulation works (e.g., P. F. Hopkins et al. 2013), the authors
argue that the two components are physically decoupled. They
suggest that the compact component likely represents a
merger-induced starburst triggered by radial gas inflow that
loses its angular momentum. Meanwhile, the extended
component seems to be a regular disk that had formed before
the merger.

The infrared surface brightness of R0032-z299 is
comparable to that of the extended component identified by
B. Gullberg et al. (2019) and those of faint (Lig < 102 L)
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Figure 9. Lic 1j(1—0)/Lcow—3) against Lic 1j(1—oy/Lir for model and observed values. The horizontal and vertical gray dashed lines represent the model tracks for
constant ny [cm ] and Uyv [Gol, respectively. Gy = 1.6 x 1073 ergs cm 2 s~ ! is the far-UV radiation field in the vicinity of the Sun (H. J. Habing 1968). The red
star and diamond are our two samples. The red square and pentagon show NIR-dark SMGs at z = 3.99 (H. Umehata et al. 2020) and z = 4.26 (I. Smail et al. 2023),
respectively. The blue triangle denotes z ~ 1-5 bright SMGs (S. Alaghband-Zadeh et al. 2013; M. S. Bothwell et al. 2017; J. E. Birkin et al. 2021; K. C. Harrington
et al. 2021; M. Hagimoto et al. 2023). The green and orange circles represent the MS SFGs at z ~ 1 (N. Bourne et al. 2019; F. Valentino et al. 2020) and z ~ 2—4
quasar (S. Alaghband-Zadeh et al. 2013; M. S. Bothwell et al. 2017). The black dot shows local U/LIRGs (T. Michiyama et al. 2021). The arrows indicate the 3¢
upper limits. The green and blue shaded regions represent the mean line luminosity ratios of MS and SMGs with 20 uncertainty derived in F. Valentino et al. (2020),

respectively.

DSFGs (W. Rujopakarn et al. 2016; J. Gonzalez-Lépez et al.
2017). Together with the normal molecular gas properties, we
interpret that R0032-z299 is in a secular evolution phase prior
to an outside-in transformation caused by mergers or violent
disk instability. Another characteristic of this source is its
elongated projected axis ratio of 0.17, the most elongated of
our three samples. If we assume axisymmetry, R0032-z299 is
likely to be a dusty edge-on disk, although there is another
case that even a face-on galaxy can appear elongated if we are
viewing a bar-like structure (e.g., J. A. Hodge et al. 2019;
S. Huang et al. 2023a). Nonetheless, to explain the origin of
the strong dust attenuation (Ay ~ 4), we interpret that this
galaxy has an extended dusty edge-on disk, which causes the
stellar light to be strongly attenuated by the large dust column
density (W. Wang et al. 2018). This interpretation suggests
that even normal dusty star-forming galaxies can be strongly
dust-obscured and missed in optical/NIR observations,
depending on the orientation to the observer. Recently, a
JWST study discovered an HST-dark galaxy population with
similar properties to R0032-z299: massive (M, 2 lOIOM@),
extended (R.psaaw ~ 1-2kpc), and edge-on disk galaxies
(E. J. Nelson et al. 2023). We think that these JWST/NIRCam
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selected HST-dark galaxies and R0032-z299 are the same
population and that our ALMA observations directly capture
the dust responsible for the attenuation. These were identified
in the early observations of JWST, suggesting that such a
galaxy population is not uncommon. The geometric orientation
—whether a galaxy is observed from an edge-on angle or not
—would not be the only factor of the strong dust attenuation
(S. Fujimoto et al. 2023; C. Gémez-Guijarro et al. 2023;
B. Lorenz et al. 2023), but in massive galaxies where a disk is
present, the edge-on disk orientation may be a significant
factor contributing to dust attenuation. However, it should be
noted that a recent simulation study predicts that edge-on disks
tend to have less dust attenuation because stellar light escapes
from the edges of the dust distribution (R. Cochrane et al.
2024). In the near future, we expect that deep multiband
observation with a high angular resolution by HST, JWST, and
ALMA will statistically reveal the detailed properties of dust-
obscured galaxies and the origins of strong dust attenuation by
directly comparing the spatial distribution of stars and dust. It
would also be important to break the degeneracy between dust
mass and dust temperature by observing the dust continuum
with multiple bands.
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5. Summary

We present spectroscopic redshifts and physical character-
izations of three triply lensed dust-obscured galaxies that were
originally detected in the ALCS program. The multiple images
are apparently bright at 1.2 mm band but intrinsically faint
(812 mm < 1mlJy) compared with classical SMGs due to the
lens magnifications.

We perform ALMA band 3/4 line scan follow-up observa-
tions and successfully confirm the spectroscopic redshifts to be
7=13.6517,2.3911, and 2.9853 for M0417-z365, R0032-z239,
and R0032-z299, respectively. We also conduct follow-up
observations toward the triply lensed sources in M0417 with
the SCUBA-2/450, 850 yum and FourStar/K-band to collect
more multiband photometries. Together with archival HST,
Spitzer/IRAC, Herschel /SPIRE, and VLT/HAWK-I data, the
stellar masses, SFRs, and visual extinctions are derived from
panchromatic SED fitting. Thanks to a total magnification
factor of up to ~15, we were able to detect faint CO emission
lines and estimate the gas mass.

