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Abstract

Dense molecular gas is the fuel for star formation in galaxies. Empirical scaling re-

lations show that dense gas mass correlates nearly linearly with star formation rate in

normal and star-forming galaxies. To understand the connection between dense gas and

star formation, astronomers have previously relied on observations of molecules like

hydrogen cyanide (HCN). Recently, it has been shown that the cyanide radical (CN)

can be used to study dense gas in a similar way to HCN. In this thesis, I investigate the

properties of dense molecular gas using new and archival observations of CN and HCN

from the Atacama Large Millimeter/Submillimeter Array (ALMA) for Ultraluminous

and Luminous Infrared Galaxies (U/LIRGs).

I begin with a multi-transition line study of CN and HCN to compare the excitation

conditions of these two molecules in a sample of three galaxies: IRAS 13120-5453,

NGC 3256, and NGC 7469. I �nd variations between individual lines of each molecule

which are connected with regions of enhanced star formation or the presence of an active

galactic nuclei. I then focus on using CN as a tracer of dense gas and dense gas fraction

when compared with carbon monoxide (CO). I measure the CN/CO intensity ratio in a

sample of 16 galaxies and �nd that CN/CO is higher, on average, in ULIRGs compared

to LIRGs. LIRGs have a larger spread in CN/CO ratios compared to ULIRGs, which I

attribute to their variation in star formation, AGN, and morphological properties. Finally,

I use the CN/CO ratio to estimate the dense gas fraction and �nd that it correlates with

star formation rate and hard X-ray luminosity at the location of peak X-ray emission.

The results of this thesis imply that CN can be used as a tool to study the physical and

chemical properties of dense gas in extreme star-forming galaxies.
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Humans have been observing the universe since long before sophisticated instruments

and telescopes existed, looking up at the sky as astronomers and wondering about

fundamental questions like are we alone, where did we come from, can we describe the

objects we are seeing, and how was the universe created? While we do not yet have

the answers to all of these questions, our ability to observe the universe, particularly

through the creation of modern day telescopes, has opened our eyes to many unexplored

regions of space. In this thesis, I will discuss my contribution to our understanding of

the universe by using observations of dense molecular gas from one of the world's most

powerful instruments, the Atacama Large Millimeter/Submillimeter Array (ALMA).

I introduce how astronomers observe the Universe in Section 1.1, galaxies in Section

1.2, the interstellar medium (ISM) in Section 1.3, molecular gas in Section 1.4, dense

molecular gas in Section 1.5, star formation in Section 1.6, and the primary instrument

for my thesis observations, ALMA, in Section 1.7. Finally, I introduce the main science

questions and individual chapters of this thesis in Section 1.8.

1.1 Observing the Universe

1.1.1 Radiation �elds, photons, and telescope observations

The main way that humans observe and interact with the universe is through light and

radiation, or photons. Photons are electromagnetic waves that propagate through space

at the speed of light,2 � 3•0 � 1010 cm s� 1, with both a wave- and particle-like nature.

The major identifying characteristics associated with these photons are their frequency,

a, which is interchangeable with their wavelength,_, using 2 = _a, and the energy

associated with that frequency,� a = �a . The energy of the photon can be roughly

thought of as a temperature,) � � • : B (Rybicki & Lightman 1986). Here,� and: B are

two fundamental constants of physics, Planck's constant and the Boltzmann constant,

respectively. An easy rule of thumb to follow is that1 eV � 1000nm � 104 K. Photons

are classi�ed based on their energies and wavelengths.

Gamma rays and X-rays

The highest energy radiation in the universe comes in the form of gamma rays and X-

rays. Gamma rays are photons with incredibly high energies¦ 100keV and temperatures
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¦ 109 K, although the speci�c values are not well-constrained (Rybicki & Lightman

1986; Funk 2015). Gamma rays come from sources like compact neutron stars, stellar

mass black holes, active galactic nuclei (AGN), and gamma ray bursts (Funk 2015).

