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Abstract: Understanding the physical mechanisms that drive the evolution of galaxies

through cosmic time is one of the fundamental pillars of modern-day observational

astronomy. Developing a robust theory of galaxy formation enables us to address vital

questions connected to the structural and dynamical evolution of galaxies, Why are the

kinematic and morphological properties of high-redshift galaxies much more turbulent

and irregular than those we see in the local Universe? What drives the galaxies towards

the well-ordered, stable systems which ultimately lead to the emergence of the Hubble

Sequence? To answer these questions, we must first empirically constrain the fundamental

properties (e.g. mass, energy, and angular momentum) of galaxies across cosmic time.

This thesis presents an analysis of the dynamics and morphologies of star-forming galax-

ies from z = 0.8 to z = 3.5. We include both seeing-limited near-infrared integral field

spectroscopy observations from the K-band Multi Object Spectrograph (KMOS) as well

as adaptive optics integral field observations from the Gemini Northern Integral Field

Spectrograph (Gemini-NIFS), the Spectrograph for INtegral Field Observations in the

Near Infrared (SINFONI) and the OH-Suppressing Infrared Integral Field Spectrograph

(OSIRIS).

We first analyse the connection between a galaxy’s dynamics and its rest-frame optical



morphology by exploiting seeing-limited KMOS observations from the KMOS Galaxy

Evolution Survey (KGES) that probe the Hα and [Nii] emission lines in 288 star-forming

galaxies at z ∼ 1.5. We combine the integral field data with high-resolution CANDELS

HST near-infrared imaging to constrain the morphology of the galaxies in the sample. We

identify that low-mass, compact galaxies have lower specific angular momentum whilst

more massive disc galaxies have higher angular momentum. At fixed mass, peculiar

galaxies have similar levels of angular momentum to that of disc galaxies whilst having

higher star formation rate surface densities. We propose that the peculiar morphologies

are driven by higher gas fractions leading to a more clumpy interstellar medium.

We then explore the chemical abundance properties of ∼700 high-redshift star-forming

galaxies that make up the KGES and KROSS surveys. Using the [Nii] / Hα emission line

ratiowe analyse the connection between gas-phasemetallicity, stellarmass and fundamental

galaxy properties. We establish that peculiar galaxies have a lower metallicity for a given

stellar mass compared to disc and spheroidal systems, which we attribute to their higher

gas fractions. The metallicity gradients of the galaxies correlate negatively with stellar

mass and positively with specific star formation rate. This agrees with the inside-out

model of galaxy formation whereby galaxies first form stars at their centres, enriching the

surrounding interstellar medium. On average, we identify flat metallicity gradients which

we demonstrate agrees with other studies of high-redshift galaxies and numerical models

in which feedback processes are important.

Finally, we use high-resolution adaptive optics observations to map out the Hα, [Nii] and

[Oiii] nebula emission lines in 34 star-forming galaxies from z = 0.8 to z = 3.5. We explore

the evolution of the normalisation of the specific angular momentum– stellar mass plane

across ∼ 5Gyr, and constrain the internal distribution of specific angular momentum in

each galaxy. We establish that the specific angular momentum becomes less centrally

concentrated in galaxies with higher stellar mass due to a combination of stellar feedback

and gas accretion. This leads to an evolution in the morphologies of the galaxies towards

more a late-type dominated population.
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CHAPTER 1
Introduction

The work discussed in this thesis is an analysis of the fundamental properties of the star-

forming galaxy population over the last ∼ 10 Gyr. In this chapter, we provide an overview

of our understanding of the Universe based on the current best cosmological models. We

also describe the ever-changing properties of galaxies through different epochs and the

observational classifications used to define them. We conclude with a summary of the

subsequent chapters.

1.1 Cosmology and the Universe

In the prevailing cosmological paradigm most of the Universe is composed of dark energy

or dark matter. Luminous matter constitutes only about four per cent of the mass – energy

density of the Universe. In the 13.7 billion years since the Big Bang, this small fraction has

evolved from an isotropic, homogeneous, opaque plasma into the Universe we see today, a

vast ionised expanse of gas populated by large scale structures.

Galaxies are amongst the most dominant, gravitationally-bound structures in the Universe.

We reside ∼ 8 kpc from the centre of the MilkyWay galaxy. It is considered to be a ‘typical’

spiral galaxy compared to the galaxy population in the local Universe. The origin and
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evolution of the galaxies we see today, along with the rest of the Universe, is described

well by the Big Bang standard cosmological model.

1.1.1 ΛCDM Theory

In the standard cosmological model, the Universe began in a hot, dense state known as

the Big Bang. The initial expansion of the Universe is driven by a period of exponential

cosmic inflation (e.g. Guth & Weinberg, 1981; Linde, 1982a). The microscopic density

fluctuations present in the early Universe, which are the origins of the cosmic structure

seen today, were amplified to macroscopic scales during this inflationary epoch (e.g. Guth

& Pi, 1982; Hawking, 1982; Linde, 1982b; Starobinsky, 1982).

ΛCDM is the most widely-accepted, straight-forward description of the Universe. It

explains many of the observed properties of the Universe, such as the existence of the

cosmic microwave background radiation, the large scale structure in the Universe, the

primordial chemical abundance of elements, and the accelerating expansion of the Universe

(e.g. Gamow, 1946; Alpher & Herman, 1948; Penzias & Wilson, 1965).

The standard cosmological model parameterises the Big Bangmodel theory of the Universe

with three main components. Dark energy, as denoted by the cosmological constant, Λ,

cold dark matter, and luminous matter (e.g. Lemaître, 1931; White & Rees, 1978; Davis

et al., 1985). One of the key principles of the standard model of cosmology is the existence

of non-luminous dark matter, which makes up around 23 per cent of the mass – energy

density of the Universe (Spergel et al., 2003).

1.1.1.1 Dark matter and Haloes

The first observational evidence for the existence of dark matter was acquired by Fritz

Zwicky in the 1930s. By studying the Coma Cluster, he established that there must be

much more mass in the cluster than is observable from the luminous component alone

(Zwicky, 1933, 1937). He named the missing matter, ‘dark matter’, an astrophysical

substance which is too faint to be detected.
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Subsequent observations of the rotation curve of M31 by Babcock (1939) and dynamical

studies of the MilkyWay andM31 by Kahn &Woltjer (1959) further indicated a significant

fraction of mass was not luminous, highlighting the presence of dark matter. Observational

evidence for dark matter in galaxies increased in the mid-20th century (e.g. Freeman, 1970;

Rogstad & Shostak, 1972; Roberts & Rots, 1973) and in the 1970s, Ostriker & Peebles

(1973) demonstrated that numerical simulations of galaxies also require massive dark

matter haloes to stabilise the baryonic discs.

This evidence was reinforced further by observational studies of non-luminous, ultra-faint

matter around local galaxies (e.g. Einasto et al., 1974; Rubin et al., 1980). The existence

of dark matter haloes around galaxies was soon adopted as a fundamental component

of hierarchical structure formation theory, and has been studied using observations and

numerical simulations ever since. The properties of the galaxy that forms at the centre of

the halo are strongly correlated with the fundamental properties of the halo (e.g. mass,

energy, angular momentum).

1.1.1.2 Halo Spin and Tidal Torque theory

Typically the radius of a dark matter halo is defined as the region within which the

virialized dark matter particles have 200 times the critical density of the Universe (e.g.

Fall & Efstathiou, 1980; Fall, 1983). If galaxies, and their dark matter halo, formed from

gravitational instabilities induced by small density perturbations, the dark matter (and gas)

acquire angular momentum through tidal interactions with neighbouring particles (e.g.

Peebles, 1969). The amount of angular momentum acquired by the halo depends strongly

on the halo mass (J∝M5/3
halo) and the epoch of formation (J∝ t, where t is the lookback

time) (e.g. Catelan & Theuns, 1996).

Tidal torque theory suggests that within the virial radius the centrifugal support, cs, for

baryons and dark matter is small. The ratio of halo angular speed to that required for the

halo to be entirely centrifugally supported is given by the spin parameter, λ (e.g. Hoyle,
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1951; White, 1984). This is defined as .

λ =
ωvirial

ωvirial, cs
= ε

JDM/MDM

Rvirial × vvirial
∼

JDM × E1/2
DM

GM5/2
DM

, (1.1.1)

where ω = vrot/R is the angular speed, vrot is the rotational speed at R. The constant ε ≈
√

2,

J and j are the total and specific (j = J/M) angular momenta, and E∼GM2/R is the absolute

value of the total gravitational energy.

Numerical simulations by Barnes & Efstathiou (1987) showed that the tidal torques

generate a universal, near-lognormal distribution function of halo spin parameters, with

〈 λ 〉 = 0.035 – 0.050 and a dispersion of ± 0.2 (e.g. Zeldovich & Novikov, 1983; Bullock

et al., 2001; Hetznecker & Burkert, 2006).

Initially, the dark matter and gas are well mixed such that the distributions of the specific

angular momenta in both the halo and gas are well matched (e.g. White & Rees, 1978). As

the dynamically cold baryons collapse inwards from the virial radius, the weak conservation

of this angular momentum leads to the formation of a centrifugally-supported gas disc at

the centre of the halo (e.g. Fall, 1983; Mo et al., 1998).

1.1.2 Galaxy Formation and Evolution

In the cold dark matter paradigm, structure forms hierarchically originating from quantum

Gaussian perturbations in the density field of the early Universe. In this section, we provide

an overview of galaxy formation theory.

1.1.2.1 Perturbation collapse and Baryonic physics

After the epoch of inflation, theUniverse is dominated bymacroscopic density perturbations

which are isotropic and homogeneous on large scales and grow as a power law with time.

Regions where the matter density is higher than the average density of space grow quicker,

as they attract material more strongly than average. However, this growth is damped by

the expanding Universe (e.g. Press & Schechter, 1974; Blumenthal et al., 1984).
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Initially, the perturbations are in the linear regime i.e. δρ/ρ << 1 where δρ is the deviation

from the background density, ρ. In this linear regime, perturbations grow with time due

to the expansion of the Universe. Once the mass of the perturbation, as determined by its

radius, is sufficient enough that their gravitational attraction can overcome the expansion

of the Universe and they start to collapse (e.g. Gunn & Gott, 1972; White & Rees, 1978;

Zavala & Frenk, 2019).

In ΛCDM cosmology perturbations contain both cold dark matter and baryonic matter.

Numerical models suggest that, upon collapse, the dark matter relaxes violently to form

an isothermal density distribution of dark matter in the halo (e.g. Lynden-Bell, 1967; Shu,

1978). This process occurs in collisionless systems that experience rapid changes in their

gravitational potential (e.g. due to merging with other haloes), leading swiftly to a state of

equilibrium that is independent of the details of the initial state.

The baryonic matter in the perturbation is shock heated to the virial temperature as it

collapses (e.g. White, 1996). Gas ionises at 104K, and the virial temperature of galaxies

is much higher than 104K, so any shocked or pressure-supported gas will be ionised. The

gas then cools radiatively via bremsstrahlung, recombination and collisionally-excited line

emission. If the cooling time of the gas is less than the free-fall time of the perturbation,

any gas within the potential will cool and sink to the centre of the halo (White & Rees,

1978).

If the angular momentum of the baryonic component is weakly conserved during the

collapse, then a centrifugally-supported gas disc with an exponential mass profile will form

at the centre of the halo, leading to the formation of the first galaxies (e.g. Fall, 1983; Mo

et al., 1998).

1.1.2.2 First Galaxies and Large Scale Structure

As the early Universe expanded density perturbations across the Universe grew, collapsed

and then virialized, creating the large scale structures such as galaxies and galaxy clusters.

If the pressure support of the fragmented gas clouds within the baryonic disc of a galaxy
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cannot overcome the gravitational attraction of the cloud and reach hydrostatic equilibrium,

the gas cloud collapses to form stars. This criterion is known as the Jeans criterion (Jeans,

1902) and defines the mass scale at which star formation can occur.

The Universe, which had been neutral since the epoch of recombination at z ∼ 1100,

gradually ionises, after the onset of star formation, due to the electromagnetic radiation

emitted from stellar populations in the first galaxies (e.g. Gunn & Peterson, 1965; Barkana

& Loeb, 2001).

The galaxy population in the Universe evolves through a combination of in-situ secular

processes such as star formation, outflows and, accretion as well as ex-situ processes such

as galaxy mergers and interactions (e.g. Kormendy & Kennicutt, 2004; Bower et al., 2006).

The expansion of the Universe and the evolution of cosmic properties such as star formation

rate (Madau & Dickinson, 2014), strongly influence the evolution of galaxies. These

processes transform the dynamical and morphological properties of the galaxy population

throughout each epoch, ultimately leading to the galaxies we see today.

1.1.2.3 Modelling Galaxy Evolution

In theΛCDMdescription of theUniverse the growth of darkmatter structure by hierarchical

clustering, and its evolution through gravitational interactions, is modelled well by N-body

simulations (e.g. Navarro et al., 1997; Springel et al., 2005; Boylan-Kolchin et al., 2011).

The evolution of baryons, in the non-linear regime, involves many more physical processes,

such as feedback (e.g. star formation, outflows, accretion), and galaxy interactions and,

mergers which are very complex to model (e.g. White & Frenk, 1991; Bower et al., 2006;

Governato et al., 2007; Somerville & Davé, 2015). Central super massive black holes

are expected to play a crucial role in a galaxy’s evolution, regulating the balance between

feedback and star formation (e.g. Bower et al., 2017; Terrazas et al., 2020). Pursuing a

complete theory of galaxy evolution thus involves comparing analytical prescriptions and

numerical simulations of these processes as well as observations of these phenomena.
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This can be achieved in two different ways. The first approach is to use semi-analytical

modelling, in which analytical prescriptions are adopted for the baryonic processes and

subgrid physics. These are then run over dark matter only N-body simulations (e.g.

GALFORM; Cole et al., 2000, Lacey et al., 2016, SHARK; Lagos et al. 2018). This

approach is computationally inexpensive and allows the parameter space of the model to

be explored using statistical techniques (e.g. Henriques et al., 2009; Ruiz et al., 2015). The

disadvantage of this approach is that the galaxies are described in much simpler terms with

a large number of assumptions (e.g. Baugh, 2006; Benson & Devereux, 2010).

The second approach is to use hydrodynamical simulations to solve the equations of gravity

and fluid dynamics simultaneously for some physical processes whilst employing subgrid

physics for unresolved regimes. This uses fewer assumptions than semi-analytics and

allows a detailed view of how the gas and dark matter co-evolve and the complex gas

structures that typically form (e.g. EAGLE; Schaye et al. 2015a; Crain et al. 2015, FIRE;

Hopkins et al. 2012, 2014, IllustrisTNG; Springel et al. 2018; Pillepich et al. 2018).

This technique is very computationally expensive, prohibiting the simulation of large,

high-resolution cosmological volumes. These are required to study galaxy evolution and

to calibrate models against key local observational constraints such as the galaxy stellar

mass function and the Hubble Sequence of galaxy morphologies.

Simulations of galaxy formation are valuable tools which help address the questions that

arise from observational and theoretical studies. In particular, they can model the complex

and competingmechanisms that affect the evolution of galaxymorphologies. One of the key

constraints of numerical models is how well the simulation represents reality, and how well

the physical structure of the galaxies in the simulation reproduces observable properties.

The Hubble Sequence of galaxy morphologies provides a fundamental benchmark against

which simulated galaxy populations can be compared (e.g. Benson & Devereux, 2010;

Trayford et al., 2019; Garrison-Kimmel et al., 2018).

Computational models analysed alongside observational studies provide a powerful tool to

constrain the physical processes that drive a galaxy’s evolution. Using numerical models

is crucial to answer questions such as: When do Hubble sequence galaxies dominate the
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Figure 1.1
The Jeans-Hubble tuning fork (Jeans, 1928; Hubble, 1936). Figure 1 from Graham
(2019). Sequence of galaxy morphology, from early-type elliptical galaxies on the
left to late-type spiral galaxies on the right. The elliptical sequence is determined
by the overall shape of the galaxy, whereas spiral classifications are divided into
different types (a – c), depending on how tight the spiral arms are, how large the
bulge is relative to the disc, and how smooth the spiral arms are.

galaxy population over peculiar galaxies?; How does the dynamical and chemical evolution

of galaxies affect their morphology?

In Chapter 5 of this thesis, we exploit the eagle hydrodynamical simulation (Crain et al.,

2015; Schaye et al., 2015b) to complement our observational analysis of the evolution of

fundamental galaxy properties (e.g. angular momentum, stellar mass, and morphology)

with cosmic time. We aim to understand the connection between the distribution of angular

momentum in star-forming galaxies and how this evolves with cosmic time, leading to the

formation of the Hubble Sequence.

1.2 The Hubble Sequence and Galaxy Morphology

In this section, we review the origins of the visual classification system of a galaxy’s

morphology. We also describe thewell-established properties of the local galaxy population

and the correlations between morphology and other fundamental galaxy properties.
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1.2.1 Local Galaxy Morphology and Properties

1.2.1.1 Hubble and Galactic Nebula

In 1926, Edwin Hubble established that ‘nebulae’, previously believed to be dust and gas

within our galaxy, were in fact galaxies outside the Milky Way (Hubble, 1926). Hubble

classified these galaxies based on their visual appearance, defining three broad classes:

spirals, ellipticals, and irregulars (e.g. Hubble, 1927, 1936). Today, these morphological

classes –more commonly defined as early-type (elliptical), late-type (spiral) and irregular –

are known as the Hubble Sequence, a visualisation of which is shown in Figure 1.1.

This classification scheme is defined with reference to a set of bright nearby standard

galaxies (e.g. Sandage, 1961; de Vaucouleurs et al., 1991; Buta et al., 1994). Spiral

(late-type) galaxies, in the Hubble classification, are sub-divided into unbarred (S) and

barred systems (SB). These sub-categories are further classified by the tightness and fine

structure of their spiral arms and the fraction of the total luminosity that originates from

the bulge of the galaxy (Abraham & van den Bergh, 2001). A ‘Sa’ or ‘SBa’ galaxy has

tightly-wound spiral arms and a bright central bulge, whilst a ‘Sc’ or ‘SBc’ galaxy has

loosely wound spiral arms and a faint central bulge.

The elliptical galaxies in the local Universe are classified by their degree of ellipticity in

the sky. This classification scheme is defined as ‘En’ with n in the range n = 0 – 7. The

value of n is 10× the ellipticity, e, of the galaxy, where e = 1 − b/a, with b equal to the

semi-minor axis and a equal to the semi-major axis of the ellipse (Binney & Merrifield,

1998). In the 1970s, it was realised that galaxies classified as E7 or higher, i.e. the most

elliptical systems, are mostly-likely miss-classified lenticular galaxies viewed at various

inclinations (e.g. Freeman, 1970; van den Bergh, 1976; Larson et al., 1980; Kormendy &

Kennicutt, 2004).

A lenticular galaxy (S0) is the classification that joins elliptical and spiral galaxies on the

Hubble tuning fork. A lenticular galaxy is defined as having a central bulge similar to an

elliptical galaxy but with a flat extended disc-like structure that has no spiral arm features



10 Chapter 1. Introduction

(van den Bergh, 1976).

Most galaxies in the local Universe can be placed on the Hubble sequence. Late-type

galaxies are the dominant morphological type, constituting 75 per cent of all galaxies,

whilst early-type galaxies make up most of the rest (Abraham & van den Bergh, 2001).

A small fraction of galaxies, known as dwarf galaxies, are not included in the standard

classification. These systems are very hard to detect at large distances and make up only a

small percentage of the mass budget of the local galaxy demographic (e.g. Gerola et al.,

1980; Bender et al., 1992; Karachentsev et al., 2004).

Over the years, improved classification schemes of galaxy morphology have been made,

reflecting improvements in instrumentation and better modelling techniques (e.g. de

Vaucouleurs, 1959; Graham, 2019). These include the classification of other features (e.g.

rings and lenses) that are important structural features of a galaxy’s morphology.

To further classify galaxies beyond just their visual appearance, studies of the galaxies star

formation rate, colour, rotation speed, and angular momentum have also been undertaken,

as we discuss in the next section. The clear bi-modality in galaxy morphology was

identified in these fundamental galaxy properties (e.g. Tinsley, 1980; Gavazzi et al., 2010;

Eales et al., 2018).

The Hubble Sequence is well studied and defines the morphology of the local galaxy main-

sequence population. Defining the epoch at which galaxies with Hubble-typemorphologies

emerge, as well as why late-type galaxies dominate in the local Universe, is still open to

debate. Large scale multi-wavelength imaging surveys, such as the Cosmic Assembly Near-

infrared Deep Extragalactic Legacy Survey (CANDELS; Koekemoer et al. 2011b), which

uses HST to image 250,000 galaxies across a broad range of redshifts, are fundamental in

answering these questions.

In Chapters 3 & 4 we present a KMOS large programme of high-redshift galaxies selected

from the CANDELS HST survey, which have extensive multi-wavelength imaging that

enables the rest-frame optical morphologies of the galaxies to be quantified accurately.

We utilise this survey and the multi-wavelength imaging to constrain the link between
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Figure 1.2
B –V colour index as a function of morphological type for a sample of nearby
galaxies. Figure 5 from Roberts & Haynes (1994). The median value of each bin
is indicated by filled symbols and the open symbols indicate the mean. The bar
length indicates the 25th – 75th percentile range.

galaxy dynamics, morphology, and chemical abundance properties at z ∼ 1.5. We use this

to understand the physical origins of galaxies with irregular morphologies and whether

they can be dynamically and chemically differentiated from late-type galaxies.

1.2.1.2 Local Galaxy Scaling Relations

The advent of new technologies and instruments in the last half-century, such as the

Hubble Space Telescope, has enabled multi-wavelength analyses of the properties of the

local galaxy population to be undertaken. The connection between a galaxy’s position

on the Hubble Sequence, i.e the galaxy’s rest-frame optical morphology, and the galaxy’s

integrated properties such as star formation rate, stellar population age, disc stability and

colour has been constrained.

Holmberg (1958) first established a clear correlation between galaxy morphology and

optical colour. Elliptical and lenticular galaxies were found to have much redder colour

indices (e.g. U –B or B –V) than spiral galaxies (see e.g. Figure 1.2). Amongst the

late-type galaxies, the colour indices of Sa and Sc galaxies overlap, which reflects the

variation in stellar populations in each galaxy (e.g. Roberts, 1963; Searle et al., 1973;

Roberts & Haynes, 1994).

By correlating a galaxy’s colour index (e.g. B –V) and optical magnitude it was quickly

established that early- and late-type galaxies occupy different regions of parameter space
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(e.g. de Vaucouleurs, 1961; Sandage & Visvanathan, 1978; Larson et al., 1980; Driver

et al., 2006). Late-type galaxies, with bluer optical colours and younger stellar populations,

occupy what was coined as the ‘blue-cloud’ by Bell et al. (2004), whilst early-type

galaxies, with redder colours and older stellar populations, make up the ‘red-sequence’

(e.g. Visvanathan, 1981; Strateva et al., 2001; Baldry et al., 2004).

Large, modern-day, observational surveys such as the Sloan Digital Sky Survey (SDSS;

York et al. 2000), The Two Micron All Sky Survey (2MASS; Skrutskie et al. 2006) and the

Galaxy and Mass Assembly (GAMA; Driver et al. 2011) have dramatically transformed

our understanding of the local galaxy population. The clear connection between rest-frame

optical colour and morphology is indicated for galaxies in the SDSS survey in Figure 1.3

from Gavazzi et al. (2010).

The increase in observational sample size has allowed the intervening parameter space

between the ‘red-sequence’ and ‘blue-cloud’ to be investigated. Named the ‘green-valley’,

galaxies in this region are undergoing a transition with slowly quenching star formation

rates and constantly evolving morphology (e.g. Schawinski et al., 2014; Taylor et al., 2015;

Smethurst et al., 2015; Bremer et al., 2018). The physical process driving the quenching

and transformation of galaxies is still debated, with some models preferring a feedback-

driven process (e.g. Bower et al., 2006; Croton et al., 2006; Somerville, 2006) whilst others

argue morphological quenching is responsible (e.g. Martig et al., 2009; Bundy et al., 2010;

Liu et al., 2019).

With a greater number of galaxies being observed, outliers from the underlying populations

have been detected. Several recent studies have identified a small population of blue early-

type galaxies (e.g. Yi et al., 2005; Schawinski et al., 2009; Moffett et al., 2019) and passive

red spirals (e.g. Wolf et al., 2009; Rowlands et al., 2012; Cortese, 2012; Evans et al., 2018)

that contrast with the wider galaxy demographic.

The origin of their deviation from the typical properties of each morphological class is

perhaps unique for each galaxy. It is theorised to involve previous galaxy interactions and

changes in environment (e.g. Bundy et al., 2010; Fraser-McKelvie et al., 2018; Mahajan

et al., 2020).
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Figure 1.3
The g-i colour as a function of i-band absolute magnitude. Figure 3 from Gavazzi
et al. (2010). h73 = 0.73, where H0 = 100 h73 km s−1Mpc−1 and H0 is the Hubble
constant describing the expansion rate in the local Universe. Red, blue and green
points indicate early-type, late-type (disc) and bulge galaxies respectively. A clear
distinction is evident between early-type galaxies with much redder colours on the
red sequence, and disc-dominated, late-type galaxies occupying the blue-cloud,
due to their ongoing star formation. Bulge dominated galaxies, with lower star
formation rates, lie in the valley between the two distinct populations.
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Star Formation and Gas Content

In addition to galaxy integrated optical colour, the size and luminosity of Hii regions

within galaxies are linked to their individual morphologies (e.g. Sandage & Tammann,

1974; Shields, 1990).

Hii regions are interstellar clouds of hydrogen gas that have been ionised by high-energy

UV photons emitted from massive, young OB type stars. These massive stars have very

short main-sequence lifetimes and thus the presence of Hii regions indicate sites of recent

star formation in the galaxy (Vogel, 2012).

Using broadband photographic plates, Sérsic (1960) first identified that larger Hii regions

are found in galaxies with more late-type morphologies. With developments in technology,

Kennicutt (1988, 1989) pioneered the approach of imaging the Hα emission line from

Hii regions in nearby galaxies. It was established that Hii regions, as traced by the Hα

emission lines, were ∼50 times brighter in late-type galaxies than early-type systems.

Several works have shown a tight correlation exists between galaxy star formation rate and

stellar mass, known as the main sequence of star-forming galaxies (e.g. Brinchmann et al.,

2004; Noeske et al., 2007; Wuyts et al., 2011). The star formation rate increases with

stellar mass as a power law of the form SFR ∝ Mα
∗ where α = 0.6− 1.2 (e.g. Speagle et al.,

2014; Popesso et al., 2019). The main sequence is populated by late-type disc galaxies,

whilst starbursting systems lie above the sequence and quiescent early-type galaxies occupy

the parameter space below the sequence.

Further studies of the neutral gas (Hi) content of local galaxies, as traced by the 21cm

emission line, and molecular gas (H2), as traced by the Carbon Monoxide (CO) molecule,

demonstrated that late-type disc galaxies contained a higher fraction of gas, in comparison

to the early-type counterparts (e.g. Haynes & Giovanelli, 1984, 1991).

The Hi gas is much more extended across the disc whilst the molecular gas is centrally

concentrated and correlates strongly with the far-infrared luminosity of the galaxy. This

created the picture that star formation proceeds in galaxies where there is enough material

to form stars i.e. in late-type galaxies with significant gas fractions (Roberts & Haynes,
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1994; Kennicutt, 1988). In higher stellar mass galaxies that lie on the main sequence the

molecular gas fraction is lower as the gas has been turned into stars.

As a result of the causal relationship between galaxy star formation rate and gas fraction it

is useful to quantify the gas depletion timescale (tdep) of a galaxy. This is defined as the

ratio of gas mass to star formation rate and is strongly correlated with main sequence offset

of the galaxy i.e. the distance from the median stellar mass star formation rate relation (e.g.

Saintonge et al., 2011; Genzel et al., 2015; Tacconi et al., 2018). Galaxies above the main

sequence exhibit lower depletion time scales, whilst more quiescent galaxies have higher

gas depletion timescales (e.g. Huang & Kauffmann, 2015; Scoville et al., 2016; Tacconi

et al., 2020).

Mass–Size Relation

As well as the connection between morphology, star formation and the gas content of a

galaxy, it has long been known that a correlation exists between stellar mass (or luminosity)

and size (or surface brightness) of the galaxy that depends on the Hubble-type morphology

(e.g. Lilly et al., 1998; de Jong & Lacey, 2000; Trujillo et al., 2004; Graham, 2013; Lange

et al., 2015).

This correlation, known as the mass–size relation is present across the Hubble Sequence.

The stellar mass of late-type disc galaxies is weakly correlated with stellar continuum half-

light radius with Reff ∝ M0.22
∗ . At higher stellar masses the correlation is weaker, indicating

higher stellar mass late-type galaxies have a higher surface mass density. The size of

early-type galaxies exhibits a stronger correlation with Reff ∝ M0.75
∗ , whilst maintaining

smaller physical size at fixed stellar mass compared to late-type disc galaxies (e.g. Shen

et al., 2003; Franx et al., 2008; van der Wel et al., 2014).

The correlation between star formation rate, optical colour, gas fraction, size and morpho-

logy, whereby late-type ‘blue’ galaxies are more extended with higher gas fractions and

star formation rates, is well established in the local Universe. Understanding the evolution

of the star formation properties of the dominant morphological galaxy population with
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cosmic time is a crucial aspect of galaxy evolution models.

Studies using large observational programs have quantified the star formation properties of

galaxies up to z = 4. One example that made significant progress is Schreiber et al. (2015),

which exploited far-infrared Herschel imaging of galaxies in the CANDELS HST field.

In this thesis, we analyse the dynamical and morphological properties of galaxies selected

using their rest-frame optical colours, which span a range of stellar mass and star formation.

This samples the full extent of the galaxy demographic in the distant Universe. In Chapter

3 & 4 we constrain the relationship between the fundamental properties of galaxies (e.g.

angular momentum, gas-phase metallicity) and their stellar mass and star formation rates.

1.2.2 High Redshift Galaxy Morphology

In this section, we review the current best description of the high-redshift galaxy population

obtained from observations and computational modelling. We examine both the evolution

in galaxy morphology and fundamental galaxy properties.

1.2.2.1 The Irregular Population

The more distant, high-redshift, Universe is a very different environment to that observed

locally. The global star formation rate of the Universe peaks around z ∼ 1 – 3 (e.g. Madau

& Dickinson 2014) with around 50 per cent of the present-day stellar mass assembled by

z ∼ 1 (e.g. Pérez-González et al. 2008), around 7 billion years ago. The decline in the

cosmic star formation rate means that local main-sequence galaxies are significantly more

quiescent than their equivalent high-redshift counterparts (e.g. Marchesini et al., 2009;

Muzzin et al., 2013).

