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Dusty Star-Forming Galaxies at High-Redshift
A study on their star formation with dust and CO emission
PABLO ARRIAGADA TORRES
Department of Space, Earth and Environment
Chalmers University of Technology

Abstract
Dusty star-forming galaxies (DSFGs) are a population of galaxies found mostly at
cosmic noon, the time of our Universe when star formation rate (SFR) density was
at its peak, some 10 billion years ago. They are amongst the most intense starbursts
in the Universe, reaching extreme SFRs up to thousands of solar masses per year.
Despite being extreme galaxies placed at a critical time of our Universe, many
aspects of their evolutionary path and star formation history are still a mystery.
The aim of this thesis is to study the star formation of DSFGs at cosmic noon at
resolved scales. To this end, high-resolution ALMA observations of Bands 3 through
8 are employed to test the Schmidt-Kennicutt (SK) relation in a sample of 23 DSFGs.
An algorithm is developed to measure SFRs and molecular gas masses at kpc scales,
in line with the high resolution of the observations. From these measurements,
resolved SK diagrams were built for each galaxy. The slopes of these diagrams
were obtained from two different fitting methodologies, yielding N1 = 1.51+0.89

−0.32 and
N2 = 1.21+0.10

−0.22 across the entire sample. These results (N > 1) are consistent with
a scenario where star formation is more efficient in high-density regions. This thesis
provides unprecedented statistical significance to this claim, which had previously
been described in individual objects. N > 1 represents an important difference
between DSFGs at cosmic noon and local galaxies, where N ≈ 1 is the consensus.
The star formation scenario of DSFGs described in this thesis may have a significant
impact in their evolutionary path until today, in ways that remain an open question.

Keywords: galaxies: evolution – galaxies: high-redshift – galaxies: star formation -
submillimetre: galaxies
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1
Introduction

One of the most fascinating puzzles in modern astronomy is how galaxies have
evolved across time. Ever since they began forming, some 13.5 billion years ago,
galaxies have evolved and changed in ways that remain only partially understood.
With the advent of new technologies, we can now observe and simulate galaxies
almost all the way back, but 13.5 billion years is a very long time and the pieces of
the puzzle are not so easy to put together.

Galaxies are intrinsically very diverse and complex, both now and in the past.
Furthermore, studying distant galaxies is challenging, as there are numerous limita-
tions and biases to what we can observe from Earth or from space. Astronomers are
actively trying to answer some fundamental questions about the evolution of galax-
ies, such as; how they �rst formed, what has driven the formation of stars, why
some galaxies barely form any stars today, why some galaxies developed complex
morphologies with disks and spiral arms (like our Milky Way), or what has been the
role of mergers, gas accretion, or super massive black holes.

A crucial aspect of understanding the evolution of galaxies is describing the
growth of stellar mass, and thus studying the formation of stars. A very signi�cant
fraction of the stars present in the Universe today was formed some 10 billion years
ago, at a time that astronomers have namedcosmic noon. Cosmic noon represents
the peak of star formation density across the entire cosmic history. For this reason,
the understanding of cosmic noon is paramount for a proper description of the
evolution of galaxies.

This thesis aims to describe star formation at cosmic noon. In particular, it
focuses on a population of galaxies named Dusty Star-Forming Galaxies (DSFGs),
which played a key role during that time. DSFGs are known to form stars more
actively than present-time galaxies. They are also candidates to be progenitors of
modern-day ellipticals. However, there are many details about their star formation
and evolution that astronomers are only starting to unravel.

This thesis studies DSFGs with the most widely used empirical relation to de-
scribe star formation in galaxies, the so-called Schmidt-Kennicutt relation. This
relation lays its foundation in the very simple fact that stars form from molecular
gas. More speci�cally, the Schmidt-Kennicutt relation compares the rate at which
stars form against the presence of molecular gas, commonly showing a tight straight-
line correlation. The Schmidt-Kennicutt relation has been studied extensively in
galaxies in the local Universe, i.e., galaxies in the present time. Furthermore, it
has been successfully tested across six orders of magnitude. In the case of cosmic
noon, studies are scarce, often of individual galaxies and with methodologies that
are inconsistent and introduce biases to any comparisons.

1



1. Introduction

This thesis tests the Schmidt-Kennicutt relation in large number of DSFGs, us-
ing observations from the Atacama Large Millimeter/submillimeter Array (ALMA),
the most powerful telescope on Earth to study the Universe at submm-mm wave-
lengths. The analysis is conducted with a consistent methodology, by which all
galaxies can be compared fairly under good physical assumptions. Furthermore, it
does so by taking full advantage of the high angular resolution achieved by ALMA,
down to � 0:15 arcsec in the sky, or a few kpc. This resolution allows for galaxies
to be resolved, i.e., for di�erent parts within a galaxy to be studied independently.

A key parameter of the Schmidt-Kennicutt relation is the slope of the straight
line. The slope can reveal how star formation is taking place at small scales in
galaxies. The goal of this thesis is to constrain the resolved Schmidt-Kennicutt
slope of DSFGs at scales of a few kpc, using a consistent methodology. Crucially,
this will be done in a large sample (23 galaxies in total), which is unprecedented in
the literature.

This thesis is organized as follows. In Chapter 2 the key background physics
needed to understand the context and the content of the work are presented. Chap-
ter 3 introduces the methods and resources employed to carry out the work. This
includes a description of the speci�c sample of galaxies that was studied, the ALMA
data, and how calculations were done. Chapter 4 (supported by Appendix G)
presents the main results, namely the Schmidt-Kennicutt diagrams and the �tted
slopes. Chapter 5 discusses the results in context with the literature. Limitations
to the work are also included, together with improvement opportunities and future
work. Lastly, in Chapter 6 the main contributions and �ndings of this thesis are
summarized.

2



2
Theory

This chapter presents the relevant theory and background information to this the-
sis. A broad context of the history of the Universe is presented in Section 2.1. In
Section 2.2 the termredshift is introduced. In Section 2.3, important properties
and processes of galaxies are presented. Section 2.4 explains the Schmidt-Kennicutt
relation, an empirical relation used describe star formation in galaxies. Lastly, Sec-
tion 2.5 introduces dusty star-forming galaxies (DSFGs), the population of galaxies
studied in this work.

2.1 Setting the cosmic stage

General reference of this section: The book Extragalactic Astronomy and Cosmology;
An Introduction, by Schneider (2006).
Our Universe is 13.8 billion years old (Planck Collaboration et al., 2020). During this
time it has gone through many important changes and stages, which have shaped
it to become what it is today. This is studied by the branch of physics known
as cosmology. In this section, a brief summary of the most relevant events across
cosmic history is presented, as well as the most important questions still open.

