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ABSTRACT

We report the serendipitous discovery of a dust-obscured galaxy observed as part of the

Atacama Large Millimeter Array (ALMA) Large Program to INvestigate [C II] at Early times

(ALPINE). While this galaxy is detected both in line and continuum emissions in ALMA

Band 7, it is completely dark in the observed optical/near-infrared bands and only shows a

significant detection in the UltraVISTA Ks band. We discuss the nature of the observed ALMA

line, that is [C II] at z ∼ 4.6 or high-J CO transitions at z ∼ 2.2. In the first case, we find a

[C II]/FIR luminosity ratio of log(L[C II]/LFIR) ∼ −2.5, consistent with the average value for

local star-forming galaxies (SFGs). In the second case instead, the source would lie at larger

CO luminosities than those expected for local SFGs and high-z submillimetre galaxies. At

both redshifts, we derive the star formation rate (SFR) from the ALMA continuum and the

physical parameters of the galaxy, such as the stellar mass (M∗), by fitting its spectral energy

distribution. Exploiting the results of this work, we believe that our source is a ‘main-sequence’,

dusty SFG at z = 4.6 (i.e. [C II] emitter) with log(SFR/M⊙ yr−1) ∼ 1.4 and log(M∗/M⊙) ∼

9.9. As a support to this scenario our galaxy, if at this redshift, lies in a massive protocluster

recently discovered at z ∼ 4.57, at only ∼1 proper Mpc from its centre. This work underlines

the crucial role of the ALPINE survey in making a census of this class of objects, in order to

unveil their contribution to the global SFR density at the end of the Reionization epoch.

Key words: galaxies: evolution – galaxies: high-redshift.

1 I N T RO D U C T I O N

The last decades have seen dramatic advances in our knowledge of

galaxy formation and evolution (e.g. Giavalisco 2002; Renzini 2006;

Silk & Mamon 2012; Carilli & Walter 2013; Madau & Dickinson

2014; Naab et al. 2017). The global star formation rate density

(SFRD) has been found to rise during the cosmic reionization from

z ∼ 10, peak at 1 < z < 3, and finally decrease by a factor of ∼10 to

the local Universe (Lilly et al. 1996; Bouwens et al. 2011; Madau &

Dickinson 2014). Several studies suggest that, at all epochs, the bulk

⋆ E-mail: michael.romano@studenti.unipd.it

of the star formation activity takes place in galaxies lying on the

‘main sequence’ (MS): a tight correlation between the star formation

rate (SFR) and the stellar mass (M∗, Daddi et al. 2007; Rodighiero

et al. 2011; Speagle et al. 2014; Santini et al. 2017). Therefore, we

have indications that most of the stars in the Universe formed along

the MS, at the peak of the SFRD at z ∼ 2. However, we are still trying

to understand which are the main mechanisms responsible for the

rapid increase of the SFRD at z < 6. One possible explanation is an

increase in the gas fraction along with a rising in the star formation

efficiency per unit mass, possibly driven by galaxy mergers (Genzel

et al. 2015; Silverman et al. 2015; Scoville et al. 2016).

At z > 3, the cosmic SFRD is almost exclusively constrained

by ultraviolet (UV)-selected samples (Bouwens et al. 2012a,b;

C© 2020 The Author(s)
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Schenker et al. 2013; Oesch et al. 2015), lacking information about

the star formation obscured by the dust. Rest-frame UV-selected

galaxies must be corrected for the dust absorption: wrong dust

corrections can lead to large uncertainties on the SFR estimates

and, consequently, to an incorrect picture of the star formation

history (SFH) of the Universe (e.g. Gallerani et al. 2010; Castellano

et al. 2014; Scoville et al. 2015; Álvarez-Márquez et al. 2016). At the

same time, heavily dust-obscured star-forming galaxies (SFGs) may

be completely missed by surveys probing the rest-frame UV/optical

emissions.

With the advent of new facilities, such as the Atacama Large

Millimeter Array (ALMA), a population of faint and dusty SFGs has

been confirmed at high redshift, for example submillimetre galaxies

(SMGs, Dunlop et al. 2004; Daddi et al. 2009; Riechers et al. 2010;

Huang et al. 2014; Simpson et al. 2014; Santini et al. 2016; Cooke

et al. 2018), ALMA-only sources (e.g. Williams et al. 2019), the

extremely red objects selected with H and Infrared Array Camera

(IRAC) colours (HIEROs galaxies) from Wang et al. (2016). While

the bulk of these objects peaks at 2 < z < 3, a significant tail of dusty

galaxies without optical/near-infrared (NIR) detections appears to

be in place at z > 4 (Capak et al. 2008; Daddi et al. 2009; Riechers

et al. 2010; Walter et al. 2012; Riechers et al. 2013; Simpson et al.

2014; Cooke et al. 2018; Pavesi et al. 2018; Dudzevı̆ciūtė et al.

2020).

In particular, a large population of high-redshift SMGs has

been discovered during the last years. For instance, Walter et al.

(2012) combined measurements from the IRAM Plateau de Bure

Interferometer and the Jansky Very Large Array to put constraints

on the dust-obscured starburst HDF850.1, one of the first galaxies

completely obscured in the observed optical/NIR wavelengths and

identified in the submillimetre band. This source is at zspec = 5.18

among an overdensity of galaxies at the same redshift, with a

[C II]/FIR luminosity ratio comparable to that observed in local

SFGs. Moreover, many of these objects are extreme starbursts,

such as HFLS3. This source is confirmed to be at zspec = 6.34

exploiting information from different molecular and atomic fine

structure cooling lines and shows a large FIR luminosity (i.e. LFIR

∼ 2 × 1013 L⊙) and SFR >103 M⊙ yr−1 (Riechers et al. 2013).

Simpson et al. (2014) analysed a sample of 96 SMGs from the

ALMA–LABOCA Chandra Deep Field-South Survey (Hodge et al.

2013), finding a median photometric redshift of zphot ∼ 2.5, with

35 per cent of the SMGs lying at z > 3 (and ∼20 sources most likely

at z > 4). Cooke et al. (2018) examined the ALMA data cubes

of ∼700 high-redshift SMGs from the ALMA-SCUBA-2 survey

of the Ultra Deep Survey (UDS) field (AS2UDS), searching for

serendipitous emission lines. They found 10 candidate line emitters,

8 of which are likely [C II] emitters at z ∼ 4.5 and with the remaining

two sources associated with high-J CO emission. Dudzevı̆ciūtė et al.

(2020) found that ∼17 per cent of the SMGs in the AS2UDS survey

are undetected in the observed optical/NIR bands and fainter than

K ∼ 25.7. These sources preferentially lie at higher redshifts (z >

3) with respect to the median photometric redshift of the sample,

that is zphot ∼ 2.6. An in-depth study of this elusive population of

galaxies is necessary in order to complete the census of the SFGs

at high redshift contributing to the cosmic SFH as well as to better

understand the early phases of the galaxy formation (e.g. Blain et al.

2002; Casey, Narayanan & Cooray 2014).

In this context, the ALMA Large Program to INvestigate [C II] at

Early times (ALPINE, Faisst et al. 2019; Le Fèvre et al. 2019;

Béthermin et al. 2020) is going to improve our knowledge of

the obscured star formation at z > 4. It takes advantage of the

observations of the singly ionized carbon [C II] at 158µm and

its adjacent FIR continuum for a sample of 118 SFGs in the

Cosmic Evolution Survey (COSMOS, Scoville et al. 2007a,b) and

the Extended Chandra Deep Field South (Giavalisco et al. 2004;

Cardamone et al. 2010) fields. These sources are spectroscopically

confirmed to be at 4 < z < 6 with the Visible Multi-Object

Spectrograph at the Very Large Telescope (VLT; Le Fèvre et al.