The dominant morphological class of galaxies is also very different from those seen at z ∼ 0.

The fraction of early-type, elliptical galaxies is very similar; however, the contribution of

disc dominated, late-type galaxies to the overall population is significantly reduced (e.g.

Conselice et al., 2005; Bruce et al., 2014; Huertas-Company et al., 2015; Sachdeva et al.,

2019).
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At z > 1 a significant part of the demographic of galaxy morphologies is made up of

irregular and peculiar galaxies with perturbed morphologies. The application of the

distinct morphological classes, defined in the Hubble Sequence, to the high-redshift main-

sequence population has been questioned. Galaxies with disturbed complex morphologies

that align to neither class are more dominant (e.g. Abraham et al., 1996, 1999; Papovich

et al., 2005; Szomoru et al., 2011; Lee et al., 2013).

The normalisation of the star formation main sequence in the distant Universe is much

higher than that locally, with galaxies exhibiting a higher specific star formation rate at

a fixed stellar mass. The increase in normalisation is believed to be driven by the high

molecular gas fractions and shorter gas depletion time scales that have been observed

in high-redshift star-forming galaxies (e.g. Solomon & Vanden Bout, 2005; Saintonge

et al., 2013). The gas depletion timescale evolves with redshift as tdep ∝ (1 + z)β where

−1.3 < β < −0.88 (e.g. Daddi et al., 2010; Magdis et al., 2012; Tacconi et al., 2018).

In recent decades it has been established that the stellar mass–size relation for early- and

late-type galaxies also evolves with redshift. More distant galaxies of the same stellar mass

are more compact than galaxies in the local Universe (e.g. Daddi et al., 2005; van Dokkum

et al., 2008; Williams et al., 2014). The size of early-type galaxies has a strong redshift

dependence of the form Reff ∝ (1 + z)−1.48 whilst the size of late-type disc galaxies at a

fixed stellar mass evolves more slowly with Reff ∝ (1 + z)−0.75 (e.g. Toft et al., 2007; Kriek

et al., 2009; van der Wel et al., 2014).

In ΛCDM cosmology the disc scale length of late-type galaxies depends strongly on the

properties of the dark matter halo, which evolve with redshift (e.g. Mo et al., 1998; Burkert

et al., 2016). Deviation from this relationship indicates that the evolution of the disk galaxy

has decoupled from the dark matter halo evolution. The evolution of early-type galaxies is

expected to be driven by accretion and tidal disruption of satellite galaxies over time (e.g.

Bezanson et al., 2009; Hopkins et al., 2009).
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1.2.2.2 Galaxy Interactions and Mergers

Galaxy interactions and mergers are expected to play a key role in defining the morphology

of galaxy populations, as well as the universally wide evolution in fundamental properties

such as star formation.

Gravitational interactions between galaxies play a key role in a galaxy’s evolution. De-

pending on the magnitude of the interaction, it can lead to significant changes in the

morphology, luminosity, colour and other fundamental galaxy properties.

Following the prescriptions of ΛCDM and hierarchical structure formation (Press &

Schechter, 1974; Parkinson et al., 2008), due to the proximity of galaxies in the distant

Universe, interactions are much more common than local galaxy interactions and mergers

(e.g. Burkey et al., 1994; Conselice et al., 2003; Bundy et al., 2004; Bridge et al., 2010). N-

body simulations have demonstrated that the merger rate of dark matter haloes is predicted

to evolve as (1+z)m with m = 1.0 – 3.5 (e.g. Gottlöber et al., 2001; Fakhouri & Ma, 2008).

With the advent of deep imaging studies with both HST (e.g. CANDELS; Koekemoer

et al. 2011b) and ground-based studies (e.g. CFHT Legacy Survey; Boulade et al. 2003),

measurements of the galaxy merger rate have become more accurate and probed the more

distant Universe.

However, observational studies have failed to reproduce the redshift evolution of the merger

rate of dark matter haloes (e.g. Conselice et al., 2003; Bridge & Carlberg, 2007; Lotz

et al., 2008a,b). Recent studies have indicated that this is perhaps due to a decrease in

the merging timescale of galaxy pairs with redshift (e.g. Jogee et al., 2009; Duncan et al.,

2019).

Depending on the significance of the merger (major or minor) or the gas content of each

galaxy, the end product of a galaxy interaction can vary significantly. Gas-rich (wet) major

mergers can lead to the morphological transformation of late-type galaxies with extended

discs into quiescent spheroidal systems after a period of starburst activity (e.g. Farouki &

Shapiro, 1982; Hopkins et al., 2006; Sparre & Springel, 2016).
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Figure 1.4
A cartoon of the Rutherford-Bohr model of the electron transitions of a Hydrogen
atom. The Paschen (n –> 3), Balmer (n –> 2) and Lyman series (n –> 1) for
hydrogen are indicated, which have rest-framewavelengths in the ultraviolet, optical,
and infrared, respectively.

Equally, gas-deprived (dry) minor mergers can disrupt the morphology of both constituent

galaxies, resulting in irregular and complex systems. (e.g. Tapia et al., 2014; Fagioli et al.,

2016; Eliche-Moral et al., 2018).

Studying the morphological characteristics of the high-redshift galaxy population has been

the goal of many recent observational surveys. These surveys aim to understand the origin

of the diverse and irregular galaxy population, the influence of galaxy mergers and the

strong inter-connection between the evolution of galaxy scaling relations and the evolution

of galaxy morphology over cosmic time.

Modern-day, high-redshift, deep multi-wavelength imaging surveys (e.g. 3D-HST; Mo-

mcheva et al. 2016) which have observed ∼ 100,000 galaxies at z > 1, have been used to

quantify the morphological evolution by establishing the bulge to disc decomposition and

evolution in high-redshift galaxies (e.g. Sachdeva et al., 2019).

In this thesis, we present an analysis of the morphology of z ∼ 1.5 star-forming galaxies
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selected from the CANDELS HST survey (Chapter 3) as well as exploiting the eagle

simulation to study the cosmic evolution of star-forming galaxies’ bulge to disc ratio

(Chapter 5). We aim to constrain the physical relationship between the morphology of

high-redshift galaxies and their fundamental dynamical properties. We use the eagle

simulation to analyse the evolution of this connection with cosmic time.

1.3 Galaxy Dynamics and Kinematics

Spatially resolving the kinematics of the stars and interstellar gas, in both the local and

distant galaxy populations, provides a crucial probe of galaxy formation and evolution. In

this section, we describe the tracers of motion of the interstellar medium and the typical

dynamical properties of low- and high-redshift galaxies.

1.3.1 Nebular Emission Lines

The dynamical motions of the interstellar medium can be traced using the emission lines

emitted from hot ionised gas in [Hii] regions of a galaxy. As the atoms recombine, electrons

cascade down the energy levels, releasing emission at a range of characteristic wavelengths.

One of the most common and abundant emission lines in the spectra of star-forming

galaxies are the Balmer emission lines. The Balmer series (Figure 1.4) represents the light

emitted when an electron transitions from a higher energy level to the second (n = 2) energy

level of a Hydrogen atom. In the rest-frame, the emission lines are observed at optical

wavelengths, ranging from λ6562.8Å (3 –> 2) for the Hα line to λ3646.0Å (∞ –>2) for

the Balmer break.

The [Hii] regions are created around OB type stars, whose blackbody spectrum peaks in the

ultra-violet and thus they emit high energy photons to ionise the neutral Hydrogen gas of

the interstellar medium. These stars have short-lived main sequence lifetimes. Therefore,

detection of Hα emission indicates recent star formation (∼6 – 8Myr).
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As well as recombination lines, forbidden lines are a prominent feature of a star-forming

galaxy’s spectrum (e.g. [Nii], [Sii], [Oiii]). A forbidden transition occurs in extremely

low-density gases, where atomic collisions are extremely unlikely: An atom (or molecule)

in the low-density gas has been excited to a meta-stable state via an excitation mechanism.

The atom then decays back to its stable ground state, emitting a forbidden-line photon.

In high-density environments an electron will decay by collisional de-excitation. For an

electron excited to a meta-stable state, the decay timescale is of order a few seconds.

In Figure 1.5, we show an example of an optical spectrum of a local star-forming galaxy

at z = 0.029 as presented in Osterbrock & Pogge (1987). The two Balmer recombination

lines Hα and Hβ are visible in the spectrum, as well as the [Oiii], [Oi], [Nii] and [Sii]

forbidden lines.

By measuring the properties of these emission lines, the dynamical motions of a galaxy’s

interstellar medium can be quantified. We discuss this further in the next section. One of the

largest spectroscopic galaxy surveys, is the MOSFIRE Deep Evolution Field (MOSDEF;

Kriek et al. 2015) survey. The survey has observed ∼1500 galaxies from z = 1.4 – 3.8 and

traces the stellar and gas dynamics of high-redshift galaxies and quantifies their dust and

metal content.

In this thesis, we use integral field spectroscopy to study the Hα, [Nii] and [Oiii] nebula

emission lines in high-redshift star-forming galaxies. We use the emission line properties

to constrain the gas kinematics and chemical abundance properties of the galaxies and

explore the correlation with the galaxy’s rest-frame optical morphology. We derive

empirical constraints on the dynamical processes that shape a galaxy’s secular evolution

and ultimately define its rest-frame optical morphology.

1.3.2 Kinematic properties

Today, through the advent of large integral field surveys, the optical spectra of tens of

thousands of the local star-forming galaxies have been obtained. Recent developments in

technology and observational facilities have also enabled the spectra of the more distant,
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Figure 1.5
Example optical spectrumof a nearby star-forming galaxy. Figure 2 fromOsterbrock
& Pogge (1987). The spectrum contains nebula emission lines from the Balmer
series (e.g. Hα , Hβ) as well as a number of metal forbidden lines (e.g. [Nii], [Oiii],
[Oi] and [Sii]).

high-redshift, galaxy population to be studied. The scaling relations and dynamical

properties of the star-forming population can now be traced back in cosmic time.

1.3.2.1 The Local Galaxy Population

The dynamics of the local star-forming main-sequence population dominated by late-type

morphologies with extended discs have been studied for many decades (see van der Kruit &

Allen, 1978, and van der Kruit & Freeman, 2011a for a full review). The most fundamental

properties are the rotation velocities and velocity dispersions of the galaxies.

The rotation curve of a galaxy in the ΛCDM paradigm is expected to be steeply rising in

the innermost few kpc of the galaxy, followed by a ‘flat’ portion due to the extended dark

matter halo in which the galaxy is embedded.

When quantifying the motion of the interstellar medium it is important to specify the radius

at which the velocity is extracted. A common convention is to use 2.2 disc scale lengths, as
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this is the radius where the rotation curve of a self-gravitating ideal exponential disc peaks

(Freeman, 1970). For typical disc galaxies in the local Universe, the rotation velocity at

2.2 disc scale lengths is in the range v2.2 = 150 – 300km s−1.

The vertical structure and pressure support of a galactic disc is one of its defining proper-

ties. For spiral galaxies the thin disc— the component which contains the young stellar

populations—commonly has a scale height of 200 – 300 pc and a vertical dispersion of

σz ∼ 20 km s−1 (van der Kruit & Freeman, 2011a). The velocity dispersion is a function

of the vertical mass distribution and is given by a gravitational equilibrium σ2
z = aGΣhz.

Σ is the mass surface density, hz is the vertical exponential scale height, a is a structural

constant.

In the midplane of the thin disc, there is an even thinner disc which hosts the neutral

hydrogen, molecular clouds, dust and [Hii] regions. Young OB type stars sit in this thinner

layer with a dispersion of ∼ 5 – 10 km s−1 and a scale height of 50 pc in the Milky Way.

The current star formation of the galaxy takes place in this thinner disc region and gives

the galaxy its spiral structure of gas and young stars.

The youngest stars share their kinematics with the gas disc from which they formed. Older

stellar populations have an increased velocity dispersion, as the stars in the disc encounter

‘lumps’ during their lifetimes. This leads to the stellar velocity dispersion of old stars

being higher than the gas disc with a corresponding reduction in their rotation velocity.

This phenomenon is known as asymmetric drift (e.g. van der Kruit & Freeman, 2011a;

Golubov et al., 2013).

Locally, the kinematics of galaxies are commonly traced using the Hα nebula line. The Hα

line is thermal broadened by ∼ 9 km s−1 due to its characteristic temperature at 104K, and

the turbulent motions within a [Hii] region further broadens the line by ∼ 20 km s−1. This

leads to an average velocity dispersion in local star-forming galaxies of ∼ 20 – 25 km s−1

(e.g. Andersen et al., 2006; Epinat et al., 2010; Andersen & Bershady, 2013).

The rotation dominance, i.e. the ratio of rotation velocity to velocity dispersion (v/σ),

quantifies the dynamical state of the galaxy. Galaxies with v/σ >> 1 are said to be rotation
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Figure 1.6
One of the first high-resolution integral field observations of a z = 2.38 star-forming
galaxy. Figure 3 from Genzel et al. (2006). The galaxy’s velocity field (top left),
velocity dispersion field (top right), model-subtracted velocity field (bottom left)
and model-subtracted velocity dispersion field (bottom right) are shown.

dominated, whilst those systems with v/σ < 1 correspond to dispersion dominated galaxies.

In the local Universe, main-sequence star-forming galaxies commonly have v/σ ∼ 10 (e.g.

van der Kruit & Freeman, 2011a; Glazebrook, 2013).

1.3.2.2 High-Redshift Kinematics

Over the last decade, spatially-resolved observations of star-forming galaxies in the distant

Universe (z = 1 – 2) have increased. One of the earliest surveys was the Spectroscopic

Imaging survey in the Near-Infared with SINFONI (SINS; Förster Schreiber et al., 2006)

where SINFONI is the Spectrograph for INtegral Field Observations in the Near Infrared

(Bonnet et al., 2004a).

The observations from the SINS survey were amongst the first spatially-resolved kinematics

to be obtained for high-redshift galaxies. Förster Schreiber et al. (2006) demonstrated that

a significant fraction of the observed z ∼ 2 star-forming galaxies had rotation fields that are
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characteristic of discs that could be resolved in 0.5 arcsecond seeing.

Further observations, of a z = 2.38 galaxy, presented in Genzel et al. (2006) using adaptive

optics showed the clear disc-like kinematics in high resolution (see Figure 1.6). A clear

velocity gradient is present in the galaxy’s kinematics and subsequent studies have shown

the galaxy contains a gas-rich disc that is forming stars (Cresci et al., 2009). The velocity

dispersion of the galaxy is σ ∼ 50 – 100 km s−1 whilst its rotation velocity was determined

to be ∼230km s−1, leading to a much lower value of v/σ ∼ 2 – 4 than local main-sequence

galaxies (e.g. Genzel et al., 2006; Förster Schreiber et al., 2009).

More recent observations of the high-redshift star-forming galaxies have confirmed this

picture of much more gas-rich, dynamically ‘hot’ disc galaxies, with increased velocity

dispersion and levels of pressure support in comparison to the local Universe (e.g. Daddi

et al., 2010; Epinat et al., 2012; Wisnioski et al., 2015; Stott et al., 2016; Johnson et al.,

2018; Wisnioski et al., 2019).

The fundamental kinematic properties of star-forming galaxies evolve with cosmic time.

However, this evolution may also be present in scaling relations that connect the defining

properties of a star-forming galaxy, which we discuss in the next section.

The kinematic properties of local late-type galaxies have been well established through

analysis of large integral field surveys (e.g. SAMI galaxy survey; Croom et al. 2012).

Understanding how the dynamics of the dominant morphological population evolve from

the turbulent, dynamically ‘hot’ gas-rich high-redshift systems to the grand-design dy-

namically ‘settled’ local population, has been the focus of modern-day surveys (e.g.

FMOS-COSMOS; Silverman et al. 2015, DYNAMO-HST; Green et al. 2014).

In this thesis, we analyse the dynamical properties of the ionised interstellar medium

in a large sample of star-forming galaxies at z ∼ 1.5 (Chapters 3 & 4) as well as the

cosmic evolution of galaxy dynamics using a sample with high-resolution adaptive optics

observations (Chapter 5). We constrain the dynamical properties of the high-redshift

galaxy population and how these are linked directly to both the chemical abundance and

morphological properties of the main-sequence population in the distant Universe.
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Figure 1.7
The relationship between absolute magnitude and galaxy integrated line width as
presented in Tully & Fisher (1977a) (Figure 1). A clear positive correlation is
shown, whereby galaxies with larger line widths (i.e total mass) have a greater
magnitude (i.e stellar mass).

1.3.2.3 Dynamical Scaling relations

Ever since the dynamical properties of galaxies were first quantified in the 20th century,

correlations between fundamental galaxy properties have been explored. Here, we provide

an overview of the main scaling relations between the fundamental properties of galaxies

and their evolution with cosmic time.

The Tully – Fisher Relation

The Tully – Fisher relation, the correlation between a galaxy’s absolute magnitude (or

luminosity) and the line width of its integrated Hi emission, was first established in 1977

by Tully & Fisher (1977a). This is reproduced in Figure 1.7.

The relationship between these two observed quantities comes from a fundamental link

between two intrinsic galaxy properties. The stellar mass, as probed by the light emitted

from the stars, and the total mass, as traced by the rotational velocity of the galaxy.
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The Tully – Fisher relation for local late-type star-forming galaxies is well studied with the

use of the globally integrated Hi profile to define the rotation velocity (e.g. Tully & Pierce,

2000; Bell & de Jong, 2001; Masters et al., 2008; Lagattuta et al., 2013). The relation at

high-redshift has been subject to many recent studies using the Hα kinematics to derive

the rotational velocity. These studies identify a much larger scatter in the relationship,

reflecting the turbulent and complex dynamics of high-redshift galaxies (e.g. Gnerucci

et al., 2011).

Some of the earliest high-redshift studies by Cresci et al. (2009), found a reduction in

the stellar mass zero point of the relation of order −0.41 dex, indicating that high-redshift

galaxies have less stellar mass for a given dynamical mass compared to local galaxies.

Numerous studies have reported variations in the cosmic evolution of the relation (e.g.

Kassin et al., 2007; Förster Schreiber et al., 2009; Swinbank et al., 2012b; Sobral et al.,

2013a; Übler et al., 2019) but more recent studies and models that aim to properly account

for observational selection effects and biases find no evolution in the trend (e.g. Dutton

et al., 2011; Hudson et al., 2015; Tiley et al., 2019). This indicates that the growth of

stellar mass and dark matter in late-type star-forming galaxies is intimately linked.

The Fall Relation

Angular momentum (J) is one of the most fundamental conserved properties of a galaxy.

The correlation between the specific angular momentum (j = J/M∗) and stellar mass (M∗)

was first proposed by Fall & Efstathiou (1980). Angular momentum originates from tidal

torques between the proto-structures in the early Universe (Peebles, 1969).

In the theoreticalmodels of structure formation, angularmomentum andmass are conserved

whilst energy is dissipated (Fall, 1983). In this prescription, the specific angular momentum

of a galaxy is expected to scale as a power-law function ofmass with slope∼ 2/3. Fall (1983)

demonstrated that in the local late-type galaxy population, higher stellar mass galaxies

have higher specific angular momentum, with stellar mass dependence comparable to that

predicted by theory.
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Figure 1.8
The specific stellar angular momentum as a function of stellar mass, for different
Hubble types (and bulge to total ratios). Figure 2 from Romanowsky & Fall
(2012). More disc dominated late-type galaxies have higher specific stellar angular
momentum for a given stellar mass.

More recent studies by Romanowsky & Fall (2012) using modern galaxy surveys have

show that specific angular momentum can be used as a new classification scheme for

galaxies, with late-type systems having five times more angular momentum for a given

stellar mass (e.g. Fall & Romanowsky, 2013; Cortese et al., 2016; Posti et al., 2018; Sweet

et al., 2018).

The morphological dependence of this relationship has led to the suggestion of a funda-

mental plane between specific angular momentum, stellar mass and bulge to total ratio (see

Figure 1.8). Bulge dominated galaxies, corresponding to early-type morphologies, have

the lowest angular momentum for a given stellar mass (e.g. Obreschkow & Glazebrook,

2014; Fall & Romanowsky, 2018).

The existence of this plane in the local Universe, connecting the morphology of a galaxy

to its stellar mass and angular momentum, is well studied. However, its evolution with

cosmic time is less clear. At high-redshift the morphologies of galaxies are more turbulent

and irregular, therefore, constraining the plane is challenging. Using observations from the
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KMOS3D survey of∼360 star-forming galaxies from z = 1 – 3, Burkert et al. (2016) establish

the existence of the specific angular momentum– stellar mass plane at high-redshift.

Further studies using the Hα kinematics of the galaxies tomeasure their angular momentum

have confirmed the presence of the Fall relation at high-redshift; however, there is some

disagreement over its evolution (e.g. Harrison et al., 2017; Marasco et al., 2019). The

connection to morphology has also been made with suggestions that more bulge dominated,

clumpier galaxies have lower angular momentum whilst disc-dominated systems retain the

highest angular momentum at a given stellar mass (e.g. Harrison et al., 2017; Swinbank

et al., 2017; Sweet et al., 2019).

In this thesis, we exploit integral field observations of a large population of high-redshift

star-forming galaxies to constrain the Fall relation (Chapter 3) and the Tully – Fisher relation

(Chapter 5) in the distant Universe. We identify correlations between the scatter in the

relations and the fundamental dynamical and morphological properties of the galaxies.

In Chapter 4, we also analyse the chemical abundance properties of high-redshift galaxies

and compare them to those of local star-forming galaxies. We quantify the scaling

relations in the distant Universe and analyse how their functional form is connected to the

morphology and dynamics of the high-redshift galaxy population.

1.4 Gas-Phase Metallicity

The metallicity properties of a star-forming galaxy provide insights into the baryonic

processes that drive the galaxy’s evolution. In this section, we describe chemical abundance

properties of both local and distant star-forming galaxies and their correlations with other

galaxy properties.

The abundances of elements heavier than Helium in the interstellar medium (metallicity)

of galaxies evolves with cosmic time. The link between chemical evolution and galaxy

formation is engraved in the empirical correlations between metallicity and other physical

properties of galaxies such as total mass (e.g. Lequeux et al., 1979; Garnett & Shields,

1987; Vila-Costas & Edmunds, 1992; Tremonti et al., 2004; Kreckel et al., 2019).
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Figure 1.9
The oxygen abundance as a function of the [Nii] / Hα in extragalactic Hii re-
gions in nearby galaxies. Figure 1 from Pettini & Pagel (2004). The filled
squares are from photoionisation models and open symbols represent observa-
tions. The best fit to the relation is given by the dashed line quantified as
12+log(O/H) = 8.90 + 0.57 log10([Nii] / Hα).

The relative abundance of a chemical element can be quantified from its emission line flux,

which is a function of electron temperature, density and the abundance of the element.

Assuming constant temperature and density, temperature sensitive auroral lines (e.g. [Oiii]

λ4363Å, λ4959Å, λ5007Å) can be used to measure the metallicity of the gas.

This method is known as the ‘direct method’, requiring very high signal to noise emission

lines and is only possible for nearby galaxies (e.g. Dinerstein, 1990; López-Sánchez et al.,

2012; Pérez-Montero, 2014, 2017). For more distant, lower signal to noise galaxies, the

metallicity can be measured using strong nebula line calibrations, albeit with reduced

accuracy.

1.4.1 Strong Line Metallicity Calibrations

Metallicity calibrations based on optical strong line ratioswere first developed formeasuring

metallicities in [Hii] regions in which auroral lines are not observed. These calibrations,

known as the empirical method, are derived by fitting the observed relationship between



1.4. Gas-Phase Metallicity 31

7.5 8.0 8.5 9.0 9.5 10.0 10.5 11.0 11.5
Oog 0⋆ [0⊙]

7.6

7.8

8.0

8.2

8.4

8.6

8.8

9.0

12
 +
 Oo
g(
2
/+
)

Z⊙

7his work7his work

−0.5 0.0 0.5
Δ Oog(2/+)

σ   0.07

Figure 1.10
The gas-phase oxygen abundance as a function of stellar mass for SDSS galaxies.
Figure 3 from Curti et al. (2020). Grey points are individual galaxies, while the
filled regions encompass 1 – 4σ level of the density contours of the stellar mass –
metallicity plane. White circles are median metallicities and error bars in 0.15 dex
bins of stellar mass, whilst the red line is a parametric fit to the data.

auroral metallicities and strong-line ratios.

Many auroral to strong line calibrations exist but the most commonly used are [Nii]/Hα

(N2), [Oiii]/Hβ/[Nii]/Hα (O3N2) or ([Oii]+ [Oiii])/Hβ (R23). At high-redshift the N2 index

is the most common index used to trace gas-phase metallicity. It is relatively unaffected

by dust extinction and can be obtained in a single spectroscopic observation (e.g. Kewley

& Ellison, 2008; Yabe et al., 2015; Wuyts et al., 2016; Förster Schreiber et al., 2018).

The correlations between the gas-phase metallicity of a galaxy, derived from either auroral

or strong line calibrations, and its fundamental properties provides an insight into the

baryonic processes that drive the secular evolution of galaxies.

1.4.2 The Mass –Metallicity Relation

The relationship between the stellar mass content of galaxies and their interstellar metal-

licity, known as the mass –metallicity relation, is one of the most-analysed chemical
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abundance correlations (e.g. Lequeux et al., 1979; Tremonti et al., 2004).

As shown in Figure 1.10, higher stellar mass galaxies are more chemically enriched, with

a stronger dependence on stellar mass at lower stellar masses. Theoretical calculations

show that higher stellar mass galaxies are more chemically evolved than lower stellar mass

galaxies. Equally, higher stellar mass galaxies are more capable of retaining metals, due

to their larger gravitational potential wells (e.g. Somerville & Davé, 2015; Chisholm et al.,

2015).

The mass –metallicity relation has been observed out to z ∼ 3, with a clear evolution

towards lower metallicity for a given stellar mass at earlier cosmic times (e.g. Erb et al.,

2006; Maiolino et al., 2008; Yabe et al., 2015; Sanders et al., 2018). High-redshift galaxies

are more gas-rich and are at an earlier stage of evolution, with more efficient gas outflows.

However, constraining the exact processes driving the chemical evolution remains an open

question (e.g. Chisholm et al., 2018).

The scatter in the mass –metallicity relation has been shown to correlate with the star

formation rate of the galaxy, with the existence of a fundamental plane (Mannucci et al.,

2010). For a given stellar mass, more chemically enriched galaxies have a lower star

formation rate. This plane shows no evolution with cosmic time and the clear evolution to

lower metallicities in the mass –metallicity relation could be driven by the higher average

star formation rate at earlier times (e.g. Mannucci et al., 2011; Cresci et al., 2019).

Constraints on the galaxy integrated gas-phase metallicity of star-forming galaxies and

its correlation with stellar mass and evolution with cosmic time, provide a crucial tool to

understand the role that secular feedback processes play in defining a galaxy’s evolution.

Recently, this has been achieved using large integral field surveys (e.g. Yabe et al., 2015) that

exploit the FMOS-COSMOS survey to define the mass-metallicity relation at high-redshift.

In Chapter 4, we present the stellar mass – gas-phase metallicity relation for z = 0.8 – 1.75

star-forming galaxies from a KMOS large programme. We identify correlations between

the position of the galaxies in the mass –metallicity plane and other fundamental galaxy

properties. We quantify the connection between gas-phase metallicity, stellar mass and
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rotation velocity, stellar continuum size, and star formation rate. Furthermore, we constrain

how this connection is related to the rest-frame optical morphology of the galaxies.

1.4.3 Chemical Abundance Profiles

The spatial distribution of metals within a galaxy can be quantified by measuring the radial

variations in the chemical enrichment. Tracing the evolution of these metallicity gradients

across cosmic epochs is a crucial benchmark for theoretical models which aim to describe

the relative contributions that star formation, gas flows and feedback processes play in

driving the evolution of galaxies.

In the local Universe, observations of nearby galaxies show that spiral galaxies have

negative metallicity gradients, with inner regions that are more chemically enriched (e.g.

Kewley et al., 2010; Bresolin, 2011; Sánchez et al., 2014; Berg et al., 2015; Belfiore et al.,

2017).

Negative metallicity gradients follow from the inside-out model of galaxy formation, in

which star formation and metal enrichment is focused at the centre of the galaxy (Gibson

et al., 2013). The flattening of gradients beyond a given radius indicates the presence of

radial mixing or the accretion of metal-enriched gas in the outer regions (Bresolin et al.,

2012). Merger events and galaxy interactions can also play a role in flattening metallicity

gradients (e.g. Kewley et al., 2010; Rupke et al., 2010).

It is unclear whether metallicity gradients evolve with cosmic time, as different studies

report diverse and sometimes conflicting results (e.g. Cresci et al., 2010; Swinbank et al.,

2012b;Wuyts et al., 2016;Wang et al., 2017). This is mainly attributed to several challenges

encountered when analysing the metallicity of high–redshift galaxies. Poor resolution,

uncertainties affecting metallicity diagnostics and small sample sizes complicate attempts

to spatially resolve galaxy metallicity.

A large sample of high-redshift galaxies is required to overcome the systematics involved

in quantifying the chemical abundance profiles in the distant Universe and allows the

correlation between metallicity gradient and galaxy properties to be probed.
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In Chapter 4, we derive the chemical abundance properties of ∼ 700 star-forming galaxies

from z = 0.8 – 1.75, and constrain the correlations with other galaxy properties. We derive

empirical constraints on the physical processes that drive the chemical abundance profiles

of high-redshift galaxies and define how these profiles are linked to the rest-frame optical

morphologies of the galaxies.

1.5 Thesis Overview

The overall aim of this thesis is to derive observational constraints on the physical processes

that lead to the formation of galaxies with Hubble-type morphologies. This is achieved

by two different processes: (1) establishing the connection between the rest-frame optical

morphology of high-redshift galaxies and their dynamical and chemical properties, and

(2) analysing how the internal distribution of angular momentum in star-forming galaxies

evolves with cosmic time. A brief overview of the content of each chapter is provided

below.

• Chapter 2: This chapter describes integral field spectroscopy, the instruments used

in this thesis, and steps taken to calibrate the raw spectroscopic data and extract

kinematic properties of the galaxies.

