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Crescere, amare, cominciare a capire:
La nostra vita ¢ un continuo cercare,
come un gabbiano che plana sul mare

-TRADITIONAL SCOUT SONG



Abstract

This Thesis focuses on the process of star formation and its relationship with the
formation and evolution of the most massive galaxies observed in the Universe. The
main hypothesis behind this work is that the picture of the high-z Universe based on
deep optical/near-infrared (NIR) surveys is potentially incomplete, since it misses
most of the contribution from dusty sources that can be unveiled only with multi-
wavelength data. In this Thesis, I follow two complementary approaches to support
this hypothesis. In the initial chapters, I focus on the radio-selected (RS-) NIR-
dark galaxies: a population of likely dusty star-forming galaxies selected at radio
frequencies. I characterize these sources by taking advantage of the almost complete
photometric coverage offered by the COSMOS field and involve in the analysis state-
of-the-art facilities such as ALMA and the James Webb Space Telescope (JWST).
The main result of this first part of the Thesis is the determination of the physical
properties of the RS-NIRdark galaxies, picturing them as a population of highly
dust-obscured (A ~ 4 mag), massive (M, ~ 1095711 M) and star-forming (SFR~
300 — 500 Mg, yr—!) galaxies mainly located at z ~ 3 and beyond. These properties
are then employed to estimate the expected contribution of these sources to the
cosmic star formation rate density.

The second approach, followed in the fifth chapter of the Thesis, focuses on a
class of extremely red sources unveiled in the first data collected with JWST and
missed by old-generation facilities. The analysis presented in this work pictures
them as extremely massive (M, ~ 10! M) sources at z ~ 5 — 7. The existence
of such massive galaxies in the first Gyr of cosmic history suggests a much more
efficient star formation in the early Universe than what is commonly derived by
observing low-z galaxies.

These two approaches, combined, shed new light on the evolutionary paths that
bring to the formation of massive galaxies in the low-z Universe.
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Introduction

One of the main open questions in modern astrophysics and cosmology is under-
standing how galaxies evolved from the initial perturbations of the density field
after the Big Bang to the celestial objects we observe in our local Universe. The
main process responsible for the growth of galaxies is star formation, i.e. the con-
version of gas into stars as an effect of gravity (see e.g. the review by McKee &
Ostriker 2007 and references therein). The main scientific goal of this Thesis is the
study of the star formation across most of the cosmic history, to unveil how this
process gave birth to the most massive galaxies that we observe in our Universe.
The Thesis can be roughly divided in two parts: in the next three chapters, I will
follow a statistical approach to this problem, by studying the cosmic Star Forma-
tion Rate Density (SFRD), while in Chapter 5 I will approach the problem from a
different perspective, focusing on a class of extreme objects and on the constraints
on the star formation efficiency that can be derived from their discovery.

In this Introduction, I will introduce the SFRD and the procedure followed for
its estimation (Section 1.1). After discussing how decades of astrophysical research
allowed us to obtain a quite consistent picture of the SFRD as a function of cosmic
time, I will discuss how these results can be affected by possible biases arising from
the presence of cosmic dust (Section 1.2). In the following part of the Introduction,
I will discuss how the employment of different tracers of star formation and the
inclusion of some additional sources can help us to obtain a more complete picture
of the SFRD (Sections 1.3 and 1.4). Finally, I will present the main subjects of this
Thesis (Section 1.5) and summarize its main scientific goals and aims (Section 1.6).

1.1 The cosmic star formation rate density

The cosmic Star Formation Rate Density (SFRD) quantifies the average amount of
stellar mass that is created around the Universe in a given time and cosmic volume
(usually, it is expressed as the number of solar masses created per year per Mpc?).
The detailed study of this quantity has a pivotal role in the field of the evolution
of galaxies, since it is strongly related to the mass assembly of the Universe: the
integral of the SFRD, as a function of redshift, gives the stellar mass density (SMD;
see e.g. Weaver et al. 2023a; Shuntov et al. 2024). Moreover, its comparison with
the molecular gas mass density and with the black hole accretion rate density can be
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employed to study the efficiency of the star formation process (see e.g. Decarli et al.
2016 or Tacconi et al. 2020 and Combes 2018 for reviews) and its relation with the
growth of super massive black holes (SMBHs; e.g. Vito et al. 2018), respectively.

The estimation of the SFRD relies on deep galaxy surveys, collecting large sam-
ples of objects in a given region of the sky above a certain limiting flux, and can be
done at two levels.

At a base level, the SFRD can be computed by simply summing up the star-
formation rate (SFR) values of all the galaxies detected in the field, in a given redshift
interval, weighted by the maximum comoving volume occupied by each galaxy. This
estimate, however, represents just a lower limit, because it only accounts for the
contribution of the sources actually detected above a flux threshold in a given band.

At a higher level, the SFRD can be derived by computing and integrating the
luminosity function (LF) at a SFR-sensitive wavelength, thus statistically accounting
for those sources that are fainter than the survey limiting flux (see e.g. the seminal
works by Schechter 1976 and Saunders et al. 1990, or Binggeli et al. 1988 for a
review). This method, however, severely depends on the assumptions made on the
shape of the LF.

1.1.1 The Hubble view of the cosmic SFRD

The current picture of the cosmic SFRD as a function of the cosmic time is the
offspring of the joint effort of several collaborations in the last two decades. Most of
them took advantage of the deep galaxy surveys conducted with the Hubble Space
Telescope (HST) and other optical/near-infrared (NIR) facilities to assemble large
samples of galaxies and constrain the behavior of the SFRD up to z ~ 7. All
these efforts are summarized in the review by Madau & Dickinson (2014) and in the
famous plot shown (in an updated version) in Figure 1.1, with the results based on
deep optical /NIR surveys reported in green (Cucciati et al.; 2012; Bouwens et al.,
2012a,b), while the results achieved at longer wavelengths (mainly with the Herschel
and Spitzer Space Telescopes; e.g. Gruppioni et al. 2013; Magnelli et al. 2013) are
reported in red).

It is possible to notice how the vast majority of the data-points at redshifts
higher than 3 are obtained by deep optical /NIR surveys. The reason for this resides
in the rest-UV emission sampled by these sources in this redshift range, resulting
particularly useful for two reasons. Firstly, it is well known that this regime of the
spectral energy distribution (SED) of star-forming galaxies (SFGs) is dominated
by the emission of young stellar populations (ages between 10 and 200 Myr for a
standard Initial Mass Function — IMF — see e.g. Chabrier 2003). The large contri-
bution of young stars to the UV luminosity makes it an excellent tracer of recent
star-formation, with several well-established conversions linking this quantity to the
SFR (see e.g. Kennicutt & Evans 2012 and references therein for the most common
calibrations). Secondly, the un-extincted SED of a SFG presents a significant break
at 912A  due to the absorption of the rest-UV stellar emission by the neutral inter-
stellar medium (ISM) in the galaxy (the so-called Lyman break). The presence of
this break allows us to easily assemble large samples of high-z galaxies through the
“dropout” technique (the so-called Lyman Break Galaxies — LBGs — see e.g. the
review by Giavalisco 2002 and references therein). The picture of the cosmic SFRD
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Figure 1.1: Updated version of the original plot from Madau & Dickinson (2014)
representing the SFRD as a function of redshift. The original data-points employed
by Madau & Dickinson (2014) for their fit (reported as the dashed black line) are
shown as the shaded points. Those obtained by optical/NIR facilities (Cucciati
et al., 2012; Bouwens et al., 2012a,b) are reported in green, while those obtained at
longer wavelengths (Gruppioni et al., 2013; Magnelli et al., 2013) are reported in red.
The same color-coding is employed for more recent studies, such as those obtained
with JWST (solid green points) by Bouwens et al. (2023), Donnan et al. (2023), and
Harikane et al. (2023) (triangles, squares, and pentagons, respectively). Similarly,
the more recent studies at (sub)mm wavelengths by Gruppioni et al. (2020) and
Traina et al. (2024) (solid red pentagons and triangles, respectively). Finally, the
studies performed at radio wavelengths by Novak et al. (2017) and van der Vlugt
et al. (2022) are reported as solid orange triangles and pentagons, respectively. The
dotted gray line reports the extrapolated relation by Madau & Dickinson (2014) at
z > 8.
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presented by Madau & Dickinson (2014) and shown in Figure 1.1 is mainly based
on these LBGs (especially at z > 3, where this selection technique is particularly
useful; see Bouwens et al. 2012a,b) and can be summarized as a steep (o< (14 2)17)
rising from z ~ 0 to z ~ 2—3 (the so-called “cosmic noon”, where the SFRD reaches
its maximum) followed by a steep (o< (1 + 2)~*?) decline up to z ~ 7.

1.1.2 Going beyond: first results from JWST

This picture is basically confirmed by the new results achieved in the last years
thanks to the James Webb Space Telescope (JWST). The unprecedented sensitivity
achieved by this facility in the NIR allowed several collaborations to sample fainter
rest-UV fluxes (i.e. reducing the range of luminosities that are extrapolated by LFs)
and to collect galaxies at higher redshifts (up to z ~ 14; see the current record-holder
galaxy whose spectroscopic confirmation is presented in Carniani et al. 2024). Even
though most of these results are still based on photometric redshifts (uncertain and
possibly prone to catastrophic failures, see e.g. some notable examples in Zavala
et al. 2023 and Jin et al. 2024), the picture of the high-z SFRD is in quite good
agreement with the overall trend suggested by Madau & Dickinson (2014) of a steep
decline after the cosmic noon (see e.g. the results obtained by Bouwens et al. 2023;
Donnan et al. 2023; Harikane et al. 2023 and reported in Figure 1.1 as solid green
points), even though the slope suggested by these new studies seems to be steeper
than what is expected by simply extrapolating the relation by Madau & Dickinson
(2014) at higher redshifts. This difference could have important consequences on
the efficiency of star formation in the early Universe, suggesting a more complex
interplay between star formation and the ISM in the epoch of pre-reionization (see
e.g. Barkana & Loeb, 2000) or on the shape of the IMF in the early Universe (see
e.g. the discussion in Harikane et al. 2023 and references therein).

1.2 How accurate is the HST/JWST view?

Even though the data obtained with HST, JWST, and other optical/NIR facilities
are overall in good agreement with the picture summarized by Madau & Dickinson
(2014), in the last decades several clues started to suggest that their perspective
on the galaxy evolution could be incomplete. One of the most interesting results
concerns the recent discovery of a significant population of massive (M, ~ 101! M)
and passive (sSFR< 107! yr=!) galaxies already in place at z ~ 2 — 3 (see e.g.
Straatman et al. 2014; Schreiber et al. 2018a; Valentino et al. 2020a, but also de
Graaff et al. 2024; Weibel et al. 2024 for more recent results obtained with JWST
at even higher redshifts). The existence of such sources is puzzling for at least
two orders of reason. Firstly, these galaxies are found to be quite common at their
redshifts, with volume densities in the order of a few 107° Mpc~—2. This makes it hard
to identify their progenitors, since the number density of the most massive LBGs
(i.e. those galaxies whose evolution could bring to the formation of these sources)
is at least one or two orders of magnitude lower (see e.g. the number densities
presented in the review by Giavalisco 2002 and the discussion on this point by Toft
et al. 2014 and Valentino et al. 2020a). A second crucial cause of tension is that
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massive and passive galaxies are found just a few Gyrs after the Big Bang, therefore
they should have assembled all their stellar mass in a very short amount of time,
in a period of the cosmic history where the SFRD of the Universe was at least one
order of magnitude lower than at the cosmic noon (see Figure 1.1).

A possible solution to these issues could reside in a selection bias due to the wave-
length employed in the aforementioned studies on the SFRD. As described in the
previous sections, most of the high-z samples of galaxies employed in these studies
have been selected though optical /NIR facilities sampling, at z > 3, their rest-frame
UV radiation, hence missing those sources that are either intrinsically UV-faint (i.e.
less star-forming) or highly dust-attenuated. As mentioned in Section 1.1, the for-
mer can be accounted for statistically through the employment of a LF. Accounting
for the latter is more challenging, since their properties could — in principle — differ
significantly from those of the UV-bright population of galaxies (see e.g. Wang et al.
2019; Talia et al. 2021; Smail et al. 2021; Barrufet et al. 2023; Gottumukkala et al.
2023; McKinney et al. 2024). For this reason, as I will show in the remaining of this
Introduction, several studies suggested that the inclusion of these dusty sources in
the cosmic census could change our picture of the high-z SFRD (see e.g. Rowan-
Robinson et al. 2016; Wang et al. 2019; Gruppioni et al. 2020; Talia et al. 2021; van
der Vlugt et al. 2023) and shed light on the missing progenitors of the massive and
passive galaxies at z ~ 3 (e.g. Toft et al. 2014; Valentino et al. 2020a).

1.2.1 The effect of cosmic dust

Dust is a fundamental component of galaxies. It is constituted by solid particles
(grains) that are distributed in the interstellar medium (ISM), especially in the
molecular and atomic gas clouds. Its presence in galaxies absorbs the stellar and
nebular emission from the other components of the galaxy, making the observed
fluxes fainter than the intrinsic ones. This effect is strongly dependent on the rest-
frame wavelength of the emission, with bluer wavelengths being more extincted than
the redder ones (see e.g. the review by Salim & Narayanan 2020 and references
therein). The dependence of the dust attenuation on the wavelength is usually
parametrized with the so-called dust attenuation laws (see e.g. Calzetti et al. 2000;
Charlot & Fall 2000). The energy absorbed by the dust is then re-emitted thermally
at longer wavelengths, with the peak of the emission being in the far-infrared (FIR;
A~ 15— 1000 pm) regime.

The main issue connected with the presence of dust in the observed galaxies is
that the rest-UV emission cannot be directly employed to estimate the SFR, since
the observed luminosity needs to be corrected for the dust extinction. The most
common procedure consists in the estimation of the A, parameter from the shape of
the observed SED (through SED-fitting) or from spectroscopy (when available, e.g.
through the so-called “Balmer decrement”), and in the consequent de-extinction of
the SED through the assumption of an attenuation law. This procedure is somehow
risky, since the common assumption is that these laws do not evolve with redshift
(being normally calibrated on local or low-z galaxies) and that they are valid re-
gardless of the environment. Several studies analyzing sources at z > 4 — 5 suggest
that these assumptions could be an oversimplification (e.g. Fudamoto et al. 2020a,b)
with important consequences on the estimation of the intrinsic properties of high-z
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galaxies. These issues can be mitigated with the employment of different tracers of
star formation.

1.3 Other tracers of star formation

In addition to the rest-UV luminosity, other observables can be used to estimate the
SFR of a galaxy. In this Section, I will focus on two of the tracers of star formation
that are employed in the rest of the Thesis, although acknowledging that others
exist, such as the luminosity in the X-rays or that of the Ha line. The interested
reader can refer to the review by Kennicutt & FEvans (2012) and to the references
therein for a more detailed discussion on other tracers of star formation.

e Infrared luminosity: As described in the previous paragraph, dust absorbs
most of the rest-UV radiation emitted by stars. That energy is then re-emitted
thermally at longer wavelengths in the rest-frame IR. For this reason, the
IR luminosity can be used as a tracer of star formation. Among the several
possible calibrations available in the current literature, in the rest of the Thesis,
I will employ that by Kennicutt & Evans (2012).

The accuracy of IR luminosity as tracer of star formation is — however — de-
pendent on the amount of stellar emission absorbed by interstellar dust. In
the case of dusty starbursts, it is a good approximation to assume that all the
UV radiation is re-emitted at longer wavelengths, making it an optimal tracer.
However, in less star-forming or less dusty objects (e.g. low-metallicity dwarf
galaxies) the IR luminosity can miss a significant amount of star formation,
making this tracer only complementary to the (dust-uncorrected) UV lumi-
nosity (see e.g. Wuyts et al. 2011; Talia et al. 2015). Since the main objects
of this Thesis are dusty starburst galaxies (see Section 1.5), the choice of this
tracer is well justified.

e Radio luminosity: Radio photons can trace star formation since they are

produced as synchrotron emission by accelerated electrons in supernovae and
as free-free emission in HII regions. Even though a calibration immediately
linking radio luminosity and SFR from first principles has never been estab-
lished, the radio emission in star forming galaxies is found to tightly correlate
with IR luminosity through the so-called IR-radio correlation (e.g. Molnar
et al. 2021). Therefore, the radio luminosity can be employed as a star for-
mation tracer by assuming this correlation and the SFR/Lr relation (see e.g.
Novak et al. 2017).
The main drawback in the use of this tracer is represented by the possible con-
tribution of nuclear emission to the radio luminosity of the analyzed galaxies.
It is well known, in fact, that AGN can emit at radio frequencies due to the
presence of significant amounts of electrons that are accelerated by the intense
magnetic fields originated in the proximity of the super massive black hole (see
e.g. the review by Tadhunter 2016 and references therein). As I will describe
in the next Sections, this issue can be partly overcome when multi-wavelength
data are available for the galaxies of interest.
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As I will show in the following parts of this Introduction, the employment of other
tracers of star formation is crucial to fully understand our Universe, as nearly half
of the total star formation taking place in the cosmos is obscured by dust, as shown
by several studies analyzing the (sub)mm cosmic background (see e.g. the review
by Hauser & Dwek 2001 and reference therein).

1.3.1 Dusty star-forming galaxies

The more significant the amount of dust in galaxies, the more important it is to rely
on multiple tracers of star formation to avoid missing important pieces of informa-
tion. This requirement becomes crucial when dealing with the so-called “dusty star-
forming galaxies” (DSFGs; see e.g. the review by Casey et al. 2014 and references
therein) which are, to simplify, star-forming galaxies hosting significant amounts
of dust. Collecting these galaxies is not easy, since their nature is hard to unveil
with optical /NIR data alone: bright tracers of star-formation at longer wavelengths
are needed. Depending on the tracer, we can classify different sub-populations of
DSFGs.

1.3.2 (sub)mm selection

The first method to pick up DSFGs relies on detections at FIR/(sub)mm wave-
lengths. This selection is the most straightforward, because a significant emission
in this regime is an optimal tracer of the dust thermal emission due to ongoing star
formation, and it is hardly reproducible by other processes taking place in galaxies.
This explains the important role of the (sub)mm-selected galaxies (also known as
sub-millimetre galaxies; SMGs) in the history of the study of DSFGs, that started
with the first facilities able to observe the FIR/(sub)mm sky (see e.g. the initial
studies by Rowan-Robinson et al. 1991 and [rwin et al. 1998) and went on with the
assembly of the first statistically significant samples of these sources (e.g. Smail
et al. 1997; Hughes et al. 1998; Barger et al. 1998).

The (sub)mm selection is also incredibly efficient thanks to the strongly negative
k-correction of SMGs at (sub)mm wavelengths. Taking as a reference Figure 1.2,
it is possible to notice how redshift has an almost negligible effect on the (sub)mm
flux of a DSFG. This property allows high-z dusty galaxies to be detected even in
relatively shallow (sub)mm maps, such as those presented in some notable studies
by Smail et al. (1997); Hughes et al. (1998), and Barger et al. (1998) .

The main drawback of the FIR/(sub)mm selection is merely observational and
it is related to the facilities able to observe the sky at these wavelengths. Old gen-
eration instruments such as the SCUBA (Submillimetre Common-User Bolometer
Array) bolometer equipped on the James Clerk Maxwell Telescope (JCMT) or the
PACS (Photodetector Array Camera and Spectrometer) and SPIRE (Spectral and
Photometric Imaging Receiver) cameras equipped on the Herschel Space Telescope,
are characterized by low spatial resolutions (up to tens of arcsec) and sensitivities.
The effect of these properties is twofold. On the one hand, the low spatial resolution
makes it incredibly hard to associate the correct multi-wavelength counterpart to
each FIR/(sub)mm source. This issue makes the estimation of the physical proper-
ties (including the redshift) of each source incredibly challenging (see e.g. Danner-

7
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bauer et al. 2004). On the other hand, the low sensitivity of old-generation facilities
biases the collected samples towards the most extreme objects able to produce the
brightest (sub)mm fluxes (see e.g. Figure 1.3). These galaxies are generally charac-
terized by high values of the SFR (up to ~ 10® My yr7}; see e.g. Swinbank et al.
2014; da Cunha et al. 2015), not necessarily representative of the bulk of the DSFG
population.

These issues could be solved — in principle — with state-of-the-art (sub)mm in-
terferometers such as the Atacama Large Millimetre Array (ALMA) or the NOrtern
Extended Millimetre Array (NOEMA), characterized by higher spatial resolutions
(up to 0.1” in the most extended ALMA configurations) and sensitivities. The
downside of these instruments, however, is represented by their small field of view
(FOV) and low mapping speed, making these telescopes unsuitable to perform large
and deep blank surveys of the sky, although the total covered area is increasing
with each observational cycle (see e.g. Dunlop et al. 2017; Franco et al. 2018; Casey
et al. 2021, and Long et al. 2024). This issue well explains the low number of
homogeneously selected samples of DSFGs collected by these instruments (see the
number counts in the aforementioned references). Nevertheless, these new facili-
ties can be used in combination with old-generation ones to perform follow-ups at
higher spatial resolution of regions with bright and large (sub)mm emission and
accurately measure the position and flux of DSFGs (see some noteworthy examples
in Simpson et al. 2019; Dudzeviciuté et al. 2021 and McKinney et al. 2024). This
procedure increases the number of detected DSFGs, but makes it more complex to
determine their selection function, since the higher resolution and sensitivity of the
new facilities can unveil the presence of multiple (and fainter) sources contributing
to the same low-resolution (sub)mm signal. A final caveat potentially affecting the
(sub)mm selection of DSFGs is that it relies on the still-unclear high-z properties
of dust: a correlation between dust temperature and redshift, as suggested e.g. by
Schreiber et al. (2018b), Liang et al. (2019), and Faisst et al. (2020), could produce
selection effects in the samples collected at (sub)mm wavelengths. More in detail,
an increasing dust temperature would move the peak of the dust emission to shorter
wavelengths, producing fainter fluxes at the usual wavelengths (~ 870 pum) where
SMGs are collected.

An overview of the physical properties of SMGs can be obtained by looking
at one of the largest samples of these sources in the current literature: the 707
galaxies collected in the AS2UDS survey by Dudzeviciute et al. (2021) consisting
in the ALMA follow-up of SCUBA-2 sources with Sssoum > 3.6 mJy (and unveiling
sources up to Sg7oum ~ 0.6 mJy). From this study, we can see how the redshift
distribution of SMGs peaks around z ~ 2.5 — 3 and how — on average — these
sources represent a population of massive (M, ~ 10" M) and highly star-forming
(SFR ~ 300 Mg, yr~!) galaxies (Figure 1.3).

1.3.3 MIR selection

An alternative way of selecting DSFGs relies on the detection of Extremely Red
Objects (EROs; see e.g. Huang et al. 2011; Wang et al. 2016, 2019), based on the
difference in color between the NIR and MIR emission. DSFGs can be captured by
this selection since the combination of ongoing star formation and dust obscuration
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Figure 1.2: Sketch presenting the strongly negative k-correction of SMGs at
(sub)mm wavelengths. The plot shows the FIR SED of a DSFG at different red-
shift. It is possible to notice how the flux at 870 ym (commonly employed for the
selection of SMGs) increases from z ~ 0 to z ~ 4 and stays almost constant up
to z ~ 10. This property explains why the (sub)mm selection is one of the most
common methods for finding DSFGs.

can produce a red optical/NIR slope that at high-z (z > 3) is sampled by filters in the
the two aforementioned regimes. For instance, the so-called H-dropouts by Wang
et al. (2019) were selected as galaxies with H — [4.5] > 2.1 mag. This selection
takes advantage of the higher sensitivity and spatial resolution of NIR and MIR
facilities with respect to (sub)mm ones. For this reason, it enables the collection of
samples of less extreme DSFGs (i.e. less massive and star-forming; see Wang et al.
2019 and Figure 1.3). The same color-selection has been employed by some recent
JWST-based studies to collect analogous samples of sources up to fainter [4.5] fluxes
(Barrufet et al., 2023; Pérez-Gonzalez et al., 2024; Gottumukkala et al., 2023).

The main drawback of this selection consists in its inability to collect a pure
sample of DFSGs. Indeed, there are other populations of galaxies that reproduce
the NIR-to-MIR red colors without necessarily hosting significant dust-obscured
star formation. Several studies presenting detailed analysis of these sources assessed
how a significant fraction (up to ~ 20%) of these samples can be represented by
passive galaxies or dust-reddened AGN (Pérez-Gonzdlez et al., 2024; Barrufet et al.,
2024). True DSFGs can be singled out thanks to additional data such as a (sub)mm
detection (as in Wang et al. 2019) or with a rest-optical spectrum showing the
presence of significant Ha emission (as in Barrufet et al. 2024), to trace ongoing
star-formation activity.

As before, we can have an overview of the physical properties of MIR-selected
DSFGs by looking at large samples of these sources. In this case, I focus on the
148 galaxies collected by Gottumukkala et al. (2023) in the JWST survey CEERS
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Figure 1.3: Stellar masses and SFR of 3 < z < 4 DSFGs selected via their (sub)mm
or MIR emission (orange and indigo points, respectively). The MIR-selected galaxies
are those studied in Gottumukkala et al. (2023), while the (sub)mm-selected ones
are those reported in Dudzeviciute et al. (2021). SMGs are divided in two classes
depending on their flux at 870 pm. The sources with Sgroum > 4.2 (i.e. those
compatible with the sensitivity of old-generation surveys such as Weil et al. 2013)
are reported as full points, while the empty markers indicate the fainter sources
unveiled with ALMA follow-ups. The gray line and the shaded area report the main
sequence of star-forming galaxies at z ~ 3.5 by Schreiber et al. (2015) and its lo
scatter.

(Finkelstein et al., 2023). For this study, we can see how the redshift distribution of
these sources peaks at slightly higher redshift with respect to the SMGs (z ~ 3.13)
and how this selection includes — on average — less massive (M, ~ 10'*! M) and
less star-forming (SFR ~ 40 M, yr™') galaxies (Figure 1.3).

1.4 The multi-wavelength picture of cosmic SFRD

From a theoretical perspective, the impact on the SFRD of the employment of differ-
ent star formation tracers and of the selection of high-z galaxies at wavelengths other
then UV-to-NIR, strongly depends on the amount of dust in the high-z Universe.
Considering, for instance, the models presented by Casey et al. (2018) (Figure 1.1),
the SFRD at z ~ 4.5 of a dust-rich Universe could be up to one order of magnitude
higher than what would be observed in a dust-poor one (and even more at higher
redshifts).