2003, 2015) and with the DEep Imaging Multi-Object Spectrograph

(DEIMOS) at the Keck II telescope (Faber et al. 2003; Hasinger et al.

2018).

The [C II] line is one of the strongest lines in the FIR band

(e.g. Stacey et al. 1991) as it is one of the main coolants of the

interstellar medium (ISM; Carilli & Walter 2013). Since it has

a lower ionization potential than neutral hydrogen (H I), that is

11.3 eV compared to 13.6 eV, this line can trace different gas phases,

such as dense photodissociation regions (PDRs; Hollenbach &

Tielens 1999), neutral diffuse gas (e.g. Wolfire et al. 2003; Vallini

et al. 2015), and diffuse ionized gas (e.g. Cormier et al. 2012). In

principle, in order to remove the ambiguity on the interpretation of

the [C II] emission, the relative contribution of the various gas phases

should be assessed. However, different studies suggest that the bulk

of the [C II] emission arises from the external layers of molecular

clouds heated by UV photons in the PDRs (Stacey et al. 1991;

Madden et al. 1997; Kaufman et al. 1999; Cormier et al. 2015; Pavesi

et al. 2016); thus, this line can be used as a tracer of star formation

(e.g. De Looze et al. 2014; but see also Zanella et al. 2018 who

suggest that [C II] is a better tracer of the molecular gas). Therefore,

the combination of the FIR continuum and of the UV measurements,

together with the [C II] observations, will provide an estimate of the

total (obscured and unobscured) star formation in these galaxies

at the redshift explored by the ALPINE survey. This corresponds

to the 80–95 per cent of the cosmic SFRD at 4 < z < 6 (Casey

et al. 2012; Bouwens et al. 2016; Capak et al. 2015; Aravena et al.

2016; Novak et al. 2017). The remaining 5–20 per cent of the star

formation is yielded by a free blind survey covering an additional

area of 25 arcmin2 beyond the rest-frame UV-selected ALPINE

targets, where many galaxies have been serendipitously detected

so far (Loiacono et al. 2020). Among these, different sources are

completely obscured in the observed optical/NIR bands. The study

of these objects is crucial for obtaining a robust estimate of the total

SFRD at z > 4 and for characterizing the overall population of the

high-redshift SFGs.

In this work, we discuss the nature of a galaxy (hereafter,

Gal−A) randomly discovered in the field of the ALPINE target

DEIMOS COSMOS 665626 (hereafter, DC 665626). The galaxy

has a spatial offset of ∼6 arcsec (1 arcsec is ∼7 kpc at z = 4.583, the

redshift of the target) from DC 665626. It does not show any optical

counterpart at the position of the emission detected with ALMA

and, for this reason, its nature results to be ambiguous. Besides,

since Gal−A is the brightest galaxy detected in line emission

among all those having no optical counterpart and serendipitously

observed in ALPINE so far (Loiacono et al. 2020), this work can

be exploited as a benchmark for future analysis on this type of

source.

The paper is organized as follows: in Section 2 we introduce the

available data we have for Gal−A and explain the methods used to

analyse this source. We present the results in Section 3 and discuss

them in Section 4, trying to constrain the nature of the galaxy.

Summary and conclusions are provided in Section 5.

Throughout this paper, we assume a �-cold dark matter cosmol-

ogy with H0 = 70 km s−1 Mpc−1, �m = 0.3, and �� = 0.7 (Planck

Collaboration 2018). We furthermore use a Chabrier (2003) initial

mass function (IMF) and AB magnitudes.
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2 O B S E RVAT I O N S A N D DATA R E D U C T I O N

2.1 ALMA data

DC 665626 was observed with ALMA in Band 7 (νobs = [275–

373] GHz) on 2018 May 25 (Cycle 5; Project 2017.1.00428.L, PI:

O. Le Fèvre) using 45 antennas with the C43-2 array configuration

(with a maximum baseline of ∼ 250 m). The on-source integration

time was 16 min, with a total elapsed time of 37 min.

The spectral setup consisted of two sidebands with a frequency

range of �l
ν ≃ [339 − 343] GHz and �u

ν ≃ [351 − 355] GHz for

the lower and upper sidebands, respectively. Both sidebands were

made up of two spectral windows (SPWs) of width 1.875 GHz,

each of which containing 128 channels 15.625 MHz wide (the

sidebands overlapped for seven channels), with a typical rms of

0.6 mJy beam−1 per channel. The flux and phase were calibrated

using the standard calibrators J1058+0133 and J0948+0022, re-

spectively.

The data are analysed using standard pipelines for ALMA

reduction included in the software CASA (McMullin et al. 2007),

version 5.4.0. The imaging is obtained by running the TCLEAN

task on the visibilities, setting a threshold of 3σ rms on the noise

level when cleaning the data (where σ rms is obtained from the

dirty image), and with a natural weighting scheme to increase the

sensitivity.

2.2 Identification of the serendipitous source

As part of the COSMOS field (Scoville et al. 2007a,b), which

is one of the most thoroughly studied regions of the sky so far,

multiwavelength data are available for the whole ALPINE sample,

including high-resolution Hubble Space Telescope (HST) imaging

(Koekemoer et al. 2007, 2011) and photometry from the Canada–

France–Hawaii Telescope (CFHT), the Spitzer telescope, and other

facilities (Capak et al. 2007; Laigle et al. 2016). Spectroscopic

redshifts are available from large optical spectroscopic campaigns

at the VLT (VUDS; Le Fèvre et al. 2015) and Keck (DEIMOS

10k survey; Hasinger et al. 2018). Multiband photometry and

spectroscopic data allow us to build spectral energy distributions

(SEDs) and to derive robust physical parameters including SFRs and

stellar masses through SED-fitting (Faisst et al. 2019). As a result of

this analysis, we find that DC 665626 has log(M∗/M⊙) = 9.21+0.16
−0.18,

log(SFR/[M⊙ yr−1]) = 0.71+0.29
−0.18, and a spectroscopic redshift of

zspec = 4.583, obtained from the Lyα emission and the ISM

absorption lines in the observed-frame optical spectrum.

Since the ALPINE target DC 665626 is at zspec = 4.583, the

[C II] emission from this source (νrest = 1900.54 GHz) is expected

to be redshifted at around νobs = 340.42 GHz, falling inside

the lower sideband of the observed ALMA spectrum. When we

inspect the data cube, together with the [C II] emission coming

from DC 665626 (at 4.4σ , Béthermin et al. 2020), we identify

a more significant line emission feature with a spatial offset of

∼6 arcsec (∼40 proper kpc at z ∼ 4.6) with respect to the

ALPINE target. We refer to the source of this emission as Gal−A

(RA: 10:01:13.82, Dec.: +02:18:40.66), that is detected both in

continuum and in line emissions at 5σ and 12σ , respectively. Fig. 1

shows the continuum-subtracted moment-0 map of Gal−A. This is

computed by summing the integrated intensity in all the spectral

channels in the data cube containing the line emission, that is

M(x, y) =
∑Nchannel

i=1 Sν(x, y, i)�vchannel(i), where Sν(x, y, i) is the

flux density in the ith channel at the position (x,y) and �vchannel is the

velocity width of the ith channel (see Section 2.4 fore more details).

Figure 1. Continuum-subtracted moment-0 map of Gal−A. The ALPINE

target DC 665626, Gal−A and Gal−B are labelled. Line and continuum

emissions are shown with dashed violet and solid black contours starting

from 4σ and 3σ (at step of 2σ ), respectively. The white ellipse in the bottom

left corner is the synthesized beam.

Figure 2. Emission line flux at the position of Gal−A (black histogram)

as a function of the observed frequency. The solid red curve represents the

Gaussian fit on the line. The dashed green line marks the zero-flux level. The

velocity offset is reported on the top axis. For comparison, we also show the

spectrum of the [C II] line arising from DC 665626 (grey histogram) with

its associated Gaussian fit (solid orange curve).