Although there is a continuum of X-ray energies, X-rays are often split into two separate

classi�cations: soft X-rays (0•5 � 2 keV) and hard X-rays (2 � 10keV or higher; Rybicki

& Lightman 1986). Soft X-rays originate from the hot gas in the universe () � 106 � 107

K), often associated with the intracluster medium (ICM) in galaxy clusters (Forman &

Jones 1982) and gaseous regions which have been heated by star formation (Gorenstein

& Tucker 1976; Iwasawa et al. 2011; Torres-Albà et al. 2018). Hard X-rays come from

sources like AGN, black hole accretion, and high-mass X-ray binaries which are the

end products of star formation (Iwasawa et al. 2011; Torres-Albà et al. 2018). The

temperatures required to produce hard X-rays are of order) ¦ 107 K. X-rays can also

be produced by stars (Rosner et al. 1985) or from supernova remnants (SNRs; Raymond

1984).

Ultraviolet, visible and optical light

Ultraviolet (UV) light dominates the spectrum of massive O and B stars, which ionize

a signi�cant fraction of the gaseous material in galaxies to create HII regions (further

discussed in Section 1.3). UV photons can also be used to trace recent star formation

(Kennicutt & Evans 2012) and are also emitted by stellar remnants, such as white dwarfs

and SNRs. UV light has energies of� 4 � 100 eV and temperatures of104 � 106 K

(Rybicki & Lightman 1986).

Visible, or optical, light is the most commonly known type of light because it is the

type of radiation that the human eye has evolved to see. The Earth's atmosphere is also

quite transparent at these wavelengths (Figure 1.1). Sources of visible light are all stars

(O to M type), HII regions, SNRs, quasars, and emission lines from the ISM (Carroll

& Ostlie 2017). Visible light has wavelengths of300 nm � 1 ` m and temperatures of

103 � 104 K (Rybicki & Lightman 1986).

Infrared light

Infrared (IR) light has wavelengths of1 ` m � 1 mm and) � 10 � 103 K (Rybicki &

Lightman 1986). IR radiation can be of stellar origin, from cooler stars like K and M
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Figure 1.1: Earth's atmosphere has di�erent opacities at di�erent wavelengths. The top
plot shows the percentage of blocked light by the atmosphere as a function of wavelength,
highlighting the visible range. The lower graphic describes what telescopes are needed,
either space-based or ground-based, to observe di�erent parts of the electromagnetic
spectrum. Image credit: European Space Agency (ESA)/Hubble Space Telescope (HST;
F. Granato).

type stars (Carroll & Ostlie 2017). Interstellar dust is also a signi�cant contributor to

IR emission (Draine 2003). Large, carbonaceous structures like polycyclic aromatic

hydrocarbon (PAHs) create excesses in the observed IR spectra of galaxies (Rigopoulou

et al. 2024 and references therein). Finally, the main cooling lines (Section 1.3.3) in the

ISM of galaxies, like [OI] and [CII] lines, emit at IR wavelengths (Tielens 2005).

Millimeter, submillimeter and radio waves

Finally, photons with longer wavelengths (¦ 1 mm), smaller energies (® 0•001 eV),

and cold temperatures (® 20 K) are associated with millimeter, submillimeter, and

radio waves (Rybicki & Lightman 1986). E�ectively, these types of radiation allow

astronomers to probe the coldest corners of the universe. Observations of the2•7 K
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cosmic microwave background (CMB) probe the earliest phases of the universe (Weiss

1980), and anisotropies in this microwave radiation led to the development of the Lambda

Cold Dark Matter (� CDM) model (Planck Collaboration et al. 2020). Cold baryonic

matter, such as molecules and atomic hydrogen (HI), emits at centimeter, millimeter,

and submillimeter wavelengths. Molecular line emission is a crucial component of

this thesis that I discuss in detail in Section 1.4. HI and its 21 cm spontaneous spin

�ip transition are heavily utilized to understand the atomic structure of the Milky Way

(McClure-Gri�ths et al. 2023) and other galaxies (e.g., Giovanelli et al. 2005). Plasmas

at the coldest temperatures emit at the longest radio wavelengths (Rybicki & Lightman

1986). Synchrotron radiation can also produce radio waves, as well as star formation

processes, pulsars, and quasars.