As it can be appreciated from Figure 1.1, most of the optically/NIR-based stud-

10



Chapter 1

ies employed by Madau & Dickinson (2014) to fit their SFRD(z) relation well agree
with the prediction of the dust-poor Universe. It is crucial to underline, however,
that the surveys employed in these studies sampled rest-UV radiation of the ana-
lyzed galaxies. Therefore, their selection was naturally biased towards dust-poor
sources (not necessarily representative of the overall population of high-z sources)
and potentially missed significant fractions of their star formation if that happened
in dust-obscured environments.

If we consider studies based at longer wavelengths, the picture becomes more
complex. Most studies based at lower redshift are unanimous in confirming the
trend presented in Madau & Dickinson (2014) until z ~ 3, while at higher redshifts
the results start to diverge.

Some studies such as Gruppioni et al. (2020) or Novak et al. (2017) (red pen-
tagons and orange triangles in Figure 1.1) — selecting galaxies at (sub)mm or radio
frequencies — found a much flatter behavior of the SFRD at 3 < z < 4.5 than what
obtained by Madau & Dickinson (2014). The same trend is not found in other stud-
ies such as those by Traina et al. (2024) or van der Vlugt et al. (2022) (red triangles
and orange pentagons in Figure 1.1), finding high-z behaviors more in agreement
with that reported by Madau & Dickinson (2014) even when other tracers are em-
ployed. Other contradictory results have been presented by other studies inferring
the SFR from the infrared luminosity of SFGs observed in the ALMA large pro-
grams ALPINE (Béthermin et al., 2020; Faisst et al., 2020; Le Févre et al., 2020)
and REBELS (Bouwens et al., 2022). These studies include those by Khus(mo\ a
et al. (2021) (finding a SFRD at z > 4 higher than what reported by Madau &
Dickinson 2014), Algera et al. (2023) (finding a SFRD at z ~ 7 compatible with
Madau & Dickinson (2014)), and Barrufet et al. (2023) (SFRD at z ~ 7 signifi-
cantly lower than Madau & Dickinson (2014)). It is crucial to underline, however,
that these results are still based on UV-selected galaxies and — therefore — still
biased towards dust-poor objects.

A possible point of contact between these families of results is represented by
the analysis discussed in Zavala et al. (2021) and based on the first results from
the MORA survey (see Casey et al. 2021, but also Long et al. 2024). In this study,
the authors employ the number counts at 2 mm to suggest a transition from an
Universe dominated by dust-unobscured star formation to another dominated by
dust-obscured one around z ~ 4.

1.5 This Thesis: a radio selection for DSFGs

The main hypothesis behind this Thesis is that a more precise picture of the high-
z Universe can only be achieved by focusing on all the galaxies that have been
missed by HST and other old-generation optical/NIR facilities. In the next three
chapters, I aim at assembling a statistically significant sample of homogeneously-
selected DSFGs, in order to unveil their contribution to the cosmic SFRD. The
main subject of these chapters are the “radio-selected NIRdark galaxies”, hereafter
RS-NIRdark (see the initial studies by Chapman et al. 2001, 2002 and the more
recent by Talia et al. 2021; Enia et al. 2022; Behiri et al. 2023). Together with
my group, I broadly define these sources as radio-detected galaxies with a lacking
counterpart at optical/NIR wavelengths. The principles guiding this selection are
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that bright radio fluxes can trace ongoing star formation (once properly accounting
for the possible contribution by nuclear activity), while the requirement of faint
(down to non-detections) NIR fluxes should limit the collected sample to the most
dust-obscured and high-z sources. This selection takes advantage of the capabilities
of modern radio interferometers (high sensitivity and spatial resolution coupled with
large FOVs and high mapping speed) to solve some of the issues affecting (sub)mm-
selected samples. Moreover, the employment of radio-emission as the tracer of star
formation makes the selection robust against possible biases related to the properties
of dust. Compared with the MIR selection, the radio-based one is less prone to
contamination by passive sources, since it is, by construction, biased towards actively
star-forming galaxies.

The drawback of this selection is represented by the possible contribution of
nuclear activity to the radio emission, that needs to be taken into account in order to
properly estimate the SFR of the detected sources. Moreover, the radio frequencies
have a positive k-correction, limiting the possibilities of finding SFGs at very high
redshift (z > 5).

The initial studies on these sources seem to support the initial hypothesis on the
nature of the RS-NIRdark galaxies as likely DSFGs, estimating a total contribution
to the cosmic SFRD at z > 4.5 up to ~ 40% of the estimate by Madau & Dickinson
(2014) (see Talia et al. 2021; Enia et al. 2022; Behiri et al. 2023).

1.6 Main goals and structure of this Thesis

The first three chapters of this Thesis focus on the search and characterization of
RS-NIRdark galaxies and on estimating their contribution to the cosmic SFRD and
to the evolution of the most massive galaxies in the Universe. This Thesis continues
the series of studies started with Talia et al. (2021), Enia et al. (2022), and Behiri
et al. (2023) and overcomes one of the main limitations of these studies: the lack
of a proper deblending of the low-resolution maps in the MIR regime, limiting the
analyzed samples to the most isolated sources. As I will show in the rest of the
Thesis, the development of a deblending pipeline allows me to analyze the full sample
of galaxies. Moreover, the estimated contribution of the RS-NIRdark galaxies to the
cosmic SFRD by Talia et al. (2021) and Behiri et al. (2023) only represents a lower
limit, since it only account for the sources detected in the analyzed survey. The
ultimate goal of this Thesis will be to statistically account for the fainter sources
through estimation of the first radio luminosity function of the RS-NIRdark galaxies.

All the analyses presented here are based on the data collected in the Cosmic
Evolution Survey (COSMOS) field (Scoville et al., 2007; Koekemoer et al., 2007).
The choice of this field allows me to take advantage of one of the largest (~ 2 deg?)
and deepest (0 = 2.3 uJy beam™!) radio surveys currently on the scene (the VLA-
COSMOS large program; see Smolcic et al. 2017 and Section 2.3 for a more detailed
discussion) to perform the initial selection. Moreover, since COSMOS is one of the
most famous extra-galactic fields in modern astronomy, it has been observed by
several of the main telescopes in the last two decades, offering an almost complete
photometric coverage spanning from the radio to the X-rays (see e.g. Laigle et al.
2016; Weaver et al. 2022 and references therein). Finally, the central region of
the COSMOS field (~ 0.54 deg?) has been observed by the new JWST during
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the COSMOS-Web survey (Casey et al., 2023), providing deep and high-resolution
NIR and MIR data for this area of the sky. These data are extensively used in
the fourth chapter of the Thesis to complement the initial analysis on the radio-
selected NIRdark galaxies. The same data are the crucial ingredient for the analysis
presented in Chapter 5, describing the discovery and analysis of some extremely
massive galaxies in the COSMOS field.

This Thesis is structured as follows. Chapter 2 describes the initial selection of
galaxies in the COSMOS field, the assembling of the full photometric catalog and
the first assessment of photo-z, physical properties, and number densities. Chapter 3
focuses on the first follow-up at (sub)mm wavelengths performed with ALMA on a
pilot sample of nine galaxies. This chapter presents the first spectroscopic confirma-
tion of the photo-z through (sub)mm spectroscopy, the estimation of the molecular
gas mass inside the targets, and a simple evolutionary model linking our sources to
the massive and passive galaxies at z ~ 2—3. Chapter 4 describes the improvements
in the analysis achieved with the new JWST COSMOS-Web data. The main result
of the chapter is the first estimation of the radio luminosity function for my sources
and their contribution to the total cosmic SFRD, and a thorough comparison with
other notable populations of DSFGs with JWST data. Chapter 5 describes the
analysis of a pilot sample of two extremely red and massive galaxies at z ~ 5 — 7
discovered in the COSMOS-Web field. This chapter, although characterized by a
slight change in the topic, with respect to the previous chapters, nicely complements
the main goal of the Thesis, by exploring alternative pathways for the formation of
lower-z massive and passive galaxies. Finally, the main conclusions of the Thesis,
along with the future perspectives of this work, are presented in Chapter 6.

Throughout this Thesis, I will assume a standard flat ACDM cosmology with the
parameters [h, Qy, Q4] = [0.7,0.3,0.7]. T will also assume a Chabrier (2003) IMF
and the AB photometric system (Oke & Gunn, 1983).
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A radio selection for DSFGs: Initial
analysis

2.1 Introduction to the chapter

This chapter describes my initial selection of RS-NIRdark galaxies in the COSMOS
field, the assembly of the full photometric catalog, and the first estimation of the
physical properties through SED fitting. It is structured as follows. In Section 2.2,
I introduce the sample selection. In Section 2.3, I describe the maps employed to
extract the photometry in the optical-to-MIR regime and the additional photometry
retrieved at longer wavelengths. In Section 2.4, I present the new PhoEBO pipeline
(Photometry Extractor for Blended Objects) used to extract the photometry and its
validation on simulated data. Section 2.5 is focused on the SED-fitting procedure
employed to assess the photo-zs and the physical properties of the galaxies in my
sample. Furthermore, in Section 2.6 I analyze in detail the possible AGN contribu-
tion. In Section 2.7, I discuss what the results presented in this chapter tell us about
the nature of the RS-NIRdark galaxies and compare them with previous analogous
studies in the current literature. Finally, I summarize the main conclusions of the
chapter in Section 2.8.

Most of the analysis presented in this chapter was presented in the paper “Illu-
minating the Dark Side of Cosmic Star Formation III: Building the largest homo-
geneous sample of Radio-Selected Dusty Star-Forming Galaxies in COSMOS with
PhoEBO” by Gentile et al. (2024a), published in The Astrophysical Journal (Vol-
ume 962, Issue 1, id.26, 16 pp.).

2.2 Sample selection

To assemble a large sample of candidate DSFGs with complete photometry from
the optical to the radio, together with my collaborators, I focus on the galaxies in
the COSMOS field. We collect our sources by performing a selection analogous to
that employed by Talia et al. (2021) and summarized here:

1. We start from the VLA-COSMOS 3GHz Large Project catalog (Smolcic¢ et al.,
2017). We select 8850 radio sources with an S/N> 5.5 (Ssgu, > 12.65 ply)
over the full ~ 2 deg? coverage of the survey. This cut allows us to assemble
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a sample of radio-detected galaxies, limiting the likely contamination of fake
sources to 0.4% (Smolcic et al., 2017).

2. To limit the expected presence of galaxies where nuclear activity significantly
contribute to the radio luminosity (common in radio-selected catalogs; see e.g.
Bonzini et al. 2013 and Novak et al. 2018), we remove from the sample all the
sources flagged as “multi-component” in the initial catalog. We underline that
this flag is the result of a visual inspection of the sources in the full catalog
by Smolcic et al. (2017). Therefore — at this stage — we cannot exclude that
some multi-component radio sources are still present in our sample (see the
discussion in Section 2.6).

3. To take advantage of the multi-wavelength coverage of the COSMOS field, we
exclude from the sample all the radio sources lying outside the UltraVISTA
survey footprint (Laigle et al., 2016). This further limits the sample to 5982
galaxies and the effective area mapped by this study to 1.38 deg?.

4. Finally, we cross-match the resulting sample with the two versions of the COS-
MOS2020 catalog (the “Classic” and “Farmer”; see Weaver et al. 2022), re-
moving all the sources with a match within 0.7”. The final sample is composed
of 323 galaxies.

The last step aims at including in the catalog only sources without a significant
counterpart in the optical /NIR bands. However, it is crucial to underline how the
source detection in the COSMOS2020 catalog is performed on the x2-image produced
through the SWarp software (Bertin et al.; 2002) by combining the maps in the ¢ and
z band from the Subaru telescope and the Y, J, H and Ks bands from the VISTA
telescope (see Weaver et al., 2022). The flux in the generic pixel I of this image is
computed as a weighted average of the fluxes f; in the different photometric bands,
with the weights w; provided by the uncertainty maps:

N
Z¢:1 wifiz

I =
N

(2.1)
Given this definition, we cannot exclude that some of the sources in our catalog could
have a significant counterpart in a few individual NIR bands. Moreover, through
a visual inspection of the y*-map employed by Weaver et al. (2022) for detecting
the sources in the COSMOS2020, we notice that 60 galaxies of our sample have a
detection in that image with a S/N higher than 1.50 (i.e. the threshold used in
Weaver et al. 2022). Some of these sources (~ 10%) are inside regions masked in the
COSMOS2020 that were employed in the COSMOS2015, while most of the lasting
sources are close to a bright companion, therefore it is likely that they were not
properly deblended in the COSMOS2020. Since these galaxies are not included in the
COSMOS2020, they should be part of our sample of RS-NIRdark galaxies. However,
due to the different photometry, we expect their properties to differ from the rest of
the sample. Therefore, we do not consider these sources in all the statistical analyses
performed in this chapter aimed at characterizing our population of galaxies: for all
these studies, we will focus on the lasting 263 galaxies. Finally, we underline that
the S/N cut applied to the radio catalog excludes from the sample all the faintest
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radio-sources. Although this step could potentially cause the lack of significantly
high-z galaxies (see e.g. the source described in Casey et al. 2019), it is necessary
to exclude a high contamination by fake sources (this rate would increase up to 25%
just including the sources with 5 < S/N < 5.5, see Smolcic¢ et al. 2017). Both these
issues will be discussed in greater detail in Chapter 4.

A significant difference between this sample selection and those employed in
the previous papers on analogous sources (Talia et al. 2021 and Behiri et al. 2023)
resides in the last step: while the previous works selected a sample of 476 RS-
NIRdark galaxies without a counterpart in the COSMOS2015 catalog (Laigle et al.,
2016), we employ the updated (and deeper) COSMOS2020 catalog (Weaver et al.,
2022). This step allows us to exclude from the sample 153 galaxies un-detected in
the COSMOS2015 but revealed by COSMOS2020. More in detail, 16 sources were
only included in the “Farmer” catalog, 21 only in the “Classic”, and 116 in both the
catalogs. Finally, improving the works by Talia et al. (2021) and Behiri et al. (2023),
we do not employ any additional selection aimed at avoiding sources with a bright
contaminant in the vicinity, but we analyze the entire sample, performing a more
accurate photometry extraction in presence of contamination or source blending.

2.3 Data

2.3.1 Analyzed maps

The analysis of DSFGs requires the most comprehensive wavelength coverage to
account for all the physical processes taking place in these complex objects (i.e.
stellar emission, dust obscuration,thermal emission, and non-thermal processes).
For this purpose, we extract accurate photometry in the optical-to-MIR regimes by
analyzing the following maps:

e Optical: We analyze the maps produced with the Subaru telescope’s Hyper
Suprime Cam (HSC) during the Subaru Strategic Program (DR 3; Aihara
et al. 2019), targeting the COSMOS field in the g, 7,4, z and y bands.

e NIR: The photometry at NIR wavelengths is extracted from the DR4 maps of
the UltraVISTA survey (McCracken et al., 2012) performed with the VISTA
telescope in the Y, J, H and K's bands.

e MIR: We analyze the maps produced with the Infrared Array Camera (IRAC)
of the Spitzer space telescope. The maps analyzed in this study are the deepest
ones made with this facility as part of the Cosmic Dawn Survey (Moneti et al.,
2022), obtained by co-adding all the available exposures of the COSMOS field
for each of the four channels of the IRAC camera.

Further details on the maps employed in the photometry extraction can be found
in Table 2.1.
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Table 2.1: Main properties of the maps analyzed in Section 2.3.Part of the data
are reproduced from Weaver et al. (2022) with author’s permission.

Instrument ~ Band  A@  AX® (A)  Depth© Corr. PSF FWHM®
/Telescope (A) (A) (27) Fact.(? (")
g 4847 1383 28.1 1.4 0.79
Hyper-Suprime r 6219 1547 27.8 1.4 0.75
Cam/Subaru i 7699 1471 27.6 1.5 0.61
z 8894 766 27.2 1.4 0.68
y 9761 786 26.5 1.4 0.68
Y 10216 963 25.3/26.6(1)  2.7/2.8(7) 0.82
VIRCAM J 12525 1718 25.2/26.4Y)  2.5/2.7() 0.79
/VISTA H 16466 2905  24.9/26.1Y) 2.4/2.6) 0.76
Ks 21557 3074  25.3/25.7) 2.4/2.4) 0.75
chl 35686 7443 26.4 — —
IRAC ch2 45067 10119 26.3 — —
/Spitzer ch3 57788 14082 23.2 — -
chd 79958 28796 23.1 — -
Notes:

@) Median \ of transmission curve
b FWHM of the transmission curve

4 Multiplicative correction for the photometric uncertainties (Weaver et al., 2022)

(
(
(©) 3¢ depths as reported by Weaver et al. (2022)
(
(

©) Values taken from Aihara et al. (2019) and McCracken et al. (2012). For the
IRAC maps we employ the PSF publicly available on the IRSA website.
() Two values for the deep/ultra-deep stripes in the UltraVISTA survey
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2.3.2 Additional photometry

To analyze the dust emission in the FIR/(sub)mm and the non-thermal processes
emitting at radio frequencies, we retrieve additional photometry for our sources by
cross-matching our sample with other catalogs in the current literature:

e FIR: We cross-match our catalog with the 2020 version of the SuperDeblended
catalog by Jin et al. (2018). Since the procedure followed in building that
catalog employs as positional prior the sources in the VLA-COSMOS 3GHz
Large Project, it is possible to retrieve FIR photometry obtained with Spitzer
(24 pm; Le Floc’h et al. 2009), Herschel (100, 160, 200, 250, and 500 pm; Lutz
et al. 2011), SCUBA-2 (850 pm; Cowie et al. 2017; Geach et al. 2017), AzZTEC
(1.1 mm; Aretxaga et al. 2011), and MAMBO (1.2 mm; Bertoldi et al. 2007)
for all the galaxies in our sample. Further details on the employed maps and
on their depth can be found in Jin et al. (2018).

e (sub)mm: We cross-match our sample with the catalog of the Automated
Mining of the ALMA Archive in the COSMOS Field (A3COSMOS) survey
(v.20200310; Liu et al. 2019). This catalog contains (sub)mm continuum fluxes
for all the sources in the COSMOS field observed with ALMA. Since the
coverage of the A3COSMOS survey is not uniform, only a tiny percentage of
our RS-NIRdark sources has a counterpart in this catalog (32 galaxies within
a matching radius of 17, ~ 10%; Liu et al. 2019), with central bandwidth and
depth strongly variable for different sources.

e Radio: Finally, we retrieve additional radio photometry by cross-matching our
catalog with the public catalog by Schinnerer et al. (2010) containing 1.4 GHz
photometry obtained during the VLA-COSMOS survey (77 galaxies; ~ 24%
of the full sample). We also include radio photometry at 1.28 GHz from the
MIGHTEE Early Science Data Release (170 sources within a matching radius
of 8”; ~ 53% of the sample; Jarvis et al. 2016; Heywood et al. 2022).

2.4 PhoEBO: A new pipeline for photometry extrac-
tion

2.4.1 Description of the pipeline

Extracting accurate photometry for the sources in our catalog is a challenging task.
The main limitation is represented by the possible presence of bright contaminants
close to our (extremely faint or even undetected) galaxies in the optical/NIR bands.
This issue becomes highly significant in the IRAC channels, where the large (up
to FWHM= 2" in ch3 and ch4) and irregular Point Spread Function (PSF) makes
it almost impossible to blindly deblend multiple sources without priors on their
positions and shapes.

Basic deblending algorithms such as that implemented in sExtractor (Bertin &
Arnouts, 1996) require a minimum contrast between the different blended compo-
nents inside the same cluster of pixel to recognize the presence of multiple sources.
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Figure 2.1: Scheme summarizing the workflow of the deblending algorithm PhoEBO
employed to extract the optical/NIR/MIR photometry for the RS-NIRdark galaxies
in the sample. Further details on the numbered steps and on the full procedure are
given in Section 2.4.1.

This level of contrast is not reached in the IRAC bands, making these algorithms
unfit to analyze our galaxies. More complex softwares such as Tractor (Lang et al.|
2016) and Farmer (Weaver et al., 2022, 2023b), relying on parametric profile-fitting,
can overcome this problem by extracting prior information on the position and shape
of the different objects through a high-resolution image in which all the blended
components are present and distinguishable at the same time (e.g. the y*-map em-
ployed by Weaver et al. 2022). As before, these techniques cannot be applied to
our RS-NIRdark galaxies, since the only bands in which our galaxies are robustly
detected — together with the contaminants — are the IRAC channels, where it
is generally impossible to distinguish the different sources. Therefore, in order to
build the photometric catalog, we developed a new deblending pipeline called PhoEBO
(Photometry Extractor for Blended Objects)! relying on a slightly modified imple-
mentation of the method employed in several previous studies (e.g. Labbé et al.,
2006; Endsley et al.; 2021; Whitler et al., 2022). Apart from this Thesis, the PhoEBO
pipeline has been already employed by Langan et al. (2024) and Sapori et al., (in
prep.) to analyze analogous sources in the COSMOS and J1030 fields.

The whole procedure followed by the pipeline is summarized in Figure 2.1 and
follows these steps:

1. We start from two high-resolution “detection images” and a low-resolution
“target image” to be deblended. One detection image must contain informa-
tion on the RS-NIRdark galaxy we want to analyze, the other on the contami-
nant sources. In our case, we choose the 3GHz and the Ks maps, respectively.

IThe code is freely available in a GitHub repository: https://github.com/fab-gentile/
PhoEBO
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We underline that we minimize the risk of biases by employing two maps with
a comparable PSF FWHM (0.75” and 0.78”, respectively). An upgraded ver-
sion of the software developed in this thesis called PhoEBO+ and able to perform
with images with different PSFs is presented in Sapori et al., (in prep.).

2. We employ the basic deblending algorithm included in the Sep library (Bertin
& Arnouts, 1996; Barbary, 2016a) to identify the different sources in the two
detection images and to produce the segmentation maps (i.e. a set of images
assigning each pixel to one of the galaxies in the field). To include all the
galaxies in the maps, we set a low detection threshold (20) and a minimum of
5 contiguous pixels in each detected source.

3. We combine the two segmentation maps and use their product as a binary
mask to isolate the sources present in the detection images and produce a
different image for each of them.

4. We convolve each image produced in the previous step with a matching kernel
to homogenize the PSF with that of the target image. The matching kernel is
produced with the “photutils” library (Bradley et al., 2020) using the ratio
of Fourier transforms (Gordon et al., 2008; Aniano et al.; 2011). The PSF of
the detection images is modeled as a 2D Gaussian with a FWHM equal to the
PSF FWHM of the Ks band reported in McCracken et al. (2012) and Weaver
et al. (2022). The PSF of the optical/NIR bands are obtained in the same
way (i.e. with Gaussians with fixed widths, see Table 2.1), while the PSFs of
the four IRAC channels are downloaded from the IRSA archive?

5. We normalize all the resulting images and co-add them into a “model image” .
This one is resampled to match the pixel size of the target image (if needed)
and then fitted to the target image by multiplying each normalized source by
a free-parameter a;. The fit is performed with the Scipy library (Virtanen
et al., 2020), aiming at minimizing the x* between the model and the target
image .

6. We multiply all the components of the model image for the relative a; obtained
through the fitting procedure. Then, we subtract all the resulting images of
the contaminants from the original target image. In doing so, we get a residual
1mage containing only the source present in our sample.

7. Finally, we perform aperture photometry with Photutils on this residual
image by employing a fixed diameter of 2 arcsec. The local background is
computed in an annulus between 1.5 and 2 times the radius of the aperture
and subtracted from the extracted counts. The counts are then converted
to AB magnitudes and to micro-Jansky through the photometric zeropoints
employed in Weaver et al. (2022), corrected for the systematic offset reported
in Weaver et al. (2022). This last correction is needed to account for the
systematic mismatch between the spec-zs and the photo-zs computed in the
COSMOS field (Laigle et al., 2016; Weaver et al., 2022).

’https://irsa.ipac.caltech.edu/data/SPITZER/docs/irac/
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The whole procedure described above allows us to estimate the fluxes in all the NIR
and IRAC bands reported in Section 2.3.1. As prescribed by the IRAC Instrument
Handbook, we correct the fluxes measured through aperture photometry by the
factors reported in the IRAC Instrument Handbook®. For the optical bands —
with a smaller PSF FWHM than the radio map at 3GHz and the Ks map — we
subtract the contaminants with PhoEBO by using the HSC-i band as a detection
1mmage. Finally, we estimate the photometric uncertainties as:

AF = > o? (2.2)

where the o are obtained from the weight maps and the sum is extended to all
the pixels in the aperture employed in the estimation of the flux. As prescribed by
Weaver et al. (2022), we correct the photometric uncertainties in the optical/NIR
bands with the multiplicative factors reported in Table 2.1. This step is required to
account for the expected under-estimation of the uncertainties through Equation 2.2
due to the presence of correlated noise in the analyzed maps (e.g. Leauthaud et al.,
2007). Since the weight maps are not affected by the subtraction of the contami-
nants, we underline that the procedure followed here to estimate the photometric
uncertainties is totally consistent with that employed by Weaver et al. (2022) for
the optical/NIR bands. Regarding the IRAC bands, we can compare our uncertain-
ties with those by Weaver et al. (2022) by running PhoEBO on the 153 RS-NIRdark
galaxies selected by Talia et al. (2021) and excluded from this study being revealed
in the COSMOS2020 (see Section 2.2). We obtain that the median ratio between
our uncertainties and those included in the “Classic” COSMOS2020 is in the order
of ~ 3. This result can be explained by the likely underestimation of the IRAC
uncertainties found by Weaver et al. (2022) in the COSMOS2020 catalog.

2.4.2 Validation of PhoEBO

Thanks to the small difference in the PSFs, the photometry extraction performed by
PhoEBQ in the optical/NIR bands does not differ significantly from that performed
by “classic” algorithms such as sExtractor (Bertin & Arnouts, 1996). Nevertheless,
the extraction in the IRAC channels is quite different. Therefore, in order to obtain
reliable results on the physical properties extracted from the photometric catalog, we
need to validate the performances of the pipeline in the MIR regime. We validate the
results of the PhoEBO pipeline performing extensive simulations of blended galaxies in
the four IRAC channels. The simulation procedure recalls the philosophy discussed
in Section 2.4.1:

1. We simulate two noise maps through a random Gaussian generator, requiring
an rms compatible with the 3GHz images observed in the VLA-COSMOS
survey at 3 GHz and with the Ks band images observed in the UltraVISTA
survey (conservatively, we employ the sensitivity reached in the deep stripes).