The synthesized beam with a size of 1.08 arcsec × 0.85 arcsec at

PA = −80◦ and another galaxy (hereafter, Gal−B) detected at 9σ

in continuum only northwards of the offset emission (∼2 arcsec

away from Gal−A when considering the peak positions of the two

emissions) are also displayed.

We show in Fig. 2 the spectrum of the emission line observed

at the position of Gal−A (black histogram). It is extracted from

a circular region 2 arcsec wide, including the 2σ contours from

the moment-0 map of the source. Using the spectral profile tool

within the CASA viewer, we fit the line profile with a Gaussian
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function finding a full width at half-maximum (FWHMline) of

308 ± 34 km s−1 and a peak frequency at νpeak = 340.76 GHz. For

comparison, we also show the [C II] line spectrum (grey histogram)

of the main ALPINE target, obtained in the same way as for

Gal−A.

Though DC 665626 is detected in [C II] in spatial coincidence

with its rest-frame UV emission, we consider the possibility that

the emission centred at the position of Gal−A is connected with

that of the ALPINE target. The displacement between [C II] and

UV/Lyα emission has already been observed in high-redshift

galaxies (Gallerani et al. 2012; Willott et al. 2015; Cassata et al.

2020; but see also Bradăc et al. 2017). It is also reproduced by

radiative transfer simulations as a consequence of the strong stellar

feedback which could quench the [C II] emission in the central

region of the galaxies, allowing it to arise mostly from infalling

or satellite clumps of neutral gas around them (Vallini et al. 2013;

Maiolino et al. 2015). However, these models predict spatial offsets

up to ∼1–2 arcsec (∼7–14 kpc at the redshift of the target), well

below the offset that we measure in this case (�6 arcsec). Therefore,

we exclude that the observed ALMA emission at the position of

Gal−A is directly linked to DC 665626.

2.3 Multiwavelength photometry of Gal−A

As Gal−A lies in the COSMOS field (Laigle et al. 2016), we exploit

all the available multiwavelength photometry in order to identify the

counterpart associated with the discovered emission. In Fig. 3, we

present some cutouts centred on this galaxy in different photometric

filters, from the UV to the FIR. Gal−B is visible in most of the

photometric bands and has a photometric redshift zphot = 2.25+0.22
−0.15,

as reported in the COSMOS2015 catalogue (Laigle et al. 2016).

Another foreground galaxy, labelled Gal−C in Fig. 3, is well

detected in the images from the optical to the NIR wavelengths and

has zphot = 2.02+0.12
−0.12, from COSMOS2015. Conversely, Gal−A is

not clearly identified in any optical filter. It is fairly visible in the

UltraVISTA Ks band, even if it is not listed as a detection in the

UltraVISTA DR4 catalogue (McCracken et al. 2012).

More in detail, to reproduce the SED of Gal−A, we use obser-

vations in the u∗ band from MegaCam on CFHT, as well as the g, r,

i and z filters from the Hyper Suprime-Cam (HSC) on the Subaru

telescope, in order to set an upper limit to the optical emission of the

source. NIR constraints come from the Y, J, H, and Ks bands from

the VISTA InfraRed CAMera (VIRCAM) on the VISTA telescope.

Finally, we obtain information on the SED up to ∼8 µm in the

observed frame from the IRAC channels on Spitzer. For each band,

we centre a fixed aperture of 1.4 arcsec of diameter on Gal−A

(enclosing the 3σ contours of the emission line detected by ALMA)

and estimate its flux. We then compute the limiting magnitude as

the standard deviation of the fluxes measured in 10 000 apertures

(of 1.4 arcsec of diameter) randomly distributed in a wide region of

the sky (masked for the emission of bright sources) and assume it

as the error on the flux. As expected, we do not find any significant

detection (>5σ ) of our source in the optical filters. For this reason,

we consider the measured 5σ limiting magnitudes as upper limits in

these bands. The same argument applies to the VISTA filters except

for the Ks band in which, as mentioned above, a faint emission arises

at the position of Gal−A. Making use of SEXTRACTOR (Bertin &

Arnouts 1996), we manage to deblend the analysed galaxy from

the other two nearby sources obtaining an estimate of its apparent

magnitude in this band. Through this analysis, Gal−A is detected

at ∼8.3σ with an AB magnitude Ks = (24.4 ± 0.1), which is very

close to the 5σ limiting magnitude of ∼24.5 (computed in 2.0 arcsec

diameter apertures) from the UltraVISTA DR4 catalogue. It is worth

noting that in this case we do not assume the uncertainty on the flux

resulting from SEXTRACTOR. We consider instead the corresponding

1σ limiting magnitude as the error on the flux as done for the

other bands though, in practice, the two uncertainty estimates are

comparable.

Finally, a weak emission seems to arise at the position of Gal−A

in the IRAC bands. However, as shown in Fig. 3, this could be

partially contaminated by the emission of the two nearby galaxies

at zphot ∼ 2 in the 3.6 and 4.5 µm bands, while it seems to emerge

from the background at 8.0 µm, where Gal−B and Gal−C become

fainter. We find that, in the Rainbow catalogue (Pérez-González et al.

2008; Barro et al. 2011a,b), Gal−B and Gal−C have been deblended

in all the four IRAC channels using the Subaru r band as a prior

for the two sources, while no counterpart of Gal−A is present. We

briefly summarize here the main steps of the deblending procedure

adopted in Barro et al. (2011a,b). At first, several catalogues are

cross-correlated to the IRAC 3.6 + 4.5 µm source position using a

2 arcsec search radius, in order to identify the associated counterpart

in the available bands. When multiple counterparts lying at least

1 arcsec away (half of the typical IRAC point spread function,

i.e. PSF ∼ 2 arcsec) from each other are found in the optical/NIR

images, the deblending procedure is applied. The PSF of the higher

resolution image (in our case, the Subaru r band) is convolved

with the IRAC PSF to create a model image. Then, the intensity

of each source is scaled to match the flux measured on the IRAC

image in 0.9 arcsec radii centred on the positions of the optical

counterparts. At the end, total magnitudes are computed applying

aperture corrections in each IRAC band. For more details on the

deblending procedure and on the counterparts identification, see

Barro et al. (2011a,b), and references therein.

In a similar way, we attempt a deblending procedure on Gal−A

using the 2D GALFIT fitting algorithm (Peng et al. 2002) in order to

extract the photometric information on this object from the IRAC

bands. We model Gal−B and Gal−C as point-like sources, using

their optical positions and deblended fluxes from Rainbow as a

first guess, and considering for each IRAC channel its typical

PSF. To obtain the flux in each channel, we perform aperture

photometry at the position of Gal−A in the residual maps.1 We

are aware that with this procedure we may underestimate the flux

of Gal−A in the IRAC channels as we are spreading the global

flux of the three components on only two sources. To account for

this, when performing SED fitting (see Section 3.2), we decide to

consider the IRAC fluxes ranging between the deblended (lower)

and blended (higher) values. We find, however, that our conclusions

do not depend on this assumption; in fact, we obtain similar

results when using the deblended fluxes in the SED fitting. As

an alternative approach, we try to fit a three-components model

leaving as a free parameter the flux corresponding to Gal−A and

using the ALMA continuum peak position as a prior. However,

probably due to the small distance between the galaxies, the

code is not able to perform the fit. Table 1 summarizes the

photometric information we obtain for Gal−A; this is exploited in

Section 3.2 to estimate the physical properties of this galaxy from the

SED fitting.