Our three samples are located in the MS region in the
M ,—SFR plane, with lower M, and SFR than classical SMGs.
They show a variety in molecular gas depletion time, gas
fraction, and spatial extent of dust. M0417-z365 and R0032-
7239 have compact 1.2 mm dust size of ~0.6 kpc, comparable
to those of previously reported NIR-dark SMGs, following a
proposed trend that the more compact the dust continuum size,
the higher the Ay. On the other hand, the dust continuum of
R0032-z299 is roughly twice as extended as the other two
samples and NIR-dark SMGs in the literature. Its infrared
surface brightness is more than an order of magnitude lower
than the other two samples and SMGs, which suggests that
R0032-z299 is a different population. The molecular gas
depletion time and gas fraction of R0032-z299 are consistent
with a scaling relation for star-forming galaxies, suggesting
this galaxy undergoes a secular evolution phase. R0032-z299
has an elongated projected axis ratio of ~0.17, the most
elongated of our three samples. This suggests that the edge-on
dusty disk configuration causes strong dust attenuation. If so,
even normal DSFGs can be strongly dust-obscured and missed
in optical /NIR observations, depending on the orientation to
the observer.
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Appendix A
SED Fitting

Table 5 lists the parameter ranges used for our SED fitting.
Figure 10 shows the SED fit results for all our sources.
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Figure 10. Median (solid lines) and 16th—84th percentile range (shaded regions) SEDs of our samples. The arrows indicate the 3o flux upper limits used in the SED
fitting.
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Table 5
Parameter Ranges Used for the SED Fitting with CIGALE

Parameter Symbol Value

SFH (nonparametric; J. Leja et al. 2019)
Number of constant SFH bins 6
Prior Continuity
(SFR,/SFR, | ~ Stu-
dent’s-t distribution)

SSP (bc03; G. Bruzual & S. Charlot 2003)

Initial mass function IMF G. Chabrier (2003)

Metallicity of the stellar model Zstar 0.02
Nebular emission (nebular)

Ionization parameter logU -2.0

Gas metallicity Zgas 0.02

Electron density ne[cm’3] 100

Dust attenuation (dustatt calzleit; D. Calzetti et al. 2000)
Color excess of the stellar EB—V), 0-10
continuum light for the
young population
Reduction factor to apply
E(B — V), for the old
population
UV bump amplitude 0
Slope of the power law mod- 6 —-0.7-0.4
ifying the attenuation curve

0-1

Dust emission (d114; B. T. Draine et al. 2014)

Mass fraction of polycyclic qpAH 0.47, 1.12, 2.50, 3.19, 3.90
aromatic hydro-
carbons (PAH)
Minimum radiation field Unpin All possible values
above 5.0
Power-law index of starlight « All possible
intensity distribution values (1.0-3.0)
Fraction illuminated from U, 11—~ 0-1

to Umax

Note. We use flat prior distributions for all parameters. ¢, represents the age of
the universe at redshift z.

Appendix B
Intrinsic Dust Continuum Size

In Section 3.5, we reconstructed the intrinsic source
morphology of the 1.2 mm continuum from ALCS observa-
tions using an MCMC approach. Here, we discuss an
alternative method to demonstrate that the ALCS observations,
with a resolution of ~1”, are capable of spatially resolving
structures with r, ~ 0.5 kpc.

In principle, it is possible to resolve sources smaller than the
beam if the beam profile is well-defined, the SNR is sufficiently
high, and some assumptions about the source light profile are
made. J. M. Simpson et al. (2015) demonstrated that when the
source size is close to the synthesized beam size and a peak
SNR is more than ~10, source sizes can be recovered with a
precision of ~30%. A. Tsujita et al. (2022) demonstrated that, in
the presence of strong lensing, it is possible to measure
source sizes even when they are smaller than the effective
beam size. The minimum radius r;, that can be reliably
measured can be expressed as follows (I. Marti-Vidal et al. 2012;
C. G6émez-Guijarro et al. 2022): rpnin =~ 044 Opeam/~ SNR,
where Opear, is the FWHM of the beam. Note that the effective
angular resolution is improved by a factor of /gt due to the strong
lensing. For example, M0417-z365.ID46 has a magnification
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factor of = 5.1 (Table 2) and a peak SNR of ~50 (S. Fujimoto
et al. 2024). Substituting these values into the above equation
yields 7 ~ 0.03, which corresponds to ~0.2 kpc at z = 3.652.
This calculation demonstrates that this source is indeed resolvable
with our observations. Similarly, for M0417-z365.ID58 and
MO0417-z365.ID121, we obtain 7, ~ 0.3kpc and ~0.4 kpc at
z = 3.652, respectively. For R0032-z239.1D127, R0032-z239.
ID131, and R0032-z239.ID198, the calculations yield ry, ~
0.2kpc, ~0.2kpc, and ~05kpc at z = 2.391, respectively.
Likewise, for R0032-z239.ID208, R0032-z239.ID281, and
R0032-z239.ID304, we obtain r;, ~ 04kpe, ~0.5kpc, and
~0.6 kpc at z = 2.985. These results confirm that all sources in
our sample are spatially resolved.
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