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Gas and dust in early galaxy evolution

Jean-Baptiste Jolly
Department of Space, Earth, and Environment
Chalmers University of Technology

Abstract
In order to study the content of distant galaxies without focusing solely on the
brightest objects – the tip of the iceberg – I developed a tool: LineStacker. As
its name indicates this tool was designed to perform spectral stacking analyses.
Stacking allows to shed light on otherwise invisible features, by averaging together
observations of many sources from a common galaxy population.
Spectral lines emitted or absorbed by galaxies and the intergalactic medium carry
information on the content of galaxies as well as their dynamics. The luminosity of
certain atomic and molecular spectral lines is known to correlate with fundamental
physical properties of galaxies, such as star formation rate. In addition, the shape
of the lines can trace global dynamics of galaxies or peculiar events such as outflows.
In this context, I used LineStacker to study distant galaxies by observing the
average spectral lines, or continuum emission, emitted by a particular galaxy popu-
lation. In this thesis I present the tool LineStacker in detail and with a specific
emphasis on the statistical tools included with it.
In addition, I showcase three different analyses where we used LineStacker to
study galaxy evolution. In the two first we studied ionized carbon, [C ii] , in galaxies
at redshift z ∼ 6. One project focused on the faint outflow signatures below the
main [C ii] line, while the other project focused on the overall [C ii] emission from
faint, gravitationally lensed galaxies. Finally, in the last analysis, we studied the
overall dust mass as well as the comoving dust mass density and their evolution
with redshift. The results from all the analyses highlight the power and efficiency of
stacking as a method, and the necessity to go beyond studying the brightest objects.

Keywords: Galaxies: evolution – Galaxies: high-redshift – methods: stacking –
methods: data analysis – techniques: interferometric
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Chapman S. C., Combes F., Jauzac M., Jolly J. B., Koekemoer A. M., Magdis
G. E., Rodighiero G., Rujopakarn W., Schaerer D., Steinhardt C. L., Van der
Werf P., Walth G. L.; Weaver, J. R.:
Extensive Lensing Survey of Optical and Near-Infrared Dark Objects (El Sonido):
HST H-Faint Galaxies behind 101 Lensing Clusters
Accepted for publication in the Astrophysical Journal.

II Guerrero A., Nagar N., Kohno K., Fujimoto S., Kokorev V., Brammer G., Jolly
J. B., Knudsen K. K., Bauer F. E., Gonzalez-Lopez J., Laporte N., Smail I.,
Caminha G., Caputi K. I.:
ALMA Lensing Cluster Survey (ALCS): median dust, gas, and star formation
properties of cluster and field galaxies from stacking analysis
Manuscript intended for Monthly Notices of the Royal Astronomical Society.

iii



Acknowledgements
First and foremost, I want to genuinely thank my supervisor, Kirsten. I truly believe
she allowed me to thrive throughout my PhD, and I am very grateful for the trust
she put in me and the opportunity she gave me. Under her guidance, I was able
to grow both as a person and as a scientist. Looking back, I realize everything I
have learned and achieved thank to her, and must say I am very proud to have been
her student. I also want to thank Lucía, my girlfriend, for her support all the way
through my PhD. She made the hard times easier and the easy times wonderful. By
her side I could find serenity, comfort and kindness when confronted to obstacles.
I want to thank my parents, of course, as they have always taught me to think for
myself and make my own choices, and for raising me to be curious about everything
–and what is more everything than the Universe. My sister, for her success and
thirst for knowledge that motivated me to be better. Everyone in the AOP division
for making my time in Chalmers and Onsala pleasant. More specifically, I want to
thank Flora, whose help and guidance in the first half of my PhD were invaluable
and Kiana, whose corrections made my thesis actually readable. Finally, Federica,
Francesco C., Francesco G., Julia, Simon, Michael and Sandra for the sweet time,
distracting me from my work. Thank you!

Jean-Baptiste Jolly, Larnagol, October 2021.

iv



This too shall pass.



vi



CONTENTS

1 Introduction 1
1.1 From the Big Bang to the dark ages . . . . . . . . . . . . . . . . . . . 1
1.2 The epoch of reionization . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.3 From the first galaxies to the local Universe . . . . . . . . . . . . . . 5
1.4 This thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2 Galaxy evolution 9
2.1 Growth process . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.1.1 Accretion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.1.2 Galaxy mergers . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.2 Observing high-redshift galaxies . . . . . . . . . . . . . . . . . . . . . 11
2.3 Gravitational lensing . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.4 Observational probes of the gas content in distant galaxies . . . . . . 17

2.4.1 The case of ionized carbon . . . . . . . . . . . . . . . . . . . . 18
2.4.2 Dust in galaxies: role and observation . . . . . . . . . . . . . . 20
2.4.3 SED fitting and photometric redshifts . . . . . . . . . . . . . . 21

2.5 AGN & outflows . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
2.6 Open questions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

3 Radio interferometry 27
3.1 Introduction to interferometry . . . . . . . . . . . . . . . . . . . . . . 27
3.2 Radio interferometers . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

3.2.1 Atacama Large Millimeter/submillimeter Array . . . . . . . . 28
3.2.2 Karl G. Jansky Very Large Array . . . . . . . . . . . . . . . . 29

4 LineStacker 33
4.1 Main algorithm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
4.2 Embedded tools . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

4.2.1 Evaluating relevance of stack . . . . . . . . . . . . . . . . . . 36
4.2.2 Bootstraping and subsampling . . . . . . . . . . . . . . . . . . 36
4.2.3 Spectral rebinning . . . . . . . . . . . . . . . . . . . . . . . . 38

vii



CONTENTS

5 Results of papers 39
5.1 Paper I . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

5.1.1 Description of Paper I . . . . . . . . . . . . . . . . . . . . . . 39
5.1.2 Results of Paper I . . . . . . . . . . . . . . . . . . . . . . . . . 39

5.2 Paper II . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
5.2.1 Description of Paper II . . . . . . . . . . . . . . . . . . . . . . 40
5.2.2 Results of Paper II . . . . . . . . . . . . . . . . . . . . . . . . 41

5.3 Paper III . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
5.3.1 Description of Paper III . . . . . . . . . . . . . . . . . . . . . 42
5.3.2 Results of Paper III . . . . . . . . . . . . . . . . . . . . . . . . 43

5.4 Paper IV . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
5.4.1 Description of Paper IV . . . . . . . . . . . . . . . . . . . . . 44
5.4.2 Results of Paper IV . . . . . . . . . . . . . . . . . . . . . . . . 44

6 Conclusion & outlook 49

viii



CHAPTER 1

INTRODUCTION

1.1 From the Big Bang to the dark ages
The Universe as we see it today is mostly empty, and most of its energy content is
invisible. The total baryonic matter accounts for only 4.5% of the total energy, from
which less than 10% (0.3% of the total energy) lies in the visible matter, such as
stars in galaxies1, hot gas in clusters, and groups of galaxies. Aside from baryonic
matter, the Universe is thought to consist of dark matter (24%) and dark energy
(71.5%), about which little is known (Persic and Salucci, 1992). But the observable
universe used to look very differently.

Modern cosmology describes the Universe as starting from the Big Bang2,
marking the beginning of time. The observable Universe has changed dramatically
in appearance from the Big Bang to now. At that moment the Universe was ex-
tremely dense but started expanding rapidly, becoming sparser3. Because it is very
complicated, still largely debated, and definitely not the scope of this work, we are
going to skip the first seconds after the Big Bang, to start our story just around the
first minute (see for example Tanabashi et al., 2018, for an extensive description of
the very early universe).

At this time the Universe was still very dense and composed mainly of high
energy photons created primarily through matter/antimatter annihilation. As the
Universe continued expanding, the energy density diminished and the mean free path
of photons got longer. After two minutes, the energy density was sufficiently low for
the first nuclei to be stable. However, the energy density was still sufficiently high
for the high energy photons to break apart the newly formed nuclei. Consequently
only a handful of nuclide species were allowed to form (mainly protium, deuterium

1Galaxies are gravitational bound systems, composed of stars, gas, dust, and dark matter.
They are typically composed of a few hundred billion stars, and have usually sizes of order 105

light years. We estimated that there are roughly 200 billion galaxies in our observable Universe
(see Lauer et al. (2021) and Chapter 2).

2See Figure 1.1 for a graphical guide to the following description.
3It is worth noting that, unlike the common appreciation, if the Universe is infinite now (and

that we cannot say for sure) it was infinite already "when" the Big Bang happened.

1



1. Introduction

and helium-3 and 4). As the energy density decreased and the mean free path
of particles increased, recombination became possible: electrons were captured by
nuclei, thus forming the first neutral atoms. Due to the fact that recombination
directly to the ground state is very inefficient, electrons are typically captured in
higher states. They later drop to the lower states, releasing photons in the process.
This phenomenon is know as photon decoupling (see e.g. Coc and Vangioni, 2017;
Tanabashi et al., 2018).

All these photons start travelling freely for the first time since the Big
Bang. They are "the first light of the Universe" and constitute the Cosmic Mi-
crowave Background (CMB). The CMB was first detected by Arno Allan Penzias
and Robert Woodrow Wilson in 1964, and most recently studied by the Planck
satellite, launched in 2009 (see Planck Collaboration, 2016). Planck’s very sensitive
observations demonstrated the existence of a preferred correlation scale printed on
the CMB fluctuations. This correlation translates, on large scale structures, to dis-
tances of 100-150Mpc. SDSS observations showed that this distance matched the
observed correlation scale for galaxies in the local Universe (Okumura et al., 2008).
This effectively showcases the relationship between inhomogeneities in the particle
soup of the early Universe and large scale structures thousands of light years large in
the present Universe; hence connecting small scales to large scales, past to present,
the Big Bang to galaxies.

After decoupling there are almost no new sources of photons in the Uni-
verse for over 100 million years. Since this epoch of the Universe is without sources
of light (e.g., stars), it is commonly termed the "cosmic dark ages". Due to lack of
photons, there is almost no information about this period and it is today one of the
hardest tasks in astronomy to try and find objects (e.g., stars, galaxies), first of their
kind, in the dark ages. During the dark ages, on large scales, dark matter gathered
forming filaments and assembling in a dark matter network (see Figure 1.3). Normal
matter, which was mostly in the form of gas at that point, is located in higher densi-
ties at the nodes of the dark matter network. In these dense matter cores, where the
temperature is still too high to allow structured formation of normal matter, cold
dark matter gravitationally collapsed starting from small inhomogeneities and grew
linearly through accretion. Eventually these dark matter clumps reached critical
density and collapsed, creating the first dark matter halos. These halos grew either
through accretion or mergers. Ultimately, they will act as attractors for the normal
matter, allowing it to become bound into structures earlier than otherwise possible.

1.2 The epoch of reionization
General reference: Zaroubi (2013); Wise (2019)

As the first stars form, and with them the first galaxies, high energy
photons start roaming the Universe freely, the universe becomes bright, it is the end
of the dark ages. As light propagates in the still dense Universe, neutral hydrogen,
which is the main component of the interstellar medium, starts to ionize. This
process is known as reionization. Reionization is the last phase transition of the gas
in the Universe and many aspects of this transition are still heavily researched today;
mainly the sources responsible for reionization and their relative contribution to it,
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1. Introduction

Figure 1.1: History of the Universe ©ESA – C. Carreau

the overall timing of the reionization process (i.e., its start, speed, and end), the exact
topology of the first reionization regions and their evolution, and the relationship
and impact of the global reionization process on galaxy formation. This section will
summarize the current knowledge about reionization and present some of the main
observational probes used for its study.