Figure 2.1 shows a timeline of the Universe. At the earliest moment, it was
in an extremely dense and hot state from which it began expanding, in what we
know as the Big Bang. Immediatly after (some10� 34 seconds), it is believed to have
su�ered a dramatic increase in its size known as Cosmic In�ation (Guth, 1981).
Following this, in the �rst three minutes the elements we know today were formed,
in a process named Primordial Nucleosynthesis (Alpher et al., 1948). The result was
an abundance of� 75% of Hydrogen (basically, protons) and� 25% Helium, with
some Deuterium and Lithium.

After protons formed, temperatures were still too high for electrons to be able to
combine with them. The Universe therefore remained ionized, in what is known as
the primordial plasma. In this scenario, photons were constantly su�ering Thomson
scattering; they could not travel very far without interacting. This did not change
until approximately 380,000 years later, when the Universe became cold enough (T �
3000K) for protons and electrons to combine. This is known as the Recombination
of the Universe (Peebles, 1968). This name can be somewhat misleading, because
it suggests that protons and electrons have been combined in the past, when they
were actually combining for the very �rst time.

At this point, there was no longer a plasma that kept scattering photons; they
could travel freely as the Universe became transparent. All these photons being

3



2. Theory

Figure 2.1: Timeline of the Universe, including most signi�cant events such as
the Big Bang, Recombination, and Reionization. Cosmic noon occurred at ages
� 3 � 4 billion years, some� 10 billion years ago (e.g. Förster Schreiber & Wuyts
2020; also see Figure 2.3). The age of the Universe and redshift are shown in the
x axes (for a more precise scale, see Figure 2.3). Image credit: NAOJ; available at
https://www.eso.org/public/australia/images/eso1620a/ .

released at Recombination, constitute the radiation known as the Cosmic Microwave
Background (CMB; see Figure 2.2). This was �rst observed by Penzias & Wilson
(1965), and is the most perfect black body ever detected to date. The CMB emission
comes to Earth from all directions; interestingly, even from directions further apart
than the distance that light could have covered in that time. Since nothing can
travel faster than light, this makes it impossible for these components to share
information. Yet, they do, as the CMB has (approximately) the same temperature
in all directions at T � 2:73 K (Fixsen & Mather 2002; this temperature is cooler
than the T � 3000K mentioned before due to the expansion of the Universe). This
paradox is known as the horizon problem, and it is solved by the introduction of the
Cosmic In�ation earlier in the timeline.

The small temperature anisotropies shown in Figure 2.2 are related to very
small density �uctuations present in the Early Universe. All structures existing
in the Universe today, such as galaxies or clusters, have evolved from these tiny
overdensities already present at such young age.

As shown in the timeline of Figure 2.1, after Recombination, there came the
Dark Ages. This is a relatively unexplored time of the Universe, since (as the name
suggests) there are no objects emitting light that astronomers can observe. There
was only neutral Hydrogen, which slowly began to clump due to gravity. Eventually,
between ages 100 and 150 million years, from the initial conditions set in the early
Universe, the very �rst stars and galaxies began to form. Since this is the �rst
starlight of the Universe, this period is often named cosmic dawn (e.g. Koopmans
et al., 2015). The earliest galaxies astronomers have been able to detect are located
around this time, when the Universe was only 300 million years old (e.g. see Carniani
et al. 2024, two galaxies at redshift 14).

At this stage, the Universe became ionized again. This is believed to have
happened via photoionization, i.e. due to energetic photons, which came from this
newly-formed �rst generation of (presumably hot) stars. Another less likely scenario

4



2. Theory

Figure 2.2: Cosmic Microwave Background radiation, as observed byPlanck of
the European Space Agency (ESA). Colors are anisotropies in the temperature.
From some directions the radiation is slightly hotter than 2.73 K (in red), and from
other slightly cooler (in blue). These di�erences in temperature are tiny, some �ve
orders of magnitude smaller than 2.73 K. A more compact version of this image
is shown in the timeline of Figure 2.1, at 400,000 years. Image credit: ESA and
the Planck Collaboration; available athttps://supernova.eso.org/exhibition/
images/1102_planck_cmb/.

is that those photons were provided by super massive back holes. In either case,
since the Universe became ionized again, astronomers have named this the Epoch
of Reionization (e.g. Kannan et al., 2022).

The Epoch of Reionization was initially theorized by Gunn & Peterson (1965),
and only �rst observed many decades later (e.g. Becker et al., 2001; Fan et al., 2002).
Overall, there are decent constraints on when the Epoch of Reionization took place,
between ages� 300� 900million years (see Figure 2.1). However, it is still not very
well understood how the �rst stars formed, or how the Universe became ionized (e.g.
Wise, 2019), which is how it has remained until today.

Following the Epoch of Reionization, over 12 billion years ago, the Universe be-
gan forming more and more stars, as quanti�ed by the star formation rate density
(SFRD;  ). This is the stellar mass formed in a given time in a given comoving
volume (i.e. a volume adjusted by the expansion of the Universe for a fair compari-
son).

Figure 2.3 shows the evolution of SFRD all the way to the present. As shown,
star formation increased after the Epoch of Reionization. This cosmic build-up went
on for � 2 billion years, leading the Universe to a stage of peak SFRD, some 10
billion years ago. Astronomers have named this peak stage the cosmic noon (e.g.
Förster Schreiber & Wuyts, 2020). After cosmic noon, SFRD has only declined.

Describing cosmic noon is crucial to get a full picture of how galaxies have
evolved until today. The majority of stars in present galaxies were formed precisely
during cosmic noon. As explained in the review by Förster Schreiber & Wuyts
(2020), at cosmic noon galaxies already had clear relations between their properties,
such as stellar mass, star formation rate, metallicity, gas content, structure, and
kinematics.
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Figure 2.3: Evolution of star formation rate density (SFRD) across cosmic time.
Lookback time refers to how long ago something happened, so the left hand-side of
the graphic represents the present time. The right hand size represents the end of
the Epoch of Reionization. A clear peak on the SFRD is reached 10 billion years
ago (z � 2), which corresponds to cosmic noon. This Figure is taken from Madau
& Dickinson (2014).

However, these relations have changed over the past 10 billion years. Galaxies
have evolved, driven mainly by mergers, gas accretion from the intergalactic medium,
or in-situ star formation (e.g. Conselice, 2014). Spiral and elliptical galaxies, as we
observe today, appear very di�erent from galaxies at cosmic noon, which appear far
more messy orpeculiar.

These mechanisms driving galaxy evolution remain still only partially under-
stood. As mentioned earlier, astronomers are now able to observe galaxies all the
way back to when the Universe was only 300 million years old, spanning many
epochs of the Universe. This seems to imply that the evolution of galaxies can be
studied directly, but is only true to a certain extent. Besides the intrinsic complexity
of galaxies, there are observational biases and constraints that prevent astronomers
from easily connecting the dots between di�erent cosmic eras.

