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ABSTRACT

Optically dark dusty star-forming galaxies (DSFGs) play an essential role in massive galaxy formation at early cosmic time; however, their nature
remains elusive. Here, we present a detailed case study of all the baryonic components of a z = 4.821 DSFG, XS55. Selected from the ultra-deep
COSMOS-XS 3 GHz map with a red SCUBA-2 450 µm/850 µm colour, XS55 was followed up with ALMA 3 mm line scans and spectroscopically
confirmed to be at z = 4.821 via detections of the CO(5-4) and [CI](1-0) lines. JWST/NIRCam imaging reveals that XS55 is a F150W drop-out
with a red F277W/F444W colour and a complex morphology: a compact central component embedded in an extended structure with a likely
companion. XS55 is tentatively detected in X-rays with both Chandra and XMM-Newton, suggesting an active galactic nucleus nature. By fitting
a panchromatic spectral energy distribution spanning from near-infrared to radio wavelengths, we reveal that XS55 is a massive main-sequence
galaxy with a stellar mass of M∗ = (5 ± 1) × 1010 M� and a star formation rate of SFR = 540 ± 177 M� yr−1. The dust of XS55 is optically thick
in the far-infrared with a surprisingly cold dust temperature of Tdust = 33 ± 2 K, making XS55 one of the coldest DSFGs at z > 4 known to date.
This work unveils the nature of a radio-selected F150W drop-out, suggesting the existence of a population of DSFGs hosting active black holes
embedded in optically thick dust.
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1. Introduction

Optically faint or dark galaxies are a population of mas-
sive dusty star-forming galaxies (DSFGs) that are faint or
undetected in deep optical images, while bright at longer
wavelengths. This population includes but is not limited to
the following samples: sub-millimetre galaxies (SMGs) (e.g.,
Walter et al. 2012), H-band drop-outs (e.g., Wang et al. 2019;
Alcalde Pampliega et al. 2019; Smail et al. 2023), Ks-faint (e.g.,
Smail et al. 2021), Hubble Space Telescope (HST)-dark or
faint galaxies (e.g., Franco et al. 2018; Pérez-González et al.
2023; Xiao et al. 2023; Gómez-Guijarro et al. 2023), and radio-
selected near-infrared (NIR) dark galaxies (Algera et al. 2020;
Talia et al. 2021; Enia et al. 2022; van der Vlugt et al. 2023;
Gentile et al. 2024a,b). Recent studies have revealed that this
population contributes significantly (10−40%) to the cos-
mic star formation rate density in the early Universe (z ∼
3−6, Wang et al. 2019; Fudamoto et al. 2021; Talia et al. 2021;
Enia et al. 2022; Shu et al. 2022; Xiao et al. 2023), and domi-
nates the massive end of the stellar mass function at z ∼ 3−8
(Wang et al. 2019; Gottumukkala et al. 2024). This indicates that
this population plays a significant role in cosmic star forma-
tion history, even up to 50% when the contribution is esti-
mated from Lyman break galaxy selected samples at z ∼ 3
(Enia et al. 2022), but has been largely missed by previous
? Corresponding authors; nbsi@space.dtu.dk, shuji@dtu.dk

?? Marie Curie Fellow.