The global ionized state of the present Universe was first highlighted by
the study and discovery of the absence of absorption features in the spectra of
quasars (also known as quasi-stellar objects, or QSO). Gunn and Peterson (1965)
studied the spectrum of a QSO at z ∼ 2 and realized that its spectrum presented
overall no absorption feature blueward of the Lyα line, indicating the intergalactic
medium (IGM) in the path of the light emitted by the QSO was highly ionized.
This was the first experimental evidence of the ionization of the IGM, hinting at a
global reionization of the Universe at very high redshift.

With the drastic improvement in telescope sensitivity, a large number of
spectra of QSO at z > 6 have been observed (e.g. Fan et al., 2006). By looking at
these spectra one can identify Gunn-Peterson troughs from z ∼ 6. Gunn-Peterson
troughs are strong absorption regions in the spectra, indicating that the light trav-
eled through a region of the IGM that is mostly neutral at the corresponding red-
shift. These troughs indicate that the IGM must have been almost fully ionised
until redshift z ∼ 6, indicating the probable end of reionization around this redshift.

The study of CMB radiation can provide hints about the start of the
reionization epoch. While CMB photons travel through an ionized medium they
may scatter off the free electrons present in that medium. This process is known
as Thomson scattering. By measuring CMB polarization it is possible to probe the
effect of Thomson scattering and learn about the overall ionization properties of the
Universe. However, due to the integral nature of this measurement it can only be
used to get an approximate estimate on the start of reionization. The most recent
Planck measurement (Planck Collaboration et al., 2020) indicate that at z ∼ 7.82
the Universe was half ionized. Dijkstra (2014) suggests that reionization may have
started as early as z ∼ 16 with the formation of the first galaxies.

3



1. Introduction

Figure 1.2: As stars and galaxies form they ionize the neutral medium around
them. This ionization process is thought to be shaped like bubbles. As bubbles grow,
and more start forming, they eventually merge to fill the entire Universe. Nowadays,
the only remaining neutral Hydrogen lies inside galaxies (figure extracted from the
Scientific American, Vol. 295, p. part no 5, 46-53, 2006)

An interesting source of reionization, existing solely in the very early Uni-
verse, is the primordial population of stars, referred to as the population III stars.
These stars are composed only of hydrogen and helium atoms because they are born
in an environment where no heavier elements are present. This makes them unique
in the Universe as later stars, born from more complex environments enriched by
primordial supernovae, contain metals and are hence intrinsically richer than pop-
ulation III stars. Simulations have hinted that population III stars formed almost
constantly until the end of reionization (e.g. Wise et al., 2012). These stars are
thought to be very massive, rather short lived (with typical lifetime of 3− 10 Myr),
and produce a large number of high-energy ionizing photons with high escape frac-
tion (Alvarez et al., 2006). These photons are thought to amount to as much as
70% (Gnedin and Ostriker, 1997; Lu et al., 1998) of the total radiation responsible
for reionization. As these photons propagate outward spherically around the stars,
the surrounding neutral medium is thought to become ionised as "bubbles". With
time, these bubbles overlap, giving rise to a fully ionised Universe(see Figure 1.2).

When population III stars die, most are thought to give rise to a black
hole remnant because of their high initial mass. These black holes are among the
first in the Universe and could be the seeds of the supermassive black holes we
observe in the later Universe. The UV photons emitted from their accretion disks
are most likely negligible compared to the UV radiation emitted from other sources
(e.g., by population III stars); however, these primordial black hole accretion disks
also emit high energy X-ray photons. These photons can typically travel to longer
distances than their UV counterparts, and may hence be responsible for at least
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1. Introduction

partial reionization on a larger scale. Such emission may have an impact on the
overall topology of reionization.

In addition, the first galaxies, specifically dwarf galaxies (e.g. Bouwens
et al., 2012), also played a crucial role in the reionization process. These galaxies
are typically metal poor, as they form from the pristine gas that gathered in the
center of dark matter halos. Since dwarf galaxies are more compact, they have
been shown to present higher escape fractions. This makes them better at hydrogen
ionization than their larger counterparts (e.g. Wise et al., 2014), and around half of
the total number of ionizing photons may come from galaxies with masses less than
109 M�.

Further, the 21 cm line (see Chapter 2.4) can be used as a probe of the very
first ionization patterns in the very early Universe. By measuring the overall 21 cm
signal at very low frequency (i.e. emitted at very high redshift) and averaging over
the whole sky, it is possible to observe a trough in the redshifted neutral hydrogen
emission corresponding to the presence of a primordial ionized region. Bowman
et al. (2018) observed the sky-averaged radio waves in the 50 to 200MHz range and
observed a trough centered at a frequency corresponding to a redshift of z ∼ 17
and spanning approximately 15 < z < 20. These results indicate that reionization
occured as early as these redshifts, and Kaurov et al. (2018) argue that a few massive
galaxies may be responsible for this signal. One of the most surprising finding from
Bowman et al. (2018) is that the depth of the absorption feature they observe was
possibly two times deeper than indicated by theoretical works, meaning that the
IGM was effectively two times colder than expected. Such low temperature would
imply additional cooling mechanisms of the IGM. The authors suggest that new
physics, such as cooling interactions between baryons and dark matter, could explain
their observations. Multiple experiments are currently trying to reproduce the same
detection –LOFAR (van Haarlem et al., 2013), PAPER (Parsons et al., 2010), MWA
(Bowman et al., 2013), HERA (Neben et al., 2016) and SKA (Dewdney et al., 2009)
– as it is essential to independently confirm this groundbreaking detection.

Overall the reionization of the Universe was a fairly long process that
started around 180 million years after the Big Bang and was complete when the
Universe was around one billion years old. It involved multiple sources and can
be probed through different signatures involving a few different messengers. The
study of reionization is tightly linked to galaxy formation and evolution, and to the
content of the IGM as it was triggered by primordial stars and galaxies and their
relation to their surrounding gas.

1.3 From the first galaxies to the local Universe
At the end of the reionization, bigger galaxies started forming by accreting matter
and/or through merging, and the Universe looked essentially the same as it does now.
However, galaxy growth is not homogeneous; the most massive galaxies formed very
fast while smaller clumps took a long time to evolve, leading to the wide range of
galaxy classes we observe today. Galaxies come in all sizes and shapes. Some display
strong, ongoing, star formation while others appear to have been passive for quite
some time. Similarly, some galaxies are gas rich, displaying many different chemical
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1. Introduction

species, while others seem mainly metal poor. The evolutionary path leading to
such differences is still unclear, and the complete picture of galaxy evolution has yet
to be drawn.

1.4 This thesis
The present thesis is on the topic of galaxy formation and evolution. The number
of galaxies in the observable Universe is estimated to be above two hundred billion
(Lauer et al., 2021). With the growing number of sensitive telescopes, our knowledge
of galaxy evolution is gradually increasing. Even with new and better telescopes,
many scientific questions remain. While better instruments allow us to see further,
these observations remain biased toward the brightest objects, preventing us from
drawing a complete picture of galaxy evolution taking into account even the faintest
galaxies. The scope of this thesis is two fold; (i) Present a summary of the research I
conducted through my PhD: studying gas and dust evolution in galaxies, putting it
in context, and discussing the main results as well as their implications in the wider
field of galaxy evolution. (ii) Present the newly developed tool LineStacker which
enables broader investigations of distant galaxies, more specifically by studying their
gas and dust content. Through stacking a large number of sources, the signal to
noise ratio (SNR) can be drastically improved, enabling the study of faint emission,
thus highlighting otherwise invisible galaxy properties. In the following chapters I
broadly introduce the current state of knowledge in the field of galaxy evolution
before presenting the developed tool, LineStacker, itself. I then describe the
aim, content and my own contribution to the four embedded papers, followed by a
conclusion and potential outlooks.

6



1. Introduction

Figure 1.3: ©Millenium simulation: Slices of the dark matter distribution. The
following poster shows a projected density field for a 15 Mpc/h thick slice of the
redshift z=0 output. The overlaid panels zoom in by factors of 4 in each case,
enlarging the regions indicated by the white squares.
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CHAPTER 2

GALAXY EVOLUTION

2.1 Growth process
About a hundred years ago, the ‘Great Debate’ focused on whether the Milky Way
represented the whole Universe, or if it was one galaxy among many others. It was
resolved through distance measurements to the Andromeda galaxy, showing that it
was too far away to be part of the Milky Way. From this time it was known that we
lived in one galaxy among others, leading to new studies of external galaxies, and to
the birth of extragalactic research. Galaxies are large systems of gas, dust and dark-
matter, typically containing few hundred billion stars. Among the first important
steps of extragalactic research was the classification of galaxies. The most common
classification is the Hubble classification scheme which separates galaxies into four
categories: elliptical, lenticular, spiral, and irregular (see Figure 2.1). Elliptical and
lenticular galaxies are usually referred to as "early type galaxies" while spiral and
irregular galaxies are referred to as "late type galaxies"1.

Galaxies exhibit a wide variety of characteristics such as size, mass, and
color. For example, galaxy stellar masses span a wide range over more than seven
order of magnitude. The least massive (dwarf) galaxy detected has a (stellar) mass
of ∼ 105 M� (Kirby et al., 2013), while one of the most massive galaxies detected to
date has a (total) mass of ∼ 1013 M� (Carrasco et al., 2010, ten times more massive
than the Milky Way). The first large structures to form were likely star clusters,
groups of stars, gravitationally bound (White and Rees, 1978). Thus the question:
how did galaxies grow from the earliest phases to the structures we see today, in
such a wide variety as described by the Hubble sequence? There are two major
processes for galaxy growth: accretion of matter and merger processes.

1It should be noted that the terms "early" and "late" do not refer to temporal evolution. It is
sometimes thought that Hubble intended this temporal relation, and that it was later disproved.
But, as explained in Baldry (2008), Hubble borrowed this vocabulary from star classification and,
as he wrote in his 1926 paper: "Early and late, in spite of their temporal connotations, appear to
be the most convenient adjectives for describing relative positions in the sequence. . . They can be
assumed to express a progression from simple to complex forms.".

9



2. Galaxy evolution

Figure 2.1: Hubble sequence: galaxy classification.

2.1.1 Accretion
Accretion of matter is facilitated by the dark matter network (as illustrated by
Figure 1.3). Gas flows through the dark matter web and is accumulated at the
nodes. Galaxies are usually formed along the filaments, with the most massive at
their intersections (e.g. Springel et al., 2005; Vogelsberger et al., 2014). The gas
flowing through the web is accreted by the galaxies, thus increasing their mass.
There are two main modes of accretion: the hot and cold modes (e.g. Katz et al.,
2003; Kereš et al., 2005). One of the main issues with accretion is that the accreted
gas must be at sufficiently low temperature to be captured by the galaxy. Hot mode
accretion implies that the infalling gas is hot (meaning Tgas > Tvirial), due to shock
heating and must cool, mainly through radiation, before it can be integrated into
the galaxy. The hot mode is quasi-spherical and dominates at lower redshifts (z < 1)
in high density environments. In the cold mode, the accreted gas is channeled along
the filaments, allowing galaxies to draw gas from large distances. The gas is still
heated from shocks and adiabatic compression, but it radiates its heat quickly, so
that its temperature never reaches Tvirial. Cold mode accretion is dominant at high
redshifts and in low density environments at z ∼ 0 (e.g. Kereš et al., 2005; Dekel
et al., 2009).

2.1.2 Galaxy mergers
Galaxy mergers consist in combining two (or more) galaxies together to form a
bigger one (see Figure 2.2). When it comes to growing galaxies we distinguish
between three modes depending on the mass ratio of the two galaxies merging (Mr):
"major" if Mr > 1/3, "intermediate" if 1/3 > Mr > 1/10 and "minor" if Mr < 1/10.

