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Abstract

The earliest galaxies formed during the first billion years after the Big Bang, produc-

ing the energetic photons required to initiate the Epoch of Reionization. Resolved

observations of these sources enable us to build a picture of the evolutionary path

from primordial density fluctuations to the development of galaxies such as our own.

Kinematic analysis is a key probe into the mass budget of galaxies, the interstellar

medium (ISM) properties affecting star formation, and the physical processes ongo-

ing within galaxies including accretion, minor and major mergers, turbulence and

feedback driven by stars or active galactic nuclei (AGN).

With the extraordinary synergistic capabilities of the Atacama Large (sub)Millimetre

Array (ALMA) and the James Webb Space Telescope (JWST), we are in an un-

precedented era of discovery in detecting primeval galaxies across a wide range of

wavelengths and emission line tracers of the multiphase ISM. However, numerical

simulations show that warm ionized gas and cold gas trace different regions of galax-

ies and yield different measurements of internal properties, leading to the question

of how can we compare information obtained from varied tracers? Furthermore, how

confident can we be in physically interpreting high-redshift observations that often

suffer from the complications of poor angular and spectral resolution?

In this thesis, we address these challenges through kinematic analysis of realistic

NIRSpec IFU mock observations derived from galaxies in the SERRA suite of cosmo-

logical zoom-in simulations. With these synthetic data we determine the robustness

of dynamical information recovered from typical IFU observations, and test widely-

used criteria for identifying disks and gaseous outflows at high redshift. We carry the

lessons learned from this study into the second part of the thesis, where we present

the first sample of galaxies from the Epoch of Reionization to have constraints on

the cool gas kinematics and distribution and morphology of the dust-obscured star

vii



formation, alongside NIRCam and NIRSpec IFU PRISM observations. We examine

the morphology of the stars, gas and dust, and perform kinematic fitting to reveal

an intriguing diversity of dynamical classifications, including rotation-dominated

and dispersion-dominated galaxies, turbulent disks, and galaxies with signatures of

merging activity and outflowing gas streams.
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Chapter 1

Introduction

1.1 Cosmological Context

Our current standard cosmological paradigm is the � Cold Dark Matter model

(�CDM: Peebles, 1984; Peebles and Ratra, 2003), of which the two main con-

stituents are cold dark matter (CDM: `cold' here referring to particles moving at

non-relativistic speeds), and dark energy, represented by the cosmological constant �

(Carroll, 2001). Dark matter and dark energy respectively comprise approximately

26% and 69% of the observed gravity in the Universe, compared to 5% accounted for

by baryonic matter (Planck Collaboration et al., 2016). There is abundant evidence

for the existence of dark matter, including the phenomenon of 
at galaxy rotation

curves (e.g. Rubin and Ford, 1970; Rubin et al., 1978; Rubin et al., 1980), whereby

the velocities of bodies in orbit around the centres of galaxies remain constant out

to very large radii, rather than decreasing withv(R) / R� 0:5 as would be expected

from the equation:

v(R) =

r
GM (R)

R
(1.1)

leading to the conclusion that galaxies contain signi�cantly more mass than is ac-

counted for by the baryonic component. The gravitational e�ect of dark matter

on visible matter is directly observable through gravitational lensing, an e�ect pre-

dicted in Einstein (1916), which causes photons to be de
ected as they pass through

spacetime that has been warped by the gravitational �eld of a nearby massive object

(see e.g. the reviews Massey et al., 2010; Saha et al., 2024, and references therein).

Observational evidence for dark energy comes from the study of distant supernovae;
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1.1. COSMOLOGICAL CONTEXT

these events are used as standard candles, so the discovery of distant supernovae

with lower luminosities than would be expected was the �rst indication that the

expansion of the Universe is accelerating, interpreted as the cosmological constant

(Riess et al., 1998; Perlmutter et al., 1999).

The �CDM model assumes that gravity at cosmological scales is described by Gen-

eral Relativity (Einstein, 1915; Einstein, 1917), and is underpinned by the Cosmo-

logical Principle, which in simple terms states that the energy distribution of the

Universe is statistically homogenous and isotropic at su�ciently large scales (Milne,

1933; Hawking and Ellis, 1973; Ellis and Harrison, 1974), where `su�ciently large'

refers to & 100Mpc. The Einstein (1915) �eld equation describing the spacetime

geometry of a certain distribution of energy is given by:

G�� =
8�G
c4

T�� (1.2)

where T�� is the tensor evaluating the e�ect of an energy distrubution on the cur-

vature of spacetime, as described by Einstein's tensor:

G�� = R�� �
1
2

g�� R (1.3)

whereR�� is the Ricci tensor and R the scalar. The Friedmann Lemâ�tre Robertson

Walker (FLRW) metric:

d� 2 = g�� dx� dx� = dt2 � a2(t)
n dr2

1 � kr 2
+ r 2(d� 2 + sin2�d� 2)

o
(1.4)

governs the average evolution of the Universe's large-scale structure, being an exact

solution of the Einstein �eld equations obtained assuming the Cosmological Princi-

ple. The Cosmological Principle is strongly supported by the highly isotropic nature

of the cosmic microwave background (CMB: Penzias and Wilson, 1965; Dicke et al.,

1965), relic radiation created by the process of protons and electrons recombining

(`recombination') at z � 1100, when the Universe had cooled su�ciently following

the Big Bang (Jones and Wyse, 1985). The observation of the CMB by the Planck

satellite (Fig. 1.1) provides a stringent test of �CDM, measuring �ve of its six pa-

rameters to better than 1% precision. Assuming that the radiation is comprised of

photons with a blackbody temperature of 2.7260 K (Fixsen, 2009), and neutrinos

of very small mass, permits a comparison between the power spectrum (that is, the

Fourier transformation of the matter correlation function) as measured by Planck

2



CHAPTER 1. INTRODUCTION

Figure 1.1: (top panel) Planck satellite skymap of the Cosmic Microwave Back-

ground radiation temperature distribution, with a grey line delineating the mask

applied around the Galactic plane. (bottom panel) Foreground subtracted and fre-

quency averaged angular power spectrum for temperature, plotted alongside the

model prediction in blue. Figure credit: Planck Collaboration et al. (2020a)
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with that predicted by �CDM, and the two agree exquisitely (See Fig. 1.1: Planck

Collaboration et al. (2020a)).

However, despite this success, challenges to the model persist. The Hubble tension

is the > 5� discrepancy between measurements of the Hubble constant (H0) from

Planck (Planck Collaboration et al., 2020b) and from a survey of Cepheid variables

and Type Ia Supernovae by the SH0ES collaboration (Riess et al., 2022). TheS8

tension refers to the disagreement between the Planck best �t measurement of the

parameter combinationS8 = � 8(
 m=0:3)1=2 and the measurements from surveys of

weak galaxy lensing (Efstathiou, 2025). These tensions could indicate the existence

of new physics.

Recently, and primarily due to the James Webb Space Telescope1 (JWST), an abun-

dance of galaxies has been spectroscopically con�rmed atz > 11 (e.g. Arrabal Haro

et al., 2023; Castellano et al., 2024; Harikane et al., 2024; Zavala et al., 2024), which

has been considered to be in tension with the �CDM model of hierarchical galaxy

formation in which galaxies form from dark matter halos, which themselves evolve

according to the initial power spectrum of density perturbations (Frenk et al., 1985).

For instance, Boylan-Kolchin (2023) calculate that the star formation e�ciency of

baryons in halos would have to be close to unity in order to reproduce the stellar

mass function determined by Labb�e et al. (2023), in comparison to a star formation

e�ciency of � 5 � 10% in the Milky Way (Eke et al., 2005). However, by extend-

ing a model �rst presented in Cowley et al. (2017) to take into account the growth

timescales of dust grains, Lu et al. (2025) argue that �CDM naturally predicts the

observed population of very high redshift galaxies.

1.1.1 The Big Bang and Cosmological In
ation

The history of the cosmos begins with the Big Bang: see Fig. 1.2 for a schematic

overview of the evolution of the Universe. The model of in
ationary cosmology

1While I will refer to the telescope by its full name in this thesis, I would like to clarify my

belief that its name is inappropriate considering that during his tenure as lead administrator at

NASA, the namesake of the telescope presided over the implementation of federal policies expelling

LGBTQ+ individuals from the workforce (Johnson, 2009).
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CHAPTER 1. INTRODUCTION

Figure 1.2: Schematic representation of the cosmic from the Big Bang to the present

day, delineating notable cosmic epochs. Figure credit: NAOJ.

(Starobinsky, 1980; Guth, 1981) is an auxiliary theory to the Big Bang, and re-

solves certain problems associated with it; namely, the Horizon Problem and the

Flatness Problem. The Horizon Problem (Misner, 1968) concerns the observational

horizon, de�ned as the distance beyond which information cannot reach an observer

on Earth. The horizon expands at the speed of lightc, in direct proportion to time

t. This evolution is more rapid than the expansion of the Universe's scale factor,

which increases proportional tot
1
2 when the Universe is radiation dominated, and

proportional to t
2
3 when the Universe is matter dominated. Thus, looking back in

time, the observational horizon shrinks faster than the cosmic scale factor. It ap-

pears that the established laws of physics are valid for the entire Universe within

our horizon, and as discussed in Sec. 1.1 the cosmic microwave background appears

isotropic. Without in
ation, this would not be expected, as regions on the sky sep-

arated by > 1� /200kpc / 200Mpc (comoving coordinates), would not have been

in causal contact prior to decoupling, after which there is no interaction between

matter and radiation.

The Flatness Problem (Hawking and Israel, 2010) refers to the observational result

that the mean cosmic density is almost the critical density. Combining the matter-

dominated Friedmann equation with the modern-day Friedmann equation gives:

R2 =
8�G� 0R3

0

3R
� R2

0H 2
0 [
 0 � 1] (1.5)

which, using


 =
8�G�
2H 2

and � = � 0(1 + z)3 (1.6)
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leads to the result


( z) =

 0(1 + z)
(1 + z
 0)

(1.7)

It then follows that at high redshifts, 
 is almost exactly 1. In the era of nucle-

osynthesis, at a redshift ofz = 108, 
 equals unity within 10 � 12, which implies an

extremely 
at Universe; such a result cannot be a coincidence.

In
ation proposes that immediately after the Big Bang, the density of all cosmic

matter would have been so great that all matter would have been in causal contact

and thermal equilibrium, subject to the same laws of physics. At 10� 36s following

the Big Bang, then, the Universe experienced a very brief metric expansion at a

speed far greater thanc, such that cosmic expansion exceeded the expansion of

the horizon. This resolves the Horizon Problem, and the solution of the Flatness

Problem falls out naturally, as if at the instant of the Big Bang, the value of 


was anything other than unity, in
ation would have blown up the the size of the

Universe to the extent that any curvature existing prior to in
ation would no longer

be observable.

1.1.1.1 The Cosmic Dark Ages

Cosmic in
ation cooled the matter in the Universe until the point where it was

cool enough for the combination of electrons and protons into hydrogen and helium

atoms to become energetically favourable, in what is known as the Recombination

Epoch. This phase transition caused the Universe to enter a period known as the

Cosmic Dark Ages, in which there were no signi�cant radiation sources, and the

majority of cosmic hydrogen was neutral (Dayal and Ferrara, 2018). During this

period, inhomogeneities in the dark matter density �eld grew gravitationally to form

baryon-accreting non-linear structures, which acted as potential wells. Within these

potential wells, accreted gas could cool, fragment, and condense to form stars and

then galaxies, creating radiation sources.

1.2 The Reionization of the Universe

The formation of these sources of luminosity brought an end to the Cosmic Dark

Ages and ushered in the Epoch of Reionization (EoR). During this period, ther-
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CHAPTER 1. INTRODUCTION

monuclear reactions within the �rst stars generated ultraviolet radiation. Lyman

continuum (LyC) photons with energy greater than the ionization energy of hydro-

gen, 13.6 eV, were able to begin the process of ionizing the neutral cosmic hydrogen.

