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ABSTRACT

‘We present the first spectroscopic ALMA follow-up for a pilot sample of nine radio-selected near-IR-dark galaxies in the COSMOS
field. These sources were initially selected as radio-detected sources (S 3gu, > 12.65 wly) without an optical or near-IR (NIR) counter-
part in the COSMOS2015 catalog (K's 2 24.7 mag), and just three of them were subsequently detected in the deeper COSMOS2020.
Several studies highlighted that this selection could provide a population of highly dust-obscured, massive, and star-bursting galaxies.
With these new ALMA observations, we assess the spectroscopic redshifts of this pilot sample of sources and improve the quality
of the physical properties estimated through SED-fitting. Moreover, we measure the quantity of molecular gas inside these galaxies
and forecast their potential evolutionary path, finding that the radio-selected NIR-dark galaxies might likely represent a population
of high-z progenitors of the massive and passive galaxies that were discovered at z ~ 3. Finally, we present some initial constraints
on the kinematics of the interstellar medium within the analyzed galaxies, reporting a high fraction (~55%) of double-peaked lines
that can be interpreted as the signature of a rotating structure in our targets or as the presence of major mergers in our sample. The
results we present here show the scientific potential of (sub)mm observations for this elusive population of galaxies and highlight the

potential contribution of these sources to the evolution of the massive and passive galaxies at high z.

Key words. galaxies: evolution — galaxies: high-redshift — galaxies: ISM — galaxies: starburst — infrared: galaxies —

submillimeter: galaxies

1. Introduction

One of the largest puzzles of modern astronomy is the recent dis-
covery of a significant population of massive (M, ~ 10" M)
and passive (sSSFR < 107!! yr!) galaxies that were in place
at z ~ 3 (see some examples in Straatman etal. 2014;
Schreiber et al. 2018; Valentino et al. 2020b).

This discovery challenges our galaxy evolution models for
two main reasons. On the one hand, these galaxies assembled

most of their stellar mass at z > 3, in a period of the cosmic time
at which, according to studies based at optical and NIR wave-
lengths (see Madau & Dickinson 2014 and references therein),
the cosmic star formation rate density (SFRD; i.e., the average
amount of stellar mass created in the Universe per each year
and each comoving Mpc?) was lower by at least one order of
magnitude than at the so-called cosmic noon (z ~ 3). On the
other hand, at higher redshifts, we would expect to detect a
significant population of massive and star-forming galaxies on
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the way to quench their star formation (the progenitors of these
massive and passive galaxies; see, e.g., Valentino et al. 2020b).
However, the galaxies selected at these redshifts in the opti-
cal and NIR regimes (mostly Lyman-break galaxies; LBGs; see
Giavalisco 2002 and references therein) show a population of
galaxies whose stellar masses and star formation rates are too
low for them to be progenitors of these sources. In addition, the
number density of LBGs at z > 3 is generally found to be lower
by one or two orders of magnitude than that of massive and pas-
sive galaxies at z = 3 (e.g., Stark et al. 2009; Toft et al. 2014;
Valentino et al. 2020b).

Before invoking a dramatic change in our galaxy evo-
lution models, we must exclude any bias in our samples
of high-z galaxies. A possible issue might, for instance,
reside in the wavelength in which these sources are selected.
In the past decades, several studies (e.g., Smail et al. 1999,
2002; Frayer et al. 2004; Simpson etal. 2014; Franco et al.
2018; Wangetal. 2019; Gruppioni et al. 2020; Smail et al.
2021; Talia et al. 2021; Manning et al. 2022; Enia et al. 2022;
Behiri et al. 2023) unveiled a significant population of dark
galaxies that were constantly missed by optical or NIR surveys.
These are the so-called dusty star-forming galaxies (DSFGs; see,
e.g., the review by Casey et al. 2014). These sources are char-
acterized by significant amounts of dust in their interior, which
causes them to be extremely faint (or even undetected) at short
wavelengths.

Several studies selecting these sources at longer wavelengths
(i.e., where the effect of dust is negligible, or where we can take
advantage of its bright thermal emission, mainly in the FIR and
(sub)mm) have assessed how they could represent a population
of massive and star-forming galaxies whose estimated number
densities are comparable with those reported for massive and
passive galaxies at z ~ 3 (e.g., Toft et al. 2014; Valentino et al.
2020b; Talia et al. 2021; Behiri et al. 2023). Moreover, the inclu-
sion of these sources in the cosmic census of high-z galax-
ies could be significant enough to change the behavior of
the cosmic SFRD at z > 3 (see, e.g., Rowan-Robinson et al.
2016; Gruppioni et al. 2020; Talia et al. 2021; Behiri et al. 2023;
Traina et al. 2024).

The main drawback of these studies when performed at FIR
and sub(mm) wavelengths is the size of the analyzed samples.
When previous-generation instruments such as the Submillime-
tre Common-User Bolometer Array (SCUBA) on the James
Clerk Maxwell Telescope (e.g., Smail et al. 1997; Hughes et al.
1998; Dunlop et al. 2004), the Photodetecting Array Camera
and Spectrometer, or the Spectral and Photometric Imaging
Receiver (PACS and SPIRE) cameras on the Herschel Space
Observatory (e.g., Gruppioni et al. 2013; Burgarella et al. 2013)
were employed, the low sensitivity of these instruments biased
these samples toward the most extreme objects. In addition,
their coarse resolution made it difficult to associate the cor-
rect multiwavelength counterpart to the FIR emission without a
high-resolution follow-up (see, e.g., Simpson et al. 2015, 2020;
Stach et al. 2019; Dudzeviciate et al. 2021).

All these issues might in principle be solved through using
current state-of-the-art facilities that observe at these wave-
lengths, such as the Atacama Large (sub)Millimeter Array
(ALMA) or the Northern Extended Millimeter Array (NOEMA),
which have a higher sensitivity and a better spatial resolu-
tion. These instruments are not designed to perform wide blind
surveys, however: their small field of view means that the
observation of statistically significant volumes of the Universe
is very time-consuming (see some noteworthy examples in
Dunlop et al. 2017; Franco et al. 2018; Casey et al. 2021).
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A possible solution to all these problems could reside in a
radio selection. Because radio photons can be generated by free-
free emission in HII regions and synchrotron emission from rel-
ativistic electrons accelerated in supernovae remnants, they rep-
resent a tracer of star formation that is not biased by dust (see,
e.g., Kennicutt & Evans 2012 and references therein). As shown
for the first time by Chapman et al. (2001), the selection of faint
radio sources without an optical or NIR counterpart can provide
a sample of likely DSFGs (Chapman et al. 2002, 2004), but the
selection can take advantage of the large FOVs and optimal spa-
tial resolution of modern radio interferometers. Moreover, the
high sensitivity reached by deep radio surveys can unveil sam-
ples of galaxies with less extreme properties than what is com-
monly obtained through FIR or (sub)mm selections (see, e.g.,
Chapman et al. 2002, 2004; Talia et al. 2021; Behiri et al. 2023;
Gentile et al. 2024).

The drawback of this radio selection is the possible con-
tribution by AGN, however, because nuclear activity can also
produce radio emission. This issue can be partly solved with a
multiwavelength approach by focusing on extragalactic fields in
which a broad photometric coverage is available, which enables
a search for the characteristic signatures of AGN at frequencies
other than radio (see, e.g., the discussions in Enia et al. 2022 and
Gentile et al. 2024; see also the review by Hickox & Alexander
2018 and references therein).

By focusing on deep radio surveys and requiring no coun-
terparts in deeper NIR surveys (as was initially employed by
Chapman et al. 2001; see, e.g., Talia et al. 2021, Enia et al. 2022,
Behiri et al. 2023, van der Vlugt et al. 2023, and Gentile et al.
2024), we can collect so-called radio-selected NIR-dark galax-
ies! (RS NIR-dark galaxies hereafter). The first studies analyz-
ing these sources (Talia et al. 2021; Enia et al. 2022; Behiri et al.
2023; Gentile et al. 2024) reported a series of interesting results
that we list below.

— The RS NIR-dark galaxies represent a population of highly
dust-obscured (A, ~ 4 mag), massive (M, ~ 10" M), and
star-forming (SFR ~ 500 M, yr~!) galaxies. The bulk of the
population is located at z ~ 3, and there is a significant tail
of high-z sources at 7 > 4.5.

— When compared with other galaxies in the same redshift
ranges, the RS NIR-dark galaxies always lie above the main
sequence of star-forming galaxies, and nearly half of them
lie in the starburst regime.

— Their number density at z > 3.5 (not corrected for incom-
pleteness or for the expected duty cycle) is higher than n =
(33+0.9)x10°° Mpc’3 . This differs moderately with what
was reported by Straatman etal. (2014), Schreiber et al.
(2018), and Valentino et al. (2020b) for the massive and pas-
sive galaxies at z ~ 3.

— Their contribution to the cosmic SFRD at z > 4.5 could be
as high as 20-40% of the contribution that is obtained when
only optically or NIR-selected galaxies are considered.
When these results increase the scientific potential of the

RS NIR-dark galaxies, they cause new questions. First, all these
results are based on photometric redshifts and spectral energy
distribution (SED) fitting. Because the photometry of these
sources is mostly constrained by upper limits in the optical and
NIR regimes, a spectroscopic confirmation of the redshift is nec-
essary to decrease the degeneracies affecting the physical prop-
erties estimated through this procedure. Second, if the number
density of the RS NIR-dark galaxies is compatible with the pas-
sive galaxies at z ~ 3, we need to constrain their evolutionary

I https://sites.google.com/inaf.it/rsNIRdark/
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path to establish the possible relation between the progeni-
tors and the descendants. Finally, we must explain their loca-
tion in the SFR-stellar mass plane and unveil the physical pro-
cesses taking place in their ISM that cause the intense star
formation.

Clearly, most of these questions cannot be addressed by rely-
ing on existing photometry alone that was analyzed in previous
studies of these sources: we need to collect more data. Given the
elusive nature of the RS NIR-dark galaxies, our choice is limited
to the new facilities observing at longer wavelengths: ALMA,
NOEMA, and the James Webb Space Telescope (JWST). As
noted by several previous studies, (sub)mm observations can
be highly useful in assessing the true nature of dark galaxies
selected at other wavelengths, allowing us to constrain their dust
and gas content (e.g., Chapman et al. 2001, 2002, 2004) and to
prove their obscured star formation (e.g., Wang et al. 2019).