• Chapter 3: This chapter uses integral field observations from the KMOS Galaxy

Evolution Survey and high-resolution broadband HST imaging of 235 z ∼ 1.5 star-

forming galaxies to analyse the connection between rest-frame optical morphology

and kinematics. We derive the dynamical properties of the galaxies as traced by

the Hα emission line, and correlate this with the parametric and non-parametric

morphologies of the galaxies. The large sample size and high-resolution HST

imaging allow the high-redshift angular momentum, stellar mass, morphology plane

to be constrained. This work was published in Gillman et al. (2019b)

• Chapter 4: This chapter presents an analysis of the chemical abundance properties

of galaxies in the KMOS Galaxy Evolution Survey and KMOS Redshift One
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Spectroscopic Survey. We utilise the [Nii] / Hα emission line ratio, converted to an

oxygen abundance, to explore the correlation between galaxy integrated gas-phase

metallicity, stellar mass and morpho-dynamical properties. Furthermore, we analyse

the spatial distribution of metallicity by deriving the chemical abundance gradients

of the galaxies and establish how the gradient correlates with the galaxy’s morpho-

dynamical properties. We compare the radial abundance profiles with other studies

of high-redshift galaxies and explore their cosmic evolution.

• Chapter 5: This chapter presents high-resolution adaptive optics integral field

observations of 34 star-forming galaxies from z = 0.8 – 3.33. We derive the dynam-

ical properties of the galaxies by exploiting the spatially-resolved Hα, [Nii] and

[Oiii] nebula emission. We constrain the specific angular momentum– stellar mass

relation at each epoch and exploit the high-resolution data to derive cumulative

angular momentum profiles for each galaxy. We derive the cosmic evolution of the

angular momentum half-light radius and make a direct comparison with the eagle

hydrodynamical simulation. This work was published in Gillman et al. (2019a).

• Chapter 6: This chapter summarises the work presented in this thesis and considers

the crucial outstanding questions. A description of current and future research

projects that aim to answer these questions using the next generation of advanced

instruments.





CHAPTER 2
Integral Field Spectroscopy and Data Analysis

Throughout this thesis, we study the spatially-resolved dynamics of distant star-forming

galaxies derived using integral field spectroscopy of strong nebula emission lines which

trace the ionised interstellar medium of the galaxies. In this chapter, we give an overview

of the technique of integral field spectroscopy, the instruments used in our analysis and the

observational techniques used to reduce and analyse the spectroscopic data.

2.1 Spectroscopy

Spectroscopy, the study of spectra produced when matter interacts with or emits electro-

magnetic radiation is a crucial aspect of astrophysics. By studying the spectrum of a planet,

star, galaxy or quasar we can make measurements of the objects fundamental properties. In

the case of galaxies, spectroscopy enables us to quantify a galaxy’s rotational velocity and

the level of gas turbulence as well as perform stellar population and chemical abundance

analysis which leads to a more detailed understanding of the baryon cycle and galaxy

evolution.

Obtaining the spectrum of a galaxy is achieved using a spectrograph, which in principle

uses a prism (or diffraction grating) to split the light into its constituent parts as a function
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of wavelength. The type of spectrograph used depends on the scientific aims of the

observations. Some of the earliest spectroscopic observations of galaxies obtained just a

single spectrum for the whole galaxy, however, galaxies are spatially extended sources on

the sky. It is, therefore, useful to spatially resolve the emission in star-forming galaxies.

This is partially achieved by long-slit spectroscopy in which the entrance aperture is an

elongated narrow slit. The light entering the slit is then dispersed using a diffraction

grating. This method was crucial in discovering and quantifying the rotational velocity in

nearby galaxies such as the Andromeda galaxy (e.g. Slipher, 1913, 1915).

Long-slit spectroscopy has the disadvantage of only obtaining spectral information for

light that passes through the slit. Multiple observations are required to spatially resolve

the whole galaxy, which can be time consuming for large or poorly resolved systems.

Prior knowledge of the target’s major axis is also required to extract the intrinsic rotation

profile of the galaxy. To overcome these limitations, attempts were made using imaging

spectroscopy such as slit scanning and Fabry-Perot interferometry, however, these methods

still suffer from only being able to record two dimensions simultaneously, whilst the third

dimension is scanned using multiple exposures which is very inefficient.

To resolve images in three dimensions an integral field spectrograph is required. The first

designs of which were conceived in the 1980s (e.g. Vanderriest, 1980; Gray et al., 1982;

Courtes, 1982; Barden & Wade, 1988).

2.1.1 Integral Field Spectroscopy

An integral field spectrograph generates a three-dimensional data product known as a

data cube (e.g. Figure 2.1 using an image slicer to ‘slice’ the field). The data cube has

spatial information about the galaxy contained in the x (right ascension) and y (declination)

dimensions and spectral information in the z (wavelength) dimension. By collapsing the

integral field data in the wavelength direction, broadband and narrowband images of the

observed galaxy can be generated. An integrated spectrum of the galaxy is obtained by

collapsing the data cube spatially, in the x and y dimensions. Each spatial pixel (spaxel)
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Figure 2.1
An example data cube for an integral field observation of NGC 4650A using
the MUSE integral field spectrograph on the VLT. The wavelength dimension is
indicated with several strong nebular emission lines labelled. A Hα narrowband
image of the observed galaxy shown in the spatial (x,y) dimensions. Credit:
ESO/MUSE consortium/R. Bacon/L. Calçada

in the x and y dimension has a spectrum associated to it, over the wavelength range of the

spectrograph.

2.1.2 Image Slicers, Fibres and Lenslets

There are two main components to an integral field spectrograph. The integral field unit,

which resamples the two-dimensional spatial regions on the sky and a spectrograph which

disperses the light. The remapping of the light in integral field units can be achieved in

several different ways but most commonly this is performed using either a lenslet array,

fibre bundles or with an image slicer. A schematic of these three different techniques is

shown in Figure 2.2.

In an integral field unit that utilizes a lenslet array or microlens array, the light from the
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input image is split up by an array of microlenses and refocused into small pupil images

at the spectrograph detector. By dispersing these images at a suitable angle, spectra can

be formed in the space between spatial elements. This design of integral field unit is the

simplest and thus has the highest throughput.

However, due to the geometry of the instrument, only short wavelength range spectra are

possible. This design was popular in early spectrograph designs that focused on small

spectral windows with a large field of view (e.g. SAURON; Bacon et al., 2001) due to

the relative ease of building large microlens arrays in comparison to large fibre bundles

or image slicers. Today a number of spectrographs still utilize this technique such as the

OH-Suppressing Infrared Integral Field Spectrograph (OSIRIS; Larkin et al., 2006) on the

10m Keck I telescope in Hawaii.

An alternative approach is fibre bundles either with or without lenslets. Fibre-fed integral

field spectrographs work by sampling the image plane with fibers which transfer the light

directly to the slit of the spectrograph. The fibres enable the image field of view to be

reformatted into multiple slits, without the spectra having wavelength shifts between them.

If step-index fibres are used, the image plane is not sampled continuously, so often a lenslet

array is placed in front of the fibres to focus the light from a microlens into a given fibre

cone. Conventional all-silica optical fibres are limited to wavelengths less than 1.5µm (e.g.

Gemini (South) Multi-Object Spectrograph (GMOS; Allington-Smith et al., 2002))

Nevertheless many modern-day optical integral field spectrographs are fibre-fed systems

such as Sydney Australian Astronomical Observatory Multi-object Integral Field Spec-

trograph (SAMI; Croom et al., 2012) and Mapping Nearby Galaxies at Apache Point

Observatory (MaNGA; Bundy et al., 2015).

Another commonly used technique is image slicing. In this design, the input image is

formed on a mirror that is segmented in thin horizontal sections. A second segmented

mirror is arranged to reformat the slices to be laid out end to end to form a slit that is

passed to the spectrograph. This design of integral field unit is favoured in the infrared

because of its achromatic nature and ability to be cooled to cryogenic temperatures. The

integral field units of the Spectrograph for INtegral Field Observations in the Near Infrared
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Figure 2.2
Diagram showing the three main techniques used by an integral field unit to sample
the focal plane. In all three cases, once the focal plane has been resampled, the
light is sent to the spectrograph. A data cube is then created during the data
reduction process. Image Credit: M. Westmoquette; adapted from Allington-Smith
& Content (1998).

(SINFONI; Bonnet et al. 2004b) on the VLT 8m telescope in Chile and Gemini Northern

Integral Field Spectrograph (Gemini-NIFS; McGregor et al. 2003) on the Gemini 8.1m

telescope in Hawaii, use this imaging slicing technique.

Most integral field spectrographs contain one integral field unit meaning they can only

observe one object at a time. Recent developments in technology have led to the design

of multi-object spectrographs (MOS). A MOS contains multiple integral field units and

therefore can observe many galaxies in a single observation. This has the advantage

of significantly increasing the sample size of integral field surveys for considerably less

observing time. The K-band Multi-Object Spectrograph (KMOS; Sharples et al., 2004),

is a MOS operating in the near-infrared with 24 imaging slicing integral field units.
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Figure 2.3
Cartoon diagram of a closed-loop adaptive optics system. The original image of
the star is distorted but by implementing the correction calculated by the wavefront
sensor to the deformable mirror, the distortion can be removed, resulting in a much
higher resolution image. Image Credit:Oxford Instruments

2.1.3 Adaptive Optics

Modern integral field spectrographs often utilize adaptive optics techniques to reduce the

impact of atmospheric turbulence on the observations. This is achieved with either using

a natural guide star, laser guide star or a combination of both to calibrate the level of

turbulence. As shown by the cartoon in Figure 2.3, by imaging a star, laser or natural, and

adjusting a deformable mirror in response to the wavefront sensors output, the turbulence

caused by isoplanatic patches1 of various sizes in the atmosphere can be removed.

1An isoplanatic patch is a region of sky over which the wavefront errors are closely correlated and a light
path through which is temporally coherent.
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The majority of integral field data analysed in this thesis, in Chapters 3, 4 & 5 is

obtained from observations using one or more of the KMOS, SINFONI, NIFS and

OSIRIS spectrographs. In this next section, we describe the instrumental setup of these

four integral field spectrographs.

2.1.4 KMOS, SINFONI, NIFS and OSIRIS

2.1.4.1 VLT/KMOS

KMOS (Sharples et al., 2004, 2013) is a near-infrared multi-object spectrograph which

is mounted at the Nasmyth focus of one of the 8.2m diameter units of the Very Large

Telescope (VLT) at the Paranal observatory in Chile. It contains 24 integral field units

which are each mounted on a pick-off arm that can patrol part of a 7.2 arcmin diameter

field of view. Each integral field unit has a 2.8 arcsec× 2.8 arcsec field of view sampled

at 0.2 arcsec per pixel. KMOS uses image slicers to resample the focal plane. Three

spectrographs are used to disperse the light from the integral field units before being read

out from three separate infrared detectors.

The wavelength coverage of KMOS is from 0.8 – 2.5 µm, spanning five bands with a

spectral resolving power ranging from R=2000 – 4200. The instrument can be used to

observe 24 individual sources or in an 8 or 16-point mosaic mode for imaging extended

sources. KMOS does not have an adaptive optics system. When observing multiple

sources it is common practice to place one integral field unit on a standard star to monitor

and quantify the point spread function variation over the duration of the observations.

2.1.4.2 VLT/SINFONI

SINFONI (Bonnet et al., 2004a) is an integral field spectrograph mounted at the Cassegrain

focus of UT4 on the VLT and can be used in conjunction with a curvature sensing adaptive

optics module (MACAO; Bonnet et al. 2004b). SINFONI employs an image slicer to

reformat the field of view. It has 32 slices with three choices of slit height resulting in a
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variable pixel size and field of view, ranging from 8.0 arcsec × 8.0 arcsec at 0.125 arcsec

per pixel to 0.8 arcsec × 0.8 arcsec at 0.0125 arcsec per pixel. The spectral resolution

ranges from R= 1500 – 4500 with a wavelength coverage from 1.1 – 2.45µm.

In Chapter 5 we use SINFONI with a field of 3.0 arcsec × 3.0 arcsec and a pixel

scale of 0.05 arcsec, to obtain high-resolution observations of the [Oiii] emission line

in high-redshift star-forming galaxies. At the time of writing this thesis, SINFONI has

been decommissioned and is being refurbished. It will be replaced with the Enhanced

Resolution Image and Spectrograph (ERIS; Davies et al., 2018) in 2020, which will observe

from 1 – 5µm with adaptive optics capabilities generated from four laser guide stars.

2.1.4.3 Gemini/NIFS

The Gemini North Integral Field Spectrograph (Gemini-NIFS; McGregor et al. 2003) is a

single object integral field spectrograph mounted on the 8m Gemini North telescope in

Hawaii and can be used in conjunction with the adaptive optics system ALTAIR. NIFS has

a 3.0 arcsec × 3.0 arcsec field of view and an image slicer which divides the field into 29

slices with an angular sampling of 0.1 arcsec × 0.04 arcsec. The dispersed spectra from the

slices are reformatted on the detector to provide two-dimensional spectral imaging. This

can be achieved with four different gratings, Z , J, H and K-band covering a wavelength

range of 0.94 – 2.43µm with a spectral resolution from R= 5000 – 6000. In Chapter 5 we

use NIFS in combination with its adaptive optics system to observe in the K-band the Hα

emission line in a sample of high-redshift star-forming galaxies.

2.1.4.4 Keck/OSIRIS

The OSIRIS (Larkin et al., 2006) spectrograph is a lenslet integral field unit that uses the

Keck Adaptive Optics System to observe from 1.0 – 2.5µm on the 10m Keck I Telescope

in Hawaii. The AO correction is achieved using a combination of a Laser Guide Star (LGS)

and Tip-Tilt Star (TTS) to correct for atmospheric turbulence down to 0.1 arcsec resolution

in a rectangular field of view of order 4.0 arcsec × 6.0 arcsec (Wizinowich et al., 2006).
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Figure 2.4
Top: Spectrum of a sky subtracted 5 minute SINFONI exposure showing residual
OH lines after subtracting a sky frame taken immediately afterwards. The flux
in these residuals is only about 3 per cent of the original OH emission but is still
significant. Bottom: Same two frames are subtracted using a scaling procedure
that accounts for spectral line profile variation the field of view of the instrument
as well as variations in the OH lines. Figure 1 from Davies (2007).

OSIRIS has a range of filters spanning its wavelength range leading to a variable field of

view and pixel scale from 0.02 arcseconds per pixel in a 0.32 arcsec × 1.28 arcsec field, to

0.10 arcseconds per pixel in a 3.2 arcsec × 6.4 arcsec field. In Chapter 5 we use OSIRIS

with 0.1 arcsecond pixel scale to observe the Hα emission line in high-redshift galaxies.

2.2 Data Analysis and Techniques

In this section, we describe the processes involved in turning the raw two-dimensional

spectra obtained from an integral field observation, into a reduced data cube. We then give

an overview of the analysis techniques used to derive the dynamical properties of a galaxy.
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2.2.1 Data Reduction

Before any analysis or measurement of galaxy properties can occur, the raw integral

field data must first be reduced into a calibrated data cube. The output image from the

spectrograph is a stack of raw spectra, with each row corresponding to a position in

the telescope focal plane. The calibration of these spectra is often achieved by using a

dedicated pipeline designed for the instrument as we will discuss in Chapters 3 & 5. Here

we discuss the main calibration steps carried out.

2.2.1.1 OH Skylines and Background Estimation

The first step in reducing the spectra is to subtract the sky frames from the science frames.

Sky frames are images of an empty part of the sky with the same observational set up as

the science frames. Their subtraction removes the inherent brightness of the background

sky at near-infrared wavelengths. At wavelengths from 1 – 2.5µm strong and variable OH

airglow emission lines generated from reactions between ozone and hydrogen high the in

the atmosphere, dominate the spectrum.

Maihara et al. (1993) established that the spectral continuum in the H-band has an average

intensity around 600 photons s−1 m−2 arcsec−2 µm−1 whilst the OH emission lines have

on average a flux around 30,000 photons s−1 m−2 arcsec−2 µm−1, almost two orders of

magnitude brighter. A model sky spectrum can not simply be subtracted from each pixel,

due to time variation and variations in the spectral line profile across the field of view of

the instrument.

For integral field spectroscopy, where the field of view is limited and the pixels at the edge

of field can not be used to extrapolate the background value, observations of a blank part of

the sky at regular intervals are commonly used to model and subtract these spectral features.

However due to the variability in the absolute flux in OH lines and the variations in flux

among the individual OH lines, long science exposures (> 2 – 3 minutes) of high-redshift

galaxies makes modelling the sky challenging.
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Several observational techniques have been developed to attempt to reduce the skyline

residuals in infrared spectra. Davies (2007) developed a technique which accounts for the

OH emission variability and variance in the spectral line profile across the field of view,

as demonstrated in Figure 2.4. By analysing both the object and sky spectrum of pixels

that contain the least amount of flux in the object cube, a scaling function can be derived

to accurately model the sky variability. This can then be applied to the blank sky cube,

which is then subtracted from the object cube.

2.2.1.2 Observational Noise and Instrument imperfections

To remove observational noise and instrument imperfections such as pixel to pixel variations

in sensitivity, illumination variations and distortions in the optical path, bias, darks, flat

fields and arc calibration frames are required.

A bias frame records a zero second exposure taken with the shutter closed, used to correct

for the non-zero bias applied to the detector that ensures a positive signal is recorded. A

bias frame can also be used to quantify the instruments readout noise.

Dark frames are also taken with the shutter closed and have the same exposure length as

the science frames. A Dark frame corrects for the ‘dark current’ from thermal excitation

of electrons during an exposure. The three detectors in KMOS are cooled to 40K to

minimise the thermal excitation. If no off-target sky frames are observed the bias can also

be accounted for in the dark frame as well as being used to generate a bad pixel mask for

the detector, by identifying hot pixels. Dark frames observed using KMOS are integrated

for only 60s, as darks with longer exposures suffer from severe persistence effects.

To remove the non-linear response of the detector, a flat field frame is taken where the

detector is uniformly illuminated with varying exposures. The flats are observed during

the daytime using an internal lamp with constant luminosity. Cold pixels, with low flux,

are identified in the flat field and can also be added to the bad pixel mask.

Arc frames, as shown in Figure 2.5 are used to generate a wavelength solution for the

observed spectrum and correct for any spectral curvature caused by the different path
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lengths that light takes through the optics along the slit. They contain dispersed light from

an arc-lamp with a set of well known spectral lines, so a wavelength can be assigned to

each spectral element.

With the science frames calibrated and a wavelength solution assigned to the spectrum, the

data cube is constructed by extracting each row of spectra and placing them in their spatial

position in the cube. To convert from observed intensity (i.e counts) to physical units,

a standard star is observed. The star has a known flux and distinctive spectral features.

The standard star frame is reduced in the same way as the science frames and is used to

generate a flux conversion to physical units as a function of wavelength. This correction is

then applied to each spaxel in the data cube and accounts for the variations of instrument

sensitivity as a function of wavelength. The fully reduced and calibrated data cube can

now be used to extract the kinematic information about the observed galaxy, as we discuss

in the next section.

2.2.2 Emission Line Fitting

One of the key features of any integral field observation of a galaxy are the emission and

absorption lines present within the spectrum. These lines provide information about the

redshift of the galaxy as well as measures of the rotational velocity and level of turbulence

within the system.

At high-redshift, and with the instrumentation used in this thesis, a star-forming galaxy’s

spectrum is dominated by strong nebula emission lines such as Hα, [Nii] and [Oiii] which

trace the hot ionised gas in the interstellar medium of the galaxy. In this section, we

demonstrate how we extract the kinematic information of a galaxy by fitting to the Hα and

[Nii] emission lines present in its spectrum.

Before fitting to the emission lines in the spectrum, we first define a galaxy continuum

centre in the integral field data. To achieve this we fit a two-dimensional Gaussian profile to

a continuum image which is generated by collapsing the data cube spectrally excluding any

emission lines. The continuum image and centre, examples of which are shown in Figure
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2.6, is also aligned to a broadband (HST) image in the wavelength range 0.4 – 0.8 µm, that

samples the underlying continuum emission of the galaxy.

Tomeasure the dynamics of the galaxywe fit theHα and [Nii] emission lines simultaneously

with a triple Gaussian profile using a χ2 minimisation method. The line width and

separation of the emission lines are fixed, as well as the flux ratio between the two [Nii]

lines which is fixed at 2.8 following Osterbrock & Ferland (2006). The emission line

widths are corrected for instrumental dispersion (σ2
inst), which is measured from unblended

skylines near the observed wavelength of the Hα emission. The line width of the Gaussian

model is defined as σ2
fit =σ

2
inst+σ

2
obs.

We define the noise in the spectrum by taking the standard deviation of the spectrum

avoiding any galaxy emission lines. Due to the strong OH skyline features present in

near-infrared spectra, we define a weighting function that is the inverse of the sky spectrum,

to down weight sky dominated regions of the spectrum. The signal to noise (S/N) of the

emission lines are quantified by comparing the χ2 of the triple Gaussian fit to the χ2 of a

straight line fit of the same part of the spectrum such that S/N∝
√

∆χ2.

The ∆χ2 value is a measure of the σ difference between the two models. The straight-line

model assumes there is no emission line, thus the ∆χ2 of the Gaussian model and the line

model returns the significance of the emission line i.e the signal to noise. This method

assumes that the spectral data are independent of each other.

We fit the spectrum in spatial bins defined by the signal to noise of the emission lines and

the PSF of the observations. As a first approach, we fit the spectrum median combined

from a spatial bin of size equal to the HWHM of the PSF. If the emission line in the

spectrum has a S/N< 5, we increase the bin size and attempt to refit the spectra. The

maximum bin size is set by the FWHM of the PSF of the observations. If a S/N ≥ 5 is not

achieved within the maximum bin size, we do not fit this spaxel. This fitting procedure is

applied to every spaxel in the data cube if the S/N> 5.

An example of this adaptive binning and emission-line fitting procedure is shown in Figure

2.7. We show both a seeing-limited KMOS observation and an adaptive optics SINFONI
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observation. The optimised Gaussian model parameters (e.g. continuum, Hα intensity,

redshift, line width and [Nii] intensity) for each spaxel are saved to a fitting hypercube. The

velocity and the velocity dispersion of each spaxel are then calculated from the optimised

redshift of the spaxel with respect to the galaxy-integrated ‘systemic’ redshift. The outputs

of the fitting procedure (e.g. S/N, bin size, reduced chi-squared) are also output to the

fitting hypercube.

The hypercube is then used to generate two-dimensional parameter maps for the galaxy

such as the velocity map and the velocity dispersion map. These maps can then be used to

define the galaxy kinematic position angle, rotation curve and velocity dispersion profile

as well as other kinematic features as traced by the emission lines in the spectrum.

2.2.3 Kinematic Profiles and Dynamical Modelling

To determine the kinematic properties of a galaxy we utilize the dynamics, as derived from

emission line fitting, to define the kinematic major axis and extract dynamical profiles

which enable us to quantify the rotation velocity and velocity dispersion of a galaxy.

The kinematic major axis, PAkin, is defined as the position angle which contains the largest

velocity gradient. To define PAkin we rotate the velocity map of the galaxy about the

continuum centre by 180 degrees, in 1 degree increments. At each step, we measure the

velocity gradient in a slit with width set by the HWHM of the PSF of the observations.

In Figure 2.8 we show an example of this process for both an AO SINFONI observation

and a KMOS seeing-limited observation of a star-forming galaxy. The velocity fields in

Figure 2.8 show clear rotating ‘disc-like’ kinematics with a prominent velocity gradient,

from which kinematic profiles can be extracted.

We extract the rotation velocity and velocity dispersion profile at the kinematic position

angle, as shown in Figure 2.8, with the velocity and uncertainty taken as the weighted mean

and standard error along pixels perpendicular to the slit. To reduce the effect of noise in

the outer regions of the velocity profiles, we fit to the data points using a dynamical model.
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To describe the shape of the galaxy’s rotation curve, we use an exponential disc model (see

Freeman, 1970) in combination with a modified Navarro, Frenk & White (NFW) profile

(Navarro et al., 1997). This halo velocity model converges to the NFW profile at large

distances and, for suitable values of r0 (the halo core radius), it can mimic the NFW or

an isothermal profile over the limited region of the galaxy that is mapped by the rotation

curve. The dynamics of the galaxy are described by the following disc and halo velocity

components;

v2 = v2
D + v

2
H, (2.2.1)

v2
D(x) =

1
2

GMd

Rd
(3.2x)2(I0K0I1K1), (2.2.2)

v2
H(r) =

6.4Gρ0r3
0

r

(
ln(1 +

r
r0
) − tan−1(

r
r0
) +

1
2

ln[1 + (
r
r0
)2]

)
, (2.2.3)

where x = R/Rd and In and Kn are the modified Bessel functions computed at 1.6x with

Md and Rd as the disc mass and disc scale length respectively and ρ0 the effective core

density.

To measure the rotation velocity of a galaxy we extract the rotation velocity at a specified

morphological radius such as 2Rh where Rh is the stellar continuum half-light radius of

the galaxy. This radius is chosen because the velocity profile of an exponential disc, with

a nominal dark matter fraction, begins to flatten at this radius and the effects of beam

smearing due to finite spatial resolution are minimized. The typical values for star-forming

disc galaxies both locally and at high-redshift are in the range of 100 – 300 km s−1.

To quantify the pressure support and vertical structure of a galactic disc, we measure the

pressure scale height of the disc as traced by the velocity dispersion of the emission lines.

We assume that the intrinsic velocity dispersion is uniform across the galactic disc (e.g.

Epinat et al., 2012; Genzel et al., 2014; Simons et al., 2016).

We extract the velocity dispersion profile about the kinematic major axis, in the same

way as the rotation curve. To minimize the impact of beam smearing we extract the

velocity dispersion at a radius greater 2Rh, where the observed profile is as close to the

uniform intrinsic profile as possible. The average velocity dispersion of local star-forming

disc galaxies is around ∼20 km s−1 (e.g. van der Kruit & Freeman, 2011b), whilst at
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high redshift (z ∼ 2) integral field surveys have found galaxies to be more turbulent with

σ ∼ 50 – 100 km s−1 (e.g. Genzel et al., 2006).

The rotation velocity and the velocity dispersion of a galaxy are two key fundamental

properties that can be used to define the dynamical state of a galaxy. Large observational

and theoretical programs have been designed to quantify the evolution of galaxy dynamics

(e.g. rotation velocity and velocity dispersion) with cosmic time. Further dynamical

properties can also be quantified from these two observed quantities, such as angular

momentum and disc stability, as we will describe in Chapters 3 & 5.

2.3 High Redshift Integral Field Spectroscopy

The techniques described in this chapter have been made possible through developments

in the observational facilities and instrumentation that have occurred over the last few

decades. Consequently, there have been a wealth of near-infrared observational surveys

that have started mapping the high-redshift (z = 1 − 3) star-forming galaxy population. In

this section, we give an overview of these programs and their key results.

One of the earliest high-redshift integral field surveys was the Spectroscopic Imaging in

the Near Infrared with SINFONI (SINS; Förster Schreiber et al., 2009) which observed

80 K-band and UV-selected galaxies, detecting 63 objects in Hα emission with 12 targets

observed with adaptive optics from z = 1.3 − 2.6. The survey established that around

a third had ionised gas kinematics that aligned with that of rotating disk galaxies with

large velocity dispersions and v/σ ∼ 2 − 4. The remaining two thirds of the sample

were identified either as dispersion dominated galaxies or mergers. Morphologically, the

galaxies were shown to be very different to local star-forming galaxies, with the presence

of kpc-scale clumps of emission (Förster Schreiber et al., 2011a).

A number of other surveys, such as the Mass Assembly Survey with SINFONI (MASSIV;

Contini et al., 2012) and Assessing the Mass Abundance Z Evolution (AMAZE; Maiolino

et al., 2008), utilised SINFONI to study the high-redshift star-forming population. The
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MASSIV survey targeted 84 galaxies with the [Oii] emission line from z = 0.9−1.8 whilst

AMAZE observed UV-selected galaxies from z = 3 − 5.2. Both these surveys increased

the number statistics of integral field observations of high-redshift galaxies and helped

formulate the picture of a dynamically turbulent, morphologically clumpy main sequence

in the early Universe (e.g. Gnerucci et al., 2011; Mannucci et al., 2010; Epinat et al., 2010,

2012).

The commissioning of KMOS on the VLT in 2012/13 transformed studies of high-redshift

galaxies in the near-infrared with its multi-object capabilities enabling spatially resolved

spectroscopy of 24 galaxies per observation (Sharples et al., 2012, 2013). Large obser-

vational programs were put together to maximise the capabilities of KMOS and observe

hundreds of high-redshift star-forming emission-line galaxies. These include the KMOS

Redshift One Spectroscopic Survey (KROSS; Stott et al., 2016; Harrison et al., 2017),

the KMOS3D Survey (Wisnioski et al., 2015, 2019) and the KMOS Deep Survey (KDS;

Turner et al., 2017b), which between them targeted ∼1500 galaxies from z = 0.84 − 3.5.

The KROSS survey, as we discuss in Chapter 4, is a K-band (mass) selected survey

of 795 star-forming galaxies targeting the Hα and [Nii] emission, which was detected

in 73% of the sample (584 galaxies). Stott et al. (2016) established that 83% of the

sample are rotation-dominated galaxies but have higher ionised gas velocity dispersions

with marginally unstable disks. The KMOS3D Survey has a very similar design with a

mass-selected sample in two redshift bands at z = 0.7 − 1.1 and z = 1.9 − 2.7. The Hα

and [Nii] emission lines were targeted in 739 galaxies, with a detection rate of 91% (672

galaxies). Wisnioski et al. (2019) identify that 77% of galaxies are rotation-dominated

with v/σ > 1.8, with the rotation fraction being a strong function of redshift and stellar

mass.

The KMOS Deep Survey probed the more distant Universe, selecting 77 galaxies in the

redshift range z = 3.0 − 3.7, targeting the [Oii], [Oiii] and Hβ nebular emission lines.

Turner et al. (2017b) established a low rotation fraction of 35% with high gas velocity

dispersions of 70km s−1, both of which evolve with cosmic time.

These large integral field surveys as well many others which were ongoing during the course
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of this thesis, (e.g. MOSDEF; Kriek et al., 2015), have revolutionised our understanding

of the high-redshift star-forming population. They have enabled empirical constraints to

be placed on the star formation and interstellar medium properties of the high-redshift

Universe (e.g. Genzel et al., 2011; Förster Schreiber et al., 2019; Freeman et al., 2019;

Swinbank et al., 2019). They have also facilitated studies of the cosmic evolution of galaxy

scaling relations such as the Tully-Fisher relation (e.g. Tiley et al., 2016; Turner et al.,

2017a; Übler et al., 2019; Tiley et al., 2019) and the Fall relation (e.g. Burkert et al., 2016;

Swinbank et al., 2017; Harrison et al., 2017), as discussed in Chapter 1. In this thesis, we

build upon these observational surveys and explore the connection between the observed

evolution in galaxy properties and their rest-frame optical morphologies.