2. We simulate a radio source and a NIR-bright contaminant. Both the galaxies
are simulated as 2D Gaussians on the noise maps generated in the previous

3https://irsa.ipac.caltech.edu/data/SPITZER/docs/irac/iracinstrumenthandbook/
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Figure 2.2: Accuracy of the PhoEBO pipeline as a function of the IRAC flux of
the RS-NIRdark galaxies and of the angular distance between these sources and the
blended contaminant (a proxy for the blending between the sources, once param-
eterized through the sum of the FWHMSs of the two sources). These results are
obtained by applying the PhoEBO pipeline to the set of simulated images described
in Section 2.4.2.
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Figure 2.3: Some examples of SEDs of high-z candidates fitted with Magphys
(blue solid lines; da Cunha et al. 2008; Battisti et al. 2019) and Cigale (orange
solid lines; Boquien et al. 2019). The photometry is represented by the black dots
(for the detections at S/N > 3) and the black arrows (for the upper limits). The
yellow boxes report the photo-zs computed with the two codes and the relative
uncertainties.

step. Since the vast majority of the RS-NIRdark galaxies are unresolved at
3 GHz, we choose a FWHM=0.7" for the radio sources (i.e. the width of
the synthesized beam in the VLA-COSMOS survey). On the contrary, to
account for the presence of partially resolved contaminants, the FWHMs of
the Gaussians in the K's band are uniformly sampled in the range [0.7,1.4]
arcsec (i.e. between one and two PSF FWHM). The normalization of the
two Gaussians are chosen to obtain a S/N uniformly sampled in the range
[5.5,8] and [3,8], for the radio and K's images, respectively. The radio sources
are placed in the center of each image, while the contaminants are allowed
to space in the range [0.7,1.4]arcsec from the center. This range allows us to
study the accuracy of the algorithm as a function of the blending between the
two sources. The lower limit on the distance is chosen as 0.7”, since we recall
that — due to the selection described in Section 2.2 — all the NIR sources
with a separation lower than this threshold are considered NIR counterparts
of the radio signal.

3. We convolve each of these Gaussians with a set of matching kernels computed
as prescribed in Section 2.4.1 to obtain the sources as observed in each of the
four IRAC channels.

4. We rescale the flux of the convolved radio source to obtain an integrated flux
in the range [21,M] mag, where M is the limiting magnitude in each IRAC
channel. Consequently, we rescale the flux of the convolved contaminant to
obtain a flux ratio uniformly sampled in the range [0.1,1] (with the radio source
brighter than the other galaxy).

5. Finally, we co-add the two images and add Gaussian noise with the same rms
expected in the four IRAC channels.

To explore the whole parameter space of the randomly sampled quantities, we
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Figure 2.4: Distribution of the photo-zs and of the main physical properties(in
order: stellar mass, star formation rate, extinction, dust luminosity, dust tempera-
ture — both luminosity- and mass-weighted — and dust mass) of the RS-NIRdark
as estimated by SED-fitting with Magphys+photo-z (da Cunha et al.,; 2015; Battisti
et al., 2019) and Cigale (Boquien et al., 2019) in blue and orange, respectively. The
dashed lines of the same colors mark the median values of the distributions. Further
details are given in Section 2.5.

simulate ~ 10% images. Then, we run the PhoEBO pipeline on the IRAC-like images,
employing as detection images the high-resolution data in the radio and K's bands.
In order to assess the performances of the pipeline, we compare the fluxes reported
by PhoEBO with those obtained by performing a standard aperture photometry on
the isolated IRAC-like images (i.e. those obtained in point 3 of the simulation
procedure, before adding the contaminant).

Computing the Amag on the whole dataset, we obtain a median(Amag)~0.03
in all the IRAC channels, without any significant difference between the different
bands. Similarly, we obtain a std(Amag)~0.15 in all the channels. Moreover, the
employment of simulations allows us to estimate the Amag as a function of the
different parameters employed during the simulation procedure (Figure 2.2). We find
interesting — albeit expected — trends with the IRAC flux and with the angular
separation between the high-resolution images, with lower accuracy achieved on
more blended sources and IRAC-fainter RS-NIRdark galaxies.

2.5 Physical properties from SED-Fitting

To determine the nature of the RS-NIRdark galaxies, we need to assess their photo-
zs and physical properties. We do this through an SED-fitting procedure. To test
the robustness of our results against the characteristics of different codes, we base
our analysis on two algorithms: Magphys+photo-z (da Cunha et al., 2008; Battisti
et al,, 2019) and Cigale (Boquien et al., 2019).
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2.5.1 SED-fitting with Magphys

Magphys (da Cunha et al.,; 2008) is a physically-motivated SED-fitting code based on
the energy balance between stellar attenuation and thermal dust emission. The soft-
ware estimates the physical properties of a galaxy by comparing its optical-to-radio
broad-band photometry with more than a million templates, including stellar emis-
sion, dust attenuation, thermal dust emission and non-thermal radio emission. The
stellar emission is considered by combining the Single Stellar Populations (SSPs) by
Bruzual & Charlot (2003) with an exponentially declining Star Formation History
(SFH) with random bursts of star formation superimposed on the continuum. The
dust attenuation is included as prescribed by Charlot & Fall (2000), with the addi-
tion of a 2175 A feature accounting for the young stars born in denser clouds. A
three-component model accounts for thermal dust emission. These components in-
clude the “hot” dust (i.e. warmed up by young stars in the birth clouds), the “cold”
dust (i.e., present in the diffuse ISM), and the characteristic emission by the Poly-
cyclic Aromatic Hydrocarbures (PAHs). The first two components are modeled as
modified gray bodies, while the PAH emission is modeled with an empirical template
(see da Cunha et al. 2008 for details). The code computes the dust temperature (7y)
as the luminosity-average of these three components. Finally, Magphys includes the
radio emission from star formation as prescribed by da Cunha et al. (2015). All the
ranges of the free parameters employed in the templates can be found in da Cunha
et al. (2008) and da Cunha et al. (2015). In this work, we use the photo-z version
of Magphys (Battisti et al., 2019), able to estimate the photometric redshift together
with the physical properties of the analyzed galaxies.

2.5.2 SED-fitting with Cigale

To avoid possible biases arising from the use of a single SED-fitting code, we involve
the software Cigale (Boquien et al.; 2019) in the analysis. This code is based on a
similar energy-balance principle as Magphys but allows a larger customization of the
libraries employed in building the templates. In this chapter, we start by using a
setup as close as possible to Magphys to achieve consistent results. The SSPs, SFH,
dust attenuation and radio emission are the same as discussed in Section 2.5.1. A
significant difference between the two codes resides in the treatment of the thermal
dust emission. Cigale does not have a single model including both the gray-body
thermal emission and the PAH emission as Magphys. The choice is limited to the
models by Draine & i 2007 and their updated version by Draine et al. 2014 parame-
terized through the intensity of the radiation field and including the PAHs emission.
A second possibility would be the analytical model by Casey (2012) parameterized
through the dust temperature but not including the PAHs. Since our photometric
catalog includes a point at 24um from the SuperDeblended catalog, sampling the
typical PAHs emission at z ~ 3 and since this feature is generally crucial for de-
termining a robust redshift, we decide to employ the Draine et al. (2014) model.
We compute the mass-weighted dust temperature starting from the intensity of the
radiation field reported in output by Cigale following the framework described in
Draine & Li (2007) and Draine et al. (2014).
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Table 2.2: Comparison between the median properties estimated by Magphys and
Cigale

Property Magphys Cigale Unit
Median o Median o
Zphot 296 +0.04 1.2 3.02+£0.04 1.3
log(M,) 11.01+£0.02 0.61 11.01+0.02 0.44 Mg
log(SFR) 2.67+0.02 048 279+0.04 045 Mgyr!

A, 4.01+£0.04 1.3 3894005 031 mag
log(Lpust) 12.454£0.02 048 12594002 044  Lg
TE 42.05+£0.2 5.8 - K
TM - 33.9+02 27 K

log(Mpust) 8574002 05 894002 046 M,

Note: The uncertainties on the median properties are estimated as the Median
Absolute Deviation: MAD = 1.482 x median(|x; — median(z;)|) (Hoaglin et al.,
1983) divided by VN, where N is the number of galaxies in the sample. For each
quantity, we also report the dispersion computed as half the symmetrized interval
between the 16th and the 84th percentiles.

2.5.3 SED-fitting results and comparison between
the codes

The two codes are applied to the photometric catalog presented in Section 2.4. Be-
fore running the codes, we correct the photometry in the catalog for the galactic
extinction. We employ the dust maps by Lenz et al. (2017) and the extinction law
by Fitzpatrick & Massa (2007). This correction is performed through the python
libraries DustMaps (Green, 2018) and Extinction (Barbary, 2016b). To account
for the possible biases in the photometry extraction (see Section 2.4.2), to account
for the known under-estimation of the photometric uncertainties by the Photutils
library employed in PhoEBQ (see e.g Leauthaud et al., 2007; Laigle et al., 2016;
Weaver et al., 2022) and to allow the SED-fitting codes to explore a wider region
in the photometry space, we add in quadrature 0.15 mag to the photometric un-
certainties included in the catalog for the optical /NIR/MIR bands, following Laigle
et al. (2016) and Weaver et al. (2022). The output of the SED-fitting codes Magphys
and Cigale are summarized in Figure 2.4, while the median values of the photo-zs
and the main physical properties for both codes are reported in Table 2.2. In gen-
erating the histograms and in computing the medians, we exclude from the sample
57 sources that could host an AGN (see the discussion in Section 2.6), in order to
avoid possible biases coming from the SED-fitting performed with templates not in-
cluding nuclear activity. Similarly, we do not include in our analysis 10 sources with
no other robust detections than in the radio (the so-called “type 0”7 of Behiri et al.
2023, see that study for the possible models of these sources) for which the properties
estimated through SED-fitting would be highly unreliable. The good convergence
of the SED-fitting procedure is ensured by the median reduced x? < 2.5 obtained
by both codes on the analyzed sample. Since for our galaxies the constraints on
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stellar population in the optical/NIR regimes are limited — in the majority of the
cases — to upper limits, we compute the SFR starting from the infrared luminosity
through the relation by Kennicutt & Evans (2012) rescaled to a Chabrier (2003)
IMF. This quantity is more robustly estimated, since ~ 60% of the galaxies in the
sample have a detection at FIR/(sub)mm wavelengths. However, we must underline
how this quantity is more unconstrained for the other ~40% of the sources in the
sample without these detections. Nevertheless, since the two codes employed in the
SED-fitting procedure rely on the energy balance and include the radio fluxes, some
constraints on the infrared luminosity can also come by the modeled dust atten-
uation and by the radio luminosity (da Cunha et al., 2015; Battisti et al., 2019;
Boquien et al., 2019). Finally, we notice that no significant discrepancy is visible
when comparing the SFR estimated through the Lig and the Ly 4qn, (see e.g. Kenni-
cutt & Evans 2012; Novak et al. 2017) for the galaxies with FIR/(sub)mm detections
and those without. This result can be partly explained by the fact that Magphys
assumes a constant radio-infrared correlation with a grir centered on 2.34 and with
a lo dispersion of 0.25 (da Cunha et al., 2015; Battisti et al.; 2019). This value is
broadly compatible with the median ¢r;r = 2.1 0.3 computed for the galaxies in
our sample (see Section 2.6.3).

As it can be seen, the results of the two software for what concerns the photo-zs,
and most of the physical properties are broadly compatible. The slight difference
between the outputs for these quantities can be explained by some minor differences
between the codes (e.g. the treatment of the upper limits, representing the majority
of the constraints in the optical/NIR regime for our galaxies; see e.g. Battisti
et al. 2019 and Boquien et al. 2019). Major differences hold for the dust mass and
temperature. As discussed in Sections 2.5.1 and 2.5.2, Magphys and Cigale report
the luminosity- (T35...) and mass-weighted (T3%..) dust temperature, respectively.
Since these quantities weight differently the hot and cold components of the dust
(see e.g. Liang et al., 2019; Sommovigo et al., 2020), it is not surprising the difference
in the two distributions reported in Figure 2.4. Moreover, this difference in the two
codes can also explain the discrepancy in the two estimates of the dust mass, being
this quantity computed starting from the dust temperature. In the following, for
consistency with the previous papers on analogous source (Talia et al.; 2021; Behiri
et al., 2023), we will consider the results obtained by Magphys. A final note concerns
the accuracy of our photo-zs. Unfortunately, due to the elusive nature of the sources
in our sample, it is not easy to retrieve spectroscopic redshifts for our RS-NIRdark
galaxies from the current literature. One spectroscopic redshift can be found in Jin
et al. (2022), where they targeted one of our galaxies with a spectral scan performed
with the ALMA and NOEMA interferometers. For our galaxy RSN-436 (ID 3117
in Jin et al. 2022), they obtained zspee = 3.545, which is in good agreement with
our estimates (zy = 3.3 £0.3 and z¢ = 3.4 £0.2). A significant improvement of
the spectroscopic coverage of our sample is the follow-up program performed with

ALMA described in Chapter 3.

2.6 AGN contribution

While in the Introduction to this thesis we discussed the possible biases affecting
the FIR and (sub)mm selection of DSFGs, this section focuses on the main bias
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Figure 2.5: Some examples of the sources marked as likely AGN in the final catalog
because of their morphology during the visual inspection of the radio maps at 3GHz.
The postage have a 15 arcsec side. Further details are given in Section 2.6.

possibly affecting our radio selection: the presence of a significant contribution of
nuclear activity by Active Galactic Nuclei (AGN) to the radio luminosity of our
galaxies. For instance, Bonzini et al. (2013); Novak et al. (2017) and Enia et al.
(2022), analyzing samples of radio-detected galaxies selected at 1.4 GHz, reported
significant fractions of AGN in their catalogs, spanning from 10% (for the faintest
radio fluxes) to 100% (for the radio-brightest sources). Fortunately, our selection
procedure focuses on galaxies without a significant optical/NIR counterpart. This
step allows us to remove from the sample all the brightest AGN. This selection,
however, does not allow us to remove from the sample the obscured AGN, where
a significant amount of dust absorbs the optical/NIR emission (see e.g. the review
by Hickox & Alexander 2018 and references therein). The presence of these sources
in our sample can be unveiled by searching for AGN tracers at longer wavelengths
(namely the IR and radio regimes), or in the X-ray, taking advantage of the broad
wavelength coverage of our sample offered by the several facilities that observed the
COSMOS field in the last decades.

Estimating the fraction of obscured AGN and properly accounting for their pres-
ence is crucial for two main reasons. Firstly, the presence of an extra IR component
due to a dusty torus surrounding the AGN and/or a radio excess due to nuclear
activity can bias the SFR when obtained from the IR /radio luminosity through the
relation by Kennicutt & Evans (2012). Similarly, the employment of galaxy-only
templates could bias all the other physical properties (and the photo-zs) estimated
through SED-fitting. Secondly, the contamination affecting the selection procedure
has to be considered in the determination of the statistical properties of the sample
(e.g. the luminosity function and the contribution to the SFRD; see Chapter 4).

2.6.1 Visual inspection

The first selection of galaxies hosting a radio-powerful AGN in our sample is per-
formed through a visual inspection of the 3GHz radio maps. This procedure aims at
selecting all the galaxies with radio morphologies suggesting the presence of AGN
(e.g. radio blobs and relativistic jets). This visual inspection allows us to mark as
likely AGN 17 galaxies. Some examples of these sources are reported in Figure 2.5.
We underline that — although this selection is 100% pure (since non-active galaxies
do not have these peculiar radio morphologies) — it is rather far from complete
since most of the galaxies in the sample are unresolved at the 0.7” resolution of

the 3GHz maps by Smolcic¢ et al. (2017). As an additional check, 9 RS-NIRdark
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galaxies are also part of the catalog by Vardoulaki et al. (2021) containing AGN in
the COSMOS field selected through visual inspection thanks to their morphology in
the same radio maps employed for our selection. Cross-matching our sample with
this catalog, we find out that all the 9 sources are classified by AGN by both the
selections. This results strengthen the reliability of our classification.

2.6.2 X-ray stacking

Another test to unveil the presence of AGN in our sample can be performed in the
X-ray regime. We conduct two complementary tests to characterize the sample of
RS-NIRdark galaxies as a whole and the individual sources.

e Sample characterization: The first test is based on the median X-ray flux
computed on all the galaxies in our sample and on the possibility of explaining
it by only invoking the star formation. We follow this procedure:

1. We extract the X-ray flux for each RS-NIRdark galaxy through aperture
photometry on the event file in the range [0.5,7] keV produced by the Chandra
telescope in the C-COSMOS (Elvis et al., 2009) and COSMOS legacy (Civano
et al., 2016) surveys. We perform the extraction through the dmextract func-
tion of the CIAQ library (Fruscione et al., 2006), employing circular apertures
centered on the radio position of each source. We choose the radius of each
aperture by assuming that each source is not resolved (a reasonable hypoth-
esis for possible AGN) and employing the radius used in Elvis et al. (2009)
and Civano et al. (2016) to extract the flux of the X-ray source closest to the
considered galaxy. More in detail, we employ the median radius (considering
all the observations in which the source fell) corresponding to an area encom-
passing 90% of the PSF at the X-ray closest source. The local background is
computed and subtracted from each galaxy through an annulus with an outer
radius 1.5 times the circular aperture.

2. Once the net counts are obtained, these are converted to X-ray luminosities
through the PIMMS* software by assuming a power-law model with a slope of
I' = 1.8 (i.e. that expected for possible AGN) and a galactic ng = 1.7 x 10%°
cm~2 (Civano et al., 2016).

3. Finally, we convert the luminosities in fluxes by assuming the photometric
redshifts computed by Magphys (Section 2.5) and these in SFR through the
empiric relation by Ranalli et al. (2003).

Considering the median SFR obtained by these X-ray fluxes, we obtain a value
of log(SFRyx) = (2.24 + 0.02) M, yr—!, slightly lower than that obtained
through the FIR flux (log(SFR;r) = (2.38 £ 0.02) M, yr~!. This result
confirms the lack of strong un-obscured AGN activity in our sample.

e Source characterization: If the analysis performed in the previous para-
graph ensures that the bulk of the sample of RS-NIRdark is composed of SFGs,
it does not give insights on the presence of single AGN within the total sam-
ple. To address this point, we perform an additional analysis. We cross-match

“https://heasarc.gsfc.nasa.gov/docs/software/tools/pimms.html

29


https://heasarc.gsfc.nasa.gov/docs/software/tools/pimms.html

Chapter 2

the two catalogs of X-ray sources in the COSMOS field by Elvis et al. (2009)
and Civano et al. (2016) with our sample by employing as matching radii the
positional uncertainty included in these catalogs (for the X-ray sources) and
0.7” (for the NIRdark galaxies). Given the relatively shallow depth of the X-
ray coverage in the COSMOS field, all these sources have an X-ray luminosity
higher than 10*? erg s=!, therefore, we can assume that their X-ray flux is
largely due to the presence of an AGN (see e.g. Hickox & Alexander 2018).
Once the list of RS-NIRdark galaxies with a possible X-ray counterpart is ob-
tained, we visually inspect the NIR and radio maps at 3GHz. We obtain two
main cases:

1. The positional uncertainty on the X-ray source includes only the RS-
NIRdark galaxy. In this case, we can safely assume that the X-ray signal
is produced by the galaxy in our sample, suggesting the presence of an AGN
in that galaxy. The 3 sources in this class are marked in the photometric
catalog with an appropriate flag.

2. The positional uncertainty of the X-ray source includes both an RS-NIRdark
galaxy and a NIR-bright galaxy. In this case, we cannot unambiguously as-
sociate the X-ray signal to one of these galaxies. The 15 NIR-dark galaxies
in this class are marked in the catalog with a different flag accounting for the
possibility of hosting an AGN.

2.6.3 ¢grir analysis

A standard method to identify AGN relies on the so-called infrared-radio correlation.
It is well established that the radio luminosity measured at 1.4 GHz and the infrared
luminosity measured in the range [8;1000] ym are tightly (o ~ 0.16 dex; e.g. Molnar
et al. 2021) correlated in star-forming galaxies (see e.g. de Jong et al. 1985; Helou
et al. 1985). This correlation is generally measured through the grr parameter
defined as (see e.g. Helou et al. 1985; Yun et al. 2001):

Lir[W] Ly scn,
—log (UML) 2.
drim = 108 (3.75 x 102z )~ P\ WHz! (2:3)

and mainly arises because of the connection between the star formation, the radio
synchrotron emission in star forming regions and the thermal FIR emission of dust
in the same regions. Several authors studied the possible evolution of the g¢rr
parameter with cosmic time or possible correlations with other physical quantities.
In this work, we explore two of the main studies on this point. Delhaize et al. (2017)
found a possible evolution with the redshift through the relation

grir(2) = (2.88 £0.03) x (1 + z)(70-19£0.0D) (2.4)

On the contrary, more recently, Delvecchio et al. (2021) suggested a grig almost

constant with the redshift, but strongly dependent on the stellar mass of the hosting
galaxy through the relation

grin(M,,z) = (2.646 + 0.024) x AF002+0008) _ B w0 (0.148 + 0.013) (2.5)
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where A = (1 + 2) and B = (log(M /M) — 10).
We compute the radio luminosity at 1.4 GHz for the galaxies with a counterpart
in the 1.4 GHz catalog by Schinnerer et al. (2010) through the relation
47 D3 (2)
Lisch, = =251 4ans 2.6
14GH SR 1.4GH (2.6)

by employing the photometric redshifts estimated by Magphys and the spectral slope
a computed through the flux densities reported in the 3 GHz and 1.4 GHz catalogs.
For the galaxies without a counterpart in the 1.4 GHz sample, we evaluate the 1.4
GHz flux starting from the 3GHz flux density through the relation

4rD3(z) (1.4GHz\“
Liacn, = L S3cHz 2.7
e = A ( oot ) - 2.7
and assuming a spectral slope of & = —0.7 (generally considered for star-forming

galaxies; see e.g. Novak et al. 2017).

Once we applied Equations 2.4 and 2.5 to our sample (Figure 2.6), marking as
likely AGN the sources distant more than 30 from the relations (see e.g. Delvecchio
et al., 2017; Enia et al., 2022), we obtain that 40 sources are classified as AGN fol-
lowing Delhaize et al. (2017) and 57 following Delvecchio et al. (2021). We include
the results from both the tests in the final catalog. However, given the high uncer-
tainties affecting our photo-zs and our stellar masses, in the following we consider as
likely AGNSs only the 37 sources classified as AGN according to both the relations. A
final interesting remark concerns the overall distribution of the ¢rr as a function of
the photometric redshift. As visible in Figure 2.6, the bulk of the population of the
RS-NIRdark galaxies have a median grig compatible with that expected at the me-
dian redshift of the sample from the relation by Delhaize et al. (2017) (2.1£0.3 and
2.21 + 0.05, respectively). However, the distribution of these values at low redshift
appear to significantly differ from that expected from the relation. This discrepancy
can be explained with the different selection operated in this study with respect to
Delhaize et al. (2017). In particular, our selection of NIR-dark sources is expected
to produce a sample of more extremely-obscured sources at low-z to account for the
extinction of redder rest-frame bands. Therefore, we do not expect in this regime
the properties of our (incomplete) sample to completely resemble those of the total
population of radio-selected galaxies analysed in Delhaize et al. (2017).

2.6.4 SED decomposition

A further sign of AGN hosted in our galaxies can be found at MIR wavelengths. It
arises from the presence of a dusty torus surrounding the supermassive black hole
and heated up from the high-energy radiation coming from there. Trying to model
the SED with a template not accounting for this additional component generally
produces a best-fitting SED under-estimating all the MIR fluxes (see e.g. Hickox
& Alexander, 2018). This problem can be solved by adding a torus component to
the templates fitted to the galaxy photometry. We perform this test with Cigale
(Magphys does not allow the addition of an AGN component). The overall setup is
the same as discussed in the Section 2.5.2, but adding the dusty torus component as
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Figure 2.6: Behavior of the grir as a function of the redshift (left panel) and stellar
mass (right panel). The blue solid lines show the relation by Delhaize et al. (2017)
and Delvecchio et al. (2021), respectively. The objects distant more than 3¢ from
each relation are highlighted in red.

modeled by Fritz et al. (2006). The model’s parameters are the same as employed in
Donevski et al. (2020) in modeling a sample of likely DSFGs. The main parameter
describing the effect of the AGN on the modeled SED is the AGN fraction fagn,
defined as the ratio between the torus luminosity and the dust luminosity in the
range [5,40] um. Defining as likely AGN all the galaxies with a fagn > 10%, we
mark 11 sources among the entire sample of RS-NIRdark galaxies. We underline
that the median value of fagn computed on the whole sample is compatible with
zero, suggesting an overall small contribution of AGN in the RS-NIRdark galaxies.
However, we underline that — due to the limited coverage of the MIR regime in our
sample — also this estimation should be considered as a lower limit on the actual
AGN contribution in our galaxies.

2.6.5 Final remarks on AGN contamination

The sample of likely AGN reported by the different methods have some overlap,
as shown in Figure 2.7. Considering all the galaxies marked as possible AGN by
at least one method, we obtain a sample of 64 sources (~ 23% of the full sample).
Excluding the sources with an uncertain X-ray counterpart (i.e. those at point 2 in
Section 2.6.2) and with no other indication of AGN activity from the other methods,
we obtain 57 sources (~ 20% of the sample).

As a final remark, we can compare the estimated fraction of RS-NIRdark galaxies
hosting an AGN with a theoretical prediction based on analogous works present in
the literature. Bonzini et al. (2013) and Novak et al. (2018), working on radio-
selected catalogs of galaxies, reported in their work the fraction of AGN in the
analysis of their sources as a function of the radio flux at 1.4 GHz. Considering these
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Figure 2.7: Diagram reporting the number of likely AGN unveiled by the differ-
ent methods described in Section 2.6 and the relative overlap. Further details in
Section 2.6.

relations and integrating them on our® flux distribution at 1.4 GHz, we estimated
an expected fraction of AGN in our sample lower than 28.3% (further divided in
27% of radio-quiet AGN and 1.3% of radio-loud AGN). We underline that this last
estimation represents an upper limit on the expected number of AGN in our sample,
since we expect that focusing on radio sources without an optical /NIR counterpart
contributes to exclude a significant fraction of these objects.