This paper is focused on the first ALMA follow-up of a
pilot sample of nine RS NIR-dark galaxies selected in the
COSMOS field by Taliaetal. (2021) that was analyzed by
Behiri et al. (2023) and Gentile et al. (2024). The first results
involving an accepted NOEMA follow-up and the first JWST
data obtained through the COSMOS-Web survey (Casey et al.
2023) will be described in following papers (Gentile et al.,
in prep.).

This study is structured as follows. In Sect. 2, we introduce
our targets, the ancillary photometry available for them, and the
new ALMA observations. In Sect. 3, we describe the analysis
of the ALMA cubes, the identification of any bright emission
line in our targets, and our modeling of the spectroscopic red-
shifts. Moreover, we present some initial insights into the ISM
kinematics and derive the physical properties of our pilot sam-
ple of galaxies through SED fitting. Then, in Sect. 4, we discuss
our results, estimate the gas mass in our sources, and forecast a
possible evolutionary path for them. Finally, we draw our con-
clusions in Sect. 5. Throughout this paper, we assume a Chabrier
(2003) initial mass function (IMF) and a flat ACDM cosmology
with [Q,,, Qx, k] = [0.3,0.7,0.7].

2. Data
2.1. ALMA observations and data reduction

The main focus of this study is on the observations carried out
by ALMA during its cycle 8 as a part of the observing program
2021.1.01467.S (PI: M. Talia). The required observations con-
sisted of a spectroscopic follow-up at millimeter wavelengths
for a pilot sample of nine RS NIR-dark galaxies (Table 1).
These sources were initially selected in the COSMOS field by
Talia et al. (2021) among those located in the high-z tail of the
redshift distribution (photo-z > 4.5), with the best-sampled
SEDs (i.e., with at least one significant detection at S/N > 3
at FIR or (sub)mm wavelengths), and with a reliable SED fit-
ting. Following the selection by Talia et al. (2021), these objects
were part of a sample of 476 galaxies that were robustly detected
(S3cH, > 12.65Wly; S/N > 5.5) in the catalog of the VLA-
COSMOS 3GHz Large Project (Smolci¢ et al. 2017) and lacked
an optical and NIR counterpart in the COSMOS2015 catalog
(Laigle et al. 2016), that is, the most recent NIR-selected cata-
log of the COSMOS field at the time of that study. As high-
lighted by Gentile et al. (2024), the public release of the deeper
COSMOS2020 catalog (~1 mag deeper in the Ks band and with
the detection operated in a more complete detection image; see
Weaver et al. 2022) allowed us to associate an optical or NIR
counterpart with ~150 sources analyzed in Talia et al. (2021).

The targets with a counterpart in the COSMOS2020 catalog are
highlighted with an appropriate flag in Table 12.

The main scientific goal of the observing program was to
assess the spectroscopic redshifts of the nine targets. Therefore,
we requested a spectral setup covering the whole band 3 of
ALMA (i.e., all the frequencies between ~84 and ~115 GHz).
This setup, analogous to the setups employed in similar stud-
ies in the current literature (see, e.g., Walter et al. 2016; Jin et al.
2019, 2022; Cox et al. 2023), ensures that at least one line of
the CO and [CI] transitions should be detected for almost all the
redshifts in the range 0 < z < 8. Moreover, this spectral scan
provides the possible detection of two lines for most of the red-
shifts higher than 3, allowing an unambiguous determination of
the spec-z (see Fig. 1). To cover the whole band 3 with ALMA,
five settings were required. By estimating the integrated fluxes
of the expected CO and [CI] lines observable in our setup, we
requested a sensitivity of 0.32 mJy beam™' per stacked channel
for a total of 27h of ALMA observing time. The observations
were performed in service mode between March and September
2022, when the interferometer was in its C—4/C-3 configurations
(i.e., with baselines between 15 and 500/784 m, an expected
beam size of 1.4”7/0.92”, and a maximum recoverable scale
of 16.2”7/11.2"). The calibration was performed by the Alma
Regional Center through the ALMA standard pipeline. After the
calibrated measurement sets were obtained, we merged the mul-
tiple observations through the Common Astronomy Software
Applications package (CASA v6.1; CASA Team et al. 2022).
Finally, to achieve the sensitivity originally requested in the
proposal, we resampled the native spectral resolution to obtain
~0.02 GHz channels (~50kms~' at the reference frequency
of 100 GHz). After a first cleaning (performed with the task
TCLEAN and employing natural weighting to maximize the sen-
sitivity; see Hogbom 1974), we verified that the median rms
across the stacked channels was 0.2 mJy beam™! (i.e., slightly
better than requested in the original proposal), increasing toward
higher frequencies due to the decreasing transmissivity of the
ALMA band 3 up to 0.4 mJy beam™'. The various settings have
some overlap in frequency, and therefore, these (overlapping)
ranges have a better rms. The beam shape is quite uniform across
the channels: it can be modeled as an ellipse with a half-power
beam width equal to 1.45” x 1.31” position angle of ~—70°.

2.2. Ancillary data

The nine galaxies we analyze are located in the Cosmic Evo-
lution Survey field (COSMOS; one of the most famous extra-
galactic fields in modern astronomy that was observed by
most of the main telescopes in the past decades: see, e.g.,
Scoville et al. 2007; Koekemoer et al. 2007; Laigle et al. 2016;
Civano et al. 2016; Weaver et al. 2022; Euclid Collaboration
2022; Casey et al. 2023). They are therefore almost completely
covered in multiple wavelengths from radio to X-rays. Most of
the photometry for these sources is described in Gentile et al.
(2024) and is briefly summarized here. The fluxes in the
optical-to-MIR regime were extracted from the scientific maps
employed by Weaver et al. (2022) to build the COSM0OS2020
catalog. These maps were produced by the Hyper Supreme-
Cam (HSC), VISTA InfraRed CAMera (VIRCAM), and Infrared
Array Camera (IRAC) instruments mounted on the Subaru,

2 Since these sources were detected in the COSMOS2020 catalog, they
are not part of the sample analyzed in Gentile et al. (2024). For these
sources, we performed the same analysis (photometry extraction and
SED-fitting) as described in that study.
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Table 1. Main observational properties of the nine targets.

ID ID (Talia+21) RA Dec C20 Ks IRAC Ch 2
[hh:mm:ss] [dd:mm:ss] [mag] [mag]
RSN-41 COSMOSVLA3-49  09:58:17.869  +02:30:38.305 - >25.7 22.47 +0.04
RSN-84 COSMOSVLA3-106 09:58:43.440 +02:45:18.135 - >25.8 23.21 +£0.07
RSN-121 COSMOSVLA3-152 09:59:14.234  +02:35:26.432 25.0+0.3 2254 +0.02
RSN-182 COSMOSVLA3-225 09:59:46.699 +02:48:41.215 - >25.0 23.29 +0.05
RSN-235 COSMOSVLA3-291 10:00:09.550 +01:42:50.834 - >26.2 23.40 +£0.04
RSN-247 COSMOSVLA3-308 10:00:23.785 +01:41:59.273 v 249+0.3 23.02+0.03
RSN-298 COSMOSVLA3-370 10:00:57.970 +01:38:26.078 - >25.7 23.43 +0.04
RSN-361 COSMOSVLA3-442 10:01:28.390 +02:21:27.857 v 25.0+0.3 23.84 +0.07
RSN-456 COSMOSVLA3-576 10:02:48.219 +02:24:30.629 - >25.7 22.97 + 0.06

Notes. For each galaxy, we report the ID employed in Gentile et al. (2024) and throughout this paper. For completeness, we also report the
original ID employed by Talia et al. (2021), which can be used to retrieve the observations from the ALMA science archive. Finally, we report
the coordinates (of the radio counterpart, i.e., the counterpart with the higher spatial resolution) and a flag signaling whether each source has a

counterpart in the COSMOS2020 catalog (Weaver et al. 2022).

115
110 1
105 1 '
100 1

95 1

Frequency [GHz]

90 1

85 1

Fig. 1. Spectral setup adopted for the ALMA observations. This con-
figuration allowed us to observe at least one line of the CO and [CI]
transition for all the redshifts below 8. For most of the redshifts higher
than 3, two lines are detectable at the observed frequencies.

VISTA, and Spitzer telescopes. Gentile et al. (2024) analyzed
these maps through the pipeline called photometry extractor
for blended objects (PHOEBQ). This pipeline implements a
modified version of the algorithm introduced by Labbé et al.
(2006) that has been employed in several studies (see, e.g.,
Endsley et al. 2021; Whitler et al. 2023), but it was optimized
for the deblending of RS NIR-dark galaxies. It mainly relies
on a double prior from the radio and NIR maps, employing
a PSF-matching between the high- (radio and NIR) and low-
resolution maps (mainly those produced by IRAC) to deblend
the different sources and extract forced photometry. Further
details of the algorithm and its validation are presented in
Gentile et al. (2024), and the algorithm is freely available in
a GitHub repository’. Additional photometry at longer wave-
lengths was retrieved through cross-matching with preexisting
catalogs. The photometry at FIR wavelengths was obtained
from the SuperDeblended catalog (v20201010; Jin et al. 2018),
containing deblended photometry from MIPS/Spitzer, PACS
and SPIRE/Herschel, and the SCUBA-2/JCMT instruments
and telescopes. The fluxes at (sub)mm wavelengths were
retrieved through cross-matching with the catalog from the

3 https://github.com/fab-gentile/PhoEBO
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Automated Mining of the ALMA Archive in the COSMOS Field
(A3COSMOS) survey (v.20200310; Liu et al. 2019). Finally,
radio fluxes at 1.28, 1.4, and 3 GHz were obtained from the
catalogs of the COSMOS-VLA large program (Schinnerer et al.
2010; Smolci¢ et al. 2017) and of the MIGHTEE Early Science
Data Release (Jarvis et al. 2016; Heywood et al. 2022). A shal-
low X-ray coverage is also available for the COSMOS field in the
public catalogs by Elvis et al. (2009) and Civano et al. (2016).
This latter information was employed in Gentile et al. (2024) to
ensure that none of the sources analyzed in this work hosts a
powerful and unobscured AGN (L, > 10*? erg s7!).