When two galaxies of similar masses merge, the forces involved are such
that their dynamic structure is lost after merging (Barnes and Hernquist, 1996).
For this reason it is thought that elliptical galaxies are the product of major merger

10



2. Galaxy evolution

events. As an example, our galaxy, the Milky Way, and the Andromeda galaxy
are gravitationally bound and modelling suggests that they will eventually merge
in roughly 4 billion years (van der Marel et al., 2012). Being of similar mass (ratio
1/1.5) this will be a major merging event and their global dynamic structure will
hence most probably be lost. Minor and intermediate mergers should leave the
structure of the most massive galaxies intact, hence being one of the possible process
behind the growth of massive spiral galaxies (Naab et al., 2009). It is thought that
our own galaxy grew, and is still growing today, through the absorption of the Canis
Major Dwarf Galaxy and several other smaller systems (Martin et al., 2004).

Additionally, merger events can also be classified depending on the gas
richness of the galaxies involved. If the galaxies are gas-rich the merger event is
classified as a "wet merger". Conversely, if both galaxies are gas poor the event is
classified as a "dry merger". The term "mixed merger" designates an intermediate
mode, when one galaxy is gas rich and the other gas poor. Wet mergers seem to
dominate at higher redshift, but the higher number of dry mergers at lower redshift
may simply correlate with the increasing number of gas poor galaxies with reducing
redshift (Lin et al., 2008). Gas-rich major mergers trigger starbursts in the early
phase, followed by rapid black hole growth through gas inflow to the center (e.g.
review by Sanders and Mirabel, 1996). It is thought that such events may be,
at least in part, responsible for the observed quasar population; >75% of the red
quasars population show evidence of recent/ongoing merging, decaying ultimately
into a passive elliptical state (Hopkins et al., 2006, 2007). However, the frequency
evolution of mergers with redshift is still debated (e.g. Bertone and Conselice, 2009;
Le Fèvre et al., 2013; Rodriguez-Gomez et al., 2015).

2.2 Observing high-redshift galaxies
In 1995 extensive observations with the Hubble Space Telescope (HST ) resulted in
the release of the Hubble Deep Field (see Figure 2.4). The first of its kind, this
extremely deep image showed a high number of galaxies. New galaxy classifica-
tions arose based on observed physical properties instead of solely on morphology.
Around the year 2000 identification of distant galaxies were typically made through
observations of extremes objects, mostly quasars, rest frame UV-bright Lyman-break
galaxies (Steidel et al., 1996), or extremely red objects (Daddi et al., 2000). Later,
new methods would be developed to identify weaker galaxies, like dust-obscured
galaxies (Dey et al., 2008), distant red galaxies (Franx et al., 2003) or BzK galaxies
(Daddi et al., 2004).

As the timescale of galaxy evolution is much longer than our life time, it is
not possible to follow the evolution of an individual galaxy. The methods mentioned
above allow for identification of galaxies holding specific characteristics, but since
these methods are intrinsically very different and operate in different frequency
ranges it is challenging to link galaxy types together. One of the biggest challenges
is hence to tell if these classes represent different stages of galaxy evolution or if
they are intrinsically different populations that have evolved separately.

Since distinct wavelength are linked to different physical processes or
sources –e.g. dust, gas, and the different stellar populations are each associated
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Figure 2.2: The merging of two spiral galaxies, NGC2207 and IC2163. ©NASA
and The Hubble Heritage Team.

with specific emission and absorption patterns, see Section 2.4.3 and Figure 2.3–
the spectral flux distribution of galaxies can drastically vary. A comprehensive un-
derstanding of galaxies and galaxy populations can hence only be reached through
complete observations across the whole electromagnetic spectrum. Furthermore, be-
cause the observed frequency of a given spectral signature changes with the redshift
of the galaxy, a multiwavelength approach is also necessary to study the evolution
of a given phenomenon with redshift.

Observed flux goes down as the square root of the distance to the emitting
object, and thus observed distant galaxies often have very high intrinsic luminosity.
High luminosity objects at high redshift represent only the tip of the iceberg. They
are a small, extreme part of the overall galaxy population. Making an extensive
description of high-redshift galaxy populations even harder. Linked to this is the
Malmquist bias, which leads to an overestimate of the average brightness of distant
galaxies, inducing a miss-interpretation of the brightness level of the studied sample
compared to the average population.
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Figure 2.3: Multiwavelength Whirlpool Galaxy: Each image shows a narrow band
of wavelengths of light across the electromagnetic spectrum. From: Education and
outreach collections from the University of Chicago, Multiwavelength astronomy.

2.3 Gravitational lensing
Among the many predictions resulting from Einstein’s theory of general relativity,
there is one that is of specific interest for the work described in this thesis: gravita-
tional lensing. In general relativity, massive objects bend space-time around them
and light travels along space-time’s curvature. Hence, when massive objects –such
as galaxy clusters– happen to be directly aligned between us and a bright object,
the light rays emitted by that said object are deflected and magnified (see Figure
2.5). The light from the source will then look distorted, and multiple images of the
same object can even be observed in certain configurations.

The effect of gravitational lensing was first observed in May 1919 by
Arthur Eddington and his team. By taking advantage of a total solar eclipse, they
observed stars that were almost aligned with the Sun. As the light from these stars
was getting very close to the Sun, stars were observed slightly out of position. This
indicated that their light had been bent by the Sun on its way to Earth. The first
extragalactic gravitationally lensed object was only discovered ∼ 60 years later,
in 1979, by a team led by Dennis Walsh. Indeed, they observed two very similar
quasars, very close to each other, that proved to be very close in redshifts, and
to have very similar spectral properties. After numerous observations by different
teams, it is now clear that these are indeed two images of the same quasar, located
at z ∼ 1.41, and that the two images have a time delay to reach Earth of about 14
months.

Gravitational lensing is typically split in two categories:
• Strong lensing: when the lensing effect is so strong that multiple images of the

light source can be observed (or peculiar features such as Einstein rings) see

13



2. Galaxy evolution

Figure 2.4: The Hubble Deep Field. Picture taken over a period of observation of
ten days, in December 1995. ©NASA.

Image 2.6.
• Weak lensing: when the lensing effect is much weaker, resulting in only small

distortions, typically elongation of the weakly lensed galaxies. Because they
are much more subtle, weak lensing effects are typically detected through
statistical analyses of many galaxies.

The magnification effect provided by gravitational lensing boosts the sig-
nal from distant galaxies, effectively allowing us to observe much fainter objects
much further than otherwise possible. In rare cases (e.g. Khullar et al., 2021;
Whitaker et al., 2021; Witstok et al., 2021) magnifications of up to a few dozens
allow for much more detailed observations, as it amplifies both the brightness and
the size of the lensed object. Consequently the volume probed behind the lens is
smaller; as the lensing magnification varies across the field, it is not trivial to calcu-
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Figure 2.5: Figure representing the gravitational lensing functioning principle.
The light from the background source is bent on its way to Earth as it comes near
the massive object in its path. The orange arrows represent the apparent position
of the source, while the white arrow represents the actual light path. ©NASA.

late the corresponding volume. In Paper III and Paper IV, we used the gravitational
lensing effect by galaxy clusters as a magnifying glass to study faint galaxies at high
and intermediate redshifts (see Sections 5.3 and 5.4).

Aside from their magnification potential, gravitational lensing effects can
also be used to probe the very matter creating the lens. Because the lensing effect
is directly tied to the overall matter distribution, by having a good understanding
of the shear effect applied to the images of background galaxies by the lens, one can
learn more about the masses causing the distortion of the light. These methods have
been employed for example to learn more about the dark matter in clusters, and its
distribution. Indeed, as most of the mass in galaxies and hence, by extension, in
galaxy clusters, is in the form of dark matter, the majority of the matter responsible
of the gravitational lens is actually dark matter (see Figure 2.7).
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(a) An example of Einstein ring:
The Cosmic Horseshoe. The central
galaxy (LRG 3-757) is extremely mas-
sive, and right in our line of sight to
a more distant galaxy, giving rise to
strong lensing effect. Picture by the
Hubble Space Telescope.

(b) The Einstein Cross consists of
four multiple images of a single
quasar, lensed by the foreground
galaxy (in the center). While strong
lensing effect will most often lead
to the creation of Einistein Rings,
the peculiar configuration of both the
lensed quasar and its lensing galaxy
lead to this peculiar cross-shaped im-
age. Picture by the Hubble Space
Telescope.

Figure 2.6: Two examples of strong lensing.
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Figure 2.7: On the left panel one can see an image of the galaxy cluster Cl0024+17
taken by the Hubble Space Telescope. On the right panel the image is overlaid with
the overall matter distribution inferred from lensing shear measurements. The ring
structure, invisible on the image on the left, is a striking evidence of the existence of
dark matter. Credit: NASA, ESA, M. J. Jee and H. Ford (Johns Hopkins University)
and HubbleSite.

2.4 Observational probes of the gas content in
distant galaxies

One key aspect of understanding galaxy evolution is the study of the evolution of the
gas content through time. The interstellar medium (ISM) of star-forming galaxies
contains the gas that fuels the star formation, as well as processed gas that comes
from stellar evolution. There are two different gas phases in the ISM: neutral and
ionized. Both often have a wide range of temperature and density profiles. The
neutral phase is dominated by the neutral atomic and molecular gas, as well as by
the dust content. This phase is found both as diffuse gas and in molecular clouds
that can be the sites of star formation. The ionized phase is typically dominated by
the ionized atomic gas with a very low content of molecules and dust. This gas can
be found near young OB stars or in the diffuse medium.

Thorough studies can reveal the chemical composition of galaxies (e.g
Costagliola et al., 2015; Henkel et al., 2018), and being able to map the evolution of
galaxy composition through cosmic time would be a huge step in our understand-
ing of galaxy formation, and specifically the evolution of our own Milky Way. By
studying different atomic and molecular emission lines, it is possible to investigate
the physical and chemical properties of the gas. The most common emission lines
are (note: this is a non-exhaustive list, focused on the radio/mm/far-infrared):

• The atomic hydrogen Hi 21 cm line. This line probes the large gas reservoirs in
galaxies. It is mostly optically thin, allowing easier total mass calculation (e.g.
Walter et al., 2008) and hence gas/stellar mass fraction estimate (e.g. Zwaan
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et al., 2013). It can also possibly trace the gas streams growing galaxies – cold
mode accretion, see Section 2.1.1 (e.g. Morganti et al., 2006). Unfortunately,
Hi observations at high redshift are very challenging because they require a
high sensitivity.

• Atomic fine-structure lines in far-infrared probe different parts of the ISM. As
examples, the [C ii] 1900GHz line is known to be one of the strongest cooling
lines in the ISM, and one of the brightest emission lines from star-forming
galaxies (e.g. Smith et al., 2017; Lagache et al., 2018, see Section 2.4.1). The
neutral carbon line [C i] traces the physical and chemical conditions of the
dense ISM (e.g. Stutzki et al., 1997). It has also been shown to trace molecular
gas, acting as an alternative to CO (Clark et al., 2018). Ionized oxygen, [O iii]
at 88µm, is a known tracer of activity in galatic nuclei (e.g. Kauffmann et al.,
2003), as well as a good tracer of metal in galaxies (e.g. Pettini and Pagel,
2004).