All these challenges make galaxy evolution a fundamental topic in modern as-
tronomy, with intense ongoing research. There are active e�orts in trying to un-
derstand how galaxies have evolved and formed across cosmic time, using both
observations (e.g. Popesso et al., 2023; Finkelstein et al., 2023) and simulations (e.g.
Agertz et al., 2020; Ishiyama et al., 2021). In this thesis I will study the star-forming
galaxies at cosmic noon, a stage of paramount importance as the Universe was form-
ing more stars than ever. This can shed some light on how galaxies 10 billion years
ago have evolved into the galaxies we observe today.
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2.2 Expansion of the Universe: redshift

One of the most remarkable aspects of the Universe is that it has been in constant
expansion, ever since the Big Bang. This expansion was theorized and observed
already some one hundred years ago (Friedmann, 1922; Hubble, 1929; Lemaître,
1931). Distant objects in space are moving away from each other at an apparent
speedv that is proportional to their distance D, i.e.

v / D : (2.1)

This is known as Hubble�Lemaître law. This relative motion between distant ob-
jects, e�ectively, means that the space between them is constantly beingstretched.
As a consequence, light also becomes stretched as it travels through space: its wave-
length becomes longer. What this means is that an observerseesa longer wavelength
(� obs) than the intrinsic wavelength that was actually emitted (� rest). This stretch
or shift � � � � obs � � rest is quanti�ed by the redshift z, de�ned by

z �
� �
� rest

: (2.2)

Equation 2.2 includes shifts in the wavelength caused by any physical mechanism.
The expansion of the Universe is not the only process that can contribute, others
are relative movements (Doppler e�ect; Ives & Stilwell 1938) or gravity (Pound &
Rebka, 1959). The redshift contribution from the expansion of the Universe alone
is known as cosmological redshiftzcosm. This is given by

1 + zcosm =
a0

a(temit )
; (2.3)

wherea is the scale factor, a dimensionless parameters in the range0 < a < 1 which
quanti�es the size of the Universe.a0 corresponds to the current size of the Universe,
and a(temit ) corresponds to the size at the moment a radiation was emitted. Since
the Universe has been in constant expansion,a0 � a(temit ) is valid for any temit . This
means that

zcosm � 0 ; (2.4)

wherezcosm = 0 corresponds to the present time. Following equation 2.3, an increas-
ingly larger zcosm traces back to times when the Universe was smaller and smaller.
This is equivalent to tracing back to times closer and closer to the Big Bang. For this
reason, astronomers commonly use the cosmological redshift as a way to measure
the age of the Universe. This tight relation between redshift and age is very well
re�ected in Figures 2.1 and 2.3 (compare top and bottomx axes).

When using redshift to place an object in the timeline of the Universe, the con-
tribution of relative movements and gravity are negligible. Therefore, astronomers
commonly consider cosmological redshift thetotal redshift, or simply the redshift.
Furthermore, the term high-redshift refers to a young Universe, whereas the terms
local or nearbyUniverse basically refer to the present,z � 0. In this thesis the term
redshift will refer the cosmological redshift, for which equation 2.2 is valid. Also,
the term high-redshift will be used to refer to cosmic noon, as commonly done in
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the relevant literature (e.g. Carilli & Walter, 2013; Casey et al., 2014; Hodge & da
Cunha, 2020).

Equation 2.2 can be rewritten as

z =
� obs � � rest

� rest
(2.5)

=) � obs = (1 + z)� rest : (2.6)

Light waves follow the simply relationc = �� , i.e. the wavelength and frequency
� are inversely proportional via the speed of lightc. Therefore, equation 2.6 is
equivalent to

� obs =
� rest

(1 + z)
; (2.7)

where� obs and � rest are the observed and rest frequencies, respectively.
Since the speed of light is �nite, when astronomers observe objects in space, they

are looking into the past. Equations 2.6 and 2.7 are therefore extremely useful to
understand just how far back into the past they are looking. Rest wavelengths/fre-
quencies of di�erent types of radiation are commonly very well known. Consequently,
when observing the light coming from an object (i.e. measuring� obs and � obs), the
redshift z can be deduced. As previously explained, this is directly linked with the
age of the Universe.

Our understanding of the expansion of the Universe has come a long way since
the Hubble�Lemaître law was introduced in the 1920s. Several decades later, as-
tronomers showed that the expansion is accelerating (Riess et al., 1998; Perlmutter
et al., 1999). This is caused by a mysterious entity named dark energy, which has
driven this acceleration for the past� 5 billion years (e.g. Frieman et al., 2008).

There are, however, still unresolved issues. The proportionality constant of the
Hubble�Lemaître law in the present time is known as the Hubble constant,H0. This
is a crucial parameter of the cosmological model, since it basically quanti�es how
quickly the Universe is currently expanding. Considering the relationv / D, it has
units of velocity divided by distance.

Di�erent methods of estimating H0 yield di�erent results. Planck Collaboration
et al. (2020) have calculatedH0 = (67:4 � 0:5) km s� 1 Mpc� 1 with measurements
of the CMB. On the other hand, Riess et al. (2022) have foundH0 = (73:30� 1:04)
km s� 1 Mpc� 1 by studying nearby supernovae. These two results have a dramatic
disagreement of over5� . This is a long-standing issue in cosmology, known as the
Hubble tension (e.g. Di Valentino et al., 2021). In this thesis the results presented by
Planck Collaboration et al. (2020) will be employed where needed, e.g. to estimate
the distance to galaxy given its redshift.

Other than the Hubble tension, there are several aspects of the Universe that
cosmology still cannot explain to the fullest. Some covered in this section and
Section 2.1 are dark energy, in�ation, the formation of the �rst stars, and galaxy
evolution. Regardless, cosmology has come to predict with great success things like
the abundance of Helium, relations between redshift and distance, the existence
and properties of the CMB, or the number of neutrino families, amongst others.
These accomplishments serve of great motivation and con�dence that, despite the
di�culties, the e�ort of scientists is pushing our understanding of the Universe in
the right direction.

8



2. Theory

2.3 Galaxies today

General references of this section: The books Extragalactic Astronomy and Cos-
mology; An Introduction, by Schneider (2006); and Physics of the Interstellar and
Intergalactic Medium, by Draine (2011).

Galaxies are of major importance in the description of the Universe. Interest-
ingly, the insight that our Milky Way is only one of many galaxies in the Universe
is only some one hundred years old. Over the past century, a great e�ort by as-
tronomers has been centered around understanding the properties and evolution of
galaxies. In this section, a brief summary of present-day galaxies is presented. Also,
two relevant aspects of galaxies are described in Sections 2.3.1 and 2.3.2.

The galaxies we see today can be roughly separated in three groups according
to their morphology: ellipticals, spirals and irregulars. This scheme was introduced
by the astronomer Edwin Hubble in the 1920s (Hubble, 1926). Figure 2.4 shows the
morphological classi�cation commonly known as Hubble's sequence or turning fork.

Figure 2.4: Hubble's �tuning fork� for galaxy classi�cation (Hubble, 1926). Credit:
Zooniverse; available athttps://supernova.eso.org/exhibition/images/1015_
fork-1920/ .