3. Analysis of the datacubes
3.1. Continuum images

The first analysis performed on the calibrated MSs consisted of
the production of a continuum image (see Fig. 2), which is use-
ful to study the properties of dust in our targets. This procedure
was performed through the CASA task tclean in multifrequency
synthesis (mfs) mode after masking any bright line that could
contaminate the continuum emission. To maximize the sensi-
tivity of the cleaned image, we employed a natural weighting
throughout this procedure. To estimate the continuum fluxes,
we performed aperture photometry with CARTA (Comrie et al.
2021), for which we employed an aperture corresponding to the
20 contour of the continuum image. We verified that this esti-
mate is compatible within the estimated uncertainties with the
flux estimated through a 2D profile-fitting performed with the
CASA task IMFIT. The results of this procedure are reported in
Table 2. We obtained that six out of nine targets are robustly
detected (S/N > 3) in the continuum images.

3.2. Line identification and reliability

The emission lines inside our datacubes were unveiled through
a line-finding algorithm analogous to the algorithms employed
in several previous studies (e.g., Daddi et al. 2015; Walter et al.
2016; Coogan et al. 2018; Puglisi et al. 2019; Jin et al. 2019,
2022). We summarize it below.

1. We obtained a continuum-subtracted MS for each source
through the CASA task UVCONTSUB. We modeled the con-
tinuum as a first-grade polynomial whose slope was fit in the
whole frequency range covered by our observations after any
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Fig. 2. Continuum maps of the nine targets. The black contours are in steps of 20 starting from 30 All the images have a 7.5” side, while the

synthetized beam is reported in the lower left corner of each image.

Table 2. Continuum fluxes for the RS NIR-dark galaxies analysed in
this study.

ID S 3 mm S'850 um Other flux
[mJy] [mJy] (mJy]

41 (0.04+001) (29+03) -

84 (0.11 £ 0.03) 7x2) 0.873 mm: (4.6 + 0.8)
121 (0.09+0.03) (3.9 +0.4) -

182 (0.14+0.02) (5+1) -

235 (0.18 +£0.04) CER)) -

247 (0.09+001) (5+1) -

298 <0.036  (3.3%0.3) -

361 <0.036 33+04) 1249 mm: (2.0+04)
456 <0.036  (1.9+02) -

Notes. The values at A = 3 mm are obtained through aperture photome-
try on the continuum images obtained in Sect. 3.1. We consider a source
as robustly detected with a S/N > 3, and therefore, we report a 30
upper limit for the undetected targets. The value at 850 um is retrieved
from the SuperDeblended catalog (Jin et al. 2018) for the sources at
S/N > 3 (reported in bold), while for the other galaxies, we report the
best-fitting flux at 850 um computed with CIGALE. For two sources, we
also report an additional (sub)mm flux measured with ALMA through
cross-matching with the A3COSMOS catalog (Liu et al. 2019).

bright line was massked that could contaminate the contin-
uum estimation.

2. We computed the zeroth moment of the continuum-
subtracted MS through the CASA task IMMOMENTS to
unveil the spatial region of the datacube with a significant
line emission. In all targets we analyzed, the zeroth moment
significantly overlaps with the radio emission at 3 GHz, as
visible in the maps by Smolci¢ et al. (2017). This result
ensures that the millimeter emission can be safely associated
with our targets.

3. We performed the imaging of the continuum-subtracted vis-
ibilities through the CASA task TCLEAN. We employed a
natural weighting to maximize the sensitivity of the cleaned
images.

4. We convolved the cleaned datacube with a series of box-
car kernels with variable widths between one and 13 chan-

nels (i.e., between 60 and 780 kms™!
quency of 100 GHz).

5. For each convolved datacube, we produced an S/N cube by
dividing each channel by the relative rms. This quantity was
computed through a sigma clipping performed on the inner
region of the primary beam to avoid possible biases due to sig-
nificant emission and higher noise far from the phase center.

6. Finally, we extracted an S/N spectrum for each con-
volved datacube through the Python library INTERFEROPY
(Boogaard et al. 2021). We employed as extracting region
the 20~ contour of the zeroth-moment map obtained in step 2.
This procedure resulted in a list of possible lines, with the

related S/N and full width at zero intensity (FWZI)*. However,
given the nature of the noise in interferometric data, it is gen-

erally needed to establish the reliability of each line R = 1 — p

(where p is the probability of a spurious detection). Since several

methods exist to compute this quantity for interferometric data,

we followed two complementary approaches. Firstly, following
Jin et al. (2019), we computed the spurious probability of each
line as

P(S/N) = 1= Ro(S/N)™®", ey

at a representative fre-

where Ry is the reliability expected in the Gaussian case (which
therefore approaches unity toward higher S/N), and Ngg is the
number of effective searches. Through an extensive series of
simulations, Jin et al. (2019) estimated that this quantity can be
approximated through the relation

max

lin'e .ch (2)

N total,ch
.58
10— Nglne ch ymin ’

Ngg ~

line,ch

where Niouicn 1S the total number of channels inside the dat-
acube, MNjipech 1S the number of channels in which the line is
detected, and Nfi‘:li”‘ch and annlg o are the minimum and maximum
width of the boxcar kernels employed during the line search (see
point 4), respectively. While this approach is based on simula-

tions and does not depend on the properties of the actual cube, it

4 The FWZI is an immediate product of the procedure employed to
identify the lines in the extracted spectra since it corresponds to the bin-
ning maximizing the S/N of the line. However, in Table 3, we report the
more common full width at half maximum (FWHM) obtained through
the Gaussian modeling described in Sect. 3.4.
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Table 3. Lines detected in our targets following the procedure discussed in Sect. 3.2 and related models (Sect. 3.3).

ID Line 1 Freq FWHM S/N Line 2 Freq S/N  Zgpee  Zphot (G23)  Zphot (T21)
(GHz) (kms™) (GHz)
RSN-84  CO@4-3) 102.05 584+96 11.23 [CI](1-0) 10891 5.39 3518 45+0.3 5.2+0.9
RSN-121 CO(4-3) 106.64 68377 12.26 [CI](1-0) 113.74 489 3323 33+0.2 5.2+0.1
RSN-235 CO(5-4) 10195 481+63 13.24 [CI](1-0) 87.07 5.68 4.652 45+0.5 5.1+0.5
RSN-298 CO@4-3) 89.53 408 + 93 8.44 CO(54) 111.94 493 4,150 3.5+0.3 54+0.8
RSN-361 CO(5-4) 103.19 349 +81 6.30 [CII(1-0)@ 88.13 347 4585 43=+05 5.1+09
RSN-41 CO(3-2) 91.50 62760 12.18 - - - 2.779  3.0x0.2 6.9+0.1
RSN-182 CO(5-4) 100.31 441 +89 9.59 - - - 4.745 4.6+0.2 59+09
RSN-247 CO@B3-2) 88.02 905+285 6.79 - - - 2929 34+04 5.0+0.1
RSN-456 CO(3-2) 86.74 49771 7.22 - - - 2987 2.8=+0.2 6.8 0.7

Notes. In the first tier of galaxies, the two lines identified in the spectrum are employed to estimate the spectroscopic redshift. For the galaxies in
the second tier (i.e., in those with a single line identified), we assume the spec-z as the redshift allowed by the visible line with the best agreement
with the photometry. For each galaxy, we also report the photometric redshift computed by Talia et al. (2021) and that computed through SED
fitting with CIGALE following Gentile et al. (2024) after adding the 3 mm continuum point. ' Tentative second line; see the discussion in Sect. 3.3.

relies on the hypothesis that the noise at the phase center of our
observations is approximately Gaussian (a reasonable assump-
tion given the almost complete uv coverage generally produced
by ALMA). We also computed the reliability of each line follow-
ing Walter et al. (2016), through the FINDCLUMPS algorithm as
implemented in the Python library INTERFEROPY. This method
estimates the reliability as

Np(S/N)

R(S/N)=1- m,

(©)

where Np and Ny are the number of positive and negative peaks
in the whole datacube in a given S/N bin, respectively. This
approach does not rely on any assumption about the nature of
the noise in our datacubes, but it could be biased by the small
statistics that affects the number of pixels in our observations.

Both the procedures described here allowed us to identify
at least one bright (S/N > 6) line (see Table 3) in all targets.
The S/N of all the detected lines is high, and we were there-
fore able to estimate a spurious probability lower than 107° for
all of them, following Jin et al. (2019). Similarly, because their
S/N is higher than every negative peak in the analyzed dat-
acubes, we can estimate for all of them a 100% reliability fol-
lowing Walter et al. (2016). By producing the zeroth moment of
each (continuum-subtracted) line through the CASA task IMMO-
MENTS, we obtained the maps reported in the insets in Fig. 3.
Moreover, by performing aperture photometry with CARTA on
the 20~ contour of these maps, we measured the integrated line
fluxes reported in Table 4.

3.3. Redshift estimation

After the different lines in our datacubes were detected, we
estimated the spectroscopic redshift of our sources following
Jin et al. (2019). To do this, we considered the line with the high-
est S/N in each cube (i.e., the line with the highest reliability) and
modeled it as each of the CO transitions that should be visible
in the redshift range 0 < z < 8 (see Fig. 1). For all redshifts
higher than 3, for most of which a second line is expected, we
searched for a detection at the expected frequency in the line
list produced in Sect. 3.2. Through the S/N of each detection,
we computed the reliability of the tentative second lines through
Eq. (1). It is crucial to underline that for the second line, the
number of effective searches (Ngg) was much lower than those
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employed in Sect. 3.2. In this case, we did not perform an active
search of the line throughout the whole spectrum, but we only
analyzed the frequencies allowed by the first line. Therefore, the
Ngg just corresponds to the number of possible CO transitions
with which we can model the first line. For each redshift, we
finally estimated a joint spurious probability given by the prod-
uct between the spurious probability of the first and second line.
The redshift with the highest reliability was assumed to be the
spectroscopic redshift of our sources.