The EoR began at a redshift ofz � 30 and was complete byz � 6, with the end

point of reionization being well constrained by observations of quasars. The observed

spectra of quasars fromz > 6 display a trough, as predicted by Gunn and Peter-

son (1965), corresponding to neutral hydrogen in the intergalactic medium (IGM)

absorbing quasar continuum emission. This feature is not seen in the spectra of

quasars atz . 6, which suggests that by this time the hydrogen in the Universe had

been fully ionized (e.g. Becker et al., 2001).

1.2.1 Understanding the Reionizing Contribution of Galax-

ies

There is ongoing debate around the main sources of the energetic photons that reion-

ized the Universe. In the low-redshift Universe, active galactic nuclei (AGN) emit

strongly at LyC frequencies, but they are not expected to contribute signi�cantly to

reionization as their population decreases rapidly as a function of redshift (Qin et

al., 2017; Kulkarni et al., 2019; Faisst et al., 2022; Dayal et al., 2024). Star-forming

galaxies are therefore considered the most likely candidates to have injected large

amounts of highly energetic photons into the IGM during the EoR (e.g. Bouwens

et al., 2015). However, uncertainty remains over which types of galaxies had the

greatest impact, and how the e�ciency of ionizing photon emission is a�ected by

the diversity of physical properties among galaxies, included but not limited to the

stellar mass, the dark matter halo mass, the star formation rate (SFR), the dust

content, and the burstiness of the star formation history (SFH).

To quantify the ionizing photon contribution from galaxies, we must measure the

following properties: (1) the number of galaxies producing LyC photons, (2)� ion ,

the ionizing photon production e�ciency, or the number of LyC photons produced

per unit UV luminosity, and (3) f esc, the fraction of ionizing photons created within

a galaxy that are able to escape into the IGM (Gnedin and Madau, 2022).

Reionization is thought to have been brought about by the large population of faint

galaxies, rather than having been driven by a small number of UV-bright galaxies,

7
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or a small subset of bright Ly� emitters with high � ion and f esc (e.g. Lewis et al.,

2022; Rosdahl et al., 2022). To con�rm this model, it is necessary to well under-

stand � ion and f esc across di�erent galaxy populations; however, both parameters are

highly uncertain. Escape fractions are challenging to determine as the IGM becomes

opaque to ionizing photons afterz � 4 (Madau, 1995; Inoue et al., 2014), so the LyC


ux cannot be directly measured in the EoR. Studies off esc in the local Universe

(e.g. Choi et al., 2020; Me�stri�c et al., 2021; Naidu et al., 2022) have found galactic

features that correlate strongly with escape fraction, such thatf esc values can be in-

ferred at high redshifts through measuring these secondary properties. Among these

is the UV slope� UV , as it has been found that bluer galaxies have higher escape

fractions (Chisholm et al., 2022; Saldana-Lopez et al., 2023). The ionizing e�ciency

of a galaxy is a function of the shape of its ionizing spectrum, which is determined

by the initial mass function (IMF), stellar metallicity, and binary star fraction. An-

alytic models generally assume log(� ion /Hz erg� 1) in the range 25.2-25.3 (Shivaei et

al., 2018), which is consistent with� ion values inferred from the UV spectral slope;

however, variations in assumptions made about the aforementioned stellar popula-

tion parameters can cause recovered� ion values to vary by 2� 3� (Eldridge et al.,

2017; Stanway and Eldridge, 2018). Some studies with JWST have found higher

ionizing e�ciencies of log(� ion ) � 25:5 � 26:0 (e.g. Curtis-Lake et al., 2023; Atek

et al., 2024). These results, together with local constraints onf esc, and the large

population of star-forming galaxies revealed with JWST atz > 9, lead Mu~noz et al.

(2024) to posit that there is a photon budget crisis, with too many ionizing photons

being produced and reionization being ended too early. This crisis is not reproduced

by other works, such as Simmonds et al. (2024) and Begley et al. (2024), who �nd

no evidence for over- (or under-) production of ionizing radiation relative to what

would be required to reproduce the observed timeline of reionization. Kreilgaard

et al. (2024) investigate the population distribution off esc by applying hierarchical

Bayesian inference to the ratio of LyC to non-ionizing UV 
ux for a sample of galax-

ies at z � 3:5, and �nd that the best-�tting distribution is exponential. As models

generally assume a constantf esc, an exponential distribution could alleviate such a

`budget crisis' as it suggests that at any time, only a small fraction of sources may

be producing ionizing radiation.

8
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1.2.1.1 Reionizing Bubbles

In simulations, reionization originates around overdensities (e.g. Trac and Cen, 2007;

Hutter et al., 2021), a scenario which is supported by observational results (e.g.

Castellano et al., 2016; Endsley and Stark, 2022). Therefore, ionized bubbles form

around LyC emitters, growing and merging until the last remaining regions of neu-

tral hydrogen disappear. As the expected size distribution of ionized bubbles is

determined by the clustering of the dominant source population (e.g. McQuinn et

al., 2007; Hassan et al., 2018), the distribution of bubbles traces the reionization

process itself. Hayes and Scarlata (2023) empirically demonstrate the growth of ion-

izing bubbles over time through studying a sample of 23 galaxies with JWST and

�nding that bubble size is smaller for galaxies atz > 7:5 compared to at lower red-

shift. A large-scale simulation study by Lu et al. (2024) suggests that high-redshift

bubble observations must be interpreted through the framework of inhomogeneous

reionization simulations, as they �nd that bubble size distribution around observ-

able galaxies and overdensities di�ers signi�cantly from that across the whole cosmic

volume.

1.3 Galaxies from First Light to Present Day

In general terms, a galaxy may be de�ned as a dark matter halo containing a long-

lived system of stars, dust, gas and black holes, with higher mass galaxies frequently

containing a central supermassive black hole.

The gas reservoir from which the �rst stars formed would have been primordial,

consisting only of hydrogen, helium, and trace amounts of lithium produced by

Big Bang Nucleosynthesis (Alpher et al., 1948). These pristine stars are known as

Population (Pop) III stars. The existence of Pop III stars has not yet been obser-

vationally con�rmed, and it is challenging to do so, in part because direct collapse

black holes or a second generation of enriched stars may have a spectral signature

similar enough to that which would be expected for Pop III stars that these objects

could be confused for each other (Nakajima and Maiolino, 2022). Pop II stars, those

enriched by the metals produced in the �rst stars and ejected into the ISM by their

deaths, are the oldest yet observed, and Pop I stars are those with solar metallicities.

9
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It is not straightforward to de�ne the observable properties of the �rst galaxies in

such a way as to permit their positive identi�cation. One could de�ne that a galaxy

must be pristine to be considered �rst-generation, with zero metallicity. However,

this de�nition is insu�cient, as most �rst galaxies may already be metal-enriched

by the �rst supernovae and contain Pop II stars (Greif et al., 2010; Maio et al., 2011).

1.3.1 The Birth of Stars and Galaxies

Baryons falling into dark matter potential wells are shock-heated to the virial tem-

perature of their host halo. This system is prevented from reaching equilibrium by

dissipative cooling, which enables further collapse (Silk, 1977). The �rst galaxies

would not have had access to the most e�cient cooling mechanisms: line emis-

sion from collisionally-excited atoms and molecules, and continuum radiation, due

to their extremely low metallicity content; metal-rich species o�er more e�cient

cooling due to their greater number of electronic levels. Radiative cooling would

therefore have been dominated by vibrational and rotational transitions of molecu-

lar hydrogen and, above& 104K, Ly � emission, the 2p ! 1s transition of hydrogen

(Dayal and Ferrara, 2018).

Once the baryonic gas has cooled su�ciently to form a centralised structure, clumps

begin to form according to gravitational instabilities. The gas is in constant 
ux,

with 
ows driven by gravity and radiation, and giant molecular clouds build up

at the points where 
ows converge (Chevance et al., 2023). These clouds have a

complex, �lamentary internal structure and are highly turbulent. Their sizes are

governed by the Jeans length, which sets the scale beyond which perturbations are

unstable,

� J =
�

�c 2
s

G�

� 1=2

= cst f f (1.8)

wherecs is the speed of sound in the medium,� is the density, andt f f is the local

free fall time (e.g. Truelove et al., 1997). These GMCs can have masses in the range

104� 106M� , and local collapses occur in su�ciently massive clouds around overden-

sities where the energy densities from gravity exceed those from kinetic, magnetic

and thermal e�ects, seeding star formation (McKee and Ostriker, 2007).
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1.3.2 The Origin of the Elements

In astronomy, hydrogen and helium are considered `primordial', and all heavier ele-

ments are considered `metals' as they were not produced in the Big Bang (other than

lithium, in trace amounts) and were created subsequently through stellar processing.

See Fig. 1.3 for a schematic view of the production mechanisms of each element in

the Solar neighbourhood. The metallicity,Z , is de�ned in terms of the ratio of the

mass of metals to the total baryonic mass, which is dominated by hydrogen and

helium:

Z =
Mmetals

M baryons

Figure 1.3: This representation of the Periodic Table is labeled with the origins of

each element in the Solar neighbourhood. The square representing each element is

a plot showing the relative contribution of various formation mechanisms to that

element's abundance over time, which increases from left to right. The vertical lines

are plotted at the formation time of the Sun and the horizontal lines represent Solar

abundances. Figure Credit: Kobayashi et al. (2020).
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1.3.2.1 Big Bang Nucleosynthesis

In the microseconds immediately following the Big Bang, the Universe consisted

of a `primordial soup' of fundamental particles including neutrinos, electrons and

quarks, with a density so high that photons were trapped for 400,000 years until the

Epoch of Recombination when free electrons and nuclei combined to form neutral

atoms (Peebles, 1993).

During the ensuing expansion and cooling of the Universe, quarks became bound

into neutrons and protons, which were initially held in equilibrium via interactions

such as

p + e�  ! n + � e

until the temperature fell to � 1010 � 109K , at which point the equilibrium shifted

in favour of a higher proportion of protons, due to their lower mass. The ratio was

controlled by:

n=p = e� (mn � mp )c2=kT

decreasing with temperature until 1s after the Big Bang (Johnson et al., 2020),

at which point the Universe was cool and dilute enough to halt neutron/proton

conversions and kickstart nuclear fusion which produced hydrogen, helium and trace

amounts of lithium, until the Universe cooled too far to allow this to continue,

minutes later. 4He is very unlikely to be created by direct combination, as this

would require a four-body interaction between two protons and two neutrons, so

its formation pathway has an intermediate stage, the deuterium2H nucleus, which

can produce stable helium nuclei through combining with3H or 3He (Alpher et al.,

1948). The deuterium bottleneck e�ect delayed the progress of nucleosynthesis, as

the binding energy of deuterium is 2.23 MeV, corresponding to a temperature of

T = 2:6 � 1010K ; at the temperatures in the �rst seconds of cosmic time, the high

number density of dissociating photons with energies exceeding 2.23 MeV destroyed

deuterium instantaneously as it formed.

1.3.2.2 The Emergence of Metals

Metals are created through stellar nucleosynthesis and highly energetic stellar events,

notably supernovae and neutron star mergers, as outlined in the following.

12
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At the point where the entire luminosity radiated by a star is supplied by nuclear

fusion, and gravitational contraction has ceased to contribute signi�cantly to the

energy output of the star, it begins its life on the main sequence (MS) as a Zero-

Age Main Sequence (ZAMS) star (Mengel et al., 1979). During the main sequence

phase, which lasts for the majority of the stellar lifetime, helium is created from the

nuclear fusion of hydrogen via the proton-proton (pp) chain, which is the dominant

mechanism in low-mass stars and can function in zero metallicity conditions:

4p ! 4He + 2e� + 2� e

and the Carbon-Nitrogen-Oxygen (CNO) cycle which dominates higher mass stars,

relying on existing metals to process hydrogen into helium (Adelberger et al., 2011).

The luminosity of a MS star is proportional to temperature:

Lpp / T4

LCNO / T18

and to mass:

L / M �

leading to the main-sequence lifetime relation

TMS / M=L / M (1� � )

where � � 3:5 (Salaris and Cassisi, 2005). Therefore, the main-sequence lifetime

decreases signi�cantly with increasing stellar mass.