• A large number of molecules, including the following: H2, molecular hydrogen,
is the most abundant molecule by far, with only around 1% of a given galaxy’s
gas in other molecules. However, H2 has no permanent dipole moment and
is therefore difficult to observe (e.g. Tielens, 2005). CO is the second most
abundant molecule and is very easy to observe because its lowest excited level
occurs at excitation temperatures of approximately 5.5K and is thus very easy
to excite, making the rotational transitions of CO the most common emission
lines observed in high-redshift galaxy studies. CO is also used as a tracer of
H2 (e.g. review by Carilli and Walter, 2013; Lagos et al., 2014). CO primarily
traces moderate density gas and has been shown to trace the star formation
rate of a galaxy (e.g. Omont, 2007). There are, however, many more molecules
of interest in galaxy evolution studies, e.g., the high density gas tracers HCN
and HCO+, and the water lines that have, so far, only been studied in a few
sources.

• Dust is observed through absorption of the blue optical wavelengths to UV
radiation from stars, which is then re-emitted and observed at far-infrared and
millimeter wavelengths. ISM properties can be deduced from dust observations
(see Scoville et al., 2014), and dust has been observed in galaxies at redshifts
higher than seven (see Section 2.4.2).

All these can typically be detected through emission/absorption lines ob-
servations. Such investigation are much harder than continuum observations. When
looking for lines, observations require good sensitivity on many spectral channels.
Continuum allows to sum these channels together, hence recovering a higher SNR
for the same observation.

2.4.1 The case of ionized carbon
Carbon is the fourth most abundant molecule in the solar system. It is typically
produced by the triple nuclear fusion of Helium: 3×4He →12C (Ehrenfreund et al.,
2002). It has an ionization potential of 11.3 eV (less than the 13.6 eV of hydrogen).
The far-infrared fine-structure line [C ii] is emitted from the 2P3/2 →2 P1/2 transition
at 157.74µm (1900.537GHz Cooksy et al., 1986), and has an excitation tempera-
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ture of 91.2K. [C ii] emission lines originate mostly from photo-dissociation regions
(PDRs, see Stacey et al., 1991, 2010). In these regions the cold neutral medium
is heated by stellar UV radiation, and cooled through the emission of [C ii]. This
line can therefore be used to probe the stellar radiation field, and its effect on the
surrounding gas. [C ii] is one of the strongest cooling line in the cold phase of the
ISM (see Carilli and Walter, 2013; Dalgarno and McCray, 1972). However, because
of its low ionization potential, single-ionized carbon is found both in the cold neutral
and ionized gas phase, which can make the identification of the source complicated.

With a rest-frame frequency near 1.9THz, the [C ii] line is almost impos-
sible to observe at low redshift with ground-based facilities. The first studies to
detect the ionised carbon line used the Kuiper Airborne Observatory (KAO, Craw-
ford et al., 1985). Early results from these studies found a detection of [C ii] in about
two dozen galaxies. They showed that the line was very bright, ∼ 0.1-1% of the to-
tal far-infrared continuum (see also Stacey et al., 1991; Wright et al., 1991; Brauher
et al., 2008). Since then, [C ii] has been studied extensively in local galaxies (e.g.
Poglitsch et al., 1995; Madden et al., 1997, 2020; Hunter et al., 2001; Cormier et al.,
2010; Israel and Maloney, 2011). In the 4.5 . z . 8.5 redshift range, observing the
[C ii] line with ground-based telescopes becomes possible, as the line is redshifted
into the submm and mm wavelengths bands. [C ii] is now routinely observed in
bright z ∼ 6− 7 quasars and starbursts galaxies (e.g. Riechers et al., 2013; Knudsen
et al., 2016; Venemans et al., 2016; Decarli et al., 2017; Stanley et al., 2019; Le
Fèvre et al., 2020a; Venemans et al., 2020). Its excitation temperature makes it less
sensitive to the CMB, which is warmer at high-z and can hence be a limiting or
compromising factor when studying, for example, CO lines.

In addition to tracing various phases of the ISM, [C ii] has been proposed
as a tracer of SFR in the local and more distant Universe (e.g. Stacey et al., 1991,
2010; Boselli et al., 2002; De Looze et al., 2011, 2014; Sargsyan et al., 2012; Herrera-
Camus et al., 2015; Schaerer et al., 2020) as well as a tracer of gas mass (e.g. Hughes
et al., 2017; Zanella et al., 2018; Madden et al., 2020; Dessauges-Zavadsky et al.,
2020). The line has been detected in galaxies with a large range of SFRs (e.g.
Capak et al., 2015; Willott et al., 2015; Knudsen et al., 2016; Pentericci et al., 2016;
Bradač et al., 2017; Decarli et al., 2017; Matthee et al., 2017; Carniani et al., 2018;
Smit et al., 2018; Hashimoto et al., 2019; Bakx et al., 2020; Béthermin et al., 2020;
Harikane et al., 2020; Le Fèvre et al., 2020b; Fujimoto et al., 2021; Laporte et al.,
2021) but non-detections have also been reported (e.g. Ouchi et al., 2013; González-
López et al., 2014; Ota et al., 2014; Maiolino et al., 2015; Schaerer et al., 2015;
Knudsen et al., 2016).

[C ii] can prove difficult to interpret has it can probe different regions of
the ISM, and observations at high-redshift have been selected either based on the
presence of AGN (e.g. Maiolino et al., 2005; Stacey et al., 2010; Wang et al., 2013;
Stanley et al., 2019), or starbursts galaxies (e.g. Ivison et al., 2010; Hailey-Dunsheath
et al., 2010; Stacey et al., 2010; Cox et al., 2011; Swinbank et al., 2012; Walter et al.,
2012; Riechers et al., 2013; Brisbin et al., 2015; Gullberg et al., 2015) leading to an
irregular selection sample.

Finally, while the [C ii] line luminosity is thought to be proportional to
far-infrared (FIR) luminosity, deviation from this relation has been observed at
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LFIR > 1011 − 1011.5 L�, where the [C ii] to FIR luminosity ratio drops by an order
of magnitude (e.g. Malhotra et al., 1997, 2001; Luhman et al., 1998, 2003; Negishi
et al., 2001; Maiolino et al., 2009; Stacey et al., 2010; Graciá-Carpio et al., 2011;
Sargsyan et al., 2012; Gullberg et al., 2015). Multiple explanations have been pro-
posed to explain this effect (see Maiolino et al., 2009; Gullberg et al., 2015) including:
(i) an increased ionization parameter leading to a higher fraction of UV photons be-
ing absorbed by dust and hence proportionally less photons available to ionize and
heat the gas (Malhotra et al., 2001; Abel et al., 2009; Graciá-Carpio et al., 2011);
(ii) opacity effects weakening the [C ii] emission line in infrared luminous galaxies
(Luhman et al., 1998; Gerin and Phillips, 2000); (iii) collisional de-excitation of
[C ii] (Appleton et al., 2013); (iv) contributions to the FIR luminosity from other
sources than PDRs (Luhman et al., 2003), possibly from AGN (Malhotra et al.,
2001; Sargsyan et al., 2012); (v) a saturation effect of [C ii] emission in highly lumi-
nous compact regions while FIR emission remains unsaturated (Stacey et al., 2010;
Gullberg et al., 2015), i.e. the [C ii] emission becomes nearly optically thick and its
brightness reaches a maximum, while cooling through the FIR continuum continues.
More observations are needed to finally clarify the reason for the existence of the
[C ii] to FIR luminosity deficit, and to properly quantify it to infer the [C ii] line
luminosity from galaxies with high FIR luminosity (and the opposite).

Overall, the [C ii] line is very useful and easily observable due to its overall
brightness and correlation with multiple physical parameters. Its rest frequency
makes it easily detectable at high redshifts (z > 4.5) with ground-based facilities
and, in particular, for the epoch of reionization. Its brightness also makes it a
good alternative candidate for confirming the redshifts of photometrically detected
galaxies (e.g. Smit et al., 2018). Nonetheless, it has yet to be extensively studied
in faint high-z objects, which is the main motivation behind Paper III (see Section
5.3).

2.4.2 Dust in galaxies: role and observation
The term "dust" is used to describe small grains of matter, usually a combination
of C, O, M, Si, S and F, with sizes typically ranging from a few molecules to a few
µm (Draine, 2011). Dust plays a critical role in galaxy assembly for several reasons.
First, dust grains are thought to be one of the main facilitators of H2 creation.
Indeed, it has been shown that H2 cannot be created efficiently enough in pure gas
environments (see Wakelam et al., 2017), while catalytic reactions on the surface of
the dust grains allow H2 to be gathered much more efficiently. H2 is is the most
abundant molecule in the Universe and is thought to be the main component of the
ISM (Hirashita et al., 2002). Since star formation primarily occurs within molecular
gas clouds (in opposition to atomic gas clouds, see Scoville 2013), the presence of
dust as well as its properties are crucial factors in the formation of stars.

Second, dust grains reprocess a significant portion of the light we can
observe from the Earth today. It is believed that about half of the total UV/optical
light we observe is reprocessed by dust (e.g. Dole et al., 2006). Light emitted from
stars heats the surrounding dust by radiation absorption, which is then re-emitted,
at much longer wavelengths (IR to mm) as thermal radiation. In total, one fourth
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to one third of the total stellar radiation emitted from stars in local spiral galaxies is
thought to be re-radiated by dust (Cox and Mezger, 1989; Calzetti, 2001). Due to the
fact that dust re-transmits light originally emitted by stars, studying dust emission
provides information not only on dust properties (e.g. dust mass, temperature and
grain size), but also on the galactic properties (mainly SFR and gas mass) that gave
rise to that radiation in the first place.

By absorbing and re-emitting UV and visible radiation, dusts also shields
part of the information that would otherwise be directly visible. Recent work by
Zavala et al. (2021) showed that dust-obscured star formation has been predominant
from z = 0 to z = 4, and decreased to 25%–20% at z = 6–7 (see Figure 2.8). Hence,
dust plays a major role in shielding star formation processes at all redshifts.

The dust SED can be split mostly into two parts: the Rayleigh-Jeans side,
where λ > λpeak (where λpeak is the wavelength at the peak of emission) and the
Wien side, where λ < λpeak (see Figure 2.9). The Rayleigh-Jeans tail can be well
fit with a single black-body component while fitting the Wien side, typically linked
to warmer dust, is more complicated. Studies have shown that fitting both sides
with a black-body function at a single temperature will generally fail (e.g. Casey,
2012). However, dusty galaxies observed at high redshift will most often only have a
few photometric data-points, making multi-temperature fits very hazardous. In local
galaxies it was shown that dust can be typically split into two components, a warmer
component (at 20 < T < 60K) and a cold component (at T < 30K). Orellana et al.
(2017) showed that the cold component is actually responsible for the majority
of the mass budget (>95%) in local galaxies. Scoville et al. (2014, 2016) suggest
that this approximation should remain valid at higher redshifts, hence arguing in
favor of fitting dust SEDs with a single modified black-body function, using only
the temperature of the cold component. The underlying assumption behind this
approximation is that the part of the SED used in the fitting process corresponds
to the Rayleigh-Jeans tail and is sufficiently far from the peak of dust emission,
where dust is optically thin. However, while the cold dust component temperature
is thought to stay mostly constant with redshift (e.g. Liang et al., 2019; Sommovigo
et al., 2020), the warmer dust component temperature has been shown to evolve
significantly with redshift (e.g. Béthermin et al., 2020; Faisst et al., 2020).

With the advent of new IR, mm and radio telescopes such as the Spitzer
Space Telescope (Fazio et al., 2004), the Herschel Space Observatory (Pilbratt et al.,
2010), the South Pole Telescope (SPT Carlstrom et al., 2011) and the Atacama Large
Millimeter/submillimeter Array (ALMA), it has now become possible to conduct
deep studies of dust in the ISM. Specifically, ALMA and its extremely high angular
resolution allow for dusty galaxies to now be detected even at z > 7 (e.g. Watson
et al., 2015; Knudsen et al., 2016; Laporte et al., 2017; Tamura et al., 2019).