This approach was sufficient for all the galaxies in which two
lines were robustly detected. However, for four of our targets, no
second line is detected at a sufficiently high S/N in the spectra
we analyzed. For these galaxies, we assessed the redshift based
on additional information from the photometry. After the contin-
uum datapoint at 3 mm (Table 2) was added to the photometry
presented in Sect. 2.2 (or an upper limit for the galaxies that were
undetected in the continuum images), we performed an SED fit-
ting through the code CIGALE (Boquien et al. 2019; see more
details of the employed models in Sect. 3.5) by fixing the redshift
to all the spec-z allowed by the single line identified in the spec-
trum. Hence, we assumed the redshift with the best agreement
between the modeled SED and the photometry as the final value
for the spec-z (i.e., the redshift with the lowest )(2). Remarkably,
for one of the remaining galaxies (RSN-182), the redshifts esti-
mated through this procedure fall in a small frequency range at
z ~ 4.7 where a single line (CO(5-4)) is expected. Similarly,
three targets (RSN-41, RSN-247, and RSN-456) have a redshift
lower than 3, where according to our spectral setup no second
line is expected to be observed. We also report a tentative second
line in RSN-361 at v = 88.13 GHz. Even though this detection
falls exactly where the [CI](1-0) line would be expected for a
galaxy at z = 4.585, the low S/N ~ 3.5 and the spatial offset
with the robustly detected line at v = 103.19 GHz make the line
identification unsure. Finally, we underline that the continuum
image (see Fig. 2) shows a quite irregular morphology for this
source, suggesting the a possible major merger (which might
explain the spatial offset of the tentative [CI](1-0) line). It is
important to note that these redshifts based on a single detected
line are clearly more uncertain than those relying on a double
detection. We cannot exclude that a fainter line (e.g., a [CI](1-0))
would be observed in our frequency range with deeper observa-
tions. For instance, given the redshift estimated through CO(4-3)
and CO(5-4) in RSN-298, we would expect a [CI](1-0) line at
v = 95.57 GHz in that source, even though nothing is detected
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Fig. 3. Spectrum of the various lines identified through the procedure discussed in Sects. 3.2 and 3.3 in our targets. To increase the visibility
of the lines, we resampled the original spectral resolution employed in the study up to ~180kms~!. For each line, we report in the upper right
corner the ID of the galaxy and our modeling as CO or [CI] transitions. The insets show the moment zero of each line (7.5” side) centered on the
radio position measured from the 3 GHz maps, with the contours in steps of 2o starting from 3¢ In each line, we also report in red the Gaussian
modeling with one or two components as described in Sect. 3.4. In the lines modeled with a double Gaussian, we also show the two subcomponents

with a dashed orange line.

at that frequency at S/N higher than 1o. For the other galaxies
where a single line is detected, however, these solutions would
be disfavored by the photometry.

3.4. Initial insights into the ISM kinematics

As shown in Table 3, most of our targets have quite broad lines
(FWHMs of several hundreds of km/s). This result is familiar for
high-z DSFGs and ULIRGsS in general (see, e.g., Jin et al. 2019,
2022; Cox et al. 2023), and it is generally explained through
an ISM that is much more turbulent than what is commonly
observed in local galaxies. In this study, however, we perform
a more detailed analysis of some targets because the FWHM of
the lines is much larger than the spectral resolution requested in
our observation. This property allowed us to infer some initial
insights into the ISM kinematics inside our galaxies. As shown
in Fig. 3, most of the lines observed in our targets have a pecu-
liar morphology that suggests the possible presence of two peaks

in the observed line spectrum. This result could be explained
by a kinematically decoupled component such as in a disk or
in the later stage of a merger. To decide in a statistically moti-
vated way whether our lines should be modeled with a single
or double component, we performed a test hypothesis. In our
case, the null hypothesis consisted of modeling the line with a
single Gaussian, while the alternative hypothesis consisted of a
modeling with two Gaussians. We employed two nested models
(with four and seven free parameters because we allowed a resid-
ual continuum component), and performed a partial F-test (e.g.,
Bevington & Robinson 2003) employing a threshold of 0.05 for
the level of significance to reject the null hypothesis. Consid-
ering only the highest S/N line in each spectrum, we obtained
that a double component is statistically significant for five out of
nine targets (~55%). For most galaxies in which two lines are
detected (with the notable exception of RSN-84), the lower S/N
of the second line prevented us from concluding that the addi-
tional component is statistically required for a correct modeling.
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Fig. 3. continued.

For all the lines for which the double model is statistically moti-
vated, we report the best-fitting parameters in Table 5. A com-
parison of the fraction of double-peaked lines with other similar
studies in the current literature presenting spectroscopic follow-
up of SMGs at (subymm wavelengths shows that our percent-
age is higher than the ~30% reported by Bothwell et al. (2013)
(detecting CO emission in a large sample of 32 SMGs in the red-
shift range 1.2 < z < 4.1) and Aravena et al. (2016) (observing
17 lensed DSFGs at 2.5 < z < 5.7). and the ~40% of double-
peaked profiled reported by Birkin et al. (2021) (studying 61
ALMA-detected SMGs). Unfortunately, the limited size of our
sample prevents us from unambiguously establishing whether
this difference is due to the different selections or a consequence
of the different S/N achieved by the different observations. The
two components with different velocities in our galaxies can be
explained with a rotating structure or as the signature of the late
stage of a major merger. These hypotheses are also strengthened
by the first moments of the CO and [CI] lines within three of
our targets (those with the highest S/N in the CO-lines, RSN-
84, RSN-121, and RSN-235. In RSN-84, the same structure is
visible in the CO(4-3) and [CI](1-0) lines; see Fig. 4). Unfortu-
nately, the spatial resolution of our observations is not sufficient
to distinguish between the two possible models (i.e., a disk or a
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merger). Similarly, the coarse spatial and spectral resolution pre-
vents us from performing a proper modeling of the possible disk
(see, e.g., Di Teodoro & Fraternali 2015; Roman-Oliveira et al.
2023). Constraining the deprojected velocity of the gas and its
velocity dispersion would allow us to determine whether the
structure is stable. This result would be of crucial importance to
constrain some of the evolutionary models of massive galaxies
(see Sect. 4.4).

3.5. SED fitting

After we assessed the spectroscopic redshift of our sources,
we estimated their physical properties through an SED fitting
with the code CIGALE (Boquien et al. 2019). To account for
all the processes taking place inside our targets, we employed
several libraries, following the same strategy as employed in
Gentile et al. (2024). First, we included the stellar emission
through the stellar population libraries by Bruzual & Charlot
(2003), combined through an exponentially declining star for-
mation history with random bursts of star formation. The stellar
attenuation was modeled following Charlot & Fall (2000), and
the dust thermal emission was included in the templates through
the Draine et al. (2014) models. Finally, radio emission was
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Fig. 4. Moment-one maps (2.5 x 2.5”) of the lines detected in three of the targets. According to our modeling, the maps show clear evidence of a

rotating structure or a late stage of a merger.

treated as described in Boquien et al. (2019). We also explored
the possible presence of AGN within our sources by adding a
dusty torus component as modeled by Fritz et al. (2006). For all
the models, we employed the parameters used by Donevski et al.
(2020) in the analysis of their sample of DSFGs with CIGALE.
The results of the SED fitting and all the physical properties esti-
mated with CIGALE are summarized in Fig. 5 and in Table 6.
Through the SED fitting, we estimated the stellar mass (M), the
infrared luminosity (Lir), and the dust attenuation (A). Because
the photometric coverage in the FIR-to-radio regime for our tar-
gets is significantly better than in the optical and NIR ones,
we estimated the SFR from the Ljg through the relation by
Kennicutt & Evans (2012), rescaled to a Chabrier (2003) IMF.
A last interesting parameter estimated through SED fitting is
the AGN fraction (fagn), defined as the ratio of the luminos-
ity of the host galaxy to that of the AGN in the wavelength range
[5,40] um. Interestingly, CIGALE reports a fagn = O for all our
targets, and we can therefore safely conclude that the photome-
try of our galaxies is correctly reproduced without a dusty torus
component. Another indication for the lack of a strong AGN con-
tribution in our sample comes from the estimation of the grr
from the infrared luminosity (computed through the SED fitting)
and the radio flux (see, e.g., Helou et al. 1985) The latter was
converted into a 1.4 GHz radio luminosity through the spectro-
scopic redshift and the radio slope measured through the radio
fluxes at 3 GHz and 1.4 or 1.28 GHz. For the galaxies without a
second radio detection (RSN-41, RSN-235, and RSN-298), we
assumed the median slope computed for the rest of the sample.
We obtain that all the grr are in the range [2.45,2.55], which
agrees well with what is commonly measured for star-forming
galaxies (e.g., Yun et al. 2001).

4. Results and discussion
4.1. Analysis of the spec-z

As visible in Table 3, the nine galaxies analyzed in this paper
have a spec-z between 2.8 and 4.7, with a median value of ~3.52.
By comparing these values with the photometric redshifts esti-
mated following Gentile et al. (2024) (when the continuum point
at 3 mm obtained in Sect. 3.1 is added), we note that the agree-

Table 4. Integrated fluxes of the lines detected in our sources.

ID  Icop-2 Icou-3) Icos-4 Iicna-o
by kms™!] by kms™!] by kms™!] [y kms™!]

41  1.06 £0.07 - - -

84 - 0.55 +0.04 - 0.53 +£0.08

121 — 1.03 £ 0.04 - 0.40 = 0.07

182 - - 0.61 +£0.05 -

235 - - 0.71 £0.04 0.21 £0.04

247 0.40 £ 0.06 - - -

298 - 0.37 £0.03 0.47 +£0.06 -

361 - - 0.31 +£0.04 0.27 £0.04

456 0.63 +0.03 - — —

ment is quite good (see Fig. 6). More quantitatively, we can mea-
sure the accuracy of our photo-z as

|th0t — Zspec |

median( ) - 005 @)

1+ Zspec

when considering all the spec-z assessed in Sect. 3.3. This result
validates the procedure followed in Gentile et al. (2024) for esti-
mating the photometric redshift of the RS NIR-dark galaxies,
and it is quite encouraging for future follow-ups for the high-
z candidates reported in that study. Finally, we underline that
because for three of our galaxies with at least one line, we have
a counterpart in the COSMOS2020 catalog (see Table 1), we
can retrieve three photo-z from that catalog (z = 3.6 + 0.3,
z7=12.8+0.3, and 4.6 +0.3 for RSN-84, RSN-247, and RSN-361,
respectively). These quantities were computed by Weaver et al.
(2022) with the two SED-fitting codes EAZY (Brammer et al.
2008) and LEPHARE (Arnouts et al. 1999; Ilbert et al. 2006) on
the optical and NIR bands included in the COSMOS2020 catalog
and on the first two channels of IRAC, and they agree perfectly
with the spectroscopic redshift estimated through (sub)mm spec-
troscopy (see Table 3). A last interesting comparison can be per-
formed with the photometric redshifts computed by Talia et al.
(2021) that were employed to select the targets for these ALMA
observations. Unfortunately, most of the sources are located at a
lower redshift than expected from that study (see Table 3). This
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Fig. 5. Best-fitting SEDs of our targets as computed by CIGALE (Boquien et al. 2019). The different emissions in the galaxies are color-coded.

