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Abstract

Understanding how and when galaxies form as well as how they evolve across cosmic time is a

fundamental question in our studies of the Universe. From our current understanding galaxies

form some time in the first few hundred million years after the big bang. These first galaxies and

the stars within them release high energy photons that ionise their surroundings, changing the

state of the Universe from being neutral to ionised. The period of the Universe in which these

first galaxies form is therefore known as the epoch of reionisation and lasts until roughly one

billion years after the big bang, at around a redshift of 6.

During the lifetime of galaxies from formation to the present day they can evolve via several

processes. There are external processes such as the environment of the galaxy, as well as merg-

ing with other galaxies which are crucial to building up from masses of several thousand solar

masses to billions of solar masses. There are also internal processes within galaxies that can

impact upon galaxy evolution. One of the vital internal processes to understand is the relation

between galaxies and their central supermassive black holes. In particular, the case of growing

supermassive black holes (known active galactic nuclei). These active galactic nuclei can re-

lease large amounts of energy into their host galaxy which can impact upon the galaxies ability

to form stars and change how galaxies evolve.

Here I present work covering the general topic of galaxy evolution from galaxies in the epoch of

reionisation to those in the local universe which are known to host active galactic nuclei. I begin

with the spectroscopic redshift confirmation of a galaxy in the very early Universe, as well as

some basic analysis of some of the properties of this galaxy including the kinematics of the gas
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and comparisons to galaxies in the local Universe. Studies of these early galaxies are important

to give insights into the �rst galaxies that form and the environment of the early Universe. These

galaxies are also the building blocks that go on to shape the galaxy population we see today, and

so are crucial to understand the processes of galaxy formation and evolution.

I will then present a series of multi-wavelength observations performed to analyse the relation-

ship between active galactic nuclei and their host galaxies. In particular, feedback from active

galactic nuclei in the form of radio jets and how this impacts upon the prevalence of ionised out-

�ows and the excitation of molecular gas in their host galaxies. These studies provide insights

into the connection between central supermassive black holes and their host galaxies which is

plays a vital contribution in galaxy evolution.

The questions that will be addressed in this thesis are: 1) What are the properties of galaxies

in the epoch of reionisation, and 2) How do AGN and quasars impact upon the multi-phase

interstellar medium of their host galaxies, including the mechanism by which AGN feedback

takes place.
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“I try to stop by every day and give you a few”

“Welcome to the ELT. Here's your walnuts. You'll need `em ”

“What an Englishman can do to a sausage is enough to make a proud Greek man cry”

“You have to juggle round fruit, but only round fruit, juggling bananas would be crazy!”

[on the subject of Pingu]“I think that's where I learned empathy”

“I'm like the Master Video Archive — I've got nothing left”

“A meeting point for forever alone people”

“You can have a lot of fun with foil”

“We have a camel in our midst”



Chapter 1
Introduction

In this introduction I will give a brief overview of our current understanding of galaxy formation

and evolution as well as of active galactic nuclei (AGN) and how they impact on galaxy evolu-

tion. This will help provide context for the work presented in this thesis as well as motivate and

highlight the importance of this research.

I will �rst present an overview of galaxy formation and evolution from the �rst galaxies up to the

present day galaxy population in Section 1.1. Following this, in Section 1.2 I will introduce the

interstellar medium and the different phases of gas present in galaxies that are relevant for this

research. In Section 1.4 I will then introduce active galactic nuclei and highlight their importance

as a mechanism which regulates galaxy evolution in the observed co-evolution between galaxies

and their central supermassive black holes. In Section 1.5, I introduce the sub-mm telescopes

and observatories that have been essential for the work presented in this thesis. Finally, in

Section 1.6 I will summarise the introduction and introduce the chapters of this thesis.

1.1 From the �rst galaxies to the present day

Galaxies are gravitationally bound systems which contain stars, gas, dark matter and in their

centres a supermassive black hole. These “components” of galaxies all play a role in both the

1
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formation and evolution of galaxies, and so studying each of them is of critical importance for a

full understanding of how galaxies form and evolve.

These studies are important as galaxies can have very different properties, and to understand the

reasons behind this we need to understand how and why galaxies evolve over time. Galaxies

come in different sizes, ranging from few kpc to 100s of kpc with masses� 107 – 1012 M �

(solar masses). When comparing distant galaxies to those observed much closer, distant galaxies

have been found to be more compact Daddi et al. (2005); Buitrago et al. (2008); Williams et al.

(2014), suggesting that they build mass over time. Current models suggest that galaxies grow

via merging with other galaxies and also via accretion (e.g. White & Rees, 1978; Cole et al.,

2000; Conselice, 2014). There is also evidence that these mergers can promote activity of AGN

and quasars (Ellison et al., 2019; Pierce et al., 2023). See more about AGN and quasars in

Section 1.4.

The environment that galaxies live in can also vary, sometimes being part of a larger cluster of

galaxies or alternatively being more isolated with a few smaller companions (Press & Schechter,

1974; Springel et al., 2005). Further, galaxies come in a diversity of shapes and can typically

be classi�ed as elliptical, spiral or irregular (Hubble, 1927; van den Bergh, 1960; Sandage,

1961; van den Bergh, 1976). They can also contain different structures within them, such as

bars, disks and bulges (Gadotti, 2009). A link between galaxy morphology and star formation

activity has also been identi�ed (Lee et al., 2013; Conselice, 2014; Bait et al., 2017). Spiral

galaxies are observed to be more active in forming stars, whereas ellipticals are often quenched

as star formation has stopped (galaxies with little or no star formation are known as passive

galaxies).

Further, this correlates with the colour of galaxies. They display a bimodal distribution which

consist of blue star-forming spirals and red passive ellipticals (Baldry et al., 2004; Schawinski

et al., 2014; Bremer et al., 2018). In between these two populations is a seemingly transitional

“green valley” (Salim et al., 2007; Wyder et al., 2007; Gonçalves et al., 2012), whereby galaxies

are becoming quenched, all of which points to a close relationship between galaxy morpholo-

gy/colour and star formation activity.