1As we use a fixed aperture of 1.4 arcsec of diameter (which is smaller than

the typical PSF of the IRAC channels), we compute aperture corrections

from point-source objects lying in the field of our galaxy, in order to estimate

the total fluxes in the IRAC filters. In particular, we divide the flux measured

in these bands by 0.28, 0.30, 0.29, and 0.19, going from 3.6 to 8.0 µm.
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Figure 3. Cutouts centred on Gal−A in different photometric filters, from HST/ACS (Koekemoer et al. 2007) and Subaru, UltraVISTA, and Spitzer (Capak

et al. 2007; Laigle et al. 2016). The violet dashed and black solid contours are >3σ line and continuum emissions (at steps of 2σ ), respectively. Gal−A,

Gal−B, and Gal−C are labelled in the upper left plot of the figure. Wavelengths increase from the upper left to the bottom-right corner.

2.4 Analysis of the serendipitous source

Since Gal−A shows no optical counterpart, we do not know a

priori the nature of the emission line; it could be [C II] emission at

a similar redshift of DC 665626 (i.e. zspec = 4.583), but also high-J

CO transitions are expected (Jup > 3) at the observed frequencies in

ALMA Band 7, although at lower redshift (Carilli & Walter 2013).

In this work, we consider only the two high-J CO transitions with

Jup = 9, 10 which fall into the SPW of observation at z � 2. Indeed,

Ilbert et al. (2013) claim that galaxies at z < 2 (corresponding in

our case to lower CO transitions) should be more easily detected in

the UV/optical filters, with more than the 95 per cent of the sources

detected in at least four photometric bands, from the UV to the NIR

(Ilbert et al. 2006). Therefore, if our source was at z < 2, we would

expect it to be visible in the optical bands shown in Fig. 3.

For these reasons, in this work we discuss the nature of Gal−A

considering three transitions as possible interpretations for the
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Table 1. Summary of available data for Gal−A in each photometric

band used for the SED fitting (see Section 3.2). The first two columns

are the instruments (with relative telescopes) and filters used. Central

wavelength is the mean wavelength weighted by the transmission of

the filter. In the last column we report the 5σ upper limits for all the

bands from the UV to the NIR, except for the Ks detection which

is obtained with SEXTRACTOR. For the IRAC channels, we report

the upper limits obtained by measuring the flux at the position of

Gal−A before the deblending procedure (see the text). All the flux

measurements are computed in apertures of 1.4 arcsec of diameter.

Instrument Filter Central λ Observed flux

/Telescope (µm) (µJy)

MegaCam/CFHT u∗ 0.3811 <4.72 × 10−2

HSC/Subaru g 0.4816 <3.50 × 10−2

r 0.6234 <4.79 × 10−2

i 0.7741 <7.24 × 10−2

z 0.8912 <1.04 × 10−1

VIRCAM Y 1.0224 <3.28 × 10−1

/VISTA J 1.2556 <3.98 × 10−1

H 1.6499 <5.40 × 10−1

Ks 2.1578 (6.31 ± 0.76) ×

10−1

IRAC/Spitzer ch1 3.5573 <2.40

ch2 4.5049 <2.67

ch3 5.7386 <3.59

ch4 7.9274 <10.11

observed emission: [C II] at νrest = 1900.5 GHz, CO(9−8) at νrest =

1036.9 GHz, and CO(10−9) at νrest = 1152.0 GHz. As the observed

emission line has a peak frequency of 340.76 GHz, Gal−A would

be at redshift zgal = 4.577, 2.043, and 2.381 for [C II], CO(9−8),

and CO(10−9), respectively. Table 2 lists the considered transitions

and their rest frequencies, as well as the corresponding redshift for

Gal−A in the three cases.

To estimate the intensity of the line and continuum emissions

from Gal−A, we separate these components using the CASA

IMCONTSUB task. Giving in input all the channels in the SPWs

free of the emission line, this task creates a continuum map of the

source and a continuum-subtracted data cube. We then select all

the consecutive channels having emission above 1σ spec (i.e. the rms

estimated from the line spectrum) encompassing the emission line

in order to compute the moment-0 map with the CASA IMMOMENTS

task.

The line and continuum fluxes are computed using the CASA

IMFIT task. We define a region surrounding the emissions and

then select only the pixels with a flux density larger than 2σ . As

the size of the emission region is comparable with the clean beam

size, we assume that the source is unresolved and we take the peak

flux as the total flux. We obtain Scont = 245 ± 24 µJy and Sline�v =

1.19 ± 0.11 Jy km s−1 for the continuum and the line, respectively.

We derive the total infrared (between 8 and 1000 µm) luminosity

of the source, in the three cases, assuming a shape of its SED from

Magdis et al. (2012) and normalizing its flux to Scont, which is the

observed flux at ∼845–880 µm. According to Kennicutt (1998),

this luminosity also provides a good estimate of the obscured SFR.

We obtain log(LFIR/L⊙) = 11.38 ± 0.5 in case of [C II] emission,

log(LFIR/L⊙) = 11.44 ± 0.5 for CO(9−8) and log(LFIR/L⊙) =

11.42 ± 0.5 for CO(10−9) emissions. The uncertainties on the

FIR luminosities are calculated by adding in quadrature the error

on the continuum flux (∼0.04 dex, which directly affects the LFIR

estimates) and a conservative systematic error of 0.5 dex which

takes into account possible variations in the luminosity caused by

different SED templates (e.g. Capak et al. 2015; Casey et al. 2018).

As can be seen, this latter term dominates over the uncertainty on

the continuum flux. Following equation (4) in Kennicutt (1998),

these FIR luminosities translate into SFRs2 ranging from 24 to

28 M⊙ yr−1. Finally, we estimate the line luminosities as in

Solomon, Downes & Radford (1992) using the following relation:

Lline = 1.04 × 10−3 Sline �v D2
L νobs [L⊙], (1)

where DL is the luminosity distance of the source in Mpc

and νobs the observed peak frequency in GHz. We thus obtain

log(L[C II]/L⊙) = 8.88 ± 0.04, log(LCO/L⊙) = 8.04 ± 0.04 for

CO(9−8) and log(LCO/L⊙) = 8.20 ± 0.04 for CO(10−9), where

the uncertainties are computed by propagating the line flux error on

equation (1). All the above-mentioned physical quantities computed

for Gal−A are reported in Table 2.

3 RESULTS

3.1 On the nature of the serendipitous source

With no detections in the optical bands and with the only information

of the ALMA Band 7 line and continuum, unveiling the nature of

Gal−A is a challenging task. We use here the physical quantities es-

timated in Section 2.4 to deduce plausible conclusions on our source.

Fig. 4 (left-hand panel) shows the correlation between LCO (for

the (9−8) and (10−9) transitions) and LFIR for a compilation

of SFGs in the literature, together with the expected position of

Gal−A. The respective best-fitting lines on the individual data

are also shown (solid lines, Liu et al. 2015). It is worth noting

that the reported values are for local galaxies, spanning an FIR

luminosity range between ∼108–1012 L⊙. However, the empirical

correlations continue to apply even including high-redshift galaxies

(filled circles in the figure). In this case indeed, as shown in Liu et al.

(2015), the results of the fit do not significantly change. We then note

that the computed LFIR by Liu et al. (2015) are integrated between

40 and 400 µm, which is a smaller wavelength range with respect to

the one adopted in this paper to compute LFIR. In order to take this

difference into account, we rescale the FIR luminosities of Gal−A

in Fig. 4 to the same integration interval as in Liu et al. (2015), for

consistency (L8−1000
FIR /L40−400

FIR ∼ 1.4, on average). It can be seen that,

for both possible CO transitions, our galaxy would be an outlier of

the empirical relations found by Liu et al. (2015), if it was at z ∼ 2.

However, considering the large uncertainties on LFIR (i.e. 0.5 dex),

Gal−A could still be part of the lower envelope of local SFGs in

the figure, tracing high-density regions (nH2, crit ∼ 105–106 cm−3,

Carilli & Walter 2013) where the star formation may occur.