On the left of Hubble's sequence, lie elliptical galaxies. These are shaped as
ellipses, without any other clearly de�ned component. They range from E0 to E7,
depending on their ellipticity (E0 are boxy, whereas E7 are the most elongated). On
the right of Figure 2.4, lie spiral galaxies. They consist of a disk with spiral arms
and a central bulge. Around� 70%of spirals have a stellar bar. The bar separates
normal spirals (top right) from barred spirals (bottom right). They range as a, b, c,
based on the properties of the disk (Sa/SBa have a bright disk with tight spiral arms
and their brighteness distributed smoothly, whereas Sc/SBc have a fainter disk, with
more open arms and brightness concentrated in knots of stars).

In the turning point of the fork, lie S0 galaxies (also named lenticulars). Their
morphology can be described as a disk without spiral arms, resembling properties
of both ellipticals and spirals. As outliers, outside the turning fork, lie irregular
galaxies, whose morphology presents no regular structure.
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Ellipticals and S0 galaxies are referred to as early-type galaxies, whereas spirals
as late-type galaxies. These names obey historical reasons are should not be under-
stood as an evolutionary track of a galaxy. The same can be said about Hubble's
sequence. The wordsequencedoes not mean that it presents stages in the life of a
galaxy. There are other galaxies whose morphologies do not �t in Hubble's classi�-
cation, but in practice this classi�cation is considered a very good summary of the
types of galaxies present in the local Universe.

The di�erent morphology of elliptical and spirals is also related to their kinematic
properties, such as the orbits described by their stars. Empirical studies have also
shown that this is related to the luminosity of the galaxies. In ellipticals, whose
morphology is less ordered than spirals, stars commonly describe random motion.
The velocity dispersion of this motion (� 0) is related to the luminosity L of the
galaxy, as

L / � 4
0 ; (2.8)

in what is known as the Faber-Jackson relation (Faber & Jackson, 1976).
On the contrary, in spiral galaxies stars tend to move orderly. They do so in the

disk, with a maximum rotation velocity (vmax ) related to their luminosity as

L / v�
max ; (2.9)

where� � 4. This is known as the Tully-Fisher relation (Tully & Fisher, 1977).
The di�erences between ellipticals and spirals go way beyond just their morphol-

ogy and kinematics. A key aspect which explains many di�erences is the presence of
molecular gas (i.e. gas of H2 molecules), the gas from which new stars form. Spirals
commonly have massive reservoirs of molecular gas, whereas ellipticals do not.

As a consequence, spiral galaxies like the Milky Way are actively forming stars,
whereas ellipticals form little to none. The active star formation in the arms of
spirals makes it so that there are many massive young stars. Young stars usually
have strong emission in ultraviolet (UV), which makes spirals appear blue when
observed in the optical range. On the contrary, elliptical galaxies have mostly old
stars, which tend to be low-mass and to appear more red.

Studying the properties of present-day spirals and ellipticals is crucial to get
a full picture of the cosmic evolution. As explained in Section 2.1, astronomers
are trying to understand the evolution from galaxies in the past (e.g. at cosmic
noon) to galaxies today. For instance, spirals are tricky to describe since they have
such a complex morphology, with bars, disks, arms and bulges. Current models
suggest that continuous accretion of cold gas is crucial for spirals to form, and also
to sustain their active star formation over long periods of time (e.g. Sancisi et al.,
2008). Other authors argue the large in�ows of gas might also occur via merger
events (e.g. Robertson et al., 2006).

The case of elliptical galaxies could be di�erent. Stars in ellipticals have a very
high velocity dispersion� 0, which suggests that the gas from which they formed
did not have time to cool down into a disk. Following the Faber-Jackson relation
(equation 2.8), they are very luminous too. Galaxies commonly have a tight relation
between their luminosity in mass (e.g. Bell et al., 2003), which means that ellipticals
can get very massive (at least in their stellar mass), signi�cantly more than spirals
(e.g. Vulcani et al., 2011).
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Current models suggest that ellipticals may form from minor mergers of spiral
galaxies (e.g. Bournaud et al., 2007; Taranu et al., 2015), where the cold gas is
removed or heated, halting star formation. However, this evolutionary process, or
how ellipticals came so have little molecular gas, remain to date not fully understood.

Another hypothesis is that ellipticals are an evolutionary stage of a population of
galaxies with intense star formation shrouded in dust (e.g. Lilly et al., 1999; Hickox
et al., 2012; Ma et al., 2015). These galaxies, named Dusty Star-Forming Galaxies,
were most abundant at cosmic noon, playing an important role in the peak of SFRD.
This thesis studies this population of galaxies, in particular trying to understand
the star formation at small scales. This can add more evidence to the picture of
what is the path by which elliptical galaxies have evolved until today.

2.3.1 Star formation at small scales

The gas and dust between the stars of a galaxy is known as the Interstellar Medium
(ISM). The ISM can be in di�erent phases, which are often de�ned by the state of
the Hydrogen atoms, the most abundant element. In some regions of the ISM, H is
ionized (HII), commonly due to photoionization of ultraviolet (UV) photons coming
from young stars, which are hot and massive. In other parts, H is in a neutral state
(HI).

In some regions of the ISM, Hydrogen atoms are able to bond and form H2

molecules, commonly on the surface of dust grains. For this reason, this gas is
known as molecular gas or H2 gas. This phase of the ISM is very cool and dense. It
reaches the most extreme values in the ISM, at temperatures as low as� 10� 50 K,
and H densities of high as� 103 � 106 cm� 3. Such dense molecular gas forms gigantic
clouds that are gravitationally bound, which receive the name of Giant Molecular
Clouds (GMCs). They can span sizes of dozens of pc and masses over105 M � .

It is in these clouds that star formation takes place. The importance of star
formation could not be overstated, since stars are the fundamental objects in as-
tronomy, and there are no galaxies without stars (e.g. Shu et al., 1987). In order for
a star to form, clumps of this dense gas must be compressed even more, increasing
the density dramatically by over 20 orders of magnitude. For this to happen, in the
force balance gravity must be able to overcome opposing forces like thermal pressure
or magnetic pressure. The gravitational collapse is therefore facilitated by the cool
temperature of GMCs, which diminish thermal pressure. External factors like shock
waves may also help compress the gas, as happens in the arms of spiral galaxies.

However, star formation is considered a very ine�cient process. Only a small
fraction of the H2 gas ends up converted into stars (e.g. Evans et al., 2009). In
the theoretical limit of having no forces opposing gravity, clouds would collapse at
the fastest possible speed, in a time known as free-fall time (Spitzer, 1978; Draine,
2011). In reality, only � 1% of the gas forms stars in a free-fall time (e.g. Krumholz
& Tan, 2007).

How a star is formed in a GMC is a process that remains to date not fully
understood. There are great ongoing e�orts by astronomers trying to expand the
knowledge on star formation at these small scales, employing both observations (e.g.
Yang et al., 2023; Li, 2024), and simulations (e.g. Jáquez-Domínguez et al., 2023;
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Ragone-Figueroa et al., 2024). In this context, the mechanisms responsible for the
ine�ciency of star formation in GMCs are also very complex and only partially
understood. Some of the more relevant factors are turbulence e�ects, magnetic
�elds or stellar feedback (e.g. Menon et al. 2022 and references therein).