Attenuated stellar emission is reported as an orange line. The dust emission is reported in red, and the radio emission is reported in purple. Finally,
the solid black line shows the best-fitting SED.
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Table 5. Best-fitting parameters for the Gaussian modeling when two
components are employed, as described in Sect. 3.4.

D Av  FWHM (red) FWHM (blue)
[kms™'] [kms™'] [kms™']
84 -CO(4-3) (B66+61) (191+99) 401 £114)
84— [CI|(1-0) (552+39) (234+51)  (305+77)
121 (449 +33)  (289+47) (319 + 68)
182 219+ 321) (387 +440) (203 = 214)
235 (290 + 132) (376+222) (233 +78)
208 (302+58) (208 +129) (208 + 66)

Notes. The columns report the IDs of the galaxies, the velocity offset
between the two Gaussian components, and the FWHM of each com-
ponent.

difference can be explained by the several improvements in the
photometry extraction and in the photo-z estimation employed
in Gentile et al. (2024) with respect to Talia et al. (2021). We
expect that most of the differences arise because of the new
deblending procedure based on the PHOEBO algorithm (allow-
ing us to better extract the photometry from low-resolution
maps; e.g., the four IRAC channels), the deeper IRAC images
employed in Gentile et al. (2024), and the more stringent upper
limits employed in the photometric bands without detections.
A full comparison of the two procedures can be found in
Gentile et al. (2024). We expect this difference in the photo-z
computed by Gentile et al. (2024) and Talia et al. (2021) to pro-
duce different constraints on the contribution of the RS NIR-dark
galaxies to the cosmic SFRD (especially at z > 4.5, where most
of the targets were located according to the previous photo-z).
This point will be addressed in detail through the analysis of the
full sample of RS NIR-dark galaxies in COSMOS in a forthcom-
ing paper (Gentile et al., in prep.)

4.2. Analysis of the physical properties

The results obtained through SED fitting in Sect. 3.5 allow us
to confirm one of the main results established in Gentile et al.
(2024). In that study, we assessed that the RS NIR-dark galaxy
selection produces a sample of star-bursting DSFGs. However,
since this result was based on an SED fitting in which the redshift
was a free parameter, the quantities estimated through this pro-
cedure were affected by significant uncertainties due to the sev-
eral degeneracies between the shape of the SED and the redshift.
By assuming the spec-z measured through our ALMA obser-
vations, we can decrease the uncertainty on these quantities.
First of all, the median properties estimated with the improved
SED fitting are broadly compatible with those estimated by
Gentile et al. (2024) for the whole sample (see also the results
discussed in Talia et al. 2021 and Behiri et al. 2023 regarding a
smaller subset of the same sample). We underline, however, that
since the galaxies in the proposal were selected from those with
at least one secure detection in the FIR or (sub)mm regimes,
we do not expect the median properties of our sample to be
necessarily similar to those of the whole sample of RS NIR-
dark sources. A second interesting comparison of this study and
that by Gentile et al. (2024) resides in the comparison of the
SFR and stellar mass computed through the new SED fitting
and the main sequence of the star-forming galaxies. As shown
in Fig. 7, most of the targets are still located above the main
sequence by Schreiber et al. (2015), close to the star-bursting

regime (i.e., galaxies with an SFR at least three times higher
than what is expected from a main-sequence source with the
same mass and in the same redshift bin). We underline, how-
ever, that the location on the main sequence strongly relies on
the estimated stellar mass, which is quite uncertain for our tar-
gets because the rest-frame optical continuum is highly obscured
by the dust. Nevertheless, the employment of the CIGALE code,
relying on the energy balance principle between dust absorp-
tion and emission, allowed us to obtain some indirect constraint
on the dust extinction from the infrared and radio coverage.
More stringent constraints on the stellar mass will be provided
for most of the galaxies in the whole sample of RS NIR-dark
galaxies in COSMOS by the deep NIR imaging provided by
JWST as part of the COSMOS-Web survey (Casey et al. 2023,
Gentile et al., in prep.). Figure 7 also reports for comparison
the location of other populations of dark DSFGs in the stellar
mass versus SFR plane: the H-dropouts by Wang et al. (2019)
and the NIRfaint SMGs by Smail et al. (2021). While the over-
lap between our RS NIR-dark galaxies and the H-dropouts has
already been studied in Gentile et al. (2024), the availability of
the new (sub)mm data allowed us to study more quantitatively
how many of our sources would be selected with the criteria
employed by Smail et al. (2021). We recall that these sources are
part of a sample of 707 SMGs collected in the Ultra Deep Sur-
vey by reimaging a sample of galaxies initially detected in the
850 um maps produced with the SCUBA2 camera (Geach et al.
2017) with ALMA (in band 7, i.e., at a representative frequency
of 870 wm; Stach et al. 2019). The sample studied by Smail et al.
(2021) contains all® the sources with Ks > 25.3 mag (at 50).
Since the Ks limiting magnitudes in the UDS and in COSMOS
are similar, we studied the overlap between the two populations
by comparing the (sub)mm flux at 850 um. For our sources,
only RSN-84 has an ALMA flux at the same frequency (see
Table 2). Three of the other galaxies have analogous fluxes from
the deblending of the SCUBA2 maps (Jin et al. 2018), while the
others have only upper limits (S/N < 30, since the uncertain-
ties in the SuperDeblended catalog also account for the deblend-
ing procedure). For these sources, we employed the best-fitting
fluxes at 850 um computed with CIGALE. On the other hand, the
sources in Smail et al. (2021) were initially selected for having
an §/N > 4o (equivalent to Sgsoum = 3.8 mly) in the orig-
inal SCUBA2 maps. However, the higher resolution achieved
by ALMA in the Stach et al. (2019) follow-up allowed the dis-
covery of multiple fainter sources that contribute to the original
sources detected by SCUBA2 up to Sgsoum > 1 mly and with a
median value of 3.8 + 0.3 mJy. Therefore, even though four out
of nine sources in our sample would not have been selected by
the original SCUBA2 survey because they are too faint for the
limited sensitivity of that instrument (see Table 2), all of them
would have been detected by the deeper ALMA follow-up.

4.3. Gas mass and depletion time

Several studies highlighted that the [CI](1-0) and the CO(1-
0) lines can be employed as good tracers of the molecular gas
inside galaxies (e.g., Papadopoulos et al. 2004; Valentino et al.
2020a; Gururajan et al. 2023). For four galaxies in our sample
(see Table 3), we observed the [CI](1-0) line and directly esti-

5 The original sample of NIR-faint sources by Smail et al. (2021)
would contain another 50 sources that are not included in that study
because the photometry at optical and NIR frequencies is contaminated.
We assumed that the 30 galaxies analyzed by Smail et al. (2021) are
representative of the full sample.
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Table 6. Physical properties for our sources derived through SED fitting.

Gentile, F., et al.: A&A, 687, A288 (2024)

ID log(M,)  log(SFR) log(Lir) Ay log(M{°) log(My; ) ™ @
[Mo] (Mo yr'] [Lo] [mag] [Mo] [Mo] [Myr]
RSN-41 11.0£0.1 272+0.06 12.56+0.06 4.9+0.2 11.10+0.06 - 242 + 50
RSN-84  11.0£0.1 276+0.03 12.57+0.03 48+02 10.86+0.08 11.17+0.06 258+53
RSN-121  11.0£0.1 2.65+0.06 1247+0.06 42+02 11.11+0.07 11.01+0.07 229 +60
RSN-182 11.1+0.1 292+0.03 12.72+0.03 3.8+02 11.02+0.08 - 126 + 27
RSN-235 113+0.1 3.04+0.03 12.83+0.04 4502 11.07+0.08 10.96+0.08 83+18
RSN-247 10.7+02 257+0.04 1246+0.04 4.6+04 10.71+0.09 - 140 + 31
RSN-298  11.0+0.1 2.69+0.06 12.58+0.06 42+03 10.81+0.08 - 132 £ 30
RSN-361  10.8+0.3 2.79+0.03 12.61+0.03 39206 107+0.1 11.06+0.06 18634
RSN-456  10.8+0.2 241+0.07 1237+0.07 4.6+03 10.93+0.06 - 288 + 63
Median® 11.0+£0.1 2.6+0.1 126+0.1 45+04 109+02 11.03+007 263+836
G24 @ 11.0+04 28x04 12604 39x03 - - -

Notes. The SED fitting is performed with the code CIGALE (Boquien et al. 2019) after the assumed spectroscopic redshifts were retrieved in
Sect. 3.3. The last two columns report the molecular gas mass and the depletion time as estimated in Sect. 4.3. The last two rows report the median
value computed for the galaxies here and for the whole sample analyzed in Gentile et al. (2024) with CIGALE. Estimated from the MLCZH when

available. ®The uncertainties on the median quantities are reported as half the interval between the 84th and the 16th percentile.

% RSN-41 % RSN-182 % RSN-298
% RSN-84 % RSN-235 % RSN-361
% RSN-121 % RSN-247 ¥ RSN-456
T T T -
] .". ]
o o o .
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-.". 1 L 1 L 1
3 4 5
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Fig. 6. Comparison of the photometric redshift following Gentile et al.
(2024) and the spectroscopic redshifts measured in this study. The one-
to-one relation is reported as the dotted black line, and the shaded gray
area shows the galaxies with |[Az]/(1 + z) < 0.15. The galaxies with a
spec-z obtained from the modeling of two lines are highlighted with an
additional box.

mated the molecular gas mass in our objects by employing the
relation by Papadopoulos et al. (2004),

D{ Iicryi-o)
(1 +2)A100Q10Xcr

where Dy is the luminosity distance of our target expressed in
Mpc, Ico is the integrated line flux, and A9 = 0.793 x 1077 57!