In the right-hand panel of Fig. 4, we plot the [C II] luminosity as

a function of LFIR in the case that Gal−A was a [C II] emitter at z ∼

4.6, along with other results in the literature for different types of

objects (e.g. Malhotra et al. 2001b, Stacey et al. 2010). Our source

perfectly sits on the local SFGs relation, with log(L[C II]/LFIR) ∼

−2.5; possibly, this galaxy may belong to the high-redshift SFGs

population which extends to log(LFIR/L⊙) ∼ 11. As previously said,

the [C II] line is mostly produced by the UV radiation field in star-

forming regions (e.g. Cormier et al. 2015), and so it can trace the

SFR. As the FIR emission marks out the SFR of a source, the relation

2We scale the SFR from Salpeter to Chabrier IMF by dividing by 1.7 (e.g.

Zahid et al. 2012).
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Table 2. Summary of the physical parameters estimated for the three possible emission

lines attributed to Gal−A. The first three columns report the considered emission line, its

rest-frequency emission, and the redshift zgal derived using the observed peak frequency,

respectively. The fourth and fifth columns list the line luminosity (Lline) and the total infrared

luminosity (LFIR) for each emission lines, respectively. Finally, the last column report the SFRs,

directly computed from the FIR luminosities following Kennicutt (1998).

νrest zgal log(Lline) log(LFIR) log(SFR)

[GHz] [L⊙] [L⊙] [M⊙ yr−1]

CO(9−8) 1036.9 2.043 8.04 ± 0.04 11.44 ± 0.50 1.45 ± 0.50

CO(10−9) 1152.0 2.381 8.20 ± 0.04 11.42 ± 0.50 1.43 ± 0.50

[C II] 1900.5 4.577 8.88 ± 0.04 11.38 ± 0.50 1.38 ± 0.50

Figure 4. Left-hand panel: empirical relations between CO(9−8) (solid brown line), CO(10−9) (solid blue line) and FIR luminosity (Liu et al. 2015) with

overlaid the values for individual local galaxies as brown and blue squares, respectively (Liu et al. 2015, private communication). The two stars are the values

found for Gal−A in this work (same colour legend). Error bars are estimated by propagating the error of the line flux on LCO, and assuming a variation of 0.5

dex for LFIR. Also shown are the values obtained for high-redshift SMGs/quasi-stellar objects (QSOs) as the green and grey filled circles in case of CO(9−8)

and CO(10−9) transitions, respectively (Carilli & Walter 2013; ALMA Partnership et al. 2015; Carniani et al. 2019). Right-hand panel: [C II] as a function of

FIR luminosity for several kinds of objects at different redshifts. Black crosses are local SFGs (Malhotra et al. 2001b); grey diamonds are z = 1–2 galaxies,

including starburst- and AGN-dominated sources (Stacey et al. 2010); red triangles are z = 4.1–7.1 QSO host galaxies (Pety et al. 2004; Maiolino et al. 2005;

Iono et al. 2006; Maiolino et al. 2009; Wagg et al. 2010; Willott, Omont & Bergeron 2013); z = 4–7 SFGs are the cyan, green, and orange hexagons (Lagache,

Cousin & Chatzikos 2018). The dashed grey line represents the average [C II]/FIR ratio for local galaxies (Ota et al. 2014). The yellow star shows the position

of our source. Error bars are estimated by propagating the error of the line flux on L[C II], and assuming a variation of 0.5 dex for LFIR.

between the [C II] luminosity and LFIR translates into a correlation

between L[C II] and the SFR of a galaxy. Gal−A follows this relation,

not showing the typical [C II] deficit which arises at LFIR > 1011 L⊙

(e.g. Luhman et al. 1998; Malhotra 2001a; Luhman et al. 2003;

Lagache et al. 2018).

These results suggest that our source, randomly detected in the

DC 665626 field, may more likely be a strongly obscured [C II]

emitter at high redshift. However, to validate this hypothesis, more

data are needed.

For the sake of simplicity, in the next sections we adopt an

intermediate CO redshift (i.e. z = 2.2) between those of the two

CO transitions reported in Table 2, as both cases lead to similar

results.

3.2 Estimate of the stellar mass

We derive the physical parameters of Gal−A, such as its stellar

mass, through SED fitting, comparing the results from the LEPHARE

(Arnouts et al. 1999; Ilbert et al. 2006) and the MAGPHYS (da

Cunha, Charlot & Elbaz 2008) codes. In the first case, we use a

synthetic set of templates of SFGs based on the stellar population

synthesis models from Bruzual & Charlot (2003). We explore
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Figure 5. SEDs of Gal−A at z = 4.6 (top panel) and z = 2.2 (bottom

panel). The green and blue curves are the best-fitting models computed with

the MAGPHYS and LEPHARE codes, respectively. Upper limits on the flux, as

reported in Table 1, are shown in black. The orange points with the error

bars are the detection in the UltraVISTA Ks band and the observed ALMA

continuum in Band 7.

constant, exponentially declining (with τ = 0.1, 0.3, 1, and 3 Gyr)

and delayed (with τ = 0.1, 0.5, 1, and 3 Gyr) SFHs. To account

for the metallicity dependence, we use models with solar (Z⊙)

and subsolar (0.2 Z⊙) metallicity. We then account for the dust

attenuation using the Calzetti et al. (2000) attenuation law with a

stellar Es(B − V) ranging from 0 to 0.7 in steps of 0.05. Following

Ilbert et al. (2009), we also add the contribution of the rest-frame

UV and optical emission lines in the different filters. However, we

note that our final results do not change significantly if we choose

not to include the contribution of the emission lines to the SED-

fitting process. Finally, we perform the fit in the flux density space

and add systematic errors (depending on the filter) in order to avoid

the χ2 computation to be dominated by small errors (Faisst et al.

2019).

Fig. 5 shows the SEDs obtained with LEPHARE (blue curves)

from the best fit between the models and the photometry of Gal−A

(Table 1) at z = 4.6 and 2.2. As Gal−A is very faint from the

observed optical to the NIR wavelengths, we decide to perturb

the flux in each filter by its relative rms to test the dependence

of the fitting on the observed photometry of the galaxy. We thus

run a Monte Carlo simulation, building 1000 perturbed SEDs that

we then refit, in order to obtain a better estimate of the above-

mentioned physical parameters from their probability distributions.

More in detail, we extract the perturbed flux in each band from

a Gaussian distribution centred on the measured flux and with

a standard deviation equal to the measured rms. We list our

results in Table 3. At z = 4.6, these results point towards the

solution for which Gal−A is a young, dusty SFG. Moreover,

the SFR and the FIR luminosity are quite in agreement with the

corresponding quantities in Table 2. Adopting the same procedure

for the SED fitting at z = 2.2, we find that Gal−A should be a

Table 3. Comparison of the physical parameters of Gal−A estimated from

the SED fitting at z = 2.2 and 4.6 with LEPHARE and MAGPHYS. Each value

represents the mean of the probability distribution obtained by perturbing

the photometry of Gal−A 1000 times and fitting that photometry with the

models. The uncertainties are given by the 16th and 84th percentiles of the

distributions.

Physical z = 2.2 z = 4.6

parameters LEPHARE MAGPHYS LEPHARE MAGPHYS

Es(B − V) 0.5+0.1
−0.1 0.6+0.2

−0.1 0.4+0.1
−0.1 0.3+0.1

−0.1

log(Age/yr) 8.0+0.4
−0.3 8.3+0.4

−0.5 7.9+0.3
−0.2 8.0+0.2

−0.3

log(SFR/M⊙ yr−1) 1.5+0.3
−0.5 1.4+0.4

−0.4 2.2+0.3
−0.5 2.0+0.1

−0.1

log(M∗/M⊙) 9.2+0.3
−0.2 9.7+0.3

−0.3 9.9+0.2
−0.2 10.1+0.2

−0.2

log(LFIR/L⊙) 11.1+0.1
−0.1 11.2+0.7

−0.5 11.9+0.1
−0.1 11.9+0.2

−0.2

less massive galaxy but, as expected, with a high level of dust

obscuration.