Figure 1.1 shows that the Earth's atmosphere is transparent for mm� cm wavelength

photons, particularly at high altitudes. In this thesis, I use millimeter and submillimeter

observations to target the chemical and physical properties of molecular gas, which exist

at cold temperatures in the ISM (� 100K; introduced further in Section 1.3).

1.1.2 Equation of radiative transfer

As photons travel through space, they can undergo the processes of scattering (photons

leaving the path), absorption (photons destroyed in the path), or emission (new photons

added into the path; Condon & Ransom 2016). The light traveling along the path to

Earth from the source is often referred to as the �speci�c intensity� or �brightness�,�a

»erg s� 1 cm� 2 sr� 1 Hz� 1¼, which is independent of the distance of the source (Rybicki

& Lightman 1986; Condon & Ransom 2016). The intensity of light along its path is

described using the equation of radiative transfer,

3�a
3B

= � Ua�a ¸ 9a• (1.1)

In this equation,Ua »cm� 1¼and 9a »erg s� 1 cm� 3 sr� 1 Hz� 1¼are the absorption and

emission coe�cients, respectively, and3Bis the path length. An additional quantity is

the optical depth,ga = Ua3B, which measures the transparency of a medium to radiation.

Using the optical depth, the generalized, formal solution to the equation of radiative

transfer is:
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�a ¹gaº = �a ¹0º 4� ga ¸
¹ ga

0
4� ¹ga� g0

aº( a
�
g0

a
�

3g0
a• (1.2)

This equation contains two terms: the initial intensity diminished by some absorption

4� ga , and emission from an intervening source,( a � 9a
Ua

, which is also a�ected by

absorption (Rybicki & Lightman 1986). Speci�c examples and simpli�cations of this

complicated equation are applicable for millimeter wavelength observations. Equation

1.2 can be connected to the Planck function,� a ¹) º, for the speci�c intensity (�a = � a)

of blackbody radiation or for the source function (( a = � a) of thermal radiation (Rybicki

& Lightman 1986). Planck's law is written as

� a ¹) º =
2�a 3

22

1
4a• : B) � 1

• (1.3)

In the radio and millimeter regimes�a � : B) , and this leads to the Rayleigh Jean's

approximation

�a = � a =
2a2

2
: B) B• (1.4)

This is an important equation for millimeter and radio astronomy because it means that

the speci�c intensity of an observed source can be described as if it were emitting as a

blackbody at the same temperature and frequency (Rybicki & Lightman 1986; Condon &

Ransom 2016). The brightness temperature,) B [K] is a more useful measure of intensity

for radio and millimeter telescope observations, particularly for thermal sources, and the

majority of my ALMA observations throughout this thesis are described using the

brightness temperature.

The �ux density,� a »erg s� 1 cm� 2 Hz� 1¼, received at a telescope can be determined

from the speci�c intensity by integrating over the solid angle (3
 ) observed in the sky,

� a =
¹

�a cos¹\ º 3
 – (1.5)

with \ the angle between the incidence of the radiation and the normal to the plane of the

telescope. Finally, the �ux density of the emitting source is connected with its intrinsic,

monochromatic luminosity,! a »erg s� 1 Hz� 1¼, via

! a = 4c� 2
L ¹1 ¸ I º� 1 � a– (1.6)
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where the luminosity distance is� L and I is the redshift of the source (Solomon &

Vanden Bout 2005).