optical/NIR surveys. Thanks to the unprecedented sensitivity
and long wavelength coverage, the James Webb Space Tele-
scope (JWST) can efficiently detect these objects and allows
for detailed studies and a large sample census of optically faint
galaxies. For example, Barrufet et al. (2023) studied the stellar
emission of a sample of 30 HST-dark sources in the CEERS
field with red colours through 1.6–4.4 µm in JWST/NIRCam
filters, revealing them all to be heavily dust-obscured massive
main-sequence galaxies that contribute significantly to the star
formation rate density at high redshift. In a NIRSpec study of
23 HST-dark galaxies, Barrufet et al. (2024) found the major-
ity to be massive (log(M∗/M�) > 9.8) and highly attenuated
(AV > 2) star-forming galaxies with a broad range of recent
star formation activities. Kokorev et al. (2023) studied the multi-
wavelength properties of an HST-dark galaxy at zspec = 2.58 with
JWST/NIRCam data, revealing it to be a massive disc galaxy
with log(M?/M�) > 11 and optically thick dust in the far-
infrared (FIR). They also found that such objects would not be
detected in JWST filters bluer than F356W if placed at z > 4,
and becoming JWST-dark at z > 6 at current depths of major
JWST surveys. Given their extreme faintness in optical and NIR
wavelengths, and brightness in the FIR, sub-millimetre facilities
like the Atacama Large Millimeter Array (ALMA) and North-
ern Extended Millimeter Array (NOEMA) are more efficient
at confirming their redshifts via detecting CO and/or [CI] lines
(e.g., Weiß et al. 2009; Walter et al. 2012; Riechers et al. 2013,
2017; Jin et al. 2019, 2022; Casey et al. 2019; Birkin et al. 2021;
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Chen et al. 2022; Gentile et al. 2024b), which hence revealed
vigorous star-bursting activities with obscured star formation
rates, SFR ∼ 300−3000 M�/yr, and large gas reservoirs,
log Mgas/M� ∼ 10.5−11.5, in these massive systems (e.g.,
Riechers et al. 2013; Jin et al. 2022). However, the spectroscopic
sample is still small and strongly biased towards sources with
the brightest sub-millimetre fluxes. Consequently, studies of this
population strongly rely on photometric redshifts, which entail
the risk of catastrophic failures. For example, Ling et al. (2024)
reported an optically dark photo−z > 7 DSFG candidate using
ten bands of JWST photometry; however, it was eventually con-
firmed at spec−z = 2.625 by Jin et al. (2024) via multiple CO
and [CI] line detections. Evidently, robust spectroscopic confir-
mation is essential to uncover the nature of these extreme dusty
objects.

Despite the limited sample of spectroscopically confirmed
DSFGs, recent studies have revealed optically faint or dark
DSFGs have optically thick dust in FIR, massive gas reser-
voirs, and an elevated star formation efficiency (SFE) compared
to main-sequence galaxies (Jin et al. 2019, 2022; Kokorev et al.
2023). Nevertheless, it remains unclear whether active galac-
tic nuclei (AGNs) are present in these systems. As both
X-ray and optical AGN features can be severely attenuated by
dust, the AGN fraction of DSFGs could be largely underes-
timated (Franco et al. 2018). Therefore, panchromatic studies
including deep radio observations (e.g, Delvecchio et al. 2017;
Algera et al. 2020; van der Vlugt et al. 2021, 2023; Gentile et al.
2024b) are key to identify potential AGN activity in these sys-
tems. As previous studies focussed either on the stellar or inter-
stellar medium (ISM) components, comprehensive studies of all
baryonic components (stellar, dust, and gas) and AGN activity
are essential to unveil their nature.

In this paper, we report the spectroscopic confirmation of the
radio-selected DSFG XS55 and provide a panchromatic view of
its stellar, dust, and gas components and associated AGN activ-
ity. We adopt a flat cosmology with H0 = 70 km s−1 Mpc−1,
ΩM = 0.27, and ΩΛ = 0.73, and use a Chabrier (2003) initial
mass function. All magnitudes are in the AB system (Oke 1974).

2. Selection and data

2.1. Selection

XS55 was originally selected in the COSMOS-XS (Algera et al.
2020; van der Vlugt et al. 2021) catalogue with an ID = 55;
hence, we dubbed it XS55. It is detected in the ultra-
deep COSMOS-XS S -band image with S 3 GHz = 6.35 ±
0.96 µJy, but undetected in the less deep COSMOS 3 GHz
map (rms = 2.5 µJy, Smolčić et al. 2017), and detected in the
MeerKAT image with S 1.3 GHz = 10.9 ± 2.1 µJy (Jarvis et al.
2016; Heywood et al. 2022; Hale et al. 2024). XS55 has no opti-
cal counterpart (i.e. it is optically dark) and is not included
in the COSMOS2020 catalogue (Weaver et al. 2022). It drops
out in JWST F115W and F150W images, but is detected in
IRAC 4.5 µm (Fig. 1) and tentatively detected (∼3σ) in the
ALMA 2 mm MORA map (Casey et al. 2021). By performing
the super-deblending technique (Jin et al. 2018; Liu et al. 2018)
with the radio prior, we measured the deblended Herschel and
SCUBA-2 photometry of XS55. Interestingly, it is not detected
in Herschel images (3σ limiting depths: 250 µm = 5.3 mJy,
350 µm = 8.0 mJy, 500 µm = 8.7 mJy, Jin et al. 2018), but it is
well detected in two SCUBA-2 bands, 450 µm (Gao et al. 2024)
and 850 µm (Simpson et al. 2019), with a red 450 µm/850 µm
colour (S 450 µm = 5.6±1.4 mJy, S 850 µm = 5.7±0.8 mJy). Assum-