We then compare the results from the SED fitting by LEPHARE

with those obtained with the MAGPHYS code, in which we also

include the observed ALMA continuum in Band 7. This code is

based on the energy balance between the emission by the stellar

populations and the emission and attenuation by the dust in the

galaxies. In particular, we use the updated version of the MAGPHYS

code which is optimized for the SED fitting of high-redshift (z

> 1) SFGs (da Cunha et al. 2015). The best models that fit the

observations are shown in Fig. 5 as the green curves. At first glance,

it is evident that the SEDs reproduced by LEPHARE and MAGPHYS

are quite similar to each other at both redshifts. This is confirmed by

the physical parameters of our galaxy obtained with MAGPHYS after

perturbing the photometry 1000 times. These parameters are listed

in Table 3, along with those computed with LEPHARE. The results

from the two codes are in good agreement within the uncertainties,

both at z = 2.2 and 4.6. This reassures us about the robustness of

our estimates.

Hereafter, as our conclusions do not change if considering the

outputs from one or the other code, we decide to use the physical

parameters estimated with LEPHARE in order to make consistent

comparisons to other works.

With the stellar mass obtained from the SED fitting (i.e.

log(M∗/M⊙) ∼ 9.9) and the SFRs measured from the FIR luminosity

of the source (i.e. log(SFR/M⊙ yr−1) ∼ 1.4), we determine the posi-

tion of Gal−A along the MS of SFGs (given the large uncertainties

involved, our conclusions do not change if using the SFRs from

the SED fitting). In Fig. 6, we show the MS relations, assuming

a Chabrier IMF, at z = 2.2 (left-hand panel) and z = 4.6 (right-

hand panel), as obtained by Speagle et al. (2014) by combining

measurements from previous works in the literature. Should the

source be at z = 2.2, it would lie ∼2σ above the MS, towards the

region populated by starburst galaxies. Whether the source is at

z = 4.6, instead, it would sit on its corresponding MS. In this case,

we also show the location of the ALPINE sample (in the redshift

range 4.4 ≤ z ≤ 4.6) in the figure. The ALPINE galaxies have

ages in the range 7.8 � log(Age/yr) � 9.0 and Es(B − V) between

0 and 0.5 (Faisst et al. 2019). Gal−A has a similar age to those

estimated for the ALPINE targets. Moreover, its SFR and M∗ are

comparable with those of the ALPINE sources and place it along

the MS at z = 4.6. However, the mean Es(B − V) of the ALPINE

galaxies is ∼0.1, while Gal−A has Es(B − V) ∼ 0.4, lying on the tail

of the distribution of the colour excess, and making it undetected

in the optical bands. In this scenario, we should expect an entire
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Figure 6. Star-forming MS relations (dotted–dashed lines; Speagle et al. 2014) at redshift 2.2 (left-hand panel) and 4.6 (right-hand panel). The grey bands

indicate the scatter from the MS (±0.3 dex width). The orange stars represent the positions of our source in the diagram, given by the estimated stellar mass

from the SED fitting with LEPHARE and the SFR from the FIR luminosity of Gal−A. For the case at z = 4.6, we also show the positions of the ALPINE galaxies

at 4.4 ≤ z ≤ 4.6 (small circles).

population of optically invisible SFGs still to be observed, which

might contribute to the cosmic SFRD at early times.

3.3 Estimate of the dynamical mass

In this paragraph, we attempt an estimate of the galaxy dy-

namical mass (Mdyn) obtained from the FWHM of the observed

emission line. Following Wang et al. (2013), we assume a rotating

disc geometry for the gas as a first approximation. In this way,

Mdyn = 1.16 × 105 v2
cir D, where vcir = 0.75 FWHMline sin−1(i) is

the circular velocity of the gas disc in km s−1 (with i the inclination

angle between the gas disc and the line of sight) and D is the disc

diameter in kpc. Since Gal−A is not resolved, we take the FWHM

of the major axis of the 2D Gaussian fitted to the emission line as

the size of our galaxy (1.06 ± 0.04 arcsec, which corresponds

to 7.09 ± 0.27 kpc at z ∼ 4.6, and to 8.99 ± 0.34 kpc at z

∼ 2.2). We derive dynamical masses (uncorrected for the galaxy

inclination) of Mdyn sin2(i) = 4.4 × 1010 and 5.6 × 1010 M⊙

for z = 4.6 and 2.2 respectively, with a 25 per cent of uncertainty

obtained from the individual errors on the FHWMline and on the

size of the source. Following Capak et al. (2015), we assume

as values for the inclination angle sin(i) = 0.45 and 1, ranging

from a nearly face-on to an edge-on disc. When sin(i) = 1, the

previous dynamical masses remain unchanged. However, in the

case with sin(i) = 0.45, Mdyn increases of a factor 5. This reflects

the large uncertainties on the size and geometry of the source,

which cannot be well constrained with the current data and our poor

resolution.

Furthermore, this approximation could cease to be valid in the

case that the stellar mass of the source is smaller than the mass

threshold above which the galaxies are thought to form ordered

discs. For instance, Simons et al. (2015) found a so-called mass

of disc formation of log(M∗/M⊙) = 9.5 above which the majority

of the galaxies of their sample are rotation-dominated. Below this

threshold, there is instead a large scatter and the galaxies could

be either rotation-dominated discs and asymmetric or compact

galaxies without any sign of rotation. At z = 2.2, Gal−A should

have log(M∗/M⊙) = 9.2, therefore it is prone to this kind of

issue.

For comparison, we also run the 3D-BAROLO algorithm (3D-

Based Analysis of Rotating Objects from Line Observations, Di

Teodoro & Fraternali 2015) on the continuum-subtracted data

cube to obtain a more accurate estimate of the dynamical mass.

This code creates synthetic 3D observations of the galaxy and

compares them with the input data cube, finding the kinematical

and geometrical parameters which best describe the data. It is

particularly useful to retrieve information on low-resolution data

where the kinematics is biased by the size of the beam, as in

this case. We find log(Mdyn/M⊙) = 10.4 ± 1.0 for z = 4.6 and

log(Mdyn/M⊙) = 10.5 ± 1.0 for z = 2.2. These results are quite

in agreement with the former, given the large error on Mdyn. As

a result, at both redshifts Mdyn/M∗ > >1, likely indicating that

the galaxy has recently begun forming stars, resulting in small

stellar masses and large gas fractions. In particular, in the case

that our galaxy is a [C II] emitter at z = 4.6, we estimate the

fraction of molecular gas as fmol = Mmol/(Mmol + M∗), where

Mmol is the molecular gas mass. Following Zanella et al. (2018),

which found a tight correlation between the [C II] luminosity and

the molecular gas mass (Dessauges-Zavadsky et al. 2020), we

derive log(Mmol/M⊙) ∼ 10.4. Assuming a small contribution of

the dark matter in the galaxy (e.g. Barnabè et al. 2012), this value

is comparable with the gas mass resulting from the subtraction of

the stellar mass from the dynamical mass. We thus obtain fmol ∼

0.75 that is in perfect agreement with the average molecular gas

fraction estimated for the ALPINE targets at z ∼ 4.5 (Dessauges-

Zavadsky et al. 2020). However, given the large uncertainties

involved in the computation of the dynamical mass, this result is not

conclusive.
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4 DISCUSSION

From the [C II]/FIR diagnostic, our source presents similar proper-

ties to a large population of SFGs in the literature. The SED fitting

reveals a large dust attenuation as expected for such an obscured

galaxy and places Gal−A along the MS at z ∼ 4.6. In addition, we

compute the rest-frame equivalent width (EW) of the [C II] line as

the ratio between the flux of the [C II] emission and the flux density

of the underlying continuum, that is EW[C II] ∼ 0.46µm. This result

is in agreement with the EW estimated for the high-redshift SMGs

in Swinbank et al. (2012) identified as [C II] emitters at z ∼ 4.4 and

with the median EW of the candidates [C II] emitters at z ∼ 4.5 in

Cooke et al. (2018). We also compare the observed photometry of

our source with that of a sample of ∼700 SMGs from the AS2UDS

survey in Dudzevı̆ciūtė et al. (2020), where they show how the

observed K-band magnitude decreases with the redshift (see their

fig. 5). We find that Gal−A follows very well the observed trend.