MH,)!M = 13758 x 10712 (3)

@]’
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Fig. 7. Comparison of the physical properties estimated through CIGALE
and the main sequence of star-forming galaxies by Schreiber et al.
(2015) (solid gray line; the shaded area is its 1o = 0.3 dex its scat-
ter). The targets are reported as colored stars, with the same color-
code as employed in Fig. 6. The dotted gray line reports our thresh-
old for identifying the star-bursting galaxies (i.e., those whose SFR is
higher than three times that expected from a main-sequence galaxy).
For reference, we also report the location of the RS NIR-dark galaxies
around z ~ 3.5 studied in Gentile et al. (2024), the NIR-faint SMGs by
Smail et al. (2021), and the H-dropout galaxies by Wang et al. (2019).

is the Einstein coefficient. Oy and X;o are the [CI] excitation
factor and the [CI]/H, abundance ratio, respectively. For these
quantities, we employed literature standard values of X¢y = 3 X
1073 and Q,p = 0.6 (Papadopoulos et al. 2004; Bothwell et al.
2017). Through Eq. (5), we estimated the gas masses for RSN-
84, RSN-121, RSN-235, and RSN-361 reported in Table 6. For
all the other targets in which we did not detect the [CI](1-0)
line, we derived the gas mass from the CO(1-0) line through the
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relation

(6)

(see, e.g., Bolatto et al. 2013 and references therein). It is well
known that the value of @co is highly uncertain and strongly
depends on the specific property of each galaxy. We chose a
literature value of 0.8 My [K km s~! pc‘z]‘l, which is usu-
ally employed for star-bursting galaxies (see, e.g., Bolatto et al.
2013; Gururajan et al. 2023). In order to use Eq. (6), we rescaled
the measured fluxes of our CO lines to the CO(1-0) transition
by assuming a CO spectral line energy distribution (SLED). Sev-
eral studies highlighted that the CO-SLED of galaxies is strongly
affected by AGN (see, e.g., Vallini et al. 2019) and evolves with
redshift (e.g., Boogaard et al. 2020). Since the previous test per-
formed on our targets by Talia et al. (2021) and Gentile et al.
(2024) (together with the null AGN fraction obtained through
SED fitting with CIGALE; Sect. 3.5) excluded strong nuclear
activity, we chose the CO-SLED obtained by Bothwell et al.
(2013) for a sample of DSFGs in the redshift range 1.2—-4.1
(i.e., compatible with the spec-z of our targets). We employed
R31 =23 03, Ry = 3.0 + 0.4, and R5] =38+ 0.7, where
R, is the ratio of the integrated line flux in the nth CO tran-
sition and the CO(1-0). The gas mass obtained through these
relations is reported in Table 6. For the galaxies with both a CO
and a [CI] line, we report both estimates of the gas mass. How-
ever, since the values estimated from the [CI](1-0) line rely on
fewer assumptions than those based on the CO lines (i.e., they
do not relie on the assumed CO-SLED, but still depend on the
conversion factor between the [CI](1-0), as uncertain as the aco
value), we employed these gas masses in the following analyses.
The information about the gas content of our galaxies can be
combined with the SFR estimated in Sect. 3.5 and is reported in
Table 6 to assess the depletion time of our galaxies. This quantity
is defined as the amount of time in which each object would
transform its whole gas mass into stars assuming a constant SFR,

M(Hz)co =3.25x% 107a’COICOV;§sDIZ‘(1 + Z)73

o MHy)
D™ TSFR

@)

For our galaxies, we obtained the depletion times reported in
the last column of Table 6. The values for the galaxies in our
sample range from 80 to 300 Myr. These quantities can be
compared with other populations of galaxies in the current lit-
erature, as shown in Fig. 8. The depletion time of our targets
can be compared with that expected from main-sequence galax-
ies. Saintonge et al. (2013) reported a 7p that evolved with red-
shift as 7p = 1.5(1 + z)*, with several collaborations finding
different values for the exponent, spanning from ¢ = -1.0
(Davé et al. 2012) to @ = —1.5 (Magnelli et al. 2013). Our tar-
gets have a shorter depletion time than main-sequence galaxies.
This result represents a further confirmation (independent of the
more uncertain stellar mass) of the star-bursting nature of our
sources. Similarly, we can compare the gas mass and the SFR of
our RS NIR-dark galaxies with several SMGs in the current liter-
ature (those analyzed by Walter et al. 2011, Bothwell et al. 2017,
and Cafnameras et al. 2018). For all these sources, we retrieved
the infrared luminosity and the [CI](1-0) line fluxes from the
study by Valentino et al. (2020a). Following the relations by
Kennicutt & Evans (2012) and Papadopoulos et al. (2004), we
estimated the SFR and gas mass in a consistent way with those
derived from our targets. We obtain that our RS NIR-dark galax-
ies are more gas rich on average than the SMGs analyzed in
those studies in the low-SFR tail of their distribution and there-
fore have a longer depletion time.
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Fig. 8. Depletion time and star formation rate for our targets. The
RS NIR-dark galaxies are reported as colored stars, following the
same color-code as in Fig. 6. The colored triangles are other pop-
ulations of SMGs, namely those collected by Bothwell et al. (2017),
Caflameras et al. (2018), and Walter et al. (2011), reported in blue,
orange, and green, respectively. We also report some confirmed QSOs
from the same studies as reversed red triangles. The shaded gray
area reports the depletion time expected from main-sequence galax-
ies at z ~ 3.5 following the relation 7, = 1.5(1 + z)* found by
Saintonge et al. (2013), with @ spanning from —1.0 (Davé et al. 2012)
to —1.5 (Magnelli et al. 2013), rescaled to a Chabrier (2003) IMF.

4.4. Possible evolutionary path

The gas mass and depletion times estimated in Sect. 4.3 allow
us to forecast a possible evolutionary path for our sources.
We employed the same simplistic model as was used to define
the depletion time: We assumed that the SFR remains constant
inside our sources until all the gas mass is converted into stars.
Clearly, this model does not account for any quenching mech-
anism (e.g., due to possible AGN feedback; see, e.g., Fabian
2012) or gas accretion from the intergalactic medium (e.g.,
Sancisi et al. 2008). With this model, we assumed that our galax-
ies evolve from an initial state characterized by zo = Zgpec and
Myo = M, to a final state with zy = zgpec — Az and M,y =
M, + My,, where Az is the difference in redshift elapsed during
the depletion time. The results of this simplistic model applied
to our targets are shown in Fig. 9, where we consider all the
uncertainties on the involved quantities through a Monte Carlo
integration. We compared the final stage of our galaxies with
the redshift and stellar mass of the massive and passive galaxies
discovered by Schreiber et al. (2018) at z ~ 3. We note a sig-
nificant overlap between the two populations. This result, com-
bined with the number densities estimated by Talia et al. (2021),
Behiri et al. (2023), and Gentile et al. (2024), suggest that the RS
NIR-dark galaxies could represent a significant fraction of the
progenitors of the massive and passive galaxies at z ~ 3. In the
broader context of galaxy evolution studies, this result confirms
the idea that the dust-obscured galaxies play a significant role in
the evolution of the most massive galaxies in the Universe (see,
e.g., Casey et al. 2014; Toft et al. 2014; Valentino et al. 2020b).
In addition, the components with different velocities detected in
our targets in Sect. 3.4 could support two possible evolutionary
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Fig. 9. Possible evolutionary paths of our targets, assuming a simple
evolutionary model with a constant star formation and a final stage in
which all the molecular gas has been transformed into stars. The uncer-
tainties are considered through a Monte Carlo integration. The color
map is the same as employed for Fig. 6, For reference, the shaded red
stars report the stellar mass and the redshifts for the massive and passive
galaxies at z ~ 3 discovered by Schreiber et al. (2018).

scenarios for our galaxies. On the one hand, they could be the
signature of a significant fraction of major mergers within our
sample. This result would confirm the so-called merger-driven
scenario for the formation of massive galaxies, where these
objects are formed through a series of major mergers (see, e.g.,
Hopkins et al. 2008b,a). On the other hand, the double compo-
nent in our galaxies could be due to the presence of a rotat-
ing disk. In this case, this result would support the so-called
in situ scenario, where the build-up of massive galaxies occurs
via the rapid compaction of a gaseous outer disk triggering a
huge burst of star formation, and via the subsequent stellar and
AGN feedback processes quenching it within a relatively short
timescale (<1 Gyr; see e.g Lapi et al. 2014, Pantoni et al. 2019).
The possibility of shedding new light on these alternative scenar-
ios increases the scientific interest in the RS NIR-dark galaxies
and the need for high-resolution follow-up for these sources.

5. Summary

We presented the first spectroscopic follow-up at millimeter
wavelengths for a pilot sample of nine RS NIR-dark galaxies
in the COSMOS field. These sources were initially selected by
Talia et al. (2021) as radio-detected sources at 3 GHz without an
optical or NIR counterpart in the COSMOS2015 catalog, even
though three of them (see Table 1) were subsequently detected
in the deeper COSMOS2020. Through a new series of ALMA
observations, we identified at least one bright emission line in
all the targets and two lines in five out of nine objects. From the
analysis of the new ALMA data, we obtained the results we list
below.

— Modeling the detected lines as CO and [CI] transitions, we
estimated a spectroscopic redshift for all the galaxies in
our sample. These values agree well with those estimated
through SED fitting in Gentile et al. (2024).
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— The new availability of a spectroscopic redshift allowed us
to decrease the degeneracies in the SED-fitting procedure.
This improved SED fitting confirmed one of the main results
forthe RS NIR-dark galaxies: They represent a population of
highly obscured (A, ~ 4), massive (M, ~ 10! M), and
star-forming (SFR ~ 500 My, yr~') galaxies.

— The same improved SED fitting, together with preexisting
data, allowed us to estimate the flux of our sources at 870 pm.
This value is analogous to that reported by Smail et al.
(2021) for their sample of NIR-faint SMGs, suggesting that
our radio selection is able to provide a similar population of
DSFGs as those obtained from (sub)mm selections. A simi-
lar conclusion was reached by observing the overlap between
the physical properties (stellar mass and SFR) computed
through SED fitting for the two samples.

— The good spectral resolution of the new ALMA observa-
tions allowed us to assess a high fraction (~55%) of double-
peaked profiles in the lines detected in our targets. We
explained this result with the possible presence of a rotating
structure within our galaxies or with major mergers in our
sample. High-resolution follow-up with ALMA or JWST are
needed to distinguish between these two possibilities.

— Based on the CO and [CI] lines detected in our targets, we
estimated the gas mass and the depletion time of our galax-
ies. These results allowed us to forecast a possible evolution-
ary path for our objects. This strongly suggests that the RS
NIR-dark galaxies might represent a significant fraction of
the progenitors of the massive and passive galaxies at z ~ 3
and that they are excellent probes for testing galaxy evolution
models.