CHAPTER 3
The Relation Between Galaxy Dynamics and

Morphology at z ∼ 1.5

Abstract

We present an analysis of the gas dynamics of star-forming galaxies at z ∼ 1.5 using

data from the KMOS Galaxy Evolution Survey (KGES). We quantify the morphology of

the galaxies using HST CANDELS imaging parametrically and non-parametrically. We

combine the Hα dynamics from KMOS with the high-resolution imaging to derive the

relation between stellar mass (M∗) and stellar specific angular momentum (j∗).

We show that high-redshift star-forming galaxies at z ∼ 1.5 follow a power-law trend in

specific stellar angular momentum with stellar mass similar to that of local late-type

galaxies of the form j∗ ∝M0.53± 0.10
∗ . The highest specific angular momentum galaxies are

mostly disc-like, although generally, both peculiar morphologies and disc-like systems are

found across the sequence of specific angular momentum at a fixed stellar mass.

We explore the scatter within the j∗ –M∗ plane and its correlation with both the integrated

dynamical properties of a galaxy (e.g. velocity dispersion, Toomre Qg, Hα star formation
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rate surface density ΣSFR) and its parameterised rest-frame UV / optical morphology (e.g.

Sérsic index, bulge to total ratio, Clumpiness, Asymmetry and Concentration).

We establish that the position in the j∗ –M∗ plane is correlated with the star-formation

surface density and the Clumpiness of the stellar light distribution. Galaxies with peculiar

rest-frame UV / optical morphologies have comparable specific angular momentum to disc-

dominated galaxies of the same stellarmass, but are clumpier and have higher star-formation

rate surface densities. We propose that the peculiar morphologies in high-redshift systems

are driven by higher star formation rate surface densities and higher gas fractions leading

to a more clumpy interstellar medium.

3.1 Preamble

Section 1.3.2.2 of this thesis described how the high-redshift main-sequence galaxy

population is dominated by morphologically irregular, dynamically turbulent galaxies. The

application of the Hubble Sequence to the high-redshift population has been questioned

as well as the existence and evolution of local scaling relations such as the connection

between specific angular momentum, stellar mass and morphology.

In this chapter, we use a KMOS large programme to explore the scatter in the specific

angular momentum stellar–mass plane at z ∼ 1.5 and its correlation with the dynamics and

the morphology of the galaxies. A general introduction to this research is in Section 1.3.2.2,

whilst in this chapter, we only give a short introduction to the research that is specific

to the observations presented here. The subsequent sections of this chapter (Section 3.3

onwards) have been published in Gillman et al. (2019b).

3.2 Introduction

Hydrodynamical simulations of high-redshift star-forming galaxies have shown that the

angular momentum of the baryons and stars within the simulation correlates strongly with
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other galaxy properties such as, gas fraction, stellar concentration and the ratio of circular

velocity to velocity dispersion (e.g. Lagos et al., 2017; El-Badry et al., 2018).

To quantify this correlation observationally and analyse how the angular momentum of

high-redshift star-forming galaxies affects the emergence of Hubble–type disc galaxies, we

require two key quantities. First, we need to derive the internal dynamics of the galaxies

and second, we need to measure their rest–frame optical morphology at this epoch both,

parametrically and non-parametrically, which requires high-resolution multi–wavelength

imaging of the galaxies.

Previous studies have demonstrated the existence of the specific angular momentum stellar–

mass plane in the distant Universe using spatially-resolved dynamics (e.g. Burkert et al.,

2016; Harrison et al., 2017). The connection to the morphology of the galaxies has been

suggested, with more visually ‘disc’ dominated galaxies having more angular momentum

than bulge dominated systems (e.g. Swinbank et al., 2017). However, a statistically

significant sample with well defined HST morphologies is required in order to quantify

the angular momentum, stellar mass and morphology plane at high-redshift.

In this chapter, we present and analyse the relation between gas dynamics, angular

momentum and rest-frame optical morphology in a sample of 235 mass selected star-

forming galaxies in the redshift range z = 1.22 – 1.76.

This survey, theKMOSGalaxyEvolution Survey (KGES; Tiley et. al. in prep.), represents a

27-night guaranteed time programme using theK-bandMulti Object Spectrograph (KMOS;

Sharples et al. 2013) which primarily targets star-forming galaxies in the HST Cosmic

Assembly Near-infrared Deep Extragalactic Legacy Survey (CANDELS; Koekemoer et al.

2011a) with multi-wavelength imaging.

We present the seeing-limited resolved Hα dynamics of 235 galaxies, across a broad range

of stellar mass and Hα star formation rate, from which we measure each galaxy’s dynamics

and morphology. We analyse the connection between a galaxy’s rest–frame optical

morphology, quantified both parametrically and non-parametrically, and its fundamental

dynamical properties that define the emergence of the Hubble-Sequence at z ∼1.5.
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In Section 3.3 we discuss the sample selection, observations and data reduction of the

KMOS observations that make up the KGES Survey. In Section 3.4 we derive the galaxy

integrated photometric and morphological properties, e.g. star formation rates, stellar

mass, Sérsic index and stellar continuum sizes.

We then use the stellar continuum sizes and inclinations to derive the dynamical properties

of the galaxies before combining the galaxy sizes, stellar masses and dynamical properties

to measure the specific angular momentum of the KGES galaxies. In Section 3.5 we

discuss and interpret our findings, exploring the connection between galaxy morphology

and dynamics, before giving our conclusions in Section 3.6.

A Nine-Year Wilkinson Microwave Anisotropy Probe (Hinshaw et al., 2013) cosmology

is used throughout this work with ΩΛ = 0.721, Ωm = 0.279 and H0 = 70 km s−1 Mpc−1. In

this cosmology a spatial resolution of 0.65 arcseconds (the median FWHM of the seeing

in our data) corresponds to a physical scale of 5.6 kpc at a redshift of z = 1.5. All quoted

magnitudes are on the AB system and stellar masses are calculated assuming a Chabrier

initial mass function (IMF) (Chabrier, 2003).

3.3 Sample Selection, Observations and Data Reduction

The KMOS Galaxy Evolution Survey (Tiley et. al. in prep.) concentrates on measuring

the dynamics of ‘main-sequence’ star-forming galaxies at z ∼ 1.5, and builds upon previous

high-redshift surveys of star-forming galaxies (e.g. KROSS at z ∼ 0.9, Stott et al., 2016;

Harrison et al., 2017).

We predominately target galaxies at z ∼ 1.5 in the HST CANDELS field within the spectral

range containing the redshifted Hα λ6563Å and [Nii] (λ6548Å, λ6583Å) nebular emission

lines to obtain a measure of the galaxies’ ongoing star formation.

The majority of galaxies in the KGES survey are selected to have known spectroscopic

redshifts and a K-band magnitude of K < 22.5. If not enough galaxies pass this criteria to

fill the KMOS arms in each mask, fainter galaxies were selected. We note that there was no
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Figure 3.1
The observed (IAB –KAB) colour as a function of the observed K-band magnitude
for the KGES sample. Galaxies detected in Hα are indicated by the red points (243
galaxies). Open symbols represent the 45 galaxies where the Hα signal to noise
(S/N) is less than five. star-forming galaxies in the UDS field in the redshift range
1.25< z < 1.75 are shown for comparison (grey points).

morphological selection when selecting galaxies to be observed with KMOS. In Figure 3.1

we show an I –K colour magnitude diagram for targeted and Hα detected KGES galaxies.

The galaxies in the survey occupy a similar region of colour magnitude parameter space

to typical star-forming galaxies in the UKIDSS Ultra-Deep Survey (UDS; Lawrence et al.

2007) field from z = 1.25 – 1.75.

A full description of the survey design, observations and data reduction is presented in

Tiley et al. (in prep.). In brief, we observed 288 high-redshift galaxies with KMOS as part

of the KGES survey between October 2016 and January 2018. Each target was observed

in five observing blocks (OB) for a total exposure time of 27ks in an ABAABA sequence

(A=Object frame, B = Sky frame) with individual exposures of 600s. The median FWHM

of the seeing in our observations is 〈 FWHM 〉 = 0.65± 0.11 arcseconds with a range from

FWHM=0.49 – 0.82 arcseconds. Our targets lie in the UDS, Cosmological Evolution

Survey (COSMOS; Scoville et al. 2007) and Extended Chandra Deep Field South (ECDFS;
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Giacconi et al. 2001) extragalactic fields.

The European Southern Observatory (ESO) Recipe Execution Tool (ESOREX; ESO CPL

Development Team 2015) pipeline was used to extract, wavelength calibrate and flat field

each of the spectra and form a data cube from each observation. The sky-subtraction

for the KGES observations is performed on a frame by frame basis, with an initial A –B

subtraction. Before stacking, we employ the Zurich Atmospheric Purge (zap; Soto et al.

2016) tool, adapted for use with KMOS, which uses a principal component analysis to

characterise and remove the remaining sky residuals in the observations (Mendel et al. in

prep.). ZAP is trained on residual sky spectra devoid of source emission derived from a

median of the A –B frames.

The final data cube was generated by centering the individual frames according to the

position of the point spread function (PSF) star, and then using an iterative 3-σ clip mean

average to reject pixels with cosmic ray contamination. For flux calibration, standard stars

were observed each night either immediately before or after the science exposures. These

were reduced in an identical manner to the science observations. Of the 288 observed

galaxies, 243 were detected in Hα emission and 235 have spatially-resolved Hα emission

with a median redshift of 〈 z 〉 = 1.48± 0.01 ranging from z = 1.22 – 1.76.

3.4 Analysis and Results

In the following sections we discuss galaxy integrated properties, (e.g. stellar mass (M∗)

and star-formation ( ÛM∗), stellar continuum half-light radius (Rh) and Sérsic index (n)). We

then measure the galaxy dynamics and use the morphological properties, such as stellar

continuum half-light radius, to extract and analyse the galaxies’ kinematic information.

3.4.1 Stellar Masses and Star-Formation Rates

Our targets were selected to lie in the ECDFS, UDS and COSMOS extragalactic fields

prioritising the HST CANDELS regions and therefore having a wealth of ancillary pho-
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tometric data available. This allows us to construct spectral energy distributions (SEDs)

for each galaxy spanning from the rest-frame UV to mid-infrared with photometry from

UDS (Almaini et al., 2007), COSMOS (Muzzin et al., 2013) and ECDFS (Giacconi et al.,

2001).

To measure the galaxy integrated properties we derive the multi-wavelength photometry

from UV – 8 µm by cross correlating the galaxies in the KGES survey with the catalogs

from the surveys listed above. The median the U, I and K-band magnitude of the sample

is 〈UAB 〉 = 24.7± 0.06, 〈 IAB 〉 = 23.7± 0.04 and 〈KAB 〉 = 22.2± 0.06. We then use the

magphys (da Cunha et al., 2008, 2015) code to fit spectral templates to the spectrum

of each galaxy from which we derive stellar masses and dust attenuation factors (Av)

(Dudzevičiūtė et al., 2019).

The full stellar mass range of our sample is log(M∗[M�])=8.9 – 11.7 with a median of

log(M∗[M�])=10.0± 0.1. We employ a homogeneous stellar mass uncertainty of ± 0.2

dex throughout this work that conservatively accounts for the uncertainties in stellar mass

values derived from SED fitting of high-redshift star-forming galaxies (Mobasher et al.,

2015). We show the SEDs and magphys fits for all galaxies in Appendix A.2.

The star formation rates of the galaxies in our sample are derived from the intensity of

the summed Hα emission-line fluxes in 2.4 arcsecond diameter apertures in the KMOS

observations. Following Wuyts et al. (2013), we convert the dust attenuation (Av), derived

from magphys SED fit for each galaxy, to a gas extinction correction factor. We assume

a uniform uncertainty of ± 0.3 mag on the Av of each galaxy to ensure the systematics

in deriving dust attenuation factors from SED fitting are accounted for (Muzzin et al.,

2009). We then derive extinction-corrected star formation rates for each galaxy following

Calzetti et al. (2000). The median Hα star formation rate of the galaxies in our sample is

〈SFR 〉 = 17± 2 M�yr−1 with a 16 – 84th percentile range of 3 – 44 M�yr−1.

The Hα star formation rates and stellar masses for the KGES sample are shown in Figure

3.2. For comparison we also show the KROSS z ∼ 0.9 sample (Harrison et al. 2017) as

well as 0.1, 1 and 10× the ‘main sequence’ for z = 1.5 star-forming galaxies derived in

Schreiber et al. (2015). The KGES sample is offset to higher Hα star formation rates
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compared with KROSS and reflects the increase in the cosmic star formation rate density

at this epoch. We conclude that the galaxies in our sample at z ∼ 1.5 are representative of

the star formation main-sequence at this redshift.

3.4.2 Galaxy Morphology

To investigate the correlation between specific stellar angular momentum and morphology

we need to quantify the morphology of the galaxies in our sample as well as derive their

stellar continuum half-light radii. There are a variety of different approaches to classify

a galaxy’s morphology and in this section we derive both parametric and non-parametric

classifications.

We first discuss the derivation and calibration of the Sérsic index and stellar continuum

half-light radius, using the galfit software (Peng et al. 2011), as well as analysis of the

galaxy’s axis ratios and inclinations. To quantify the morphologies non-parametrically, we

also measure the Concentration, Asymmetry and Clumpiness (CAS; Abraham et al. 1996;

Conselice 2014) parameters for the galaxies in the KGES survey.

All of the galaxies in the sample were selected from the extragalactic deep fields, either

UDS, COSMOS or ECDFS. Just over half the sample (162 galaxies) are part of the

CANDELS survey, and so have have deep imaging in V I JH wavelength bands, whilst 94

more have HST archival imaging (mostly ACS I-band). For the remaining 32 galaxies we

use ground based imaging to derive the morphological properties of the galaxies.

The breakdown of broadband imaging available for the KGES sample, and the PSF half-

light radius in each band, is given in Table 3.1. At z = 1.5, the observed near-infrared

samples the rest frame V-band emission, red-ward of the 4000Å break. To estimate the

extent of the stellar light distribution, we use the longest wavelength HST or ground-based

image available.
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3.4.2.1 Sérsic Index and Stellar Continuum Size

We model the stellar light distributions of galaxies in the KGES sample, within 10× 10

arcsecond cutouts, using the galfit software (Peng et al. 2011) which fits single Sérsic

profiles of the functional form,

I(r) = Ie exp

[
−bn

((
r

Rh

)1/n
− 1

)]
, (3.4.1)

to the light profile of each galaxy. The Sérsic index (n), is allowed to vary between

n= 0.2 – 8 and Rh defines the galaxy’s stellar half-light radius. The Sérsic models are

convolved with the PSF of the broadband image, derived from stacking unsaturated stars in

the frame. We show examples of the imaging, model and residuals for a sample of galaxies

in Appendix A.3, as well as the best quality image available for every KGES galaxy in

Appendix A.2.

For the galaxies with HST CANDELS F160W coverage, we make a direct comparison of

Sérsic index (n), half-light radius (Rh) and semi-major axis (PA) to van derWel et al. (2012)

who derived the structural properties of galaxies in the CANDELS survey up to z = 3 also us-

ing galfit. We find median ratios of 〈 nGF/nVW 〉 = 1.06± 0.01, 〈RhGF /RhVW 〉 = 1.00± 0.01

and 〈 PAGF/PAVW 〉 = 1.00± 0.01, where the subscript VWdenotes van derWel et al. (2012)

measurements and GF denotes our measurement using galfit. This indicates that we can

accurately recover the structural properties of z ∼ 1.5 galaxies using the galfit software.

To ensure the measure of a galaxy’s stellar continuum half-light radius is robust and

unaffected by recent star formation, we need measure the morphology of the galaxy in

the longest wavelength band. To calibrate the structural properties of galaxies without

HST CANDELS F160W coverage, we use galfit to fit Sérsic profiles in every wavelength

band that is available for each galaxy. We use the median ratios of half-light radius, Sérsic

index and semi-major axis in that band to the F160W wavelength band for galaxies with

multi-wavelength imaging, to ‘correct’ the structural properties to F160W measurements.

At z = 1.5 HST F160W filters corresponds to R-band (640nm) whilst the HST F814W

samples the U-band (325nm) emission. To ensure the calibration of Sérsic index is valid
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for galaxies of varying F814W-F160W colour (mF160W-mF814W), e.g. galaxies with more

diverse stellar populations, we explore the correlation between the Sérsic index ratio

nF160W / nF814W and mF160W-mF814W colour. We fit a linear function of the form,

nF160W
nF814W

= α(mF160W −mF814W) + β, (3.4.2)

finding α =− 0.47 and β = 0.64. On average, the ratio of Sérsic index measured in F814W

to F160W is 〈 nF160W / nF814W 〉 = 1.54± 0.08 and this increases for galaxies with bluer

colours.

We apply this variable calibration factor to the galaxies with HST F814W imaging. The

median Sérsic index of KGES galaxies is 〈 n 〉 = 1.37± 0.12, indicating their stellar light

distributions are very similar to that of an exponential disc (n = 1).

We also correct the stellar continuum half-light radii measured from F814W imaging,

to equivalent F160W measurements, following a similar procedure and deriving a fixed

correction factor of 〈Rh,F160W / Rh,F814W 〉 = 0.90± 0.02. This indicates that, on average,

the stellar continuum sizes measured from F814W band imaging are 10 per cent larger

than that measured from F160W band imaging.

We derive a median intrinsic Rh of the galaxies in our sample to be 〈Rh 〉 = 0.′′31± 0.′′02

(2.60± 0.15 kpc at z =1.5). In Figure 3.2 we show the distribution of half-light radius (Rh),

derived from a variety of imaging (Table 3.1) as a function of stellar mass for all 288

KGES galaxies. We show tracks of the stellar mass – stellar continuum size relation from

van der Wel et al. (2014) for star-forming galaxies at z = 1.25 and z = 1.75 with the shaded

region indicating the uncertainty on the relations.

The main-sequence galaxy population, in the redshift range z = 1.25 – 1.75, with a median

stellar mass of log(M∗[M�])=10.25, has stellar continuum size 18 – 64th percentile range

of 〈Rh 〉 = 1.32 – 5.5 kpc (van der Wel et al., 2014). The median size of the KGES galaxies

lies within this range and from Figure 3.2 we can see that the galaxies in the KGES survey

have stellar continuum sizes that are typical of the star-forming population at z =1.5.

To place the KGES sample in context of other high-redshift integral field studies of star-
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forming galaxies, we also show the stellar continuum size distribution of the KROSS survey

as a function of stellar mass in Figure 3.2. The distribution of sizes in the two surveys

is very similar with KROSS having a slightly larger a median size of 〈Rh 〉 = 0.′′36± 0.′′01

(2.80± 0.07 kpc at z = 0.9).

3.4.2.2 Inclination and Axis Ratios

In Section 3.4.3 we will measure the rotational velocities of the galaxies in the sample. To

correct the dynamics for line-of-sight inclination effects we derive the inclination for each

galaxy in the sample. For galaxies that are disc-like, the inclination angle can be calculated

using,

cos2(θinc) =
(b/a)2 − q2

0

1 − q2
0

, (3.4.3)

where θinc = 0 represents a face-on galaxy (e.g. Tully & Fisher 1977b). The value of q0,

which represents the edge on axis ratio, depends on the galaxy type, but is typically in

the range q0 = 0.13 – 0.20 for rotationally supported galaxies at z ∼ 0 (e.g. Weijmans &

MaNGA Team 2016).

We adopt q0 = 0.2 as this is appropriate for a thick disc (e.g. Guthrie 1992; Law et al.

2012b; Weijmans et al. 2014) and to be consistent with other high-redshift integral field

surveys (e.g. KROSS, Harrison et al. 2017; KMOS3D, Wisnioski et al. 2015).

Themediumaxis-ratio ofKGESgalaxies, derived from thegalfitmodelling, is 〈 b /a 〉 = 0.60

± 0.02 which equates to a medium inclination of 〈 θinc 〉 = 55◦ ± 2◦. This corresponds to

a medium line-of-sight velocity correction of ∼ 30 percent. To measure the reliability of

the axis ratio measurements from galfit for the KGES galaxies, we generate 1000 mock

galaxies with a distribution of half-light radii, Sérsic index, K-band magnitude and axis

ratios that reflects the KGES sample.

We use galfit to measure the intrinsic axis ratio of the model galaxies and derive a

median ratio of 〈 ba int / baGALFIT 〉 = 1.00± 0.01 with a scatter of 0.40. We note however

that galfit performs poorly for very faint small galaxies that have low signal to noise.

The median axis ratio is in agreement with the results of Law et al. (2012a) who use the
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rest-frame HST optical images for z ≈ 1.5 – 3.6 star-forming galaxies and find a peak axis

ratio of (b/a)∼0.6.

3.4.2.3 Concentration, Asymmetry and Clumpiness (CAS)

In Section 3.5.3 we will correlate the dynamics of the galaxies with their morphologies,

so to provide a non-parametric model independent measurement of a galaxy’s rest-frame

optical morphology, we next derive the Concentration, Asymmetry and Clumpiness (CAS;

Abraham et al. 1996; Conselice 2003, 2014) of the continuum stellar light distribution of

the galaxies in our sample.

As shown by Conselice (2003), due to the their non-parametric nature, the CAS parameters

of star-forming galaxies can be reliably measured out to high redshift and they capture

the major features of the stellar structure in a galaxy without assuming an underling

form, e.g. Sérsic fitting in the case of galfit. We note due to the complex, non-linear,

nature of converting non-parametric measures of a galaxy’s morphology between different

wavelength bands, we do not measure the CAS parameters for galaxies without HST

imaging.

For galaxies with HST imaging, we derive the CAS parameters in F814W I-band imaging

as this maximises the sample size and allows an accurate comparison to the KROSS survey

which predominately has HST F814W I-band imaging.

The Concentration (C) of a galaxy is a measure of how much light is in the central regions

of the galaxy compared to the outskirts and is calculated from,

C = 5 × log10

(
router
rinner

)
, (3.4.4)

where router is the radius which contains 80 per cent of the light within an aperture of

semi-major axis 3Rh, rinner is the radius which contains 20 per cent of the light within the

same aperture. A higher value of concentration indicates a larger fraction of the galaxies

light originates from the central regions. The median concentration for our sample is

〈C 〉 = 2.36± 0.34.
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For comparison we also measured the concentration of galaxies in the KROSS z = 0.9

sample with HST imaging (178 galaxies), finding 〈C 〉 = 2.4± 0.27 which implies, on

average the stellar light profiles of z = 0.9 star-forming galaxies are more concentrated than

z = 1.5 galaxies.

Conselice (2003) identified that in a sample of 250 z ∼ 0 galaxies, late-type discs have

a median concentration of 〈C 〉 = 3.1± 0.4, whilst local early type galaxies have much

higher concentration of 〈C 〉 = 3.9± 0.5. Local irregular galaxies were established to have

a 〈C 〉 = 2.9± 0.3 indicating high-redshift galaxies have stellar light distributions with

concentrations similar to local irregular galaxies.

The Asymmetry (A) of a galaxy reflects the fraction of light originating from non-

symmetric components, where a perfectly symmetric galaxy would have A= 0 and a

maximally asymmetric galaxy would have A= 1. The Asymmetry estimator of a galaxy is

defined as,

A = min
(∑
|I0 − I180 |∑
|I0 |

)
−min

(∑
|B0 − B180 |∑
|I0 |

)
, (3.4.5)

where I0 represents the original galaxy image and I180 is the image rotated by 180◦ about its

centre. B0 and B180 represent a region of sky of equal size nearby to the galaxy (Conselice,

2014). The true Asymmetry of the galaxy is measured by minimising over the centre

of symmetry and is calculated within an ellipse of semi-major axis 3Rh, where Rh is

convolved with the PSF of the image, with an axis ratio and position angle matching that

derived from Sérsic fitting in Section 3.4.2.1.

Since the Asymmetry is a function of signal to noise (Conselice, 2003), we assess the

reliability of Asymmetry measurements by creating 100 mock galaxies with Sérsic index

n = 0.5 – 2, Rh = 0.′′1 – 1.′′0 and a signal to noise distribution similar to our data.

The Asymmetry in each galaxy is calculated first within an ellipse of semi-major axis

3Rh (AMask) and compared to the true Asymmetry of each galaxy (ATrue), derived from

the full extent of the galaxy with infinite signal to noise. We then compare ATrue to

the Asymmetry within an ellipse of semi-major axis 3Rh for galaxies that have signal

to noise of 10 (A10). We find a median ratio of 〈ATrue / AMask 〉 = 1.01± 0.03 whilst
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〈ATrue / A10 〉 = 1.05± 0.01. This indicates that on average the Asymmetry of the galaxies,

although slightly underestimated, are accurate to a few per cent when calculated within an

ellipse of semi-major axis 3Rh, even in our lowest signal to noise sources.

For the KGES galaxies we derive a median Asymmetry of 〈A 〉 = 0.19± 0.05 with a range

from A=0.01 – 0.85. In a study of z ∼ 0 galaxies by Conselice (2003), late-type galaxies

were shown to have 〈A 〉 = 0.15± 0.06, whilst early-types have 〈A 〉 = 0.07± 0.04 and

irregular galaxies have 〈A 〉 = 0.17 ± 0.10.

The galaxies in the KGES survey have asymmetries equivalent to those of local late-type

and irregular galaxies. In Section 3.5.2 wewill also compare the dynamics andmorphology

of the KROSS sample to the KGES galaxies. We therefore derive the Asymmetry of the

KROSS galaxies, finding 〈A 〉 = 0.16 ± 0.06.

We can parameterise the fraction of light originating from clumpy distributions in a galaxy

using the Clumpiness parameter, S, which is defined as,

S = 10 ×
[(∑
(Ix,y − Iσx,y)∑

Ix,y

)
−

(∑ Bx,y − Bσ
x,y∑

Ix,y

)]
, (3.4.6)

where Ix,y is the original image and Iσx,y is a smoothed image. The degree of smoothing,

as defined by Conselice (2003), is relative to the size of the galaxy and is quantified by

σ = 0.2× 3Rh, where σ is the standard deviation of the Gaussian kernel. The residual

map generated from subtracting the smoothed image from the original, contains only high

frequency structures in the galaxy. The central region of the galaxy is masked out in this

process as it is often unresolved.

The same method is applied to an arbitrary region of background away from the galaxy

(Bx,y, Bσ
x,y) to remove the inherent Clumpiness of the noise in the image. We derive

the Clumpiness for the galaxies in the KGES sample finding a median Clumpiness of

〈S 〉 = 0.37± 0.14 with a range from S= 0.01 – 5.3.

In comparison to the local Universe, Conselice (2003) identified that z ∼ 0 late-type galaxies

have 〈S 〉 = 0.29± 0.13, early-type galaxies have 〈S 〉 = 0.08± 0.08 and irregular galaxies

have 〈 S 〉 = 0.40± 0.20. The Clumpiness distribution of KGES galaxies aligns with that of
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late-type local disc galaxies. As a comparison sample we also derive the Clumpiness for

the galaxies in the KROSS sample, finding a median value of 〈S 〉 = 0.37± 0.10.

Law et al. (2012a) established that a typical main-sequence star-forming galaxy in the

redshift range z = 1.5 – 3.6 is well described by a Sérsic profile of index n∼ 1, Concentration

index C∼ 3 and Asymmetry index A∼ 0.25.

The galaxies in the KGES sample have Sérsic and CAS parameters that align with typical

star-forming galaxies at z = 1.5. We show the distribution of Concentration, Asymmetry

and Clumpiness of the KGES z ∼ 1.5 galaxies in comparison to the KROSS z ∼ 0.9 survey

as well as the median values and scatter for a sample of late-type z = 0 galaxies from

Conselice (2003) in Figure 3.3.

3.4.3 Kinematics

We next turn our attention to the kinematics of the KGES sample. A full description of

the emission-line fitting procedure and extraction of kinematic properties is given in Tiley

et. al. (in prep.) and was also discussed in Chapter 2. Here we give a brief overview of

the emission-line fitting procedure and then we discuss the rotational velocity and velocity

dispersion measurements that enable us to quantify more derived properties of the KGES

galaxies.

3.4.3.1 Emission-Line Fitting

Briefly, we fit a triple Gaussian profile to the continuum subtracted Hα (λ6562Å) and [Nii]

(λ6548Å, λ6583Å) emission line profiles in all 288 KGES galaxies, with the redshift,

emission-line width and emission-line amplitude as free parameters, following the method

discussed in Chapter 2.

In Figure 3.4 we show examples of the spatially-resolved Hα intensity, velocity, and

velocity dispersion maps for a number of KGES galaxies. The Hα velocity field for all

KGES galaxies in shown in Appendix A.2. The galaxies in our sample have predominantly
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Figure 3.4
Example of spatially-resolved galaxies in the KGES sample from each quartile of
specific stellar angular momentum. From left to right: broad-band imaging of the
galaxy (left), with semi-major axis (PAim; orange dashed line), Hα intensity map,
velocity map, and velocity dispersion map, derived from the emission-line fitting
with data cube field of view (blue dashed square). Kinematic position angle (PAvel;
black solid line) and PAim (orange dashed line) axes are plotted on the rotation and
dispersion velocity maps. Rotation curve and dispersion profile extracted about
the kinematic position axis (right). The rotation curve shows lines of 2Rh derived
from Sérsic fitting, as well as V(2Rh) (red and blue dashed lines) extracted from
the rotation curve fit (black curve). The dispersion profile shows the extracted σint
(blue dashed line) and 1σ region (yellow shaded region).
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rotationally supported gas kinematics, with 〈V2Rh /σ0 〉 = 1.93± 0.21 where 68 per cent of

KGES galaxies have v/σ >1, within which V2Rh is the rotation velocity of the galaxy and

σ0 is the intrinsic velocity dispersion, as defined in Section 3.4.3.2 & 3.4.3.3.

To quantify the misalignment between the kinematic and morphological axes we define

the misalignment parameter Ψ as,

sinΨ = |sin(PAmorph − PAkin)| (3.4.7)

where Ψ is defined between 0◦ and 90◦ (Wisnioski et al., 2015). For the KGES sample

〈Ψ 〉 = 18.65◦ ± 1.98◦ with 66 per cent of KGES galaxies passing the galaxy disc criteria

of Ψ < 30◦. This fraction increases to 78 per cent with Ψ < 40◦. This indicates that the

KGES galaxies have well defined velocity gradients, that reflect the stellar morphology

shown in the first panel of Figure 3.4.

This implies that most of the high-redshift galaxies in the KGES sample are predominantly

rotation dominated galaxies with defined rotation axes. The distribution of Hα velocity

maps for the full sample in the specific stellar angular momentum– stellar mass plane is

shown in Figure 3.5. We note however, that some ‘disc’ galaxies in seeing-limited obser-

vations have been identified as mergers in higher resolution adaptive optics observations

(e.g. Rodrigues et al. 2017; Sweet et al. 2019; Espejo et al. in prep.).