ing typical dust templates from Magdis et al. (2012), the red
SCUBA-2 colour suggests a FIR photometric redshift of z > 6.
Consequently, XS55 was followed up by two ALMA 3 mm line
scan projects in Cycle 9 (ID: 2022.1.00884, PI: R. Gobat; ID:
2022.1.00863.S, PI: J. Hodge).

2.2. ALMA

The two ALMA programmes were observed for a total of
1.9 hours on source. The frequency set-ups are identical in the
two programs, adopting the same set-ups as in Jin et al. (2019)
and covering 84–108 GHz with three tunings. We produced
measurement sets with the Common Astronomy Software Appli-
cations (CASA, McMullin et al. 2007) pipeline for each obser-
vation programme. Following the methods presented in Jin et al.
(2022), Zhou et al. (2024), and Sillassen et al. (2024), the cali-
brated data were converted to a uv table format and analysed with
the GILDAS software package in uv space. To enhance the sig-
nals, the uv tables from the two programs were combined using
the task uv_merge. The final products reach a continuum sen-
sitivity of 9.6 µJy/beam with a spatial resolution of 1′′.6, and a
line sensitivity of 12 mJy/beam over 500 km/s at ∼99 GHz. As
is shown in Fig. 2 and Section 3.1, we robustly detect contin-
uum (∼14σ) and two lines (∼10σ and ∼4σ). The dust contin-
uum is well fitted by a point-source model using GILDAS uvfit,
while fitting with an elliptical Gaussian does not yield useful
constraints. Therefore, the dust continuum is unresolved, and we
have placed an upper limit on the continuum size using Eq. (2)
from Gómez-Guijarro et al. (2022) (Table 2).

2.3. JWST

XS55 was observed with JWST/NIRCam in the F115W, F150W,
F277W, and F444W bands, as part of the COSMOS-Web survey
(Casey et al. 2023). We used the image product versions from
the Dawn JWST Archive (DJA1, Valentino et al. 2023), and fur-
thermore verified that these are consistent with the COSMOS-
Web team’s map (Shuntov et al. in prep.). XS55 is well detected
in both F277W (∼10σ) and F444W (∼36σ), but not detected in
both F115W and F150W (<3σ), consistent with the H drop-out
selection from Wang et al. (2019).

2.4. X-ray

The COSMOS field has been fully observed in soft (0.5–
2.0 keV) and hard (2.0–10 keV) X-rays with both XMM-Newton
(50 ks per pointing, PI: G. Hasinger; Hasinger et al. 2007) and
Chandra (∼180 ks exposure) as part of the Chandra COSMOS
(C-COSMOS, PI: M. Elvis; Elvis et al. 2009) and Chandra COS-
MOS Legacy (PI: F. Civano; Civano et al. 2016) surveys. As is
shown in Figs. 1 and 3, XS55 is tentatively detected in the soft
X-ray band of Chandra with a 2.1σ significance, and detected in
the stacked soft, medium, and hard X-ray XMM-Newton images
with a 3.1σ significance.

3. Results

3.1. Redshift identification

After extracting the ALMA spectra in all spectral windows, we
combined them into a single 1D spectrum (Fig. 2), and ran a
line-searching algorithm, as in Jin et al. (2019), to search for

1 https://dawn-cph.github.io/dja/index.html
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Fig. 1. Multi-wavelength cut-out images of XS55. The instrument, wavelength, and field of view are shown in green text in each panel.
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Fig. 2. ALMA 3 mm observations of XS55. Top: ALMA 3 mm spectrum of XS55. The red line shows the line-free continuum, and the dotted blue
line indicates the flux error per channel at a 1σ level. The spectroscopic redshift is shown in text, along with the velocity width of the channels.
Bottom left: Velocity space spectrum of CO(5-4) (blue) and [CI](1-0) (red) at z = 4.8214, the uncertainty per channel is shown as dashed lines.
Bottom right: Continuum and continuum-subtracted moment-0 line maps of XS55. Contour levels are 5, 8, and 11σ for the continuum, and 3, 4,
and 5σ for the line maps. The beam size is shown as a white ellipse, and the peak JWST/F444W position is marked by a grey cross.