As a star runs out of hydrogen to burn, it leaves the main sequence, and the next

phase in its life depends on its mass. Low mass (< 2M � ) stars undergo electron

degeneracy in the helium core, initiating the `Helium Flash', a sudden release of nu-

clear energy (e.g. Schwarzschild and H•arm, 1962; Moc�ak et al., 2010), from which the

star transitions to the Asymptotic Giant Branch (AGB) phase. Intermediate mass

stars (2M� < M < 8M� ) reach this stage without undergoing the Helium Flash, as

the internal temperature is not high enough to ignite the carbon and oxygen that

are the main components of their cores (e.g. Arcones and Thielemann, 2023).

AGB stars consist of thin shells of burning hydrogen and helium surrounding the

electron-degenerate core, and are characterised by recurrent thermonuclear 
ashes

13
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that instigate convective mixing, inducing nucleosynthesis (Herwig, 2005). AGB

stars create approximately half of all light elements such as carbon, nitrogen and


uorine (Kobayashi et al., 2020). In high-mass stars (> 8M � ), the central temper-

ature is high enough for carbon, neon, oxygen and silicon fusion. The energy from

nuclear fusion balances the energy lost through radiation and neutrino emission,

and therefore as each fuel is exhausted, the stellar core contracts, becoming hotter

and denser, until �nally a core of iron group elements is produced, and fusion ceases

as the nuclear binding energy per nucleon is maximal for the iron group. The iron

core begins freefall at� 0:25c from the combined e�ects of electron capture and

photodisintegration acting to remove energy it requires to maintain pressure (e.g.

Woosley and Janka, 2005). This is halted by the repulsion of the strong nuclear

force when the density is almost twice that of the atomic nucleus, launching a shock

wave which ignites nuclear fusion in the outer shells in a core collapse supernova.

These supernovae eject� elements into the ISM (Timmes et al., 1995; Kobayashi

et al., 2006), while Type Ia supernovae, the explosions of white dwarf stars in bi-

nary systems, produce half of the iron-peak elements (e.g. Kobayashi and Nomoto,

2009). Heavier elements are produced in catastrophic events such as the merging of

neutron stars. Approximately half of all elements heavier than iron are produced by

the rapid neutron-capture process (r-process), which is the only source of elements

beyond lead and bismuth, and is initiated by catastrophic events such as neutron

star mergers (Thielemann et al., 2017).

1.4 Star Formation and the Initial Mass Function

As illustrated in the previous section, the mass of a star is the key parameter deter-

mining its properties and evolution. The distribution of the birth masses of stars is

called the Initial Mass Function (IMF) and is a fundamental quality in understanding

galaxy characteristics. As the IMF is not directly observable, it must be described

through modelling assumptions, which introduces a signi�cant uncertainty. The

shape of the IMF, and whether it is bottom-heavy (dominated by lower-mass stars)

or top-heavy (dominated by higher-mass stars), is dependent on factors including

gas temperature and density, metallicity, stellar multiplicity and turbulence (e.g.
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the review article Hennebelle and Grudi�c, 2024).

The IMF is generally parameterised as one of three models. The �rst of these is the

Salpeter (1955) linear power law,

dN
dM

/ M � �

where� = 2:35.

The Kroupa (2002) formalism models the IMF as a broken power law function, with

� = 2:3 at 0:5 � 150M� , � = 1:3 at 0:08� 0:5M� , and � = 0:3 at < 0:08M� .

Chabrier (2003) model the IMF with a log-normal distribution below 1M� , along-

side a variation to account for stellar multiplicity.

These three models have been found to be similarly successful at describing obser-

vations, but as they were calibrated on stellar systems in the Local Group, there is

considerable debate over how applicable these relations are further back in cosmic

time. This is a particularly relevant question considering the extremely massive

galaxies that have been observed at high redshift, as the IMF is central to calculat-

ing stellar mass from the light pro�le of a galaxy (the mass/light,M=L relation: e.g.

Liang et al., 2025). Indeed, Woodrum et al. (2024) study the properties of a sample

of 21 galaxies observed by NIRCam by �tting the spectral energy distribution using

varying parameterisations of the IMF, and demonstrate that these are able to �t

the SED equivalently well, while yielding stellar masses that are smaller by a factor

of 3 than those obtained from the Chabrier (2003) model.

Hutter et al. (2025), using the ASTRAEUS simulations, test the e�ect of an evolv-

ing IMF, which becomes increasingly top-heavy with increasing gas density, and �nd

that this boosts the population of UV-bright galaxies atz > 10 compared to the

Salpeter (1955) IMF, and is able to reproduce the observed UV luminosity func-

tions at z = 5 � 15. This is in agreement with the result obtained by Katz et al.

(2022) from the SPHINX simulations, that a top-heavy IMF reproduces observed

high [Oiii ]88/[C ii ]158 fractions in the Epoch of Reionization.

1.4.1 Star Formation across Cosmic Time

The star formation rate (SFR) of an individual galaxy quanti�es the e�ciency of

that galaxy at forming stars, and is dependent on multiple factors, such as the
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galaxy's cold gas reservoir and internal properties. The cosmic star formation rate

density (SFRD) measures global star formation across the Universe. Star formation

rates are measured in numerous ways, notably through integrated galactic light in

the UV and FIR regions, and nebular recombination lines.

Figure 1.4: The evolution of star formation with redshift as measured by rest-frame

far ultraviolet (blue, teal, green, lime and magenta points) and infrared (orange,

scarlet and crimson points) observations. Figure Credit: Madau and Dickinson

(2014).

In the UV regime (� 1250� 2500�A) young stars dominate the integrated spectrum,

and luminosity can be converted to SFR assuming some IMF. With a Salpeter

IMF function (Salpeter, 1955), the composite spectrum is approximately 
at at

UV wavelengths, and therefore SFR scales linearly with UV luminosity (Kennicutt,

1998). The FIR continuum can also be used as a tracer of emission from young stars

and therefore the SFR, as a signi�cant proportion of their radiation is absorbed by

dust and re-emitted at longer wavelengths (Kennicutt, 1998; Elbaz et al., 2011).

Emission lines, such as H� , directly probe the ionizing 
ux of massive (> 10 M� )

stars with < 20 Myr lifetimes, and these lines therefore provide a `snapshot' view of
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the SFR that is not a�ected by the SFH (e.g. Kennicutt, 1983).

Fig. 1.4 reproduces the well-known plot from Madau and Dickinson (2014) illustrat-

ing the relationship between SFRD and redshift. SFRD increases from the highest

redshift up to a peak at cosmic noon,z � 2, and then decreases exponentially to the

present day. The SFRD can be considered as a composite of the halo mass function

and the distribution of SFR as a function of halo mass. In the early Universe, star

formation is limited by the build-up of dark matter haloes. Star formation reaches a

peak at cosmic noon, and thereafter quenching through feedback and gas exhaustion

becomes more signi�cant (Schaye et al., 2010). At the highest redshifts, the SFRD

is dominated by low mass galaxies, with massive galaxies becoming increasingly sig-

ni�cant over time. The main contribution to the present-day SFRD is attributed to

galaxies in the mass range 1010� 10:5M � as the more massive galaxies are quenched

more e�ciently by AGN (Vogelsberger et al., 2014). Up to z � 4, the SFRD is

dominated by dust-obscured SF (e.g. Magnelli et al., 2011; Bouwens et al., 2016).

Algera et al. (2023) test the impact of dust-obscured SF atz � 7, �nding that it

contributes � 30% to the SFRD already at this early redshift.

1.5 Galaxy Kinematics across Cosmic Time

The evolution of galaxies is governed by a complex interplay of physical processes

such as merger activity, smooth gas accretion from the cosmic web, and feedback-

driven gaseous out
ows. These processes leave distinct dynamical signatures, and

therefore to understand galactic mass assembly and dust formation mechanisms re-

quires comprehensive, synergistic consideration of resolved kinematics, as presented

in this thesis. In this section, I motivate the power of kinematics as a tool for under-

standing galaxy environments and physics across cosmic time. In Figure 1.5 I show

an example from Kohandel et al. (2019) of the integrated spectra and morphology

of a simulated galaxy from the SERRA simulations (Pallottini et al., 2022) in the

following dynamical stages: merger, stable disk, and disturbed disk.
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1.5.1 Galactic Disks

Following the natal collapse of a galaxy, and any major merger events that it subse-

quently experiences, angular momentum gained from the tidal �elds of nearby mass

concentrations drives the gas to settle into a disk structure (e.g. Tinsley, 1980; Sell-

wood, 2014). At low to intermediate redshifts (z . 4) resolved kinematic surveys of

galaxies with integral �eld spectroscopy (IFS) have supported the model of galaxies

growing in mass through smooth gas accretion from the cosmic web, and con�rmed

that the majority of star forming galaxies have rotation-dominated kinematics with

regular disky velocity �elds (e.g. Genzel et al., 2008) and display kinematic proper-

ties consistent with an `inside-out' formation mechanism (F•orster Schreiber et al.,

2009). Surveys up toz � 2:5 consisting of hundreds of star forming galaxies with

resolved kinematics, lying on a tight main sequence between stellar mass and SFR,

�nd that � 70 � 80% of the sample is rotation-dominated (Wisnioski et al., 2015;

Wisnioski et al., 2019; Stott et al., 2016). Some criteria for the positive identi�ca-

tion of a disk are presented in Wisnioski et al. (2015). These include thev=� ratio,

alongside the presence of a smooth, continuous velocity gradient along a single axis,

with the region of steepest velocity gradient coinciding with the peak of the velocity

dispersion distribution, and the centre of the potential as represented by the con-

tinuum centre. The v=� measurement is the ratio of rotational velocity to velocity

dispersion, and quanti�es the degree of rotational support possessed by a system.

The v=� threshold at which an object is considered to be rotation-dominated varies

between 1� 3 according to di�erent authors, while v=� =
p

3:36 corresponds to

equal contributions to the support of a turbulent disk from rotation and random

motion (F•orster Schreiber and Wuyts, 2020).

•Ubler et al. (2019) study the ionized gas kinematic properties of a sample of 175

galaxies between 0:6 < z < 2:6, �nding that the intrinsic velocity dispersion, and

thus the turbulence of the interstellar medium, increases as a function of redshift.

Velocity dispersion is the main driver of disk instability, and thus the degree of

rotational support (according to v=� ) decreases as a function of redshift over this

interval. This result is in line with expectations from the hierarchical model of galaxy

formation, according to which galaxies at high redshift should be more turbulent

than lower redshift analogues, due to more intense merger activity, gas accretion,
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and internal feedback at early times (Conselice et al., 2008; Hayward and Hopkins,

2017; Romano et al., 2021). However, recent results have identi�ed a signi�cant

population of disk galaxies, including resolved dynamically cold objects, atz > 3

(e.g. Smit et al., 2018; Rizzo et al., 2020; Rizzo et al., 2021; Lelli et al., 2021;

Rowland et al., 2024). This result, which simulations typically fail to reproduce

(Pillepich et al., 2019; Simons et al., 2019), indicates that galactic turbulence is a

weaker function of redshift in this epoch than would be expected from extrapolating

lower-redshift relations, such as that from•Ubler et al. (2019). However, caution

must be applied in comparing results from low and high redshift regimes, as this

often means comparing results from warm and cold gaseous tracers respectively; see

Section 1.5.4.

Figure 1.5: Left column: [Cii ] spectrum for the face-on inclination of a galaxy

`Althea' from the SERRA simulations in three distinct evolutionary stages. Centre:

Face-on and edge-on images of the galaxy in each stage. Right: As the left column,

for the edge-on inclination. Figure Credit: Kohandel et al. (2019).

19



1.5. GALAXY KINEMATICS ACROSS COSMIC TIME

1.5.2 The Impact of Mergers

According to the hierarchical galaxy formation model, galaxies grow through merg-

ers, triggered by the merging of their dark matter haloes (Blumenthal et al., 1984).