3.4.3.2 Rotation Velocities

To measure the correlation between the dynamics of the galaxies in our sample and their

rest-frame optical morphologies, we need to parameterise their kinematics. We quantify

the dynamics by measuring the asymptotic rotational velocity of each galaxy derived from

the spatially-resolved Hα velocity maps as described in Chapter 2.

We choose to derive the rotation profiles of the galaxies in the KGES sample using the

pseudo ‘slit’ as opposed to forward modelling approaches (e.g. Di Teodoro et al. 2016)

since this reduces the number of assumptions about the galaxy’s dynamical state. We note,

however in doing so the extracted rotation curves are affected by beam smearing but by
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following the procedures of Johnson et al. (2018) these effects can be reduced to less than

the 10 per cent level.

To minimize the scatter in the velocity profiles and to allow for the possibility of rising, flat

or declining rotation curves, we fit each galaxy’s rotation curve with a parametric model.

We choose an exponential light profile (see Freeman 1970) since the kinematics, as shown

in Figure 3.4, indicate the majority of the galaxies are rotationally supported with large

scale ordered rotation.

The dynamical model is parameterised as follows,

v(r)2 =
r2πGµo

rD
(Io(x)Ko(x) − I1(x)K1(x)) (3.4.8)

where G is the gravitational constant, µo is the peak mass surface density, rD is the disc

scale radius and In(x)Kn(x) are Bessel functions evaluated at x = 0.5r/rD. The rotation

velocities and best fit dynamical models are shown in Figure 3.4 for a subsample of KGES

galaxies. We do not interpret the model parameters, nor extrapolate the model to large

radii, but rather use the model to trace the observed rotational velocity profiles and account

for the effect of noise in the outer regions.

Next we measure the rotational velocity of each galaxy by extracting the velocity from

the galaxy’s rotation curve at 2Rh (= 3.4Rd for an exponential disc where Rd is the light

profile scale radius; e.g. Miller et al. 2011). As shown by Romanowsky & Fall (2012), the

velocity at 2Rh provides a reliable estimate of a galaxy’s rotation velocity irrespective of

its morphology.

At 2Rh, the velocity profile of an exponential disc, with a nominal dark matter fraction,

begins to flatten and the effects of beam smearing are minimized. It is also crucial for

capturing the majority of a galaxy’s angular momentum (e.g. Obreschkow et al. 2015), as

we demonstrate in Section 3.4.4 for the KGES galaxies and allows comparison to other

spatially-resolved studies of star-forming galaxies (e.g. KMOS3D, KROSS, Wisnioski

et al., 2015; Harrison et al., 2017)

The extracted velocity, from the dynamical model, is inclination and beam smear corrected
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Figure 3.5
The Hα rotational velocity maps of the KGES galaxies with Hα signal to noise
greater than 5, displayed in the specific stellar angular momentum stellar mass
plane, offset to minimise overlap. The white solid line is a fit to the KGES data of
the form log10( j∗)=α + β (log10(M∗/M�) − 10.10), with the slope fixed to β = 0.66
and a derived intercept of α = 2.61. White dashed lines are a factor of 10 above
and below the fit. Low stellar mass, low angular momentum galaxies have smaller
stellar continuum sizes and thus have a smaller extent of nebula emission compared
to galaxies of higher stellar mass and higher angular momentum.
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following the procedures described in Johnson et al. (2018) with a median correction factor

of 〈Vobs /Vint 〉 = 1.05± 0.01. The median intrinsic rotation velocity of the KGES galaxies

is 〈V2Rh 〉 = 102± 8 km s−1, with a 16 – 84th percentile range of 27 – 191 km s−1.

For 50 of the galaxies in the KGES sample, the low S/N of the Hα emission means we do

not spatially resolve the galaxy out to 2Rh. In these galaxies, we extrapolate the dynamical

model beyond the last data point to measure the rotation velocity at 2Rh. To understand

whether this affects the derived rotation velocity we measure the ratio of the radius of the

last data point on the rotation curve to 2Rh and the ratio of the velocity of the last data

point to the velocity extracted at 2Rh.

For galaxieswe do resolve, we identify that 〈Rlast/2Rh 〉 = 1.6± 0.08 and 〈Vlast/V2Rh 〉 = 1.01

± 0.03, whilst for the 50 galaxies we do not resolve out to 2Rh, 〈Rlast/2Rh 〉 = 0.84± 0.04

and 〈Vlast/V2Rh 〉 = 0.97± 0.02. This indicates that on average when the Hα rotation curve

does not extend out to 2Rh, a 15 per cent extrapolation is required and the extracted velocity

at 2Rh is slightly less than that at Rlast.

To put the dynamics of the galaxies in the KGES sample in the context of other high-

redshift star-forming galaxy surveys, we make a comparison to the KROSS sample of

∼600 star-forming galaxies at z ∼ 0.9. Harrison et al. (2017) extracts the rotation velocity

of the KROSS galaxies at 2Rh and applying the beam smearing corrections derived in

Johnson et al. (2018). The KROSS sample has a median intrinsic rotational velocity

of 〈Vint 〉 = 117± 4 km s−1 with a 16 – 84th percentile range of 46 – 205 km s−1. In the

KROSS sample, galaxies have higher rotation velocities than the KGES galaxies at z ∼ 1.5.

The distribution of stellar mass in both the KROSS and KGES surveys is very similar with

both samples having a median stellar mass of log(M∗[M�])=10.0± 0.2. The origin of the

evolution in rotation velocities may be driven by the biases in the selection function of the

two surveys or by an evolution in pressure support within the galaxies (e.g. Tiley et al.

2019, Übler et al. 2019). Establishing the exact cause is beyond the scope of this thesis,

but will be discussed in Tiley et al. (in prep.).
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Figure 3.6
Velocity dispersion (σ0) as a function of the Hα star formation rate for KGES
(coloured points) and KROSS (grey points) galaxies. KGES galaxies are coloured
by their stellar mass (M∗) with the median and standard deviation of velocity
dispersion in bins of Hα star formation rate shown by the square points. Galaxies
of a higher star formation rate have higher stellar mass (Figure 3.2). We show
the feedback driven turbulence model from Krumholz & Burkhart (2016) for the
relation between star formation rate and velocity dispersion, parameterised as
SFR∝ v2

cσ
2/Qg, for different Toomre Qg values, evaluated at the median rotational

velocity of the KGES sample, 〈V2Rh 〉 = 102± 8 km s−1. The KGES galaxies occupy
similar σo – SFR parameter space as galaxies with Qg = 0.25 – 3.0
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3.4.3.3 Velocity dispersion

To analyse the connection between a galaxy’s rest-frame optical morphology, dynamics

and the balance between rotational and pressure support, we need to measure the intrinsic

velocity dispersion (disc thickness) within each galaxy, as described in Chapter 2. We

assume that a galaxy’s intrinsic dispersion profile is flat and that the velocity dispersion is

a good proxy for the turbulence (non-circular motions) within a galaxy.

We attempt to measure the dispersion profile of each galaxy out to 1.3Rh. We choose 1.3Rh

as opposed to 2Rh, as more galaxies have kinematic information at 1.3Rh and we identify

that the derived velocity dispersion is very similar with 〈σ1.3Rh /σ2Rh 〉 = 1.00± 0.07. If

the spatially-resolved kinematics of the galaxy do not extend out to 1.3Rh, we measure the

median dispersion from the velocity dispersion map of the galaxy, examples of which are

shown in Figure 3.4. The extracted values are then corrected for beam smearing following

the methods described in Johnson et al. (2018), which use model-based corrections, to

derive an intrinsic velocity dispersion for each galaxy.

For the sample of 235 resolved galaxies the median line-of-sight velocity dispersion

is 〈σ0 〉 = 52± 2 km s−1, with a 16 – 84th percentile range of 37 – 72 km s−1. In com-

parison, the KROSS sample of galaxies at z ∼ 0.9 has a median velocity dispersion of

〈σ0 〉 = 44± 1 km s−1.

Übler et al. (2019) established that star-forming galaxies at z = 2.3 have a ionised gas

velocity dispersion of 〈σ0 〉 = 45 km s−1, whilst for galaxies at z = 0.6, 〈σ0 〉 = 30 km s−1.

This indicates that main sequence star-forming galaxies at z ∼ 1.5 have 20 per cent higher

levels of turbulence compared to z ∼ 0.9 main sequence galaxies whilst having comparable

levels of dispersion to higher redshift galaxies. This is in agreement with the findings of

previous high redshift integral field studies (e.g. Wisnioski et al. 2015; Johnson et al. 2018;

Übler et al. 2019, Tiley et. al. in prep.).

In Figure 3.6 we show the velocity dispersions of both the KGES and KROSS galaxies as

a function of their Hα star formation rate, with the KGES galaxies coloured by their stellar

mass. Galaxies of higher star formation rate have higher stellar mass, as reflected in the
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main-sequence in Figure 3.2.

We also show the feedback-driven turbulence model from Krumholz & Burkhart (2016)

for the relation between star formation rate and velocity dispersion, parameterised as

SFR∝ v2
cσ

2/Qg, for different Toomre Qg values, evaluated at the median rotational velocity

of the KGES sample, 〈V2Rh 〉 = 102± 8 km s−1. The KGES galaxies occupy similar σo –

SFR parameter space as galaxies with Qg = 0.25 – 3.0.

To quantify the kinematic state of the galaxies in our sample we take the ratio of rotation

velocity (V2Rh) to velocity dispersion (σ0). Galaxies with dynamics that are dominated by

rotation will have V2Rh/σ0 > 1 whilst those with kinematics driven by turbulent pressure-

support have V2.2Rh/σ0 < 1.

The median ratio of rotation velocity to velocity dispersion in the KGES sample is

〈V2Rh/σ0 〉 = 1.93± 0.21 with a 16 – 84th percentile range of V2Rh/σ0 = 0.52 – 3.89. This

is within 1–σ of z ∼ 0.9 galaxies in the KROSS survey, which have 〈V2Rh /σ0 〉 = 2.5± 1.4

(Harrison et al., 2017), but considerably higher than that Turner et al. (2017b) derived for

star-forming galaxies at z ∼ 3.5 in the KMOS Deep Survey, with 〈V2Rh /σ0 〉 = 0.97± 0.14.

This indicates that the kinematics of the galaxies in our sample are, on average, rotation

dominated, and representative of the main-sequence population at z ∼ 1.5.

3.4.4 Angular Momentum

In this section we measure the specific stellar angular momentum (j∗) of each galaxy in

the KGES sample. We first confirm that the angular momentum of a disc galaxy can

be calculated from the integral of the galaxy’s one-dimensional rotation and stellar mass

profiles as well as from the approximation of asymptotic rotation speed and stellar disc

size, as first proposed by Romanowsky & Fall (2012) (see also Obreschkow & Glazebrook

2014).

In the following sections, we then explore the correlation of specific stellar angular

momentum with stellar mass and analyse the morphological and dynamical properties of

the galaxies that scatter about the median j∗ –M∗ relation.
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3.4.4.1 Asymptotic and integrated specific stellar angular momentum

The specific stellar angular momentum is one of most fundamental properties of a galaxy.

It combines the rotation velocity profile and the stellar disc size of the galaxy whilst

removing the inherent scaling with stellar mass (Peebles 1969; Fall & Efstathiou 1980;

Fall 1983).

The specific stellar angular momentum is given by,

®j∗ =
®J∗

M∗
=

∫
r(r × v̄(r))ρ∗(r)d

3r∫
r ρ∗(r)d

3r
, (3.4.9)

where r and v̄ are the position and mean-velocity vectors (with respect to the centre of

mass of the galaxy) and ρ(r) is the three dimensional density of the stars (Romanowsky &

Fall, 2012). To derive the specific angular momentum from observations, we can use two

different approaches which require a number of approximations.

We derive the integrated specific stellar angular momentum (j∗) of a galaxy by integrating

the galaxy’s rotation velocity and surface brightness profiles. Second, we derive the

asymptotic specific stellar angular momentum (j̃∗), using the parameterised morphology

(e.g. Sérsic index, stellar continuum size) and asymptotic rotation velocity of the galaxy.

In this section we measure both j∗ and j̃∗ for the galaxies in KGES sample to compare

both methods and explore their correlations with galaxy morphology. In doing so we

are assuming that the gas kinematics are good tracers of the stellar angular momentum,

which may introduce a small systematic of ≈0.1 dex when comparing directly to stellar

measurements, based on low-redshift studies (e.g. Cortese et al. 2014, 2016)

First, we calculate the integrated specific stellar angular momentum (j∗) of the KGES

galaxies. If the dynamics of the stars and gas in the galaxies are comprised of only circular

orbits, the normal of the specific stellar angular momentum relative to the center of gravity

can be written as

j∗ =
���� J∗
M∗

���� = ∫ ∞
0 Σ(r)v(r)r2dr∫ ∞

0 Σ(r)rdr
, (3.4.10)

where Σ(r) is the azimuthally averaged surface mass density of the stellar component of

the galaxy and v(r) is the rotation profile. To evaluate this formula for galaxies in the
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KGES sample, we use the near-infrared surface brightness profiles I(r) as a proxy for

the surface mass density, under the assumption that mass follows light. As discussed in

Section 3.4.2 the majority of the galaxies in the sample have HST CANDELS imaging in

the near-infrared, that is, rest-frame optical, which traces the old stellar population.

To derive a galaxy’s surface mass density profile, we calculate the intrinsic surface

brightness profile of the galaxy from the HST image and then convolve it with the KMOS

PSF. Integrating this with the rotation velocity profile, measured in Section 3.4.3, we derive

a specific stellar angular momentum profile for each galaxy. We then derive an estimate of

the total specific angular momentum of each galaxy (j∗) by extracting the specific stellar

angular momentum at 2× half-stellar mass radius (∼3.4Rd) from the angular momentum

profile.

The second approach to measuring a galaxy’s integrated specific stellar angular mo-

mentum (j∗) is to derive the galaxy’s asymptotic specific stellar angular momentum (j̃∗).

Romanowsky & Fall (2012) showed that the total angular momentum, for galaxies of

varying morphological type, can be approximated by a combination of asymptotic rotation

speed, stellar disc size and Sérsic index,

j̃∗ = knCivsRh, (3.4.11)

where vs is the rotation velocity at 2× the half-light radius (Rh), Ci is the correction factor

for inclination, assumed to be sin−1(θinc) (see Appendix A of Romanowsky & Fall 2012)

and kn is a numerical coefficient that depends on the Sérsic index (n) of the galaxy and is

approximated as:

kn = 1.15 + 0.029n + 0.062n2, (3.4.12)

This approximation is valid if the surface brightness profile of the galaxy can be well

described by a single component Sérsic profile parameterised by a half-light radius (Rh)

and Sérsic index (n). Thus Σ(r) ∝ exp(−r/R) and assuming the exponential disc is rotating

at a constant rotation velocity (vs),

j∗(r) =
[
2 +

(r/R)2

1 + r/R − exp(r/R)

]
Rhvs (3.4.13)
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Figure 3.7
The asymptotic specific stellar angularmomentum (j̃∗) as a function of the integrated
specific angular momentum (j∗) evaluated at 2× half-stellar mass radius, for the
KGES sample. The black dashed line indicates a one to one relation. The colourbar
indicates the Sérsic index of the galaxy. The scatter below the line is a consequence
of deconvolution with a broad–band PSF and convolution with the KMOS PSF.
Scatter above the line is driven by galaxies of a higher Sérsic index in which
the integrated specific angular momentum at 2× half-stellar mass radius is an
underestimate of the total angular momentum in the galaxy.

For further details on the potential limitations of this approach we refer the reader to

Obreschkow & Glazebrook (2014).

To compare the two methods, in Figure 3.7 we plot the asymptotic specific stellar angular

momentum (j̃∗) as a function of the integrated specific angular momentum (j∗). Galaxies

with high Sérsic index (n > 2) appear to scatter above the line, with the asymptotic specific

angular momentum being over estimated, whilst galaxies with n∼ 1, scatter about the line.

To understand the source of the scatter within this plane we measure both the asymptotic

and integrated specific angular momentum for 1000 mock galaxies with log(M∗[M�]) = 9 –

10.5, Sérsic index n= 0.5 – 8 and half stellar mass radii in the range Rh = 0.′′1 – 2.′′0. A

tight correlation between j̃∗ and j∗ is identified for galaxies with n= 0.5 – 2 of all stellar
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masses and continuum sizes, with 〈 j̃∗/j∗ 〉 = 0.88± 0.03, when the PSF of both the mock

broadband and integral field data is ≈0 arcseconds. The integrated specific stellar angular

momentum (j∗) overestimates the angular momentum of galaxies, when a non-zero PSF is

used. The inner regions of the angular momentum profile of the galaxy are not resolved

in the convolution process, especially when the PSF is comparable to the galaxies’ stellar

continuum size.

For mock galaxies with Sérsic index n= 2 – 8, 〈 j̃∗/j∗ 〉 = 2.88± 0.94 with the integrated

specific stellar angularmomentumbeing underestimated in galaxies of a higher Sérsic index.

Romanowsky & Fall (2012) comment that the reliability of j̃∗ ≈ j∗ depends systematically

on the density profile, where for galaxies with n = 2, 4, and 6, j̃∗ = j∗ at R∼ 2Rh, 4.5Rh, and

10Rh, highlighting that the extended envelopes of higher Sérsic index galaxies contribute

more to j∗.

For the remainder of the analysis on the KGES sample we therefore adopt j̃∗ (Equation

3.4.11) as the estimate of the total specific stellar angular momentum in the galaxies which

is expected to recover the total angular momentum of a galaxy to within four per cent

(Romanowsky & Fall, 2012).

3.4.5 Summary of Morphological and Dynamical Properties

We detected Hα and [Nii] emission in 243 of our targets (84 per cent of the sample) and

showed that they are representative of ‘main-sequence’ star-forming galaxies at z ∼ 1.5

(Section 3.4.1). We parameterised their rest-frame optical morphology of this sample of

spatially-resolved galaxies, both parametrically, identifying on average their stellar light

distributions follow an exponential disc with a median Sérsic index of 〈 n 〉 = 1.37± 0.12

(Section 3.4.2.1), and non-parametrically, showing that the galaxies in the KGES sample

have symmetrical and clumpy morphologies (Section 3.4.2.3).

Exploiting the KMOS observations, we showed the kinematics of the KGES galaxies

align with that of star-forming discs with well defined ordered rotation (Figure 3.4) with a

median rotational velocity of 〈V2Rh 〉 = 102± 8 km s−1. A full catalogue of all observable
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properties measured from the KGES galaxies will be published in Tiley et al. (in prep.)

and is shown in Appendix A.1.

In the following sections we use these observed properties of the KGES galaxies to analyse

more derived quantities, (e.g. specific angular momentum) and explore the connection

between a galaxy’s gas dynamics and rest-frame optical morphology.

3.5 Discussion

3.5.1 The Specific Angular Momentum of Gas Discs at z ∼ 1.5

The correlation between specific stellar angular momentum and stellar mass is well

established at z ∼ 0 (e.g. Fall & Efstathiou, 1980; Posti et al., 2018) with higher stellar

mass galaxies having higher specific angular momentum according to a scaling j∗ ∝M2/3
∗

(e.g. Fall, 1983; Mo et al., 1998).

Romanowsky & Fall (2012) updated the work by Fall 1983 with new observations of

galaxies spanning a range of morphologies, confirming that for a fixed stellar mass, galaxy

discs have a factor 5-6× more angular momentum than spheroidal galaxies.

In Figure 3.8 we plot the specific stellar angular momentum of the KGES sample as a

function of their stellar mass. The median specific stellar angular momentum in the sample

is 〈 j∗ 〉 = 391± 53 km s−1 kpc with a 16 – 84th percentile range of j∗ = 74 – 1085 km s−1 kpc.

To place the KGES sample in context with the j∗ –M∗ plane, we compare the specific stellar

angular momentum to other surveys of star-forming galaxies across a range of redshift.

We include the Fall & Romanowsky (2013) pure disc sample of star-forming z ∼ 0 galaxies

as well as the KROSS (Harrison et al. 2017) z ∼ 0.9 sample.

On average, for a given stellar mass, KGES galaxies occupy a similar region of parameter

space to the KROSS sample whilst being offset to lower specific stellar angular momentum

than the Fall & Romanowsky (2013) z ∼ 0 sample. It should be noted that other studies

have also suggested minimal evolution in the zero-point offset in the j∗ –M∗ from z ∼ 1 to

z ∼ 0 (e.g. Marasco et al., 2019).
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Figure 3.8
Specific stellar angular momentum as a function of stellar mass. Clumpiness
parameter of the KGES sample shown by the colour map. Lower Hα S/N (Quality
3) objects are shown by open circles. KROSS z ∼ 0.9 sample shown as grey points
in the background (Harrison et al., 2017). A parametric fit to the disc component
of z∼ 0 galaxies as derived by Fall & Romanowsky (2013) is shown by the blue
line. The green shaded region and dashed lines indicate the median trend of the
KGES galaxies and their 1σ scatter. The black line is a fit to the KGES data of
the form log10( j∗)=α + β (log10(M∗/M�) − 10.10), with the slope fixed to β = 0.66
and a derived intercept of α = 2.61. The KGES sample occupy a similar region of
parameter space to KROSS but offset to lower angular momentum for given stellar
mass than Fall & Romanowsky (2013) z∼ 0 pure disc sample. The galaxies show a
trend of increasing specific angular momentum with stellar mass whilst having a
broad range of specifc stellar angular momentum at fixed stellar mass that correlates
with the Clumpiness of the galaxy.
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To quantify the specific stellar angular momentum and stellar mass plane in the KGES

sample, we fit a relation of the form log10( j∗) =α + β (log10(M∗/M�) – 10.10). At low

redshift the relationship between galaxy and halo angular momentum is approximated by

j∗/jhalo ∝ (M∗/Mhalo)
2/3 (e.g. Romanowsky & Fall, 2012; Obreschkow et al., 2015; Fall &

Romanowsky, 2018; Sweet et al., 2019; Posti et al., 2019).

A power law index of β = 0.66 at high-redshift implies that dark matter haloes in a ΛCDM

Universe are scale free. However, the stellar mass fraction (M∗/Mhalo) varies strongly with

halo mass, (e.g. Behroozi et al., 2019; Sharma & Theuns, 2019) and therefore it is not

clear that the exponent should also hold for stars.

To test whether this scaling holds in high-redshift galaxies, we fit the j∗ –M∗ plane using

a chi-squared minimisation to find the best fit parameters of the linear model. For the

KGES galaxies, with an unconstrained fit, we derive a slope of β = 0.53± 0.10 with a

normalisation of α = 2.63± 0.04

The slope of the j∗ –M∗ plane is consistent within 1.3-σ of that derived from the as-

sumption j∗/jhalo ∝ (M∗/Mhalo)
2/3. Given this similarity for the following analysis we

make the assumption and fix β = 0.66 (i.e assuming j∗/jhalo ∝ (M∗/Mhalo)
2/3), which allows

comparison to lower redshift surveys (e.g. Fall & Romanowsky, 2013).

We re-fit the j∗ –M∗ plane, constraining the slope to be β = 0.66 and derive a normalisation

α = 2.60± 0.03 for all 235 spatially-resolved KGES galaxies. We note that the paramet-

erisation of the j∗ –M∗ plane is dependent on the uncertainties on the stellar mass which

can be significant (e.g. Pforr et al., 2012). We have adopted a conservative ± 0.2 dex

uncertainty as demonstrated by Mobasher et al. (2015) to account for systematic effects.

Across the whole sample of targeted 288 KGES galaxies, there is a range of Hα signal

to noise, with some galaxies having very low signal to noise kinematics and rotation

curves. Subsequently, dynamical measurements of these galaxies are more uncertain. To

understand the effect these lower quality targets have on our analysis, we define four quality

flags with the following kinematic criteria that is based on the signal to noise of the galaxy

integrated Hα emission and the extrapolation of the observed rotation curve.:
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• Quality 1: Hα > 50 S/N and Rlast/2Rh > 1

• Quality 2: 20<Hα S/N< 50 and Rlast/2Rh > 1

• Quality 3: Hα S/N < 20 or 0.3<Rlast/2Rh < 1.5

• Quality 4: Hα S/N < 1 or Rlast/2Rh < 0.1

Of the 288 galaxies, 201 are classified as either quality 1 (107 galaxies) or quality 2 (94 galax-

ies). 42 galaxies are labelled as quality 3whilst 45 galaxies have the lowest quality kinematic

and broadband data and are labelled quality 4. If we fit log10( j∗) =α + β (log10(M∗/M�) –

10.10) to just quality 1 & 2 galaxies we establish a normalisation of α = 2.61, indicating

that including only high quality targets gives the same normalisation as the full sample.

3.5.2 Dynamics and Angular Momentum

With a sample of 235 galaxies with spatially-resolved gas kinematics we can investigate

the scatter about the median j∗ –M∗ trend that is driven by physical processes in a galaxy’s

evolution. In this section we explore how the scatter correlates with the galaxy’s dynamical

properties (e.g. rotation velocity, turbulence, star formation rate surface density).

To quantify the position of a galaxy in the j∗–M∗ plane we define the parameter, ∆j as

∆j = log10(jgal) – log10(jfit). Where jgal is the specific stellar angular momentum of the

galaxy and jfit is the specific stellar angular momentum of the parametric fit to the survey

at the same stellar mass (see Romanowsky & Fall (2012) Equation 12).

Galaxies that lie above the parametric fit of the form log10( j∗)= 2.61 + 0.66 (log10(M∗/M�)−

10.10) will have positive ∆j whilst those galaxies that lie below the line will have negative

∆j values.

In Figure 3.9 we show the correlation between velocity dispersion (σ0) and ∆j, with the

galaxies coloured by their Hα specific star formation rate. The KROSS z ∼ 0.9 sample is

shown for comparison.
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We identify a no correlation between velocity dispersion and ∆j, with a spearman rank

coefficient of r =−0.09. This indicates that galaxies of higher angular momentum do not

necessarily have less turbulence and thinner discs. This appears to be the case at both

z ∼ 0.9 and z ∼ 1.5. We have also identified no significant correlation between the Hα

specific star formation rate and ∆j of KGES galaxies indicating that more turbulent galaxies

with higher specific star formation rates do not necessarily have lower specific angular

momentum.

In Figure 3.9 we also show the star formation rate surface density (ΣSFR) as a function

of the ratio of rotation velocity to velocity dispersion (V(2Rh)/σ0) for both KGES and

KROSS samples, identifying a spearman rank coefficient of r =−0.42. Galaxies that are

dispersion dominated (low V(2Rh)/σ0), tend to have higher ΣSFR, and low specific angular

momentum (negative ∆j).

3.5.3 Morphology and Angular Momentum

Now that we have explored the connection between a galaxy’s dynamics and its specific

angular momentum, identifying galaxies that are more rotation dominated generally have

higher angular momentum and lower star-formation rate surface densities, we now explore

the connection to the galaxy’s parameterised rest-frame optical morphology.

In the local Universe strong correlations have been identified at fixed stellar mass between

a galaxy’s Sérsic index, stellar bulge to total ratio and specific angular momentum. Both

Romanowsky & Fall (2012) and Cortese et al. (2016) identified that the more bulge

dominated, spheroidal, a system is, the lower its specific angular momentum for a given

stellar mass will be. The scatter about the j∗ –M∗ plane at low redshift is driven by the

variation in Sérsic index and stellar bulge to total ratio of the galaxies (e.g. Obreschkow &

Glazebrook, 2014; Fall & Romanowsky, 2018; Sweet et al., 2018).

As as first approach, we adopt the visual classifications of galaxy morphology from

Huertas-Company et al. (2015), who use convolutional neural networks to categorize the

HST F160W morphology of 50,000 galaxies in the CANDELS survey. By training the
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Figure 3.10
Specific stellar angular momentum as a function of stellar mass. Visual morphology
of the KGES sample shown by the colour map. Quality 3 and 4 objects shown
by open circles. KROSS z ∼ 0.9 sample shown as grey points in the background
Harrison et al. (2017). The black line is a fit to the KGES data of the form
log10( j∗)=α + β (log10(M∗/M�) − 10.10), with the slope fixed to β = 0.66 and a
derived intercept of α = 2.61. Fixed stellar bulge to total ratio (β∗) lines from
Romanowsky & Fall (2012) are shown by the blue and red lines. HST wide field
camera colour images of some of the galaxies are shown around the edge of the
figure with the visual class of the galaxy indicated. There is a clear correlation
between the position of the galaxy in the specific stellar angular momentum stellar
mass plane and the galaxy’s visual morphology.
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algorithm on the GOOD-S CANDELS field, which has been previously visually classified

by Kartaltepe et al. (2016), Huertas-Company et al. (2015) were able to accurately classify

a galaxy’s morphology with a 1 per cent mis-classification. We cross match the KGES

survey in the overlapping region with galaxies in the Huertas-Company et al. (2015)

sample, identifying 122 galaxies. Of which, 84 galaxies have a visual classification as

either spheroidal, disc or peculiar morphology. The remaining 34 galaxies were not

definitively classified by the neural network.

In Figure 3.9 we show the relation between star formation rate surface density (ΣSFR)

and the ratio of rotation velocity to velocity dispersion (V(2Rh)/σ0), with KGES galaxies

coloured by their visual morphologies. More dispersion dominated galaxies with higher

ΣSFR tend to be the more spheroidal with 〈V(2Rh)/σ0 spheroidal 〉 = 1.19± 0.68. Rotation

dominated KGES galaxies (high V(2Rh)/σ0), tend to have lower ΣSFR with high specific

angular momentum, and have visual morphologies that appear as either discs or peculiar

systems with 〈V(2Rh)/σ0 disc 〉 = 2.33± 0.40. whilst 〈V(2Rh)/σ0 peculiar 〉 = 2.22± 0.37.

To understand this link between morphology and angular momentum further, we show the

specific stellar angular momentum stellar mass plane for the KGES survey, in Figure 3.10,

with galaxies coloured by their ‘visual morphology’. Galaxies classified as spheroidal

appear to lie clearly below the fit, as expected due to their smaller stellar continuum sizes,

whilst galaxies labelled as discs appear to lie above the fit. Galaxies labelled as peculiar

appear to be scattered about the best fit line highlighting the diversity of the peculiar

galaxies morphology and kinematic state.

For galaxies scattered about the median trend, in the specific stellar angular momentum

stellar mass plane, in Figure 3.10, we show the HST wide field camera colour images. For

a given stellar mass, those galaxies that have the highest angular momentum have more

prominent discs with the presence of spiral arms. Whilst galaxies with the lowest angular

momentum are much more spheroidal, as expected. We note however, that the spheroidal

galaxies may appear to have low angular momentum because their rotation is unresolved

in the KMOS observations. The higher stellar mass, high angular momentum KGES

galaxies show strong signs of significant bulge components in their colour images. This is
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in agreement with the evolution of stellar mass and stellar bulge-to-total ratio identified in

both simulations (e.g. Trayford et al. 2019) and observations (e.g. Gillman et al. 2019a).