From this evidence, it is clear that galaxies can evolve throughout their life cycle, both in colour,

morphology and internal structures (e.g. de Sá-Freitas et al., 2022, 2023). There is a plethora of
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observed galaxies in the Universe and the properties of these galaxies also change over time as

galaxies evolve. How we get such a variety and to study how/why galaxies evolve is therefore a

fundamental question of astronomy.

One option for gaining this understanding is to try to study an individual galaxy and make

observations to determine how it formed and evolved over time. For our own galaxy, the Milky

Way, the formation/merger history has been well mapped (Eggen et al., 1962; Searle & Zinn,

1978; Ibata et al., 1994; Mackereth et al., 2019; Kruijssen et al., 2019; Horta et al., 2021). With

observations of stellar populations, their ages and metallicities as well as bulk motions, allow

for an analysis and prediction of this merger history. This gives us an idea of the history and

evolution of the Milky Way. However, mapping the Milky Way like this is only possible due

to our ability to resolve these stellar populations and study them in such detail. Therefore,

expanding this work to extragalactic sources becomes technologically very challenging if not

impossible. Further, as mentioned above, galaxies can be diverse and so to really understand

galaxy evolution and why these differences are present, we need to observe as much of the

galaxy population as possible to achieve this understanding.

Since it is also not possible to observe a single galaxy across these different evolutionary mo-

ments due to the sheer timescales involved, we are required to study galaxy samples across

cosmic time to understand the changes that take place in the galaxy population as a whole.

In the following sections I provide a brief overview of some of the key observations that have led

to our current understanding of galaxy evolution. In order to achieve this understanding of how

we get to the vast array of observed galaxy properties, and the changes that occur over cosmic

time, we start by investigating the formation and the properties of the very �rst galaxies.

1.1.1 The �rst galaxies

The �rst galaxies that form in the Universe are the seeds that grow into the present day galaxy

population. Therefore, understanding how these �rst galaxies form, their properties and their

environment is crucial to understanding their evolution across cosmic time. However, given the

technological challenges of observing such distant galaxies, there is still much to learn about

the very early period of the Universe when these galaxies form, and only recently have these
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observations been possible. In the coming years no doubt there will be huge advancements

in this area due to the James Webb Space Telescope (JWST). Indeed, since its launch JWST

has already been pushing the boundaries and providing crucial observations of the most distant

galaxies studied to date (Curtis-Lake et al., 2023).

Our current model of how the Universe formed is that of the Lambda-CDM (� CDM) Big Bang

cosmology model. In this picture, roughly 370,000 years after the Big Bang, the Universe cooled

such that neutral hydrogen could form, becoming transparent for the �rst time and thus provid-

ing us with the �rst snapshot of the Universe known as the Cosmic Microwave Background at

z = 1100 (Bennett et al., 1996; Schlegel et al., 1998; Spergel et al., 2003).

At this stage of the Universe there were no stars or galaxies to produce light and as a result,

the Universe entered a period known as the “Dark Ages”. Until that point the only source of

photons was neutral hydrogen and occasionally the 21-cm hydrogen line (caused by a change

of spin state of an electron in neutral hydrogen). Neutral hydrogen also has the ability to absorb

high energy photons (i.e. light from stars and galaxies).

The �rst galaxies are believed to have formed some time in the �rst 500 million years after the

Big Bang but much is still unknown about the properties of these galaxies. JWST is currently

providing incredible insights into this period of the Universe, stretching our understanding and

current theories about how and when these �rst galaxies form. From recent observations with

JWST, galaxies have been identi�ed atz > 10 (e.g. Arrabal Haro et al., 2023), with the most

distant galaxy (at time of writing) being identi�ed spectroscopically at a redshift (z) of 13.2,

named GS-z13-0 (Curtis-Lake et al., 2023). If there is a larger abundance of galaxies atz > 10

than is currently predicted, it may well provide the need for an update to cosmological models

(e.g. Somerville & Dav́e, 2015; Pillepich et al., 2018) and predictions as to how galaxies can

form and build up their mass so quickly.

The motivates observations of this galaxy population and shows the importance of studying this

period of the Universe where much is still unknown. The discoveries made with JWST, further

pushing the boundaries in this �eld, makefor an exciting time in this research area.

Following the formation of the �rst stars and galaxies, the Universe entered into a period known

as the epoch of reionisation, a stage of the Universe when these �rst stars and galaxies were able



Chapter 1 Introduction 5

to ionise their surroundings.

1.1.2 The Epoch of Reionisation

The �rst stars and galaxies, as well as accreting supermassive black holes, radiated high energy

photons, some of which were able to ionise the surrounding neutral hydrogen, forming bubbles

of ionised hydrogen through which light could travel and starting the epoch of reionisation

(EoR). This process could have started as early as a few hundred million years (z � 15) after

the Big Bang and continued until the entire Universe was ionised byz � 6, corresponding

to roughly one billion years after the Big Bang. This was con�rmed through observations of

quasars atz � 6 which showed the presence of the Gunn-Peterson trough (Becker et al., 2001).

This Gunn-Peterson trough is a feature of a galaxy's spectrum whereby there is a reduction in

�ux to effectively zero, due to absorption by neutral hydrogen, �rst predicted in 1965 (Gunn &

Peterson, 1965). This therefore showed the change in hydrogen in the Universe from neutral

to ionised. This is an important phase of the Universe because it marks a transition as galaxies

affected the Universe around them. The evolution of this ionisation is key to understanding the

sources of ionising photons, namely the �rst stars and galaxies.

Galaxies that form in the EoR are therefore interesting for two reasons. Firstly, they are possible

sources of the reionisation of the Universe and so can give us insights into this process and the

time frame in which it occurred. Secondly, these are some of the �rst galaxies to form in the

Universe and therefore inform us about the earliest phase of galaxy formation and evolution.

Figure 1.1 shows an illustration of our current understanding as to how the timeline of the

Universe looks, showing the previously mentioned dark ages and the period over which the EoR

is expected to take place.