emission line features with the highest significance. The con-
tinuum was fitted with a power law with fixed slope of 3.7 in fre-
quency (assuming β ≈ 1.7, Magdis et al. 2012; Sillassen et al.
2024), masking out the channels of significant emission lines.
The detected emission lines were fitted with a Gaussian pro-
file in the continuum subtracted spectrum. XS55 is detected in
the 3 mm continuum at ∼14σ with a flux of 134.2 ± 9.3 µJy
at ∼96 GHz. One line is detected at 98.99 GHz at 9.8σ (see

Fig. 2), and we searched for other lines in the spectrum consis-
tent with this detection. We found a 3.9σ detection at 84.58 GHz.
The two lines are consistent with CO(5-4) and [CI](1-0) at
z = 4.8214 ± 0.0004. We note that there is a slight velocity off-
set between the CO and CI line peaks of ∼141 km/s (Fig. 2). By
defining the [CI] line range using the velocity range of the CO
line, the [CI] S/N is 3.3σ, yielding a low Pchance = 0.4%, where
Pchance is the chance probability of finding a spurious second line
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Fig. 3. Multi-wavelength images of XS55. Left: COSMOS-XS 3 GHz map (van der Vlugt et al. 2021) overlaid with 2, 3σ 0.5−7 keV contours
from Chandra, smoothed with a 1′′ Gaussian, in purple. Middle: JWST colour image of XS55 representing F115W+F105W, F277W, and F444W
as blue, green, and red channels, respectively. Overlaid are ALMA 3 mm continuum emission contours at 5, 8, and 11σ, with the beam size shown
as a white ellipse. Right: Moment-1 map of CO(5-4) masked at 3σ in moment-0, overlaid with integrated CO(5-4) at 3, 4, and 5σ levels and
JWST/F444W contours at 5, 8, and 11σ levels in yellow and black, respectively.

Table 1. Measured properties of XS55 emission lines.

Line S/N FWHM Iline L′line Pchance
(a)

[km s−1] [Jy km s−1] [1010 K km s−1 pc2]

CO(5-4) 9.8 365 ± 37 0.53 ± 0.07 1.9 ± 0.2 <10−6

[CI](1-0) 3.9 293 ± 75 0.22 ± 0.06 1.1 ± 0.3 <0.004

Notes. (a)Chance probability of emission line (Jin et al. 2019).

(Jin et al. 2019). Further, we compared the redshift solution with
the NIR spectral energy distribution (SED) fitted redshift prob-
ability distribution PDF(z) of LePhare in the COSMOS-Web
catalogue (zphot = 4.73+0.52

−0.64, Shuntov et al. in prep.), and found
they are in excellent agreement (Fig. 4). For a sanity check, we
tested the redshift solution of z = 3.66 in the case of the bright
line being CO(4-3), as this redshift is seemingly consistent with
the second peak of the NIR PDF(z). However, we found that
z = 3.66 is very unlikely, because (1) the z = 3.66 [CI](1-0) is
not detected at the expected frequency of 105.6 GHz (<1σ), and
(2) the SED fitting at z = 3.66 yields an abnormally high dust-
mass-to-stellar-mass fraction, 0.09 < Mdust/M∗ < 0.13, which
is >10× above typical values (e.g., Donevski et al. 2020), again
disfavouring the z = 3.66 solution. Therefore, a multitude of evi-
dence confirms the redshift of XS55 to be z = 4.8214 ± 0.0004.