Mergers are catastrophic events with varied and profound consequences for the

galaxies involved. According to simulations, mergers redistribute angular momen-

tum within the interacting systems, causing gravitational instabilities in the ISM

and funnelling gas into the galactic centre (e.g. Hernquist, 1989; Blumenthal and

Barnes, 2018). This is hypothesised to boost star formation by introducing a sup-

ply of pristine gas (Hani et al., 2018) or by redistributing the existing gas content

(Thorp et al., 2019), and this framework appears to be borne out by observations

revealing merger galaxies to have an enhanced SFR (e.g. Ellison et al., 2008). SFR

enhancement is observed to begin at a separation of 150kpc (Patton et al., 2013),

and to peak around the time of coalescence (Ferreira et al., 2025). Such an in
ow of

gas towards the centre should also increase the accretion of the supermassive black

hole (SMBH) and correspondingly provide a kick to AGN activity. However, this is

di�cult to con�rm; some observations report AGN enhancement in merger galaxies

(e.g. Marian et al., 2020; Pierce et al., 2022), while others �nd no evidence of this

phenomenon (e.g. Shah et al., 2020; Lambrides et al., 2021). From simulations,

Quai et al. (2023) �nd that mergers heighten SMBH accretion, while Sharma et al.

(2024) do not �nd evidence that mergers grow the SMBH. Disagreement between

various studies may be, at least in part, attributable to variations in de�nitions

and selection criteria, with analysis of an observational sample by Treister et al.

(2012) �nding that only the most luminous AGN are driven by mergers (� 4% at

Lbol = 1043ergs� 1, rising to � 90% at Lbol = 1046ergs� 1).

Identifying galaxy mergers can pose an observational challenge. Mergers are iden-

ti�ed in the early stage of their interaction through their proximity as a close pair

(Patton et al., 2000), and in the late phase are identi�ed just pre- or post- coa-

lescence (Conselice et al., 2003) through merger-induced gravitational instabilities.

Hashimoto et al. (2019) identify a source as a major merger atz = 7:15 through

spatially decomposing the [Oiii ] and [Cii ] spectra into two distinct peaks separated

by � 200kms� 1 and each associated with a corresponding rest-UV clump.

With JWST observations, Duan et al. (2025) probe pair fractions, merger rates,
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and mass accretion rates in the redshift range 4:5 < z < 11:5, �nding pair fractions

increase up to� 0:2 at z = 8, followed by a 
at evolution period up to the up-

per limit of their redshift coverage. Furthermore, they �nd that mergers contribute

around half of galaxy assembly at high redshift, broadly consistent with the result

from Robaina et al. (2010) that major mergers between> 5 � 1010 M � galaxies are

the main driver of massive red sequence growth. Galaxy merger events evidently

contribute signi�cantly to galaxy evolution at high-redshift, and constraining the

disk and merger fractions provides insight into mass assembly mechanisms. The

merger and disk fractions do not, however, sum to 1; galaxies are signi�cantly more

complex than this, with many or even most at high redshifts not belonging to ei-

ther category. Even within the framework of simple dynamical classi�cations we

must also consider dispersion dominated galaxies (see the following, Section 1.5.3) -

though indeed, these could represent a clumpy, chaotic stage in the process of galaxy

merging (Bournaud et al., 2011).

1.5.3 Dispersion-Dominated Galaxies

Dispersion-dominated galaxies are those where the average velocity dispersion, after

applying corrections for instrumental broadening and beam smearing, exceeds the

inclination-corrected rotation velocity (F•orster Schreiber et al., 2009). Compared to

rotation-dominated systems, in general dispersion-dominated galaxies are younger

and exhibit lower stellar mass, dynamical mass, and metallicity, along with a higher

gas fraction, as described in Newman et al. (2013) where it is suggested that they

may be `seeds' for the development of rotational systems. As they are often compact

in nature, it is possible that they could in fact be small rotationally-supported

systems that appear dispersion-dominated due to instrumental e�ects obscuring

the rotation, or that we could be seeing a clump or some internal structure of an

approximately face-on disk, where the surrounding material is too low in surface

brightness to be detected (F•orster Schreiber et al., 2009).

Interpretations of dispersion-dominated galaxies that consider them as real physical

phenomena and not observational artefacts include that they could be an early

stage in galaxy evolution with higher gas fractions and lower masses, or the result

of dissipative major mergers (Law et al., 2007).
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1.5.4 Comparing Gaseous Tracers

Warm, ionized tracers such as H� and [Oiii ] that are frequently used to measure

ISM properties at z < 3 are shifted to the observed mid infrared for sources at

higher redshifts. At z > 6 characterising the ISM from optical and near infrared

photometry is challenging due to uncertainties in redshifts, dust extinction and

rest frame optical nebular emission line properties. Kinematic characterizations of

galaxies in the �rst billion years are sparse, and have previously been dominated by

cold gas observations from facilities like ALMA. However, JWST now provides access

to warm gas in galaxies from this era, and it is therefore crucial in understanding

the di�erence between information provided by cold and warm gas, thus facilitating

meaningful comparisons between results obtained from di�erent tracers. Several

recent studies have looked into this; Rizzo et al. (2023) assemble a sample of galaxies

between 0< z < 4 from archival ALMA observations, and in Rizzo et al. (2024)

they use this sample, along with other results from the literature, to determine

that the evolution of turbulence is a much weaker function of redshift when cold

gas tracers are used compared to warm gas. Kohandel et al. (2024) used galaxies

from the SERRA simulations (Pallottini et al., 2022) to examine the discrepancy

between warm and cold gas dynamics by comparing the velocity dispersion (� ) and

rotational support (v=� ) measurements obtained from H� and [Cii ]. They �nd

that the values of � and v=� measured depend strongly on the gas tracer, with the

warm gasv=� values being systematically lower than for cold gas. Furthermore,

v=� is not a signi�cant function of redshift irrespective of the tracer employed, but

is instead strongly dependent on galaxy mass, particularly in the case of warm gas

observations, as shown in Figure 1.6. For SERRA galaxies and other simulations

(Ejdetj•arn et al., 2022), the main di�erence between cold and warm gas dynamics

is due to the presence of out
ows. While cold [Cii ] gas traces the disk component,

H� traces both the disk and the out
ow. This concept is considered and developed

in greater depth in Chapter 2.
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Figure 1.6: From this plot, we see that the rotational support is higher when mea-

sured with cold gas compared to warm gas tracers, and has a relatively 
at evolution

with redshift. Figure Credit: Kohandel et al. (2024).

1.6 Complementary Analysis Techniques

To understand galactic mass assembly and dust formation mechanisms requires com-

prehensive, synergistic consideration of resolved kinematics alongside dust detections

and resolved spectral energy density (SED) �tting, to truly bene�t from the multi-

tracer view of early galaxies now available from our most powerful observatories. In

this section I introduce some complementary techniques employed in this thesis.

1.6.1 Galactic Morphology

Morphology concerns a galaxy's visual appearance, and due to its e�ciency at classi-

fying galaxies in large samples, it is an important �rst-order probe of diversity within

a galactic population. Morphometric measurements include the e�ective radius, the

asymmetry, the ratio between the radial scale length and vertical scale height, and

the S�ersic index n, where n = 0.5 represents a Gaussian pro�le,n = 1 an expo-

nential pro�le, and n = 4 a de Vaucouleurs pro�le. S�ersic index distributions di�er
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signi�cantly between distinct morphological groups, butn is not capable of cleanly

delineating disky and spheroidal galaxies (Kartaltepe et al., 2023). Parameterising

asymmetry can provide insight into the ongoing dynamical processes within a galaxy,

with interactions and mergers increasing asymmetry (Conselice et al., 2000). Mor-

phology and kinematics are deeply interconnected and therefore synergistic tracers

of galactic structure and physics. Candidate disks are morphologically identi�ed

through a 
attened, extended light pro�le (Robertson et al., 2023; Vega-Ferrero

et al., 2024), and kinematic follow-up can then con�rm their diskiness. Comparing

the morphologies of diverse tracers reveals whether stellar UV, dust, and emission

line components are co-spatial, and if not, then kinematic analysis could shed light

on the physical processes that could be driving the morphological di�erences and

o�sets between them (e.g. Ginol� et al., 2020; Pizzati et al., 2020).

1.6.2 Continuum Mapping

Mapping the FIR continuum in a galaxy reveals the locations of dust-obscured star

formation. Observational evidence indicates a signi�cant level of dust obscured star

formation in the �rst � billion years (e.g. Schouws et al., 2022). Using a [Cii ]-

selected galaxy sample atz & 5, van Leeuwen et al. (2024) forward-model the UV

luminosity function, �nding that obscured SF contributes > 3% of the total SFRD

at z � 5, and > 10% at z � 10.

Additionally, the dust mass can be converted to a molecular hydrogen mass (e.g.

Scoville et al., 2013; Schinnerer et al., 2016), which is intrinsically connected to

the SFR as the gas reservoir for star formation. The dust-to-gas conversion is not

straightforward, however, as continuum emission depends on various factors such as

the temperature and emissivity of the dust grains (Groves et al., 2015).

1.6.3 Spectral Energy Distribution Fitting

The SED of a galaxy may consist of photometry, spectroscopy, or both, and is a

measure of the total electromagnetic radiation emitted by that galaxy as a function

of wavelength or frequency. An example SED is illustrated in Figure 1.7.

SED �tting is a very powerful tool that can yield many important properties of

a galaxy, including the star formation rate, star formation history, stellar mass
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Figure 1.7: This is an illustration of an example spectral energy distribution, showing

the various components contributing to the galaxy emission across the wavelength

spectrum. Figure credit: Iyer et al. (2025)

and metallicity, as well as the quantity and properties of dust and gas present

(Iyer et al., 2025). SED �tting depends on a number of assumptions regarding

physical properties. These include the stellar initial mass function (IMF): the dust

attenuation, which depends on dust/star geometry (Calzetti, 2001) and is generally

accounted for by assuming a certain attenuation curve: and the nebular emission

from the continuum and recombination lines, which is particularly relevant at low

metallicities and young ages, and therefore at high redshift (Anders and Fritze-v.

Alvensleben, 2003). Measuring star formation rates is complicated by the lack of

reliable age measurements due to the age-dust-metallicity degeneracy, and is also

a�ected by the choice of dust and SFH priors (Conroy, 2013). Galaxies with high

SFRs can contain `hidden' populations of older stars, which have a relatively high

mass to light ratio (Papovich et al., 2001). This is expected to be less problematic at

higher redshifts, where the stellar populations are universally younger, but Gim�enez-

Arteaga et al. (2023) and Gim�enez-Arteaga et al. (2024) show that the e�ect of

outshining by younger stellar populations remains signi�cant at 5< z < 9 and

would lead to underestimating the total stellar mass. A solution to this, employed

by Gim�enez-Arteaga et al. among others, is to perform resolved SED �tting where

data quality allows. Furthermore, Paci�ci et al. (2023) note that uncertainties and
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biases are introduced by the choice of �tting code employed.

1.7 Observing Facilities and Surveys Relevant to

this Thesis

In the following subsections I provide brief descriptions of the technological speci�-

cations and capabilities of the observatories which provided the data that this thesis

makes use of.

1.7.1 The Hubble Space Telescope

The Hubble Space Telescope (Polidan, 1991; Dalcanton, 2009, HST:) is a telescope

that was launched into low Earth orbit in 1990, with a 2.4m primary mirror and

multiple science instruments. One of these is the Wide Field Camera 3 (Baggett

et al., 2008; Kimble et al., 2008, WFC3:), a powerful dual channel camera sensitive

to wavelengths from ultraviolet to infrared. The ultraviolet/visible light (UVIS)

channel has a silicon-based CCD detector with a 160� 160 arcsec �eld of view, while

the infrared (IR) channel has a HgCdTe detector with 123� 137 arcsec �eld of view.

WFC3, simultaneously with the Advanced Camera for Surveys (ACS) has been used

to image galaxies in the distant universe, expanding upon the legacy of the Hubble

Deep Fields.