2.4.3 SED fitting and photometric redshifts
The spectral energy distribution (SED) of a galaxy encodes information about the
multiple emission and absorption processes happening inside the galaxy across the
whole electromagnetic spectrum. The different phenomenon giving rise to emis-
sion or absorption of radiation within the galaxy typically have different spectral
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Figure 2.8: Dust obscured (respectively un-obscured) star formation history, repre-
sented by the orange shaded region (respectively blue). Independent measurements
from the literature based on IR/sub-mm (UV) surveys are over-plotted, as orange
(blue) dots for comparison (figure extracted from Zavala et al., 2021).
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Figure 2.9: Illustrative example of dust SED. The Wien side lies on the lower
wavelength side, while the Rayleigh-Jeans tail is located at wavelength higher than
the peak of emission (figure extracted from Conroy, 2013).

signatures (see for example Figure 2.10). Certain physical characteristics of the
sources are associated to specific spectral signatures, making it possible to extract
information about galaxies from their SED.

The complete SED of a galaxy will be a complex mix of the spectrum
emitted by each star, combined with the emission and absorption features of the
other galactic components, such as dust, gas, and AGN. Each type of star has a
distinct spectral emission signature. O-type stars for example, which are among
the most massive stars, can have temperatures higher than 30 000K, and are hence
seen as blue. On the other hand, low-mass stars such as the M-type stars have
temperatures reaching below 3 000K, and show a red peak of emission. Atomic and
molecular gas can be sources of emission or absorption lines that also modify the
overall shape of the SED. Finally, the dust (as seen in Section 2.4.2), will be the
dominant component in the far-infrared and (sub-)millimeter wavelength part of the
spectrum, and will also play the important role of absorbing the light emitted by
the stars. A complete description of a galaxy SED is very complex and difficult to
model as it is a combination of these many different components. In addition, the
overall stellar population, SFR and gas fraction, all evolve with the galaxy, making
each galaxy’s SED an object in constant evolution.

However, with the advent of advanced fitting techniques, it has become
possible to extract characteristics of galaxies directly from their SED. In this work
I will briefly present two different fitting codes that use a fairly different fitting
procedure: MAGPHYS (da Cunha et al., 2008) and BAGPIPES (Carnall et al.,
2018).

MAGPHYS has been used extensively since its first release. Unlike BAG-
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Figure 2.10: Example of SED from the different component of a galaxy (figure
extracted from Popescu et al., 2011).

PIPES it functions with the use of a library of model SEDs. Its fitting routines are
mostly done in two steps. First the library of model SEDs at the same redshift and
in the same photometric bands as the studied galaxy are gathered. Second, through
comparison between the observed SED and the library, the likelihood distribution
of the free parameters is computed.

BAGPIPES, on the other hand, does not work with libraries but instead
uses self generated, physically realistic, galaxy model spectra to asses the goodness
of the fit. Depending on the desired complexity, a number of model components can
be set as free parameters for the galaxy model creation. The luminosity function of
the model galaxy spectrum is created as a sum of four components: a simple stellar
population model, the star formation history, the transmission function of the ionized
ISM, and the transmission function of the neutral ISM. Generated models are then
fit to observed data within the framework of a Bayesian inference, using a nested
sampling algorithm2 (Skilling, 2006).

Aside from identifying the overall physical parameters of the studied galax-
ies, SED analysis techniques can also be used to recover the redshift of the source.
Spectroscopy observations of galaxies provide valuable information about the phys-
ical properties, and importantly also allow for a spectroscopic redshift derivation.
However, spectroscopic observations are expensive in terms of observing time. In-

2Nested sampling algorithms allow for an efficient exploration of multidimensional spaces with
a high number of dimensions and highly degenerate parameter spaces.
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deed, the overall SNR will go down as roughly the square root of the number of
channels, meaning that if one needs high sensitivity in a high number of channels,
the observation time should be very long. However, photometric observations al-
low for a higher SNR due to the nature of observations. Photometric analyses are
hence very common, leading to the development of methods to infer redshifts from
photometric observations i.e., photometric redshifts.

While photometric redshift derivation dates back to the 1960’s (Baum,
1962) it was soon replaced by the usage of the much more precise spectroscopic
redshifts. At the end of the 90’s the development of large surveys, identifying dozens
of galaxies, made for the come-back of photometric redshift derivations as an easy
and cheap alternative. At first, the shift was directly observed by comparing the
known redshift of galaxies in a given clusters, to a set of galaxies coming from an
other cluster at unknown redshift Baum (1962). But this direct method was soon to
be replaced by more indirect routines. For example, color-color diagrams were used
as early as 1985 (Koo, 1985) and saw widespread usage and transformation in the
late 90’s (e.g. Madau et al., 1996; Pello et al., 1996; Steidel et al., 1996). Connolly
et al. (1995) used a large training data-set of real galaxies with a large spread in color
and confirmed spectroscopic redshifts, and with the use of simple linear regression
techniques showed it was possible to derive impressively accurate redshifts. They
found σz ∼ 0.05 with their training set of 370 galaxies extending to a redshift of
0.5. An alternative is to use "template fitting" techniques; these methods involve
building a complete library composed of the full SEDs of galaxies (both observed
and/or modeled) at many different redshifts and comparing them to the observed
one. While this method can prove very efficient, it suffers from potential mismatch
between the models and the observations.

Due to the overall high uncertainties linked to the derivation of photo-
metric redshifts, they are usually barely usable for spectral stacking analyses (see
Section 5.1). However, their relatively easy derivation, even for large galaxy sample,
makes them suitable for large continuum stacking analyses where their overall lack
of accuracy washes out due to the high number of objects stacked (see Section 5.4).

2.5 AGN & outflows
Starting from the 1980’s, numerous studies detected supermassive black holes in the
center of galaxies (e.g. Sargent et al., 1978; Dressler and Richstone, 1988; Harms
et al., 1994). It is now widely accepted that all massive galaxies contain a central
supermassive black hole. In parallel, the presence of extreme optical/radio phe-
nomenon in some galaxies was attributed to the mechanism of mass accretion onto
a black hole (e.g. review by Rees, 1984; Lynden-Bell, 1969). These extreme sources
are now known as active galactic nuclei (AGN).

By studying supermassive black holes, and their relation to their host
galaxy, it was shown that there exists a proportionality between black hole mass
and mass of the galactic bulge (e.g. Marconi and Hunt, 2003; Häring and Rix,
2004). Such a relation could be explained by a process known as AGN feedback.
Both black hole growth and star formation require cold gas. However, while black
holes only accrete gas on small scales (< 1 pc), star formation operates on galactic
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scales. Thus, one can wonder how to expand the influence of AGN by a factor
∼ 105, so short range AGN can impact the star formation on galactic scales? While
still debated, many studies propose that the AGN would act on the galaxy’s cold
gas through violent outflows: either warming the gas or mainly expelling it out
of the host galaxy, hence quenching star formation (e.g. reviews by Fabian, 2012;
Alexander and Hickox, 2012). Furthermore, simulations of galaxy formation show
that quenching processes from AGN feedback are required to properly reconstruct
galaxy stellar mass functions, which would, without this feedback, be over-estimated
(e.g. Di Matteo et al. (2005); Somerville et al. (2008); Schaye et al. (2015) and review
by Naab and Ostriker (2017)).

While outflows have been observed in massive low redshift galaxies (e.g.
Rupke and Veilleux, 2011; Maiolino et al., 2012; Cicone et al., 2014; Harrison et al.,
2014) there have been but a few observations at higher redshifts (e.g. Cicone, 2015;
Decarli et al., 2018), and mainly targeting sources with a high chances of being
in an outflowing phase (Circosta et al., 2018). Furthermore, as shown in Harrison
et al. (2018), deriving outflow properties (such as mass, extent, velocity etc.) is
a hard process, and even more so to link them to AGN luminosity. Hence, using
current observations, one cannot draw a definitive conclusion regarding the rate of
outflows across redshift. Especially, on whether outflows are a common process or
are limited to a certain galaxy-mass or redshift range, hence questioning the role of
AGN feedback in the global picture of galaxy evolution. While studies like Circosta
et al. (2018), which blindly searched for AGN-driven outflows in previously detected
AGN at z ∼ 2-3, are an important step toward generalizing outflow properties,
studies like the one described in Paper II, allow for unbiased statistical analysis of
high-redshift AGN (see Section 5.2).

2.6 Open questions
While both merging and accretion processes are mostly accepted as responsible for
galaxy growth, many questions remain. For example, the respective distribution of
both processes across redshifts remains unclear. Similarly, the relation between the
supermassive black hole at the center of galaxies and the properties of the galaxy
itself is still questioned, in particular the role of feedback processes from AGN in the
early Universe and their consequences for star formation. In a broader view, the star
formation evolution across ages, and the mechanism allowing star formation to be
switched on or off, as well as its fueling, are still being investigated. Additionally, the
content of galaxies, i.e., the nature and amount of gas and dust available at different
stages of galaxy evolution, is not well described by current theories. Finally, the role
of the environment on galaxy formation, as well as the galaxy population distribution
as a function of the redshift are also still open questions. Current observations do not
permit for a broad enough global view that would allow for a thorough description
of galaxy evolution across the ages.
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CHAPTER 3

RADIO INTERFEROMETRY

3.1 Introduction to interferometry
The main purpose of interferometry is to significantly improve the angular resolution
of observations. A standard two-element interferometer functions by studying, not
directly the signal received from the source but, the correlation between the outputs
of two antenna systems. The outputs are superposed, creating interference that can
be studied to retrieve information about the original signal, emitted by the source. In
order to improve the limited performance of a two-element interferometer, "aperture
synthesis" is done by using an array of antennas. For a single dish the resolution, R,
is inversely proportional to the size of the dish, R ∝ λ/D, where λ is the wavelength
of observation and D the antenna dish diameter. In an interferometer, the resolution
is R ∝ λ/L where L is the maximal distance between antennas in the array (L >>
D, hence largely improving the resolution of interferometers compared to single
dish observations). Aperture synthesis works by correlating the outputs of each
antenna pair in the array. Every antenna measures the power of the incoming signal
over time, and the visibilities are the measure of the coherence of the signal. The
visibilities, Vj,k(t), for antennas j and k at time t are linked to both the source
brightness, I, and the distance between the antenna pair, ~Bj,k :

Vj,k(t) ∝
∫
sky

I(~σ)e
−2iπ
λ

~Bj,k ·~σdΩ (3.1)

Where ~σ is the vector describing the position on the sky. Visibilities are usually
expressed in terms of (u, v), defined as:

~Bj,k · ~σ = λ(ul + vm) (3.2)

where (l,m) is the coordinate system used to describe ~σ. Allowing us to rewrite 3.1
as a 2D Fourier transform:

Vu,v ∝
∫
sky

I(l,m)e2iπ(ul+vm)dldm (3.3)
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However, because the number of antennas is not infinite, there is a limited
number of antenna pairs (N × (N − 1) where N is the total number of antennas),
and hence a limited number of ~B, which leads to a discrete spanning of the visibility
space.

The combination of all (u, v) points sampled by the array configuration is
referred to as uv-coverage (see Figure 3.1). Since there cannot exist a null distance
between antennas, the point u = v = 0 is not probed1. Furthermore, a whole area
in the center of the uv-plane corresponding to distances smaller than the shortest
baseline, remains un-sampled. This means that extended emission will, to some
extent, be lost when using interferometers. Similarly, the largest baseline will deter-
mine the maximum achievable resolution by the interferometer. The rotation of the
Earth means that the uv-coverage changes as time passes, hence longer observations
allow for a more complete coverage of the uv-plane (see Figure 3.1). Due to under-
sampling, using proper (inverse) Fourier transforms is not a possibility to go from
the uv-plane to the image-plane. The most popular method to image visibilities is
the CLEAN algorithm first developed in Högbom (1974). However, it is important
to note that visibilities are the actual data, images are model representations of this
data, and, as such, they are model dependent. The algorithm used to image the
visibilities could significantly affect the produced images. This is especially true for
low SNR data, where artifacts (such as a dirty beam) will be hard to remove when
imaging.