In particular, stellar feedback plays one of the most crucial roles inside GMCs
(e.g. reviews by Chevance et al. 2020, 2023). Stellar feedback refers to the e�ects
of already-formed stars on the potential formation of new stars. The luminosity of
galaxies is commonly dominated by the contribution of young massive stars (type
O and B). These stars are very bright in the ultraviolet (UV) and optical parts of
the electromagnetic spectrum. This emission is very energetic, and can very easily
warm the molecular clouds, preventing them from cooling down. As mentioned
before, gravity must overcome the force contributed by thermal pressure (amongst
others). This force becomes stronger when temperature rises, which explains why
stellar feedback can slow down star formation.

The growth of stellar mass is often quanti�ed by the star formation rate (SFR).
This has dimensions of mass divided by time, i.e. it quanti�es the stellar mass
formed in a given time. Commonly, the units of M� yr � 1 are employed (see Fig-
ure 2.3). Given the dependence of star formation with molecular gas, the peak of
star formation at cosmic noon is tightly related to the much larger molecular gas
reservoirs in the ISM of galaxies.

2.3.2 Spectral lines

A common feature of galaxies is the presence of lines in their spectrum (see example
in Figure 2.8). They exist due to the presence of atoms and molecules in the ISM of
galaxies. Atoms and molecules have very speci�c discrete energy levels, as described
by quantum mechanics. Figure 2.5 shows an example of the energy levels of two
ions, singly ionized Nitrogen (NII) and doubly ionized Oxygen (OIII). The energy
level represents various excitation levels.

An electron orbiting an atom can become excited, i.e. gain extra energy that
makes it transition to a higher energy level. This can happen for a number of
reasons, such as collisional excitations, absorption of photons, chemical reactions, or
external magnetic �eld e�ects (e.g. Zeeman e�ect). Then, electrons in high-energy
levels, have an associated probability of transitioning down to a lower energy level
(see arrows in Figure 2.5). When this happens, they emit a photon whose energy
(E) is the di�erence of energy between the two energy levels (basically, energy
conservation). E is proportional to the frequency of the photon (� ) as

E = h� = h
c
�

; (2.10)

where h is Planck's constant. These extra photons emitted at speci�c frequencies
are re�ected in spiky peaks in the spectrum, which constitute emission lines. On the
contrary, when atoms absorb photons at speci�c frequencies, they create absorption
lines instead. In the examples of Figure 2.5, each transition (arrow) has written
next to it the corresponding wavelength of the photon emitted.

The case of molecules is similar to atoms. Molecules commonly have more
types of energy transitions, often unique to their structures. For instance, diatomic
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Figure 2.5: Examples of energy-level diagrams presented by Draine (2011) (their
Figure 4.1); left for NII and right for OIII. They represent the excitation levels that
electrons can have. Both have six electrons occupying several energy levels. The key
feature is how energy levels are �xed at discrete positions (see energyE=k measured
in K, where k is Boltzmann's constant). Any electron de-exciting from a higher
energy level to a lower level, emits a photon in a wavelength speci�c to that atom,
leaving thus a sort of�ngerprint .

molecules can vibrate (stretch) along the internuclear axis, and can also rotate
around an axis perpendicular to the internuclear axis. A relevant case in the study
of galaxies is rotational transitions. The di�erent ways in which a diatomic particle
can rotate are quanti�ed by the rotational quantum numberJ . Each rotation has
a kinetic energy given by

Erot =
~2

2mr r 2
0
J (J + 1) : (2.11)

From the dependence ofErot on J , it deduces that diatomic molecules rotate with
increasingly more energy at higherJ . In equation 2.11,~ is the reduced Planck's
constant, mr = m1m2=(m1 + m2) the reduced mass of the molecule andr0 the
distance between the two atoms at equilibrium. The key take from this is that,
similarly to the atoms shown in Figure 2.5, in molecules the energy levels are also
unique to each molecule. In the case of diatomic molecules, it depends on the mass
of each atomm1, m2, and their separationr0.

Molecules can become excited by similar mechanisms as atoms. They can also
transition to lower energy levels (e.g. a transitionJ ! J � 1), emitting a photon
whose energy matches the shift in energy. For a rotational transition, following
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equation 2.11

� E = Erot, J � Erot, J-1 =
~2

2mr r 2
0
J (J + 1) �

~2

2mr r 2
0
(J � 1)J (2.12)

=
~2

2mr r 2
0

�
J 2 + J � J 2 + J

�
(2.13)

= 2B0J : (2.14)

where the constantB0 � ~2=(2mr r 2
0) contains the information of speci�c molecule.

As shown, the energy of the photon in a given molecule depends solely on the
rotational energy of the transition (given byJ ). The frequency of the photon is tied
to the energy via equation 2.10 (i.e.� E = h� ).

The transitions of the H2 molecule can rarely be observed in molecular clouds,
because the temperatures it requires to become excited are too high (& 100 K). In
order to trace molecular gas, astronomer commonly used the next most abundant
molecule, carbon monoxide (CO; Bolatto et al. e.g. 2013). The reduced mass of CO
is � 6:9 amu. The triple bond between the C and O atoms is extremely strong,
which makes them be very close to each other (i.e.r0 is small). Following equation
2.14 andE = h� , the frequency of the photons emitted in the �rst �ve rotational
transitions of CO are presented in Table 2.1.

Table 2.1: Frequency and wavelengths of the �rst �ve rotational transitions of CO.
These two relate via the equationc = �� .

J ! J � 1 � [GHz] � [mm]
1 ! 0 115.271 2.60
2 ! 1 230.538 1.30
3 ! 2 345.796 0.867
4 ! 3 461.041 0.650
5 ! 4 576.268 0.520

Given that the transitions of atoms and molecules are so well known, they are
often referred to as their�ngerprints . Spectral lines at those frequencies are evidence
of their presence in a given environment. This is very useful, for instance, to estimate
redshifts of distant galaxies. By observing the wavelength at which lines are emitted,
astronomers can compare against tabulated values and calculate the redshift via
equation 2.6. This is known as thespectroscopicredshift.