3.2. Morphology

We modelled the F277W and F444W morphology of XS55 using
Galfit (Peng et al. 2010). We adopted three separate compo-
nents in both F277W and F444W: a compact central emission,
a diffuse central emission, and a companion component to the
south-east. The NIRCam PSFs were obtained using Webbpsf
(Perrin et al. 2014) with a pixel scale of 0.05′′. /pix. We consid-
ered two cases: one case using a point source (compact compo-
nent) together with two Sérsic profiles (diffuse component and
companion), and another case with three separate Sérsic pro-
files. In the case using a point source and two Sérsic models in
F444W, there is a ring of emission left in the residual (Fig. A.1,
middle right), suggesting that the brightest part of the galaxy
is marginally resolved, or the PSF modelling is imperfect. In
the case of the three Sérsic profiles, there are no clear struc-

tures, as would be expected with random noise (Fig. A.1-top).
In the three-Sérsic-profile model of F444W, the compact com-
ponent has a size of 0′′.061 ± 0′′.007, corresponding to Re =
0.40 ± 0.05 kpc, with a Sérsic index of n < 1.2, while the dif-
fuse emission and the companion have sizes and Sérsic indices
of Re = 1.7 ± 0.1 kpc, n = 0.37 ± 0.08, and Re = 1.1 ± 0.1 kpc,
n = 0.61 ± 0.33, respectively (Table A.1). In F444W, 33 ± 3%
of the total flux is coming from the compact component, while
53 ± 3% is coming from the extended diffuse component, and
14 ± 3% is coming from the companion. In JWST/F277W, the
fit of the compact component yields a bulge-like n = 2.6 ± 0.8
model with Re = 0.58± 0.07 kpc (Table A.1), providing 87± 2%
of the total flux. The diffuse component cannot be fitted, and
the fit to the companion yields a n = 2.0 ± 1.4 model with
Re = 1.7±0.5 kpc, providing 13±2% of the total flux (Section 3.2
and Table A.1). At this redshift, [OIII]λλ4959, 5007 and Hβ fall
within the JWST/F277W filter; consequently, the flux is possibly
boosted by line emission (Fig. 4).

3.3. FIR SED

To estimate the dust mass (Mdust) and temperature (Tdust), we fit-
ted the FIR and sub-millimetre photometry of XS55 with a mod-
ified black-body (MBB) model (Magdis et al. 2012) using the
code mercurius (Witstok et al. 2022). We explored two cases:
one assuming optically thin dust and another assuming ‘self-
consistent’ optically thick dust. In the optically thick case, we
placed an upper limit on the emitting area based on the half-light
radius of the galaxy in JWST/F444W (9.08 kpc2; Section 3.2).
The resulting fit and corresponding parameters are shown in
Fig. B.1 and Table 2. In both cases, the IR spectral index, βIR,
is consistent with a weighted average of βIR = 2.0± 0.1. In
the optically thin case, we recovered a low dust temperature
of Tdust = 28.0+3.3

−2.8 K, with an accompanying high dust mass
of Mdust = 2.3+1.4

−0.8 × 109 M�. On the other hand, the opti-
cally thick dust yields a higher Tdust = 32.7+2.2

−1.9 K and a lower
Mdust = 1.7+0.6

−0.5 × 109 M�.
To construct a panchromatic SED of XS55, we fitted the stel-

lar, AGN, and dust components using STARDUST (Kokorev et al.
2021) and available photometry from optical to radio wave-
lengths, yielding an IR luminosity of LIR = (5.4± 1.8)× 1012 L�
and SFRIR = 540 ± 180 M� yr−1. For the stellar component,
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Fig. 4. NIR to radio SED of XS55, fitted using STARDUST
(Kokorev et al. 2021). The total SED (black) is shown with its different
components: stellar (blue), dust (red), and radio (magenta). An optically
thick MBB (Magdis et al. 2012), fitted with mercurius (Witstok et al.
2022), is shown with a green line. The MBB is not accounted for in the
total SED fit. The radio component was extrapolated using the stellar-
mass-dependent IR-radio relation from Delvecchio et al. (2021). The
NIR PDF(z) of XS55 is shown as an inset with the spec-z marked by a
vertical red line.

we recovered the stellar mass log(M∗/M�) = 10.7 ± 0.1,
attenuated by Av = 2.2 ± 0.3 mag. As an additional check,
we also fitted the stellar part of the spectrum (up to F444W)
using Bagpipes2 (Carnall et al. 2018), using the same param-
eters as in Jin et al. (2024), yielding physical properties simi-
lar to those from STARDUST, log(M∗,bagpipes/M�) = 10.7 ± 0.1,
Av,bagpipes = 2.1 ± 0.3. The physical parameters calculated with
LePhare in the COSMOS-Web catalogue (Shuntov et al. in
prep.) also agree with our results (log(M∗,LePhare/M�) = 10.8 ±
0.3, E(B − V)LePhare = 1.1). The resulting panchromatic SED
and corresponding properties from STARDUST, and the MBB fit
from mercurius, are shown in Fig. 4 and Table 2.