The past decade has seen hundreds of galaxies identi�ed in the epoch of reionisation, selected

from their rest-frame UV light, using Hubble Space Telescope (HST) and ground-based op-

tical/NIR observatories (see Stark, 2016, for a review and references therein). However, the

number which also have spectroscopic redshift determinations is only a fraction of the total and

we have a limited understanding of the physical properties of these �rst galaxies. Accurate mea-

surements of the redshifts of galaxies are critical to allow for targeted follow up observations

and to accurately map the properties of the �rst galaxy population.



Chapter 1 Introduction 6

Figure 1.1: Illustration to show the key stages in the history of the Universe. Highlighted are
the Cosmic Microwave Background (at Recombination), the Dark Ages, where the Universe
is neutral, followed by the period of reionisation which shows growing bubbles of ionisation
until z � 6 where the Universe becomes fully ionised. From there we observe the growth and
evolution of galaxies until the present day. Credit: NAOJ.

1.1.3 Observing the �rst galaxies and the epoch of reionisation

Observations that probe this early period in the Universe are very useful, and notable previous

surveys include those from the Hubble Space Telescope such as the Hubble Ultra Deep Field

(Beckwith et al., 2006), the CANDELS Survey (Grogin et al., 2011) and the BUFFALO HST

Survey (which takes advantage of gravitational lensing; Steinhardt et al., 2020), as well as sur-

veys and follow up observations from Spitzer, the Very Large Telescope, Keck and others. With

those surveys we can obtain an estimates of the photometric redshifts for thousands of galaxies.

However, before they can probed in further detail, a spectroscopic redshift needs to be obtained

to allow accurate and targeted follow up observations – which are more reliable.

Here I will highlight some of the different methods for detecting these �rst galaxies and, of

particular relevance to this thesis, highlighting the advancement that has arisen due to sub-mm

observations from ALMA.

Lyman Break Technique

The imprint of hydrogen absorption in the UV spectrum of a galaxy can be used to determine

an estimate for the redshift, with the spectra showing a sharp cut off that corresponds to the

Lyman limit (912 angstroms atz = 0). As we observe galaxies at higher redshifts, this break in

the spectra will occur at longer wavelengths. Therefore, by using multiple �lters to observe at

different wavelengths, we can search for a dimming of the galaxy or even for it to disappear in a
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Figure 1.2: Example of the UV spectrum of a galaxy atz = 6.80 shown in the top panel in
black, and shaded underneath in grey. Separating the above panel are coloured regions denoting
different Hubble �lters and the greyscale images in the panels below show how a galaxy at
z = 6.80 would look in each of these �lters. Using multiple �lters to observe a galaxy and
observing a “drop out” at a certain wavelength, as shown here, can be used to estimate the
redshift of a galaxy. Credit: D. Magee, G. Illingworth, R.Bouwens & P. Oesch.

given �lter completely. This allows us to estimate a redshift for the galaxy in question and those

identi�ed in this way are known as Lyman Break Galaxies (LBGs, e.g. Szalay et al., 1999;

Bouwens et al., 2011). To illustrate this method of detection and the effect itself, an example

spectra for a galaxy atz = 6.80 is presented in Figure 1.2.

In Oesch et al. (2016) they present the spectroscopic con�rmation of az = 11 galaxy, GN-z11,

when the Universe was only around 400 million years old. This is one of the most distant galax-

ies known to date and used Hubble WFC3/IR slitless grism spectra, with the target initially be-

ing identi�ed from CANDELS/GOODS-N observations. Spectroscopic redshifts obtained from

this Lyman break are, however, observationally expensive, and only possible for the brightest

sources. There are therefore only a handful more spectroscopic redshift con�rmations using this

technique (e.g. Watson et al., 2015; Hoag et al., 2018). We therefore need alternatives to provide

more spectroscopic redshifts for galaxies in the early Universe, which can be achieved from Ly�

and more recently, [CII ] observations.

Lyman alpha

As mentioned above, a small fraction of galaxies have spectroscopic redshifts atz > 6. One

reason for this is that the strong lines in the rest-frame optical spectrum of galaxies is redshifted
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out of the optical and near-infrared atmospheric windows, while the Ly� line - the strongest line

in the rest-frame UV spectrum - is dif�cult to observed due to its absorption by neutral hydrogen

in the intergalactic and interstellar medium.

However, it is still possible to observe Ly� from galaxies in this epoch, in particular bright Ly�

emission from galaxies known as Ly� emitters (LAEs). A strong Ly� signal can provide us

with a spectroscopic redshift for a galaxy, by measuring the difference between the observed and

laboratory rest-frame wavelength. Identifying Ly� from galaxies is normally a straight-forward

task, however Ly� can be absorbed by surrounding neutral hydrogen (in the galaxy itself or

the intergalactic medium; IGM) which can reduce, or completely stop, any Ly� emission being

detected. Therefore, observations atz > 6 (where large parts of the Universe are yet to be

ionised) can be challenging. Despite this, there are still detections that have been made (e.g.,

Matthee et al., 2015; Stark et al., 2017), most likely as a result of galaxies being in ionised

bubbles through which the Ly� signal can permeate (e.g. Jung et al., 2020; Endsley et al., 2021).

Using this technique there has been success out to the EoR. (Zitrin et al., 2015) presents the

spectroscopic con�rmation of a LAE atz = 8.68 using the Keck Observatory. There are further

such examples of LAEs atz > 6 (e.g. Malhotra & Rhoads, 2004; Matthee et al., 2015; Ouchi

et al., 2018), however, these successes only show a small part of the whole picture and also

represent some of the brightest and most highly star forming galaxies.