3.5.3.1 Quantised Morphology and Dynamics

To interpret this connection between morphology and angular momentum further, we

explore the correlation between a galaxy’s position in the j∗ –M∗ plane and its quantised

(both parametric and non-parametric) morphology as derived in Section 3.4.2.1. In

Figure 3.11 we plot ∆j as function of Sérsic index, stellar bulge to total ratio (β∗),

Clumpiness, Asymmetry, and Concentration for KGES galaxies with CANDELS F814W

HST imaging. We select this subsample of KGES galaxies with the highest quality data, to

allow accurate comparison between the integrated parametric and non-parametric measures

of morphology.

The Sérsic index of KGES galaxies has a weak negative correlation with a galaxy’s position

in the j∗ –M∗ plane, of the form ∆j∝ n−0.27± 0.05 with a spearman rank coefficent of r = -

0.20, and this weakens slightly with the inclusion of galaxies from KROSS. Galaxies of

higher Sérsic index at z ∼ 1.5 have lower ∆j and this appears to be less common at z ∼ 0.9.

We show the relation between ∆j and Sérsic index for z ∼ 0 galaxies from Romanowsky &

Fall (2012).

The parameterisation of the relation is taken from Cortese et al. (2016) who established

the j∗ –M∗ – n relation for the SAMI survey. We note the parameterisation derived in

Cortese et al. (2016) is for a morphologically diverse population of both quiescent and

star-forming low redshift galaxies, and therefore should not be compared directly to our

sample of star-forming selected high-redshift galaxies.

The relation between stellar mass, Sérsic index and specific angular momentum can be

parameterised as,

log(j/kpc km s−1) = a × log(M∗/M�) + b × log(n) + c (3.5.1)

where a = 1.05, b=−1.38 and c = −8.18. Using the sample of z ∼ 0 galaxies presented
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Figure3.11
Theangularm

om
entum

offsetfrom
theparam

etricfitlog
10 (j∗ )=

2.61+
0
.66
(log

10 (M
∗ /M

�
)
−

10
.10
)(∆j)asfunction

ofSérsicindex,stellar
bulge

to
totalratio

(β
∗ ),Clum

piness,A
sym

m
etry,and

Concentration
forthe

KG
ES

galaxiesm
easured

in
the

CA
N
D
ELS

F814W
H

ST
band.

O
pen

circlesshow
quality

3
&

4
galaxies,w

hilstquality
1

&
2
galaxiesare

coloured
by

theirH
α
starform

ation
rate

surface
density

(Σ
SFR ).

In
the

top
tw
o
panelsw

e
show

a
z
∼
0
com

parison
sam

ple
from

Rom
anow

sky
&

Fall(2012).The
K
RO

SS
survey

isshow
n
by

the
grey

points
in

the
background,w

ith
∆jm

easured
relative

to
the

param
etric

fitto
the

K
RO

SS
galaxies.

The
green

line
and

shaded
region

indicates
a

running
m
edian

and
1
σ
errorto

the
KG

ES
quality

1
&

2
galaxies,and

the
black

line
isa

param
etric

fit.G
alaxiesin

the
KG

ES
sam

ple
w
ith

high
specific

angularm
om

entum
fora

given
stellarm

ass,on
average

have
low

erSérsic
index

and
stellarbulge

to
totalratio

w
hilstbeing

m
ore

clum
py

and
asym

m
etrical.



3.5. Discussion 99

in Romanowsky & Fall (2012), we establish the relation between ∆j and Sérsic index for

z ∼ 0 galaxies indicated by the dashed line in Figure 3.11. The relation is very similar to

that identified in the KGES sample at z ∼ 1.5, with higher Sérsic index galaxies having

lower specific angular momentum.

The stellar bulge to total ratios (β∗) for both KROSS and KGES galaxies are taken from

Dimauro et al. (2018) who derive β∗ using a multi-wavelength machine learning algorithm

for ∼ 18,000 galaxies in the HST CANDELS field selected to have an F160W magnitude

of <23 in the redshift range z = 0 – 2. In Figure 3.11 we plot ∆j as a function of β∗,

derived from only F160W HST imaging, and identify a moderate negative correlation of

∆j∝ β−0.27± 0.36
∗ and a spearman rank coefficent of r = -0.27, with lower angular momentum

galaxies having higher bulge to total ratios.

A similar correlation is present in KROSS at z ∼ 0.9, and when the two surveys are

combined we derive ∆j∝ β−0.51± 0.18
∗ . This is in agreement with the correlation between

∆j and n, with higher Sérsic index stellar light distributions corresponding to more bulge

dominated systems.

Fall & Romanowsky (2018) identify a strong correlation between a galaxy’s position in

the specific stellar angular momentum stellar mass plane and stellar bulge to total ratio in

a sample of local galaxies. Galaxies with fixed bulge to total ratio follow parallel tracks in

the j∗ –M∗ plane, with β∗ ∼0 (Sc, Sb) galaxies having the highest normalisation and β∗ ∼1

(E) galaxies having the lowest (Figure 3.10). They conclude that the j∗ –M∗ – β∗ scaling

provides an alternative to the Hubble classification of galaxy morphology.

In Figure 3.11, we plot the correlation between ∆j and bulge to total ratio derived from the

relations and galaxies presented in Romanowsky & Fall (2012). The z ∼ 0 relation is offset

to lower angular momentum than our z ∼ 1.5 sample, with more bulge dominated galaxies

having lower angular momentum, than a galaxy with the same β∗ at z ∼ 1.5.

We note the scatter in the ∆j – β∗ and ∆j – n plane maybe driven by a combination of

resolution effects, whereby we do not resolve the rotation in spheroidal objects, nor

do we resolve the kinematics on sub-kpc scales revealing potential merging kinematic
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components. Equally the galaxy population may contain a number of massive early-type

galaxies with evolved bulges that have high Sérsic index and bulge to total ratios as well as

the dominant population of spheroidal star-forming galaxies that have a high central star

formation rates.

The position of a galaxy in the j∗ –M∗ shows a weak negative correlation with the

Concentration of the galaxy’s stellar light with ∆j∝C −0.2± 0.1 (r = -0.18). This is as

expected as more concentrated galaxies have higher Sérsic indicies and higher bulge to

total ratios. The asymmetry of the galaxy however shows no significant correlation, with

∆j∝ A−0.32± 0.37 and a spearman rank coefficent of r = -0.11.

The Clumpiness of the light distribution however indicates a moderate positive trend

(∆j∝ S 0.24± 0.07) with ∆j with a spearman rank coefficent of r = -0.46. This indicates

galaxies that are more clumpy and less concentrated have higher angular momentum than

the average galaxy in the survey for a given stellar mass, regardless of the asymmetry of the

light profile. The correlation with the symmetry of the galaxy is less well constrained due

to the large uncertanity on the exponent. As shown in Figure 3.11, galaxies with higher

star formation rate surface density have lower specific angular momentum at fixed stellar

mass.

We infer that the correlations in Figures 3.9 & 3.11 could be driven by spheroidal objects

with low angular momentum being very concentrated and smooth, whilst high angular

momentum disc galaxies with spiral arms and significant bulge components are more

clumpy and but have similar levels of asymmetry. Peculiar galaxies in the KGES sample

also are very clumpy and asymmetrical but still maintain high specific angular angular

momentum.

3.5.3.2 Qualitative Morphology and Dynamics

As shown in Figure 3.11, high specific angular momentum galaxies tend to have higher

clumpiness and are less bulge dominated with lower Sérsic indices. Figure 3.10 shows that

high angular momentum galaxies generally have disc dominated or peculiar morphologies.
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Using the visual classifications established from Huertas-Company et al. (2015), the

medium clumpiness of peculiar galaxies in the KGES sample is 〈Speculiar 〉 = 0.70± 0.27

whilst for disc galaxies 〈Sdisc 〉 = 0.58± 0.10.

The Sérsic index of peculiar systems is 〈 npeculiar 〉 = 0.88± 0.14 whilst disc galaxies have a

medium value of 〈 ndisc 〉 = 1.19± 0.28. The quantitative, parametric and non-parametric,

measures of a galaxy’s morphology are successful in isolating spheroidal systems however

they are less reliable in distinguishing peculiar galaxies from disc-dominated ones. Con-

sequently, we next focus on the dynamical differences between the visual morphological

classes in the KGES survey.

Before we compare the kinematic properties of galaxies with different morphologies, we

first infer an approximation for the stability of the gas disc in each galaxy. To analyse

the interplay between the rotational velocity, velocity dispersion and star formation rate

surface density, we quantify the average stability of the galactic disc in each galaxy against

local gravitational collapse, as parameterised by the Toomre stability parameter.

From the Jeans criterion, a uniform density gas cloud will collapse if its self-gravity can

overcome the internal gas pressure (Jeans, 1902). However in a galactic disc the differential

rotation of the galaxy provides additional support to the internal gas pressure of the gas

cloud. If the gas cloud becomes too large it will be torn apart by shear, faster than the

gravitational free fall time (Toomre, 1964). For a thin gas disc, this stability criterion of the

balance between shear, pressure support and self-gravity can be quantified by the Toomre

Qgas parameter which is defined as,

Qgas =
σgasκ

πGΣgas
, (3.5.2)

where σgas is the line-of-sight velocity dispersion, Σgas is the gas surface density of the disc

and κ is the epicyclic frequency of the galaxy and is approximated as κ = aV/R. Within

which V is the rotational velocity of the disc at radius R and a =
√

2 for a flat rotation curve.

The rotational velocity and velocity dispersion are measured at 2Rh from the kinematic

profiles of each galaxy (Secion 3.4.3).

We use the Kennicutt-Schmidt (KS) relation (Kennicutt, 1998) to infer the gas surface
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density (Σgas). The KS relation is defined as,(
ΣSFR

M�yr−1kpc−2

)
= A

( Σgas

M�pc−2

)n
, (3.5.3)

where A=1.5× 10−4 M�yr−1pc−2 and n = 1.4. Galaxies with Qgas < 1 are unstable to local

gravitational collapse and will fragment into clumps. Galaxies with Qgas > 1 have sufficient

rotational support for the gas and are stable against collapse.

We are assuming that the galaxy averaged Qgas is a good approximation of the average

disc stability as we do not spatially resolve Qgas. We note however that we are primarily

using Qgas to differentiate across the KGES sample, and it is the relative value of Qgas

that is important rather than focusing on the specific stability of each galaxy. We also

note that this parameter only describes the stability of a pure gas disc. The stability of

a disc composed of gas and stars is given by the total Toomre Qt ≈ 1/(1/Qgas+1/Qstars)

and describes stability against Jeans clumps. For a more in-depth analysis of the relation

between Toomre Q and galaxy properties see Romeo & Mogotsi (2018).

We measure the Toomre Qgas parameter in all 243 KGES galaxies identifying a median

stability parameter of 〈Qgas 〉 = 0.63± 0.10. We note this is not the true value of disc

stability for the KGES sample since we do not take into account the disc thickness nor the

stability of the stellar component (e.g. Wang & Silk, 1994; Romeo & Wiegert, 2011)

To understand the dynamical differences between galaxies of different morphologies,

we separate out the spheroidal, disc and peculiar galaxies and study their dynamical

and morphological properties. In Figure 3.12 we show example HST colour images of

spheroidal, disc and peculiar galaxies in the KGES sample, as well as the distributions of

various morphological and kinematic parameters.

In comparison to the disc galaxies in the KGES sample, spheroidal galaxies on average have

lower specifc angular momentum and are more dispersion dominated but have velocity dis-

persions that are comparable: 〈σ0, spheroidal 〉 = 56± 9 km s−1 and 〈σ0, disc 〉 = 58± 6 km s−1.

The spheroidal galaxies aremore unstable to local gravitational collapse with higher Hα star

formation rate surface densities, where 〈ΣSFR, disc 〉 = 0.09± 0.04 M�yr−1kpc−2 compared

to 〈ΣSFR, spheroidal 〉 = 0.77± 0.21 M�yr−1kpc−2. Morphologically they are less clumpy and
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more concentrated, but have very similar asymmetries with 〈Aspheroidal 〉 = 0.19± 0.04 and

〈Adisc 〉 = 0.19± 0.03.

Taking the properties of morphologically peculiar galaxies in the KGES sample in compar-

ison to morphologically disc dominated galaxies, we establish that on average they have

comparable levels of specific angular momentum, velocity dispersion and are equally rota-

tion dominated with 〈V(2Rh)/σ0 disc 〉 = 2.33± 0.40 and 〈V(2Rh)/σ0 peculiar 〉 = 2.22± 0.37.

A peculiar galaxy has comparable stability against gravitational collapse to a disc galaxy,

with higherΣSFR where 〈ΣSFR, peculiar 〉 = 0.25± 0.08M�yr−1kpc−2. Morphologically pecu-

liar galaxies are more clumpy and asymmetrical with slightly lower levels of concentration

with 〈Cpeculiar 〉 = 2.33± 0.09 whilst 〈Cdisc 〉 = 2.38± 0.12.

3.5.3.3 Interpretation – The High-Redshift Galaxy Demographic

From Figure 3.12, for a given stellar mass, a galaxy with low specific angular momentum is

likely to be spheroidal, whilst a galaxy with high specific angular momentum and high star

formation rate surface density is likely to be peculiar. High specific angular momentum

galaxies with low star formation rate surface density, on average, tend to have disc-like

morphologies.

Assuming the galaxies in the KGES sample follow the Kennicutt-Schmidt relation (e.g.

Gnedin & Kravtsov, 2010; Freundlich et al., 2013; Orr et al., 2018; Sharda et al., 2018),

galaxies with higher star formation rate surface densities, imply higher gas surface densities

and hence likely high gas fractions.

Recent hydrodynamical zoom-in simulations with the FIRE project (Hopkins et al. 2014,

2018), have shown that the stellar morphology and kinematics of Milky Way mass galaxies

correlate more strongly with the gaseous histories of the galaxies (Garrison-Kimmel et al.,

2018), in particular around the epoch the galaxy has formed half of its stars (e.g. z ∼ 1.5

Gillman et al. 2019a). This indicates the gas content of high-redshift galaxies plays a

crucial role in the their evolution. The balance between the self-gravity of the gas clouds

and the shear due to the galaxy’s differential rotation, determines the local gravitational
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stability of the disc.

Figure 3.12 indicates that peculiar galaxies on average are as stable as disc systems

with 〈Qg, disc 〉 = 0.70± 0.20 whilst 〈Qg, peculiar 〉 = 0.64± 0.13, but have similar velocity

dispersions. Peculiar systems have higher star formation rate surface density, thus given

that Toomre Qg ∝ κ/ΣSFR, we would expect a ‘stable’ peculiar galaxy to have a higher κ

value.

We measure the outer gradient of each galaxy’s Hα rotation curve in the KGES sample,

between r =Rh and r = 2Rh as a proxy for the κ value, given that Toomre Qg is normally

measured radially. In this radial range the impact of beam smearing on the rotation curve

is reduced compared to the central regions. It has been shown that the shape of a galaxy’s

rotation curve is strongly correlated with the morphology of a galaxy at z = 0 (e.g. Sofue

& Rubin 2001), with galaxies of different Hubble-type morphologies from Sa to Sd having

characteristically different rotation curves, that reflect the gravitational potential of the

galaxy.

Peculiar galaxies have a median gradient of 〈 δvHα

δr |r=Rh − 2Rh 〉 = 3± 2 km s−1 kpc−1 whilst

disc galaxies have 〈 δvHα

δr |r=Rh − 2Rh 〉 = 4± 2 km s−1 kpc−1. The outer gradients of the

peculiar galaxies in the KGES sample, at a fixed mass, are very similar to that of disc

galaxies, which is reflected in their lower Toomre Qg.

This suggests at a fixed stellar mass, high redshift peculiar galaxies are dynamically

differentiated from disc dominated galaxies, by their higher ΣSFR and higher gas fractions.

The peculiar galaxies on average have similar specific angular momentum to disc galaxies,

so to evolve to a well ordered Hubble-type galaxies, they do not require additional angular

momentum. We predict that through the consumption of their large gas reservoir, via the

on-going high levels of star formation, and the fragmentation of the clumpy Hii regions,

driven by the evolution in the characteristic star-forming clump mass (e.g. Livermore

et al., 2012, 2015), the angular momentum of the galaxy is re-distributed and the peculiar

galaxies evolve to more stable and ordered Hubble-type morphologies.

We note that one possible origin for the peculiar morphology of high redshift galaxies is
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galaxy interactions which disrupt the steady state dynamics and morphology of galaxies.

Galaxy interactions andmergers are muchmore common in the distant Universe (Rodrigues

et al., 2017) and would result in increased scatter in the j∗ –M∗ plane, depending on the

magnitude of the merger and the gas fractions of the galaxies involved. We anticipate only

the presence of extremely late state mergers in the KGES sample given the relatively small

KMOS field of view and that we identify peculiar and disc galaxies to have comparable

specific angular momentum and levels of turbulence.

3.6 Conclusions

We have analysed the distribution and correlations of the specific stellar angular momentum

(j∗) in typical z ∼ 1.5 star-forming galaxies by exploiting KMOS Hα observations of 288

galaxies from the KGES Survey (Tiley et. al. in prep.). The survey samples the star

formation main sequence with a broad range of stellar masses, from log(M∗[M�])=8.9 –

11.7 and Hα star formation rates, with the sample having a 16–84th percentile range of

range of SFR= 3 – 44M�yr−1. We summarise our findings as follows:

• We use galfit to measure the structural properties for all 288 galaxies in the KGES

survey from HST CANDELS (173 galaxies), archival (96 galaxies) and ground based

imaging (19 galaxies). We derive a median half-light radius of 〈Rh 〉 = 0.′′31± 0.′′02

(2.60± 0.15 kpc at z = 1.5). We show that KGES galaxies occupy a similar parameter

space to typical main-sequence galaxies in the stellar mass – stellar continuum

half-light radius plane (Figure 3.2).

• We measure the CAS (Concentration, Asymmetry and Clumpiness) parameters of

the galaxies in the KGES survey (Figure 3.3) establishing a medium Clumpiness of

〈S 〉 = 0.37± 0.10, Asymmetry of 〈A 〉 = 0.19± 0.05 and a medium Concentration

of 〈C 〉 = 2.36± 0.34. This is similar to the concentration and asymmetry parameters

derived for typical main-sequence star-forming galaxies from z = 1.5 – 3.6 by Law

et al. (2012a) with A∼ 0.25 and C∼ 3.
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• Taking advantage of the resolved dynamics for 235 galaxies in the sample, we

derive the intrinsic Hα rotation velocity of each galaxy. We combine the asymptotic

rotation velocity and size to measure the specific stellar angular momentum and

constrain the j∗ –M∗ plane for the KGES survey (Figure 3.8). We quantify the

plane with a function of the form log10( j∗)= 2.61 + 0.66 (log10(M∗/M�) − 10.10).

The normalisation (α = 2.61) of this plane is lower than that of z ∼ 0 disc galaxies

presented in Romanowsky & Fall (2012)

• To quantify a galaxy’s position in the j∗ –M∗ plane we define a new parameter (∆j)

that is the residual of the logarithm of a galaxy’s specific stellar angular momentum

and the logarithm of the specific stellar angular momentum of the parametric fit at

the same stellar mass. We explore correlations between ∆j and a galaxy’s velocity

dispersion (σ0), establishing no correlation, as well with the ratio of rotation velocity

to velocity dispersion (V(r=2Rh/σ0)) and Hα star formation rate surface density

(ΣSFR, Figure 3.9).

• Galaxies with higher ΣSFR, tend to be more dispersion dominated and have lower

angular momentum together with visual moprhologies resembling spheroidal sys-

tems. Rotation dominated galaxies, with low ΣSFR, have higher angular momentum

and have morphologies that resemble discs or peculiar systems.

• To understand the connection between a galaxy’s morphology and specific stellar

angular momentum, we take advantage of the multi-band HST CANDELS imaging

and derive WFC colour images. In Figure 3.10 we show the j∗ –M∗ plane coloured

by Hubble morphology. We identify a trend of spheroidal galaxies having low

angular momentum whilst the more ‘discy’ late-type morphology galaxies have

higher angular momentum.

• We explore the correlation between ∆j and a galaxy’s parameterised morphology,

establishing that higher Sérsic index, higher stellar bulge to total ratio, galaxies

have lower angular momentum, whilst higher angular momentum galaxies have

more clumpy morphologies. We propose a picture whereby at a fixed stellar
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mass spheroidal galaxies have lower angular momentum and are smooth and more

symmetrical. Peculiar and disc-like galaxies have higher angular momentum and

are much more clumpy.

• We differentiate peculiar galaxies from disc domianted systems at a fixed stellar

mass by analysing their dynamical properties (Figure 3.12). We derive a median

Toomre Qgas of 〈Qgas 〉 = 0.66± 0.01 for all 243 KGES galaxies. Peculiar galaxies

have higher ΣSFR, and thus imply higher gas fractions than disc galaxies.

Overall, we have identified that the morphologies of high-redshift star-forming galaxies are

more complicated than those in the local Universe, but can be split into three broad classes

of spheroidal, disc and peculiar. We can dynamically differentiate the three classes at fixed

stellar mass, whereby spheroidal galaxies have lower specific angular momentum and high

gas fractions, whilst disc-like galaxies have high specific angular momentum and lower

gas fractions. Peculiar systems have equally high levels of specific angular momentum as

disc galaxies, but have higher gas fractions.

In order to further explore these correlations and establish empirical constraints on how

the gas fractions, stellar population demographic and rotation curve gradients define the

emergence of peculiar gas rich systems, as well as Hubble-type spirals, we require accurate

measurements of gas fractions in these systems e.g. ALMAmolecular gas observations, as

well as constraints on the metallicity and stellar age of galaxies from multi-line emission

line diagnostics.



CHAPTER 4
Metallicity Gradients in High-Redshift

Star-Forming Galaxies

Abstract

In this chapter we study the gas-phase metallicity properties of high-redshift star-forming

galaxies using the [Nii] / Hα emission line ratio derived from KMOS integral field observa-

tions. We analyse the connection between both galaxy integrated gas-phase metallicity and

the radial dependence of metallicity, with the dynamics and morphology of the galaxies.

We exploit both the KMOSGalaxy Evolution Survey (KGES; Tiley et. al in prep.) at z ∼1.5

and the KMOS Redshift One Spectroscopic Survey (KROSS; Harrison et al. 2017) at

z ∼ 0.8 to expand our analysis of the chemical abundance properties in the distant Universe

to ∼700 galaxies from z = 0.6 – 1.75.

4.1 Introduction

The chemical abundance properties of galaxies provides one of the most fundamental

probes of galaxy evolution. The ejection of metals into the interstellar medium at the
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end of a stars life, via supernova, acts to increase the chemical abundance in star-forming

galaxies. This influx of metals is mediated by inflows, outflows and pristine cold gas

accretion. Understanding the complex interplay between these secular processes and

their imprint on the chemical abundance properties of galaxies is crucial in order to fully

understand a galaxy’s evolution.

The metallicity of ionised gas in the interstellar medium, as traced by a particular element,

can be quantified from the element’s emission line flux. The flux of a given metal line is

proportional to the abundance of that element and its emissivity. If the emissivity, which is

a function of electron temperature and density, can be directly measured, then the relative

metal abundance can be derived (e.g. Aller & Stepien, 1985; Pilyugin & Thuan, 2005;

Bresolin et al., 2009; Pérez-Montero, 2014; Pérez et al., 2016).

Measurements of electron temperature and density require very high signal to noise spectra

of weak nebula emission lines, and are only viable in nearby galaxies. For more distant,

fainter galaxies at higher redshift, photoionisation models can be used to directly predict

the relative strength of nebula emission lines. These models, whilst potentially over

simplifying Hii regions in star-forming galaxies, allow metallicity measurements in metal

poor, faint and distant galaxies to be made (e.g. Schaerer, 2003; Kewley et al., 2013; Jaskot

& Ravindranath, 2016; Xiao et al., 2018).

The ratio of strong optical nebular metal emissions lines to the Balmer series is commonly

used due to their short spectral range and observability from ground based facilities (e.g.

Yabe et al., 2015; Wuyts et al., 2016; Förster Schreiber et al., 2018; Curti et al., 2019). The

relative ratio of the metal lines in the rest–frame to the Balmer emission lines are commonly

used to quantify the metallicity. This is often expressed as an oxygen abundance relative

to hydrogen because oxygen is generally the most abundant heavy element in mass and

therefore provides a proxy for the metallicity of the galaxy. Using strong line calibrations

such as [Nii] / Hα or ([Oii] +[Oiii])/Hβ (e.g. Pettini & Pagel, 2004), the relative strength

of optical emission lines can be used to infer the gas-phase oxygen abundance in galaxies.

At high-redshift the Balmer series, and rest–frame optical metal lines, are observed in the

near-infrared, which is well matched to the spectral range of multi-object spectrographs
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mounted on 8m class telescopes such as KMOS on the VLT. The most common probe of

the gas-phase metallicity at high redshift (z = 1 – 2) is the [Nii] / Hα ratio, which has little

sensitivity to dust due to its spectral proximity. From Pettini & Pagel (2004), the [Nii] / Hα

ratio can be converted to an oxygen abundance as follows,

12 + log(O/H) = 8.90 + 0.57 × log([Nii]/Hα) (4.1.1)

Although the [Nii] / Hα ratio provides an indication of the metallicity of a galaxy, it

has strong degeneracies with shocks, AGN and ionisation (e.g. Kewley et al., 2015) and

therefore caution is given to direct interpretations in the context of galaxy enrichment from

this single line diagnostic. Analysing the correlation between gas-phase metallicity and

the photometric and dynamical properties of a galaxy, as we do in Section 4.3, provides

an insight into the secular evolution of galaxies.

The mass –metallicity relation, the correlation between a galaxy’s stellar mass and its

gas-phase metallicity, has been well studied in the local Universe (e.g. Lequeux et al.,

1979; Tremonti et al., 2004). Higher stellar mass (M∗) galaxies are shown to exhibit higher

gas metallicity (Z) at z ∼ 0 with Z ∝ M2/5
∗ up to M∗ ∼ 1010M�, above which the relation

flattens.

This strong correlation between stellar mass and metallicity is believed to be a consequence

of supernova driven winds and outflows. These winds remove the metal rich gas from

interstellar medium. In lower stellar mass galaxies, with smaller potential wells, a larger

fraction of this material is removed from the galaxy resulting in an overall lower metallicity

(e.g. Garnett, 2002; Brooks et al., 2007; Chisholm et al., 2018). Higher stellar mass

galaxies are also known to evolve more rapidly at higher redshifts and have therefore

converted more of there pristine gas into stars and metals, thus having higher metallicity

(e.g. Maiolino et al., 2008; Somerville & Davé, 2015; Sanders et al., 2018).

The correlation with other observable properties (e.g. star formation rate, gas fraction) has

been linked to the mass –metallicity relation, with the suggestions of the existence of a

fundamental metallicity plane. In this plane, more highly star-forming galaxies, for a given

stellar mass, have a lower gas-phase metallicity (e.g. Mannucci et al., 2010; Sánchez et al.,
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2017b; Sánchez-Menguiano et al., 2019). Large integral field surveys of galaxies in the

local Universe, such as CALIFA (Sánchez et al., 2012) and MaNGA (Bundy et al., 2015),

which observed thousands of galaxies at z ∼ 0.03, have shown a clear correlation between

galaxy star formation rate and the mass –metallicity relation (e.g. Sánchez Almeida &

Sánchez-Menguiano, 2019; Cresci et al., 2019).

With the advent of new instrumentation in recent years, enabling large integral field

spectroscopy surveys at high-redshift, attempts have been made to define the mass –

metallicity relation (and plane) in the distant Universe. Using strong line calibrations of

optical emission lines, observed in the near-infrared up to z ∼ 3, many recent studies have

shown that the mass –metallicity relation evolves above z > 1, with higher redshift galaxies

having a lower metallicity for a given stellar mass (e.g. Erb et al., 2006; Maiolino et al.,

2008; Zahid et al., 2011; Yabe et al., 2015; Wuyts et al., 2016; Sanders et al., 2018).

Despite clear evolution in the normalisation of the mass –metallicity relation it has been

suggested that the fundamental plane of stellar mass, gas-phase metallicity and star

formation rate does not evolve with cosmic time (e.g. Mannucci et al., 2010). Mannucci

et al. (2011) established that the evolution in the mass –metallicity relation comes from

sampling different regions of the non evolving fundamental plane, given the higher average

star formation at earlier cosmic times (Cresci et al., 2019). To confirm this result, metallicity

measurements in large samples of high-redshift galaxies are required, which has recently

been made possible with the advent of high-redshift multi-object spectroscopy.

As well as the galaxy integrated metallicity, the distribution of metals within a galaxy

provides insights into the influence of the baryon cycle (e.g. star formation, gas accretion,

mergers and feedback) that play a key role in defining the secular evolution of galaxies.

Quantifying the spatial distribution of metals within a galaxy by measuring the radial

gradient of a particular metallicity tracer (Section 4.4), allows the dominant physical

processes driving the evolution of the galaxies to be identified.

In the local Universe, analysis of the SAMI, CALIFA and MaNGA surveys have identified

that most isolated galaxies exhibit negative linear gradients. Higher gas-phase metallicity

is observed in the central regions of the galaxies where star formation is most prevalent and
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supernova enrich the surrounding interstellar medium (e.g. Sánchez et al., 2014; Kaplan

et al., 2016; Poetrodjojo et al., 2018). The observed negative gradients are predicted from

the inside-out theory for the growth of galaxy discs (e.g. Boissier & Prantzos, 1999) and is

well modelled in hydrodynamical simulations such as EAGLE (e.g. De Rossi et al., 2017;

Collacchioni et al., 2019).

At high-redshift the picture is much more unclear with various studies reporting different

results (e.g. Cresci et al., 2010; Swinbank et al., 2012a; Stott et al., 2013b;Wuyts et al., 2016;

Wang et al., 2017). The impact of beam smearing, artificially flattening observed gradients,

and the reduced signal to noise in observations of distant galaxies, making it challenging

to spatially resolve the gas-phase metallicity, has meant majority of studies either focus

on a small sample of lensed galaxies (e.g. Jones et al., 2010, 2013; Leethochawalit et al.,

2016; Curti et al., 2019) or employed adaptive optics techniques to increase the spatial

resolution (e.g. Swinbank et al., 2012a; Stott et al., 2013b; Molina et al., 2017). These

observational challenges have meant that there is not a statistically significant sample

of high redshift observations to overcome the systematics and accurately determine the

evolution of star-forming galaxy metallicity gradients.