In particular, the estimated Ks magnitude sets our galaxy on the

composite SMG SED they obtain by measuring the median value of

each individual SED at different wavelengths. The set of the above

results strongly suggests that Gal−A is a dust-obscured galaxy at z

∼ 4.6.

Nevertheless, we cannot exclude the possibility that the observed

emission line is associated to a dusty, less massive source at z

∼ 2.2, with a ∼2σ scatter from the MS and with implied CO

luminosities that are a factor about 10 or more higher than the

typical CO luminosities of local SFGs or high-z SMGs and QSOs.

In this latter case, the (spectroscopic) redshift of Gal−A would

also be comparable with the (photometric) redshifts of Gal−B and

Gal−C, maybe suggesting the presence of an ongoing merging

at that epoch. However, to test this hypothesis, more kinematic

information is needed.

In the most likely scenario in which Gal−A is at z ∼ 4.6, it may

be part of the same dark matter halo of DC 665626. In this case, we

can assume a stellar mass–halo mass (SMHM) relationship in order

to estimate some physical properties of the halo. There are several

ways to derive this relation. For instance, Behroozi, Conroy &

Wechsler (2010) and Behroozi, Wechsler & Conroy (2013) used the

abundance matching technique to explore the SMHM relation out to

z ∼ 8, assuming that the most massive galaxies are monotonically

assigned to the most massive haloes. Another frequent approach is

the halo occupation distribution modelling which assumes that the

number of galaxies in a given dark matter halo depends only on the

halo mass. Harikane et al. (2016) used this method to reproduce

the SMHM relation out to z = 7, obtaining results in agreement

with Behroozi et al. (2013). In particular, since Gal−A has a larger

stellar mass than DC 665626, we can suppose that the ALPINE

target is a satellite galaxy of our serendipitous source embedded in

its dark matter halo. In this case, from the stellar mass of Gal−A

(i.e. log(M∗/M⊙) = 9.9 ± 0.2), the previously discussed models

predict a halo mass between log(MH/M⊙) ∼ 11.5 and ∼ 11.7.

Using the empirical model by Mashian, Oesch & Loeb (2015),

which links the SFR of the central galaxy to its host halo mass

via abundance matching techniques, MH also translates into an SFR

between ∼20 and 40 M⊙ yr−1, in agreement within the uncertainties

with the value estimated from the FIR continuum for Gal−A, that

is SFR ∼24 M⊙ yr−1. Exploiting this information and following

Lapi et al. (2018), we compute the virial radius of the halo as RH ≡

[3MH/4πρc�HEz]1/3, where ρc ≈ 2.8 × 1011 h2 M⊙ Mpc−3 is the

critical density, �H ≃ 18π2 + 82[�m(1 + z)3/Ez − 1] − 39[�m(1

+ z)3/Ez − 1]2 is the non-linear density contrast at the collapse, and

Ez = �� + �m(1 + z)3 is a redshift-dependent factor; we obtain

RH ∼ 39–45 kpc. Comparing this result to the observed spatial

offset between our source and DC 665626 (∼40 kpc), we may

conclude, according to this scenario, that the main ALPINE target

could be a low-mass satellite in the dark matter halo of Gal−A.

It is worth noting that we obtain similar results even in the oppo-

site case in which Gal−A is a satellite galaxy of DC 665626. Fol-

lowing the same procedure explained above and since DC 665626

has log(M∗/M⊙) ∼ 9.2, we obtain log(MH/M⊙) ∼ 11.4 and

log(SFR/M⊙ yr−1) ∼ 1.0 (which is consistent with the SFR of

the ALPINE target obtained through the SED fitting). In turn, this

provides RH ∼ 36 kpc, which is again comparable with the observed

offset between the two galaxies.

Finally, Gal−A may also be part of the massive protocluster of

galaxies PCI J1001+0220 located at z = 4.57 in the COSMOS

field (Lemaux et al. 2018). In fact, our source lies well inside the

2 Mpc boundary used for spectroscopic membership in that work,

with a systemic velocity offset <350 km s−1. This strengthens the

hypothesis that this source is at z ∼ 4.6.

5 SU M M A RY A N D C O N C L U S I O N S

In this paper, we present the characterization of a heavily dust-

obscured galaxy, named Gal−A, serendipitously discovered in one

of the ALPINE pointings. This source is detected both in line and

continuum emissions and does not show any associated counterpart,

from the UV to the FIR wavelengths, except for the Ks band from

UltraVISTA (DR4). This leads to high uncertainties on the real

nature of the observed emission line, that is [C II] at zgal = 4.577,

CO(9−8) or CO(10−9) at zgal = 2.043 and 2.381, respectively.

Although we cannot definitively exclude that Gal−A is a dust-

obscured galaxy at z ∼ 2.2, the analysis undertaken in this work

suggests that this source is more likely a z ∼ 4.6 MS SFG missed by

the UV/optical surveys because of its high level of dust obscuration.

There is much evidence in favour of this latter scenario:

(i) The observed emission line has a relatively high rest-frame

EW, that is EW[C II] ∼ 0.46µm, compatible with other [C II] emitters

at similar redshifts (e.g. Swinbank et al. 2012; Cooke et al. 2018).

(ii) The [C II]/FIR ratio places our source right on the local SFGs

relation (Ota et al. 2014), also among several high-redshift SFGs. At

the same time, the estimated CO luminosities for Gal−A are more

than 10 times larger (at fixed LFIR) than the typical luminosities of

high-J CO transitions for local SFGs and high-z SMGs and QSOs

(e.g. Liu et al. 2015; Carilli & Walter 2013), disfavouring the z ∼

2.2 case.

(iii) This galaxy is detected in the Ks band of the UltraVISTA

survey with an AB magnitude of ∼ 24.4. This value exactly follows

the expected trend with redshift of the composite SED of the SMG

sample analysed by Dudzevı̆ciūtė et al. (2020). Exploiting the avail-

able photometry of Gal−A, we thus obtain log(Age/yr) ∼ 7.9 and

log(M∗/M⊙) ∼ 9.9. These results, together with log(SFR/M⊙ yr−1)

∼ 1.4 (estimated from the observed FIR luminosity), place Gal−A

on the z ∼ 4.6 MS, along with the rest-frame UV-selected ALPINE

targets.

(iv) Our galaxy may be part of a massive protocluster, that is PCI

J1001+0220, recently discovered at z ∼ 4.57 in the COSMOS field

(Lemaux et al. 2018). In fact, Gal−A lies at only ∼1 proper Mpc

from the centre of the overdensity, with a spectroscopic redshift

close to that of the systemic redshift of the protocluster.

(v) At this epoch, several dust-obscured galaxies without opti-

cal/NIR detections have been already confirmed, mostly as star-

bursts/SMGs (e.g. Swinbank et al. 2012; Riechers et al. 2013;

MNRAS 496, 875–887 (2020)
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Simpson et al. 2014; Riechers et al. 2017; Cooke et al. 2018;

Alcalde Pampliega et al. 2019). Gal−A could be part of this elusive

population of sources likely being an MS galaxy with less extreme

properties, such as a smaller mass and/or luminosity.