1.2 Galaxies

Galaxies are large, gravitationally bound objects in the universe that are comprised

of stars, gas, dust, and embedded in a massive dark matter halo. Edwin Hubble was

a pioneer in observing these �island universes� and found that galaxies tend to fall

into speci�c morphological categories (Hubble 1926). Most galaxies populate what is

referred to as the Hubble tuning fork, with early-type galaxies which are elliptical at one

end and late-type galaxies at the other, divided into spirals with and without a bar (e.g.,

Binney & Merri�eld 1998). A classi�cation of irregular galaxies was added as more

unique morphologies and subclasses were discovered (de Vaucouleurs 1959). I discuss

the properties and composition of the most common types of galaxies in Section 1.2.1. I

describe galaxy interactions and mergers of galaxies in Section 1.2.2. Finally, I introduce

the main types of galaxies observed in this thesis, the extreme starburst systems known

as Ultraluminous and Luminous Infrared Galaxies (U/LIRGs), in Section 1.2.3.

1.2.1 Galaxy types, morphologies, and composition

Galaxy properties depend on whether they are early-type, elliptical and S0s, late-type

and spiral, or irregular. Spiral galaxies are sometimes known as disk galaxies, as a large

portion of their material is situated in a gravitationally bound rotating disk surrounded

by an extended stellar halo and embedded within an even larger dark matter halo (Binney

& Merri�eld 1998). The bulk of the baryonic matter (e.g., the stars, dust, and gas) is in

the disk itself, while smaller objects like globular clusters can be found in the halo. The

surface brightness pro�les of the stellar disks of spiral galaxies are approximately given

by Binney & Tremaine (2008) as

� ¹ ' º = �d4� ¹ ' • ' dº– (1.7)

where' d is the disk scale length and�d is the surface brightness of the galaxy at' = ' d.

The density pro�le of stars vertically in the disk is given by
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d ¹'– I º = d ¹'– 0º 4� jI j• I d¹ ' º– (1.8)

whereI and I d ¹ ' º are the distance from the midplane and the disk scale height, re-

spectively (Binney & Tremaine 2008). The typical range of masses for spiral galaxies

is 109 � 1012 M � , with disk diameters of5 � 100kpc and rotational velocities of a few

hundred km s� 1 (Carroll & Ostlie 2017). Spiral galaxies have a diversity of morpholo-

gies depending on, for example, the number and tightness of spiral arms, the relative

size of the bulge, or the presence of a central bar. In this thesis, words like �normal�,

�disk�, �late-type�, and �spiral� may be used interchangeably to label the type of galaxy

described above.

Elliptical galaxies contain less gas and dust than spiral galaxies, and are mostly

relaxed systems with older stellar populations and elliptical surface brightness pro�les.

The surface brightness pro�les can be described by the de Vaucouleurs R1•4 law (de

Vaucouleurs 1948), given by Binney & Merri�eld (1998) as

� ¹ ' º = �e10
� 3•33

h
¹' • ' eº1•4� 1

i

– (1.9)

where' e is the e�ective radius and�e is the surface brightness at' = ' e. Note that

the bright bulges at the centres of disk-like galaxies can also follow this type of surface

brightness pro�le (Binney & Merri�eld 1998). Elliptical galaxies tend to have a wider

range of masses than spiral galaxies (107 � 1014 M � ) and a signi�cant di�erence in

sizes depending on the type of elliptical, with cD galaxies reaching� 100� 1000kpc

diameters and dwarf ellipticalsŸ 10kpc (Carroll & Ostlie 2017).

Irregular galaxies are those which do not �t the typical observed pro�les and prop-

erties of early- and late-type galaxies. They tend to be smaller, on average, than both

ellipticals and spirals, but can be comparable in both stellar mass (107 � 1010 M � ) and

size (Ÿ 50 kpc, Carroll & Ostlie 2017). Irregulars do not possess a common set of dis-

tinguishing properties due to their diverse morphologies, deviation from spiral structure,

and low surface brightnesses (Binney & Tremaine 2008).