2.7 Discussion

2.7.1 Analysis of the physical properties

The results shown in Figure 2.4 and Table 2.2, allow us to infer some general prop-
erties of the RS-NIRdark galaxies:

e The high value of the median stellar attenuation Ay ~ 4 mag confirms the
initial hypothesis that our selection can provide a sample of highly-obscured
galaxies.

e The high value of the infrared luminosity (L;z > 10?Ls) and — hence —
the high median SFR (~ 450 Moyr—!) suggests that our galaxies are actively
forming stars (as expected from a radio selection). To determine the nature
of the RS-NIRdark galaxies, we need to compare the SFRs obtained through

SHere, we employ the radio fluxes at 1.4GHz provided by Schinnerer et al. (2010). For the
sources without a counterpart we conservatively assume a flux equal to the sensitivity of the
survey
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Figure 2.8: Comparison between the SFRs and stellar masses of the RS-NIRdark
galaxies (as computed by Magphys) and those expected from the main sequence of
the star-forming galaxies (red solid line; Schreiber et al. 2015 rescaled to a Chabrier
2003 IMF). The gray shaded area represents the 1o = 0.3 dex scatter, while the
red dotted line reports our threshold for selecting star-burst galaxies (i.e. three
times the SFR expected from MS galaxies). It is possible to notice how the vast
majority of the galaxies in the sample lie above the main-sequence line. The median
uncertainty on the SFR and on the stellar mass is reported in the lower corner of
each panel. Further details are given in Section 2.7.1.
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the SED-fitting with those expected from main sequence galaxies in the same
redshift range (e.g. Schreiber et al.; 2015). As shown in Figure 2.8, most
galaxies lie above the main sequence line at all the redshifts. Moreover, when
computing the SFR/SFRys (i.e. the ratio between the SFR and that ex-
pected from a main sequence galaxy of the same mass and in the same red-
shift bin), we obtain that more than 50% of the RS-NIRdark galaxies have a
SFR/SFRys > 3, being candidate starburst galaxies.

e An additional result, strictly connected to the previous one, concerns the high
median stellar mass estimated through SED-fitting (M, ~ 10"Mg). This
quantity — albeit quite uncertain due to the weak constraints in the opti-
cal/NIR wavelengths — suggest that the RS-NIRdark galaxies are a popula-
tion of massive star-forming galaxies, with a high-z tail suitable for playing a
significant role in the evolution of the massive and passive galaxies at z ~ 3
(see e.g. Straatman et al., 2014; Schreiber et al., 2018a; Valentino et al., 2020a)

All these findings, once combined, confirm the initial hypothesis that the RS-NIRdark
galaxies represent a significant population of high-z DSFGs.

2.7.2 High-z sources

The redshift distribution of the RS-NIRdark galaxies is worth a deeper discussion.
The median redshift around z ~ 3 tells us that we are looking at a population whose
bulk is located at the so-called cosmic noon. However, the presence of a significant
tail of high-z sources (namely, 99 galaxies at z > 3 and 17 galaxies at z > 4.5, once
excluded the possible AGNs selected in Section 2.6.) can provide some insights on
the possible evolutionary path of these sources.

The main result concerns the number density of these sources. We compute this
quantity through the V,.x method (Schmidt, 1968), considering the galaxies located
at z > 3.5 and that could — therefore — play a role in the evolution of the massive
galaxies at z ~ 3.5. We account for the uncertainties in the photo-zs and in the radio
fluxes through a MonteCarlo integration. Specifically, we perform a large number
of realizations (~ 500) of the total number density, sampling each time and for each
source a couple of values for the redshift and for the radio flux from their distribution
(namely, the p(z) computed by Magphys and the values and uncertainties reported
in Smolcic¢ et al. 2017). At the end of this procedure, we consider as our number
density the median value of the distribution and as its uncertainty the symmetrized
interval between the 16th and the 84th percentiles. We obtain a number density
of n = (3.3 £0.9) x 107 Mpc™ for the galaxies at z > 3.5. This quantity is
by a factor 6 lower than those computed by Straatman et al. (2014), Schreiber
et al. (2018a), and Valentino et al. (2020a) for the passive and massive galaxies at
2z~ 3.5 (~2x 1075 Mpc™3). It is important to notice — however — that the our
estimation must be considered as a lower limit on the actual number density of the
RS-NIRdark galaxies, since it is not corrected for the expected duty cycle of the
galaxies and for the incompleteness of the selection. This issue will be discussed in
detail in Chapter 4. Moreover, when looking at the stellar masses of our sources, we
obtain that the RS-NIRdark galaxies located at z > 3.5 have a median stellar mass
of log(M,) = 11.0M, with a 1o dispersion of 0.45 dex. Comparing this quantity
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Figure 2.9: Comparison between the SFRs and stellar masses of several populations
of DSFGs. The different symbols show the RS-NIRdark galaxies (blue dots), the
H-dropout (Wang et al. 2019; red crosses), the SMGs found in ALESS (da Cunha
et al. 2015; orange triangles) and the NIR-faint SMGs discovered by Smail et al.
(2021) in the UKIDSS Ultra Deep Survey (purple triangles). The solid gray line
represents the main sequence at z ~ 4 (Schreiber et al. 2015 rescaled to a Chabrier
2003 IMF) and the gray shaded area its 1o = 0.3 dex scatter. The dotted gray
line reports our threshold to define starburst galaxies (i.e. three times the SFR of
a main sequence galaxy). The median uncertainty on the SFR and on the stellar
mass is reported in the lower corner of each panel. For consistency with the cited
studies, we only report galaxies with 3.5 < z < 4.5. Further details are given in
Section 2.7.1

with the expected properties of the progenitors of the massive galaxies at z ~ 3.5
(see e.g. the forecasts by Valentino et al. 2020a), we can notice how the low-mass
end of those objects cannot be formed by the galaxies in our sample. This result
also can be used to explain the difference between the number densities of the two
populations.

2.7.3 Comparison with the literature

An interesting final point to discuss concerns the RS-NIRdark galaxies and their
possible overlap with the other notable populations of DSFGs described in the In-
troduction to this Thesis:

e H-dropout: The first population is composed of the H-dropout galaxies
(Wang et al.; 2019). These galaxies are selected as H-dark sources in the
CANDELS survey (the limiting magnitude at 50 in the H-band is 27mag;
Grogin et al. 2011; Koekemoer et al. 2011) with a counterpart in the second
channel of the IRAC camera from the SEDS survey ([4.5]<24 mag; 80% com-
pleteness limit; Ashby et al. 2013). When considering the full photometric
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catalog of 323 RS-NIRdark galaxies, we obtain that only 266 sources satisfy
the selection criteria exposed in Wang et al. (2019), the others being too faint
at 4.5 um to be selected with the cut on the [4.5] flux performed by Wang
et al. (2019). This result indicates that a non-negligible fraction (~ 20%) of
the RS-NIRdark galaxies would not be selected as H-dropout. On the contrary,
when examining the 18 H-dropout galaxies selected by Wang et al. (2019) in
the COSMOS field, we find that only 2 sources have a significant (S/N > 5.5)
radio counterpart at 3 GHz in the catalog by Smolci¢ et al. (2017). These
two results, when combined, ensures that the two selections of RS-NIRdark
galaxies and H-dropout are different, with just some sources belonging to both.

e SMGs: The second population is composed of the so-called sub-millimeter
galaxies (SMGs). Since this definition can be applied to all the sources de-
tected in a (sub)mm survey, it strongly depends on the considered instru-
ment’s sensitivity. To obtain results comparable with those reported by Wang
et al. (2019), we consider the ALESS survey (Swinbank et al., 2014) targeting
bright galaxies with the SCUBA bolometer (i.e. galaxies with a flux density
at 870um Sgzo > 4.2 mJy). We can estimate the (sub)mm flux density of
the RS-NIRdark galaxies at 870um through the best-fitting SED provided by
Magphys. In doing so, we obtain that only 76 galaxies have Sg7o > 4.2 mJy, be-
ing consistent with the selection by Swinbank et al. (2014). On the other side,
Thomson et al. (2014) pointed out that only ~70% of SMGs are radio-bright
galaxies, while Gruppioni et al. (2020) pointed out that only a tiny percent-
age of SMGs are NIR-dark galaxies. As before, these results suggest that the
RS-NIRdark galaxies and SMGs are two different populations of galaxies with
just some sources in common.

Finally, we can compare the physical properties estimated by Wang et al. (2019)
and da Cunha et al. (2015) for the population of H-dropout and SMGs with those
presented in this study. Figure 2.9 shows the comparison between the SFR and
stellar mass of the RS-NIRdark galaxies in the redshift range 3.5 < z < 4.5 (i.e.
around the median redshift z ~ 4 reported by Wang et al. 2019 for the H-dropout)
with those reported by da Cunha et al. (2015) and Wang et al. (2019) and with
the main sequence at this redshift (Schreiber et al. 2018b rescaled to a Chabrier
2003 IMF). For completeness, we also include in the plot the sample of “NIR-faint”
(Ks > 23.9) SMGs selected in COSMOS by Smail et al. (2021).

We can notice that the RS-NIRdark galaxies are — on average — more star-
forming than the H-Dropout (A log(SFR/Mg yr—!)~0.6), with a median SFR com-
parable with the SMGs (Alog(SFR/Mg yr—1)~0.02), but with a significant tail
of less star-forming sources. This result can be explained by the radio-selection,
cutting out most of the sources below the main sequence (belonging mainly to the
H-dropout). Additionally, we can see how the RS-NIRdark galaxies cover most of
the mass range covered by the other selections, being on average more massive than
the H-dropout and less massive than the SMGs. This result is in agreement with
the discussed overlap with both the other populations.
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2.8 Chapter summary

In this chapter, I presented the first panchromatic study of 263 Radio-Selected
NIRdark galaxies discovered in the COSMOS field updating the selection by Talia

et al.

(2021).

The development of a new deblending tool (PhoEBO: Photometry Extractor
for Blended Objects) allowed my collaborators and me to extract accurate
photometry in the optical-to-MIR regime, even for the sources with a close
bright contaminant. This procedure, in particular, allowed us to analyze a
wider sample of galaxies missed in previous studies on the RS-NIRdark galaxies
in the COSMOS field (Talia et al., 2021; Behiri et al.; 2023).

The complete photometric catalog® has been employed to estimate the photo-
zs and physical properties of all the galaxies in the sample through an SED-
fitting procedure performed with two complementary codes (Magphys and
Cigale). The results obtained with these algorithms confirmed the initial hy-
pothesis that the RS-NIRdark galaxies are a population of starburst DSFGs,
lying above the main sequence in all the redshift bins and with a significant
amount of dust absorbing their optical/NIR emission.

Moreover, by studying in detail the redshift distribution of the galaxies in the
sample and their number density, we obtain precious insights on the possible
evolutionary path of these sources, collecting significant clues that the RS-
NIRdark galaxies could play a key role in the evolution of the massive and
passive galaxies discovered at z ~ 3.

In addition, the analysis of the multi-wavelength counterpart in all the wave-
length regimes (from the X-rays to the radio) allowed us to estimate the pos-
sible AGN contribution in our sample, obtaining that nuclear activity could
contribute to the radio luminosity of ~ 20% of our sources.

Finally, through a comparison with other populations of DSFGs, we confirmed
that the radio-selection produces a population of galaxies with different phys-
ical properties with respect to the SMGs (e.g. da Cunha et al.; 2015) and the
H-Dropout (Wang et al., 2019).

6The complete catalog, together with the other materials supporting the findings described in
this chapter are available on the website of the collaboration: https://sites.google.com/inaf.
it/rsnirdark/
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Chapter 3

A radio selection for DSFGs: In-
sights from ALMA

3.1 Introduction to the chapter

In this chapter, I present the first follow-up at (sub)mm wavelengths for a pilot
sample of the RS-NIRdark presented in the previous chapter. It is structured as
follows. In Section 3.2, I introduce my targets, and the new ALMA observations
(the ancillary photometry is the same as presented in the previous chapter). In
Section 3.3, I describe the analysis of the ALMA cubes, the identification of any
bright emission line in the targets, and my modeling of the spectroscopic redshifts.
Moreover, I present some initial insights into the ISM kinematics and derive the
physical properties of this pilot sample of galaxies through SED fitting. Then, in
Section 3.4, I discuss my results, estimate the gas mass in these sources, and forecast
a possible evolutionary path for them. Finally, I draw the main conclusions of the
chapter in Section 3.5.

Most of the analysis in this Chapter was also presented in “Dark progenitors
and massive descendants: A first ALMA perspective of radio-selected near-IR-dark
galazies in the COSMOS field” by Gentile et al. (2024b), published in Astronomy
& Astrophysics (Volume 687, id.A288, 18 pp.).

3.2 Data

3.2.1 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). These
observations consist of a spectroscopic follow-up at millimeter wavelengths for a
pilot sample of nine RS-NIRdark galaxies (Table 3.1). 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 fitting. The selection performed in Talia et al. (2021) is
analogous to that described in Section 2.2, but required the non-detection in the

39



Chapter 3

COSMOS2015 catalog (Laigle et al., 2016). The targets with a counterpart in the
deeper COSMOS2020 catalog (and therefore not included in the sample analysed in
Chapter 2) are highlighted with an appropriate flag in Table 3.1.!

The main scientific goal of the observing program was to assess the spectroscopic
redshifts of the nine targets. Therefore, the program required a spectral setup cov-
ering 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 studies in the cur-
rent 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 redshifts higher than 3, allowing
an unambiguous determination of the spec-z (see Figure 3.1). To cover the whole
band 3 with ALMA, five settings are required. By estimating the integrated fluxes
of the expected CO and [CI] lines observable in our setup, the proposal required a
sensitivity of 0.32 mJy/beam per stacked channel for a total of 27h of ALMA ob-
serving 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” /11.2”). The calibration was performed
by the Alma Regional Center through the ALMA standard pipeline. After the cal-
ibrated measurement sets were obtained, I — together with my collaborators —
merged the multiple observations through the Common Astronomy Software Ap-
plications 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 (~ 50 km/s at the reference frequency of
100 GHz). After a first cleaning (performed with the task tclean and employing
natural weighting to maximize the sensitivity; see Hoghom 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”
and a position angle of ~ —70°.

1Since these sources were detected in the COSMOS2020 catalog, they are not part of the sample
analyzed in Chapter 2. For these sources, we performed the same analysis (photometry extraction
and SED-fitting) as described in that chapter.
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Table 3.1: 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 +402:30:38.305 - > 257 2247+ 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 v 25.0+0.3 22.54£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 24.9+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 2297 +£0.06

Note: For each galaxy, we report the ID employed in Chapter 2 and throughout this chapter. 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).
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Figure 3.1: Spectral setup adopted for the ALMA observations. This configuration
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.

3.3 Analysis of the datacubes

3.3.1 Continuum images

The first analysis performed on the calibrated MSs consists of the production of a
continuum image (see Figure 3.2), which is useful to study the properties of dust in
our targets. This procedure is performed through the CASA task tclean in multi-
frequency synthesis (mfs) mode after masking any bright line that could contaminate
the continuum emission. To maximize the sensitivity of the cleaned image, we
employ a natural weighting throughout this procedure. To estimate the continuum
fluxes, we perform aperture photometry with CARTA (Comrie et al., 2021), for which
we employ an aperture corresponding to the 20 contour of the contlnuum image.
We verify that this estimate 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 3.2. We obtain that six out of
nine targets are robustly detected (S/N>3) in the continuum images.

3.3.2 Line identification and reliability

The emission lines inside our datacubes are unveiled through a line-finding algorithm
analogous to those 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., ()19 )()22)
and summarlzed here.

1. We obtain a continuum-subtracted MS for each source through the CASA task
uvcontsub. We model the continuum as a first-grade polynomial whose slope
is fit in the whole frequency range covered by our observations after masking
any bright line that could contaminate the continuum estimation.
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Table 3.2: Continuum fluxes for the RS-NIRdark galaxies
analysed in this study.

1D S3mm S850m Other flux
[mJy] [mJy] [mJy]

41 (0.044+0.01) (2.940.3) -

84  (0.11 £ 0.03) (7+2) 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) (5+1) -

247 (0.094+0.01) (5+1) -

208 < 0.036  (3.3+0.3) -
361  <0.036  (3.3+£04) 1.249 mm: (2.0 +0.4)
456 <0.036  (1.9+0.2) -

Note: The values at A = 3 mm are obtained through
aperture photometry on the continuum images obtained in
Section 3.3.1. 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 pm is re-
trieved 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 pm
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).

RSN-182 RSN-235

RSN-121

RSN 361 RSN 456

.r.ll

- ¥ J
“F-l Th ok

Figure 3.2: 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.

43



Chapter 3

2. We perform the imaging of the continuum-subtracted visibilities through the
CASA task tclean. We employ a natural weighting to maximize the sensitiv-
ity of the cleaned images.

3. We convolve the cleaned datacube with a series of boxcar kernels with variable
widths between one and 13 channels (i.e., between 60 and 780 km/s at a
representative frequency of 100 GHz).

4. For each convolved datacube, we produce an S/N cube by dividing each chan-
nel by the relative rms. This quantity is computed through a sigma clipping
performed on the inner region of the primary beam to avoid possible biases
due to significant emission and higher noise far from the phase center.

5. Finally, we extract an S/N spectrum for each convolved datacube through the
Python library Interferopy (Boogaard et al., 2021). We employ as extracting
region the 20 contour of the zeroth-moment map obtained on the continuum-
subtracted datacube through the CASA task immoments. We underline that
a significant overlap is visible between this map and the 3GHz one, ensuring
that the millimeter emission can be safely associated to our targets.

This procedure results in a list of possible lines, with the related S/N and full width
at zero intensity (FWZI)2. However, given the nature of the noise in interferometric
data, one normally needs 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 follow two complementary approaches. Firstly,
following Jin et al. (2019), we compute the spurious probability of each line as

p(S/N) =1 — Ry(S/N)Nesr| (3.1)

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

N; total,ch ﬁzxch
Ngg ~ 10 N, 7 Ngiig,ch lOg Nmil; ) (32)
line,ch line,ch

where Nigtalcn is the total number of channels inside the datacube, Nypeen is the
number of channels in which the line is detected, and N, and Nl?;ie‘jch 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 simulations and does
not depend on the properties of the actual cube, it relies on the hypothesis that the
noise at the phase center of our observations is approximately Gaussian (a reasonable
assumption given the almost complete uv coverage generally produced by ALMA).

We also compute the reliability of each line following Walter et al. (2016), through

2The FWZI is an immediate product of the procedure employed to identify the lines in the
extracted spectra since it corresponds to the binning maximizing the S/N of the line. However,
in Table 3.3, we report the more common full width at half maximum (FWHM) obtained through
the Gaussian modeling described in Section 3.3.4
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the FindClumps algorithm as implemented in the Python library Interferopy. This
method estimates the reliability as

Np(S/N)

RSN = 1= 5 6/m)

(3.3)
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 as-
sumption about the nature of the noise in our datacubes, but it could be biased — in
principle — by the small statistics affecting the number of pixels in our observations.

Both the procedures described here allow us to identify at least one bright (S/N>
6) line (see Table 3.3) in all targets. The S/N of all the detected lines is high, and
we are therefore able to estimate a spurious probability lower than 1076 for all of
them, following Jin et al. (2019). Similarly, because their S/N is higher than every
negative peak in the analyzed datacubes, we can estimate for all of them a 100%
reliability following Walter et al. (2016). By producing the zeroth moment of each
(continuum-subtracted) line through the CASA task immoments, we obtain the maps
reported in the insets in Figure 3.3. Moreover, by performing aperture photometry
with CARTA on the 20 contour of these maps, we measure the integrated line fluxes
reported in Table 3.4.
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Table 3.3: Lines detected in our targets following the procedure discussed in Section 3.3.2 and related models
(Section 3.3.3).

ID Line 1 Freq FWHM  S/N Line 2 Freq  S/N  Zgpee  Zphot (G23)  2Zphot (T21)
(GHz)  (km/s) (GHz)

RSN-84 CO(4-3) 102.05 584+96 11.23 [CIJ(1-0) 108.91 5.39 3.518 4.5+0.3 5.24+0.9
RSN-121 CO(4-3) 106.64 683 +77 12.26 [CI](1-0) 113.74 4.89 3.323 3.3+0.2 5.24+0.1
RSN-235 CO(5-4) 101.95 4814+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(5-4) 111.94 493 4.150 3.5+0.3 5.4 +0.8
RSN-361 CO(5-4) 103.19 349+81 630 [CI(1-0)@ 88.13 347 4585 43+05 51409
RSN-41 CO(3-2) 91.50 627+60 12.18 - - - 2.779 3.0x£0.2 6.9+0.1
RSN-182 CO(5-4) 100.31 4414+89 9.59 - - - 4.745  4.6+0.2 5.9+0.9
RSN-247 CO(3-2) 88.02 905+285 6.79 - - - 2.929 34+£04 5.0£0.1
RSN-456 CO(3-2) 86.74 497+71  7.22 - - - 2.987 2.8+0.2 6.8 0.7

Note: In the first tier of galaxies, the two lines identified in the spectrum are employed to estimate the spec-
troscopic 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 as in Chapter 2 after adding the 3 mm continuum point.

(@) Tentative second line; see the discussion in Section 3.3.3
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3.3.3 Redshift estimation

After detecting the different lines in our datacubes, we estimate the spectroscopic
redshift of our sources following Jin et al. (2019). To do this, we consider the line
with the highest S/N in each cube (i.e., the line with the highest reliability) and
model it as each of the CO transitions that should be visible in the redshift range
0 < z < 8 (see Figure 3.1). For all redshifts higher than 3, for most of which a
second line is expected, we search for a detection at the expected frequency in the
line list produced in Section 3.3.2. Through the S/N of each detection, we compute
the reliability of the tentative second lines through Equation 3.1. It is crucial to
underline that for the second line, the number of effective searches (Ngg) is much
lower than those employed in Section 3.3.2. In this case, we do not perform an
active search of the line throughout the whole spectrum, but we only analyze 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 estimate a joint spurious probability given by the product
between the spurious probability of the first and second line. The redshift with the
highest reliability is assumed to be the spectroscopic redshift of our sources.

This approach is sufficient for all the galaxies in which two lines are robustly
detected. However, for four of our targets, no second line is detected at a sufficiently
high S/N. For these galaxies, we assess the redshift based on additional information
from the photometry. After the continuum datapoint at 3 mm (Table 3.2) is added
to the photometric catalog presented in Chapter 2 (or an upper limit for the galaxies
that are undetected in the continuum images), we perform an SED fitting through
the code Cigale (Boquien et al. 2019) using the same models and setups presented
in Section 3.3.5. We fix the redshifts to all the spec-z allowed by the single line
identified in the spectrum. Hence, we assume the redshift with the best agreement
between the modeled SED and the photometry (i.e., the redshift with the lowest
x?) as the final value for the spec-z. It is interesting to notice that — for one of
the remaining galaxies (RSN-182) — the redshift estimated through this procedure
falls 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 Figure 3.2) 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 observations. 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 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.
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Figure 3.3: Spectrum of the various lines identified through the procedure dis-
cussed in Sections 3.3.2 and 3.3.3 in our targets. To increase the visibility of the
lines, we resampled the original spectral resolution employed in the study up to
~ 180 km/s. 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 20 starting from 3o. In each line, we also report in red
the Gaussian modeling with one or two components as described in Section 3.3.4.
In the lines modeled with a double Gaussian, we also show the two subcomponents
with a dashed orange line.
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Figure 3.4: 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.
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Table 3.4: Integrated fluxes of the lines detected in our
sources.

ID lco@i-2) lcow-3) Lco(s—a) Lieni-o)
Uy km/s]  [Jy km/s]  [Jy km/s]  [Jy km/s]

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 - - -

Note: All the values are obtained through aperture pho-
tometry on the zeroth moment of each line with an aperture
equal to the 20 contour.
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Table 3.5: Physical properties for our sources derived through SED fitting.

D log(M,)  log(SFR) log(Lir) Ay log(M§9)  log(M) (@

[Mg] Mg yr~'] [Lo)] [mag] [Mg] [Mg] [Myr]
RSN-41  11.04+0.1 2.724+0.06 12.56+0.06 4.9+0.2 11.10+0.06 - 242 + 50
RSN-84 11.04+0.1 2.76+0.03 12.57+0.03 4.8+0.2 10.864+0.08 11.174+0.06 258453
RSN-121 11.04£0.1 2.65+£0.06 1247+0.06 4240.2 11.114+0.07 11.01 £0.07 229 £ 60
RSN-182 11.1+0.1 2.92+0.03 12.72+0.03 3.84+0.2 11.02+0.08 - 126 + 27
RSN-235 11.3+0.1 3.04+0.03 12.83+0.04 454+0.2 11.07+0.08 10.96+0.08 83+ 18
RSN-247 10.74+0.2 257+0.04 12464+0.04 4.6+0.4 10.71+0.09 . 140 + 31
RSN-208 11.04+0.1 2.69+0.06 12.584+0.06 4.24+0.3 10.81 4 0.08 - 132 £+ 30
RSN-361 10.84+0.3 2.79+0.03 1261+0.03 39406 10.7+0.1 11.06=+=0.06 186+ 34
RSN-456 10.8 +£0.2 2.41+0.07 12.37+0.07 4.6+0.3 10.93+0.06 - 288 + 63
Median® 11.0+0.1 2.6+0.1 126+0.1 45404 109402 11.03+0.07 263+ 86

G24®  11.04+04 28+04 126+04 3.94+0.3 — — —

Note: The SED fitting is performed with the code Cigale (Boquien et al., 2019) after the assumed
spectroscopic redshifts were retrieved in Section 3.3.3. The last two columns report the molecular gas
mass and the depletion time as estimated in Section 3.4.3. The last two rows report the median value
computed for the galaxies here and for the whole sample analyzed in Chapter 2 with Cigale.

(@) Estimated from the M [[g I When available.