3.4. Molecular gas mass and far-infrared lines

With the derived dust mass, we inferred a molecular gas mass
(Mmol) using the standard gas-to-dust mass ratio of star-forming
galaxies (δgdr = 100, assuming solar metallicity, Magdis et al.
2012), yielding Mmol,thin = 2.6+0.5

−0.4 × 1011 M� and Mmol,thick =

1.7+0.5
−0.4 × 1011 M�. Furthermore, based on the detection of the

[CI](1-0) line (Table 1), we inferred the molecular gas mass,
Mmol/αCI = (1.8 ± 0.5) × 1011/αCI M�, where αCI = 17.0 ±
0.3 M� K−1 km−1 s pc−2 (Dunne et al. 2022), which is consistent
with other calibrations (Valentino et al. 2018; Heintz & Watson
2020). Adopting instead αCI = 4.1 ± 1.4 M�K−1 km−1 s pc−2

from Frias Castillo et al. (2024) for high-z SMGs yields Mmol =
(4.3 ± 1.9) × 1010 M�. Interestingly, the CO(5-4) emission is
marginally resolved in the north-east to south-west direction (see
Figs. 2 and 3), as the minor axis of the CO emission as well as the
continuum source are unresolved, and we obtained upper lim-
its on their sizes using Eq. (2) of Gómez-Guijarro et al. (2022).
We measured the size of the integrated CO(5-4) emission by fit-
ting an elliptical Gaussian in uv space with GILDAS/uvfit, and
obtained Re = 1.79 ± 1.22 kpc with PA = 28 ± 20 deg. We con-
structed the CO(5-4) moment-1 map using the Cube Analysis

2 https://bagpipes.readthedocs.io/en/latest/

Table 2. Fitted and inferred physical properties of XS55.

Parameter Value
ID XS55

RA, Dec [deg] 150.1002501, 2.4967382
z 4.8214 ± 0.0004
AV [mag] 2.2 ± 0.3
M∗ [1010 M�] 5 ± 1
SFRIR [M� yr−1] 540 ± 180
LX [1044 erg s−1] >5.4
LIR [1012 L�] 5.4 ± 1.8
βIR 2.0 ± 0.2
Mgas,[CI] [1011 M�] 1.8 ± 0.5
SFE [10−9 yr−1] 3.0 ± 1.0
Tdust,thick [K] 32.7+2.2

−1.9

Mdust,thick [109 M�] 1.7+0.6
−0.5

Tdust,thin [K] 28.0+3.3
−2.8

Mdust,thin [109 M�] 2.3+1.4
−0.8

Reff,3 mm [kpc] <1.76 (∗)

Rmaj,CO(5−4) [kpc] 3.2 ± 1.1
Rmin,CO(5−4) [kpc] <2.08 (∗)

PACO(5−4) [deg] 28 ± 20

Notes. (∗)Size upper limit (2σ) calculated with Eq. (2) in
Gómez-Guijarro et al. (2022).

and Rendering Tool for Astronomy (CARTA; Comrie et al. 2021,
Fig. 3-right). In the moment-1 map, there is a clear velocity gra-
dient, with the highest redshifted velocity being 70 km/s and the
highest blueshifted velocity being −130 km/s. This velocity gra-
dient is comparable to that of the radio selected NIR-dark galax-
ies from Gentile et al. (2024b). We discuss the possible interpre-
tations of the extended CO(5-4) emission in Sect. 4.2.