1.2.2 Galaxy interactions and mergers

Galaxies are not always completely isolated systems, where the local properties and dy-

namics are governed solely by internal processes and interaction with the ICM. Galaxies
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can live in small collections of galaxies called groups or large complexes of galaxies

called clusters. The large-scale environment that a galaxy lives in can play a signi�cant

role in the evolution of a galaxy (e.g., Vollmer 2013). Interactions between galaxies can

lead to changes in their morphologies, such as some of the �rst �bridges� and �tails�

observed and catalogued between interacting galaxies (Arp 1966; Toomre & Toomre

1972; Arp & Madore 1987). Interactions which eventually lead to galaxy coalescence

are referred to as mergers. A simplistic picture of hierarchical galaxy formation and

evolution suggests that galaxy mergers allow smaller galaxies to collide and merge,

repeatedly, to form large systems (Toomre & Toomre 1972; White & Rees 1978; Fall

1979; Barnes 2002; Binney & Tremaine 2008). Mergers can be classi�ed as �major�

or �minor�, depending on the mass ratios of the merging galaxies (Binney & Tremaine

2008). Major mergers occur when the mass ratio of the merging systems is nearly unity,

and minor mergers, which are much more common than major mergers, have a mass

ratio of � 1 : 4or larger (Lotz et al. 2011).

Simulations of galaxy mergers show that they can produce a large gaseous disk

(Noguchi 1988; Mihos & Hernquist 1996; Barnes 2002; Hopkins et al. 2013; Patton

et al. 2013; Moreno et al. 2015, 2019), which can serve as a reservoir of molecular

gas to sustain enhanced star formation (further discussed in Sections 1.4.3 and 1.6).

Interactions and mergers of galaxies also play a signi�cant role in the activation of AGN

at the centres of galaxies (Ellison et al. 2011; Khabiboulline et al. 2014; Satyapal et al.

2014; Weston et al. 2017; Goulding et al. 2018). Simulations of merging galaxies allow

astronomers to observe the merger sequence from initial interaction through coalescence

and obtain detailed properties of the merging galaxies as a function of time. Large

optical surveys of galaxies like the Sloan Digital Sky Survey (SDSS), have produced

tens of thousands of images (most recent SDSS data release� DR18 � Almeida et al.

2023), including galaxy pairs and mergers. The enormous number of galaxy images that

are required to be visually inspected for galaxy morphologies has led to citizen science

projects, such as Galaxy Zoo (Lintott et al. 2008), and using arti�cial intelligence models

(e.g., Ferreira et al. 2024) to identify galaxy mergers.

Larson & Tinsley (1978) showed that some galaxies host an incredibly intense burst

of star formation compared with normal galaxies, and these systems are often termed

�starbursts�. One of the �rst uses of the term �starburst galaxy� was by Weedman

et al. (1981), who observed an intense nuclear enhancement of star formation in NGC
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7714. Starburst galaxies that also have an abundance of gas and dust and are incredibly

luminous at IR wavelengths are called U/LIRGs (Sanders & Mirabel 1996; Lonsdale

et al. 2006; Armus et al. 2009; Pérez-Torres et al. 2021).

1.2.3 Ultraluminous and luminous infrared galaxies

Observations using the Infrared Astronomical Satellite (IRAS) found that there are

a large number of IR bright galaxies in the universe (e.g., Sanders et al. 2003). The

classi�cations of LIRGs and ULIRGs are that they have IR luminosities of1011� 1012 ! �

and� 1012 ! � , respectively. The IR luminosities from U/LIRGs are thought to originate

from dust that has been heated by intense star formation triggered by a merger or

interaction or by an AGN (Sanders & Mirabel 1996; Lonsdale et al. 2006; Pérez-Torres

et al. 2021). At low redshift,� 25� 40% of LIRGs are major mergers, and this fraction

only increases (� 50 � 80%) for ULIRGs (Kartaltepe et al. 2010; Ellison et al. 2013a).