(®) The uncertainties on the median quantities are reported as half the interval between the 84th and
the 16th percentile.
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3.3.4 Initial insights into the ISM kinematics

As shown in Table 3.3, most of our targets have quite broad lines (FWHMSs of sev-
eral hundreds of km/s). This result is familiar for high-z DSFGs and ULIRGs 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 allows us to infer some initial insights
into the ISM kinematics inside our galaxies. As shown in Figure 3.3, most of the
lines observed in our targets have a peculiar 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 motivated way whether our lines should be
modeled with a single or double component, we perform a test hypothesis. In our
case, the null hypothesis consists of modeling the line with a single Gaussian, while
the alternative hypothesis consists of a modeling with two Gaussians. We employ
two nested models (with four and seven free parameters, since we allow a residual
continuum component), and perform 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. Considering only the highest S/N line in each spectrum, we obtain 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 prevents us from concluding that the
additional component is statistically required for a correct modeling. For all the
lines for which the double model is statistically motivated, we report the best-fitting
parameters in Table 3.6. A comparison of the fraction of double-peaked lines with
other similar studies in the current literature presenting spectroscopic follow-up of
SMGs at (sub)mm wavelengths shows that our percentage is higher than the ~ 30%
reported by Bothwell et al. (2013) (detecting CO emission in a large sample of 32
SMGs in the redshift 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 re-
ported 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 struc-
ture is visible in the CO(4-3) and [CI](1-0) lines; see Figure 3.4). Unfortunately, the
spatial resolution of our observations is not sufficient to distinguish between the two
possible models (i.e., a disk or a merger). Similarly, the coarse spatial and spectral
resolution prevents 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 deter-
mine whether the structure is stable. This result would be of crucial importance to
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Table 3.6: Best-fitting parameters for the Gaussian mod-
eling when two components are employed, as described in
Section 3.3.4.

ID Av FWHM (red) FWHM (blue)
[km/s] [km/s] [km/s]

84-CO(4-3) (366 +£61)  (1914+99) (401 =+ 114)
- [CI)(1-0) (552+£39) (234 451) (305 & 77)
121 (449 £33) (289 £ 47) (319 + 68)
182 (219£321) (387 £440) (203 + 214)
235 (200 +132) (376 4+222) (233 £ 78)
298 (302+58)  (2084+129) (208 + 66)

Note: The columns report the IDs of the galaxies, the velocity
offset between the two Gaussian components, and the FWHM
of each component.

constrain some of the evolutionary models of massive galaxies (see Section 3.4.4).

3.3.5 SED fitting

After we assessed the spectroscopic redshift of our sources, we estimate their physical
properties through an SED fitting with the code Cigale (Boquien et al., 2019), by
using the same libraries and setup as discussed in Section 2.5.2. The results of the
SED fitting and all the physical properties estimated with Cigale are summarized in
Figure 3.5 and in Table 3.5. Through the SED fitting, we estimate the stellar mass
(M,), the infrared luminosity (Lig), and the dust attenuation (Ay). Asin Chapter 2,
we estimate the SFR from the Lig through the relation by Kennicutt & Evans (2012),
rescaled to a Chabrier (2003) IMF. Interestingly, Cigale reports a fagn = 0 for all
our targets, and we can therefore safely conclude that the photometry of our galaxies
is correctly reproduced without a dusty torus component. Another indication for the
lack of a strong AGN contribution in our sample comes from the estimation of the
grir 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 spectroscopic 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 assume 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).

3.4 Results and discussion
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Figure 3.5: 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. The observed photometry is reported as red points (detections
with S/N>3) and triangles (upper limits).

o4



Chapter 3

3.4.1 Analysis of the spec-z

As visible in Table 3.3, 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 estimated in Chapter 2 (when the continuum point at 3 mm
obtained in Section 3.3.1 is added), we note that the agreement is quite good (see
Figure 3.6). More quantitatively, we can measure the accuracy of our photo-z as

median (M) =0.05 (3.4)

1+ Zspec

when considering all the spec-z assessed in Section 3.3.3. This result validates the
procedure followed in the previous chapter for estimating the photometric redshift
of the RS-NIRdark galaxies, and it is quite encouraging for future follow-ups for the
high-z candidates reported there. 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 3.1), we can retrieve three photo-z from that catalog (z = 3.6 £+ 0.3,
z = 2.8+ 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; [Ibert 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
redshifts estimated through (sub)mm spectroscopy (see Table 3.3). A last inter-
esting comparison can be performed with the photometric redshifts computed by
Talia et al. (2021) that were employed to select the targets for these ALMA ob-
servations. Unfortunately, most of the sources are located at a lower redshift than
expected from that study (see Table 3.3). This difference can be explained by the
several improvements in the photometry extraction and in the photo-z estimation
employed in Chapter 2 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 (allowing us to better extract the photometry from low-resolution maps
such as the IRAC maps), the deeper IRAC images employed in Chapter 2, and the
more stringent upper limits employed in the photometric bands without detections.

3.4.2 Analysis of the physical properties

The results obtained through SED fitting in Section 3.3.5 allow us to confirm one of
the main results established in Chapter 2 where we assessed that the RS-NIRdark
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 procedure were affected by significant uncertainties
due to the several degeneracies between the shape of the SED and the redshift. By
assuming the spec-z measured through our ALMA observations, 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 in Chapter 2
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
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Figure 3.6: Comparison of the photometric redshift estimated in Chapter 2 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.

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-NIRdark sources. A second interesting comparison between this chapter and
the previous one 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 Figure 3.7, 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, however, that
the location on the main sequence strongly relies on the estimated stellar mass,
which is quite uncertain for our targets because the rest-frame optical continuum
is highly obscured by the dust. Nevertheless, the employment of Cigale, relying
on the energy balance principle between dust absorption and emission, allows 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-NIRdark galaxies in COSMOS by
the deep NIR imaging provided by JWST as part of the COSMOS-Web survey (see
Chapter 4). Figure 3.7 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 overlap
between our RS-NIRdark galaxies and the H-dropouts has already been studied
in the previous chapter, the availability of the new (sub)mm data allows us to
study more quantitatively how many of our sources would be selected with the
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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 Survey by re-imaging a sample of
galaxies initially detected in the 850 pm maps produced with the SCUBA-2 camera
(Geach et al., 2017) with ALMA (in band 7, i.e., at a representative frequency of
870 pm; Stach et al. 2019). The sample studied by Smail et al. (2021) contains
all® the sources with K's > 25.3 mag (at 5 o). Since the Ks limiting magnitudes
in the UDS and in COSMOS are similar, we study the overlap between the two
populations by comparing the (sub)mm flux at 850 pm. For our sources, only RSN-
84 has an ALMA flux at the same frequency (see Table 3.2). 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 uncertainties in
the SuperDeblended catalog also account for the deblending procedure). For these
sources, we employ the best-fitting fluxes at 850 pm computed with Cigale. On
the other hand, the sources in Smail et al. (2021) were initially selected for having
an S/N> 4o (equivalent to Sssoum > 3.8 mJy) in the original SCUBA-2 maps.
However, the higher resolution achieved by ALMA in the Stach et al. (2019) follow-
up allowed the discovery of multiple fainter sources that contribute to the original
sources detected by SCUBA2 up to Sgsoum > 1 mJy 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 3.2), all of them would have
been detected by the deeper ALMA follow-up.

3.4.3 Gas mass and depletion time

It is well known 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., 2020b; Gururajan et al., 2023). For four galaxies in our sample (see Table 3.3),
we observed the [CI|(1-0) line and — therefore — directly estimate the molecular
gas mass in our objects by employing the relation by Papadopoulos et al. (2004),

D Iicna-o
(14 2)A10Q10Xcr

, where Dy is the luminosity distance of our target expressed in Mpc, I¢o is the
integrated line flux, and A,y = 0.793 x 10~7 s7! is the Einstein coefficient. Qo and
Xjo are the [CI] excitation factor and the [CI]/Hy abundance ratio, respectively.
For these quantities, we employ literature standard values of Xo; = 3 x 1075 and
Q10 = 0.6 (Papadopoulos et al.; 2004; Bothwell et al.; 2017). Through Equation 3.5,
we estimate the gas masses for RSN-84, RSN-121, RSN-235, and RSN-361 reported
in Table 3.5. For all the other targets in which we did not detect the [CI](1-0) line,
we derive the gas mass from the CO(1-0) line through the relation

M (Hy) 1 = 1375.8 x 10712

[M)] (3.5)

M (Hy)®° = 3.25 x 107acolcov2Di(1 4 2)73 (3.6)

obs

3The 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 assume that the 30 galaxies analyzed by Smail et al. (2021) are representative
of the full sample
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Figure 3.7: 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 scatter). The targets are reported as
colored stars, with the same color-code as employed in Figure 3.6. The dotted gray
line reports our threshold 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-NIRdark galaxies around z ~ 3.5
studied in Chapter 2, the NIR-faint SMGs by Smail et al. (2021), and the H-dropout
galaxies by Wang et al. (2019)
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Figure 3.8: Depletion time and star formation rate for our targets. The RS-
NIRdark galaxies are reported as colored stars, following the same color-code as
in Figure 3.6. The colored triangles are other populations of SMGs, namely those
collected by Bothwell et al. (2017), Canameras 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 galaxies at z ~ 3.5 following the
relation 7 = 1.5(1 + 2)* 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.
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Figure 3.9: Possible evolutionary paths of our targets, assuming a simple evo-
lutionary model with a constant star formation and a final stage in which all the
molecular gas has been transformed into stars. The uncertainties are considered
through a Monte Carlo integration. The color map is the same as employed for
Figure 3.6. For reference, the shaded red stars report the stellar mass and the red-
shifts for the massive and passive galaxies at z ~ 3 discovered by Schreiber et al.
(2018a).

(see, e.g., Bolatto et al. 2013 and references therein). It is well known that the value
of aco is highly uncertain and strongly depends on the specific property of each
galaxy. We choose a literature value of 0.8 M, [K km s™! pc™2|~!, which is usually
employed for star-bursting galaxies (see, e.g., Bolatto et al. 2013; Gururajan et al.
2023). In order to use Equation 3.6, we rescale the measured fluxes of our CO lines to
the CO(1-0) transition by assuming a CO spectral line energy distribution (SLED).
Several 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 performed on our targets by Talia et al. (2021) and in
Chapter 2 (together with the null AGN fraction obtained through SED fitting with
Cigale; Section 3.3.5) excluded strong nuclear activity, we choose 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 employ R3; = 2.3+0.3,
Ry = 3.0£0.4, and Rs; = 3.8+ 0.7, where R,; is the ratio of the integrated line
flux in the nth CO transition and the CO(1-0). The gas mass obtained through
these relations is reported in Table 3.5. For the galaxies with both a CO and a [CI]
line, we report both estimates of the gas mass. However, 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 rely on the assumed CO-SLED, even though they still depend
on the conversion factor between the [CI|(1-0), as uncertain as the aco value), we
employ these gas masses in the following analyses. The information about the gas
content of our galaxies can be combined with the SFR estimated in Section 3.3.5 to
assess the depletion time of our galaxies. This quantity is defined as the amount of
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time in which each object would transform its whole gas mass into stars assuming

a constant SFR: M (Hy)
B 2

For our galaxies, we obtain the depletion times reported in the last column of
Table 3.5. 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 cur-
rent literature, as shown in Figure 3.8. Firstly, the depletion time of our targets
can be compared with that expected from main-sequence galaxies. Saintonge et al.
(2013) reported a m that evolved with redshift as 7 = 1.5(1 + 2)®, with several
collaborations finding different values for the exponent, spanning from a = —1.0
(Davé et al., 2012) to a = —1.5 (Magnelli et al., 2013). Our targets have a shorter
depletion time than main-sequence galaxies. This result represents a further confir-
mation (independent of the more uncertain stellar mass) of the star-bursting nature
of our sources. Secondly, we can compare the gas mass and the SFR of our RS-
NIRdark galaxies with several SMGs in the current literature (those analyzed by
Walter et al. 2011, Bothwell et al. 2017, and Canameras et al. 2018). For all these
sources, we retrieve the infrared luminosity and the [CI](1-0) line fluxes from the
study by Valentino et al. (2020b). Following the relations by Kennicutt & Evans
(2012) and Papadopoulos et al. (2004), we estimate the SFR and gas mass in a con-
sistent way with those derived from our targets. We obtain that our RS-NIRdark
galaxies are — on average — more gas rich than the SMGs analyzed in those stud-
ies and located in the low-SFR tail of their distribution and therefore have a longer
depletion time.

3.4.4 Possible evolutionary path

The gas mass and depletion times estimated in Section 3.4.3 allow us to forecast a
possible evolutionary path for our sources. We employ the same simplistic model
that was used to define the depletion time: we assume that the SFR remains con-
stant inside our sources until all the gas mass is converted into stars. Clearly, this
model does not account for any quenching mechanism (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 assume that our galaxies evolve
from an initial state characterized by zp = zpec and M,y = M, to a final state
with 25 = zZgpee — Az and M, y = M, + My,, where Az is the difference in red-
shift elapsed during the depletion time. The results of this simplistic model applied
to our targets are shown in Figure 3.9, where we consider all the uncertainties on
the involved quantities through a Monte Carlo integration. We compare the final
stage of our galaxies with the redshift and stellar mass of the massive and passive
galaxies discovered by Schreiber et al. (2018a) at z ~ 3 noticing a significant over-
lap between the two populations. This result, combined with the number densities
estimated in Chapter 2 (see also Talia et al. 2021 and Behiri et al. 2023), suggests
that the RS-NIRdark galaxies could represent a significant fraction of the progeni-
tors 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,
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e.g., Casey et al., 2014; Toft et al., 2014; Valentino et al., 2020a). In addition, the
components with different velocities detected in our targets in Section 3.3.4 could
support two possible evolutionary 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 component in our
galaxies could be due to the presence of a rotating disk. In this case, this result
would support the so-called in situ scenario, where the build-up of massive galax-
ies occurs via the rapid compaction of a gaseous outer disk triggering a significant
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).

3.5 Chapter summary

In this chapter, I presented the first spectroscopic follow-up at millimeter wave-
lengths for a pilot sample of nine RS-NIRdark galaxies in the COSMOS field.
Through a new series of ALMA observations, my collaborators and I 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 listed
below.

e Modeling the detected lines as CO and [CI] transitions, we estimated a spec-
troscopic redshift for all the galaxies in our sample. These values agree well
with those estimated through SED fitting in Chapter 2.

e The new availability of a spectroscopic redshift allowed us to decrease the de-
generacies in the SED-fitting procedure. This improved SED fitting confirmed
one of the main results for the RS-NIRdark galaxies: they represent a popu-
lation of highly obscured (A, ~ 4), massive (M, ~ 10" M), and star-forming
(SFR~ 500 M, yr!) galaxies.

e 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 similar conclusion was reached by
observing the overlap between the physical properties (stellar mass and SFR)
computed through SED fitting for the two samples.

e The good spectral resolution of the new ALMA observations 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.
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e Based on the CO and [CI] lines detected in our targets, we estimated the
gas mass and the depletion time of our galaxies. These results allowed us to
forecast a possible evolutionary path for our objects. This strongly suggests
that the RS-NIRdark 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.
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A radio selection for DSFGs: The
impact of JWST

4.1 Introduction to the chapter

This chapter describes the improved analysis of my RS-NIRdark galaxies taking
advantage of the new JWST data of the COSMOS field obtained as part of the
COSMOS-Web survey (Casey et al., 2023). It is structured as follows. In Section 4.2,
I describe the data and the updated sample selection. In Section 4.3, I estimate
the physical properties of my targets through SED fitting and the possible AGN
contribution. In Section 4.4 I estimate the luminosity function of my sources and in
Section 4.5 I use this result to compute how much these galaxies contribute to the
cosmic SFRD. I discuss my main results in Section 4.6 and — finally — I present
my conclusions in Section 4.7.

Most of the analysis presented in this chapter is also described in “Going deeper
into the dark with COSMOS-Web: JWST unveils the total contribution of Radio-
Selected NIRfaint galazies to the cosmic Star Formation Rate Density” by Gentile
et al., (subm.), currently under review in Astronomy & Astrophysics.

4.2 Data

4.2.1 JWST photometry

The JWST photometry for the sources described in this chapter comes from the
COSMOS-Web survey (GO #1727, Pls Kartaltepe & Casey; Casey et al. 2023),
a cycle 1 treasury program consisting in the NIRCam and MIRI imaging of the
COSMOS field. The program includes a contiguous NIRCam mosaic covering the
central region of the field (~0.54 deg?) in the four filters F115W, F150W (the short-
wavelength filters; SW hereafter), F277W, and F444W (long-wavelength; LW). In
parallel with the NIRCam mosaic, COSMOS-Web also includes a MIRI mosaic cover-
ing a total (non-contiguous) area of 0.19 deg? in the F770W filter. A full description
of the COSMOS-Web program can be found in Casey et al. (2023), while the data
reduction procedure is described in detail in M. Franco et al., (in prep.).
In this work, I use the NIRCam and MIRI photometry extracted with SourceXtractor++
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(SE++; Bertin et al. 2020; Kiimmel et al. 2020). This software performs the detection
on a positive-truncated y? combination of the four NIRCam filters PSF-homogenized
to F444W. Each source is then modeled with a Sérsic profile (Sérsic, 1963). The
best-fitting model is then convolved with the PSFs of the five (NIRCam and MIRI)
scientific maps in order to extract the fluxes and the related uncertainties. A full
description of the procedure followed to build the COSMOS-Web catalogs can be
found in M. Shuntov, L. Paquereau et al., (in prep.).

4.2.2 Radio data

The radio data analysed in this chapter are the same described in Chapter 2 and
come from the VLA-COSMOS Large Program (Smolcic¢ et al., 2017). To perform
the sample selection, together with my collaborators, I cross-match the photometric
catalog of COSMOS-Web with the public catalog by Smolci¢ et al. (2017) with a
matching radius of 0.7” (as in Chapter 2). This procedure gives in output a sample
of 3196 galaxies. However, given the better spatial resolution of NIRCam than that
achieved with the VLA, 139 radio sources have multiple NIRCam galaxies falling in
the matching radius, that we exclude from the final sample.

4.2.3 Sample selection

We perform a sample selection resembling those previously employed in Chapter 2
(see also Talia et al. 2021 and Behiri et al. 2023) to collect the initial sample of
RS-NIRdark galaxies in the COSMOS field, but taking advantage of the new JWST
photometry coming from the COSMOS-Web survey.
We start from the parent sample assembled in Section 4.2.2 and we select our
galaxies through the following criteria:
{S3GHZ > 11.5 pdy (4.1)
F150W > 26.1 mag

Clearly — by construction — all the galaxies in the final sample also need to be
detected in the detection image employed to assemble the COMSOS-Web catalog.

The first criterion requires that the sources are robustly (S/N > 5) detected
at radio frequencies, while the latter requires that they would not be detected in
the NIR filter H (A ~ 1.6 pum) at the 30 depth of the COSMOS2020 catalog (2”
aperture; see Weaver et al. 2022). The full sample includes 127 galaxies in the 0.54
deg? observed in the COSMOS-Web survey (55 with MIRI coverage, ~ 32% of the
full sample, 44 with a robust detection at S/N>3).

Compared with the previous criteria employed in Chapter 2, we include in our
sample sources with lower values of the S/N of the radio flux. The availability of a
strong prior such as the NIRCam imaging — indeed — allows us to relax this crite-
rion, potentially including in our sample some higher-z sources previously missed due
to their faintness at radio frequencies (e.g. the spectroscopically-confirmed source
at z ~ 5 reported by Jin et al. 2019, with a reported S/N at 3 GHz of 5.2).

Moreover, in Chapter 2, we required the lack of counterpart in the COSMOS2020
catalog, whose detection was performed on a x?—image including the four VISTA
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filters Y, J, H, and Ks and the two optical filters i and z from HSC (Weaver et al.,
2022). However, the low resolution of these images did not completely allow a
counterpart-matching for some optically-bright galaxies blended with nearby sources
(see the discussion in Section 2.3). With these improved criteria and with the high-
resolution of the NIRCam maps, we aim at selecting a less contaminated sample of
“NIRdark” galaxies. Since these sources are now detected at the new depths reached
by NIRCam, in the following we will refer to our galaxies as radio-selected NIRfaint

(RS-NIRfaint).

4.2.4 Ancillary data

Our targets are located in the COSMOS field. Therefore, the almost complete
photometric coverage presented in Section 2.3.1 is available for them. More in detail,
we employ in the analysis described in this chapter the ancillary data listed below.

e Optical-to-MIR: The SE++ software employed to extract the NIRCam and
MIRI photometry can also be applied to other ancillary data, by fitting each
source with the parametric model computed on the NIRCam maps (once con-
volved with the PSF of low-resolution maps). These additional data include:

1. The optical maps obtained during the Subaru Strategic Program (SSP
DR3; Aihara et al. 2019) performed with the HyperSupreme Cam (HSC)
mounted on the Subaru telescope and those obtained with the Advanced
Camera for Surveys (ACS) equipped on HST (Kockemoer et al., 2007).

2. The NIR data obtained during the UltraVISTA survey (DR6; McCracken
et al. 2012) performed with the VIRCAM instrument of the VISTA tele-
scope.

3. The MIRI data obtained as part of the Cosmic Dawn Survey of the COS-
MOS field (Moneti et al., 2022) performed with the Infrared Array Cam-
era (IRAC) equipped on the Spitzer Space Telescope.

The footprint of all these surveys overlap with the full COSMOS-Web area. In
order to cover wavelength ranges not included in our NIRCam and MIRI pho-

tometry, we include in our catalog the data in the eight filters g, r, 4, z, y, F814W, K s

and in the first channel of IRAC (A ~ 3.8 pm). The depths and additional
details on the employed maps can be found in Weaver et al. (2022) and in M.
Shuntov, L. Paquereau et al., (in prep.).

e FIR/(sub)mm: We cross-match our catalog with the most updated version
of the super-deblended catalog (Jin et al. 2018; Jin et al., in prep.), including
deblended photometry from the PACS and SPIRE instruments equipped on
the Herschel space telescope that observed the COSMOS field during the
surveys described in Lutz et al. (2011) and Oliver et al. (2012). From the
same catalog, we also retrieve photometry at 870 pym from the deblending of
the SCUBA-2 maps obtained during the S2COSMOS survey by Simpson et al.
(2019). Since the super-deblended employs the 3 GHz sources of the VLA-
COSMOS survey as priors, all our galaxies have an entry in that catalog. More
in detail, 72 sources in our sample have at least one detection at S/N>3 in at
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Figure 4.1: Some examples of the SED fitting performed with Cigale on the galax-
ies included in the highest redshift bin. The squares indicate the photometric points
from JWST, A3COSMOS and the 870um from the deblending of the S2COSMOS
maps by Simpson et al. (2019). The circular points report the ancillary photometry
from HSC, VISTA, Spitzer, and from the super-deblending of the Herschel Maps.
The inset shows the Gaussianized p(z) computed with Cigale. The top row shows
the cutouts (3 arcsec side) in the NIRCam and MIRI filters of COSMOS-Web.

least one PACS or SPIRE filter. Similarly, 31 objects are detected at S/N>3
in the 870 ym maps. All the other objects have upper limits. We also obtain
ALMA photometry in the (sub)mm range for 38 of our sources (~ 30% of
the sample) by cross-matching with the most recent catalog (v20220606) from
the Automated mining of the public ALMA Archive in the COSMOS field
(A3COSMOS; Liu et al. 2019; Adscheid et al. 2024).

e Radio: Finally, we retrieve data at radio frequencies (3, 1.4, and 1.28 GHz)
by cross-matching with the public catalogs from the VLA-COSMOS large
program (Smolci¢ et al., 2017; Schinnerer et al., 2007) and the early data
release of the MIGHTEE survey performed with MeerKAT (Jarvis et al., 2016).
Given the lower resolution of the MIGHTEE maps (~ 8”), we only consider
the 1.28 GHz radio fluxes of 84 isolated sources (i.e. without another 3 GHz
object within 8”).

4.3 SED fitting

Our SED fitting is performed with Cigale (Boquien et al. 2019), with the same
setups described in Section 2.5.2. Differently from the previous chapters — however
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— we do not include the radio data in the fitting. These data are employed later
(see Section 4.3.3) to estimate the AGN fraction in a different way from what done
in the previous chapters. The good convergence of the SED-fitting procedure is
ensured by the distribution of the reduced y?, with a median value of (x2) = 1.1
and 95% of the sample with a x> < 5. Some examples of the SED-fitting output are
reported in Figure 4.1.

4.3.1 Photometric redshifts

The distribution of the photometric redshifts for our sources is reported in Figure 4.2.
The distribution is quite peaked at (z) ~ 3.6, with a 1o dispersion (given as the
symmetrized interval between the 16th and the 84th percentile) of 0.8. The avail-
ability of the new NIRCam and MIRI photometry allows us to sample the rest-frame
optical /NIR emission of our galaxies, reducing the uncertainty on the photometric
redshifts. The median dz/(1 + z) for our galaxies is 0.08, nearly half of what we
would obtain by removing the JWST photometry from the SED fitting performed
with Cigale (0.15). The spectroscopic coverage of our sample is not sufficient to al-
low a proper testing of our photometric redshift. However, thanks to the collection of
spectroscopic redshift in COSMOS (A. A. Khostovan et al., in prep.), we found four
sources in our sample with a spec-z. These are ID20010161 (zgpec = 5.051) from Jin
et al. (2019) (see also Chapter 5)) and AS2C0OS0002 (zspec = 4.600), AS2COS0011
(2spec = 4.783), and AS2C0OS0014 (zspec = 2.920) from Chen et al. (2022). These
spectroscopic redshifts are well recovered by our SED fitting, with the first three
objects having a discrepancy lower than 20 and only the last one having a spec-z
at 5o from the photo-z. The median value (computed on this small sample) of the
|Az|/(1+ =) is 0.09.

4.3.2 Physical properties

With Cigale, we also estimate the stellar masses and dust attenuation for our
galaxies. Since we do not have any constraints on the rest-frame UV SED of our
sources, we do not use the SFR computed through SED fitting for our analysis.
Instead, we compute the SFR from the radio luminosity — after accounting for
the possible AGN contribution — as described in Section 4.3.3. The results of
this procedure are summarized in Table 4.1 and in Figure 4.3. These distributions
picture the RS-NIRfaint galaxies as a population of highly dust-obscured ((A,) ~ 3.5
mag), massive ((M,) ~ 10'® M) and star-forming galaxies ((SFR) ~ 300 Mg,
yr~1) located at (z) ~ 3.6. Figure 4.3 also shows for reference the same properties
computed for other notable populations of dusty star-forming galaxies (i.e. those
selected with JWST by Gottumukkala et al. 2023 and with SCUBA/ALMA by
MeKinney et al. 2024). A full comparison between the RS-NIRfaint galaxies and
these other samples will be the focus of Section 4.6.1.