In this chapter, we aim to increase the statistics of high-redshift star-forming galaxies

with resolved metallicity profiles. We present an analysis of the gas-phase metallicity

of star-forming galaxies in the KMOS Galaxy Evolution Survey (KGES; Gillman et al.

2019b; Tiley et al. in prep.) and the KMOS Redshift One Spectroscopic Survey (KROSS;

Harrison et al. 2017) in redshift range z = 0.6 – 1.75. We trace the gas-phase metallicity

using strong line calibrations of the [Nii] / Hα ratio. We explore the correlation between

galaxy morphology, dynamics and position on the mass –metallicity relation as well as

the metallicity profile of the galaxies.

In Section 4.3 we describe the procedure used to remove the velocity profile and zero

point the integral field data, from which we extract the gas-phase metallicity. We then

present the mass –metallicity relation and fundamental metallicity plane for the sample in

Sections 4.3.2 & 4.3.3. We analyse the radial dependence of metallicity and its correlation

with galaxy dynamics and morphology in Section 4.5 before presenting our conclusions
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in Section 4.7.

A Nine-Year Wilkinson Microwave Anisotropy Probe (Hinshaw et al., 2013) cosmology

is used throughout this work with ΩΛ = 0.721, Ωm = 0.279 and H0 = 70 km s−1 Mpc−1. In

this cosmology a spatial resolution of 0.65 arcsecond (the median FWHM of the seeing

in our data) corresponds to a physical scale of 5.6 kpc at a redshift of z = 1.5. All quoted

magnitudes are on the AB system and stellar masses are calculated assuming a Chabrier

initial mass function (IMF) (Chabrier, 2003).

4.2 Sample Selection

In this Chapter we aim to analyse the chemical abundance properties of high-redshift

galaxies using the [Nii] / Hα emission line ratio. In order to make statistically meaningful

conclusions about the metallicity of galaxies in the distant Universe, and overcome the

large scale systematics associated with such measurements, we utilize two large KMOS

programs of star-forming galaxies from z = 0.6 – 1.75. The galaxies in our sample are

drawn from both the KMOS Redshift One Spectrscopic Survey (KROSS; Harrison et al.

2017) at z ∼ 0.8 and the KMOS Galaxy Evolution Survey (KGES; Tiley et al. in prep.) at

z ∼ 1.5.

All the galaxies in the sample were observed using the K-band multi-object spectrograph

(KMOS; Sharples et al. 2004, 2013) which is described in Chapter 2. In brief, KMOS is a

multi-object spectrograph mounted on the Naysmyth focus of the 8m class UT2 telescope

at the VLT, Chile. It has 24 individual integral field units that patrol a 7.2 arcminute field,

each with a 2.8 arcecond field of view and 0.2 arcsecond spaxels. KMOS utilizes the

image slicing technique to produce data cubes with a wavelength range from 0.8 – 2.5µm.

In the following sections we give an overview of both the KROSS and KGES surveys.
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4.2.1 KROSS

KROSS is a KMOS survey of 795 typical star-forming galaxies in the redshift range

z = 0.6 – 1.0 selected from the Extended Chandra Deep Field South (E-CDFS; Giacconi

et al. 2001), Cosmological Evolution Survey (COSMOS; Scoville et al. 2007), UKIRT

Infrared Deep Sky Survey (UKIDSS) Ultra-Deep Survey (UDS; Lawrence et al. 2007) and

the SA22 (Steidel et al., 1998) extragalactic fields. The majority of the sample are selected

using archival spectroscopic redshift with 25 per cent being Hα narrow-band emitters at

z = 0.84 from the HiZELS and CF-HiZELS surveys (Sobral et al., 2013a, 2015).

Targets were predominantly selected to have bright Hα emission in the J-band, avoiding

OH skylines and an observed magnitude of K < 22.5, with a ‘blue’ colour of r – z < 1.5.

Of the 795 galaxies targeted, 586 were detected in Hα emission. Removing galaxies

with low inclination angles of θim < 25, and [Nii] / Hα > 0.8 indicating the presence of

active galactic nuclei (AGN), leaves 486 galaxies, for which we can measure the gas-phase

metallicity.

4.2.2 KGES

The KGES survey was described in Chapter 3, but we provide a brief summary here. KGES

is a KMOS GTO program that targets ∼300 star-forming galaxies from z = 1.25 – 1.75

that preferentially lie within the CANDELS HST field. The program tracers ongoing star

formation in the interstellar medium of the galaxies using the Hα and [Nii] emission lines.

Galaxies with a K-band magnitude of K < 22.5 are selected from the UDS, COSMOS

and E-CDFS extragalactic fields. No prior morphological selection was made, with the

remaining KMOS masks filled with fainter galaxies.

Of the 288 galaxies targeted, 243 were detected in Hα emission and 235 have spatially-

resolved Hα emission. Following the classification scheme given in Chapter 3 (see also

Gillman et al. (2019b)), we select the 201 galaxies that are classified as quality 3 or higher.

These galaxies have been detected in Hα and are spatially-resolved beyond 2× half-light

radius. This removes poorly resolved low signal to noise galaxies and non-detections.
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(a) KROSS Galaxies. (b) KGES Galaxies.
Figure 4.1

Histogram of the velocity dispersion measured from the galaxy integrated spectrum
of both KROSS and KGES galaxies, both before and after zero-pointing the data
cubes. The median zero-pointed velocity dispersion (blue line) is 82 km s−1 and 85
km s−1 for KROSS and KGES respectively. This is lower than the observed median
velocity dispersion of 85 km s−1 and 97 km s−1 (orange line).

We combine both the KROSS and KGES samples to to create a sample of 687 star-forming

galaxies from z = 0.6 – 1.75 for which we will measure the gas-phase metallicity as traced

by the [Nii] / Hα ratio.

4.3 Mass –Metallicity Relation

To measure the gas-phase metallicity in our sample, we utilize the [Nii] / Hα emission line

ratio. In order to quantify this ratio, as an integrated quantify and as a function of radius,

we first remove the Hα velocity gradient and de-redshift (zero point) the KMOS data cubes

to rest frame z = 0. This allows the spectrum from multiple spaxels to be stacked without

artificially broadening the emission lines.

4.3.1 Velocity ‘Zero Pointing’

For each galaxy we shift each spectrum in the cube by the spectroscopic redshift of the

galaxy such that the Hα emission line of the continuum centre is centred at λ6563Å.

Using the Hα velocity map, as derived in Tiley et al. (in prep.), we then shift each
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Figure 4.2
Top: A galaxy integrated Hα narrow band spectrum and position velocity diagram
for a typical galaxy in the KGES sample at z ∼ 1.36. Bottom: Galaxy integrated
Hα narrow band spectrum and position velocity diagram for the same galaxy after
the zero pointing procedure has been applied. The spectrum and position velocity
diagram highlight the removal of the velocity gradient and rotational broadening
of the Hα emission line.

spaxel’s spectrum to remove the velocity field of the galaxy. The Hα emission line in

the observed KMOS data cubes for KGES galaxies has a median velocity dispersion

of σgal = 98± 4 km s−1, as shown in Figure 4.1. After zero pointing the median velocity

dispersion ofKGESgalaxies isσgal = 85± 2 km s−1 demonstrating the rotational broadening

of the Hα emission line has been removed.

In Figure 4.2 we show the galaxy integrated Hα narrow band spectrum and position

velocity diagram before and after zero pointing for a KGES galaxy at z = 1.36. The original

spectrum is broader than the zero-pointed spectrum due to rotational broadening. The

removal of the velocity gradient is evident in the position diagrams, with the zero-pointed

cube showing zero velocity gradient.

We apply the zero pointing procedure to all 687 KMOS data cubes in the combined KGES

and KROSS sample. In Figure 4.3 we show the spectrum of all detected galaxies ranked

by stellar mass, centered on the Hα emission line. The Hα emission line is prominent in
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all galaxies, whilst the forbidden transition lines [Nii] and [Sii] at λ6548Å, λ6583Å and

λ6716Å, λ6730Å respectively, become more prominent in higher stellar mass galaxies.

This reflects the increase in metallicity with stellar mass seen in the mass –metallicity

relation (e.g. Tremonti et al., 2004; Mannucci et al., 2010).

To measure the [Nii] / Hα ratio in each galaxy, we first generate an integrated spectrum by

spatially collapsing the zero pointed data cube of each galaxy. We model the Hα and [Nii]

emission lines using a triple Gaussian profile with fixed wavelength offsets and coupled

FWHMs, as described in Chapter 2. The fitting procedure uses a six parameter model with

continuum, Hα intensity, line center, line width, and [Nii] / Hα ratio. We apply this fitting

procedure to all observed galaxies with a Hα S/N> 5.

The median gas-phase metallicity of KROSS galaxies at z ∼ 0.8, converted to an Oxygen

abundance using the calibrations fromPettini&Pagel (2004), is 〈 12+log(O/H) 〉 = 8.55± 0.01

with a range from 12+log(O/H) = 7.78 – 8.95. For KGES galaxies at z ∼ 1.5 the median

metallicity is 〈 12+log(O/H) 〉 = 8.53± 0.02 with a range from 12+log(O/H) = 7.96 – 8.83.

The gas-phase metallicity for the KGES and KROSS samples is listed in Appendix B. We

analyse further the distribution of metallicity within the observed sample and its connection

to other galaxy properties in the next section.

4.3.2 The Mass –Metallicity Relation

In order to quantify the processes that drive the baryon cycle within galaxies and ultimately

drive their secular evolution, we can analyse the connection between the metal content

of the inter stellar medium (e.g. gas-phase metallicity) and other fundamental galaxies

properties such as stellar mass and star formation rate.

To analyse the mass –metallicity relation in high-redshift star-forming galaxies, we show

the galaxy integrated [Nii] / Hα ratio as a function of stellar mass in Figure 4.4 for both

the KROSS and KGES surveys. We convert the [Nii] / Hα ratio to an oxygen abundance

using the conversion from Pettini & Pagel (2004). Higher stellar mass KROSS and KGES

galaxies generally have a higher metallicity, with a weaker dependence on stellar mass at
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Figure 4.4
The galaxy integrated gas-phase metallicity, measured from [Nii] / Hα as a function
of stellar mass, coloured by Hα star formation rate, for both KROSS (top) and KGES
(bottom) surveys. Dashed lines represent the mass –metallicity relation at z = 0.1
(Kewley & Ellison, 2008), z = 2.2 (Erb et al., 2006) and z = 3.1 (Maiolino et al.,
2008). The horizontal dashed line indicates solar metallicity of 12+log(O/H) = 8.86
(Asplund, 2005). The metallicity is converted from a [Nii] / Hα ratio to an oxygen
abundance following the calibration of Pettini & Pagel (2004). The orange line
and shaded region indicates a running median and 1-σ scatter. In the lower panel
the grey line indicates the running median of the KROSS sample. In both surveys,
higher stellar mass galaxies have higher metallicity and a slight trend with higher
star formation rate. KROSS galaxies generally have a higher metallicity than KGES
galaxies, in agreement with the evolution between the z = 3.1 and z = 0.1 models.
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the highest masses.

This is in agreement with other high-redshift studies of galaxies (e.g. Stott et al., 2014;

Yabe et al., 2015; Förster Schreiber et al., 2018; Curti et al., 2019), as well as inside-out

galaxy evolution models and hydroynamical simulations that predict feedback driven winds

and outflows which remove metal rich material from lower mass galaxies more easily than

higher mass systems, due to the their smaller potential wells (e.g. De Rossi et al., 2017;

Anglés-Alcázar et al., 2017; Chisholm et al., 2018; Gao et al., 2018).

In Figure 4.4 we show tracks from observations of low redshift galaxies (z = 0.1) from

Kewley & Ellison (2008) as well as studies of high redshift galaxies from Erb et al. (2006)

at z = 2.2, and Maiolino et al. (2008) at z = 3.1. The KROSS and KGES galaxies are

offset to lower metallicity than z ∼ 0.1 star-forming galaxies from Kewley & Ellison (2008),

whilst having comparable metallicity to the z = 2.2 galaxies analysed by Erb et al. (2006).

This agrees with the evolution in the mass –metallicity relation identified by other surveys

of star-forming galaxies (e.g. Sanders et al., 2018; Huang et al., 2019) and is attributed

to the lower metallicity of infalling gas at higher redshift and an increase in the mass

loading factor of outflows and winds, that remove metal enriched gas from the interstellar

medium. Furthermore the interstellar medium slowly becomes more enriched with metals

as star formation proceeds and the galaxy evolves with cosmic time. Metal deficiency in

high-redshift galaxies can also be linked to the increased likelihood of galaxy interactions

in the distant Universe (e.g, Bustamante et al., 2018).

In Figure 4.4, the galaxies are coloured by their Hα star formation rate. Galaxies of a

higher star formation rate are predicted to have a lower metallicity for a given stellar mass,

with the existence of a fundamental plane (e.g, Cresci et al., 2019). We identify a weak

trend in Figure 4.4, where the more highly star-forming galaxies appear below the median

trend between stellar mass and gas-phase metallicity. We explore this correlation with star

formation rate, as well as other galaxy properties, in the next section.
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4.3.3 The Mass –Metallicity Plane

4.3.3.1 Fundamental Properties and Metallicity

To analyse the presence of a fundamental plane connecting galaxy stellar mass, gas-phase

metallicity and other galaxy observable properties, we measure each galaxy’s offset to

the median stellar mass –metallicity relation in Figure 4.4. To do this we define a new

quantity ∆Z, where ∆Z=Zgal − Zmed. We use the median mass –metallicity relation for

both KROSS and KGES galaxies to measure ∆Z for all 687 galaxies in the observational

sample.

In Figure 4.5, we show ∆Z as a function of Hα star formation rate, stellar continuum

half-light radius, specific star formation rate and the balance between rotational velocity

and velocity dispersion. We identify a weak correlation between ∆Z and star formation

rate with a spearman coefficient of r = – 0.13, whereby more highly star-forming galaxies

have a lower gas-phase metallicity for a given stellar mass. This is in agreement with other

studies of gas-phase metallicity in star-forming galaxies at high redshift (e.g. Mannucci

et al., 2010; Zahid et al., 2014; Cresci et al., 2019; Curti et al., 2020). The dependence

on star formation rate is expected to be driven by the infall of pristine gas, especially

at high-redshift, that leads to an increase in the star formation rate and a dilution of the

interstellar medium’s metal content.

As well as the ongoing star formation rate of a galaxy correlating with the gas-phase

metallicity, it has been shown that the specific star formation (sSFR) has a weak negative

correlation with metallicity. For galaxies with log10(sSFR) ≥ −9.5, for a given stellar mass,

higher specific star formation systems are predicted to have lower gas-phase metallicity,

whilst galaxies with log10(sSFR)<−9.5, are shown to exhibit no correlation between sSFR

and metallicity (e.g. Mannucci et al., 2010; Salim et al., 2015; Curti et al., 2020). For our

observational sample, we identify a weak correlation between Hα specific star formation

rate and ∆Z with r = – 0.17 at a 4 –σ level. Fitting to galaxies with log10(sSFR)≥ −9.5

leads to the same level of correlation.
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Figure 4.5
The offset from the median mass –metallicity relation (∆Z) as a function of Hα
star formation rate, Hα specific star formation rate, stellar continuum half-light
radii and v/σ for galaxies in both the KROSS and KGES surveys. The grey line
indicates a parametric fit to the data, quantified in the lower left corner of each
panel. The grey shaded region and black dashed lines indicate a running median,
and 1 –σ scatter region in each panel. We identify a weak negative correlation
between a galaxy’s offset from the median mass –metallicity relation and with
both its Hα star formation rate (r = – 0.13) and specific star formation (r = – 0.17).
We also identify weaker negative correlations between the offset from the median
mass –metallicity relation and the stellar continuum half-light radius and balance
between rotational velocity and velocity dispersion. This indicates that more highly
star-forming, smaller, more rotation dominated galaxies have a lower metallicity at
a fixed stellar mass.
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A recent paper by Huang et al. (2019) indicates a correlation between the stellar continuum

half-light radius and the gas-phase metallicity of galaxies at z ∼ 0.8 in the SDSS survey.

Large galaxies appear to have to lower metallicity for a given stellar mass. This correlation

was also found by Sánchez Almeida & Dalla Vecchia (2018) in the eagle hydrodynamical

simulation, with smaller star-forming galaxies shown to have higher metallicity. To explore

this correlation in our observational sample, in Figure 4.5 we analyse the correlation

between ∆Z and a galaxy’s stellar continuum half-light radius.

We identify a minimal negative correlation at 1 –σ between the continuum size of the

galaxy and the offset from the median metallicity of the sample for a given stellar mass.

The combined KROSS and KGES sample has a spearman rank coefficient of r = – 0.07.

Only 47 per cent of the KROSS sample have stellar continuum half-light radii derived from

HST imaging and 87 per cent of the KGES sample. If we exclude galaxies without HST

imaging, whose continuum sizes are less certain, we identify a similar correlation between

∆Z and continuum size, with r = – 0.08 and a parametric fit of ∆Z∝ log10(R−0.09± 0.02
h ).

This is in agreement with the correlation reported by other studies of star-forming galaxies.

In Figure 4.5 we also show the correlation between ∆Z and v/σ, identifying a minimal

negative correlation with a spearman rank coefficient of r =−0.02 at a 4 – sigma level.

This indicates that more rotation dominated galaxies have a slightly lower metallicity for

a given stellar mass. Zenocratti et al. (2019) showed that in the eagle simulation, more

rotationally supported galaxies at z = 0 with log10(M∗)< 10.0 have a lower metallicity,

whilst at higher stellar masses more dispersion dominated galaxies have lower metallicity.

At higher redshift it was established that the correlation at lower stellar masses weakens

whilst it is stronger for higher stellar mass galaxies. Refitting the correlation to just galaxies

with log10(M∗)> 10.0 we identify a weak negative correlation with r =−0.1, whilst for

galaxies with log10(M∗)< 10.0 we find a weak positive correlation with r = 0.07, in contrast

to the Zenocratti et al. (2019) results.
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(a) KROSS galaxies. (b) KGES galaxies
Figure 4.6

A histogram of the offset from the median metallicity stellar mass relation for
both KROSS and KGES galaxies, split into disc, irregular and spheroidal using
the Huertas-Company et al. (2015) classification. For KROSS galaxies, all three
morphological types have a similar metallicity for a given stellar mass. For KGES
galaxies, irregular systems appear below the median mass –metallicity relation,
whilst disc and spheroidal galaxies lie on or above the median mass –metallicity
relation. For a given stellar mass, irregular galaxies are metal poor in comparison
to disc and spiral systems in the KGES survey.

4.3.3.2 Morphology and Metallicity

As well the dynamical and photometric properties of a galaxy, it has been shown that a

galaxy’s morphology has a correlation with its gas-phase metallicity. In the local Universe

galaxies with disturbed morphologies have been shown to have different metallicities

compared to isolated galaxies, which depends on the magnitude of the galaxy-galaxy

interactions (e.g. Michel-Dansac et al., 2008; Rupke et al., 2010).

To explore this correlationwithin our sample, in Figure 4.6we show a histogram of the offset

from the median stellar mass –metallicity relation, for both KROSS and KGES galaxies,

separated into spheroidal, disc and irregular galaxies, as classified by Huertas-Company

et al. (2015). For KROSS galaxies at z ∼ 0.8 we identify similar offsets from the median

mass –metallicity relation for all morphological classes, in the range of ∆Z=−0.2 – 0.2.

For KGES galaxies at z ∼ 1.5, the irregular galaxies have a lower metallicity for a given

stellar mass, compared to spheroidal or disc galaxies.

In Gillman et al. (2019b) (see Chapter 3), we suggest that irregular galaxies have a higher
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gas fraction in comparison to disc galaxies. A higher fraction of metal poor gas in a

galaxy dilutes the metal content and leads to a lower observed metallicity for a given stellar

mass, as shown in Figure 4.6. The irregular galaxies in the KGES sample have a median

stellar mass of 〈 log10(Mstar[M�]) 〉 = 10.08± 0.12 whilst for disc and spheroidal galaxies it

is 〈 log10(Mstar[M�]) 〉 = 10.52± 0.15 and 〈 log10(Mstar[M�]) 〉 = 10.21± 0.21 respectively.

The median Hα star formation rate of the irregular galaxies in the KGES sample is

〈SFR 〉 = 25± 3M�yr−1. For spheroidal and disc galaxies it is 〈SFR 〉 = 43± 10M�yr−1

and 〈SFR 〉 = 24± 8M�yr−1 respectively.

Using the parameterisation of the fundamental plane between stellar mass, star formation

rate and gas-phase metallicity as given in Curti et al. (2020), we can derive the expected

metallicity of disc, spheroidal and irregular galaxies in KGES, if they lie on the fundamental

plane. The plane is quantified as,

Z(M, SFR) = Z0 − (γ/β) log(1 + (M/M0(SFR))−β) (4.3.1)

where log(M0(SFR))=m0+m1 log(SFR). Curti et al. (2020) establish the best fit parameters

are Z0 = 8.779, m0 = 10.11, m1 = 0.56, γ = 0.31 and β = 2.1. Using Equation 4.3.1, we

identify that disc and spheroidal galaxies have a fundamental plane (FMR) metallicity

of 〈Zdisc,FMR 〉 = 8.66± 0.01 and 〈Zspheroidal,FMR 〉 = 8.53± 0.01 respectively. Irregular

galaxies on the fundamental plane have a metallicity of 〈Zirregular,FMR 〉 = 8.52± 0.01.

In the KGES sample we establish that disc and spheroidal galaxies have a median metalli-

city of 〈Zdisc 〉 = 8.65± 0.02 and 〈Zspheroidal 〉 = 8.53± 0.11 respectively. Whilst irregular

galaxies have a median metallicity of 〈Zirregular 〉 = 8.38± 0.03. This indicates that the

irregular galaxies identified in the KGES survey do not lie on the fundamental mass –

metallicity relation established by Curti et al. (2020), in comparison to disc and spheroidal

galaxies, which lie on or near the plane.
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4.4 Metallicity Gradients

Understanding the distribution of gas-phase metallicity in a galaxy provides insights into

the baryonic processes (e.g. star formation, feedback and accretion) that dominate a

galaxy’s evolution, and ultimately lead to changes in galaxy dynamics and morphology. In

this section we present our analysis of the [Nii] / Hα metallicity gradients in both KROSS

and KGES galaxies, including modelling of the systematics encountered in our analysis and

consistency tests, in addition to correlating the metallicity gradients of the observational

sample with their morphological and dynamical properties.

4.4.1 Radial Metallicity Profiles

To measure the distribution of gas-phase metallicity in KROSS and KGES galaxies, we

measure the radial distribution of the [Nii] / Hα ratio. To achieve this we sum the spectra of

the zero pointed data cubes in annuli that are multiples of the stellar continuum half-light

radii of the galaxy. The axis ratio, position angle and half-light radii of the galaxy are

derived from HST CANDELS imaging, as described in Chapter 2 (see also Gillman et al.

(2019b)). We fit a triple Gaussian profile to the Hα and [Nii] emission lines in each

annulus, from which we measure the [Nii] / Hα ratio. To fit to the emission line we require

the Hα line to have a signal to noise (S/N) ≥ 3. If the [Nii] emission line has a S/N ≤ 3 we

define a 3σ upper limit for [Nii] / Hα ratio.

The emission lines are fit using the same chi-squared minimisation procedure as for the

integrated spectra as described in Chapter 3, with the full width half maximum (FWHM)

and wavelength separation of the two [Nii] lines and Hα line fixed. Examples of the

[Nii] / Hα ratio measurement for a number of galaxies are shown in Figure 4.7. We extract

the [Nii] / Hα ratio in all annuli where these criteria are met. If we have more than three

measures of [Nii] / Hα as a function of radius with at least one measurement not being a

limit, we measure the slope of the [Nii] / Hα ratio as a function of radius.
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Figure 4.7
Examples of typical spatially-resolved KGES galaxies, with from left to right, HST
colour image with the semi-major axis indicated (orange line). Hα narrow band
image from zero pointed observation, with KMOS field of view (blue square) and
annuli of multiples of Rh with galaxy’s axis ratio and position equal to the kinematic
position angle of the galaxy. Spectrum extracted from each annulus is shown with
the Hα and [Nii] Gaussian model overlayed. A range of [Nii] / Hα profiles are
shown with some galaxies displaying positive profiles and others negative.
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(a) ∆Z/∆R in KGES with PA variation. (b) ∆Z/∆R in KROSS with PA variation.

(c) ∆Z/∆R in KGES with annuli size variation. (d) ∆Z/∆R in KROSS with annuli size variation.
Figure 4.8

(Top): The [Nii] / Hα gradient measured in both KROSS and KGES galaxies in
annuli with a position angle set to the galaxy’s kinematic position angle (PAkin),
plotted against the gradient measured in annuli with position angle equal to morpho-
logical position angle (PAmorph).The colour bar indicates the intrinsic axis ratio of
the galaxy. (Bottom): The [Nii] / Hα gradient measured in both KROSS and KGES
galaxies in annuli with radius fixed to multiples the galaxies half-light radius plotted
against the metallicity gradient measured in annuli separated by 2kpc. The colour
bar indicates the stellar continuum half-light radius of the galaxies. The axis ratio
and half-light radius of the galaxies were derived from a two dimensional Sérsic
profile fitted to a broadband image of the galaxy using the galfit software. There
is no clear correlation between galaxy half-light radius or axis ratio and the ratio
between metallicity gradients measured at different position angles or measured in
different size annuli.
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4.4.2 Consistencies and Calibrations

Since these are ground based observations, which suffer from systematic effects due to the

variation in galaxy properties (e.g. signal to noise, galaxy size, inclination), it is important

to quantify the reliability of our method in deriving the intrinsic metallicity gradient of a

galaxy.

To test the accuracy of the derived metallicity gradient for each galaxy, we extract the

spectra in a number of different ways. We measure the gradient in each galaxy from annuli

with position angle fixed to both the kinematic position angle (PAkin), derived from Hα

velocity map (Tiley et al. in prep.), and the semi-major axis (PAmorph), defined from HST

imaging (Gillman et al., 2019b). In Figure 4.8a & 4.8b, for both KROSS and KGES

galaxies, we show the measured metallicity gradient derived from annuli with PA=PAkin

and PA=PAmorph.

For KGES galaxies there is minimal scatter with a median ratio of 〈 (∆Z/∆R PAmorph

)/(∆Z/∆R PAkin ) 〉 = 0.99± 0.01. For KROSS galaxies the median ratio is 〈 (∆Z/∆R

PAmorph )/(∆Z/∆R PAkin ) 〉 = 0.98± 0.01. About 50 per cent of the KROSS galaxies do

not have HST imaging. Morphological measurements, such as the position angle and

stellar continuum size, of these galaxies measured from ground based imaging are more

uncertain. Only selecting KROSS galaxies with HST imaging makes the median value

〈 (∆Z/∆R PAmorph )/(∆Z/∆R PAkin ) 〉 = 0.99± 0.01.

The galaxies in Figure 4.8a & 4.8b are coloured by their axis ratio, however no clear

dependence on morphological axis ratio is visible, indicating this does not affect our

ability to recover the metallicity gradient of the galaxy when using either morphological

or kinematic position angle.

To quantify how the size of the annulus impacts the metallicity gradient, we also measure

the metallicity gradient from annuli separated by a fixed physical distance as opposed to

relative to the size of the galaxy. We fix the annulus size to be multiples of 2 kpc (0.25

arcsec at z ∼ 1.5). In Figure 4.8c & 4.8d we show the metallicity gradient measured from

annuli with semi major axis equal to multiples of the half-light radius of the galaxy as a



4.4. Metallicity Gradients 131

Figure 4.9
The ratio of measured metallicity gradient to intrinsic model gradient for 1000mock
galaxies of infinite signal to noise, as a function of axis ratio (left) and FWHM/Rh
(right). We also show a histogram of FWHM/Rh values in the right hand panel.
We find no dependence on the axis ratio of the galaxy with a median of 〈 (∆Z/∆R
measured )/(∆Z/∆R intrinsic ) 〉 = 0.98± 0.01 with a scatter of 0.01. The offset
from unity at all axis ratio is caused by the finite pixel sampling of the continuous
distribution used to model the intrinsic gradient. We identify a strong dependence
on our ability to recover the intrinsic gradient as a function of FWHM/Rh as well
as axis ratio. For a fixed FWHM/Rh ratio, the metallicity gradient in a more edge
on galaxy is less well recovered than a more face-on galaxy.

function of the that measured from annuli of multiples of 2 kpc. For KGES galaxies there

is minimal scatter with a median ratio of 〈 (∆Z/∆R 2 kpc )/(∆Z/∆R Rh ) 〉 = 0.99± 0.01.

For KROSS galaxies the median ratio is 〈 (∆Z/∆R 2 kpc )/(∆Z/∆R Rh ) 〉 = 0.98± 0.01

To further ensure our measurements of the metallicity gradients are robust, we derive

the metallicity gradients including the 3σ limit data points, in addition to calculating the

gradient when we exclude the limits. In doing so we derive a median ratio of 〈 (∆Z/∆R

limits )/(∆Z/∆R no-limits ) 〉 = 1.0± 0.02. This indicates the upper limits and lower signal

to noise regions of the galaxies do not effect our ability to measure the metallicity gradient

within the observed sample. We conclude that our method to measure the metallicity

gradients is robust and does not bias the measured gradient.

4.4.3 Beam Smearing

One of the most significant systematic effects that affects our ability to accurately measure

the metallicity gradients of high-redshift galaxies is beam smearing. The atmospheric
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Figure 4.10
The ratio of measured metallicity gradient to intrinsic model gradient for 1000
mock galaxies with signal to noise comparable to the KMOS observations, as a
function of axis ratio (left) and FWHM/Rh (right). We also show a histogram of
FWHM/Rh values in the right hand panel. The bottom panel shows an interpolation
of the ratio of the measured metallicity gradient to intrinsic model gradient as a
function of FWHM/Rh, with each line at fixed axis ratio. We find no dependence
on the axis ratio of the galaxy with a median of 〈 (∆Z/∆R measured )/(∆Z/∆R
intrinsic ) 〉 = 0.88± 0.02 with a scatter of 0.2. The larger scatter is driven by the
variation in signal to noise between the models. We identify a strong dependence
on our ability to recover the intrinsic gradient as a function of FWHM/Rh as well
as axis ratio. For a fixed FWHM/Rh ratio, the metallicity gradient in a more edge
on galaxy is less well recovered than for a more face-on galaxy, however with more
scatter than the infinite signal to noise version.
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seeing blurs the observed emission of the galaxy. The metallicity gradient which we

measure is artificially flattened in comparison to the intrinsic gradient of the galaxy.

To quantify this effect and understand the impact on our sample we generate a sample of

1000 mock galaxies with a given intrinsic metallicity gradient. We use the same routine

as for the KMOS observations, and attempt to recover the intrinsic metallicity gradient of

the galaxy.