Acknowledgements. We thank the anonymous referee for their comments that
improved the initial version of this paper. F.G. thanks Gayathri Gururajan for
the insightful conversations about the gas tracers, Anton Koekemoer and Ian
Smail for the careful reading of the manuscript and for the useful comments,
and Roberto Decarli for the precious feedback on an early version of this paper.
FG., M.T.,, AL, MM. and A.C. acknowledge the support from grant PRIN
MIUR 2017-20173ML3WW_001. ‘Opening the ALMA window on the cosmic
evolution of gas, stars, and supermassive black holes’. I.D. acknowledges sup-
port from INAF Minigrant “Harnessing the power of VLBA towards a census
of AGN and star formation at high redshift”. M.V. acknowledges financial sup-
port from the Inter-University Institute for Data Intensive Astronomy (IDIA),
a partnership of the University of Cape Town, the University of Pretoria and
the University of the Western Cape, and from the South African Department
of Science and Innovation’s National Research Foundation under the ISARP
RADIOSKY?2020 and RADIOMAP Joint Research Schemes (DSI-NRF Grant
Numbers 113121 and 150551) and the SRUG HIPPO Projects (DSI-NRF Grant
Numbers 121291 and SRUG22031677). This paper makes use of the following
ALMA data: ADS/JAO.ALMA#2021.1.01467.S. ALMA is a partnership of ESO
(representing its member states), NSF (USA) and NINS (Japan), together with
NRC (Canada), MOST and ASIAA (Taiwan), and KASI (Republic of Korea), in
cooperation with the Republic of Chile. The Joint ALMA Observatory is oper-
ated by ESO, AUI/NRAO and NAOJ.

References

Aravena, M., Spilker, J. S., Bethermin, M., et al. 2016, MNRAS, 457, 4406

Arnouts, S., Cristiani, S., Moscardini, L., et al. 1999, MNRAS, 310, 540

Behiri, M., Talia, M., Cimatti, A., et al. 2023, ApJ, 957, 63

Bevington, P. R., & Robinson, D. K. 2003, Data Reduction and Error Analysis
for the Physical Sciences, 3rd edn. (New York, NY: McGraw-Hill)

Birkin, J. E., Weiss, A., Wardlow, J. L., et al. 2021, MNRAS, 501, 3926

Bolatto, A. D., Wolfire, M., & Leroy, A. K. 2013, ARA&A, 51, 207

Boogaard, L. A., van der Werf, P., Weiss, A., et al. 2020, ApJ, 902, 109

Boogaard, L., Meyer, R. A., & Novak, M. 2021, Astrophysics Source Code
Library [record ascl:2112.005]

Boquien, M., Burgarella, D., Roehlly, Y., et al. 2019, A&A, 622, A103

Bothwell, M. S., Smail, I., Chapman, S. C., et al. 2013, MNRAS, 429, 3047

Bothwell, M. S., Aguirre, J. E., Aravena, M., et al. 2017, MNRAS, 466, 2825

Brammer, G. B., van Dokkum, P. G., & Coppi, P. 2008, ApJ, 686, 1503


http://linker.aanda.org/10.1051/0004-6361/202348623/1
http://linker.aanda.org/10.1051/0004-6361/202348623/2
http://linker.aanda.org/10.1051/0004-6361/202348623/3
http://linker.aanda.org/10.1051/0004-6361/202348623/4
http://linker.aanda.org/10.1051/0004-6361/202348623/4
http://linker.aanda.org/10.1051/0004-6361/202348623/5
http://linker.aanda.org/10.1051/0004-6361/202348623/6
http://linker.aanda.org/10.1051/0004-6361/202348623/7
http://ascl.net/2112.005
http://linker.aanda.org/10.1051/0004-6361/202348623/9
http://linker.aanda.org/10.1051/0004-6361/202348623/10
http://linker.aanda.org/10.1051/0004-6361/202348623/11
http://linker.aanda.org/10.1051/0004-6361/202348623/12

Gentile, F., et al.: A&A, 687, A288 (2024)

Bruzual, G., & Charlot, S. 2003, MNRAS, 344, 1000

Burgarella, D., Buat, V., Gruppioni, C., et al. 2013, A&A, 554, A70

Caflameras, R., Yang, C., Nesvadba, N. P. H., et al. 2018, A&A, 620, A61

CASA Team (Bean, B., et al.) 2022, PASP, 134, 114501

Casey, C. M., Narayanan, D., & Cooray, A. 2014, Phys. Rep., 541, 45

Casey, C. M., Zavala, J. A., Manning, S. M., et al. 2021, ApJ, 923, 215

Casey, C. M., Kartaltepe, J. S., Drakos, N. E., et al. 2023, ApJ, 954, 31

Chabrier, G. 2003, PASP, 115, 763

Chapman, S. C., Richards, E. A., Lewis, G. F.,, Wilson, G., & Barger, A. J. 2001,
Apl, 548, L147

Chapman, S. C., Lewis, G. F.,, Scott, D., Borys, C., & Richards, E. 2002, ApJ,
570, 557

Chapman, S. C., Smail, 1., Blain, A. W., & Ivison, R. J. 2004, ApJ, 614, 671

Charlot, S., & Fall, S. M. 2000, ApJ, 539, 718

Civano, F., Marchesi, S., Comastri, A., et al. 2016, ApJ, 819, 62

Comrie, A., Wang, K.-S., Hsu, S.-C., et al. 2021, Astrophysics Source Code
Library [record ascl:2103.031]

Coogan, R. T., Daddi, E., Sargent, M. T., et al. 2018, MNRAS, 479, 703

Cox, P, Neri, R., Berta, S., et al. 2023, A&A, 678, A26

Daddi, E., Dannerbauer, H., Liu, D., et al. 2015, A&A, 577, A46

Davé, R., Finlator, K., & Oppenheimer, B. D. 2012, MNRAS, 421, 98

Di Teodoro, E. M., & Fraternali, F. 2015, MNRAS, 451, 3021

Donevski, D., Lapi, A., Matek, K., et al. 2020, A&A, 644, A144

Draine, B. T., Aniano, G., Krause, O., et al. 2014, ApJ, 780, 172

Dudzeviciate, U., Smail, 1., Swinbank, A. M., et al. 2021, MNRAS, 500, 942

Dunlop, J. S., McLure, R. J., Yamada, T., et al. 2004, MNRAS, 350, 769

Dunlop, J. S., McLure, R. J., Biggs, A. D., et al. 2017, MNRAS, 466, 861

Euclid Collaboration (Moneti, A., et al.) 2022, A&A, 658, A126

Elvis, M., Civano, F,, Vignali, C., et al. 2009, ApJS, 184, 158

Endsley, R., Stark, D. P, Charlot, S., et al. 2021, MNRAS, 502, 6044

Enia, A., Talia, M., Pozzi, F,, et al. 2022, ApJ, 927, 204

Fabian, A. C. 2012, ARA&A, 50, 455

Franco, M., Elbaz, D., Béthermin, M., et al. 2018, A&A, 620, A152

Frayer, D. T., Reddy, N. A., Armus, L., et al. 2004, AJ, 127, 728

Fritz, J., Franceschini, A., & Hatziminaoglou, E. 2006, MNRAS, 366, 767

Geach, J. E., Dunlop, J. S., Halpern, M., et al. 2017, MNRAS, 465, 1789

Gentile, F., Talia, M., Behiri, M., et al. 2024, ApJ, 962, 26

Giavalisco, M. 2002, ARA&A, 40, 579

Gruppioni, C., Pozzi, F., Rodighiero, G., et al. 2013, MNRAS, 432, 23

Gruppioni, C., Béthermin, M., Loiacono, F., et al. 2020, A&A, 643, A8

Gururajan, G., B’ethermin, M., Sulzenauer, N., et al. 2023, A&A, 676, A89

Helou, G., Soifer, B. T., & Rowan-Robinson, M. 1985, ApJ, 298, L7

Heywood, L., Jarvis, M. J., Hale, C. L., et al. 2022, MNRAS, 509, 2150

Hickox, R. C., & Alexander, D. M. 2018, ARA&A, 56, 625

Hogbom, J. A. 1974, A&AS, 15, 417

Hopkins, P. F,, Cox, T. J., Keres, D., & Hernquist, L. 2008a, ApJS, 175, 390

Hopkins, P. F., Hernquist, L., Cox, T. J., & Keres, D. 2008b, ApJS, 175, 356

Hughes, D. H., Serjeant, S., Dunlop, J., et al. 1998, Nature, 394, 241

Ilbert, O., Arnouts, S., McCracken, H. J., et al. 2006, A&A, 457, 841

Jarvis, M., Taylor, R., Agudo, L, et al. 2016, MeerKAT Science: On the Pathway
to the SKA, 6

Jin, S., Daddi, E., Liu, D., et al. 2018, ApJ, 864, 56

Jin, S., Daddi, E., Magdis, G. E., et al. 2019, ApJ, 887, 144

Jin, S., Daddi, E., Magdis, G. E., et al. 2022, A&A, 665, A3

Kennicutt, R. C., & Evans, N. J. 2012, ARA&A, 50, 531

Koekemoer, A. M., Aussel, H., Calzetti, D., et al. 2007, ApJS, 172, 196

Labbé, 1., Bouwens, R., Illingworth, G. D., & Franx, M. 2006, ApJ, 649, L67

Laigle, C., McCracken, H. J., Ilbert, O., et al. 2016, ApJS, 224, 24

Lapi, A., Raimundo, S., Aversa, R., et al. 2014, Ap]J, 782, 69

Liu, D., Lang, P,, Magnelli, B., et al. 2019, ApJS, 244, 40

Madau, P., & Dickinson, M. 2014, ARA&A, 52, 415

Magnelli, B., Popesso, P., Berta, S., et al. 2013, A&A, 553, A132

Manning, S. M., Casey, C. M., Zavala, J. A, et al. 2022, ApJ, 925, 23

Pantoni, L., Lapi, A., Massardi, M., Goswami, S., & Danese, L. 2019, ApJ, 880,
129

Papadopoulos, P. P., Thi, W. F., & Viti, S. 2004, MNRAS, 351, 147

Puglisi, A., Daddi, E., Liu, D., et al. 2019, ApJ, 877, L23

Roman-Oliveira, F., Fraternali, F., & Rizzo, F. 2023, MNRAS, 521, 1045

Rowan-Robinson, M., Oliver, S., Wang, L., et al. 2016, MNRAS, 461, 1100

Saintonge, A., Lutz, D., Genzel, R., et al. 2013, ApJ, 778, 2

Sancisi, R., Fraternali, E., Oosterloo, T., & van der Hulst, T. 2008, A&ARv, 15,
189