68



Chapter 4

[ RS-NIRfaint (F150W>26.1)
[ 3GHz Sources (F150W<26.1)
—=—- Enia+22

—==- Van Der Viugt+23

—~
-
——

thot

Figure 4.2: Distribution of the photometric redshifts of our RS-NIRfaint galaxies
in COSMOS-Web. Our sources are reported as the purple solid line, while the
complementary sample of 3 GHz objects with F150W>26.1 mag is reported as
the blue solid line. For reference, we also show the photo-z computed by Enia
et al. (2022) on their sample of radio sources (with optical/NIR counterparts) in
the GOODS-N field (blue dashed line) and those estimated by van der Viugt et al.
(2023) for their sample of optically /NIR-faint galaxies in their deeper COSMOS-XS
survey (dashed pink line).
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Figure 4.3: Main properties (photometric redshift, stellar mass, SFR, and dust
extinction) of our RS-NIRfaint galaxies. We show — for comparison — the same
properties computed by Gottumukkala et al. (2023) and McKinney et al. (2024) for
their sample of JWST-selected and SCUBA-selected DSFGs as the green and orange
dashed lines, respectively. To allow a fair comparison, we only include the sources
by Gottumukkala et al. (2023) with F150W > 26.1 mag and exclude the sources
flagged as possible AGN.
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Table 4.1: Median properties of our
RS-NIRfaint galaxies

Property Median o Unit

Zphot 3.6 0.8 -
log(M,,) 10.8 0.7 Mg
log(SFR) 2.5 04 Mg yr!

A, 3.5 0.9 mag

Note:

The o of each distribution is reported
as the symmetrized interval between
the 84th and the 16th percentiles.

4.3.3 AGN contribution

Since we are dealing with galaxies selected at radio frequencies, we need to consider
that part of that emission could be due to nuclear activity and not to star formation.
For doing so, we follow the procedure established by Ceraj et al. (2018) to measure
the so-called “AGN fraction” (fagn), quantifying the AGN contribution to the radio
luminosity.

We start by computing the infrared luminosity (Ligr) of our sources by integrating
the best-fitting SED given in output by Cigale in the range [8,1000] pm. The Lir
is then employed to compute the grir parameter (quantifying the ratio between
infrared and radio emission) for our galaxies as:

Lir[W] Ly 4cnz tot
—log [ B} g (ZLAGHz 4.2
i = 08 (3.75 < 1012Hz ) %\ WHz! (4.2)

where L 410 is the radio luminosity at 1.4 GHz computed from the radio flux at
3 GHz. The conversion between these quantities is done by computing the radio
slope between 1.4 (or 1.28) GHz and 3 GHz (for the galaxies with a measured flux
at these frequencies, see Section 4.2.4) or by assuming a fixed slope of & = —0.7
(commonly employed for star-forming galaxies, see e.g. Novak et al. 2017).

The grr of star-forming galaxies is found to correlate with redshift. A possible
parametrization is that found by Delhaize et al. (2017)! as:

grr(2) = (2.88 £0.03)(1 4 )~ 0-19+0.01 (4.3)
We can take advantage of this relation to estimate the AGN fraction as
faex(g, 2) = 10772 (4.4)

where ¢ is the grir measured for our galaxy and g(z) is the same quantity expected
for a galaxy at the same redshift following the relation by Delhaize et al. (2017).
Since in that study the grr(2) relation is found to have an intrinsic scatter of 0.26,

We underline that the analysis described in Delhaize et al. (2017) is based on the same radio
survey employed to select the galaxies in this study.
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we assign a fagy = 0 to all the sources with ¢ — ¢ < 0.26 (i.e. those compatible
within 1o with the relation expected for star-forming galaxies).

As visible in Figure 4.4, most of the galaxies in our sample have low values of
the AGN fraction (fagn < 0.3) and just 13 sources (~ 10% of the full sample) are
dominated by the AGN emission (fagn > 0.9; see e.g. Enia et al. 2022) and —
therefore — are removed from the sample. For all the other sources, we can account
for the AGN contribution by computing the radio luminosity due to star formation
as

Liacn, = Liacuzso(1 — facn) (4.5)
This value is then used to compute the SFR following Novak et al. (2017):

) L1achy

FR[M. yr] = 10724104
S R[ oyr ] 0 WHZ_l

(4.6)
by assuming the same grr(z) relation found by Delhaize et al. (2017) and pre-
sented in Equation 4.3.

4.4 Radio Luminosity Function

We compute the radio luminosity function of our RS-NIRfaint galaxies by dividing
our sample in three equally-populated redshift bins, covering the ranges 2.5 — 3.3,
3.3—3.8, and 3.8 — 5.5. In each redshift bin, we divide the galaxies in several bins of
(AGN-corrected) radio luminosity with a fixed width of 0.35 dex. To better sample
the range of luminosities we employ bins that are overlapping by half of their width.
In each combined redshift-luminosity bin, we compute the radio luminosity function
following the 1/Vja method (Schmidt, 1968) as:

1 1
(L, 2) = Rl L Z v (4.7)

where Alog L is the log-amplitude of the luminosity bin and the sum extends to all
the galaxies in that bin. For each galaxy, Vi .x is computed as

Vinax = ia:x V(z+Az) =V (2)]C(z) (4.8)

Z=Zmin

where we employ a fixed width of the redshift shells of Az = 0.05. The C(z) term
is the completeness function and it can be written as the product of two terms:

C(z) = CaCsama(2) (4.9)

The first one accounts for the limited area covered by the COSMOS-Web survey. In
our case it can be written as the ratio between the area of the survey and that of
the whole sky:

0.54 deg”

Cp= —— 8 4.10
A7 41253 deg? (4.10)

The second term accounts for the incompleteness of the radio survey where our
galaxies are selected. The completeness function of the 3 GHz survey performed
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during the VLA-COSMOS large program is reported in Smolci¢ et al. (2017) for
resolved and un-resolved sources. Since in our sample we have both kinds of sources,
for each flux we consider the average between the two values.

The sum in Equation 4.8 extends between two values zp;, and zy.. indicating
the minimum and maximum redshift in which our target would be included in our
sample according to our selection criteria. As described in Section 4.2.3, our galaxies
must have a radio S/N> 5 at 3 GHz and be faint in the F150W filter of NIRCam?.

As shown in Figure 4.5, these properties are affected by the redshift of each
object: at higher redshifts, our galaxy becomes fainter in the radio, up to a certain
23aH, Where it becomes too faint to satisfy our S/N cut. Similarly, moving from
high to low redshift, the F150W filter starts to sample less dust-obscured region of
the SED, until a certain zyg where the galaxy becomes too bright to satisfy our
magnitude cut (F150W > 26.1 mag). Both these effects are accounted for in the
definition of 2z, and zyax as:

{Zmin = m.ax (Zmin,bin; ZNIR) (4‘11)
Zmax — MIN (Zmax,bina ZSGHZ)

where Zmin bin aNd Zmax bin indicate the lower and upper limits of the considered
redshift bin. The values zyr and z3qn, are estimated for each galaxy by redshifting
the best-fitting rest-frame SED on a grid with a step of Az = 0.01 and measuring
the expected fluxes at 3 GHz and in F150W filter of NIRCam at each redshift.

To account for the uncertainties in the photo-z and radio fluxes at 3 GHz of our
sources, we perform a Monte-Carlo integration by extracting 5000 random values
from the probability distributions of these quantities. For the redshifts, we directly
sample the Gaussianized p(z) computed by Cigale, while for the radio fluxes we
extract values from a Gaussian distribution centered on the mean value of the radio
flux of each source and standard deviation equal to the related uncertainty. The
value of the LF in each bin of redshift and radio luminosity is computed as the
median value of all the iterations. Similarly, we assume as the upper and lower
uncertainties the 16th and 84th percentiles, respectively. To account for the likely
underestimation of the uncertainties in the less populated bins — due to the contri-
bution of Poissonian uncertainties affecting low number counts — we correct these
values in the bins with less than five galaxies with the 1o confidence intervals re-
ported in Gehrels (1986). Finally, we underline that our uncertainties do not include
any contribution from cosmic variance. The values of the radio LF and the relative
uncertainties are shown in Figure 4.6.

4.4.1 Modified Schechter function

In each redshift bin, we fit the LF of our sources with a modified Schechter function
(Saunders et al.; 1990), a common choice for radio and (sub)mm luminosity functions
(see e.g. Novak et al. 2017; Gruppioni et al. 2020; Enia et al. 2022; van der Vlugt

2According to our selection, our targets must also have a counterpart in the COSMOS-Web
catalogs. However, since all our galaxies are robustly detected in the LW filters of NIRCam, we
neglect this additional constraint.
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Figure 4.4: qrr parameter for our galaxies as a function of the redshift. The
dashed line reports the grir(z) relation by Delhaize et al. (2017), with the shaded
area indicating the intrinsic scatter of the relation. Our galaxies are color-coded for
their AGN fraction, measuring the contribution of nuclear activity to the radio lu-
minosity. Galaxies classified as “radio-excess” (i.e. with fagn > 0.9) are surrounded
by a red square and removed from the sample.
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Figure 4.5: Sketch showing the physical meaning of the z.;, and z,.. values
employed in the estimation of the LF. These values account for the redshift range
in which each target could be found according to our selection criteria. See the
definitions of zyr and zsgp, in Section 4.4
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Figure 4.6: Radio luminosity function at 3 GHz of our RS-NIRfaint galaxies.
The points show the values computed as described in Section 4.4, while the dashed
vertical lines indicate the minimum radio luminosity observable in a given redshift
bin given the sensitivity of our survey. All the points corresponding to fainter
luminosities (shaded points) are not included in the fitting. The shaded areas report
the fitting of the modified Schechter function, with its 1 o uncertainty. For reference,
we also report the radio luminosity function (converted to 3 GHz by assuming a
standard radio slope of @ = —0.7) estimated by Novak et al. (2017), Enia et al.
(2022), and van der Vlugt et al. (2022) on their samples of radio NIR-bright galaxies.

et al. 2022; Traina et al. 2024);

d(L) =D, (L%) o exp {—%‘2 log® (1 + Li)} (4.12)

Due to the limited number of data-points available for fitting and the lack of con-
straints on the faint-end of the LF, we fix the two slope factors (« and o) to the
values found by Novak et al. (2017) in their analysis of the sample of radio sources
(with optical /NIR counterparts) in the VLA-COSMOS large program. These values
are 0 = 0.63 and a = 1.22. We underline that the latter value is also in agreement
with that found by van der Vlugt et al. (2022) in the deeper COSMOS-XS survey,
better sampling the faint end of the radio LF. Possible caveats related to this choice
are discussed in Section 4.5.2.

We fit the two remaining free parameters (¢, and L,, giving the normalization
and the “knee” of the LF, respectively) with a Monte-Carlo Markov Chain (MCMC)
performed with the Python library emcee (Foreman-Mackey et al.; 2013). We adopt
a flat prior on the two parameters: log(®,) € [—6, —2] Mpc™ dex ! and log(L,) €
[20,26] W Hz~!. We only include in the fitting procedure the points with L > Ly,
where L., represents the minimum radio luminosity observable in a redshift bin
given the bo sensitivity of our radio survey. Moreover, since the LF is computed
in overlapping bins of radio luminosity, we only include in the fitting half of the
data-points to obtain un-correlated uncertainties.

The best-fitting parameters of the modified Schechter function — for each red-
shift bin — are reported in Table 4.2, while the fitted function (with its 1o confidence
interval) is reported as the shaded pink area in Figure 4.6.
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Table 4.2: Best-fitting parameters of the modified Schechter function
fitted to our radio luminosity function at 3 GHz. As a reference, we
report the same values obtained by Enia et al. (2022) in the GOODS-N
field considering NIR-bright galaxies. Their luminosities (originally at

1.4 GHz) are converted assuming a standard radio slope a = —0.7.
This work Enia+22
z log(®.) log (L) log(®.) log (L)
[Mpc™ dex™!] [W Hz™!] [Mpc2 dex™!] [W Hz™!]
2.5 <2<3.3 —4.4708 23.1197 —2.6703 22,7103
33<2<38 —3.5108 23.1104 g 70 59 g+03
38<2<55 —-3.6t1L 23.270-2 T 02

Table 4.3: Contribution of the RS-NIRfaint
galaxies to the cosmic SFRD. These values are
obtained by integrating the LF in the range of
radio luminosity covered by our observations
(“observed”) and in the full range of luminosi-
ties (“extrapolated”).

z log(psFr)
[X1073 Mg yr~! Mpc™3]
(Observed) (Extrapolated)

25<2z<33 13407 615
33 < 2<38 812 3015
3.8<2<55 4t2 3079
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4.5 Contribution to the cosmic SFRD

In each redshift bin, we compute the contribution of the RS-NIRfaint galaxies to the
total cosmic SFRD by integrating the analytic expression of the modified Schechter
function weighted for the SFR related to each radio luminosity:

Lmax

SFRD(z) = / ®(L,z)SFR(L, z) dlog L (4.13)

Lmin

where SFR(L, z) is the expression reported in Equation 4.6 and z is the mean red-
shift of each bin. In this integral, we consider the full posterior distribution of
the parameters in the modified Schechter function obtained from the MCMC in
Section 4.4.1 in order to compute the uncertainties on the SFRD.

We perform two different integrals. The first one only includes the radio lu-
minosities between the L., related to the sensitivity of our radio survey and the
maximum luminosity observed in each redshfit bin. The second extends over the
full range of radio luminosities (0 — +o0). While the first integral estimates the
contribution of the galaxies that are actually observed in our surveys to the cosmic
SEFRD, the second one includes in this estimates the galaxies that are not observed
in our survey but that we expect by extrapolating the radio LF at higher and lower
luminosities. We underline that — given these definitions — the first value should
be interpreted as a lower limit on the actual contribution of the RS-NIRfaint galax-
ies to the cosmic SFRD. The results of these integrals are summarized in Table 4.3
and in Figure 4.7. It is possible to notice how our estimates have large uncertainties.
The reason for this can be found in the poor constraints on the L, parameter of the
LF. Being our galaxies unable to trace the faint end of the LF, our analysis can only
pose a robust upper limit on the location of the “knee”. Deeper radio data would

be needed to better constrain this value (and, consequently, the contribution to the
SFRD).

4.5.1 How much do the RS-NIRfaint galaxies con-
tribute to the cosmic SFRD?

The results obtained in Section 4.5 indicate an increasing contribution of the RS-
NIRfaint galaxies to the cosmic SFRD from z ~ 3 to z ~ 3.5 and then decreasing
until z ~ 4.5. This result agrees with previous studies focusing on NIRdark/faint
radio sources at z > 2.5. Our “observed” results are consistent (even though mod-
erately lower at z ~ 3) with those obtained by Behiri et al. (2023), analyzing the
same kind of sources in the COSMOS field (even though with a slightly different
selection, see Section 4.2.3). In that study, no extrapolation was performed outside
the observed range of luminosities, therefore it is not surprising that our “extrap-
olated” results are significantly higher. Similarly, our estimation of the SFRD at
z ~ 3 agrees well with the lower limit presented in Enia et al. (2022) when no
extrapolation is performed.

Our “extrapolated” results can be compared with the upper limit provided by
Fnia et al. (2022) (analyzing NIRdark galaxies in the GOODS-N field) and with the
estimates by van der Vliugt et al. (2023) (analyzing analogous sources in the deep

76



Chapter 4

100 === Madau & Dickinson 14 ® Van Der Viugt+23 |
I This work (Observed) € Enia+22
71 This work (Extrapolated) @ Barrufet+23
@A Behiri+23

; = /4

T T T 11T
\
1
1

N\

Pskr [M o yr~—tMpc3]
o

=/ ~~~"“~-_ =
1073 * * E
A E

| o |
10 45_I TN T T T T T T T T T T T O Y |_E
0 1 2 3 4 5 §) 7 8

Redshift

Figure 4.7: Cosmic Star Formation Rate Density. The values obtained by inte-
grating the luminosity function of our RS-NIRfaint galaxies are reported in purple.
The values obtained by integrating the observed range of luminosities are shown
with full squares, while the empty boxes report the values obtained by integrat-
ing the LF on the full range of radio luminosities. The figure shows, for reference,
the SFRD computed by Madau & Dickinson (2014) on “optically-bright” galaxies
(dashed indigo line), and those obtained by Behiri et al. (2023), van der Vlugt et al.
(2023), Enia et al. (2022), and Barrufet et al. (2023) (grey boxes, purple diamond,
grey points, and green squares, respectively) for their “NIRfaint galaxies” selected
in the radio and with JWST.
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COSMOS-XS survey). Both these studies estimated the radio LF and computed
the contribution to the cosmic SFRD by integrating it in the full range of radio
luminosities (0 — o0). It is important to notice, however, that the three studies
estimate the contribution to the total SFRD in different ways. The other two stud-
ies, indeed, focused on smaller fields compared with COSMOS-Web (0.05 deg? in
GOODS-N and 0.1 deg? in COSMOS-XS, instead of the 0.54 deg? covered by our
survey). This difference produced significantly smaller samples of NIRdark galaxies
available for the analysis (9 sources for Fnia et al. 2022 and 20 for van der Vliugt
et al. 2023, against the ~ 120 analysed here). To overcome this issue, Enia et al.
(2022) fixed three parameters in the Schechter fitting of the LF (o0, «, and L,) to
those obtained for the NIR-bright population, leaving only the normalization (®,)
as a free parameter of the fitting. Likewise, van der Vlugt et al. (2023) computed
the LF on the full sample of radio sources twice: once including the NIRdark galax-
ies and once excluding them: the contribution of these sources was then found by
subtracting the two inferred SFRDs.

Our results at z ~ 3.5 agree well with the upper limit at the same redshift by
Fnia et al. (2022). Similarly, our result in the highest redshift bin (z ~ 4.5) is
compatible with the estimate by van der VIiugt et al. (2023). Their results are more
in tension with ours at z ~ 3 and z ~ 3.5, with our estimates being up to one
order of magnitude higher. A possible explanation of this discrepancy could reside
in the accuracy of the photo-z (our photometry includes the new NIRCam and MIRI
photometry, that could result in more accurate redshift estimates; see e.g. Barrufet
et al. 2024).

4.5.2 Possible caveats of our analysis

Our analysis is not immune to possible biases. The most common one is an inaccu-
racy in the photometric redshifts estimated through SED fitting. Even with the new
constraints obtained thanks to NIRCam and MIRI, the small number of photometric
detections makes our estimates uncertain. We reduced the possible impact of this
issue on our results by employing in our analysis the full Gaussianized p(z) given in
output by Cigale, resulting in larger uncertainties on our LF and SFRD. This issue
could be solved in the future with a spectroscopic follow-up of our galaxies (analo-
gous to that performed by Barrufet et al. 2024 with JWST, or those performed by
Jin et al. 2019; Chen et al. 2022; Jin et al. 2022 or in Chapter 3 with ALMA).

Another caveat (more related to our radio selection) resides in the possible AGN
contribution not unveiled by our ¢rr analysis. An overestimated radio luminosity
due to star-formation could still bias our LF and SFR, producing a different behavior
of the SFRD. This issue can be partially solved with a more complete photometric
coverage at MIR wavelengths, where the thermal emission of a hot dusty torus
surrounding the AGN should be visible (see e.g. Hickox & Alexander 2018 for a
review and Chien et al. 2024 for a recent application with MIRI data).

Finally, our analysis (especially the “extrapolated” value of the SFRD) relies on
a strong assumption about the shape of the LF. In our fitting procedure, we fixed
the two parameters of the modified Schechter function o and o to those obtained by
Novak et al. (2017) for their sample of radio sources in the COSMOS field (i.e. the
parent sample of our selection). This choice, however, assumes that the selection
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Figure 4.8: Our RS-NIRfaint galaxies in the F150W-F444W vs F444W color-
magnitude plot. We report, for comparison, the JWST-selected DSFGs by Got-
tumukkala et al. (2023) and the SCUBA-selected ones by McKinney et al. (2024).
Even if we do not pose any constrain in the F150W-F444W color, we obtain that all
our sources are above the threshold adopted by Gottumukkala et al. 2023, identify-
ing our galaxies as a sub-population of the JWST-selected DSFGs. Similarly, part
of the SCUBA-selected DSFGs satisfy our “NIRfaint” criterion.

of more dust-obscured sources is not altering these parameters. This assumption
could be incorrect, since we expect the number of NIRfaint sources to be lower in
the low-SFR regime (e.g. for a lower number of supernovae and — consequently
— a potential lower production of cosmic dust) and higher in the high-SFR one
(see e.g. Whitaker et al. 2017 and A. Traina et al., in prep.). This issue could be
improved with a deeper radio survey (e.g. van der Vlugt et al. 2022) giving us more
information about the faint-end slope of the LF for our sources.

4.6 Discussion

4.6.1 What is the effect of the selection for NIR-
faint sources?

To interpret the results presented in the previous sections, it is useful to compare
our population of galaxies with other samples studied in the current literature. The
first one is the total population of radio-detected sources, of which the RS-NIRfaint
galaxies are a sub-population with F'150WW > 26.1 mag. One of the main results
of this comparison is shown in Figure 4.2, where we report the photo-z estimated
for our galaxies and those computed by M. Shuntov, L. Paquereau et al., (in prep.)
for the other 3 GHz sources in the COMSOS-Web survey with F'150W > 26.1 mag.
It is immediately possible to see that our galaxies are — on average — located at
higher redshifts with respect to the rest of the population. An analogous result has
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been shown by van der Vliugt et al. (2023) for their NIRdark galaxies selected in the
deep radio survey COSMOS-XS and by Talia et al. (2021) and Behiri et al. (2023) in
their previous analysis of RS-NIRdark galaxies in the COSMOS field. The same idea
that NIRfaint DSFGs represent the high-redshift end of their parent distributions
is also present in other studies selecting DSFGs at other wavelengths (see e.g. the
studies on NIRfaint sub-millimeter galaxies by Simpson et al. 2014; Franco et al.
2018; Smail et al. 2021; McKinney et al. 2024).

The different distribution of the photo-z also affects the estimated luminosity
functions. Here, we consider those by Novak et al. (2017), Enia et al. (2022), and
van der Vlugt et al. (2022) focusing on NIR-bright galaxies. These estimates are
reported for reference in Figure 4.6, while the best-fitting parameters of the modified
Schechter function found by Enia et al. (2022) are reported in Table 4.2. It is possible
to notice how the normalization of the luminosity function for our NIRfaint galaxies
is on average ~ 1.5 — 2 dex lower than what is observed for optically-bright sources.
The luminosity of the knee, instead, seems to be higher for our sources, even though
compatible with the values from Enia et al. (2022) within the (large) uncertainties.

The first result is not unexpected, since we are dealing with a population of
heavily dust-obscured sources less common than NIR-bright galaxies (see e.g. the
comparison between the number of 3 GHz sources in COSMOS-Web and those in
our sample in Section 4.2). The second result is more interesting, since it suggests
that the high dust obscuration could positively correlate with the radio luminosity
(and — therefore — with the SFR). This result is not completely new, since several
previous studies (e.g. Whitaker et al. 2017 and Traina et al., in prep.) highlighted
how the dust-obscured star formation could dominate the high-SFR end of the star
formation rate function, at least until the cosmic noon. The main consequence of
the higher turn-off luminosity can be seen in Figure 4.6, where is visible how the
NIRfaint galaxies could dominate the LF in its bright end (even though, again, still
compatible in most cases within the estimated uncertainties). The higher volume
densities of our sources in the bright end also explains the large contribution to
the SFRD when we integrate the LF on the whole range of radio luminosities to
compute the SFRD (Figure 4.7).

4.6.2 What is the effect of the radio selection?

Once confirmed that the radio selection is able to produce a sample of DSFGs, we
want to analyse how this method compares with analogous strategies present in
the current literature. In this section, we will focus on two main approaches: the
selection by Barrufet et al. (2023) and Gottumukkala et al. (2023) based on the
JWST colors, and that by McKinney et al. (2024) based on the (sub)mm detection.

JWST-selected DSFGs

We firstly compare our sources with those collected by Barrufet et al. (2023) and
Gottumukkala et al. (2023) in the Cosmic Evolution Early Release Science (CEERS;
Finkelstein et al. 2023). These studies mimic the DSFG selection initially performed
by Wang et al. (2019) with the so-called “H-dropout” (i.e. galaxies selected through
their H - [4.5] colors) by taking advantage of the new JWST photometry. More in
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detail, this selection couples the F150W-F444W> 2.1 mag color cut with a mag-
nitude cut in the F150W filter (F150W> 25.0 mag in Gottumukkala et al. 2023).
As visible in Figure 4.8, our RS-NIRfaint galaxies represent a sub-sample of the
sources analysed by Gottumukkala et al. (2023), satisfying — by construction —
the same criteria about faintness in F150W, having comparable F150W-F444W col-
ors, but with the additional requirement of the radio detection. By comparing these
samples, we can study how the radio selection affects the retrieved population of
galaxies. Since the selection by Gottumukkala et al. (2023) includes fainter sources
in the F150W filter, in the following we will focus on their sources satisfying our
F150W>26.1 criterion.

The first notable difference is in the projected sky density of the two populations
6000+77 deg™2 for the sources by Gottumukkala et al. (2023) and 205414 deg™ for
our RS-NIRfaint galaxies®. Then, by looking at the physical properties summarized
in Figure 4.3, we can see that the distributions of the photo-z are quite similar
until z ~ 4, but with different behavior at higher redshifts. This result is not
surprising given the much stronger k-correction in the radio than in the F444W
filter of NIRCam (see e.g. the shape of the SEDs in Figure 4.1), biasing our sample
towards lower-z sources.

Another notable difference consists in the reported values of SFR. As visible
in Figure 4.3, our RS-NIRfaint galaxies are ~ 1.5 dex more star-forming than the
sources analysed by Barrufet et al. (2023) and Gottumukkala et al. (2023). On the
one hand, this result is not surprising since the need for a radio detection excludes
from our sample all the objects with low values of SFR. As noted by Wang et al.
(2019) and verified by Barrufet et al. (2024) with a spectroscopic follow-up of some
JWST-selected objects, the red NIRCam colors alone are not enough to select DS-
FGs, since the same colors can be seen in quiescent galaxies. This ambiguity in the
true nature of these sources can be solved with additional data from JWST (mainly
spectra, as in Barrufet et al. 2024), or a more complete MIRI coverage (as in Pérez-
Gonzalez et al. 2023), ALMA (as in Wang et al. 2019) or in the radio regime (as for
our sources).

If the radio selection well explains why our sample lacks low-SFR galaxies, it
does not explain why the high-SFR sources are not present in the sample by Got-
tumukkala et al. (2023). A possible explanation resides in the photometric coverage
of their sample. At the redshifts covered by their observations, no constraints on
the rest-frame UV is available for the SED fitting, making quite uncertain the value
of the SFR obtained through it. Similarly, we expect most of the star formation
in these NIRfaint galaxies to be dust-obscured and — therefore — hard to con-
strain without some information on the FIR or radio emission, producing a likely
underestimation of the SFR (see, e.g., some examples in Xiao et al. 2023).