2.4 Schmidt-Kennicutt relation

Astronomers have historically tried to �nd a quanti�able relation between the star
formation in a galaxy and the properties of the Interstellar Medium (ISM). An
empirical relation was �rst proposed by Maarten Schmidt (Schmidt, 1959, 1963)
focusing on the Milky Way. He theorized that the SFR density of a galaxy ( ) is
proportional to the total interstellar gas density (� gas), with an exponent N , as

 / � N
gas :
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The �rst studies where this relation was extended to major surveys of galaxies
were carried out by Robert C. Kennicutt Jr (Kennicutt, 1989, 1998). Here, the SFR
and gas mass are considered in the form of their surface densities (� SFR and � gas,
respectively), rather than volume densities, i.e. SFR and gas mass are calculated
in a given surface rather than volume. This is done since areas in the sky can be
calculated directly from observations, whereas measuring the third spatial dimension
is usually more challenging. The equation proposed by Kennicutt (1989) is therefore

� SFR = A (� gas)
N ; (2.15)

whereA is some constant. In a log-log scale, equation 2.15 becomes

log � SFR = N log � gas + A0 ; (2.16)

where the constantA was rede�nedA0 � logA. In Kennicutt (1998), equation 2.16
was empirically tested in a sample of 61 spiral galaxies, and 36 starburst galaxies
(i.e. galaxies with high SFR), obtaining the plot shown in Figure 2.6. This showed
a striking straight-line with a slopeN � 1:4.

Figure 2.6 and equation 2.16 consider the total gas in the ISM, which is mostly
HI (neutral Hydrogen) and H2 (molecular Hydrogen), i.e. � gas = � HI + � H2 . As
discussed in Section 2.3.1, it is now known that stars form from H2 (molecular gas)
and not HI. More speci�cally, Wong & Blitz (2002) have shown that the correlation
between � SFR and � H2 is strong across many orders of magnitude, whereas the
correlation with � HI is much weaker and only found in a very small range (below10
M � pc� 2). For this reason, it is common to neglect the HI contribution and study
the relation

� SFR = A (� H2 )N ; (2.17)

or alternatively
log � SFR = N log � H2 + A0 : (2.18)

Equation 2.17 is known as the "Schmidt-Kennicutt (SK) relation", in honor of
the astronomers who pioneered this work. The SK relation has become one of the
best ways to describe star formation in galaxies, to the point where it is often referred
to as the "star formation law" (e.g. Casey et al., 2014).

One important caveat about the SK relation, comes from the fact that the mass
of molecular gas and the star formation rate are calculated in a surface area. This
assumes that� SFR and � H2 are co-spatial, i.e., that stars form in the same regions
where there is H2. The correlation shown in Figure 2.6 is so strong because this
assumption is mostly correct across many environments, but situations where this
is violated could make the SK relation inadequate to describe the star formation.

The two constants in the SK relation (A and N , see equation 2.17), are tightly
related to several physical mechanisms. As explained in the review by Casey et al.
(2014), the normalization constantA can be understood as the star formation e�-
ciency, i.e. how easily stars form out of a parcel of gas. For instance, a starburst
galaxy is expected to have a largerA than a normal galaxy, which means that it
can form many more stars (higher� SFR) from the same amount of molecular gas
(same� H2 ). It moves a galaxy up or down the plot of Figure 2.6. The star forma-
tion e�ciency can be a�ected by several factors such as turbulence in the ISM or
feedback from stars.
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Figure 2.6: Star formation relation for spiral and starburst galaxies (circles and
squares, respectively), presented in the original work by Kennicutt (1998). The
quantities in the axes are divided by an area (pc2 and kpc2), since they represent
surface densities (as introduced in equation 2.15). The relation is a straight line as
predicted by equation 2.16, withN � 1:4. One remarkable aspect re�ected in the
graphic is that, since the axes are in log, the correlation is consistent across several
orders of magnitudes. The gas in thex-axis includes both HI and H2.

N , the slope in log-log SK relation as shown in equation 2.18, is a much more
critical parameter. It reveals insights of the small scale physics of star formation.
For instance, a unity slope (i.e. N = 1) implies � SFR / � H2 , i.e. with more
molecular gas, star formation increases at the same rate. This implies that GMCs
are basically identical to each other: counting two instead of one doubles the mass
as it also doubles the formation of stars. For this reason, this is often referred to
universal star formation. A slope of N = 1:5 is consistent with the free-fall time
of GMCs, which is the fastest they can collapse in theory (see Section 2.3.1). A
slopeN < 1 can point at a large presence of di�usive molecular gas in the ISM (e.g.
Shetty et al., 2014), which is not as dense or cold as the dense molecular gas where
stars more commonly form (Draine, 2011).
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In Figure 2.6 each data point comes from a di�erent galaxy. Another common
way of studying the SK relation is inresolvedstudies, i.e., comparing di�erent parts
of the same galaxy instead of comparing di�erent galaxies. This is challenging
because it requires observing with better spatial resolution that allows to tell apart
di�erent regions of a galaxy (i.e. to resolvea galaxy), instead of just observing it
as one whole. Regardless, this has been done extensively in the nearby Universe
(e.g. Bigiel et al., 2008, 2011; Leroy et al., 2013; Bolatto et al., 2017; Pessa et al.,
2022; Leroy et al., 2025). One recent example is the work by Sun et al. (2023), who
used resolved measurements across 80 nearby galaxies to produce the SK diagram
presented in Figure 2.7.

Figure 2.7: Resolved Schmidt-Kennicutt relation for 80 nearby galaxies, presented
by Sun et al. (2023). The resolved measurements are at a scale of� 1:5 kpc.
Contours show 40%, 80% and 95% density levels of all measurements. The dashed
colored lines are �ts obtained with di�erent methods; they are consistent with a
unity slope (N = 0:88 � 1:21). Grey dotted lines represent depletion times of 100
Myr, 1 Gr and 10 Gyr (from top left to bottom right).

Figure 2.7 reveals several relevant aspects of the (resolved) Schmidt-Kennicutt
relation. One is the diagonal depletion time lines� dep, shown in grey dots. The
depletion time is how long it would take for a galaxy to use up all the available
molecular gas at a given star formation rate. For instance, a total H2 mass of109

M � , where stars are forming at a rate of 1 M� yr � 1, would be used up it a time of

� dep, example =
109 M �

1 M � yr � 1
= 109 yr ; (2.19)

i.e. the depletion time is 1 Gyr. In the SK diagram, values across a diagonal with
slope 1 have the same depletion time. The depletion time can also be understood
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as the opposite of the star formation e�ciency (A in equation 2.17); how easily
stars form from a parcel of gas (i.e.A) is inversely proportional to how quickly the
molecular gas is used up (i.e.� dep).

A slope of N = 1 in the SK diagram implies a constant depletion time. This
is the consensus in the literature amongst resolved observations of galaxies in the
nearby Universe (e.g. the already mentioned Bigiel et al. 2011; Leroy et al. 2013;
Pessa et al. 2022; Sun et al. 2023), as re�ected in Figure 2.7. The corresponding
depletion time is commonly in the range� dep � 2 � 2:5 Gyr.

Another interesting aspect of Figure 2.7 is that the �tted slope can change when
employing di�erent methods. This could lead to astronomers drawing di�erent con-
clusions from the same set of observations. Furthermore, di�erent ways of calculating
� SFR and � H2 also introduce signi�cant uncertainties to the SK relation. The work
presented in this thesis is obviously no exception to this, as will be discussed in
Chapter 5.