1.7.2 The James Webb Space Telescope

The James Webb Space Telescope (JWST: Lightsey et al., 2012; Rigby et al., 2023)

is a telescope launched in 2021 into orbit around the second Lagrange point, with a

hexagonal mirror of 6.5m diameter, composed of 18 hexagonal segments. Its science

payload consists of the following instruments:

ˆ Mid-Infrared Instrument (MIRI), which provides imaging and spectroscopy in

the wavelength range 4:9 � 27:9� m

ˆ Near-Infrared Camera (NIRCam), which is capable of imaging and wide-�eld

slitless spectroscopy in across two channels: short wavelength (0:6 � 2:3� m)

and long-wavelength (2:4 � 5� m)
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ˆ Near Infrared Imager and Slitless Spectrograph (NIRISS) which o�ers slitless

spectroscopy, high-contrast interferometric imaging, and imaging for light in

the wavelength range 0:6 � 5� m

ˆ Near Infrared Spectrograph (NIRSpec) which performs near-infrared spec-

troscopy from 0:6� 5:3� m across four observing modes: imaging spectroscopy

with the integral �eld unit, multi-object spectroscopy with the micro-shutter

assembly, single object spectroscopy with �xed slits, and bright object time

series spectroscopy with the wide aperture.

JWST, with its unprecedented resolution and sensitivity at high redshift (Robertson,

2022), is opening up a new window into the �rst galaxy populations, allowing the

study of both their stellar morphology through rest-frame near-infrared and optical

imaging, and emission line kinematics with warm, ionized gas (e.g., H� , [Oiii ]).

1.7.3 The Atacama Large Millimetre/Submillimetre Array

The Atacama Large Millimetre/submillimetre Array (ALMA: Hills and Beasley,

2008; Wootten and Thompson, 2009) is a radio interferometer consisting of 66 an-

tennae in total, made up of 50� 12m antennae in the main recon�gurable array, 12�

7m antennae in the Atacama Compact Array (ACA) and 4� 12m antennae in the

Total Power Array (TPA). It is located on the Chajnantor plateau in the Chilean

Atacama desert, at an elevation of over 5000m, where it bene�ts from exceptionally

dry atmospheric conditions.

The advent of ALMA ushered in a new era of high-redshift astrophysics, o�ering

unprecedented sensitivity. With ALMA, the point source sensitivity was improved

by 10-100� relative to what was possible previously, and the spectral line sensitivity

by 10-20� . The various con�gurations available from the 12m array o�er an angular

resolution range between 10 miliarcseconds to a few arcseconds, and its ten bands

o�er near-continuous frequency coverage between 35-950 GHz. This has enabled

ALMA to be used e�ectively for spectral scanning experiments to con�rm the red-

shifts of distant galaxies, leading to its designation as a `redshift machine' (Smit

et al., 2018; Schouws et al., 2023). For a comprehensive review of the observational

capabilities and notable scienti�c discoveries of ALMA in the �eld of high-redshift
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galaxies, see Hodge and da Cunha (2020).

1.8 Recent Results and Outstanding Questions

Recent observations reveal massive galaxies already established within the �rst 1-2

billion years of cosmic time, including a 3� 1011M � star-forming galaxy at z = 6:9

(Strandet et al., 2017; Marrone et al., 2018), a 109M � galaxy at z = 10:6 (Oesch

et al., 2016; Bunker et al., 2023), and massive� 1011M � passive galaxies atz = 3 � 5

(Glazebrook et al., 2017; Valentino et al., 2020; Carnall et al., 2023b). Such sources

are predicted by certain models (Mason et al., 2015; Mashian et al., 2016), but their

prevalence is far higher in observations than would be expected from galaxy forma-

tion simulations. This discrepancy is not simply accounted for by cosmic variance,

as Baker et al. (2025) demonstrate through comparing the abundance and properties

of quiescent galaxies from the JWST Advanced Deep Extragalactic Survey (JADES:

Eisenstein et al. (2023)) spectroscopy with predictions from the Full-hydro Large-

scale structure simulations with All-sky Mapping for the Interpretation of Next

Generation Observations (FLAMINGO: Schaye et al. (2023)) simulations.

How are galaxies becoming quiescent or mini-quenched on short timescales?

The population of massive galaxies at high redshift spotlights long-standing ques-

tions on how such bright galaxies form. In particular, the relatively high number

density of quiescent galaxies prompts questions over which processes could be re-

sponsible for driving star formation and its cessation on such short timescales. SF

within galaxies is regulated by a complex interplay of physical processes, driven by

gas cooling and aggregating into giant molecular clouds which then fragment into

stars, and counteracted by a variety of feedback processes whose relative contribu-

tions to suppressing star formation are yet poorly constrained. There is a diverse

range of such mechanisms active across di�erent timescales and spanning a wide

parameter space of galaxy masses. External e�ects such as ram pressure stripping

and tidal interactions quench SF over long (> 100Myr) timescales, while at< 50Myr

scales, SF is internally regulated by feedback driven by active galactic nuclei or su-

pernovae (e.g. Binney and Tabor, 1995; Arjona-G�alvez et al., 2024).

Observations from Spitzer-IRAC suggested thatz > 6 galaxies generally exhibit
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high speci�c star formation rates (e.g. Kim et al., 2012), while JWST �nds a di-

verse range of star formation histories (e.g. Endsley et al., 2024). JWST provides

a window into faint sources, and has enabled the discovery of low mass quiescent

galaxies at z = 5:2 (Strait et al., 2023) and z = 7:3 (Looser et al., 2024) which

appear to have been internally quenched, having rapidly ceased SF after a starburst

phase, alongside numerous post-burst candidates identi�ed with NIRCam imaging

(e.g. Endsley et al., 2023; Trussler et al., 2024).

Simulations (e.g. Dome et al., 2024) �nd that bursty star formation atz = 4 � 8 re-

sults in mini-quenched galaxies in the mass range M� = 107 � 109M � , with the main

causes of mini-quenching being stellar feedback, insu�cient gas accretion, and inter-

galactic interactions. However, the observed population of mini-quenched galaxies

indicates that quenching is occurring on a shorter timescale than simulations are

able to reproduce (e.g. Gelli et al., 2024).

How are galaxies becoming metal enriched at redshifts as high as z � 14?

Presented in Carniani et al. (2025), the galaxy JADES-GS-z14-0 has been spec-

troscopically con�rmed at z = 14:1796 (Carniani et al., 2024), and is extremely

luminous, with MUV = � 20:81, its UV emission dominated by stars. Schouws et al.

(2024) perform a blind line scan with ALMA and detect the [Oiii ]88� m line at 6:6�

at a luminosity which shows the galaxy is consistent with the local L[OIII] � SFR rela-

tion, while Schouws et al. (2025) �nd a non-detection of [Cii ]158� m. These results,

in combination with the non-detection of dust, lead to the galaxy being charac-

terised as having a high ionization parameter, low gas density and a low dust and

gas fraction, a pro�le indicative of strong feedback e�ects. The ALMA and JWST

observations combined in Carniani et al. (2025) yield a metallicity ofZ = 0:17Z � ,

an extraordinary level of enrichment for such an early time in cosmic history. With

JWST and ALMA synergy, we are discovering a signi�cant population of chemi-

cally enriched galaxies in the Epoch of Reionization (e.g. Curti et al., 2023; Scholtz

et al., 2025), suggesting that chemical evolution progressed rapidly at early times

(Nakazato et al., 2023).

Why are some galaxies in the EoR dusty and metal-rich while others are

dust-free, UV-bright `Blue Monsters'?

JWST has revealed a population of bright (MUV � � 21), massive galaxies with
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steep UV spectral slopes at very high (z > 10) redshift (e.g. Castellano et al.,

2022; Whitler et al., 2023). There are various scenarios proposed to explain this

phenomenon in simulations. These include the process of dust being ejected from

galaxies through stellar radiation pressure, or that galaxies appear blue due to a

spatial o�set between their dust and UV emission (Ziparo et al., 2023). Ferrara

et al. (2025) test whether limited dust production and dust destruction can account

for the presence of Blue Monsters, and conclude that to explain observational results

it is necessary to have a mechanism to remove dust, such as out
ows.

What are the physical origins of observed [C ii ] haloes?

The [Cii ] line, arising from the collisional excitation of C+ ions by atomic and

molecular hydrogen and electrons, is a dominant coolant of the ISM and thus [Cii ]

morphology is a powerful probe of the physical conditions in the ISM and potentially

CGM.

Fujimoto et al. (2019) �nd [C ii ] emission to be more spatially extended than star-

forming regions by a factor of� 5 for a sample of 18 galaxies atz � 5� 7, using [Cii ]

observations from ALMA and stellar continuum emission from HST. Fujimoto et al.

(2020) extend this analysis to the ALPINE sample of 40 galaxies atz � 4 � 6, and

Fudamoto et al. (2022) perform stacking analysis of [Cii ] emission lines and dust

continua from REBELS galaxies atz � 7, again �nding evidence of signi�cantly

extended [Cii ] halos. This is an intriguing observational result, as simulations ca-

pable of reproducing the dust and stellar continuum properties did not predict the

extended [Cii ] structure (e.g. Pallottini et al., 2017b; Arata et al., 2019).

1.9 Thesis Outline

The focus of this thesis is on presenting a morpho-kinematic view of galaxies in

the Epoch of Reionization through the study of emission lines and complementary

tracers, demonstrating the powerful synergy of the multi-tracer information now

available.

In Chapter 2, we investigate whether it is possible to identify galaxies hosting disks

at z > 6 and derive their intrinsic properties, including the level of turbulence

and the presence of out
ows, with the typical observations available from the NIR-
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Spec/IFU. In Chapter 3 we introduce the �rst sample of galaxies from the Epoch of

Reionization from which we can measure the distribution and morphology of dust

obscured star formation, along with resolved cool gas kinematics from [Cii ]. This

chapter presents the data reduction processes employed for these ten galaxies, and

provides an overview of their morphological properties. Chapter 4 explores the kine-

matic properties across the galaxy sample, classifying dynamical type as a probe of

stellar mass build up. Chapter 5 outlines the main conclusions from this work, and

the future research that it could inspire.
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Chapter 2

Lessons Learned from Studying

H � Galaxy Kinematics with Mock

JWST/NIRSpec IFU

Observations at z > 6

2.1 Introduction

The evolution of galaxies is governed by a complex interplay of astrophysical phe-

nomena including minor and major merger events, smooth gas accretion, and gaseous

out
ows driven by feedback from stars and active galactic nuclei (e.g. Dayal and Fer-

rara, 2018; Crain and van de Voort, 2023). These processes leave distinct dynamical

signatures in a galaxy, and therefore the study of galaxy kinematics represents a

unique probe of the mechanisms governing the mass assembly and growth of galax-

ies.

The James Webb Space Telescope (JWST) is opening up an unprecedented view

into the �rst galaxy populations, allowing the study of both their stellar morphol-

ogy through the analysis of rest-frame near-infrared or optical imaging, and their

kinematics through stars (e.g. D'Eugenio et al., 2024), and emission lines (e.g., H� ,

[Oiii ]) tracing the warm ionized gas. Early morphological analysis of JWST imaging

suggested that the disk population atz > 1.5 is 10� greater than was seen by the

Hubble Space Telescope (Ferreira et al., 2022). Disks have been discovered up to
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z � 9 in the Cosmic Evolution Early Release Science Survey (CEERS, Finkelstein

et al., 2023) using morphological criteria, whereby galaxies are classi�ed as potential

disks if they display 
attened, extended light distributions (e.g. Robertson et al.,

2023; Vega-Ferrero et al., 2024). The disk fraction estimated from a large sample of

CEERS galaxies is 60% atz = 3 and � 30% at z = 6 � 9 (Kartaltepe et al., 2023).

Kinematic information is crucial for positively con�rming that visually identi�ed

disk candidates are indeed rotational systems (e.g. Wisnioski et al., 2015; Simons

et al., 2019; Rizzo et al., 2022; Wang et al., 2024). One widely employed metric

used to quantify the degree of rotational support in a galaxy is the ratio of rota-

tional velocity to velocity dispersion, v/� , where the velocity dispersion measures

the turbulence of the ISM through the broadening of the spectral line (Li et al.,

2023; Nelson et al., 2024; De Graa� et al., 2024). A value of v/� � 3 is considered

an indicator of a settled disk (F•orster Schreiber and Wuyts, 2020), and v/� � 10,

typical of local galaxies, indicates a dynamically cold disk.