3.2 Radio interferometers
There is a growing number of radio and millimeter interferometric arrays. Below we
describe the two most prolific arrays, namely the Atacama Large Millimeter/sub-
millimeter Array (ALMA) and the Karl G. Jansky Very Large Array (VLA). There
are many others, e.g. the Submillimeter Array (SMA), the Low-Frequency Array
(LOFAR), the Australia Telescope Compact Array (ATCA), the IRAM NOrthern
Extended Millimeter Array (NOEMA). Among the new generation are MeerKAT
and ASKAP (Australian Square Kilometre Array Pathfinder), the pathfinders for
the future Square Kilometer Array (SKA), which will be the largest radio interfer-
ometer and is expected to be operational in 2028. Furthermore, radio interferometry
is done on many scales with for example, the use of VLBI (Very Long Baseline Inter-
ferometry) techniques, which allow for baselines able to mimic the size of the Earth.
VLBI gained a lot of traction in the year 2019, when a global VLBI effort, under
the name of "Event Horizon Telescope", used telescopes from all around the globe
to take the first ever, picture of a black hole (see Figure 3.2).

3.2.1 Atacama Large Millimeter/submillimeter Array
ALMA is an astronomical interferometer composed of 66 antennas. It is located
in the Atacama desert in Chile at an elevation of roughly 5000 meters. Its con-

1The central region in the uv-coverage can be filled in with a "zero-spacing" observation: by
using a single dish telescope to recover large angular scale information.
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struction began in 2004 and it is a joint ESO (European Southern Observatory),
NRAO (National Radio Astronomy Observatory), NAOJ (National Astronomical
Observatory of Japan), and Chilean project. The location was chosen because it
is one of the highest and driest place on Earth, minimizing the effect water vapor
has on observations. As its name indicates, observations are carried out in the mil-
limeter/submillimeter range (from 0.32mm to 3.6mm). The antennas are separated
into 2 arrays: the main array, consisting of fifty 12meter diameter antennas, and
the Atacama Compact Array (ACA) composed of four 12meter and twelve 7meter
diameter antennas. One of the impressive technological feats is that antennas can
be moved (on trucks), allowing the array to assume different configurations. This
creates the possibility of altering distances between antennas from 150m to 16 km,
allowing for different uv-coverage. This is beneficial as some configurations are bet-
ter suited for specific observations. For example, longer baseline configurations will
lead to better spatial resolution, while shorter ones will be favored for large scale
observations due to an improved field of view. ALMA’s spatial resolution is up to
10milliarcseconds, five times better than that of the Hubble Space Telescope. Its
spectral resolution is up to 50m s−1. ALMA has been operating since late 2011, lead
to the publication of more than 1000 scientific papers (reaching 1000 in June 2018)
in many different areas of astronomy from smaller scales with studies of the Sun to
very distant observations investigating early galaxy formation.

3.2.2 Karl G. Jansky Very Large Array
VLA is an astronomical interferometer composed of 27 antennas. It is located in
the United States of America, in the state of New Mexico at an elevation of roughly
2100 meters. Its first observation took place in 1980 but the array was upgraded in
2011, changing its name from the former "Very Large Array" to the current "Karl
G. Jansky Very Large Array" and upgrading its overall capacities by a factor 8000.
Each of the VLA’s antennas have a diameter of 25 meters and are positioned to
form a "Y" shape (see Figure 3.1). Antennas can be moved along rails, resulting
in four different possible configurations (depending on the baseline’s length). The
most compact configuration (configuration D) shows a maximum baseline of 1.03 km
and a minimum baseline of 35m, corresponding to a resolution of 7.2 arcsec and a
field of view of 145 arcsec. The most extended (configuration A) shows a maximum
baseline of 36.4 km and a minimum baseline of 680m, corresponding to a resolution
of 0.2 arcsec and a field of view of 5.3 arcsec. The frequency coverage is 74MHz to
50GHz. Similar to ALMA, VLA is used in basically all subfields of astronomy.
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Figure 3.1: VLA antennas location and uv coverage as a snapshot after 1 hour and
after 12 hours.
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Figure 3.2: First ever picture of a black hole, the supermassive black hole of
the galaxy M87 located 54 millions light-years away from Earth. This image was
captured using the "Event Horizon Telescope", a VLBI network of 8 telescopes from
(almost) all over the globe.
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Figure 3.3: ALMA: aerial view of the antennas located in the Central Cluster, in
their construction stage.
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CHAPTER 4

LINESTACKER

Observing high-redshift galaxies is an extremely complex task, especially when try-
ing to identify emission lines from low mass systems. About two days of ALMA
integration time would be needed to detect a z = 2.5 CO(4-3) line of luminosity
L′CO = 109 Kkms−1 pc2, which corresponds to a galaxy with gas mass about few
times 109 M�. In contrast, a galaxy 10 times more massive would only require
37 minutes on source observation time. Similarly, to detect a [C ii] line, with a
width of 200 km s−1, coming from a galaxy at z = 6, with a star formation rate
of ∼ 10M� year−1, would require an ALMA integration time of ∼ 6 hours, simply
to observe one single source. Many similar observations would be needed to draw
a statistically significant conclusion about a specific galaxy population, this is es-
pecially relevant for our understanding of galaxy evolution. With that in mind,
techniques such as stacking are used to allow retrieval of statistical observations
while drastically reducing the need for observing time.

Stacking is a method first developed for optical data (Cady and Bates,
1980) that allows a statistical improvement of the SNR through averaging together
many individual measurements from a previously known similar population. If the
noise is Gaussian, and it should be to first-order approximation, averaging N stamps
of pixels together improves the SNR by a factor

√
N , and leads to reveal patterns

that were invisible before (see Figure 4.1 for an example of spectral stacking). Be-
cause stacking works through averaging, only patterns common to all (or at least
most) sources will be properly enhanced, while peculiar individual properties will
end up being smeared out by the averaging process. This is the reason why a good
à priori knowledge of the stacked sample is needed to be sure that stacked sources
share common properties.

For the above listed reasons, the usage of statistical tools to probe both
the initial populations (if possible) and the properties of the resulting stack are
essential. As an example of this method, let us imagine that we want to measure
the average size of the adult population of a town. If we simply average the size
of every citizen together we will obtain a biased result as children will also also be
included in our sample, therefore driving down the average size. Alternatively, by
randomly resampling the original sample into smaller sample sizes a high number of
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times, we would eventually realize that the entire population is not homogeneous.
Instead, it is composed of two distinct populations of different average sizes: those
of the children and those of the adults. In this chapter I will discuss the details
of the stacking algorithm I developed, as well as the data analysis/statistical tools
included in the code.

4.1 Main algorithm
The stacking tool I developed, called LineStacker, is based on Stacker (Lin-
droos et al., 2015, 2016). It is an ensemble of CASA tasks, and enables stacking
of interferometric data. Unlike Stacker, it allows stacking of spectral cubes and
continuum data. The goal when developing the code was to create a means to stack
together emission (or absorption) lines from a wide variety of sources. To do so,
the algorithm requires the redshifts of the targets, the rest frequency of the line
to stack, and the spatial position of the targets. A 3D stamp of user defined size
centered on each source, both in space and spectral dimensions (using the redshift),
is extracted from the data and buffered to facilitate access. Each stamp is then
averaged together, pixel to pixel and spectral channel to spectral channel.

3D pixel averaging can be performed using mean, median, or weighted
mean schemes. Some weighting methods are embedded in LineStacker, although
weights can also be specified by the user. The weighting schemes included are:
• wi = 1

σ2
i
where wi is the weight of source i and σi the standard deviation of the

stamp associated with source i. This is the most commonly used weighting
method. It weights sources as inversely proportionally to the square of the
noise around the source, implying that the weights will be the same for all
spectral channels (see Paper II).

• wi,j = 1
σ2
i,j

where wi,j is the weight of target source i at spectral channel j, and
σi,j is the standard deviation of the stamp associated with source i at spectral
channel j. This method, similar to Fruchter and Hook (2002); Bischetti et al.
(2018), allows the user to define individual weights for each spectral channel.
This method can be especially useful when stacking data with large band-
widths where noise characteristics may be very different on different ends of
the bandwidth.

• wi = 1
Ai

where Ai is the amplitude of the line associated with source i. This
method can only be used if the line is visible pre-stacking, and it allows for a
homogenization of the stack (see Paper II).

A particular issue arising from stacking spectral lines rather than contin-
uum emission is the difficulty of trying to stack spectral bins outside of the observed
spectral window. This can happen if the user requested large spectral stamps and/or
if the observations are not centered on the line targeted for stacking. The algorithm
was designed so that for such a case it would not include these sources when stacking
such channels. Due to this, fewer sources will be stacked in the outer channels, re-
sulting in a higher noise level at greater distances from the spectral center. Another
method used, for example in Murray et al. (2014), is to fill the empty channels with
zeros and add them to the stack. Although this method is technically simpler, it is
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Figure 4.1: 1D stacking example of 100 spectra.

biased as zeros will be added to the stack, thus artificially reducing the stack values
in these channels. To allow the user to have the best possible interpretation of their
stack, the algorithm returns the number of sources stacked in each spectral channel.
The stack output is a stacked cube, leaving the user free to extract spectra in any
desired fashion.

For completion, a 1D version of LineStacker is also included. This 1D-
Stacker functions similar to LineStacker but stacks the spectra directly instead
of the cubes (see Figure 4.1). Thus this version does not require spatial positions
of the sources to run. The 1D-Stacker can be used on all kinds of spectral data
extracted beforehand. It features the same tools as 3D LineStacker and is useful
when users wish to extract spectra from cubes before stacking. This can happen
if sources have been observed with different telescopes or in different configuration
which can lead to different primary beams for different sources. Similarly, if the
sources are known to be extended or to differ in sizes it may be relevant to have
a customized spectral extraction for each source (i.e. from different regions) before
stacking.
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4.2 Embedded tools
A series of computing tools are embedded in the program that can be used to
increase the usefulness and capacity of LineStacker. These tools can be used
either pre-stacking (to improve knowledge of the studied data) or post-stacking
(to get a better handle of the statistics and to better understand the product of
stacking). One should bear in mind that since stacking is a statistical method, its
product is not fully straightforward to analyze. These tools aim at providing the
user with ways to perform and analyze stacking in a controlled and meaningful way.

4.2.1 Evaluating relevance of stack
Stack products should always be compared, not to the general noise in sources pre-
stacking, but to a "noise-stack". A "noise-stack" refers to a comparison stack where
the stacking positions are chosen completely randomly as "empty" (i.e. noise only)
positions. To generate this "noise-stack" a set of positions on the images are ran-
domly chosen and then stacked (as many random positions as there are original
target sources). This process is coupled to Monte Carlo methods to statistically
avoid peculiar noise regions. Each time, stacking positions are chosen at random
anywhere on the map, far enough from the original target sources to avoid con-
tamination. These stacks of random, source free, positions are then compared to
the original stack. This allows the user to see whether the stacking result could be
reproduced by solely stacking random noise.

4.2.2 Bootstraping and subsampling
Bootstrapping and subsampling are statistical methods aimed at studying the distri-
bution of the target sources’ parameters through randomly resampling the original
set of sources. Coupled to Monte Carlo methods, these processes are repeated a high
number of times to explore a representative portion of the total number of possible
resamples.