Figures 2.6 and 2.7 re�ect how the SK relation can change at di�erent resolutions
(unresolved and resolved galaxies). When astronomers zoom-in even more, to scales
well below 1 kpc (e.g.< 100pc), the SK relation commonly breaks completely (e.g.
Pan et al., 2022). This is because at such scales molecular clouds and star-forming
regions are more clearly separated, which violates the key assumption behind the
SK relation (i.e. formation of stars and molecular gas are co-spatial).

The SK relation has also been tested at high-redshift (e.g. Daddi et al., 2010;
Genzel et al., 2010), although less extensively than in the nearby Universe. Since
objects are much further away, a much better spatial resolution is needed to make
resolved studies. Modern telescopes like the Atacama Large Millimeter/submillime-
ter Array (ALMA) have recently allowed astronomers to achieve this, although it
has commonly been done only in individual objects with no consistent approach
amongst di�erent authors (e.g. Hodge et al., 2015; Thomson et al., 2015; Hatsukade
et al., 2015; Chen et al., 2017; Vallini et al., 2023; Arriagada-Neira et al., 2025).

For the �rst time ever in the literature, this thesis will study the N parameter
of the SK relation in a large sample of galaxies at high-redshift. Unlike the various
studies cited above, this work will approach all galaxies systematically with the same
algorithm. This will allow for a fair comparison free of biases introduced by di�erent
methodologies.

2.5 Dusty Star-Forming Galaxies

General reference of this Section: The comprehensive review by Casey et al. (2014).
A signi�cant discovery in the study of the high-redshift Universe is a population of
galaxies that are extremely bright at far-infrared (IR) and submillimeter (submm)
parts of the electromagnetic spectrum, but almost invisible in the optical or ul-
traviolet (UV) ranges. These galaxies were �rst detected in the 1990s by Smail
et al. (1997) using measurements at 0.85 mm of the Submillimeter Common-User
Bolometer Array (SCUBA; Cunningham et al. 1994), on the James Clerk Maxwell
Telescope (JCMT) in Hawaii. Since they are detected in the submm range, they are
often referred to as Sub-Millimeter Galaxies (SMGs).
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The optical, near-IR and UV wavelengths are where most of the luminosity
produced by stars is expected (e.g. Driver et al., 2008); with UV and blue light
mainly coming from young stars. The little emission of SMGs in these ranges is due
to the presence of signi�cant amounts of dust grains in their interstellar medium
(ISM). Dust absorbs the starlight radiation, e�ectively hiding it away. Dust then
gets heated and re-emits via thermal emission at far-IR (� 15 � 1000� m). This
�nding was very important for astronomers as it showed that star formation (SF)
cannot only be studied in the optical and UV ranges as it was commonly done; doing
so would miss about half of the star formation activity in the Universe.

The IR luminosity of SMGs coming from dust is very extreme. It can very easily
reach the rangesL IR > 1011� 12 L � , which places SMGs in the category of (ultra)
luminous infrared galaxies ((U)-LIRGs; Sanders & Mirabel 1996). (U)LIRGs are
galaxies de�ned by this high IR luminosity (L IR > 1011 L � for LIRGs and L IR > 1012

L � for ULIRGs). (U)LIRGs are rich in molecular gas and commonly triggered by
strong interactions or merger between spiral galaxies. They are rare in the local
Universe but become dominant fromz � 0:3. SMGs can even reachL IR > 1013 L �

(Hyper-luminous infrared galaxies; HyLIRGs), which puts them close to the most
luminous galaxies ever detected in the Universe (e.g. Tsai et al., 2015).

Such high IR luminosity emitted by the dust grains can only be explained if
they are hit by an extreme amount of radiation coming from the stars, particularly
young O and B stars. Since these stars are so short-lived, a high SFR is needed to
maintain this radiation. In fact, SMGs are considered the most intense starbursts
in the Universe, with SFRs up to a few 1000 M� yr � 1 (i.e. they can form stars
with a total mass equivalent to over 1000 time our Sun, in just one year). This is
close to the maximum that a galaxy can sustain (e.g. Barger et al., 2014). As a
comparison, the SFR of the Milky Way is only� 1 � 4 M � yr � 1 (e.g. Chomiuk &
Povich, 2011). This is even more impressive considering how compact SMGs are;
their typical e�ective radius (i.e. the radius containing half of the total luminosity)
is re� � 1:8 kpc (e.g. Hodge et al., 2016), compared to the Milky Way'sre� � 4� 4:5
kpc (e.g. Zhou et al., 2023).

Due to their physics, i.e. having a high SFR which is almost entirely shrouded
by dust, SMGs are also refereed to as Dusty Star-Forming Galaxies (DSFGs). This
term will be employed from now on in this work to refer to this population of
galaxies. DSFGs have a median redshift of2:4 � 2:6 (e.g. Chapman et al., 2003;
Dudzevi£i	ut
e et al., 2020). Following equation 2.6, at this redshift an intrinsic far-IR
emission is observed at a wavelength of a few� 0.1 mm, which explains why DSFGs
are detected in the submm range.

Furthermore, a redshift of � 2:5 places DSFGs right at cosmic noon, i.e. in
the peak of SFRD as shown in Figure 2.3, some 10 to 11 billion years ago. In this
context DSFGs were key, as star formation at cosmic noon was dominated by the
dust-obscured component (e.g. Zavala et al., 2021; Algera et al., 2023). DSFGs have
also been detected well into the Epoch of Reionization (e.g. Strandet et al., 2017;
Jarugula et al., 2021) though this is rare, since at this stage it has been too little
time after the Big Bang for them to form their large amounts of dust.

In Schmidt-Kennicutt relation, DSFGs have been shown to lie in the high� H2

end of the relation (e.g. Hagimoto et al., 2023), with larger reservoirs of molecular gas
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and higher star formation rates than local galaxies. Given their starburst nature,
they also have much shorter depletion times, often close to 100 Myr. Tentative
resolved studies show that, opposite to local galaxies, DSFGs do not have constant
depletion times, they rather have a resolved slopeN > 1 (e.g. Hodge et al., 2015;
Thomson et al., 2015; Hatsukade et al., 2015; Chen et al., 2017). This thesis will
further constrain the slope of DSFGs in the resolved SK relation, which has never
been done in large samples.

All things considered, studying DSFGs is pivotal for astronomer to get a full
picture of cosmic history. Not only did they play a crucial role in the time of the
Universe where the majority of the stars were formed, but they are also outstanding
candidates to be ancestors of modern-day elliptical galaxies (e.g. Lilly et al., 1999;
Hickox et al., 2012; Ma et al., 2015). As mentioned in Section 2.3, ellipticals are
very massive, and barely form stars since there is almost no H2 available. The
short depletion time of DSFGs could be the reason they evolved into galaxies with
so little H2 available. Furthermore, their large H2 reservoirs could explain why
ellipticals have such high stellar masses.