LAEs at lower redshift have been observed to have high ionisation lines, such as [OIII ], while

the same has been inferred through broadband photometry with Spitzer (e.g. Labbé et al., 2013;

Smit et al., 2014, 2015) which is evidence for the ability of these galaxies to produce enough high

energy photons to ionise the interstellar medium (ISM Nakajima & Ouchi, 2014). The presence,

or lack of Ly� and [O III ] can therefore give indications about the ionisation of the ISM and

further, the IGM. For example, a lack of Ly� but strong [OIII ] (inferred from photometry),

would indicate that the surrounding IGM is not yet ionised.

Tracing the Ly� content can therefore be very useful, because these observations also allow us

to determine the amount of neutral hydrogen present in the IGM and at different redshifts, from

which we can calculate how quickly reionisation occurred. Figure 1.3 illustrates current work

being done in the community to establish how quickly, and over what time period the process

of reionising the Universe took place, by calculating the fraction of neutral hydrogen present
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Figure 1.3: A compilation of models and observations to show the neutral hydrogen fraction
as a function of redshift. This illustrates the range of scenarios for the process of reionisation
in the Universe, and the time it takes for this process to take place. Credit: Mason et al. (2019).

in the IGM. To match the observations and models, estimates now seem to favour a slower and

more gradual reionisation process (e.g., Mason et al., 2018, 2019; Hoag et al., 2019; Naidu et al.,

2020).

Observing [C II ] and the transformation made with ALMA

The �ne-structure transition from singly ionised carbon, [CII ]158� m, is the most commonly

used tracer of the star forming ISM in high redshift galaxies. Its brightness allows us to make

observations of the �rst galaxies in the EoR, where this line is shifted into the sub-millimetre

window of our atmosphere.

Until recently, only the brightest, most extreme and highly star forming galaxies and quasars

could be studied atz > 6 with sub-mm observations. Most notably there were several attempts

with the Plateau de Bure Interferometer (PdBI) before it was upgraded to the NOEMA Inter-

ferometer, but with limited success. These also include targeting A1703-zD1 (the main target

presented in Chapter 2) in which the observations were unsuccessful in detecting [CII ] (Schaerer
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et al., 2015). In Gonźalez-Ĺopez et al. (2014) they were also unsuccessful with the PdBI in de-

tecting [CII ] in three galaxies atz > 6.5. With these limited observations, and only the brightest

star forming galaxies, we had a very limited understanding of the broader galaxy population of

more representative, “normal” galaxies.

However, observing [CII ] has been transformed in the past decade by the Atacama Large Mil-

limeter/submillimeter Array (ALMA) which, due to its sensitivity, has now opened the door

to sub-mm observations of more representative galaxies in this epoch, providing spectroscopic

con�rmations and details of the dust and gas within.

ALMA now regularly con�rms the redshifts of galaxies out to redshiftz = 9 (e.g., Smit et al.,

2018; Hashimoto et al., 2018; Tamura et al., 2019; Hodge & da Cunha, 2020; Bouwens et al.,

2021) and provides a view of their dust obscured star-formation (e.g., Watson et al., 2015; La-

porte et al., 2017; Bowler et al., 2018; Schouws et al., 2021), the kinematics of these sources

(e.g., Smit et al., 2018; Hashimoto et al., 2019; Fujimoto, 2019; Ginol� et al., 2020a), the cool

gas traced by [CII ] and highly ionised gas traced by [OIII ] (e.g., Maiolino et al., 2015; Inoue

et al., 2016; Carniani et al., 2017; Laporte et al., 2017; Hashimoto et al., 2019; Tamura et al.,

2019; Harikane et al., 2019; Bakx et al., 2020). It is therefore crucial to uncover the physical

properties of these early systems to understand the evolution of the �rst generation of galaxies

and their role in cosmic reionisation.

ALMA has demonstrated its ability to detect [CII ] in UV bright galaxies which are intrinsically

bright (� 2 – 3� L � atz = 7) atz & 5 (Capak et al., 2015; Willott et al., 2015; Smit et al., 2018;

Matthee et al., 2019; B́ethermin et al., 2020; Bouwens et al., 2021). A speci�c example of the

success of ALMA can be seen in Figure 1.4, in which two galaxies have spectroscopic redshift

con�rmations via the detection of [CII ] emission (Smit et al., 2018).

Despite the capability of ALMA to probe galaxies in the EoR, it has limited sky coverage in

the Northern Hemisphere and so interesting targets in this region of the sky might be left unex-

plored. PdBI has been upgraded in recent years and renamed the Northern Extended Millimeter

Array (NOEMA) and is now the most sensitive submillimetre interferometer in the Northern

Hemisphere. While less sensitive than ALMA still, efforts have been made to observe these

distant galaxies with NOEMA to help �ll the part of the sky that ALMA is not capable of ob-

serving (e.g. Walter et al., 2012; González-Ĺopez et al., 2014; Schaerer et al., 2015). However,
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Figure 1.4: Data for two galaxies atz > 6, namely COS-3018555981 (upper panel) and COS-
2987030247 (bottom panel).Left panel: ALMA narrowband images, collapsing the channels
of the datacube around the line detection.Middle panel: HST greyscale imaging with red
contours corresponding to 3, 4 and 5� levels from the ALMA data.Right panel: Spectra of
the [C II ] line with a gaussian �t (shown in red) to characterise the line pro�le and calculate
redshifts of z[CII ] = 6.8540� 0.0003 and z[CII ] = 6.8076� 0.0002 for COS-3018555981 and
COS-2987030247 respectively. Credit: Smit et al. (2018).

these efforts were, until recently, unsuccessful. In Chapter 2 I will present the �rst successful

detection of [CII ] emission in a normal star forming galaxy atz > 6 using NOEMA.

Despite the success of ALMA, observations are still lacking of galaxies at these high redshifts

which are more representative of the galaxy population as a whole (L � L �
z=7 ). One tool that we

can use to assist in these observations, and to reach lower luminosity targets, are gravitational

lenses.

Gravitational lenses as a tool to study high-z galaxies

One issue with studying these very distant galaxies is that, even with ALMA, it can be challeng-

ing to observe the fainter population of galaxies. Our best insights with sub-mm observatories

into this fainter population are rare, apparently bright sources, which have been gravitationally

lensed (Knudsen et al., 2016; Brada�c et al., 2017; Fujimoto et al., 2021; Laporte et al., 2021).