The higher values of the SFR also explain one of the results visible in Figure 4.7:
even though the RS-NIRfaint galaxies are ~ 1.5 dex less common than the JWST-
selected sources, the higher values of SFR (~ 1.5 dex) still produce compatible
contribution to the cosmic SFRD for the “observed” sources. The values obtained
by extrapolating at higher and lower radio luminosities are obviously higher than
those reported by Barrufet et al. (2023), since their estimate only accounts for the

3For both estimates, we assume a Poissonian uncertainty ~ v/N on the observed number counts
and do not correct for incompleteness
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detected sources.

SCUBA-selected DSFGs

Another possibility to select DSFGs relies on the detection at (sub)mm wavelengths
of the bright thermal emission by warm dust heated by ongoing star formation (see
e.g. Casey et al. 2014 for a review). Galaxies selected through this procedure are
commonly known as sub-millimeter galaxies (SMGs). Since this definition strongly
relies on the depth of the observations employed to select these objects, in this study
we only focus on the sources described in McKinney et al. (2024), acknowledging that
some differences might arise when other samples (detected in deeper or shallower
surveys; see e.g. da Cunha et al. 2015; Dudzeviciute et al. 2021) are considered.
These 289 galaxies were initially selected in the COSMOS field as sources with
Sgropm > 2 mJy in the SCUBA-2 observations performed during the S2COSMOS
survey (Simpson et al., 2019) and then followed-up with ALMA (unveiling in some
cases the presence of multiple fainter sources contributing to the total flux of the
SCUBA-2 objects). The SCUBA-Dive program described in McKinney et al. (2024)
performs a deeper analysis of these sources taking advantage of the new JWST data
coming from the COSMOS-Web survey.

Looking at the color-magnitude plot in Figure 4.8, we can note only a partial
overlap between the SCUBA-selected galaxies and our RS-NIRfaint ones, since most
of the former are brighter (i.e. not NIRfaint) in the F150W filter. Since both samples
are selected in the COSMOS field, we can cross-matching the two catalogs, finding
only a partial overlap of 27 objects. We underline that the SCUBA-Dive programs
only focuses on the SCUBA-2 sources with previous ALMA data, therefore some of
our galaxies could still be included in that sample with additional data. To overcome
this issue, we analyze the best-fitting SEDs computed with Cigale for our galaxies,
obtaining that only 82 (~ 65%) of our sources would have a Sgs0,m > 2 mJy, being
consistent with the initial cut employed on the SCUBA-2 maps by MclKinney et al.
(2024).

By comparing the physical properties estimated through SED fitting (Figure 4.3),
we can see that the distributions of stellar masses and SFR are quite similar. More
significant differences hold for the photo-z (with our galaxies located — on average
— at higher redshifts: (z) ~ 3.6 for our sources and (z) ~ 2.6 for those in SCUBA-
Dive) and for the dust attenuation (with our sources being — on average — more
dust-obscured; (Ay) ~ 3.5 mag against (A,) ~ 2.5 mag). Both results are easily
explained by the NIRfaint selection, biasing the sample towards more dust-obscured
and higher-z objects (see also the discussion in Section 4.6.1).

A further confirmation of this result can be found in the comparison with the
SCUBA-Dive sources satisfying the same magnitude cut as our RS-NIRfaint galaxies
(F150W > 26.1 mag). As visible from Figure 4.3, these sources have analogous
properties to our galaxies, indicating that the two selections are able to identify the
same population of objects with different procedures.
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4.7 Chapter summary

In this chapter, I presented the first analysis taking advantage of JWST data of RS-
NIRfaint sources in the COSMOS field. These sources are defined as radio-detected
sources with a counterpart at NIR wavelengths (unveiled with the deep NIRCam
observations) fainter than the common depths reached by ground-based facilities.
Together with my collaborators, I obtained the following results:

The physical properties estimated through SED fitting indicate that the RS-
NIRfaint galaxies are a population of highly dust-obscured ((A4,) ~ 3.5 mag),
massive ((M,) ~ 10'°8 M) and star-forming galaxies ((SFR) ~ 300 My, yr—1)
located at (z) ~ 3.6.

Estimating the radio luminosity function of our sources and fitting it with a
modified Schechter function, we find that its normalization (®,) is ~ 1.5—2 dex
lower than that computed on radio-selected NIR-bright galaxies (e.g. Novak
et al. 2017; Enia et al. 2022; van der Vlugt et al. 2022), indicating that — as
expected — DSFGs with faint optical/NIR counterparts are a rare population.

Interestingly, the knee of the LF for our sources is brighter than for NIR-bright
sources (even though compatible within the large estimated uncertainties).
This result suggests that the contribution of NIRfaint sources is negligible in
the low-SFR end of the star formation rate function, while it becomes dominant
in the high-SFR end, at least until z ~ 4.5. This result confirms what has
been found in previous studies focusing on the ratio between obscured and
unobscured star formation in high-z galaxies.

By integrating the LF of our sources in the range of radio luminosities covered
by our observations, we put a lower limit on their contribution to the cosmic
SFRD. Our result shows an increasing contribution from z ~ 3 to z ~ 3.5 and
then decreasing until z ~ 4.5.

By integrating the LF in the full range of radio luminosities (0 — oo; i.e.
extrapolating at higher and lower radio luminosities than what is actually
observed), we increase the contribution to the total cosmic SFRD, reaching
the same level of the NIR-bright galaxies analysed by Madau & Dickinson
(2014).

When compared with the JWST selection of DSFGs carried out by Barrufet
et al. (2023) and Gottumukkala et al. (2023), we obtain that our radio selection
generally misses the sources located at higher redshifts (z > 5.5), as expected
given the positive k-correction affecting the radio emission. Moreover, our
sources are ~ 1.5 dex more rare, and ~ 1.5 dex more star-forming. The main
consequence of these differences, is that their contribution to the cosmic SFRD
(not extrapolating at higher and lower radio luminosities) is compatible with
that estimated by Barrufet et al. (2023) up to z ~ 5.

Finally, we compare our sources with the SCUBA-selected ones found in the
COSMOS-Web survey by McKinney et al. (2024), obtaining that our galaxies

83



Chapter 4

have analogous properties to their sources in terms of stellar mass and SFR.
Our RS-NIRfaint galaxies are — on average — located at higher redshifts and
more dust-obscured, as expected for our requirement about the faintness at
NIR wavelengths. Comparing our sources with the SCUBA-selected galaxies
satisfying the same F'150W > 26.1 mag requirement, we obtain more similar
distributions of photo-z and A,.
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Going beyond: Looking for massive
galaxies with JWST

5.1 Introduction to the chapter

In this chapter, I present a complementary work to those based on the RS-NIRdark /faint
galaxies described in the previous chapters. The main goal is still the research for
the progenitors of the most massive galaxies observed in the local Universe and con-
straining the high-z behavior of star formation. Nevertheless, in this chapter I follow
a different approach. While earlier in this Thesis I focused on a full population of
galaxies whose evolutionary path could bring to the formation of the massive and
passive galaxies at z ~ 3 and at z ~ 0, here I focus on some extremely massive
galaxies at z ~ 5 — 7 discovered in the first JWST data of the COSMOS-Web sur-
vey. These galaxies are tightly related to the DSFGs presented in the other chapters
(one is also included in the sample studied in Chapter 4) and represent likely pro-
genitors of the most massive galaxies observed in our Universe. Moreover, as shown
in this chapter, the existence of these extreme sources is puzzling for several rea-
sons, potentially giving some insights on the efficiency of star formation in the early
Universe. The chapter is structured as follows. After a brief scientific introduction
on the first significant results obtained by JWST in the field of galaxy evolution, I
present the two galaxies that are the subjects of this chapter and the data available
for them (Section 5.3). Then, in Section 5.4 and Section 5.5, I describe the SED-
fitting and morphological analysis performed on these sources and — in Section 5.6
— the possible consequences of our results. Finally, I present my conclusions in
Section 5.7.

Most of the analysis presented here is also included in “Not-so-little Red Dots:
Two massive and dusty starbursts at z ~ 5 — 7 pushing the limits of star forma-
tion discovered by JWST in the COSMOS-Web survey” by Gentile et al. (2024¢),
published in The Astrophysical Journal Letters (Volume 973, Issue 1, id.L2, 8 pp.).

5.2 Scientific introduction

Since its launch, JWST has dramatically changed our perspective on the high-z Uni-
verse. The discovery of a significant population of highly red and compact sources
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at z 2 5 (“little red dots”; LRDs henceforth) is puzzling in their origin. These

~

objects have been found in most of the first JWST surveys through their color in
the long-wavelength (LW) filters of NIRCam (mainly F277W and F444W; see e.g.
Labbé et al. 2023a,b; Akins et al. 2023; Matthee et al. 2023; Kokorev et al. 2024;
Pérez-Gonzalez et al. 2024). These analyses have shown that LRDs are predomi-
nately at z 2 5 (with few lower-z analogs; see e.g. the low fraction of Extremely
Red Objects at z < 5 reported by Barro et al. 2023), are spatially compact, and
some have a seemingly decoupled blue SED rising into the rest-UV (e.g. Labhé et al.
2023a,b; Kokorev et al. 2024; Pérez-Gonzalez et al. 2024). Moreover, the first spec-
troscopic follow-ups showed a significant presence of broad emission lines in their
spectra, suggesting the presence of Active Galactic Nuclei (AGN) in their cores with
a high Mgy /M, ratio (Kocevski et al., 2023; Furtak et al., 2023; Greene et al., 2023;
Matthee et al., 2023).

Still unclear is the main physical process responsible for the red continuum: is
it highly-obscured stellar emission (e.g. Labbé et al. 2023a; Akins et al. 2023; Xiao
et al. 2023; Pérez-Gonzdlez et al. 2024; Williams et al. 2023) or reddened radiation
emitted by the AGN (e.g. Labbé et al. 2023b; Greene et al. 2023; Kokorev et al.
2024)?

Modeling the spectral energy distribution (SED) of these galaxies with stellar-
only templates, one can obtain near “Universe-breaking” stellar masses (up to ~
10" Mg at z ~ 8; see e.g. Labb¢ et al. 2023a). These values were in tension
with the current cosmological model (e.g. Boylan-Kolchin, 2023), unless (after some
downward revisions) we assume that the star formation in the high-z Universe is
much more efficient than what is commonly observed at lower-z (see e.g. Xiao
et al. 2023). Of course, assuming that the reddened emission comes from an AGN
accretion disk lowers the stellar mass estimates, but a new problem arises when
the number density of these LRDs is compared with the quasar luminosity function
(e.g. Shen et al., 2020), as LRDs are 100-1000 times more common, implying an
overabundant population of massive black holes at early times (Greene et al., 2023).

One of the main reasons for the uncertainty about the dominant continuum
emission in LRDs is their compactness, not allowing us to completely disentangle
the nuclear and stellar contribution. For this reason, in this chapter, I set out
to find sources that fulfill the color selection of LRDs but have unambiguously
extended morphologies with no embedded point source emission. By virtue of their
spatial extent, one can attribute their continuum to stellar origin and — therefore —
obtain AGN-unbiased estimation of the stellar masses. In this chapter, I report the
discovery of two candidate massive (M ~ 101 M) galaxies (one of which already
has a spectroscopic redshift from the literature) in the COSMOS-Web survey.

5.3 Data

5.3.1 JWST Photometry from COSMOS-Web

The NIRCam and MIRI photometry for these sources comes from the COSMOS-
Web survey already presented in Chapter 4. The space-based photometry employed
here is extracted with sourceXtractor++ (SE++ in the following; Bertin et al. 2020;
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Kimmel et al. 2020), a model-based tool for extracting photometry from datasets
with different spatial resolution. Detection is conducted on a y*-image (Szalay et al.,
1999) generated by co-adding the four NIRCam filter maps. A double Sérsic profile
(Sérsic, 1963) is fitted to the four NIRCam filter images simultaneously. Further
details about the COSMOS-Web catalogs will be included in Shuntov, Paquereau
et al., (in prep.).

By default, SE++ photometric uncertainties do not include Poisson noise from
the background (see e.g. the discussion in Akins et al. 2023 and Casey et al. 2024).
Therefore, we measure the background noise in empty circular apertures and add it
in quadrature to the uncertainties estimated by SE++, following Casey et al. (2024).

5.3.2 Initial sample selection

The goal of this work is to find spatially-resolved sources with analogous colors to
the LRDs (e.g. Labbé et al. 2023a,b; Akins et al. 2023; Kokorev et al. 2024; Pérez-
Gonzdalez et al. 2024). Therefore, the initial sample selection consists of a color cut
to collect all the reddest sources in the survey area. We adopt the same criterion as
in Barro et al. (2023) and analogous to that employed by Akins et al. (2023):

F27TW — F444W > 1.5 mag (5.1)

To reduce the possible contamination by fake sources and focus only on the robustly
detected galaxies, we couple the color cut with three additional criteria:

F444W < 27.5mag
S/N(F2TTW) > 2 (5.2)
S/N(F444W) > 4

We do not include any S/N requirement in F115W and F150W, since we expect most
of the high-z or highly dust-obscured sources to dropout at these wavelengths. More-
over, the depth of COSMOS-Web in the short-wavelength (SW) filters is slightly
shallower those of other surveys where LRDs have been detected (see e.g. Bezanson
et al. 2022; Finkelstein et al. 2023). Therefore, we do not expect significant emission
in these filters even with a similar SED. Moreover, as noted by Barro et al. (2023),
the inclusion of the additional constrain on the blue colors of LRDs seems to bias
the sample towards high-z objects. Without this criterion, we aim at focusing on
the full redshift distribution of these sources. In addition, Akins et al. (2024) — also
selecting (unresolved) LRDs in the COSMOS-Web survey with the same color cut
employed here — showed how this selection can produce a sample of galaxies with
properties analogous to those obtained by adding constraints on the blue shape of
the SED. All these criteria produce an initial sample of ~ 450 sources, after a first
vetting to remove imaging artifacts.

This sample includes a large sample of spatially-compact LRDs (Akins et al.,
2024). To focus only on the resolved objects, we perform an initial profile fitting on
the F444W maps (i.e., those in which we expect our galaxies to have the highest
S/N), forcing the modeling with an unresolved point source (in doing so, we employ
the empirical PSF computed on the scientific mosaics through the software PSFEx
and the standard routines included in the Astropy library; Bertin 2011). We exclude
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Figure 5.1: Cutouts (3” x 3”) and best fit spectral energy distributions for ERD-1
and ERD-2. Points have S/N > 3, while downward-pointing triangles represent 2c
upper limits. Photometry from JWST is in red, while other constrains are shown
in gray. The first two cutout panels represent stacked images of the g,r 1,2,y
bands of the HyperSupremeCam and the Y, J, H, K s filters of the VISTA telescope,
respectively. The inset on the right panel shows the redshift probability distributions
for ERD-2 estimated by Bagpipes (with both SFHs) and Eazy. Shaded regions mark
16th-84th percentile confidence intervals on SED fits. The lower panels report the
normalized residuals computed on the Bagpipes SED with parametric SFH.

all galaxies that are well-described as an unresolved point source (i.e. with a reduced
x? ~ 1 and no significant residual once subtracted the unresolved model). The final
sample of galaxies consists of 61 objects. The whole sample — including new objects
found in the full 0.54 deg? — will be described in a forthcoming paper (Gentile et
al., in prep.), and here we focus on the two unique sources among the 61, selected
for being particularly high redshift with high stellar mass estimates (both of which
are described in detail below). Both galaxies, which we named ERD-1 and ERD-2
(for “extended red dots”), have F277TW — F444W ~ 1.75, just slightly lower than
the color cut by Akins et al. (2023), but still significantly redder than the nominal
LRD selection (with F277W — F444W > 1 mag; see e.g. Labbé et al. 2023a; Greene
et al. 2023; Pérez-Gonzdlez et al. 2024).

5.3.3 Ancillary data

We extract additional photometry for our sources, using the wealth of other ground /space
imaging in COSMOS. We extract fluxes in fixed circular apertures from the datasets
in Weaver et al. (2022). These include the Subaru data (HyperSuprimeCam Subaru
Strategic Program, HSC SSP DR3; Aihara et al. 2019), VISTA data (UltraVISTA
survey DR5; McCracken et al. 2012), Spitzer Space Telescope data (Cosmic Dawn
Survey; Moneti et al. 2022), and HST data (IKockemoer et al., 2007). We use a fixed
aperture radius of 17, well-matched to seeing limits of the ground based-data. For
the Spitzer data, we only include the photometric point at 3.6 um as the second
channel is superseded by F444W. We calculate aperture corrections by convolving
the best-fitting model by SE++ with the IRAC PSF and calculating what fraction of
the total flux is missed.
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5.3.4 ALMA data on ERD-1

ERD-1 has a reported spectroscopic redshift zspee = 5.051 in the literature from
Jin et al. (2019) thanks to an ALMA spectral scan. They find a single line at 95.2
GHz (5.970). The lack of other lines identified in the broad frequency range lead
to the conclusion the line is CO(5-4). As noted in Section 5.4, our new JWST
photometry is inconsistent with lower redshift explanations (e.g. CO(4-3) at z =
3.84 or CO(3-2) at z = 2.63). Jin et al. (2019) measure a (sub)mm flux density at 3
mm of Sz, = (0.115 £+ 0.008) mJy after removing the spectral line. ERD-1 is also
detected at A = 2 mm in the Ex-MORA survey (Long et al., 2024), the extended
version of the original MORA survey (Casey et al., 2021; Zavala et al., 2021), with
Somm = (0.48£0.13) mJy. We also fit the (sub)mm and FIR photometry (including
Herschel; Tutz et al. 2011; Oliver et al. 2012) with the mmpz code (Casey, 2020),
determining that the probability of a redshift solution at z < 5 is lower than 9%,
consistent with the spec-z measurement.

5.3.5 Radio data for ERD-1

A radio detection at BGHZ is available for ERD-1 from the VLA-COSMOS large
program (Smolcic et al., 2017), with Ssan, = (11 £ 2) pJy. ERD-1 is not detected
in the 1.4 GHz maps (Sdunneler et al.,; 2007), with Sy 4cn, = (25 £19) pJy or a 20
limit of < 63 pJy. This limit implies a radio slope S ~ v with o > —1.1.

5.4 SED fitting

We derive photometric redshifts with Eazy (Brammer et al., 2008) for both galaxies,
using the standard set of templates tweak fsps_QSF_12_v3 (Conroy & Gunn, 2010)
coupled with those generated by Larson et al. (2023), and by allowing the redshift
to vary in the range [0,10]. We independently estimate the photo-z and physi-
cal properties with Bagpipes (Carnall et al., 2018) using the stellar models from
Bruzual & Charlot (2003), leaving the metalhclty as a free parameter in the range
[0.1,1]Z5, invoking a delayed exponentially declining star formation history (SFH)
with a uniform prior on the e-folding time and on the total stellar mass formed in
the ranges [0.3,10] Gyr and [10°,103] M. Following Franco et al. (2023), we use
a slightly different implementation of the SFH contained by default in Bagpipes,
parametrizing the age of the main stellar population as a function of the Hubble
time at a given redshift. We also add a recent instantaneous burst of star formation
to the “secular” SFH taking place in the last ¢ Myr, with a uniform prior on ¢ and
on the total stellar mass formed in the burst in the ranges [10,100] and [0,10"*] M.
The synthetic SEDs by Bagpipes also include the emission lines modeled by Cloudy
(Ferland et al.; 2017) assuming a fixed ionization parameter of log(U) = —2. To
account for the possible dust emission that could be visible in the MIRI filter at
high redshift, we also include the models by Draine & Li (2007) with uniform priors
on the mass fraction of the Polycyclic Aromatic Hydrocarbons (gpan € [1,4]) and
on the lower limit of starlight intensity distribution (U, € [0.1,25]). The v factor
is fixed at the value v = 0.02. Finally, SEDs are dust-extincted assuming a Calzetti
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Figure 5.2: Star formation histories computed for our targets with Bagpipes by
assuming a standard delayed exponentially declining SFH (solid lines) and the non-
parametric one by Leja et al. (2019). In both panels, the shaded area reports the
16th-84th percentile of the posterior distribution.

et al. (2000) law with a uniform prior on A, in the range [0,5] mag and a flat redshift
prior from [0,10].

As a final test, we explore the possible existence of biases due to the chosen
parametrization of the star formation history (SFH) of Bagpipes invoking a non-
parametric SFH with the continuity prior as prescribed by Leja et al. (2019). We
compute the Alog(SFR) in six age bins (0-10 Myr, 10-25 Myr, 25-50 Myr, 50-100
Myr, 100-200 Myr, and 200-400 Myr) adopting a prior shaped as a t—distribution
with 0 = 0.3 and v = 2 degrees of freedom. All the other priors are the same as for
the parametric SFH. The output is summarized in Table 5.1, while the best-fitting
SEDs are shown in Figure 5.1. The inferred SFHs can be found in Figure 5.2.
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Table 5.1: Properties of our galaxies estimated through SED fitting. The table reports, for each objects, the two photometric redshifts

computed by Bagpipes (zpg) and Eazy (zgz). The stellar mass (M,) and dust attenuation (A,) are estimated with Bagpipes with
both a parametric (P) and non-parametric (NP) SFH.

Name RA DEC Zepec  ZBG D6 2Rz, log(M?F) AP log(MNP)  ANP

(J2000) (J2000) - - - - [Mo]  [mag] [Mo) [mag]
ERD-1 10:00:47.088 +02:10:16.680 5.051 5.4705 53707 53707 11.3270% 38707 1142700 3.8703
ERD-2 10:01:07.368 +01:52:00.840 —  6.7703 6.6702 7.3%03  11.2701 29902 11.0701  3.0%52
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5.4.1 Estimated physical properties

Seen on Figure 5.1, the two galaxies have similar best-fit SEDs, characterized by
a red continuum with a Balmer break and strong emission lines. Indeed, a red
continuum with Balmer break explains the high stellar masses and dust extinction
(because Balmer breaks imply older stellar populations that have a higher mass-
to-light ratio). Moreover, the presence of strong emission lines suggests that these
sources are actively forming stars. In addition, the presence of the Balmer break
helps secure the photometric redshifts of our sources: the break between the Ks
band and the F277W filter (for ERD-1) and between F277W and IRAC channel 1
(for ERD-2) produces the two photometric redshifts of z ~ 5 and z ~ 6.5 for the
two galaxies, respectively.

As visible from Table 5.1, the photo-z estimated with Eazy and Bagpipes are in
good agreement with each other (and, for ERD-1, just slightly higher than the spec-
z measured by Jin et al. 2019, albeit compatible within the uncertainties). Since
it is known, we fix the redshift of ERD-1 to the spectroscopic redshift. Moreover,
the physical properties estimated with the non-parametric SFH are in good agree-
ment with those computed by assuming the more standard parametric SFH. In the
following, we will assume the latter as reference values for both galaxies.

For ERD-1, we find a stellar mass of log(M,) = (11.32%39%) Mg and a dust
attenuation of A, = (3.87)3) mag. ERD-2 has log(M,) = (11.2733) M, and A, =
(2.9753) mag. The mass for ERD-1 is more accurate than that of ERD-2 thanks to
the spec-z and the MIRI/F770W detection (tracing the rest-frame NIR wavelengths
and — therefore — the bulk of the stellar mass, less affected by the presence of dust; see
e.g. Papovich et al. 2023; Wang et al. 2024a). The availability of a MIRI constraint
for ERD-2 could, in principle, decrease the inferred stellar mass. Akins et al. (2024)
measures offset as high as ~ 1 dex for LRDs with and without the additional MIRI
point. However, this effect is primarily due to an overestimated age for the main
stellar population (Akins et al.; 2024). Since we find a young stellar population for
ERD-2 (< 400 Myr; see Figure 5.2), we do not expect this effect to dramatically
change our results. To better quantify this possibility, we run an additional test by
artificially adding a MIRI/F770W point to the ERD-2 photometry and assuming a
ratio [F770W]/[F444W] in the range [1,5], broadly consistent with measured LRD
colors at similar redshifts (for instance, the same value for ERD-1 is ~4). By fitting
again the new photometry, we obtain a decrease of ~0.4 dex in the inferred stellar
mass with a completely flat SED. The offset rapidly decreases with higher F770W
fluxes and becomes negligible with [F770W]/[F444W]~3. This result suggests that
the 0.4 dex decrease should be interpreted as the maximum effect of the additional
MIRI constraint on the stellar mass of ERD-2. Nevertheless, a MIRI follow-up of
this galaxy would be crucial to properly estimate this value. Finally, following Daddi
et al. (2010), we estimate the dynamical mass of ERD-1 from the FWHM of the CO
line (~ 850 km s™!; Jin et al. 2019) and the physical size computed in Section 5.5).
The obtained value of log(Mpy,) = (11.3 £ 0.2) My, is in good agreement with the
inferred stellar mass.

Since neither galaxy is detected in F115W, we have a weak limit on the rest-frame
UV flux. Hence, the values reported by the SED-fitting codes (log(SFR) = 3.415¢
Mg yr~' and log(SFR) = 2.8703 M, yr=!' for ERD-1 and ERD-2, respectively)
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are largely unconstrained. However, since ERD-1 has multiple (sub)mm and radio
detections — qualifying it for classic DSFGs selection (see e.g Casey et al. 2014) — and
a spectroscopic redshift reducing the possible degeneracies, we estimate the obscured
SFR. More specifically, by assuming a standard radio slope of & = —0.7 (star-forming
galaxies and in good agreement with the upper limit given in Section 5.3.5), we
estimate a radio luminosity of Ly 4qn, = (3.1 £0.6) x 10** W Hz~!. Assuming that
all the radio emission is produced by star formation, we use Kennicutt & Evans
(2012) to estimate a SFRy 4gn, = (1.6 40.3) x 103 My, yr~!. This estimate is similar
to that computed via the infrared SED in Jin et al. (2019): Lig = (6 & 1) x 10'?
Lo, implying a SFRig = (1.0 4+ 0.3) x 10* My, yr~!'. We measure the FIR-to-radio
luminosity ratio as gir = 2.3 £ 0.2 (see e.g. Helou et al.; 1985), in good agreement
with gr of star-forming galaxies (e.g Yun et al.; 2001). The high SFR also explains
the presence of the strong nebular emission lines visible in the best-fit SEDs. All the
above-mentioned properties for ERD-1 suggest — together with the ALMA detections
— that this galaxy belongs to the high-mass end of the dusty star-forming galaxy
population (see e.g. Casey et al. 2014; Wang et al. 2019), something that is not
always true of galaxies with red JWST colors (see e.g. Barrufet et al. 2024).