In Figure 2.8 a typical spectrum of a DSFG is presented. The continuum emis-
sion is signi�cant between the mm and far-IR ranges (� 200� 2200GHz), due the
the dust thermal emission as described above. There is also a wealth of spectral
lines, from molecules like CO, H2O, CH+ , or OH+ , to atoms like C, N, or O. These
lines reveal the presence of a wealth of atoms and molecules in the ISM of DSFGs,
as explained in Section 2.3.2.

There are a number of features which help astronomers observe DSFGs at high-
redshift. One of them is the negativek-correction, visualized in Figure 2.9. Objects,
naturally, appear dimmer the further away they are. This is the case for DSFGs
at increasingly higher redshift. However, since the spectrum is shifted to longer
wavelengths, the window observed by ALMA captures parts closer to the peak of
the spectrum. As re�ected in Figure 2.9, this means that ALMA can observe DSFGs
across a large range of redshifts at a similar �ux density.

Another recurring feature is gravitational lensing. This occurs when an object
lies in the line-of-sight between us, the observers, and a galaxy. Due to e�ects
predicted by the theory of general relativity, the light coming from the background
galaxy is bent and magni�ed by the object in the line of sight (Einstein, 1936; Hewitt
et al., 1988), as depicted in Figure 2.10. This results in an image resembling a ring,
commonly named Einstein Ring. Since the light is magni�ed, this e�ect allows for
studies of galaxies that would otherwise be too faint to even detect.

It has been shown that gravitational lensing is very common amongst DSFGs in
the literature (e.g. Bakx et al., 2018). This is clearly an observational bias; unlensed
galaxies are far more di�cult to even detect. Lensing events preserve surface density
brightness (i.e. radiation and projected size are equally ampli�ed), which means
that such e�ects will not be taken into account in the Schmidt-Kennicutt analysis.
Modeling gravitational lenses, in DSFGs or any other type of galaxy, is an extremely
complex problem which requires sophisticated tools and is beyond the scope of this
project (e.g. Atek et al., 2018; Gururajan et al., 2022).

Lastly, it must be said that much of our understanding on DSFGs comes from
past decade, thanks to the development of modern telescopes such as the Atacama
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Large Millimeter/submillimeter Array (ALMA; see the comprehensive review by
Hodge & da Cunha 2020). ALMA has allowed for observations at much better
angular resolution and sensitivity than previously possible. Also, the frequency
coverage of ALMA (see Section 3.2.2) captures key features of these galaxies, such
as the dust emission and a number of emission lines. This observational improvement
is even more important in the study of DSFGs when considering that theoretical
approaches have been largely unsuccessful. Models and simulations have struggled
to predict the origin, characteristics, fate or number density of these extreme objects
(e.g. Hayward et al., 2013). This thesis will employ ALMA observations of DSFGs
at high-angular resolution (see Section 3.2.3), which means that this work would
not be possible without the advent of such technology.
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Figure 2.8: Typical spectrum of a dusty galaxy, as presented by Bakx et al. (2024)
(this is a modi�ed version of their �gure). The most prominent features are the
continuum emission, coming from the dust, based on a two-body model by Pearson
et al. (2013), and the spectral lines of a local ULIRG as presented by Rangwala
et al. (2011). The �rst �ve emission lines of CO are at the frequencies shown in
Table 2.1. In terms of wavelength, the frequency range shown covers from far-IR to
mm.
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Figure 2.9: Visualization of the negativek-correction, as presented by Hodge &
da Cunha (2020). Each spectrum is the observed �ux density of an example ULIRG
at di�erent redshift. The spectrum becomes dimmer (i.e. moves further down)
at higher redshifts, but it is also shifted to longer frequencies (i.e. moves to the
right, following equation 2.6). These two e�ects o�set each other almost perfectly
at around � � 1mm (marked in a green circle) where there is a similar �ux for
galaxies fromz = 0:5 through z = 10, a range spanning from� 5 to over � 13
billion years ago. This allows for DSFGs to be studied across a large redshift range
by ALMA.
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Figure 2.10: Schematic of gravitational lensing. ALMA (antennas) is observing
a dusty star-forming galaxy (background galaxy), where a foreground galaxy (or
cluster) in the line-of-sight is magnifying the light coming from the DSFG. This
results in the DSFG showing a ring-like structure, commonly named Einstein Ring.
This structure can show multiple images of the same region of the galaxy. Image
credit: ALMA (ESO/NRAO/NAOJ), L. Calçada (ESO), Y. Hezaveh et al.; available
at https://www.eso.org/public/australia/images/eso1313b/?lang .
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3
Methodology

In this chapter, the parent sample of the galaxies studied is described in Section
3.1. The basics of radioastronomy, ALMA, and the data employed is presented in
Section 3.2. Lastly, how the data is processed is described in Sections 3.3, 3.4, 3.5,
3.6 and 3.7.

3.1 Parent sample: HerBS

The Dusty Star-Forming Galaxies (DSFGs) studied in this work are a sub-sample of
the Herschel Bright Sources sample (HerBS). The HerBS sample was �rst de�ned
by Bakx et al. (2018), based on existing observations of theHerschelAstrophysical
Terahertz Large Area Survey (H-ATLAS; Eales et al. 2010). This a survey in which
the HerschelSpace Observatory observed over 600 deg2 of the sky, more than four
times the total area of all previousHerschelextragalactic surveys combined. This
was done for a remarkable observing time of� 600 hours, which allowed for great
sensitivity to fainter objects, across �ve photometric bands (100, 160, 250, 350 and
500 � m, Valiante et al. 2016).

H-ATLAS observed a total �ve �elds in the sky (see Figure 3.1); one close to
the North Galactic Pole (NGP), three equatorial �elds previously observed in the
Galaxy And Mass Assembly survey (GAMA-9, GAMA-12, GAMA-15; Driver et al.
2009), and one close to the South Galactic Pole (SGP). It detected close to half a
million sources. Following the �rst major data release of H-ATLAS (Valiante et al.,
2016), Bakx et al. (2018) de�ned the HerBS-sample based on the �ux density at
500� m (S500; �ux density is the power per unit area per unit frequency, commonly
measured in Jansky, Jy) and photometric redshift (zphot ) of the sources, as

1. S500 > 80 mJy, and
2. zphot > 2.

After removing all nearby galaxies and blazars, the HerBS sample consists of 209
sources across the NGP, GAMA-9, GAMA-12, GAMA-15 and SGP �elds. These
were labeled HerBS-1 through HerBS-209 in descending order ofS500 (i.e. the bright-
est galaxies are at the beginning of the catalogue). The positions in the sky of the
entire sample are shown in Figure 3.1.

The coordinates, densities �ux measurement, estimated redshift and luminosity
of all 209 sources are presented in Table A1 of Bakx et al. (2018) (later corrected
in Bakx et al. 2020a). These were calculated with observations by the Spectral
and Photometric Imaging Receiver (SPIRE; Gri�n et al. 2005) and Submillimeter
Common-User Bolometer Array 2 (SCUBA-2; Holland et al. 2013). The former was
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