Major collaborations, such as the Great Observatories All-sky LIRG Survey (GOALS1),

have dedicated years of multi-wavelength observational campaigns to understanding the

physical properties of U/LIRGs (e.g., Armus et al. 2009; Howell et al. 2010; Iwasawa

et al. 2011; Stierwalt et al. 2013; Díaz-Santos et al. 2017; Barcos-Muñoz et al. 2017;

Song et al. 2021; Armus et al. 2023). The molecular gas content and star formation

properties of U/LIRGs can be quite di�erent than normal galaxies, and I highlight some

di�erences in Sections 1.4.3 and 1.6.

All of the galaxies studied in this thesis are U/LIRGs and a full list of galaxy names is

given in Table 3.1. The sample contains 4 ULIRGs and 12 LIRGs, with IR luminosities

spanning log10 ¹! IRº = 11•08 � 12•28 ! � (Armus et al. 2009) and various AGN types

(see Chapter 3 and 4). These galaxies also cover a range of merger stages, as identi�ed

spectroscopically using Spitzer data (Stierwalt et al. 2013): 4 galaxies are non-mergers, 3

galaxies are pre-mergers, 1 galaxy is a late-stage merger, and 8 galaxies are post-mergers

(further details in Chapter 4). Chapter 2 focuses on two nearby LIRGs with a strong

starburst (NGC 3256, Figure 1.2) and a Seyfert 2 nucleus (NGC 7469), and the second

nearest bright ULIRG, IRAS 13120-5453. Chapters 3 and 4 include all 16 galaxies from

the sample.

1https://goals.ipac.caltech.edu/
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Figure 1.2: HST image of the nearby LIRG NGC 3256. This galaxy is an active merger,
as can be seen by the chaotic morphology, and the presence of obscuring dust blocks
much of the starlight near the centre of the merger. NGC 3256 has a bright starburst in the
northern nucleus and an edge on disk with an obscured embedded active galactic nucleus
in the south. Image credit: ESA/HST, National Aeronautics and Space Administration
(NASA).
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1.3 The Interstellar Medium

Within galaxies, the space between the stars is referred to as the ISM. The ISM is com-

prised primarily of gas-phase hydrogen (H) and helium, with trace amounts of heavier

elements (Tielens 2005). Additionally, roughly 1% of the ISM exists in macroscopic

silicates and carbonaceous dust grains (Draine 2003). In the following sections, I brie�y

describe the structure of the ISM and its di�erent phases, radiation �elds and their in-

teraction with the ISM, and the most important heating and cooling mechanisms in the

ISM.

1.3.1 ISM structure and phases

The components of the ISM can be described by di�erent phases, each with its own

temperature,) , and density,=. Early models of the ISM (McKee & Ostriker 1977)

split it into three components which were primarily regulated by supernovae (SNe)

explosions and an equilibrium balance between the phases (Figure 1.3, left). Since then,

observations and theory have expanded and astronomers now describe the ISM as a

combination of many interacting phases including molecular clouds, the cold neutral

medium (CNM), the warm neutral medium (WNM), the warm ionized medium (WIM),

and the hot ionized medium (HIM). As molecular gas is an integral part of this thesis, I

describe this phase of the ISM and how it is observed in Section 1.4. Figure 1.3 (right)

shows new James Webb Space Telescope (JWST) observations, combined with archival

Hubble Space Telescope (HST) data, of the IR and visible emission from the ISM in

the galaxy NGC 628. Clearly, the observational picture is much more complex than the

original three-phase models introduced by McKee & Ostriker (1977).

The CNM is the densest phase of the ISM after molecular clouds and is mostly

occupied by neutral atomic gas with temperatures of� 100 K and densities between

10 � 100 cm� 3 (Tielens 2005). Along with molecular clouds, the CNM represents a

major reservoir of atomic H which serves as fuel for star formation. Some textbooks

identify the CNM as di�use clouds of atomic matter, which lack a distinct structure

or morphology and can be translucent to interstellar light (Kwok 2007). The CNM is

primarily observed using the21 cm spin-�ip transition of atomic H. Major telescopes

that are crucial for observing the CNM include the Very Large Array (VLA), previously
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