Gravitational lensing will occur when a massive object (such as a galaxy cluster) bends and mag-

ni�es the light from objects behind, making them easier to observe than they otherwise would

be (Schneider et al., 1992). With this, we can therefore study much fainter objects with the same

technologies and telescopes that are currently available and provide more insights into these

early galaxies. An example of such a gravitational lens can be seen in Figure 1.5, showing the
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Figure 1.5: Example of a gravitational lens, the galaxy cluster Abell 1703 (atz = 0.28), taken
from (Bradley et al., 2012). Circled in red are various lensed galaxies, where label 1 highlights
the target presented in Chapter 2. The white contour indicates the critical curve for galaxies at
redshiftz = 7, where the magni�cation reaches> 100. Credit: Bradley et al. (2012).

galaxy cluster Abell 1703, taken from Bradley et al. (2012). Highlighted in this �gure, circled

in red and labelled “1” is the galaxy Abell 1703-zD1. A study into this galaxy is presented in

Chapter 2.

1.1.4 “Cosmic Noon”

From the formation of the �rst galaxies until around 3.5 billion years after the Big Bang, there

was an increase in the cosmic star formation rate density (� SFR, de�ned as the mass of stars that

form per unit time in a given volume), reaching its peak atz � 2. This peak of star formation
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Figure 1.6: Figure to show the star formation history across cosmic time. The x-axis denotes
the redshift as well as corresponding lookback time shown above the plot. The data presented
is compilation from the literature and can be found in Madau & Dickinson (2014). There is a
clear trend of increasing star formation rate density untilz � 2, which then decreases until the
present day atz = 0. Credit: Madau & Dickinson (2014). Different coloured symbols denote
different studies at the various redshifts covered in this plot.

history is known as “Cosmic Noon” and typically refers to the redshift rangez = 1 – 3. This

increase in star formation rate density can be seen in Figure 1.6 (Madau & Dickinson, 2014).

As a result, half of all stellar mass in the Universe formed byz = 1, corresponding to� 5

billion years after Big Bang (Bundy et al., 2005; Mortlock et al., 2011). After this peak, the star

formation rate density decreased until the present day. For these reasons galaxies atz = 1 – 3

are an exciting sample to study and they mark a useful turning point in galaxy evolution in the

Universe, for comparison to both the �rst galaxies and the present day galaxy population.

These observations have led to a model of galaxy growth whereby stellar mass is governed by

accretion, star formation and out�ows, up to stellar masses of� 1012M � , where star formation

quenches and galaxies become quiescent (Dekel et al., 2009; Peng et al., 2010; Lilly et al., 2013).

However, there are examples of local galaxies that are similar to their high-z counterparts, mak-

ing these objects incredibly useful to study, as described in Section 1.1.5.
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1.1.5 The present day galaxy population

Galaxies atz � 0 are observed to have different properties to their high-z counterparts, and only

by z < 0.3 do galaxies look similar to the present day population containing disks and ellipticals

(Conselice, 2014). There are galaxies that look like classic ellipticals and spirals up toz = 1 ,

but these are much rarer.

However, there are cases of local analogues which have similar properties to their high redshift

counterparts, sharing properties such as high speci�c star formation rates (sSFRs) and compact

galaxy sizes (Bian et al., 2016). There are green pea galaxies with similar ISM conditions

and features such as strong broad [OIII ] lines (Cardamone et al., 2009; Steidel et al., 2014).

Further, properties of lyman break galaxies (see Section 1.1.3) are seen in some galaxies in

the local Universe, matching in size, SFR, surface brightness, mass, metallicity, kinematics,

dust, UV-optical color and prevalence of out�ows (Overzier et al., 2008, 2009; Gonçalves et al.,

2010; Heckman et al., 2011; Fisher et al., 2014). However, it has been noted that these similar

properties do not necessarily replicate the ISM conditions of high redshift galaxies, (Shirazi

et al., 2014), nonetheless, these similarities/differences are important to understand.

Thanks to their proximity, these galaxies interesting to observe as they can be studied in greater

detail and resolution, and therefore provide clues about the high-z galaxy population, but with

a greater ease in observing them. Galaxies that are more local are naturally easier to study due

to their proximity and therefore can be studied in much more detail. Resolved studies can be

performed that are simply not possible for high-z galaxies, and so they can provide essential

insights for the understanding of the inner workings of galaxies, from the star formation (e.g.

star forming molecular clouds), and other structures within such as out�ows and �laments.

This understanding of the physical processes can then be used to help understand and interpret

the results of galaxies at higher redshift, where such detailed observations may not be possible.

One particular component of galaxies which is vitally important for understanding the evolution

of galaxies is the interstellar medium.
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1.2 The interstellar medium

The interstellar medium (ISM) is the space between stars in galaxies, composed mainly of dust

and gas. The gas in the ISM is comprised of different phases, namely hot ionised, warm ionised,

warm neutral, cold neutral medium and molecular medium (McKee & Ostriker, 1977; Cox,

2005). Here I will introduce the warm ionised and molecular phase, as they are the most impor-

tant for understanding the work presented in this thesis.

1.2.1 The warm ionised phase

The warm ionised phase of the ISM is gas that can trace the various feedback processes within

a galaxy, i.e processes which produce the energy needed to ionise the gas. The feedback pro-

cesses in galaxies come in several different forms ranging from active galactic nuclei, which can

produce shocks and winds (e.g. Harrison et al., 2015) to stellar activity from massive OB stars

(e.g. Heckman et al., 1990; Kewley et al., 2001; Ramachandran et al., 2019) and supernovae

(McKee & Ostriker, 1977; Chevalier & Fransson, 1994). As it can trace these different feedback

processes, it is vitally important to study the warm ionised phase of the ISM, providing insights

into these fundamental processes that contribute to the evolution of galaxies.