Galaxy kinematic studies using warm ionized gas tracers, most notably H� , at

intermediate redshifts (0:5 . z . 3:5) have found that the velocity dispersion within

galaxies increases, and the v/� ratio decreases, as a function of redshift (Wisnioski

et al., 2015; Turner et al., 2017; Johnson et al., 2018;•Ubler et al., 2019; Birkin

et al., 2024) such that galaxies atz � 2:5 have v/� < 2 (e.g. Wisnioski et al., 2015;

Turner et al., 2017). This is in agreement with simulations (e.g. Ceverino et al.,

2017; Hung et al., 2019). For instance, using TNG50 simulations, Pillepich et al.

(2019) �nd that at z < 5, disks traced by H� become signi�cantly more turbulent

with increasing redshift.

Cold gas observations of galaxies, especially [Cii ]-158� m and CO observations with

the Atacama Large Millimetre/Submillimetre Array (ALMA), are characterised by

lower velocity dispersion and a greater degree of rotational support (i.e.,v=� � 10)

at z = 0:5 � 6 (Jones et al., 2017; Neeleman et al., 2020; Rizzo et al., 2020; Rizzo

et al., 2021; Fraternali et al., 2021; Tsukui and Iguchi, 2021; Lelli et al., 2021; Lelli

et al., 2023; Rizzo et al., 2023; Roman-Oliveira et al., 2023), but see Spilker et al.

(2022). Marginally resolved kinematic characterisations of sources in the Epoch of

Reionization (EoR) indicate that disk structure may already be present at these

early times (Smit et al., 2018; Posses et al., 2023; Parlanti et al., 2023), while the
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high resolution observations presented in Rowland et al. (2024) reveal the earliest

dynamically cold disk yet discovered, with v/� � 10 at z = 7:31:

Rizzo et al. (2024) examine the discrepancy between warm and cold gas dynamics

by comparing the velocity dispersion and v/� measurements using spatially resolved

CO, [Ci] and [Cii ] observations from the ALPAKA sample atz = 0:5� 3:5 (Rizzo et

al., 2023) and from the literature (Girard et al., 2019; Girard et al., 2021; Bacchini

et al., 2020; Fraternali et al., 2021; Rizzo et al., 2021; Lelli et al., 2021; Lelli et

al., 2023; Roman-Oliveira et al., 2023) with trends from observations and models

of warm ionized gas. They �nd that H� yields measurements of� (v/ � ) that are

higher (lower) than those from cold gas by a factor of� 3.

This observational result is in accord with theoretical work by Kohandel et al. (2024),

using the SERRA zoom-in cosmological simulations (Pallottini et al., 2022). Ko-

handel et al. (2024) compare simulated velocity dispersion and v/� values obtained

from H� and [Cii ] at z = 4 � 9, �nding that the velocity dispersion from [Cii ] is a

factor of 2� 3� smaller, on average, than the H� value. They �nd that v/ � does

not strongly evolve with redshift, and show that the tracers probe di�erent galactic

regions. [Cii ] traces the disk, as [Cii ] originates from the cold neutral medium and

is found around molecular clouds (Vallini et al., 2015; Pallottini et al., 2017b; Olsen

et al., 2021), while H� traces both the disk and surrounding ionized gas, such as out-


owing or in
owing streams (see also Ejdetj•arn et al., 2022; Ejdetj•arn et al., 2024).

This contamination of warm gas kinematics by the non-circular motion of gas sur-

rounding the galaxy is primarily responsible for the di�erence between kinematics

as measured by cold and warm gas tracers.

Hence, cold gas observations provide a less biased estimate of the disk velocity

dispersion, rotational velocity and circular velocity. To bene�t from the synergy

between JWST and ALMA, it is imperative to be able to interpret the di�erence

in kinematic measurements from warm and cold gas. To illustrate this point, the

galaxy COS-3018 was identi�ed as a disk from ALMA observations (Smit et al., 2018;

Parlanti et al., 2023), while Scholtz et al. (2025) interpret the system as a merger

based on hot gas tracers available through NIRSpec. However, as discussed in Rizzo

et al. (2022), it is challenging to obtain high resolution and SNR observations at z>

4 with ALMA, the primary facility currently available for observing galaxies in cold
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gas. Existing ALMA high-resolution surveys of galaxies atz > 4 are therefore biased

towards bright, massive galaxies with high star formation rates (e.g. Le F�evre et al.,

2020; Bouwens et al., 2022; Li et al., 2024). The JWST/IFU allows some redress

of this bias towards extreme sources atz > 4, as it is capable of observing normal

galaxies from this redshift range in warm gas, and thus greatly extends the accessible

redshift range for warm gas kinematics. Recent studies analyze the kinematics of

individual objects in the EoR at high resolution with the G395H grating (R� 2700).

They identify a galaxy group with indications of merger activity in its constituent

galaxies atz = 6:34 (Jones et al., 2024), a candidate unsettled, turbulent disk at

z = 6:9 (Arribas et al., 2024) and a lensed galaxy with a velocity gradient that could

be indicative of rotation or merger activity at z = 9:11 (Marconcini et al., 2024).

In the context of such progress, the aim of this chapter is to understand whether

we can robustly identify galaxies hosting disks atz > 6 and derive their intrinsic

properties, including the level of turbulence and the presence of out
ows, with the

typical observations available from the JWST/NIRSpec IFU.

To achieve this, we create idealised and realistic mock NIRSpec observations for two

galaxies from theserra simulations (Pallottini et al., 2022), which form part of

the sample studied in Kohandel et al. (2024). These are representative massive disk

galaxies (� 1010M � ) at redshift z = 6 � 7, chosen based on the comparison between

the kinematics as measured by H� and [Cii ] (see Section 2.2.1). One appears to host

strong out
ows, while the other shows no sign of non-circular motion. They act as

case studies for which we examine the dynamical properties that can be recovered

from observations using state-of-the-art analysis techniques. The structure of the

chapter is as follows: in Section 2.2 we introduce the suite of simulations our target

galaxies are drawn from, and establish their properties. In Section 2.3 we outline

the process by which both idealised and realistic mock NIRSpec observations are

created from the simulation outputs. In Section 2.4 we describe the methods we

use to analyse the data. The results are discussed in Section 2.5 and summarised in

Section 2.6.
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Table 2.1: Properties of theserra galaxies derived directly from the simulations.

Name z M? Mgas LH� L [CII] SFR re� ;H� re� ;[CII] � [Cii ] � H� (v/ � )[Cii ] (v/ � )H�

[1010M � ] [109M � ] [109L � ] [109L � ] [M � yr � 1] [kpc] [kpc] [km s� 1] [km s� 1]

Opuntia 6.07 1.2 4.5 1.8 0.3 19 1 0.7 26.8 58.6 8.8 4.1

Narcissus 6.82 1.0 4.1 23 1.1 38.4 0.8 0.8 20.8 23.9 11.9 10.4

2.2 SERRA Simulations

serra is a suite of high resolution (' 104M � , ' 20 pc) zoom-in cosmological simula-

tions which tracks the formation and evolution of galaxies atz > 4 (Pallottini et al.,

2022). These simulations model the interactions between radiation, gas, stars, and

dark matter within a cosmological framework, using the adaptive mesh re�nement

code ramses (Teyssier, 2002; Rosdahl et al., 2013). Combined with the zoom-in

technique, this provides the spatial and temporal resolution necessary for studying

small-scale processes, including star formation and feedback (e.g. from SN and stel-

lar winds: Pallottini et al., 2017b), chemical evolution (non-equilibrium chemistry

up to molecular hydrogen formation: Grassi et al., 2014; Pallottini et al., 2017a),

and radiative e�ects (e.g. photoionization and photoevaporation: Decataldo et al.,

2019; Pallottini et al., 2019).

In post-processing (cf. Lupi et al., 2020; Katz et al., 2024), theserra simulations

can be used to analyze line emission across multiple wavelengths using realistic,

observational-like pipelines (Zanella et al., 2021; Rizzo et al., 2022), to provide

detailed insights into the physical conditions of high-redshift galaxies. [Cii ] and

H� line emission inserra is computed using thecloudy spectral synthesis code

(Ferland et al., 2017), accounting for the turbulent structure of molecular clouds

(Vallini et al., 2018; Pallottini et al., 2019). For each emission line, simulated integral

�eld unit observations are created from the output of the zoom-in simulations in the

form of hyperspectral data cubes (Kohandel et al., 2019; Kohandel et al., 2020).

These are cubic regions with two spatial and one spectral dimension, centred on

target galaxies, upon which the velocity-dependent line surface brightness is modeled

using Gaussian kernels to account for ISM temperature and internal turbulence.
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Figure 2.1: Maps of stellar distribution, with a colorbar showing the stellar mass

density per unit area. The �eld of view is 8kpc� 8kpc, corresponding to� 1:400

� 1:400at z = 6:07 (Opuntia, M ? = 1:2 � 1010M � ) and � 1:500 � 1:500at z = 6:82

(Narcissus,M ? = 1:0 � 1010M � ).

2.2.1 Target Sources

In this chapter, we consider two simulated star-forming galaxies from theserra

suite as representative case studies: `Opuntia' atz = 6:1 (SFR = 19 M� yr � 1, M ? =

1:2� 1010M � ) and `Narcissus' atz = 6:8 (SFR = 38:4 M� yr � 1, M ? = 1:0� 1010M � ).

These galaxies were selected from the Kohandel et al. (2024) sample (' 3000 galaxies

at 4 � z � 9) based on their kinematic properties, as each hosts a dynamically

cold disk. From this sample, Kohandel et al. (2024) �nd that 60% of sources are

dynamically cold in [Cii ].

We selected our two target galaxies based on their contrasting multi-wavelength

kinematic properties. Narcissus, introduced in Kohandel et al. (2024), is an EoR

galaxy that maintained a cold disk for over ten dynamical times, showing consistent

v=� in both [Cii ], a tracer of cold gas, and H� , which traces the warm ionized

component. The second galaxy, Opuntia, was previously analysed in Rizzo et al.

(2022) and displays a signi�cantly warmer ionized gas component (see intrinsic1

1In Kohandel et al. (2024), the intrinsic � em� line is de�ned as the luminosity-weighted average

velocity dispersion, calculated using moment-2 and moment-0 maps of the respective emission

line. The rotational velocity Vrot is estimated using the galaxy's circular velocity, given byVc =

(GM dyn =rd)1=2 where M dyn = M � + M g represents the dynamical mass within the desired �eld of

view, and r d is the disk e�ective radius, de�ned as the radius containing 50% of the gas mass.
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values in Table 2.1). This contrast in the cold and warm gas kinematics of high-

redshift galaxies has been found to be a signature of out
ows (see Kohandel et al.,

2024; Kohandel et al., 2025).

To give an overview of the galaxies, in Figure 2.1 we show their stellar distributions.

The stellar mass is strongly centrally concentrated in Opuntia, while Narcissus addi-

tionally hosts pockets of high stellar density. The most relevant global properties for

the galaxies are recorded in Table 2.1. Narcissus has a high H� luminosity, leading

to an o�set relative to widely-used LH� -SFR calibrations such as that presented in

Kennicutt (1998). This o�set is not unexpected for galaxies in the EoR, as the Ken-

nicutt (1998) relation assumes solar metallicity and continuous star formation over

100 Myr. In contrast, serra galaxies form stars in relatively metal-poor bursty

episodes (Pallottini et al., 2022), which can enhance the ionizing photon produc-

tion per unit SFR and thus increase the predicted H� luminosity (Kohandel et al.,

in prep). Similar excesses have been reported in other zoom-in simulations (e.g.

SPHINX, Katz et al. (2019)), where low metallicity and bursty star formation sys-

tematically raise line luminosities.