Bootstrapping acts through randomly resampling with replacement, lead-
ing to a resampled population the same size as the original sample. When used
through LineStacker, all subsequent resamples are stacked and the corresponding
stack result is saved. The distribution of stack results is then analyzed and com-
pared to the original stack. The distribution should be close to Gaussian, centered
on the original stack result – however, a larger negative tail is expected since noise
reduction is not optimal when a given source is present more than once in the stack.
An inhomogeneous original sample distribution (for example, one that includes some
outliers among the input population) would lead to a possible strong deviation from
Gaussianity and would hence be diagnosed as such by a bootstrapping analysis.

Subsampling acts through the creation of a new, smaller sample that is
randomly selected from the original sources. The number of elements Nsub in the
new subsample can be fixed or randomized for each iteration of the Monte Carlo
process, with Nmin < Nsub < Nmax where Nmin > 0 and Nmax < N , where N is the
number of sources in the original sample. Nmin and Nmax are specified by the user.
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First stack all sources.

I II (do N times)

Stack a random sub-sample, grade sources in the 

sub-sample accordingly (here the grade is the 

amplitude of the stacked line).

Compare the grades of all sources.

III

Stack the sources with the best grades. (note that noise 

values are higher because less sources are stacked) 

IV

Figure 4.2: A block diagram example of the sub-sampling process.

It should be noted that if Nsub is small, the noise reduction effect of stacking will be
drastically reduced (because of the low number of sources in the stack); additionally,
spanning all possible configurations will be a lengthy process as there are

(
N

Nsub

)
= N !
Nsub! (N −Nsub)!

possible subsamples of size Nsub.
Subsampling can be used if one expects that some sources should not be

included in the stack due to physical considerations (such as angular orientation in
the case of a QSO, see Paper II). To identify such sources subsampling should be
paired with a grading function, attributing a common grade to sources in the tested
subsample (see Figure 4.2). The exact grading function has to be user input because
it is dependent on the tested property. For example, in Paper II, the grading function
utilized would grade a subsample proportionally to the presence of a spectral outflow
signature. A pre-existing grading function is already embedded in LineStacker
that grades the subsample proportionally to the corresponding stack’s amplitude.
Such methods can allow for the identification of the sources that are responsible for
most of the stacked emission or that have a high probability to exhibit no emission
–or much lower than average.
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Figure 4.3: Example stack of 50 Gaussian lines with a large range of width, show-
ing an artificial broad wing component. This showcases the necessity for spectral
rebinning when studying line profiles.

4.2.3 Spectral rebinning
When trying to recover information about the line profile through stacking one
should be aware that stacking lines of different sizes or shapes leads to a biased re-
sult. Since spectral stacking is performed from spectral bin to spectral bin, stacking
Gaussian shaped lines with different widths (in bins) will result in a non-Gaussian
stacked profile with wings (i.e. some additional flux in the outer channels, see Fig-
ure 4.3 and Paper I). More generally, even if all sources exhibit lines with the same
arbitrary shape (Gaussian, Lorentzian, double peak Gaussian etc.), if they do not
span the same amount of spectral bins, the spectral shape information will be lost,
or at least diluted, in the resulting stack. A simple solution exists to prevent this as
long as the lines are visible before stacking. This solution consists of rebinning all
spectra such that all lines span the same number of bins. It should be noted that bin
size information is lost through rebinning. Before rebinning all spectral bins should
have a well defined physical size (i.e. in km s−1 or Hz) but once rebinned all spectra
will show a different bin size. As such, deriving the size of the spectral channels in
the stack of rebinned spectra is not straightforward.

Finally, it is important to keep in mind that since there is no reason to
expect all lines to have the same width naturally, it would be basically impossible to
confidently retrieve spectral shapes from sources that were invisible before stacking.
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CHAPTER 5

RESULTS OF PAPERS

5.1 Paper I

5.1.1 Description of Paper I
Paper I aims at fully describing and testing LineStacker. To do so I simulated a
number of data sets – data cubes as well as 1D data – to assess the tool’s perfor-
mances in different situations. Most simulations were performed using CASA’s task
SIMALMA which preforms full ALMA observation simulations using a custom sky
input by the user as the observable. SIMALMA delivers a simulated set of visibilities
as an output. These visibilities were transformed into an image using the CLEAN
algorithm (first developed in Högbom, 1974). All the stacks consisted of 30 sources,
yielding a noise reduction of ∼

√
30 ∼ 5.5. Each source consisted of an emission

line and some noise. The different simulated datasets were built to be increasingly
realistic. The first sets were very simple and built slowly into more specific test
cases that could be expected from real observations. The effect of bright foreground
sources, extended target sources, or using a different interferometer (e.g. VLA) were
tested, among other expected different scenarios. To complete our study, four one-
dimensional data sets were simulated to test the performances of the 1D-Stacker,
and also to study cases with more complex spectral configuration. Special attention
was given to the study of redshift uncertainties.

5.1.2 Results of Paper I
For a summary of the results, see Table 3, 4, 5 and 6 in Paper I. Reconstruction rates
of the line amplitude were very satisfying. They were above, or close to, 90% for ev-
ery set with even the most complicated ones properly reconstructed. Reconstruction
kept similar values when the amplitude of the line was set to noise level, showing
the efficiency in increasing the SNR by making use of stacking. Reconstruction of
the linewidth1, as well as the integrated flux showed similar results. As mentioned

1I will be referring to the Full Width Half Maximum (FWHM) of the line when referring to the
width, or linewidth
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Figure 5.1: Stack spectrum of 30
sources of width 400 km s−1 for differ-
ent redshift uncertainties. ∆z = 0.01
shows a ∼ 50% drop in reconstruc-
tion accuracy, and the accuracy drops
rapidly above this.

Figure 5.2: Stack spectrum of 30
sources of with double peaked pro-
file for different redshift uncertain-
ties (both peaks are Gaussian with
a width of 400 km s−1 and a distance
of 400 km s−1 between the two peaks).
Uncertainties higher than 0.001 dilute
the two peaks, showing that similar
profiles will be extremely hard to re-
construct through stacking.

previously, when all lines have different widths the resulting stacked line will lose its
Gaussian shape and hence the amplitude will be slightly underestimated by Gaus-
sian fitting. This does not have a huge impact on the results but is important to
keep in mind as it is inherent to spectral stacking.

Through stacking 1D simulated data sets, I quantified the effect of redshift
uncertainties on spectral stacking. I showed that line reconstructions would be
very inefficient when redshift uncertainties rose above 0.01. Furthermore, trying to
reconstruct line profiles is virtually impossible if the redshift precision is not very
accurate. See Figures 5.1 and 5.2.

5.2 Paper II

5.2.1 Description of Paper II
Paper II is our first application of LineStacker to real data. In this project
we stacked a sample of 25 quasars at redshift z ∼ 6 detected in [C ii] to search
for high velocity outflow components. Outflows can be characterized by a second,
broader and fainter, component under the main line (see for example Sulentic et al.,
2014; Decarli et al., 2018). As the main line of the host galaxy is clearly detected,
and the redshift uncertainty is very low (∆z < 0.01), stacking can be performed
accurately with all the lines properly centered. Furthermore the good identification
of individual line widths allowed for spectral rebinning of the individual spectra,
avoiding issues that would arise from stacking lines with different widths. Indeed, we
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showed that stacking lines with different widths introduced artificial wing signatures
into the stack making the analysis of the spectral profile biased toward finding
outflows if the data were not rebinned before stacking. As stated in Section 2.5
outflow observation at high-redshift are needed to complete our understanding of
the impact of AGN feedback on galaxy evolution.

It is expected that, even if all sources hosted outflows, they would not all
be visible due to orientation effects. Thus, we used a subsampling method to identify
sources that presented clearer outflow components when stacked. We performed two
stacking techniques:

• First, spectra were extracted individually from each source from the regions
in moment-0 maps with flux higher than two-sigma levels. All spectra were
stacked together using 1D stacking. While this method is simpler and allows
for a meaningful way to extract spectra, it is also biased. Since the spectra
were extracted before stacking, the potential outflow components were not
individually detected, and it was not clear that they would span the same
region as the main line. By restricting the extracting region to regions with
flux higher than two-sigma levels, we may miss the regions where the outflow
is, especially if the emission is extended. On the contrary, if the outflow
emission is very compact, taking a region that is too large would lower the
outflow signal through summing pixels with no outflow component signatures
with pixels that do contain some.

• Second, by stacking the cubes and extracting a spectrum afterward from the
stacked cube. This allowed us to examine the spatial extent and characteristics
of the stacked line, but also had certain caveats. Sources are stacked pixel to
pixel, which means that if the emission was more extended in some sources
than in others, stacking could dilute the outflow signal. Furthermore, finding
the best region from which to extract the spectra was not straightforward.

However, both methods showed similar results. Additionally, three weight-
ing schemes were used. The first was simply to use no weighting at all. Since that
we do not know if there is a relation between the main component and the outflow
component, it may be arbitrary to choose a peculiar weighting scheme based on
the characteristics of the main component. However, if one thinks that the outflow
amplitude is proportional to the main line amplitude, then using a weighting scheme
that is inversely proportional to the amplitude of the line would allow all outflows
to carry the same weight and correct for their brightness. The last set of weights
used was inversely proportional to the noise in the associated cube which allowed
for higher weights to be given to sources that presented lower noise values.

5.2.2 Results of Paper II
Through subsampling we identified a subsample of 11 sources that were the major
contributors to the broad component emission. We named this subsample "max
subsample". Similarly, we formed a subsample with the sources not included in
the max subsample. We termed this subsample the "min subsample". The stack
of the max subsample showed a tentative detection of a broad component, with
FWHM = 1110 ± 203 km s−1 and Speak = 2.03 ± 0.61mJy, which is indicative of a
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[Cii] outflow. Furthermore, when stacking the min subsample we found no deviation
from simple Gaussianity, indicating coherence in our subsampling scheme.

To ensure that the obtained results were neither purely random nor driven
by a single bright source, we performed mock sample tests and additional analyses
of our sample. To verify that one source was not responsible for most of the outflow
emission, we restacked the subsample after removing one of its sources. We repeated
this process for each source in the subsample. The resulting stacks did not show
strong deviation from the original max subsample stack. Hence, we concluded that
the max subsample was rather homogeneous, at least in terms of wing emission.
Additionally, we performed tests to make sure that our signal could not be repro-
duced by stacking random noise. Finally, to prove the efficiency of our methods, we
created mock data-sets containing outflows to determine their recovery rate. The
outflows were generated with a width of three times the main components’, and an
amplitude five times weaker than the main components’. By stacking, we attained
a recovery rate of the second component of 98.52% at 3σ and 31.72% at 5σ, thus
showing that our method should be able to recover outflows with similar properties
to a least 3σ level.

Our results are consistent with the derived width and amplitude of the
detected broad components of molecular outflows at low and high redshifts (e.g.
Harrison et al., 2014; Cicone, 2015). Although deeper individual observations would
be needed to improve our understanding of outflows at z ∼ 6, our study is a first
step in quantifying the ability to detect high-redshift outflows, and will also be
useful when planning future observations of individual sources. In addition, we have
demonstrated the efficiency of subsampling, which is a tool that could be combined
with large surveys to identify sources more likely to present an outflow component.

My contribution to Paper II is that I developed the stacking tool (as
described in Paper I), carried out the stacking analysis (including the subsampling),
and performed the mock sample tests mentioned above. Additionally, I participated
in the data reduction.