Some of these feedback processes are also thought to be responsible for the reionisation of the

Universe, such as from massive stars and AGN activity (e.g. Meiksin & Madau, 1993; Barkana,

2006; Ricotti & Shull, 2000). Understanding these ionisation processes are therefore critical

to understanding the early period of the Universe and there are current efforts aiming to assess

the relative importance of each process in the reionisation of the Universe up toz � 6 (see

Section 1.1.2).

In addition, the warm ionised phase can produce bright lines that are observable at high-z. As

mentioned in Section 1.1.3, [CII ] is a bright line observable at high redshift, important for

obtaining redshifts of high-z galaxies (e.g. Smit et al., 2018; Bakx et al., 2020; Fudamoto et al.,

2022; Posses et al., 2023; Hygate et al., 2023). Observations of [OIII ] at these high redshifts

are also incredibly useful for studying the prevalence of AGN activity in the early Universe (e.g.

Inoue et al., 2016; Carniani et al., 2017; Hashimoto et al., 2019). This is because it can map high
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velocity warm ionised gas (traced by broad ionised [OIII ] emission) which can be indicative of

ionised out�ows, making it an important line to study across cosmic time. Kinematic studies

are therefore crucial to trace the impact of AGN on their host galaxy, for example, investigating

how ef�ciently out�ows can remove gas from the galaxy compared to the rate of star formation,

known as the mass loading factor. Ionised out�ows and AGN feedback are discussed further in

Section 1.4.

In addition to studying the warm ionised phase, which is most common for studying AGN

feedback processes, another way is to observe the cold phase of the gas. This area of research

has been opened up by ALMA, and is important as this phase of the gas is the fuel for star

formation and galaxy growth. In particular, here I will introduce the molecular gas content.

1.2.2 The molecular phase

The molecular gas is a critical component in galaxy evolution as this gas is redistributed to both

promote star-formation activity and fuel BH growth (e.g. McKee & Ostriker, 2007; Kennicutt &

Evans, 2012; Bolatto et al., 2013; Carilli & Walter, 2013; Vito et al., 2014; Tacconi et al., 2020).

It is therefore essential to analyse and characterise the properties of the molecular ISM in order

to better understand galaxy formation and evolution.

Estimates of the cosmic molecular gas density suggest that the molecular gas fraction (the ratio

between molecular gas mass and galaxy stellar mass) peaks at redshifts ofz = 1–3 (see Ṕeroux

& Howk, 2020, for a review), roughly mirroring the cosmic star formation rate density (see

Section 1.1.4, Figure 1.6 and Madau & Dickinson, 2014) and black hole accretion density (e.g.,

Aird et al., 2015). This highlights the link between the cold gas and BH and galaxy growth.

H2 is the most abundant state of molecular gas, and so would be the best tracer of the molecular

gas. However, it is not observable due to a long decay time and weak emission. Therefore, the

most common alternative is to observe low transitions of carbon monoxide (CO) as a tracer of

H2. Its low energy and ease to excite makes it a relatively easy way to observe the molecular

gas phase of the ISM.
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Knowledge of the ground state CO(1-0) line is a crucial reference that is often used to trace the

total molecular gas content in galaxies. However, currently there is discussion in the community

about how reliable the ground state is to accurately trace the total molecular gas content in differ-

ent objects (e.g. star forming galaxies (SFGs) or (ultra) luminous infrared galaxies (U)LIRGs,

see Leroy et al., 2022a; Montoya Arroyave et al., 2023).

Observing CO can also open up the opportunity to study the excitation of molecular gas by

mapping the CO Spectral Line Energy Distribution (CO SLED). Studies have investigated the

driving mechanism for the excitation of the molecular gas (e.g. Daddi et al., 2015; Pozzi et al.,

2017; Mingozzi et al., 2018; Leroy et al., 2022b; Esposito et al., 2022), suggesting photodisso-

ciation regions (PDRs) and X-ray dominated regions (XDRs), of diverse temperature and gas

densities, are the key physical components driving CO excitation.

Again, different samples of galaxies have shown different excitation levels. All this therefore

increases the importance in characterising multiple transitions of CO across different samples to

accurately determine the total molecular gas content as well as its excitation. In doing so we are

also able to understand the impact of feedback processes such as stellar winds or AGN activity,

where energy is transferred from these processes into the ISM (more in Section 1.4.3).

However, due to the expensive observations required to detect multiple emission lines for indi-

vidual sources, most of our knowledge on molecular gas excitation is based on inhomogeneous

coverage of few transitions, and limited to for the most luminous galaxies (e.g. Kakkad et al.,

2017; Saintonge et al., 2017; Lamperti et al., 2020; Circosta et al., 2021; Boogaard et al., 2021;

Valentino et al., 2021; Harrington et al., 2021; Leroy et al., 2022a).

1.3 Line Emission Processes

As noted in Section 1.2, it is useful to observe the ISM in different frequencies and to study

different phases of the gas to gain a full understanding of ongoing processes in the galaxy. The

emission lines that we observe and their properties (e.g. �ux, velocity and location within the

galaxy) give us an indication of the physical processes ongoing in the galaxy and these properties

are dependant on the physics at the atomic and quantum level.
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During this thesis the main emission lines discussed are [OIII ], [C II ] and CO. Here I will

present the background physics of the physical effects that give rise to these lines, that will aid

in the interpretation of the results presented throughout this thesis.

1.3.1 Atomic energy levels

Atoms contain a nucleus in their centre which comprises of protons and neutrons, and surround-

ing this is a cloud of electrons. These electrons can reside in different, discrete energy levels,

and which level they reside in is dependent on how much energy they have (or how “excited”

they are).

However, these electrons don't stay �xed in one energy level. An electron can be excited into

a higher energy level via a transfer of energy during collisions with photons or another atom.

Electrons can also move down energy levels via decay which usually occurs naturally over time.

As they do so, energy is released in the form of a photon corresponding to the difference between

the energy level it started at and the level it fell to. Decay can also occur during collisions where

energy is taken away from the electron.