5.5 Morphological Analysis

We use Imfit (Erwin, 2015) to perform a two-dimensional profile fitting of our
galaxies in F444W, the highest S/N filter, using a single Sérsic model, leaving the
centroid, axis ratio, position angle, Sérsic index, effective radius, and flux as free
parameters. Our resulting models describe the data well, with reduced y? ~ 1
(see Figure 5.3). From the profile fitting, we obtain that ERD-1 and ERD-2 have
effective radii of (1.87+0.02) kpc and (1.43 £ 0.02) kpc respectively, and that both
are well described by a Sérsic profile with n ~ 1.

We also fit the data to a combined model with both an unresolved point source
and Sérsic profile. To limit the additional free parameters, we fix the unresolved
centroid to the center of the Sérsic model, and leave the flux as a free parameter.
The best-fitting model always converges towards a zero-flux point source. If we fix
the contribution from the point source to be at least ~ 20% of the total integrated
flux (see e.g. the right panel in Figure 5.3), we obtain a significantly worse fit, clearly
indicating no contribution from an unresolved component.

5.6 Discussion

5.6.1 Estimating the stellar baryon fraction

ACDM cosmology uniquely determines a certain mass function of dark matter halos
at a given redshift (e.g. Sheth & Tormen, 1999). However, converting this halo mass
to a stellar mass is a more challenging task, since baryonic processes are complex and
not completely understood, especially at high-z. Under the oversimplified hypothesis
that all the baryons in halos are converted in stars (an assumption that is most
certainly incorrect), we can derive a stringent upper limit on the galaxies’ possible
masses at each redshift in a given cosmological volume (see e.g. Steinhardt et al.
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Figure 5.3: Left panel: RGB cutouts and F444W profile-fitting of ERD-1 and
ERD-2 in 2”7 x 2”7 cutouts through Imfit. The last two panels show the residuals
with the Sérsic model and an unresolved point source. We overplot the contours
at 3 and 5 0. A single Sérsic profile correctly reproduces the brightness profile of
our objects without the need for an additional unresolved component. Right panel:
Surface brightness profile (in F444W) modeled with a single Sérsic profile and with
the addition of an unresolved component. Again, the Sérsic profile well reproduces
the observations.

2016; Behroozi & Silk 2018; Boylan-Kolchin 2023) and compare our estimated stellar
masses with these limits.

Here we follow the analysis of Boylan-Kolchin (2023)'. We first consider the
halo mass function by Sheth & Tormen (1999) and multiply it by the cosmic baryon
fraction fi, ~ 0.16 (Planck Collaboration et al., 2020) to obtain a relationship be-
tween the maximal stellar mass and volume density: M, = Mpyfyre,. This value
depends on €,, the stellar baryon fraction, describing the integrated history of the
star formation efficiency in a given galaxy:.

Considering the redshift range spanned by our galaxies (5 < z < 7) and the sky
area analyzed here from COSMOS-Web (0.28 deg?), we estimate that our survey
covers a total comoving volume of 7.6 x 10! Mpc3. In Figure 5.4, we compare our
sources’ stellar masses with the maximum mass allowed with redshift in our survey
volume. To fit within ACDM, the two galaxies presented in this chapter would
require a (minimum) €, = 0.24%552 and ¢, = 0.57)3 (for ERD-1 and ERD-2, respec-
tively) under the hypothesis that they are the only galaxies in the cosmic volume
explored so far by COMSOS-Web with these masses at these redshifts. Clearly, the
possible identification of additional sources with analogous masses (e.g. the rest of
the sample presented in Section 5.3.2) would increase the inferred e, values. This
point will be addressed in more detail in a forthcoming paper (Gentile et al., in

prep.)

'We use the github code referenced therein, provided at this link: https://github.com/mrbk/
JWST_MstarDensity/tree/main
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Figure 5.4: ERD-1 and ERD-2 in the stellar mass vs. redshift plane. The lines
correspond to different number densities: 1.3 x 1072 Mpc™ (i.e. a single galaxy
in the whole sky; dark violet) and 1.9 x 1077 Mpc™® (i.e. one source in the cosmic
volume explored so-far by COSMOS-Web; dark red) with a (unrealistic) stellar
baryon fraction of ¢, = 1. The lower (light pink) line scales down the second using
a more reasonable efficiency of €, = 0.2.

5.6.2 Implication for star formation efficiency

Star formation is known to be very inefficient, with several self-regulating processes
limiting the efficiency at small scales (see e.g. Kennicutt 1998; Ostriker & Shetty
2011). Observational studies at lower redshifts (z < 2 — 3) have an implied strong
upper limit on €, < 0.2 (e.g. Mandelbaum et al., 2006; Behroozi et al., 2010; Ken-
nicutt & Evans, 2012; Moster et al., 2013; Wechsler & Tinker, 2018; Shuntov et al.,
2022), with some (e.g. Behroozi et al. 2010 and Moster et al. 2013) notably expect-
ing a decreased integrated star formation efficiency towards higher redshifts and
others finding a more constant behavior until at least z ~ 4 (e.g. Behroozi et al.
2013). Our values of ¢, are significantly higher than these studies expect, suggesting
star formation pathways much more efficient at high-z than what is observed in the
local Universe. This conclusion is strengthened by similar ¢, reported by Xiao et al.
(2023) for their red galaxy sample (with spectroscopic redshifts) from the FRESCO
survey (Oesch et al.; 2023), suggesting €, ~ 0.5, or with those reported by Wang
et al. (2024b) for a sample of MIRI-detected massive galaxies, with a moderately
lower €, ~ 0.3.

We underline, however, that the estimated ¢, are also the product of some as-
sumptions that — if proved wrong — could strongly affect the measured values. Firstly,
the halo mass function is a consequence of the assumed ACDM cosmology. Some
alternative models (e.g. early dark energy; see e.g. Karwal & Kamionkowski 2016,
Poulin et al. 2018) forecast the early formation of more massive halos (e.g. Klypin
et al., 2021). In this case, halos are more massive, and a larger baryonic mass would
be available for star formation.
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Secondly, the stellar masses obtained in this chapter assume a Chabrier (2003)
IMF. Several works argue that this could be an oversimplification, due to the de-
pendence of the IMF on the metallicity or the temperature of molecular clouds (see
e.g. Low & Lynden-Bell 1976; Davé 2008). A top-heavy IMF could produce lower
stellar masses (with a factor 2 0.3 dex; see e.g. Woodrum et al. 2023; Wang et al.
2024a) and give slightly lower values of ¢,.

Moreover, the possible contribution of reddened AGN emission to the continuum
can significantly alter the stellar mass estimation (even with a spectroscopically
confirmed Balmer break; see e.g. Wang et al. 2024b). This hypothesis is ruled
out for our galaxies thanks to their extended morphology, ensuring that the main
contributor to the red continuum is the stellar emission.

Finally, even excluding the contribution of AGN, the presence of strong emission
lines (due to intense star formation) can produce an overestimation of the stellar
masses of galaxies (see e.g. Schaerer & de Barros 2009). Unfortunately, the con-
tribution of these lines is hard to constrain with photometry alone. Therefore, a
spectroscopic follow-up with JWST would be necessary to further confirm the in-
ferred physical properties of our targets.

While some simulations suggest that very efficient star formation may be possible
in dense giant molecular clouds (e.g. Torrey et al. 2017; Grudic¢ et al. 2018; Dekel
et al. 2023), the extended morphology in these cases seems somewhat disjoint from
such an explanation. Further observations of the mass budget in such systems e.g.
from spatially resolved observations of [CII] dynamics from ALMA, may be crucial
to deciphering the underlying puzzle.

5.7 Chapter summary

In this chapter, I presented two candidate massive, extended and highly dust-
obscured galaxies: ERD-1 and ERD-2. These sources have extremely red (F277TW —
F444W ~ 1.7 mag) color, mimicking the selection of “little red dots” (e.g. Akins
et al., 2023; Barro et al.; 2023). However, these galaxies have an extended morphol-
ogy, ruling out the possibility that the continuum is dominated by reddened nuclear
activity (unlike the majority of LRDs) thus ensuring that the stellar emission is
responsible for the observed red colors.

Together with my collaborators, I have employed SED fitting using two different
codes (Eazy and Bagpipes) yielding photo-z estimates of ERD-2 of z ~ 6.7, while
a spec-z of 5.051 of ERD-1 (Jin et al., 2019) is already published. Both the best-
fitting SEDs show a red continuum with a Balmer break combined with emission
lines. These features suggest a moderately aged stellar population with high stellar
masses (M, ~ 10 Mg) and dust extinction (A, > 2.5 mag), together with an
ongoing episode of significant star formation.

The high stellar masses, once placed in the cosmological context through compar-
ison with the halo mass function, suggest that our galaxies could have a much higher
stellar baryon fraction (e, 2 0.2) than what is commonly observed in lower-redshift
sources.

Possible explanations of this result are a top-heavier IMF in the high-z Universe,
a much more efficient star formation in the early stages of the cosmic history than
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has been constrained by observations at low-z, or an earlier formation of massive
halos than what predicted by ACDM.

These possible consequences increase the need for spectroscopic follow-up of these
interesting systems, to confirm the photo-z (for ERD-2), confirm the presence of
the Balmer breaks suggested by the photometry (e.g. Wang et al. 2024b), and to
accurately measure the dynamical masses of our galaxies, which is fully possible
using JWST directly or ALMA.
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Conclusions

The main goal of this Thesis was to study the behavior of the cosmic SFRD in
the z > 3 Universe and identify the progenitors of the massive and passive galaxies
observed at z ~ 3 and in the local Universe. The works presented in this Thesis
followed two complementary approaches. On the one hand — in Chapters 2, 3, and 4
— I studied the population of radio-selected NIRdark/faint galaxies, presenting their
physical properties, likely evolutionary path, and total contribution to the cosmic
SFRD. On the other hand, in Chapter 5, I took advantage of the new JWST data of
the COSMOS field as part of the COSMOS-Web survey to present the discovery of
two extremely red galaxies that — according to my analysis — could be as massive
as ~ 10 My at 2z ~ 5 — 7, representing a challenge for the current picture of star
formation in the early Universe. In this last chapter of the Thesis, I summarize the
main findings of my PhD and the future perspective of this field of research.

6.1 Main results of this thesis

One of the common threads connecting the several works presented in this Thesis
is the more complete picture of the Universe that we get every time a new piece
of information is added to our analysis. Starting from the Introduction, I showed
how the picture of the high-z SFRD based solely on dust-biased tracers could be
partial and miss significant pieces of information. For this reason, in Chapter 2, I
presented a complementary dust-unbiased selection based at radio frequencies. The
following chapters showed how the employment of state-of-the-art facilities such as
ALMA and JWST helped me to better characterize my galaxies. More in detail, the
ALMA data described in Chapter 3 allowed me to measure the spectroscopic redshift
of a pilot sample of RS-NIRdark galaxies, estimate their molecular gas content, and
forecast their likely evolutionary path. Similarly, the deeper and high-resolution
NIR data obtained with JWST (and described in Chapter 4) allowed me to increase
the purity of the selection, obtain better constraints on the photo-zs and physical
properties of my galaxies and properly constrain their radio luminosity function and
their total contribution to the cosmic SFRD. The same JWST data were crucial
for the analysis presented in Chapter 5 to unveil the presence of two extremely red
galaxies, missed by previous optical /NIR facilities, and to constrain their physical
properties.

This plethora of data available in the COSMOS field allowed me to obtain several
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scientific results that represent the main product of this Thesis. I summarize them
here.

e First of all, I introduced the radio-selected NIRdark galaxies: a population of
sources defined as galaxies detected at radio frequencies but lacking a coun-
terpart in deep surveys conducted with old-generation facilities such as the
VISTA telescope. The advent of the James Webb Space Telescope allowed me
to update this definition, changing the requirement of a missing detection at
NIR wavelengths with that of a faint flux in the same regime. The initial hy-
pothesis on these sources — formulated by Talia et al. (2021) (see also the first
results by Chapman et al. 2001, 2002, 2004) — is that this selection could be
able to to produce a sample of likely DSFGs. This hypothesis was justified by
the fact that radio emission can trace star formation (once properly accounted
for the possible contribution of nuclear activity to the radio luminosity) and
that the faint NIR counterpart could suggest a significant amount of dust in
the analysed sources.

e The results presented in Chapter 2, 3, and 4 confirm this initial hypothesis, pic-
turing the RS-NIRdark /faint galaxies as a population of highly dust-obscured
(A, ~3-4 mag), massive (M, ~ 1095711 M), and star-forming (SFR~300-
500 My, yr—!) galaxies mainly located at z > 2.5 — 3. A few minor differences
hold between the properties estimated in Chapter 2 and Chapter 4, but they
are easily explained by the updated (and more pure) selection performed in
Chapter 4 and with the deeper NIR data offered by JWST reducing the un-
certainties due to the missing constraints at these wavelengths affecting the
initial analysis described in Chapter 2.

e These properties are — on average — confirmed by the improved analysis
described in Chapter 3 based on the ALMA data collected for a pilot sam-
ple of nine RS-NIRdark galaxies. The availability of a spectroscopic redshift
estimated through (sub)mm emission lines confirmed the photo-z estimated
in Chapter 2. Moreover, the possibility to reduce the degeneracies in the
SED-fitting procedure by fixing the redshift value, also allowed me to better
constrain the physical properties of our targets, confirming the overall picture
of the RS-NIRdark galaxies as a population of DSFGs at z > 3.

e Concerning the likely evolutionary path of RS-NIRdark galaxies, the results
achieved in this thesis confirm the hypothesis presented, for instance, by Toft
et al. (2014) and Valentino et al. (2020a), that a significant percentage of the
high-z progenitors of the massive and passive galaxies discovered at z ~ 3 by
Straatman et al. (2014) and Schreiber et al. (2018a) could be significantly dust
obscured. The number densities (uncorrected for the completeness of the radio
survey and not accounting for the likely duty cycle of these sources) estimated
in Chapter 2 for the high-z (z > 3.5) tail of the RS-NIRdark galaxies is in the
order of a few 107% Mpc—3, about a factor 6x lower than what is measured by
Straatman et al. (2014), Schreiber et al. (2018a), and Valentino et al. (2020a).
Moreover, the comparison between the mass distribution of my sources with
that reported by these other studies show that the RS-NIRdark galaxies could

account for the formation of the high-mass tail of their distribution (that —
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commonly — is the most challenging to produce with lower-mass NIR-bright
sources; see e.g. the discussion in Toft et al. 2014).

This evolutionary scenario is strengthen by the analysis described in Chapter 3
involving the ALMA data. The molecular gas mass estimated starting from
the CO/[CI] emission lines detected in the (sub)mm spectra of the nine pilot
targets can be combined with the SFR obtained through the FIR luminosity to
estimate their depletion time. Being these sources in the starburst regime (see
Chapters 2 and Chapter 3), even in the presence of significant gas reservoirs,
they are able to deplete all the molecular gas in short (< 300 Myr) amounts
of time, producing massive (M, ~ 10 M) galaxies before z ~ 3.

Another interesting clue that the impact of NIR-dark (or NIR-faint, after
the advent of JWST) galaxies on our picture of the high-z Universe could
be significant is represented by the results presented in Chapter 4, taking
advantage of the new JWST coverage of the COSMOS field. Here, the main
result is that the radio-selected NIRfaint galaxies could dominate the bright-
end of the radio luminosity function. This result could suggest a positive
correlation between the star formation of galaxies and their dust obscuration,
strengthening what has been suggested by several observational and theoretical
works (e.g. Whitaker et al. 2017; Khusanova et al. 2021; Traina et al., in prep.).

The main consequence of the previous point is the estimated contribution
of RS-NIRdark/faint galaxies to the cosmic SFRD. Only accounting for the
sources observed in our survey, this contribution could be as high as (8 +2) x
1072 Mg yr =! Mpc™@ at z ~ 3.5, and up to a factor 3x higher if fainter
and brighter sources are included by integrating the radio luminosity function
outside the observed range of observed luminosity.

Another result concerns the relationship between the RS-NIRdark /faint galax-
ies and the other populations of DSFGs presented in the Introduction (Section
1.3.1). This comparison has been described several times across the The-
sis, taking advantage of the new data described in each chapter. The over-
all result is that the RS-NIRdark/faint galaxies are a sub-population of the
MIR-selected DSFGs, even though some of their MIR fluxes can be too faint
for being detected by old-generation facilities such as Spitzer, requiring the
higher sensitivity of JWST for being completely detected (see Sections 2.7.3
and 4.6.1). Nevertheless, the RS-NIRdark/faint galaxies represent the high-
mass and high-SFR tail of the MIR-selected galaxies, with a selection more
robust to the contamination by passive galaxies reported by Wang et al. (2019);
Barrufet et al. (2024) and Pérez-Gonzalez et al. (2024).

Similarly, the RS-NIRdark/faint galaxies significantly overlap with the classi-
cal (sub)mm selection. The difference here is clearly determined by the depth
of the (sub)mm observations. As shown in Chapters 2, 3, and 4, the (sub)mm
flux of my sources are — on average — fainter than those normally observed
by old-generation facilities such as SCUBA-2 (Sg7oum ~ 4 mJy). Nevertheless,
their fluxes significantly overlap with those sampled by the ALMA follow-ups
of sources observed with old-generation facilities. This result well explains why
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— on average — their physical properties (namely, stellar mass and SFR) are
lower than what observed for the classical SMGs.

Overall, the achieved results on the RS-NIRdark/faint galaxies in the COSMOS
field strongly suggest that the picture of the high-z Universe only based on HST
and other old-generation optical /NIR facilities is far from being complete. The same
suggestion comes from the results presented in Chapter 5 and summarized here:

e The discovery of two extremely massive (M, ~ 10" M) already in place at
z ~ b — T is in a slight tension with the halo mass function derived from
the ACDM cosmology. Without invoking a dramatic change of paradigm in
our cosmological model, this result suggests that the overall star formation
efficiency in the early Universe could be much higher than what suggested by
more local observations.

e Moreover, the existence of galaxies presenting extremely red colors without
being dominated by reddened AGN emission contributes to the scientific de-
bate about the true nature of the so-called Little Red Dots. More in detail,
the possibility that a part of this ubiquitous population of red sources unveiled
by the new JWST data is actually composed by extremely massive galaxies
strengthen the idea that the star formation could have been much more effi-
cient in the early Universe than in the more local one.

6.2 Future perspectives and follow-up opportuni-
ties

Once assessed the main scientific results achieved in this Thesis, I focus this last
section on the discussion of the future perspective of this work.

e Follow-up opportunities for the RS-NIRdark/faint galaxies: The over-
all Thesis presented the case for collecting new data on the RS-NIRdark galax-
ies. Due to the elusive nature of these sources, the follow-up opportunities
clearly involve (sub)mm facilities like ALMA and NOEMA, plus JWST.

— ALMA /NOEMA: For the first family of facilities, the main idea is to
extend the pilot study described in Chapter 3 to the full sample of RS-
NIRdark/faint galaxies in COSMOS (or — to save observational time —
to the high-z tail of the overall distribution). The main goal would be
confirming the photo-z and — consequently — the number density at
z > 3.5 to confirm the evolutionary scenario presenting my sources as a
significant fraction of the progenitors of the massive and passive galaxies
at z ~ 2.5 — 3. The spectral setup presented in Chapter 3 is ideal for
this task, since the detection of multiple CO/[CI] transitions allows an
unambiguous determination of the spec-z and the simultaneous estimate
of the molecular gas mass inside the targets. As shown in Section 3.4.4,
this quantity has a pivotal role in the forecast of the possible evolutionary
scenario. An alternative setup would include the observation of the [CII]
line, at the same time a good tracer of star formation (e.g. De Looze et al.

101



Chapter 6

2014; Schaerer et al. 2020) and molecular gas (e.g. Zanella et al. 2018).
This approach is the same as employed by the REBELS collaboration
(Bouwens et al., 2022) in their ALMA follow-up of UV-selected galaxies:
it has the main advantage of being less time consuming than the obser-
vations of the full ALMA band 3 and of targeting a brighter line than
the CO/[CI] ones. This approach is however less robust to catastrophic
failures of the photo-z since it relies on a single line detection that could
be wrongly modeled as an [OIII] line or an hihgh-J CO transition.

Tightly related to these observations, another interesting follow-up op-
portunity is represented by high-resolution observations with ALMA of
bright lines (e.g. [CII]) in spectroscopically-confirmed targets. These ob-
servations are clearly more time-consuming, but can allow a kinematic
modeling of the observed galaxies. As described in Chapter 3, the poten-
tial discovery of kinematically-decoupled components in my galaxies, or
the presence of a kinematically-cold disk, could be employed to constrain
galaxy evolution scenarios such as the in situ or the merger driven ones
(see e.g. Lapi et al. 2018; Pantoni et al. 2019; Hopkins et al. 2008b,a).

— JWST: Regarding follow-ups with the James Webb Space Telescope,
here the main advancement would consist in spectroscopic observations
at NIR wavelengths (with the NIRSpec instrument). The possibility to
detect in my galaxies the rest-optical emission lines such as Ha, Hj3, or
[OIII] would translate in the ability of measuring the spec-z and constrain
some of the physical properties now only estimated through SED fitting.
More in detail, the simultaneous observations of Ha and H 3 would allow
me to estimate the dust attenuation A, through the Balmer decrement
and — therefore — reduce the uncertainties on the stellar mass of my
galaxies. Similarly, the detection of the [OIII] line would give me the
chance of estimating the metallicity of my galaxies and — consequently
— match their chemical evolution with that observed in the local massive
and passive galaxies. Moreover, the possible detection of broad lines and
the possibility of producing a BPT diagram will give me the opportunity
of unveiling the presence of AGNs not discovered through the procedures
employed in the previous chapters.

Apart from rest-optical spectroscopy, the availability of imaging data at
MIR wavelengths (e.g. through the MIRI instrument equipped on JWST)
would reduce the uncertainties on the stellar masses in my galaxies (since
at A > 4 pm this instrument would sample the rest-NIR emission in
my galaxies) and potentially unveil the presence of a hot dusty torus in
the center of my galaxies allowing, again, the unveiling of AGNs in my
sources.

e Comparison with simulations: A natural continuation of the work pre-
sented in this Thesis consists in the comparison of my predictions with hy-
drodynamical simulations and semi-analytic models. It is well known, indeed,
that these simulations constantly under-predict the number density of massive
dusty galaxies in the z > 3 Universe and — consequently — their contribu-
tion to the cosmic SFRD (see e.g. Henriques et al. 2015; Snyder et al. 2017;
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Pillepich et al. 2018 or the discussion on this point in Wang et al. 2019). The
number densities reported in this Thesis can be used to fine-tune these models,
offering a new suit of observables that can be employed to refine the sub-grid
models ruling the formation of dust in the simulated galaxies.

A second interesting point concerns the validation through simulations of some
of the trends presented in this Thesis. More in detail, the possible positive
correlation between SFR and dust obscuration unveiled with my sources can be
easily studied with state-of-the-art zoom-in simulations able to give in output
the dust distribution inside the simulated galaxies (see e.g. Davé et al. 2019;
Pallottini et al. 2022; Hopkins et al. 2023).

Finally, simulations can be employed to study the past and future evolution-
ary path of my sources, giving us a perspective on the parts of their history
that are not sampled by our observations. More in detail, once found in the
simulated boxes some analogs for my sources, one can follow their past and
future evolution to study the properties of the expected high-z progenitors and
to confirm the evolutionary path presented in Chapter 3 that could bring to
the formation of the massive and passive galaxies at z ~ 3. Finally, as shown
in the previous chapters, my galaxies are expected to be found in the star-
burst regime of the main sequence. Therefore, one would expect a short duty
cycle (i.e. a short percentage of their lifetime where they satisfy my selection
criteria). The possibility of reconstructing their full evolutionary path would
allow me to quantify the duty cycle and account for it in the determination of
the statistical properties of the sample.

Theoretical works and the broader picture on the cosmic SFRD: A
crucial point that has been only partially solved by this Thesis is the overlap
between the different selections of DSFGs based at different wavelengths. As
a general result, in the previous chapters I stressed how the RS-NIRdark/faint
galaxies have analogous properties of NIRdark/faint SMGs with (sub)mm
fluxes — on average — lower than those normally sampled by old-generation
(sub)mm facilities. Similarly, I showed how the radio selection collects a sub-
sample of the MIR-selected DSFGs biased towards higher SFR values. Never-
theless, the relationship between physical properties (mass, dust attenuation,
dust temperature, SFR, and redshift) and the selection with one method or
another is still unclear. The availability of a single selection function would al-
low us to combine the different contribution to the SFRD obtained on studies
following a single selection and unveil the total contribution of DSFGs to the
cosmic SFRD. This is only possible through a theoretical study analyzing syn-
thetic SEDs and their variability changing the physical properties of galaxies.
This point is currently under investigation and will be the first future outcome
of this Thesis (Gentile et al., in prep., a).

Follow-up opportunities for “Extended red dots”: The final follow-
up opportunity offered by this Thesis focuses on the extremely red sources
discovered by JWST and presented in Chapter 5. Before discussing them, I
recall that — in that chapter — I only presented two extremely massive sources
out of a sample of ~ 100 galaxies found in the full footprint of COSMOS-Web
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that will be analyzed in a forthcoming study (Gentile et al., in prep., b). Since
the scientific results presented in Chapter 5 concerns the comparison of the
redshift and stellar masses with the halo mass function at those redshifts,
the main follow-up should be focused on the measure of the spectroscopic
redshifts of the sources in the sample and in the improvement of the stellar
mass estimates. The first one, as already discussed for the RS-NIRdark /faint
galaxies can be obtained with (sub)mm facilities such as ALMA or NOEMA
through the detection of emission lines (mainly CO, [CI], or [CII]) or with
rest-optical spectroscopy with JWST. The improvement on the stellar mass
estimates can be achieved with imaging at longer wavelengths (i.e. with MIRI),
or with the detection of the stellar continuum giving insights on the stellar
populations inside the galaxies. Finally, the availability of spectroscopic data
with high spectral resolution would allow the determination of the dynamical
mass of the targets, automatically posing a stringent upper limit on the stellar
mass of the galaxies in the sample.
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