5.3 Paper III

5.3.1 Description of Paper III
In Paper III we once again focused on [C ii] in z ∼ 6 galaxies. In contrast to Paper II,
which focused on luminous sources, we here targeted a large sample of faint sources.
Indeed, we focused solely on sources not individually detected in our 1.2mm data
by making use of data from the ALMA Lensing Cluster Survey (ALCS). The ALCS
is a large ALMA program in cycle 6 (PI: K. Kohno) designed to target 33 lensing
cluster and totalling 110 arcsec2 in band 6 (∼ 1.2mm). The observed frequency
windows of the program (one from 250.0 to 257.5 GHz and one from 265.0 to 272.5
GHz) translates to a possible range of observable redshifts: 5.97 . z . 6.17 and
6.38 . z . 6.60 for [C ii] observation. As we are dealing with line stacking, it
is necessary to know the redshift accurately as shown in Paper I. This is why we
selected only sources with either spectroscopic redshifts or photometric redshifts
with a very good precision (σz<0.02). After selection, the final full sample consisted
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of 52 sources. All these sources physical coordinates and redshifts were found and
extracted from a variety of different catalogs, from which we also extracted SFR
and magnification when available. Alternatively, for those sources without SFR
measurements available in online catalogs, we used the SED fitting tool BAGPIPES
(Carnall et al., 2018) to retrieve SFRs when possible (i.e. when photometry for these
objects could be found online).

The 52 sources were located behind nine different galaxy clusters out of
the 33 available in ALCS. To improve our selection method we built three additional
subsamples from our 52 sources. The first was termed the "good-z subsample" and
consisted of only sources with the highest redshift precision, meaning this sample
was comprised of only sources with high precision spectroscopic redshifts. If the
source had a photometric redshift or poor spectroscopic redshift flags, it was not
included in the subsample. In total this subsample contained 36 sources. The second
was termed the "high-SFR subsample" and consisted of only the sources with a SFR
higher than the median SFR of the full sample (SFR > 10 M� per year). This
subsample was composed of 17 sources. The third subsample was termed the "sfr-z
subsample" and was composed of the 11 sources that were included in both the
good-z and high-SFR subsamples.

All the different subsamples were stacked with LineStacker using both
weighted-average stacking (where the weight of each source is the inverse of the
square of the local RMS) and median stacking. In addition, we performed continuum
stacking on the same samples.

As explained in Chapter 2.4.2, [C ii] is a known tracer of a galaxy’s SFR
and the correlation between the [C ii] line luminosity and a galaxy’s SFR has been
studied in-depth at low redshift. However, only a few studies at z ∼ 6 have detected
[C ii] , and mostly from bright objects. The goal of our analysis was to shed light
on the [C ii] - SFR relationship at high-z, more specifically in the low-SFR domain.

5.3.2 Results of Paper III
After stacking we found no detections in [C ii] nor in continuum emission in both the
weighted-average and median stacks. From this absence of emission we derived 3σ
upper limits for both the [C ii] line luminosity and the 1.2mm flux (see Béthermin
et al., 2020). Using the measured [C ii] luminosity upper limits we inferred an
upper limit on the [C ii] - SFR relationship. These results, shown on Figure 5.3,
were separated into two sets of data points; one for the mean-stacking results and
one for the median-stacking results. The [C ii] luminosity was corrected for the
mean or median magnification of the sources depending on the type of stacking that
was performed. Although both analyses (weighted-average and median) actually
produced similar results when looking at the direct flux extracted from the stacking
analyses, the substantial difference between the mean and median results shown in
Figure 5.3 came from two factors: (i) the difference between mean and median SFR
(induced by a few objects with higher SFR) which moved data points on the x-
axis, and (ii), the difference between mean and median magnification which moved
data points along the y-axis. Overall, the results derived from the weighted-average
stacking analysis indicated a deviation from the local relationship, while median-
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stacking results showed a marginal agreement with it. Finally, our results seem to
indicate that high-redshift sources show lower [C ii] luminosity than local galaxies
at the same SFR.

In Paper III I produced most of the analysis. The only parts I did not
produce are: (i) the SED fitting analysis (nor did I write the section associated to it)
and (ii) the dust mass computations from the continuum stacking results (however,
I did produce the continuum stack maps). All the observations and input data were
made available through the ALCS collaboration.

5.4 Paper IV

5.4.1 Description of Paper IV
Paper IV is fairly different, from a technical perspective, to other work in this thesis,
as it focused on continuum stacking rather than spectral stacking. Indeed, the goal
of our analysis was to study the evolution of dust mass and comoving dust mass
density (CDMD) with lookback-time in the ALCS data. To obtain the dust mass
we used continuum observations from the ALCS paired with a catalog provided
by team members (see Kokorev et al. in prep.) selected from HST/Spitzer IRAC
observations and photometry. From the catalog we extracted 3903 sources located
within the ALCS clusters. With the photometry extracted from the catalog, we used
BAGPIPES (Carnall et al., 2018) with four different star formation histories (SFHs)
to perform SED fitting. The SED fits provided redshifts and physical properties of
the sources, most notably SFRs and stellar masses. Individual magnifications were
computed at each source position using magnification maps produced using the
GLAFIC model and scaled to the redshift of the source.

To study how dust mass evolves with redshift we binned the sources in five
different redshift bins: 1 < z . 2, 2 < z . 3, 3 < z . 4 and z > 5. We note that all
sources with redshifts below one (z < 1) were not studied in this work; however, an
analysis of their properties, coupled with clusters sources analyses, will be presented
in a separate paper (Guerrero et al. in prep). In addition, we grouped sources with
similar physical properties into two different decoupled bins corresponding to SFR
and stellar masses.

Since ALCS observations are performed at millimeter wavelength, the
optically thin and single cold dust temperature approximations (described in this
work in Section 2.4.2 and in (among others) Scoville et al. (2014, 2016); Magnelli
et al. (2020)) are expected to be valid. We use the median stacked ALMA 1.2mm
fluxes to compute dust masses, similar to Kovács et al. (2010); Magnelli et al. (2020).

To compute the CDMD, we multiply the median dust mass computed in
each bin by the total number of sources in that bin, and divide by the total area
covered by the survey (corrected for harmonic-mean magnification).

5.4.2 Results of Paper IV
From the stack stamps in each bin (see Figure 5.4 for an example) we extracted the
flux in the central circular region of radius 1.6 arcsec (corresponding to the average
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Figure 5.3: Stacking results, upper limit L[CII] vs. SFR. The error bars of the data
obtained in this study are the standard deviation in the case of the mean stacking
analyses, and the median absolute deviation for the median stacking analyses (for
the SFR obtained from mean and median SED the errors are extracted from SED
fitting). Other data points are extracted from the following studies: Ouchi et al.
(2013); Ota et al. (2014); González-López et al. (2014); Capak et al. (2015); Maiolino
et al. (2015); Schaerer et al. (2015); Willott et al. (2015); Knudsen et al. (2016);
Pentericci et al. (2016); Bradač et al. (2017); Decarli et al. (2017); Matthee et al.
(2017); Carniani et al. (2018); Smit et al. (2018); Hashimoto et al. (2019); Béthermin
et al. (2020); Bakx et al. (2020); Harikane et al. (2020); Fujimoto et al. (2021). The
cyan line is the relation extracted for low-z starburst galaxies from the De Looze
et al. (2014) study including its 1σ dispersion.
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source size when above 3σ). The noise was computed as the standard deviation
across the rest of the map. When the central flux was lower than 3σ we used 3σ
upper limits (see for example Béthermin et al., 2020; Schaerer et al., 2020).

We detected much less dust mass than expected at the studied redshifts,
SFRs, and stellar masses, especially considering the very good sensitivity in the
resulting stacked maps. More specifically, at z > 2, we find nominal detections, while
the global RMS of the stacked maps remains low (of order 0.01mJy). When looking
specifically at the evolution of dust mass with stellar mass and SFR, we similarly
observe a lower dust content compared to modeling (e.g. Popping et al., 2017), at
least in the higher stellar mass bins. Computing the CDMD as a function of redshift,
we again find a significant difference compared to previous observations/models. Our
results being systematically lower by almost one dex.

The reason for such a low detections could be due to selection biases.
Indeed, since we used HST and Spitzer data to select the galaxies, we may be
targeting objects with intrinsically lower dust masses. Furthermore, and considering
we decided to include all sources regardless of their luminosity, we may be stacking
the fainter end of the population as well. Our median stacking analysis may hence
be lead by the dust-poor bulk of the population; it should be noted however, that
weighted-average stacking analyses produced similar results.

In paper IV I carried out the entire analysis. The SED fitting analysis was
supervised by N. Laporte who shared the BAGPIPES templates that I used in the
study. All the observations and input data were made available through the ALCS
collaboration.
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Figure 5.4: 16.16 × 16.16 arcsec2 (101 × 101 pixels) median Stacking stamps, split
in bins of stellar mass and redshift. Each map is normalised by the overall standard
deviation computed across the stamp, outside of the central circular region of radius
1.6 arcsec. The number of sources stacked (N) is indicated in each bin. The black
circle in the center indicates the region from which the flux is extracted.
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CHAPTER 6

CONCLUSION & OUTLOOK

In this thesis I provided the reader with the motivation and background required to
understand our analyses in the field of galaxy evolution. The studies we carried out
allowed us to investigate the gas and dust content of both high-mass and low-mass
galaxies. I also presented the different tools that I built throughout my PhD, to
help and improve analyses of galaxy studies.

I showed the reliability and power of (spectral-) stacking analyses, show-
casing the importance for statistical, large scale studies. Stacking is unique in its
ability to bring to light even the faintest objects, and to get past one of the main
bias in astronomy: looking only at the tip of the iceberg. With stacking analyses
in mind, one can rethink future observation projects: by targeting larger volume.
Even with lower integration time, one could still reach very deep through stacking.

LineStacker is now fully operational and publicly available as an open
source tool. It has been used in several projects, as described in the Papers appended
in this thesis. LineStacker and its embedded tools have proved useful when
targeting:

• Bright lines covering a second fainter component.
• Presumed emission lines hidden under the noise.
• Continuum emission coming from a high number of sources.

Indeed, aside from the paper presenting and testing the tool, we carried
out analyses of outflows under bright [C ii] lines near the end of the epoch of reion-
ization; we searched for [C ii] in faint galaxies at similar redshifts; and we studied the
evolution of dust –both its mass and its overall comoving density– from z ∼ 1− 6.
In all cases we showed the importance of including even the faintest objects, and
the usefulness of stacking for such analyses.

However, spectral stacking, and LineStacker more specifically, can be
used for many other analyses. Spectral stacking could for example be used to study
local galaxies, where redshift uncertainties are much smaller, or using extremely
large samples of high-redshift galaxies to study their average properties using sub-
sampling techniques.
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In addition to the main stacking algorithm, the statistical tools included
in LineStacker allow to properly diagnose the stack detections to gain further
insights on the studied population. One of the additional tools that could be added,
is an algorithm that could potentially help with redshift precision when performing
line stacking. The idea, which is also briefly mentioned in Guerrero et al. (in prep),
is the following: by randomly shifting the stack centers of each spectrum as a Monte-
Carlo process, one could in theory optimize the stacking by eventually aligning all
the peaks perfectly. This could prove useful in cases where lines are observed after
stacking but where the redshift precision was not high. Shifting the line to the proper
redshift of each source would allow not solely to maximize the stacking results but
also to improve the knowledge of the redshift of each source individually. Of course
the possibility for LineStacker to perform spectral stacking directly in the uv-
plane, like Stacker, is still under consideration for future development.

A new generation of telescopes/interferometers is going to come online in
the coming years (such as the SKA or the LSST), and with them a huge amount
of data. In this context I expect that stacking analyses, and LineStacker, will
become unavoidable tools to extract the most from their observations.
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