Most of the aforementioned natural decays happen relatively quickly and the emission released

via these processes are known as permitted lines. However, some electrons decay with a very

low probability and so only do so after a long period of time. In high density environments,

where random collisions are common, there is a higher probability of decaying via collisions

than decaying naturally. Therefore, in normal/high density environments these lines are not

observed and are subsequently known as forbidden lines and are denoted by their square brackets

(e.g. [O III ] and [C II ]). However, in low density environments, that can be found in the ISM,

collisions are rarer, giving the electron more time to decay spontaneously, which is why there

are circumstances in which we do observe these emission lines Eddington (1927).

The expected wavelength/frequency of line emission from a decaying electron is a single value.

However, due to the uncertainty principle the lines we measure are broadened slightly. Forbid-

den lines are narrower than permitted lines as a result of the long time periods over which they

decay, making their energy more certain. Knowing the expected energy (and therefore corre-

sponding frequency/wavelength) is a vital tool in extraglactic astronomy. Due to the fact that
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the Universe is expanding, when we measure these emission lines from extragalactic sources,

we can accurately measure the distance to them based on how much the light has been shifted

(stretched) from it's rest frame wavelength as the source travels away from us. This therefore

provides a useful tool for analysing the �rst galaxies to form in the Universe and to accurately

take follow up observations.

In addition to the quantum level effect, other external factors can also increase the level of

emission line broadening. Kinematics plays an important role in this, and analysing the line

pro�les in detail can be an incredibly useful tool. Due to the rotation of a galaxy, parts of the

galaxy are moving towards us, and other parts moving away from us (Dalcanton et al., 1997).

This leads to an increased range of velocities (and therefore also frequency) that are measured

across the galaxy. Therefore, as we take a spectra of the whole galaxy we would see a broader

emission line and the broader the lines, the largest the velocities at play. Therefore, if the

gas is rotating very quickly, e.g. at the centre of a galaxy around a black hole, the emission

lines measured can have very broad lines (Peterson & Wandel, 1999; Kauffmann et al., 2003).

One such example is [OIII ]� 5007, a doubly-ionised oxygen atom, meaning that it has had two

electrons knocked out of the atom. Removing two electrons from the atom requires a signi�cant

amount of energy, and therefore is an indication of ongoing, high energy processes such as

AGN activity (more in Section 1.4.1). [OIII ] is also a forbidden line, and so also suggests that

low density environments are also present in AGN. Further, observations have shown very broad

emission lines as well as out�ows (e.g. Mullaney et al., 2013; Harrison et al., 2014; Villar-Mart�́n

et al., 2017; Cicone et al., 2021, also see Chapter 3).

1.3.2 Molecular energy levels

In molecules (such as CO) there are energy levels referring to processes on the quantum level,

speci�cally the vibrational or rotational energy levels. The vibrational energy is the frequency

at which the molecule oscillates whereas the rotational energy levels depend on the geometry of

the molecule. Those with non-linear geometry can have rotational energy which are a function

of three principal moments of inertia around three axes a, b and c, which are perpendicular to

each other and their origin lies at the centre of mass of the molecule (Schulz, 1973).



Chapter 1 Introduction 20

Of particular relevance to this thesis is the carbon monoxide molecule (CO), a molecule consist-

ing of one carbon atom and one oxygen atom. Due to the possible rotational energies of CO, we

measure CO lines at incremental frequencies of� 115.3GHz. For example, we measure CO(1-

0) (corresponding to the �rst CO line with a quantum number J= 1) at� 115.3GHz. Following

this we have CO(2-1) at� 230.5GHz corresponding J= 2 and so on.

A higher quantum number means that the number of principal electronic shells is greater, caus-

ing a larger distance between the farthest electron and the nucleus and therefore a higher excita-

tion. If we observe a larger amount of higher CO lines (with a higher quantum number) relative

to the lower JCO lines, it means that the gas as a whole is more excited. A method of measuring

the excitation of the gas is to observe the line ratios (the ratio of brightness temperature be-

tween the CO lines, see for example: Greve et al., 2014; Saintonge et al., 2017; Valentino et al.,

2021; Leroy et al., 2022a; Montoya Arroyave et al., 2023). Higher excitation levels occur when

the temperature and density of the environment are higher. An excitation level know as “ther-

malised” only occurs when the temperature or density is high enough to reduce the quantum

effects to effectively zero.

These emission line ratios can also be affected by optical depth effects, referring to the level of

transparency. CO is generally optically thick, which would producer21 line ratios of 0.5 – 1.0

with the value re�ecting the temperature and density of the gas (Leroy et al., 2009). However it

can be optically thinner in regions of turbulence, for example in winds or out�ows (Zschaechner

et al., 2018). This may be particularly relevant in the case of studying AGN/quasars. As a

general rule,r21 > 1 indicates warm, optically thin gas. Changes in temperature and density

and/or the presence of multiple gas components can change to the observed line ratios, but

within the expected typical ranges, the assumption is thatr21 � 1 (Eckart et al., 1990; Leroy

et al., 2009).

Like with the ionised gas, the same broadening and shifting of lines due to velocity also applies

to the molecular lines we observe (as mentioned in Section 1.3.1). These analysis techniques

are again used in Chapter 4 to investigate the properties of CO in a sample of quasars.
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1.4 AGN and quasars

The centres of all massive galaxies are thought to host supermassive black holes. Various works

in the early 1900s had started to target the nuclei of galaxies, and identi�ed strange emission

lines as well as a radio jet in M87 (e.g. Fath, 1909; Curtis, 1918). Later, studies by Carl Seyfert

connected the bright nuclei in galaxies to be the sources of the unusually broad emission lines

(Seyfert, 1943). These objects then became known as Seyfert galaxies following this pioneering

work.