As shown in Pallottini et al. (2022), the L[CII ]-SFR relation of serra galaxies is

consistent with z � 4 observations (e.g. Carniani et al., 2018), and similar to the

relations at z = 0 for starburst galaxies (De Looze et al., 2014; Herrera-Camus et al.,

2018) albeit with a larger scatter (0.48 dex), which can cause individual galaxies to

appear above (Opuntia) or below (Narcissus) the average of the relation.

2.3 Creating Mock Observations

Our ability to reliably derive disk kinematic properties in the presence of signi�cant

non-circular motions is limited by the spectral resolution, angular resolution, and

signal to noise ratio. In order to test the e�ect of varying SNR and angular resolution

on the feasibility of recovering the main properties of disks atz > 4 and the presence

of non-circular motions driven by out
ows, we create both realistic mock NIRSpec

and idealised observations from the two simulated galaxies. The simulated datacubes

have a native spectral pixel size of 10.1 km s� 1 and spatial pixel size of� 0:03 kpc,

corresponding to an angular resolution of� 0:005 arcsec at the redshifts of our
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targets. The �eld of view is 8 � 8 kpc (� 1:400 � 1:400 for Opuntia, � 1:500 � 1:500

for Narcissus). We use the simulation output to create idealised and mock NIRSpec

observations using the general formula:

processed cube = (simulated cube
 PSF
 LSF) + noise; (2.1)

where
 represents a convolution operator, PSF is the Point Spread Function, and

LSF is the Line Spread Function. Di�erent PSFs, LSFs, and noise approximations

are used for the idealised (Sec. 2.3.1) and realistic (Sec. 2.3.2) cases.

2.3.1 Idealised Data

We do not perform any spatial or spectral rebinning, in order to preserve the high

intrinsic resolution in the creation of idealised observations, and so permit a com-

parison of the information recoverable from realistic mock NIRSpec observations

and observations with ideal data quality. We convolve with a small PSF so as to

maximise the number of resolution elements sampling the galaxy and therefore test

the impact of resolution on our ability to recover kinematic properties from H� .

The process of creating the idealised data is outlined in the following.

1. The pixel size (� 0:00500) and the spectral pixel size (10.1 km s� 1) are not

changed from the simulation output.

2. The data were convolved with a PSF and LSF (eq. 2.1). The PSF is formed

from a 2D Gaussian with Full Width at Half Maximum (FWHM) of 3 pixels

� 0:01600. The LSF has a FWHM equivalent to twice the spectral pixel size.

3. We add noise taking a realization from a normal distribution, setting a high

S/N ratio of 50 in an aperture of equivalent size to the PSF at the outer extent

of the galaxy, so as to maximise signal while still providing a noise background

to facilitate kinematic �tting.

2.3.2 Realistic mock NIRSpec Data

The process of creating the mock observations was to interpolate the data to the

spectral and angular pixel scale of NIRSpec, and then to add a realistic realisation
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of noise. The highest spectral resolution mode of JWST/NIRSpec, designed for

kinematic characterisation of distant galaxies, has a resolutionR ' 2700 (Jakobsen

et al., 2022), which may not be su�cient to accurately measure velocity dispersion

values below� 50 km s� 1, as a single spectral resolution element has a width of

� 111=
p

8ln(2) = 47.1 km s� 1, and the instrumental LSF may here introduce strong

uncertainties (e.g. Lelli et al. (2023), and see De Graa� et al. (2024) in which the

LSF of the NIRSpec dispersers is found to be a strong function of the target light

pro�le, with the measured LSF being up to 2� lower than reported by STScI - see

their Appendix A.) The pixel scale of JWST is � 0:100/pixel, equating to � 0.6

kpc/pixel at z = 6, and in IFU mode the FoV is � 3:000� 3:000(B•oker et al., 2022).

To simulate detector noise we ran the JWST Exposure Time Calculator (ETC:

Pontoppidan et al., 2016) on a blank scene, using the grating G395H, which provides

the best spectral resolution for H� at our target redshifts. The readout pattern

employed is NRSIRS2, which o�ers an improvement in the handling of correlated

noise compared to traditional readout methods through regular sampling of reference

pixels, and is particularly e�ective for long exposures of faint sources (Rauscher et

al., 2012; Birkmann et al., 2022). The detector parameters are informed by the

set-up utilised to perform integral �eld spectroscopy on galaxies atz > 8 in GTO

Cycle 1 Programme 1262 (PI Luetzgendorf). The speci�c details of creating the

idealised and mock observations are described in the following.

1. Spectral binning to achieve a spectral pixel size equivalent to that of the ETC-

generated noise cube for each galaxy, which had a value of 32.3 km s� 1 (Narcis-

sus) and 35.8 km s� 1 (Opuntia). Spatial binning to a pixel scale of 0:0500/pixel,

representing dithered observations.

2. Convolution with a simulated PSF and LSF for NIRSpec/G395H. The PSF is

created with the same dithered pixel size of 0:0500, using the python package

WebbPSF(Perrin et al., 2012; Perrin et al., 2014), and the LSF is a Gaussian

pro�le with full width at half maximum equivalent to � /R, where � is the

redshifted wavelength of H� and R is the resolution corresponding to this

wavelength, with a value of 3600.8 (3223.9) for Narcissus (Opuntia).

3. Addition of noise. The ETC-generated noise cube was scaled by a multiplica-
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tive factor to reach a SNR of 5 in an aperture with the same area as the PSF

at the outer extent of the galaxy. The region referred to here as the `outer

extent of the galaxy' is indicated with dotted lines in Figure 2.2, from which

it is apparent that the region does not have a uniform 
ux. To account for

this, we use the 
ux of the entire region to estimate the average signal within

a PSF-sized aperture. We dropped 10,000 apertures at random positions on

random slices of the ETC-generated noise cube, plotted the 
ux measurements

in a histogram and took the standard deviation of the distribution as N.

We �tted the emission line spectrum of the galaxy with a Gaussian pro�le

and extracted the centre (� ) and standard deviation (� ) of the �tted Gaus-

sian. We used these measurements to create a spectral subcube of the data in

the region � 2� of the emission line centre. From this subcube we extracted

the signal within a PSF-sized aperture at the outer extent of the galaxy, S,

and hence obtained the scaling factor by which we multiplied the noise be-

fore adding it to the galaxy data. We then estimate the exposure time that

would be required to achieve a similar observation of a real target. To do

this, we input the properties of our mock observations to the ETC, including

the luminosity and e�ective radius, and calculate the SNR obtained at vari-

ous exposure times. We �nd that an SNR of 5 is achievable in an aperture

at the outer extent of the galaxy in 7236 seconds for Narcissus (using a de-

tector set-up of 6 groups/integration, 4 integration/exposure, and 4 dithers)

and in 57597 seconds for the fainter Opuntia (using a detector set-up of 28

groups/integration, 1 integration/exposure, and 28 total dithers). However,

the exposure time required to obtain the same SNR can vary strongly as a

result of small di�erences in target galaxy sizes and emission line widths, the

latter being particularly relevant for galaxies with strong velocity gradients or

out
ow components, as is the case here. Therefore, for our results to translate

reliably to real observations, in Section 5.1 we consider the e�ect on our recov-

ered kinematic measurements of changing the SNR, rather than the exposure

time.
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(a) Opuntia

(b) Narcissus

Figure 2.2: Moment maps derived from Opuntia (top three rows) and Narcissus

(bottom three rows). The v = 0 isophote is plotted on the mock NIRSpec moment-

1 maps and dotted lines indicate the region representing the `outer extent of the

galaxy' in the mock NIRSpec moment-0 maps. PSFs are shown for the derived

data.
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2.4 Kinematic Analysis

2.4.1 Qualitative analysis of the moment maps

Moment maps are typically used to obtain evidence on the dynamical state of a

galaxy. For instance, the presence of a continuous, smooth gradient in the moment-

1 map is used as a criterion in the identi�cation of disks Wisnioski et al. (e.g. 2015),

but it is not su�cient. At marginal resolution, non-circular bulk motion of gas and

interactions between merging systems can mimic certain disk characteristics (Simons

et al., 2019).

Figure 2.2 shows the moment-0, -1, and -2 maps derived from Opuntia and Narcis-

sus inclined at 60� , respectively depicting integrated spectral intensity, line-of-sight

velocities, and velocity dispersion. The [Cii ] and H� emission maps in the �rst and

second columns are obtained directly from the simulations. The third and fourth

columns show the idealised warm gas observation and a realistic mock NIRSpec/IFU

observation as described in Section 2.3, for which the moment-1 and -2 maps are

masked at 25� (in the idealised case) and 5� (in the mock NIRSpec case).

For Opuntia, the [Cii ] moment maps trace the dynamically cold central disk, which

has a smooth velocity gradient and a centrally peaked velocity dispersion distribu-

tion. Opuntia appears far more extended in H� , where we still see the central disk

structure but also the di�use gas surrounding it. In the mock NIRSpec/IFU obser-

vation, the moment-1 map shows the smooth gradient indicative of a disk. However,

the velocity gradient is not only tracing the disk structure itself. The comparison

with the intrinsic simulated H� maps (second column) clearly shows that the veloc-

ity gradient in this case is tracing both the disk and the surrounding gas. Hence, at

the angular resolution of the JWST observations, the di�use component dominates

and mimics the emission originating from the outer extent of the galaxy. The devi-

ation of the v = 0 isophote from a straight line in the centre of the moment-1 map

provides an indication of the presence of non-circular motion (e.g. Arribas et al.,

2024; •Ubler et al., 2024). However, this method can be misleading in the case of

limited resolution (Rizzo et al., 2022) or sub-optimal masking (see Appendix A.1).

Traced by [Cii ], we see that the central disk of Narcissus is encircled by extended

�lamentary structures. From their morphology in the moment-0 map alone, these
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could be interpreted as in
owing or out
owing gaseous streams, but the moment-1

map appears to contradict this scenario as the �laments reproduce the velocity gra-

dient of the inner disk. We therefore consider them to be gravitationally bound to

the disk, and perhaps best described as `cold gas spiral arms'. For Narcissus, the

structure traced by cold and warm gas appears similar; according to both, Narcis-

sus has a strong axial asymmetry in the [Cii ] and H� distributions. Its irregular

structure comprises multiple o�-centre clumps clearly visible in the moment-2 maps,

which could represent satellites or localised clumps of star formation. While there

is a velocity dispersion peak coincident with the galactic centre, the 
ux is not

centrally concentrated and is instead weighted to the south of the galaxy. In the

mock NIRSpec/IFU moment-1 map we again see a smooth, disky velocity gradient,

though here it is indeed tracing disk structure. The high-velocity dispersion clumps

are no longer resolved, and appear merged into a single o�-centred region.

2.4.2 Kinematic Modelling with 3D Barolo

Kinematic �tting to the simulated IFU observations is performed using the software

3DBarolo (Di Teodoro, 2015; Di Teodoro and Fraternali, 2015), which �ts 3D tilted

ring models (Rogstad et al., 1974) to emission line datacubes.3DBarolo creates

mock realizations of rotating disk models de�ned by kinematic and geometrical

parameters, notably including rotational velocity, velocity dispersion, inclination

angle, position angle, and the coordinates of the disk centre. The disc model is

created as a series of concentric thin rings, with circular velocity being constant

across all rings, while each has an independent value for radius, position angle,

and rotational velocity. The gas emission in each ring is generated in 6D (three

spatial and three velocity dimensions) and projected into the 3D data cube. This

is done using a Monte Carlo process, in which the space is randomly populated

with emitting gas clouds by a stochastic function, and line pro�les are built from

these. Before comparing the data with the model,3DBarolo convolves the model

with a Gaussian component which approximates the observational PSF to account

for the impact of beam smearing. The model is then compared to the data on a

ring-by-ring basis. 3DBarolo outputs model cubes convolved with the beam, as

well as moment maps and major and minor axis position-velocity (PV) diagrams,
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which are 2D velocity pro�les extracted along the major and minor kinematic axes

of a source. To perform �tting with 3DBarolo , we provide estimated values for

certain parameters motivated by measurements and assumptions of the underlying

physics, as described in the following.