3.5. Obscured active galactic nucleus

XS55 is tentatively detected in X-ray with both Chandra and
XMM-Newton (Figs. 3, 1). Using a 3′′ radius aperture that cor-
responds to the mean PSF of the Chandra COSMOS Legacy
Survey (Civano et al. 2016), we detected three counts in the
0.5–2 keV band of Chandra. This corresponds to a flux of
f[0.5−2 keV] = (1.15± 0.54)× 10−16 erg s−1 cm−2 adopting the con-
version rate from Civano et al. (2016). Since XS55 is extremely
dusty, this flux should be considered a lower limit, yielding a soft
X-ray luminosity of L[0.5−2 keV] > 2.81 × 1043 erg s−1. Using the
soft X-ray to bolometric luminosity correction from Lusso et al.
(2012), we obtained a bolometric luminosity of Lbol > 5.35 ×
1044 erg s−1. XS55 would be an X-ray selected AGN using
the criterion from Riccio et al. (2023) (i.e. L0.2−2.3keV ≥ 3 ×
1042 erg s−1). Due to the low significance of the X-ray detec-
tion, we cannot exclude that the detection could be spurious, or
is originating from star formation. XS55 does not show excess
radio emission compared to the infrared radio correlation of
Delvecchio et al. (2021); however, this could be due to the large
scatter of IR-radio correlation that is largely unconstrained at
z ∼ 5 (Delvecchio et al. 2021). Furthermore, while radio excess
is a clear indicator of AGN activity, X-ray AGNs are not neces-
sarily radio-loud.
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Fig. 5. Dust properties of XS55. Left: Dust temperature vs. redshift for XS55 and literature samples. The Td − z relation of main-sequence galaxies
from Schreiber et al. (2018) is shown as a black line, with the uncertainty as the shaded grey area. The literature samples are from Riechers et al.
(2013, 2014, 2017), Marrone et al. (2018), Pavesi et al. (2018), Faisst et al. (2020), Jin et al. (2019, 2022), Fudamoto et al. (2023), and Algera et al.
(2024a,b). The CMB temperature as a function of redshift is shown as a dashed black line. Right: Infrared luminosity surface density as a function
of dust temperature, assuming optically thick dust. The surface density limit as defined by the Stefan-Boltzman law of optically thin dust is shown
as a black line, while grey-bodies with varying λeff are shown as dashed lines. The literature samples are from Simpson et al. (2017), Hodge et al.
(2019), and Jin et al. (2019, 2022).

4. Discussion

4.1. Intrinsically cold or optically thick dust

To determine whether XS55 is intrinsically cold, or optically
thick dust is making it appear cold, we applied three methods
of diagnosing optically thick dust from Jin et al. (2022): (1) We
compared the molecular gas masses derived from [CI](1-0) emis-
sion with gas mass inferred by both thin and thick Mdust. We find
that the lower gas mass from the thick dust model is in good
agreement with the [CI]-derived gas mass, assuming δgdr = 100
and α[CI] = 17 ± 3 M� K−1 km−1 s pc−2, while the gas mass
from the thin dust model is likely overestimated. (2) We esti-
mated the dust opacity at 100 µm, τ100 µm = κρRe, where κ is
adopted from Jones et al. (2013), and ρ is the volumetric dust
density assuming spherical symmetry, using Re from dust con-
tinuum (Re < 1.76 kpc). This yields τ100 µm,thin > 1.6, and
τ100 µm,thick > 1.2. Furthermore, we calculated the surface SFR
density and find ΣSFR > 37 M� yr−1 kpc−2. With both τ100 µm > 1
and ΣSFR > 20 M� yr−1 kpc−2, the dust is hence optically thick
(Jin et al. 2022). (3) We derived a lower limit for the IR lumi-
nosity surface density, ΣIR > 3.7 × 1011 L� kpc−2, and placed it
on the ΣIR − Tdust diagram. As is seen in Fig. 5-right, the thin
case is clearly violating the black-body Stefan-Boltzmann law,
and the optically thick case is more favourable. Therefore, these
pieces of evidence together imply that the dust of XS55 is opti-
cally thick in the FIR.

Interestingly, the recovered Tdust assuming optically thick
dust remains cold. Compared to the redshift evolution of Tdust in
main-sequence galaxies (Schreiber et al. 2018; Jin et al. 2022),
the thick dust solution is 0.13 dex (∼4σ) below the relation
(Fig. 5). This makes XS55 one of the coldest DSFGs at
z > 4 discovered to date (e.g., Faisst et al. 2020; Jin et al. 2022;
Algera et al. 2024a). Since the dust temperature is proportional
to the radiation field (i.e., 〈U〉 = (Td/18.9)6.04, Magdis et al.
2012), and the radiation field is proportional to the ratio of SFE
to metallicity (i.e., 〈U〉 ∝ SFE/Z, Magdis et al. 2012), and given

that XS55 has typical SFE of DSFGs, the intrinsically low dust
temperature could suggest a high metallicity in XS55, where the
cooling is more efficient.