Schinnerer, E., Sargent, M. T., Bondi, M., et al. 2010, ApJS, 188, 384

Schreiber, C., Pannella, M., Elbaz, D., et al. 2015, A&A, 575, A74

Schreiber, C., Glazebrook, K., Nanayakkara, T., et al. 2018, A&A, 618, A85

Scoville, N., Aussel, H., Brusa, M., et al. 2007, ApJS, 172, 1

Simpson, J. M., Swinbank, A. M., Smail, I, et al. 2014, ApJ, 788, 125

Simpson, J. M., Smail, I., Swinbank, A. M., et al. 2015, ApJ, 799, 81

Simpson, J. M., Smail, I., Dudzeviciaté, U., et al. 2020, MNRAS, 495, 3409

Smail, L., Ivison, R. J., & Blain, A. W. 1997, ApJ, 490, L5

Smail, 1., Ivison, R. J., Kneib, J. P,, et al. 1999, MNRAS, 308, 1061

Smail, I., Owen, F. N., Morrison, G. E., et al. 2002, Ap]J, 581, 844

Smail, 1., Dudzevidiate, U., Stach, S. M., et al. 2021, MNRAS, 502, 3426

Smolcié, V., Novak, M., Bondi, M, et al. 2017, A&A, 602, Al

Stach, S. M., Dudzeviciateé, U., Smail, L., et al. 2019, MNRAS, 487, 4648

Stark, D. P, Ellis, R. S., Bunker, A., et al. 2009, ApJ, 697, 1493

Straatman, C. M. S., Labbé, L., Spitler, L. R., et al. 2014, ApJ, 783, L14

Talia, M., Cimatti, A., Giulietti, M., et al. 2021, ApJ, 909, 23

Toft, S., Smolcié, V., Magnelli, B., et al. 2014, ApJ, 782, 68

Traina, A., Gruppioni, C., Delvecchio, L., et al. 2024, A&A, 681, A118

Valentino, F., Magdis, G. E., Daddi, E., et al. 2020a, ApJ, 890, 24

Valentino, F., Tanaka, M., Davidzon, L., et al. 2020b, ApJ, 889, 93

Vallini, L., Tielens, A. G. G. M., Pallottini, A., et al. 2019, MNRAS, 490,
4502

van der Vlugt, D., Hodge, J. A., Jin, S., et al. 2023, ApJ, 951, 131

Walter, F.,, Weil3, A., Downes, D., Decarli, R., & Henkel, C. 2011, AplJ, 730,
18

Walter, F., Decarli, R., Aravena, M., et al. 2016, ApJ, 833, 67

Wang, T., Schreiber, C., Elbaz, D., et al. 2019, Nature, 572, 211

Weaver, J. R., Kauffmann, O. B., Ilbert, O., et al. 2022, ApJS, 258, 11

Whitler, L., Stark, D. P., Endsley, R., et al. 2023, MNRAS, 519, 5859

Yun, M. S., Reddy, N. A., & Condon, J. J. 2001, ApJ, 554, 803

A288, page 15 of 18


http://linker.aanda.org/10.1051/0004-6361/202348623/13
http://linker.aanda.org/10.1051/0004-6361/202348623/14
http://linker.aanda.org/10.1051/0004-6361/202348623/15
http://linker.aanda.org/10.1051/0004-6361/202348623/16
http://linker.aanda.org/10.1051/0004-6361/202348623/17
http://linker.aanda.org/10.1051/0004-6361/202348623/18
http://linker.aanda.org/10.1051/0004-6361/202348623/19
http://linker.aanda.org/10.1051/0004-6361/202348623/20
http://linker.aanda.org/10.1051/0004-6361/202348623/21
http://linker.aanda.org/10.1051/0004-6361/202348623/22
http://linker.aanda.org/10.1051/0004-6361/202348623/22
http://linker.aanda.org/10.1051/0004-6361/202348623/23
http://linker.aanda.org/10.1051/0004-6361/202348623/24
http://linker.aanda.org/10.1051/0004-6361/202348623/25
http://ascl.net/2103.031
http://linker.aanda.org/10.1051/0004-6361/202348623/27
http://linker.aanda.org/10.1051/0004-6361/202348623/28
http://linker.aanda.org/10.1051/0004-6361/202348623/29
http://linker.aanda.org/10.1051/0004-6361/202348623/30
http://linker.aanda.org/10.1051/0004-6361/202348623/31
http://linker.aanda.org/10.1051/0004-6361/202348623/32
http://linker.aanda.org/10.1051/0004-6361/202348623/33
http://linker.aanda.org/10.1051/0004-6361/202348623/34
http://linker.aanda.org/10.1051/0004-6361/202348623/35
http://linker.aanda.org/10.1051/0004-6361/202348623/36
http://linker.aanda.org/10.1051/0004-6361/202348623/37
http://linker.aanda.org/10.1051/0004-6361/202348623/38
http://linker.aanda.org/10.1051/0004-6361/202348623/39
http://linker.aanda.org/10.1051/0004-6361/202348623/40
http://linker.aanda.org/10.1051/0004-6361/202348623/41
http://linker.aanda.org/10.1051/0004-6361/202348623/42
http://linker.aanda.org/10.1051/0004-6361/202348623/43
http://linker.aanda.org/10.1051/0004-6361/202348623/44
http://linker.aanda.org/10.1051/0004-6361/202348623/45
http://linker.aanda.org/10.1051/0004-6361/202348623/46
http://linker.aanda.org/10.1051/0004-6361/202348623/47
http://linker.aanda.org/10.1051/0004-6361/202348623/48
http://linker.aanda.org/10.1051/0004-6361/202348623/49
http://linker.aanda.org/10.1051/0004-6361/202348623/50
http://linker.aanda.org/10.1051/0004-6361/202348623/51
http://linker.aanda.org/10.1051/0004-6361/202348623/52
http://linker.aanda.org/10.1051/0004-6361/202348623/53
http://linker.aanda.org/10.1051/0004-6361/202348623/54
http://linker.aanda.org/10.1051/0004-6361/202348623/55
http://linker.aanda.org/10.1051/0004-6361/202348623/56
http://linker.aanda.org/10.1051/0004-6361/202348623/57
http://linker.aanda.org/10.1051/0004-6361/202348623/58
http://linker.aanda.org/10.1051/0004-6361/202348623/59
http://linker.aanda.org/10.1051/0004-6361/202348623/59
http://linker.aanda.org/10.1051/0004-6361/202348623/60
http://linker.aanda.org/10.1051/0004-6361/202348623/61
http://linker.aanda.org/10.1051/0004-6361/202348623/62
http://linker.aanda.org/10.1051/0004-6361/202348623/63
http://linker.aanda.org/10.1051/0004-6361/202348623/64
http://linker.aanda.org/10.1051/0004-6361/202348623/65
http://linker.aanda.org/10.1051/0004-6361/202348623/66
http://linker.aanda.org/10.1051/0004-6361/202348623/67
http://linker.aanda.org/10.1051/0004-6361/202348623/68
http://linker.aanda.org/10.1051/0004-6361/202348623/69
http://linker.aanda.org/10.1051/0004-6361/202348623/70
http://linker.aanda.org/10.1051/0004-6361/202348623/71
http://linker.aanda.org/10.1051/0004-6361/202348623/72
http://linker.aanda.org/10.1051/0004-6361/202348623/72
http://linker.aanda.org/10.1051/0004-6361/202348623/73
http://linker.aanda.org/10.1051/0004-6361/202348623/74
http://linker.aanda.org/10.1051/0004-6361/202348623/75
http://linker.aanda.org/10.1051/0004-6361/202348623/76
http://linker.aanda.org/10.1051/0004-6361/202348623/77
http://linker.aanda.org/10.1051/0004-6361/202348623/78
http://linker.aanda.org/10.1051/0004-6361/202348623/78
http://linker.aanda.org/10.1051/0004-6361/202348623/79
http://linker.aanda.org/10.1051/0004-6361/202348623/80
http://linker.aanda.org/10.1051/0004-6361/202348623/81
http://linker.aanda.org/10.1051/0004-6361/202348623/82
http://linker.aanda.org/10.1051/0004-6361/202348623/83
http://linker.aanda.org/10.1051/0004-6361/202348623/84
http://linker.aanda.org/10.1051/0004-6361/202348623/85
http://linker.aanda.org/10.1051/0004-6361/202348623/86
http://linker.aanda.org/10.1051/0004-6361/202348623/87
http://linker.aanda.org/10.1051/0004-6361/202348623/88
http://linker.aanda.org/10.1051/0004-6361/202348623/89
http://linker.aanda.org/10.1051/0004-6361/202348623/90
http://linker.aanda.org/10.1051/0004-6361/202348623/91
http://linker.aanda.org/10.1051/0004-6361/202348623/92
http://linker.aanda.org/10.1051/0004-6361/202348623/93
http://linker.aanda.org/10.1051/0004-6361/202348623/94
http://linker.aanda.org/10.1051/0004-6361/202348623/95
http://linker.aanda.org/10.1051/0004-6361/202348623/96
http://linker.aanda.org/10.1051/0004-6361/202348623/97
http://linker.aanda.org/10.1051/0004-6361/202348623/98
http://linker.aanda.org/10.1051/0004-6361/202348623/99
http://linker.aanda.org/10.1051/0004-6361/202348623/99
http://linker.aanda.org/10.1051/0004-6361/202348623/100
http://linker.aanda.org/10.1051/0004-6361/202348623/101
http://linker.aanda.org/10.1051/0004-6361/202348623/101
http://linker.aanda.org/10.1051/0004-6361/202348623/102
http://linker.aanda.org/10.1051/0004-6361/202348623/103
http://linker.aanda.org/10.1051/0004-6361/202348623/104
http://linker.aanda.org/10.1051/0004-6361/202348623/105
http://linker.aanda.org/10.1051/0004-6361/202348623/106

Gentile, F., et al.: A&A, 687, A288 (2024)

Appendix A: Additional figures
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Fig. A.1. Full ALMA spectra for the nine targets. For each source, we highlight the detected lines, and we report our modeling as CO/[CI]
transitions for each of them.
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Fig. A.1. (Continue)

A288, page 17 of 18



Gentile, F., et al.: A&A, 687, A288 (2024)

Ks IRAC1 IRAC2

IRAC4

\J

RSR-456

2

o
a ©
..-.....©

Fig. A.2. Cutouts (10” x 10”) in the main NIR-to-MIR bands for the nine targets. We report the 3 and 5 o~ contours. Moreover, for each galaxy,
we overplot in green the 3 and 5 o contours of the brightest line on the IRAC chl and ch2 images. Similarly, the same contours of the continuum
emission are overplotted in cyan on the 3 GHz images.
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