Whether the emission comes from CO or [C II], both the cases

presented above are undoubtedly interesting. If it was at z ∼ 2.2,

our galaxy would increase the sample of high-J CO emitters at

high redshift, leading to a more in-depth study of the excitation

conditions of the molecular gas in these sources. Only a handful of

these kind of objects has been detected so far and most of them seem

to be associated with active galactic nuclei (AGNs) activities (Weiß

et al. 2007; Riechers et al. 2011, 2013). Should the serendipitous

emission be [C II] instead, we would identify an SFG invisible to

optical/NIR observations.

As found in Loiacono et al. (2020), a large fraction (∼57 per cent)

of the serendipitous sources found in ALPINE is confirmed to be

[C II] emission at z > 4, with an additional ∼29 per cent of objects

(including our galaxy) showing no counterparts and considered as

promising [C II] candidates. Only ∼14 per cent of the sources are

confirmed to be CO emitters at lower redshift. In particular, using

the global sample of [C II] emitters (both confirmed and candidates),

they obtain a cosmic SFRD which is ∼2 times higher than the

previous estimates from the UV surveys (if considering their results

for the average galaxy population at z ∼ 5; see their upcoming work

for more details). This result stands out the large contribution of the

obscured star formation in the early Universe and the importance

of searching for elusive sources, as the one analysed in this work.

Eventually, we plan to spectroscopic follow-up this source in

order to firmly establish the nature of its emission line. For instance,

ALMA observations in Band 6 could reveal [N II] emission at 205

µm rest frame if the galaxy is at z ∼ 4.6; in this case the ratio

[C II]/[N II] would also provide the fraction of [C II] emission arising

from the ionized gas, that is from star-forming regions (Oberst et al.

2006, 2011; Zhao et al. 2010). X-shooter at the VLT could also be

useful to unveil the redshift of this source by observing the [O II]

emission at z = 4.6, or even the Hα emission redshifted in the NIR

region of the spectrum at z ∼ 2.2. However, these observations

could be hampered by the large Es(B − V) found for this source

which makes it invisible in the optical filters. Finally, the Near-

Infrared Spectrograph on the James Webb Space Telescope will be

a powerful facility for the follow-up of this kind of sources as well.
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4Aix Marseille Université, CNRS, LAM, UMR 7326, 13388, Marseille,

France
5IPAC, California Institute of Technology, 1200 East California Boulevard,

Pasadena, CA 91125, USA
6The Cosmic Dawn Center, University of Copenhagen, Vibenshuset, Lyng-

byvej 2, DK-2100 Copenhagen, Denmark
7Niels Bohr Institute, University of Copenhagen, Lyngbyvej 2, DK-2100

Copenhagen, Denmark

MNRAS 496, 875–887 (2020)

http://dx.doi.org/10.1111/j.1365-2966.2004.07700.x
http://dx.doi.org/10.3847/1538-4365/ab7ccd
http://dx.doi.org/10.1051/0004-6361/201014721
http://dx.doi.org/10.1051/0004-6361/201118705
http://dx.doi.org/10.1088/0004-637X/800/1/20
http://dx.doi.org/10.1146/annurev.astro.40.121301.111837
http://dx.doi.org/10.1086/379232
http://dx.doi.org/10.3847/0004-637X/821/2/123
http://dx.doi.org/10.3847/1538-4357/aabacf
http://dx.doi.org/10.1088/0004-637X/768/1/91
http://dx.doi.org/10.1103/RevModPhys.71.173
http://dx.doi.org/10.1088/0004-637X/784/1/52
http://dx.doi.org/10.1051/0004-6361:20065138
http://dx.doi.org/10.1088/0004-637X/690/2/1236
http://dx.doi.org/10.1051/0004-6361/201321100
http://dx.doi.org/10.1086/506344
http://dx.doi.org/10.1086/308102
http://dx.doi.org/10.1146/annurev.astro.36.1.189
http://dx.doi.org/10.1086/520086
http://dx.doi.org/10.1088/0067-0049/197/2/36
http://dx.doi.org/10.1051/0004-6361/201732019
http://dx.doi.org/10.3847/0067-0049/224/2/24
http://dx.doi.org/10.3847/1538-4357/aab6af
http://dx.doi.org/10.1051/0004-6361/201423829
http://arxiv.org/abs/1910.09517
http://dx.doi.org/10.1051/0004-6361/201730870
http://dx.doi.org/10.1086/309975
http://dx.doi.org/10.1088/0004-637X/810/1/14
https://ui.adsabs.harvard.edu/abs/2020arXiv200604837L/abstract
http://dx.doi.org/10.1086/311562
http://dx.doi.org/10.1086/376965
http://dx.doi.org/10.1146/annurev-astro-081811-125615
http://dx.doi.org/10.1086/304247
http://dx.doi.org/10.1088/0004-637X/760/1/6
http://dx.doi.org/10.1051/0004-6361:200500165
http://dx.doi.org/10.1051/0004-6361/200912265
http://dx.doi.org/10.1093/mnras/stv1194
http://dx.doi.org/10.1086/323046
http://dx.doi.org/10.1093/mnras/stv2469
http://dx.doi.org/10.1146/annurev-astro-081913-040019
http://dx.doi.org/10.1086/510289
http://dx.doi.org/10.1088/0004-637X/739/2/100
http://dx.doi.org/10.1088/0004-637X/808/1/104
http://dx.doi.org/10.1088/0004-637X/792/1/34
http://dx.doi.org/10.3847/0004-637X/832/2/151
http://dx.doi.org/10.3847/1538-4357/aac6b6
http://dx.doi.org/10.1086/340952
http://dx.doi.org/10.1051/0004-6361:200400096
http://arxiv.org/abs/1807.06209
http://dx.doi.org/10.1146/annurev.astro.44.051905.092450
http://dx.doi.org/10.1088/2041-8205/720/2/L131
http://dx.doi.org/10.1088/0004-637X/726/1/50
http://dx.doi.org/10.1038/nature12050
http://dx.doi.org/10.3847/1538-4357/aa8ccf
http://dx.doi.org/10.1088/2041-8205/739/2/L40
http://dx.doi.org/10.3847/1538-4357/aa8874
http://dx.doi.org/10.1088/0004-637X/768/2/196
http://dx.doi.org/10.1086/516585
http://dx.doi.org/10.1086/516580
http://dx.doi.org/10.1088/0004-637X/800/2/108
http://dx.doi.org/10.3847/0004-637X/820/2/83
http://dx.doi.org/10.1088/1674-4527/12/8/004
http://dx.doi.org/10.1088/2041-8205/812/2/L23
http://dx.doi.org/10.1093/mnras/stv1298
http://dx.doi.org/10.1088/0004-637X/788/2/125
http://dx.doi.org/10.1086/186569
http://dx.doi.org/10.1088/0067-0049/214/2/15
http://dx.doi.org/10.1086/170062
http://dx.doi.org/10.1088/0004-637X/724/2/957
http://dx.doi.org/10.1111/j.1365-2966.2012.22048.x
http://dx.doi.org/10.1093/mnras/stt828
http://dx.doi.org/10.1088/0004-637X/813/1/36
http://dx.doi.org/10.1051/0004-6361/201015424
http://dx.doi.org/10.1038/nature11073
http://dx.doi.org/10.1088/0004-637X/773/1/44
http://dx.doi.org/10.3847/0004-637X/816/2/84
http://dx.doi.org/10.1051/0004-6361:20066117
http://dx.doi.org/10.3847/1538-4357/ab44aa
http://dx.doi.org/10.1088/0004-637X/770/1/13
http://dx.doi.org/10.1088/0004-637X/807/2/180
http://dx.doi.org/10.1086/368016
http://dx.doi.org/10.1088/0004-637X/757/1/54
http://dx.doi.org/10.1093/mnras/sty2394
http://dx.doi.org/10.3847/0004-637X/819/1/69


Characterizing a highly obscured galaxy in ALPINE 887
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