4.2. Origin of extended CO(5-4)

Interestingly, the CO(5-4) is more extended than the dust con-
tinuum size and shows a tentative velocity gradient. These prop-
erties could suggest a rotating molecular disc (e.g., Rizzo et al.
2023) with compact star formation (e.g., Cochrane et al. 2019).
However, given the low spatial resolution of the CO data, high-
resolution data are needed to confirm whether it is a rotating
disc (e.g., Rowland et al. 2024). As is suggested by the com-
plex JWST morphology, a galaxy interaction or merger can also
account for the extended CO(5-4) emission. Furthermore, given
the possible AGN nature of XS55 and that the CO(5-4) is only
resolved in one direction, a molecular outflow driven by a central
AGN (e.g., Lutz et al. 2020) is also a potential scenario. To dis-
entangle the above scenarios, a high-resolution [CII] follow-up
would be ideal to reveal the kinematics of XS55.

4.3. Why this source is optically faint

In nearly all terms, XS55 is a normal but massive main-
sequence star-forming galaxy at z = 4.8214, within
2σ of the Schreiber et al. (2015) main-sequence relation
(∆MS(SFR/SFRMS) = 2.4± 0.9). Its SFE, and thereby its deple-
tion time of 300±100 Myr, is comparable to other optically faint
galaxies at similar redshift (e.g., Jin et al. 2019, 2022). However,
with the compact stellar (Re = 1.72 ± 0.13 kpc) and dust contin-
uum (Re < 1.76 kpc) sizes, XS55 falls 2.6× below the mass-size
relation of main-sequence galaxies (Ward et al. 2024). The com-
pact size, together with a massive amount of dust, could explain
the optically faint nature of this source, in agreement with obser-
vations from Gómez-Guijarro et al. (2023) and simulations from
Cochrane et al. (2024).
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5. Conclusions

By combining ALMA spectroscopy with JWST imaging and
multi-wavelength ancillary data in the COSMOS field, we have
presented a detailed study of a newly discovered, radio-selected,
optically faint galaxy, XS55. ALMA detections of the CO(5-4)
and [CI](1-0) lines places the source at z = 4.8214, and reveals
the presence of large amounts of dust in the ISM (Mdust =
(1.7±0.5)×109 M�). XS55 is a compact massive main-sequence
galaxy with an extremely cold dust temperature and optically
thick FIR emission. The F444W size of the source falls below the
mass-size relation. The tentative X-ray emission and the com-
pactness of the central component suggest the presence of an
AGN. The compactness together with the massive amount of
cold dust in XS55 naturally explain its optical faintness.
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Appendix A: Morphology

F444W

1"

Galfit Model Residual
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Fig. A.1. Morphological fit of XS55 in JWST/F444W (top and middle row) and JWST/F277W (bottom row). The different components of each fit
are stated in the right column of each row.
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Table A.1. Effective radii and Sérsic indices from Galfit

F444W

Compact component

Re,F444W [kpc] 0.40 ± 0.05

n < 1.2

Diffuse disc component

Re,F444W [kpc] 1.72 ± 0.13

n 0.37 ± 0.08

Companion

Re,F444W [kpc] 1.06 ± 0.13

n 0.61 ± 0.33

F277W

Compact component

Re,F277W [kpc] 0.58 ± 0.07

n 2.6 ± 0.8

Diffuse disc component

Component not detected

Companion

Re,F277W [kpc] 1.7 ± 0.5

n 2.0 ± 1.4

Appendix B: FIR fitting
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Fig. B.1. Mercurius FIR SEDs of XS55. Left: FIR-SED assuming
optically thin dust. Right: FIR-SED assuming self-consistent optically
thick dust, assuming an upper limit on the emission area of 9.08 kpc2

(half-light radius of diffuse disc-like component in JWST/F444W).
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