Further studies showed that most, if not all, galaxies hosted massive black holes in their centre

(Lynden-Bell, 1969), and that accretion onto the black hole did indeed provide the power for

the broad emission lines seen in nearby Seyfert galaxies. Not long after came the discovery of

a radio source in centre of Milky Way, showing evidence of black hole at the heart of our own

galaxy (Lynden-Bell & Rees, 1971). The black hole in the centre of the Milky Way, known as

Sagittarius A� , had much weaker radio and X-ray emission than had previously been observed,

showing there was also a range of luminosity and activity level in galactic nuclei.

In recent years there has been more direct evidence (as direct as can be with black holes). Anal-

ysis of the orbits of stars around the Galactic centre of Milky Way showed the necessity for a

very massive, but invisible, compact object around which the stars were orbiting (Schödel et al.,

2002; Ghez et al., 2008; Gillessen et al., 2017; GRAVITY Collaboration et al., 2018). Finally,

the most direct evidence to date has been the observations with the Event Horizon Telescope

(EHT) of both the galactic centre of the Milky Way and M87, providing observations of the

supermassive black hole “shadow”, and a ring of light which is bent by the powerful gravity

of the black hole (e.g. Event Horizon Telescope Collaboration et al., 2019, 2022). These also

match the theoretical predictions of general relativity for such an object.

Therefore, with the presence of these supermassive black holes at the hearts of galaxies, this

raises questions about their in�uence and role in the evolution of galaxies. In particular, the case

of active galactic nuclei is a crucial phenomenon to study.
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1.4.1 What makes an AGN?

As mentioned above, supermassive black holes lie at the centres of massive galaxies, but some

of these black holes are growing by accreting material from an accretion disk see Figure 1.7.

The sites of growing supermassive black holes are observationally identi�ed as “active galactic

nuclei”, or AGN, due to the large amounts of energy they release across the electromagnetic

spectrum, which can easily outshine the stellar emission of the entire galaxy, despite arising

from very compact scales. As a result, they can be luminous in most of the electromagnetic

spectrum, but sometimes across the entire electromagnetic spectrum. The most powerful and

highly accreting of these AGN are known as quasars.

There are several classi�cations of AGN, which are usually determined by how they were �rst

identi�ed. For example, radio AGN are bright in the radio (typically split into radio-loud and

radio-quiet). There are also Seyfert galaxies which are spiral galaxies that have a strong nuclear

emission, as well as blazars which are bright gamma ray sources. The activity of these sources

can vary across the electromagnetic spectrum, but the important point is that they are luminous

due to the activity of the AGN.

Despite these different classi�cations and nomenclature, there is a uni�ed model of AGN, the

structure of which can be seen in Figure 1.7. In the centre lies the supermassive black hole which

is surrounded by an accretion disk, an optically thick region of dust and gas, closely orbiting

around the black hole, and from which the black hole feeds and grows (Shakura & Sunyaev,

1973). Further out from the centre is an obscuring torus of dust and gas (Krolik & Begelman,

1988). Also labelled in Figure 1.7 are the narrow and broad line regions, corresponding to

regions where narrow and broad spectral lines are observed respectively. Radio jets can also be

present in these systems (which are of particular relevance to this thesis, see Section 1.4.3) but

are not universal in AGN.

From this model it is clear that depending on the angle at which you are observing the AGN, you

might observe different regions. Indeed, AGN are also categorised as Type 1 or Type 2 which

is dependent on this viewing angle, and is an important consideration when analysing AGN and

their host galaxy properties. Type 1 AGN are those which are viewed face on and so the nucleus

is visible where both broad (> 1000 kms� 1) and narrow emission line regions (< 1000 kms� 1)

are visible. The very broad lines observed imply that they are moving at high velocity around
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Figure 1.7: A schematic diagram showing the structure of AGN (adapted from Urry &
Padovani, 1995). In the centre is the black hole surrounded by the accretion disk. Further
out is the dusty torus, which obscures this centre. The broad line region and narrow line region
are also labelled. Jets can also be present, being launched from the very central region, but are
not universal in AGN. Credit: Urry & Padovani (1995).

the central supermassive black hole. These broad lines are also known to be forming in regions

of high density located close to the central black hole, since we only observe the permitted line

transitions, and not the forbidden lines (as discussed in Section 1.3).

On the other hand, Type 2 AGN are viewed edge on and so the broad line region is obscured by

the dusty torus, therefore only narrow emission lines are visible. These narrow lines are formed

in the low density clouds of gas outside of the nuclear region. Further, the stellar emission

observed in Type 2 AGN is similar to normal star forming galaxies (Bongiorno et al., 2010).

This forms part of the AGN uni�ed theory where AGN have the same structures but differences

can arise in observations due to how they are observed and, in particular, the viewing angle.

AGN can be selected and identi�ed in various ways. Perhaps the most unbiased way is through

X-ray selection due to the emission being highly unlikely to be contaminated by host galaxy



Chapter 1 Introduction 24

Figure 1.8: Example of a BPT diagram showing the excitation of gas and the parameter space
in which different galaxies reside, with star forming and AGN forming the two main regions
going from low to higher excitation, with a transition period in between labelled as composite.
Credit: Brinchmann et al. (2004).

which emit at lower energies (Brandt & Hasinger, 2005; Brandt & Alexander, 2015), although

soft X-rays can be absorbed by high gas column-densities in highly-dust-obscured AGN. Being

highly luminous in other parts of the electromagnetic spectrum can also be an identi�er of AGN,

e.g. [OIII ] or radio luminosity.

Another common method is to select AGN using optical data, looking at the excitation of

gas/elements using a a “Baldwin, Phillips & Terlevich” (BPT) diagram (see Figure 1.8; Brinch-

mann et al., 2004; Kewley et al., 2006). The BPT diagram for a classi�cation between AGN and

star forming galaxies (SFGs), due to the different ionising source responsible for their emission

lines: whether from the AGN or by hot massive stars (for normal SFGs).

AGN play a key role in the evolution of galaxies as they co-evolve with their host galaxy. Cos-

mological models and simulations of galaxy evolution require some fraction of the released

energy from AGN activity to couple to the surrounding interstellar medium (ISM) in order to

reproduce the observed properties of massive galaxies and the surrounding intergalactic medium
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