Kinematic Parameters. The rotation velocity and velocity dispersion are allowed

to vary between 10-300 km s� 1, with initial parameter estimates of 250 km s� 1 and

50 km s� 1 respectively, informed by measurements for rotating disk candidates at

similar redshifts (Smit et al., 2018; Posses et al., 2023; Rowland et al., 2024).

Geometrical Parameters. Since the goal of this project is to constrain the impact

of data quality on the feasibility of deriving dynamical properties, it is a `proof of

concept' study and we therefore did not consider it necessary to �t the inclination

angle from the data as if we had noa priori knowledge of the galaxy properties. We

therefore �x the inclination angle to 60� for both galaxies. To con�rm the validity of

this decision, we re-run the �tting routine for the mock NIRSpec observation of each

galaxy, supplying 60� as the initial estimate of the inclination angle but allowing the

parameter to vary. The inclination angles are then �tted as 63� for Opuntia and 62�

for Narcissus.

Position angle is left to be �tted. The Z0 parameter, controlling the scale height

of the disk, is �xed at 0:00100 for each observation as we assume a thin disk. We

experiment with altering the assumed disk thickness and con�rm that this has very

little e�ect on the �tted model, as the rotating disk features are consistent between

thin and thick discs and the uncertainties introduced by the thin disk assumption is

not signi�cant compared to the errors on the velocity measurements; see Appendix

A.2 for a discussion. Assumed disk thickness mainly a�ects the inclination angle

(Roman-Oliveira et al., 2023) which for our purposes is �xed.

Resolution Elements. The radial separation (RADSEP) was set so as to obtain the

maximum possible number of independent measurements without oversampling.

The value of NRADII is then the number of independent tilted rings that could

be placed along the extent of the galaxy at a separation ofRADSEP� FWHM. For

the realistic mock NIRSpec observations,NRADIIis 2.

In Appendix A.3 we present representative channel maps of each datacube along

with the best �tting model from 3DBarolo .
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2.5 Results

In this section, we introduce evidence for the presence of disks in our sample (Section

2.5.1), and examine the impact of observational e�ects on the recovered kinematics

and related measurements: turbulence and rotational support (Section 2.5.2). We

use our mock observations to comment on the validity of current techniques used

for out
ow identi�cation (Section 2.5.3), and furthermore we test the impact of the

biases in our kinematic measurements on the recovered dynamical masses (Section

2.5.4).

2.5.1 Disk Identi�cation

We use the position angle �tted by 3DBarolo to the mock NIRSpec observations

and idealised H� and [Cii ] observations to de�ne the kinematic axis as measured

by each tracer. Each measured axis is plotted over the corresponding galaxy in

Figure 2.3. We extract the major PV diagrams along these kinematic axes, and the

minor PV diagrams along the orthogonal axes. In Figure 2.4, we show the contours

of the data (black) and the disk model (red). PV diagrams provide evidence for

determining the kinematic properties of galaxies, with a rotating disk showing a

characteristic signature in its PV diagrams (Fraternali et al., 2002; De Blok et

al., 2008; Neeleman et al., 2020). The minor axis diagram of a rotating disk is

symmetric about the axes de�ning the systemic velocity and the centre, and the

major axis diagram displays an S-shape (Rizzo et al., 2022). For a rotating disk

with no out
ows, in
ows, or other sources of non-virial motions, there should be

no emission outside of the S-pro�le, and therefore the quadrants unoccupied by the

S-pro�le are referred to as `forbidden regions'.

For Opuntia, it is possible to discern a disk-like S-shaped distribution in the major-

axis PV diagram of both the idealised and realistic mock NIRSpec cases, though it is

signi�cantly less distinct in the mock NIRSpec diagram due to the lower resolution.

In the idealised case, it is clear that there are non-circular motions present as there is

emission not reproduced by the rotating disk model visible in the so-called forbidden

regions (e.g. the emission region in the negative quadrant of the major axis PV

diagram, indicated with an arrow). In the mock NIRSpec case, the rotating disk
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Figure 2.3: Kinematic axes obtained from3DBarolo �tting (section 2.4.2), mea-

sured from the realistic mock NIRSpec observations, along with idealised H� and

[Cii ] observations, overlaid on the intrinsic H� moment-1 maps.

model is able to well reproduce the overall emission in the bright inner region, but

the agreement between the data and disk model worsens for the faint emission (the

outermost contour line), in both the major and minor axis PV diagrams.

In Narcissus, it is evident that the major axis PV diagrams are heavily luminosity-

weighted to one side, inconsistent with what would be expected for an axisymmetric

disk. In the idealised case there is a small peak that could potentially be associated

with an out
ow, extending below the disk pro�le S-shape in the inner region, at

approximately � 350 km s� 1 (indicated on Figure 2.4 with an arrow), and a similar

feature is also visible in the minor axis diagram (again indicated by an arrow).

The agreement between data and model in the mock NIRSpec PV diagrams is poorer

still for Narcissus than for Opuntia. Despite Narcissus being less in
uenced by non-

circular motions, the asymmetry of the H� distribution and the presence of bright

clumps lead to a signi�cant discrepancy between data and disk model along both the

major and minor axis. From the mock NIRSpec observations, both galaxies would

be identi�ed as disks, Opuntia with v=� = 2:1, and Narcissus withv=� = 3 (Table

2.2). However, neither would be classi�ed as cold disks, despite Narcissus being a

dynamically cold disk, and Opuntia being a disk with strong rotational support (i.e.

v/ � > 5) in simulated H� .
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Figure 2.4: Position-Velocity diagrams for the idealised observations (left) and mock

NIRSpec observations (right), where the major axis diagrams are extracted along

the axes shown in Figure 2.3. Contour levels are at 3n � , where n=[1, 2, 3, 4, 5] and

the � value used to de�ne the contours is the RMS value of noise-dominated regions

in the diagrams. Black contours trace the data, and red contours represent the disk

model. Arrows indicate regions of the PV diagrams that deviate from the expected

pro�le for a disk.
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It is evident that the presence of non-circular gas motion in Opuntia, and of irregular

disk structure in Narcissus, a�ects the shapes of their PV diagrams. We therefore

examine the ensuing consequences for their disk classi�cation according to the PVS-

plit method, a dynamical classi�cation technique introduced in Rizzo et al. (2022).

PVSplit analysis is based on three empirical parameters that quantify the symmet-

ric and morphological properties of the major and minor PV diagrams. These are

Pmajor , a measure of the asymmetry of the major axis PV diagram with respect to

the axis de�ning systemic velocity, PV , which quanti�es the distribution of emission

peaks along the velocity axis, and PR which is similarly de�ned along the radial

axis. The accuracy of PVSplit in separating mergers and disks is demonstrated in

Rizzo et al. (2022) for mock ALMA observations at SNR� 10 where at least 3

independent resolution elements can be laid along the galactic major axis. Figure

2.5 shows where Narcissus and Opuntia fall on the PVSplit parameter space in rela-

tion to the plane of best division between disk and non-disk systems, as de�ned by

Roman-Oliveira et al. (2023) using the support-vector machine method to maximize

the distance separating the disk and non-disk galaxy samples pre-classi�ed by Rizzo

et al. (2022), which are also plotted on the PVSplit diagram. Opuntia is classi�ed

as a disk, while Narcissus is classi�ed as non-disk.

In summary, the comparison between the data and disk model reveals that the

two galaxies might not be identi�ed as regular rotating disks from realistic NIR-

Spec/IFU observations. This result indicates that despite the limited angular and

spectral resolution, the mock observational data is not accurately reproduced by

an axisymmetric disk model, and rather we see that the presence of non-circular

motions in Opuntia and of asymmetries in Narcissus are identi�able through dis-

crepancies with respect to the disk model.

We tested the e�ect on our recovered rotational velocity and velocity dispersion

of changing the SNR from� 5 to SNR� 3 and � 10, �nding that the velocity

measurements are robust for both galaxies across the entire S/N range. The kine-

matic measurements recovered at SNR� 3 and SNR� 10 are presented in a table in

Appendix A.4.

49




	Introduction
	Cosmological Context
	The Big Bang and Cosmological Inflation
	The Cosmic Dark Ages


	The Reionization of the Universe
	Understanding the Reionizing Contribution of Galaxies
	Reionizing Bubbles


	Galaxies from First Light to Present Day
	The Birth of Stars and Galaxies
	The Origin of the Elements
	Big Bang Nucleosynthesis
	The Emergence of Metals


	Star Formation and the Initial Mass Function
	Star Formation across Cosmic Time

	Galaxy Kinematics across Cosmic Time
	Galactic Disks
	The Impact of Mergers
	Dispersion-Dominated Galaxies
	Comparing Gaseous Tracers

	Complementary Analysis Techniques
	Galactic Morphology
	Continuum Mapping
	Spectral Energy Distribution Fitting

	Observing Facilities and Surveys Relevant to this Thesis
	The Hubble Space Telescope
	The James Webb Space Telescope
	The Atacama Large Millimetre/Submillimetre Array

	Recent Results and Outstanding Questions
	Thesis Outline

	Mock NIRSpec Observational Galaxy Kinematics
	Introduction
	SERRA Simulations
	Target Sources

	Creating Mock Observations
	Idealised Data
	Realistic mock NIRSpec Data

	Kinematic Analysis
	Qualitative analysis of the moment maps
	Kinematic Modelling with 3D BAROLO

	Results
	Disk Identification
	Quantifying Biases in Measured Turbulence and Rotational Support
	Recovering Outflow Properties from Observations
	Considering Disk and Non-Disk Emission at Low Resolution

	Implications for Dynamical Mass
	Estimating Dynamical Mass from Integrated Spectra


	Summary and Conclusions

	REBELS-HR: Introducing the Sample
	Introduction
	The Evolution of Morphology and Structure across Cosmic Time

	Sample Selection
	The Reionization Era Bright Emission Line Survey (REBELS)
	REBELS High Resolution Sample (REBELS-HR)

	Data
	ALMA Data
	JWST Data
	ALMA Data Reduction with casa
	Data cleaning

	Astrometry with Gaia
	NIRCam Astrometric Corrections
	NIRSpec Astrometric Corrections


	Morphological Fitting
	REBELS-05
	REBELS-08
	REBELS-18
	REBELS-25
	REBELS-29 and REBELS-29-2
	REBELS-38
	COS-2987
	COS-3018
	UVISTA-Z-019
	Emission Component Offsets
	Consistency of Results

	Complexity of Clumpy High Redshift Systems
	COS-3018

	Summary and Conclusions

	REBELS-HR: A Kinematic Analysis
	Introduction
	Methods
	Kinematic Fitting Results
	Galaxy Classification: Disks
	Morpho-kinematic Criteria
	Quantifying Rotational Support
	PVSplit Results

	Merging Systems
	Dispersion-Dominated Galaxies
	Candidate Gaseous Outflows in UVISTA-Z-019

	Evolution of Velocity Measurements across Cosmic Time
	Dynamical Mass
	Uncertainties in the Morphological Measurements
	Morphological Tracer
	Inclination Angle

	Uncertainties in the Kinematic Measurements
	Choice of Fitting Code: Comparing 3DBarolo and DysmalPy
	Assumption of a Rotating Disk

	Uncertainties on the Baryonic Mass
	Limitations of Measuring Stellar Mass with HST + NIRCam
	Assumed Initial Mass Function


	Summary and Conclusions

	Conclusions and Outlook
	Conclusions
	Outlook
	Comparing Cold and Warm Gas Kinematics for Real Epoch of Reionization Galaxies
	Cataloguing and Characterising Outflows
	The Future of High Redshift Extragalactic Research


	
	The Effect of Masking on Velocity Map Analysis
	Testing the Assumption of a Thin Disk
	Channel Maps
	Resolving Galaxies at z > 6
	Comparison of Disk and Diffuse Emission
	Double Gaussian Fitting to Mock NIRSpec Spectra
	Dynamical Mass Calculation

	
	Comparing Velocity Measurements Across Fitting Codes
	Dynamical Mass Calculations for Turbulent Disks