We model the Hα profile of the galaxies using a two dimensional Sérsic profile with an

index of n = 1 and use a range of half-light radii, axis ratios and position angles that match

the distribution of these observables in the KGES and KROSS samples. We assume the

Hα half light radius is equal to the stellar continuum half-light radii of the galaxies, and

use this to define the annuli sizes from which we extract the [Nii] / Hα ratio. To model the

PSF of the observations we use a spherical two-dimensional Gaussian filter, that is scaled

relative to the size of the model galaxy. The input emission lines are a combination of

Gaussian profiles and Gaussian noise scaled to match the required signal to noise

As a first approach, to analyse the impact of axis ratio and beam smearing, we generate

1000 galaxies with infinite signal to noise. In Figure 4.9 we show the ratio of the recovered

metallicity gradient to the intrinsic gradient as a function of the galaxies axis ratio and the

ratio of the half-light radius to the FWHM of the PSF. We identify no correlation with the

axis ratio of the galaxy, in our ability to recover the intrinsic metallicity gradient of the

galaxy. The offset from unity in Figure 4.9, is caused by the finite sampling on the pixel

grid of the continuous Sérsic distribution used to model the profile. The model galaxies

have a median value of 〈 (∆Z/∆R measured )/(∆Z/∆R intrinsic ) 〉 = 0.98± 0.01.

In Figure 4.9 we also show the ratio of the measured gradient to intrinsic gradient as

a function of FWHM/Rh. For galaxies with a larger FWHM/Rh, the accuracy of the

metallicity gradient measurement reduces significantly. We also identify an axis ratio

dependence, with more edge on galaxies at a fixed FWHM/Rh requiring a larger correction

than face-on galaxies. A similar trend was found by Stott et al. (2013b). In more edge-on

systems in the minor axis direction, the annuli are closer together, thus more affected by

the spherical Gaussian PSF we use to model the turbulence in the atmosphere.
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Figure 4.11
Histogram of the observed metallicity gradient in KGES and KROSS galaxies
as well as the intrinsic, beam smearing corrected, metallicity gradient for the
sample. The median observed metallicity gradient of the observational sample
is 〈∆Z/∆R 〉 = 0.0011± 0.0008 with a scatter of 0.024. The median intrinsic
metallicity gradient is 〈∆Z/∆R 〉 = 0.0025± 0.002 with a scatter of 0.07.

To understand the impact of signal to noise on our ability to measure the metallicity

gradient, we generate a further 1000 galaxies with Hα signal to noise comparable to

that of the observations. In Figure 4.10 we show the relations between the ratio of

measured and intrinsic gradient as a function of axis ratio and FWHM/Rh. We identify

the same correlations with FWHM/Rh in the lower signal to noise models but with more

scatter. The median beam smearing correction for galaxies with Hα signal to noise

comparable to the observations, across a range of FWHM/Rh, is 〈∆Z/∆R |measured /∆Z/∆R

|intrinsic 〉 = 0.45± 0.02, i.e. the observed metallicity gradient of the galaxies is only around

45 per cent of the intrinsic metallicity gradient of the galaxy.

To correct the observedmetallicity gradients in the observational sample for beam smearing,

we interpolate the observed to intrinsic ratio as a function of FWHM/Rh for given axis

ratios, as shown in Figure 4.10. We use this correction curve to derive the correction for

each KGES and KROSS galaxies depending on there axis ratio and ratio of FWHM/Rh.

Themedianmetallicity gradient of the observational sample is 〈∆Z/∆R 〉 = 0.0011± 0.0008
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with a scatter of 0.024 and range from ∆Z/∆R=−0.15 – 0.11 dex kpc−1 as shown in Figure

4.11. Themedian beam smearing correctedmetallicity gradient is 〈∆Z/∆R 〉 = 0.0025± 0.002

with a scatter of 0.07 and range from ∆Z/∆R=−0.41 – 0.33 dex kpc−1. The gas-phase

metallicity gradients of galaxies in the KGES and KROSS surveys are listed in Appendix B.

We now explore the correlations between the galaxies beam smearing corrected metallicity

gradient and their morphological and dynamical properties.

4.5 Metallicity Gradient Correlations

4.5.1 Metallicity Gradients and Morphology

In the local Universe studies of galaxy metallicity gradients in star-forming galaxies have

established a link between galaxy morphology and the slope of the metallicity profile.

Interacting galaxies have been shown to exhibit flattened gradients (e.g. Kewley et al.,

2010; Rupke et al., 2010) which is anticipated from an inflow of pristine gas into the

galaxy centre as a result of the interaction, whilst at high-redshift, integral field studies

of star-forming galaxies with peculiar morphologies have been identified to have inverted

(positive) metallicity gradients (Queyrel et al., 2012).

In more recent large scale integral field surveys, early- and late-type galaxies locally

have been shown to have statistically similar metallicity gradients with no morphological

dependence (e.g. Sánchez et al., 2014; Sánchez-Menguiano et al., 2016). However previous

studies have also identified that early-type galaxies have flat metallicity gradients, whilst

late-type galaxies exhibit much steeper (negative) abundance profiles (e.g. Márquez et al.,

2002).

In Figure 4.12 we show examples of the kinematics and metallicity gradients of KGES

galaxies with HST CANDELS imaging, sampled from the upper and lower quarterlies

of the KGES sample when ranked by metallicity gradient. There is no clear correlation

between the rest-frame optical morphology of the galaxies, as indicated by the HST
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Figure 4.12
Examples of spatially-resolved KGES galaxies, ranked by their [Nii] / Hα gradient,
from most positive to most negative. For each galaxy we show the metallicity
profile, HST colour image and the Hα velocity map. There is no clear correlation
between the metallicity gradient of the galaxy and rest-frame optical morphology
as shown in the HST image.
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imaging, and the gradient of the metallicity profile in each galaxy, with disc, spheroidal

and irregular galaxies having a range of metallicity gradients.

To analyse any potential link between gas-phase metallicity gradient and rest-frame op-

tical morphology, in Figure 4.13 we show the distributions of metallicity gradients for

spheroidal, disc and peculiar galaxies in the KROSS and KGES galaxies. In KROSS, we

identify spheroidal galaxies have a median beam smearing corrected metallicity gradi-

ent of 〈∆Z/∆R 〉 = 0.0029± 0.014 dex kpc−1, whilst for disc and peculiar galaxies it is

〈∆Z/∆R 〉 = 0.0048± 0.0038 dex kpc−1 and 〈∆Z/∆R 〉 = 0.0120± 0.0092 dex kpc−1 respect-

ively. InKGESwefind 〈∆Z/∆R 〉 = 0.0026± 0.0079 dex kpc−1, 〈∆Z/∆R 〉 = 0.0062± 0.0064

dex kpc−1 and 〈∆Z/∆R 〉 = 0.010± 0.017 dex kpc−1 for spheroidal, disc and peculiar galax-

ies.

There is no distinction between the three morphological classes, with all galaxies hav-

ing a median metallicity gradient within 1 –σ of each other. If we analyse the distri-

butions of metallicity gradients in the non-beam smearing corrected metallicity gradi-

ents for both KROSS and KGES galaxies, we identify the same result, where for

spheroidal, disc and peculiar galaxies in KROSS we find 〈∆Z/∆R 〉 = 0.0022± 0.0075,

〈∆Z/∆R 〉 = 0.0042± 0.0030 and 〈∆Z/∆R 〉 = 0.0096± 0.0075 dex kpc−1 respectivelywhilst

in KGES 〈∆Z/∆R 〉 = 0.0041± 0.0092 dex kpc−1 , 〈∆Z/∆R 〉 = 0.0021± 0.0020 dex kpc−1

and 〈∆Z/∆R 〉 = 0.0021± 0.0048 dex kpc−1 for spheroidal, disc and peculiar galaxies,

Curti et al. (2019) also identified no difference in the metallicity gradients of interacting

and disturbed systems. They attributed this to the limited resolution of their data at high-

redshift as well as the method of averaging the metallicity in annuli and thus smoothing out

azimuthal variations in metallicity. High-resolution studies of local star-forming galaxies

have also demonstrated the importance of resolving individual Hii regions and azimuthal

variations when analysing the connection between morphology and metallicity profiles

(e.g. Sánchez et al., 2017a; Sánchez-Menguiano et al., 2018).
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(a) KROSS Galaxies. (b) KGES Galaxies.
Figure 4.13

A histogram of the beam smearing corrected metallicity gradients for KROSS and
KGES galaxies, split into disc, peculiar and spheroidal using the Huertas-Company
et al. (2015) classification. We find no difference between the metallicity gradients
for all three morphological classes in both the KROSS and KGES sample.

4.5.2 Metallicity Gradients and Fundamental Properties

In the local Universe, strong trends between the stellar mass, specific star formation rate

and the metallicity gradient of star-forming galaxies have been observed (e.g. Sánchez

et al., 2014; Belfiore et al., 2017, 2019). Less massive, high specific star formation rate

systems exhibit flatter metallicity gradients, whilst higher stellar mass, low specific star

formation rate galaxies have more negative abundance gradients.

To analyse whether the metallicity gradients of the galaxies in our sample are correlated to

other observable properties asides frommorphology, in Figure 4.14, we plot the metallicity

gradients of both KROSS and KGES galaxies as a function of stellar mass, Hα star

formation rate, Hα specific star formation rate.

The stellar mass of the galaxies shows a weak negative correlation with the metallicity

gradient, with a spearman rank coefficient of r =−0.13 (3.5−σ). The Hα star formation

rate indicates no significant trend with metallicity gradient with r =−0.05 whereas the

specific star formation rate of KROSS and KGES galaxies shows a weak positive trend

with metallicity gradient with r = 0.09 at a 3−σ level. Higher stellar mass galaxies have

more negative metallicity gradients, which at a fixed star formation rate, correspond to

galaxies with lower specific star formation rates, giving rise to the positive correlation
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between metallicity gradient and specific star formation rate.

We identify a slightly weaker correlation when we do not apply the beam smearing

correction to the metallicity gradients. The stellar mass of the galaxies correlates with

metallicity gradient with an r =−0.11 (3−σ). The correlation with Hα star formation rate

is unaffected by the beam smearing correction with r =−0.05. Whilst the specific star

formation rate has a similar correlation with metallicity gradient with r =−0.08 at a 2−σ

level.

This correlation was also identified by other studies of high redshift star-forming galaxies

(e.g. Stott et al., 2014; Wuyts et al., 2016; Curti et al., 2019), whereby galaxies with higher

specific star formation rates have metal poor centres. Hydrodynamical simulations have

highlighted the importance of feedback in driving this correlation and shaping the metal

distribution within galaxies (e.g. Ma et al., 2017), suggesting that in these lower stellar

mass, higher specific star formation rate galaxies, feedback is much more efficient. The

negative correlation between metallicity gradient and stellar mass also aligns with the

inside-out model of galaxy evolution (e.g. Davé et al., 2011; Gibson et al., 2013), whereby

the inner regions of galaxies form stars at earlier times, leading to an increase in the

metallicity in the central regions as the galaxy evolves.

The model of inside-out galaxy evolution also predicts inflows of pristine gas into the

central regions of galaxies at early times, along filaments, that dilutes the local metal

distribution and boosts the specific star formation rate in the central regions. This may well

be reflected in the small positive correlation seen in Figure 4.14 between the metallicity

gradient and Hα specific star formation rate of the galaxies in both KROSS and KGES.

In Figure 4.14 we also correlate the metallicity gradient of galaxies in the observed sample

with their rotation velocity, velocity dispersion and the balance between rotation velocity

and velocity dispersion. We establish no significant correlations between the metallicity

gradient of a galaxy and its rotation velocity or velocity dispersion with correlation

coefficients of r = – 0.01 and r = – 0.05 respectively. The observed, non-beam smearing

corrected, metallicity gradients for KROSS and KGES galaxies show a similar level of

correlation with rotation velocity and velocity with r = – 0.02 and r = – 0.02 respectively.
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In the local Universe, studies of late-type galaxies in the MaNGA survey (e.g. Pilyugin

et al., 2019), have shown that the metallicity gradients flatten with increasing rotation

velocity. Queyrel et al. (2012) established that for star-forming galaxies at z ∼ 1.2 in the

MASSIV survey, galaxies with higher gas velocity dispersions have shallower or more

positive metallicity gradients. This is in contrast to Figure 4.14 which shows no correlation

between rotation velocity, velocity dispersion and metallicity gradient. We also identify no

correlation between the ratio of rotation velocity to velocity dispersion (v/σ) for a galaxy

and its metallicity gradient with r = – 0.02. No correlation is also identified when using

the non-beam smearing corrected gradients with r = 0.01.

4.6 Cosmic Evolution of Metallicity Gradients

In this section we compare the metallicity gradients of the KROSS and KGES galaxies to

other observational studies of the chemical abundance gradients in star-forming galaxies

across cosmic time. We also compare our results to cosmological hydrodynamical

simulations which trace the gas-phase metallicity of disc galaxies from z ∼ 2 to the present

day.

In Figure 4.15 we show metallicity gradients derived by Rupke et al. (2010) at z ∼ 0 for a

sample of isolated spiral galaxies, as well as galaxies undergoing interactions with other sys-

tems. The interacting systems have slightly flatter gradientswith, 〈∆Z/∆R 〉 = 0.0165± 0.05

dex kpc−1 in comparison to isolated systems with 〈∆Z/∆R 〉 =−0.04± 0.05 dex kpc−1.

Rupke et al. (2010) derived the metallicity gradients of the galaxies in their sample using

the R23 index, ([Oii] λ3727Å, λ3729Å+ [Oiii] λ4959Å+ [Oiii] λ5007Å)/Hβ and following

the calibrations of Kewley & Ellison (2008), identified no differences to the gradients

derived from other metallicity indicators.

At intermediate redshift we use the distribution of metallicity gradients of star-forming

galaxies from 0.1< z < 0.8 derived by Carton et al. (2018) using MUSE observations.

These metallicity gradients are derived using a combination of strong forbidden lines and

Balmer emissions lines. We also show the metallicity gradients of galaxies at z ∼ 1.2
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Figure 4.15
The metallicity gradients in the KROSS and KGES galaxies as a function of
redshift, coloured by morphological class using the Huertas-Company et al. (2015)
classification. We also show the metallicity gradients of star-forming galaxies
from a z ∼ 0 sample of isolated and interacting galaxies from Rupke et al. (2010).
The green hashed region indicates measurements from MUSE observations of
intermediate redshift galaxies from Carton et al. (2018) and the orange hexagon
is the metallicity gradients of galaxies at z ∼ 1.2 derived by Queyrel et al. (2012)
in the MASSIV survey. The metallicity gradients derived by Wuyts et al. (2016)
from the KMOS 3D survey are indicated by the grey shaded regions. We also
show theoretical predictions for two models of the metallicity gradients in disc
galaxies from Mott et al. (2013) with radially constant star formation efficiency
(purple dashed line) and constant star formation efficiency (solid purple line). The
metallicity gradients measured from the KROSS and KGES surveys agree with
other observations of star-forming galaxies at high-redshift, with flatter gradients
present at earlier times. We identify no significant correlation between metallicity
gradient and morphological class.



144 Chapter 4. Metallicity Gradients in High-Redshift Star-Forming Galaxies

derived by Queyrel et al. (2012). The galaxies were observed using SINFONI as part of

the MASSIV survey and the [Nii] / Hα was used to quantify their metallicity. In Figure

4.15 we show the [Nii] / Hα metallicity gradients derived by Wuyts et al. (2016) for the

KMOS3D survey from z = 0.6 – 1.75, which are largely in agreement with those measured

for our sample.

Finally, to compare to the predictions of hydrodynamical simulations we show the tracks

from Mott et al. (2013) who model the evolution of abundance gradients in spiral galaxies

in the framework of inside-out disc formation. We show two tracks, one with a variable star

formation efficiency within the galaxy disc, and one with a fixed star formation efficiency

that recreates the inverted gradients seen at higher redshift. Mott et al. (2013) note that the

inversion of the gradients is predominantly driven by efficient feedback mechanisms and

the infall of pristine gas, contrasting chemical enrichment, at early times.

Figure 4.15 shows our results are consistent with other observational studies of metallicity

gradients as well as predictions from simulations, with high-redshift galaxies exhibiting on

average flat metallicity gradients. We identify no variation between morphological classes

at each epoch. In the context of galaxy evolution models, the observational results appear

to align more with models that encompass strong feedback mechanisms.

4.7 Conclusions

In this Chapter we have analysed the gas-phase metallicity properties of galaxies in both

the KROSS and KGES surveys. The galaxies represent typical main-sequence star-forming

galaxies at their epochs from z = 0.6 – 1.75. We utilise the [Nii] / Hα emission line ratio,

converted to an oxygen-abundance using the calibrations of Pettini & Pagel (2004) to

probe the chemical abundance properties of the galaxies. We used the spatially-resolved

Hα dynamics of the galaxies as presented in Tiley et al. (in prep). and morphological

properties as derived in Gillman et al. (2019b) to understand the connection between

gas-phase metallicity, galaxy dynamics and morphology. We summarize our findings as

follows:
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• We establish that a gas-phase metallicity stellar mass relation is present at this epoch

(Figure 4.4), with higher stellar mass galaxies exhibiting higher metallicity. We

demonstrate that the 687 galaxies that make up the observable sample, have lower

metallicity than those in the local Universe, whilst having higher metallicity than

more distant galaxies.

• To analyse the correlation between a galaxy’s position in the mass –metallicity

relation and other galaxy properties we quantify each galaxy’s offset from the

median mass –metallicity relation, using the parameter ∆Z. We identify a weak

negative correlation between ∆Z and star formation rate (r =−0.13.) as well as

specific star formation r =−0.17, indicating the presence of a mass –metallicity star

formation rate fundamental plane (Figure 4.5).

• No significant correlation was identified with galaxy stellar continuum size and

∆Z however a small negative correlation is visible when only galaxies with HST

imaging are considered. We further identified a small negative correlation between

the rotation dominance of galaxy and its metallicity. More rotation dominated

galaxies appear to have lower metallicity for a given stellar mass with r =−0.02.

• We correlate the position of a galaxy in the mass –metallicity relation with the

galaxies morphology following the classification by Huertas-Company et al. (2015),

but find no significant difference between spheroidal, disc and peculiar galaxies in

KROSS galaxies, whilst in KGES peculiar systems exhibit slightly lower metallicity

for a given stellar mass (Figure 4.6). We establish that these irregular systems do

not lie on the fundamental metallicity plane defined by Curti et al. (2020).

• To understand further the chemical abundance properties of the galaxies in our

KMOS sample, we investigate the metallicity, as traced by the [Nii] / Hα emission

line ratio, as a function of radius. We measure the [Nii] / Hα ratio in annuli with

semi-major axes equal to a multiple of the stellar continuum half–light radius of the

galaxy and aligned with the kinematic position angle of the galaxy.
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• We perform a variety of tests to ensure that the method does not bias the measured

metallicity gradients (Figure 4.8a, 4.8b, 4.8c & 4.8d). We demonstrate that using the

kinematic position angle as opposed to the morphological major axis has no impact

on the measured gradient. We also establish that the metallicity gradient derived

using fixed sized annuli is comparable to that derived from annuli that are scaled to

the galaxies stellar continuum half-light radius. The median metallicity gradient of

the observational sample is 〈∆Z/∆R 〉 = 0.0011± 0.0008 with a scatter of 0.024 and

range from ∆Z/∆R=−0.15 – 0.11 dex kpc−1.

• We model the impact of beam smearing on our measurements of the metallicity

gradient using 1000 mock galaxies with properties that reflect the observational

sample (Figure 4.10). We derive amedian correction for galaxies of given FWHM/Rh

and axis ratio which is 〈∆Z/∆R |measured /∆Z/∆R |intrinsic 〉 = 0.45± 0.02. The median

beam smearing corrected metallicity gradient is 〈∆Z/∆R 〉 = 0.0025± 0.002 with a

scatter of 0.07 and range from ∆Z/∆R=−0.41 – 0.33 dex kpc−1.

• We explore correlations of the metallicity gradients with galaxy morphology and

dynamics (Figure 4.13). We find no difference between the metallicity gradients of

spheroidal, disc and irregular galaxies both when considering observed and beam

smearing corrected metallicity gradients.

• To analyse the connection between metallicity gradient and other galaxy properties,

we also correlate themetallicity gradients with galaxy stellar mass, star formation rate

and specific star formation rate. Higher stellar mass galaxies appear to exhibit more

negative gradients (r =−0.13) , whilst galaxies with higher specific star formation

rates have more positive gradients (r = 0.09), with no dependence on star formation

rate. We identify a similar correlation with the observed, non-beam smearing

corrected, metallicity gradients (Figure 4.14).

• The kinematic properties of the KROSS and KGES galaxies are found to have no

correlation with the observed and beam smearing corrected metallicity gradients,

which is in contrast to studies of local star-forming galaxies.
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• Finally, we examine the metallicity gradients in the context of cosmic evolution

(Figure 4.15). We demonstrate that our measurements of the metallicity gradient

align with other studies of high-redshift star-forming galaxies, with on average

galaxies having flat gradients, that are reproduced in numerical simulations in which

feedback plays a key role.

Overall we have shown that the scaling relations of gas-phase metallicity of high-redshift

star-forming galaxies are comparable to those in the local Universe, whilst being offset to

lower normalisation. We also identify similar correlations between galaxy properties and

metallicity as seen in local observational surveys.

We identified no variation in the metallicity gradients of irregular, disc galaxies. This may

well be due to the limited spatial resolution of the observations, and the azimuthal smoothing

that occurs when deriving a metallicity gradient. Future observations with VLT/ERIS and

ELT/HARMONI will allow sub-kpc resolution observations of the interstellar medium in

high redshift galaxies, that will enable spatially-resolved scaling relations and metallicity

gradients to be derived at high-redshift.





CHAPTER 5
The Distribution of Galaxy Angular Momentum

from z = 0.8 – 3.3

Abstract

In this chapter, we present adaptive optics assisted integral field spectroscopy of 34 star-

forming galaxies at z = 0.8 – 3.3 selected from the HiZELS narrow-band survey. We

measure the kinematics of the ionised interstellar medium on ∼1 kpc scales and show

that the galaxies are turbulent, with a median ratio of rotational to dispersion support of

V /σ = 0.82± 0.13. We combine the dynamics with high-resolution rest-frame optical

imaging and extract emission-line rotation curves. We show that high-redshift star-forming

galaxies follow a similar power-law trend in specific angular momentum with stellar mass

to that of local late-type galaxies.

We exploit the high resolution of our data and examine the radial distribution of angular

momentumwithin each galaxy by constructing total angular momentum profiles. Although

the stellar mass of a typical star-forming galaxy is expected to grow by a factor ∼ 8

in the ∼5 Gyrs between z ∼ 3.3 and z ∼ 0.8, we show that the internal distribution of

angular momentum becomes less centrally concentrated in this period; that is, the angular
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momentum grows outwards. To interpret our observations, we exploit the EAGLE

simulation and trace the angular momentum evolution of star-forming galaxies from z ∼ 3

to z ∼ 0, identifying a similar trend of decreasing angular momentum concentration. This

change is attributed to a combination of gas accretion in the outer disc, and feedback that

preferentially arise from the central regions of the galaxy. We discuss how the combination

of the growing bulge and angular momentum stabilises the disc and gives rise to the Hubble

sequence.

5.1 Preamble

In Section 1.3.2.2 of this thesis we describe how the connection between specific angular

momentum and morphology in the local Universe is well established, with more disc-

dominated morphologies having high angular momentum for a given stellar mass. In

Chapter 3 we quantified the angular momentum– stellar mass plane and its correlation

with the morphology of star-forming galaxies at z ∼ 1.5.

The motivation of this work is to investigate how the angular momentum of a star-forming

galaxy evolves with cosmic time and how this leads to the formation of Hubble-type

morphologies. A general introduction to this research is given in Section 1.3.2.2, here we

give just an introduction specific to the observations presented. The subsequent sections

of this chapter (Section 5.3 onwards) have been published in Gillman et al. (2019a).

5.2 Introduction

Two of the key measurements required to follow the formation of today’s disc galaxies

are: how is the angular momentum within a baryonic galaxy (re)distributed; and which

physical processes drive the evolution such that the galaxies evolve from turbulent systems

at high redshift into rotation-dominated, higher angular momentum, low redshift galaxies.

At high redshift star-forming galaxies are clumpy and turbulent, and whilst showing distinct

velocity gradients (e.g. Förster Schreiber et al., 2009, 2011a;Wisnioski et al., 2015), they are
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typically dominated by ‘thick’ discs and irregular morphologies. Morphological surveys

(e.g. Conselice et al., 2011; Elmegreen et al., 2014), as well as hydro-dynamical simulations

(e.g. Trayford et al., 2019) highlight that a critical epoch in galaxy evolution is z ∼ 1.5. This

is when the spiral galaxies (that would lie on a traditional Hubble classification) become

as common as peculiar galaxies.

If one of the key elements that dictate the morphology of a galaxy is angular momentum,

as suggested by the studies of local galaxies (e.g. Shibuya et al., 2015; Cortese et al.,

2016; Elson, 2017) then this would imply that this is the epoch when the internal angular

momentum of star-forming galaxies is becoming sufficiently high to stabilise the disc

(Mortlock et al., 2013).

Measuring the resolved dynamics of galaxies at high redshift on ∼ 1 kpc scales allows us to

go beyond a measurement of the size and asymptotic rotation speed, examining the radial

distribution of the angular momentum, comparing it to the distribution of the stellar mass.

Numerical studies further motivate the need to study the internal (re)distribution of angular

momentum of gas discs with redshift and suggest that the majority of the evolution occurs

within the half stellar mass radius of the galaxy (e.g. Van den Bosch et al., 2002; Lagos

et al., 2017; Marshall et al., 2019).

Resolving galactic discs on kpc scales in the distant Universe presents an observational

challenge. At z ∼ 1.5 galaxies have smaller half-light radii (∼ 2 – 5 kpc; Ferguson et al. 2004;

Stott et al. 2013a), which equate to ∼ 0.2′′ – 0.5′′. The typical resolution of seeing-limited

observations is ∼ 0.7′′.

To measure the internal dynamics on kilo-parsec scales (which are required to derive the

shape and normalisation of the rotation curve within the disc, with minimal beam-smearing

effects) requires very high resolution, which, prior to the James Webb Space Telescope

(JWST; García Marín et al. 2018), can only be achieved with adaptive optics. The advent

of adaptive optics (AO) integral field observations at high redshift allows us to map the

dynamics and distribution of star formation on kpc scales in distant galaxies (e.g. Genzel

et al., 2006, 2011; Swinbank et al., 2012b; Livermore et al., 2015; Molina et al., 2017;
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Förster Schreiber et al., 2018; Circosta et al., 2018).

In this chapter, we investigate the dynamics and both total and radial distribution of

angular momentum in high-redshift galaxies and explore how this evolves with cosmic

time. The data comprises of adaptive optics observations of 34 star-forming galaxies

from 0.8 ≤ z ≤ 3.3 observed with the OH-Suppressing Infrared Integral Field Spectrograph

(OSIRIS; Larkin et al. 2006), the Spectrograph for INtegral Field Observations in the

Near Infrared (SINFONI; Bonnet et al. 2004b), and the Gemini Northern Integral Field

Spectrograph (Gemini-NIFS; McGregor et al. 2003).

Our targets lie in the SA22 (Steidel et al., 1998), UKIDSS Ultra-Deep Survey (UDS;

Lawrence et al. 2007), and Cosmological Evolution Survey (COSMOS; Scoville et al.

2007) extra-galactic fields (Appendix C.2, Table C.2). The sample brackets the peak in

cosmic star formation and the high-resolution .0.1 arcsec observations allow the inner

regions of the galaxies to be spatially-resolved.

Just over two-thirds of the sample have Hα detections whilst the remaining third were

detected at z∼ 3.3 via [Oiii] emission. All of the galaxies lie in deep extragalactic fields

with excellent multiwavelength data, and the majority were selected from the HiZELS

narrowband survey (Sobral et al., 2013a), and have a nearby natural guide or tip-tilt star to

allow adaptive optics capabilities.

In Section 5.3 we describe the observations and the data reduction. In Section 5.4 we

present the analysis used to derive stellar masses, galaxy sizes, inclinations, and dynamical

properties. In Section 5.5 we combine stellar masses, sizes, and dynamical measurements

to infer the redshift evolution of the angular momentum in the sample. We derive the

radial distributions of angular momentum within each galaxy and compare our findings

directly to a stellar mass and star formation rate selected sample of eagle galaxies. We

discuss our findings and give our conclusions in Section 5.6.

Throughout the chapter, we use a cosmology with ΩΛ = 0.70, Ωm = 0.30 and H0 = 70 km s−1

Mpc−1 (Planck Collaboration et al., 2018). In this cosmology, a spatial resolution of 1

arcsecond corresponds to a physical scale of 8.25 kpc at a redshift of z = 2.2 (the median
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redshift of the sample.) All quoted magnitudes are on the AB system and stellar masses

are calculated assuming a Chabrier IMF (Chabrier, 2003).

5.3 Observations and Data Reduction

The majority of the observations (31 targets; 90 percent of the sample),1 were obtained

from follow-up spectroscopic observations of the High Redshift Emission-Line Survey

(HiZELS; Geach et al. 2008; Best et al. 2013), which targets Hα-emitting galaxies in five

narrow (∆ z = 0.03) redshift slices: z = 0.40, 0.84, 1.47, 2.23 and 3.33 (Sobral et al., 2013a).

This panoramic survey provides a luminosity-limited sample of Hα and [Oiii] emitters

spanning z = 0.4 – 3.3.

Exploiting the wide survey area, the targets from the HiZELS survey were selected to lie

within 25.0 arcsec of a natural guide star to allow for adaptive optics capabilities. The

sample spans the full range of the rest-frame (U − V) and rest-frame (V − J) colour space

as well as the stellar mass and star formation rate plane of the HiZELS parent sample

(Appendix C.1, Table C.1, and Figure 5.1). The data were collected from August 20009 to

December 2017 from a series of observing runs on SINFONI (VLT), NIFS (Gemini North

Observatory), and OSIRIS (Keck) integral field spectrographs (see Appendix C.2, Table

C.2 for details).

Our sample includes the galaxies first studied by Swinbank et al. (2012a) and Molina

et al. (2017), who analysed the dynamics and metallicity gradients in 20 galaxies from our

sample. In this chapter we build upon this work and include 14 new sources, of which 9

galaxies are at z > 3. We also combine observations of the same galaxies from different

spectrographs in order to maximize the signal to noise of the data.

1Three galaxies are taken from the KMOS Galaxy Evolution Survey (KGES; Tiley et al, in prep), a
sample of ∼300 star-forming galaxies at z ∼ 1.5. Their selection was based on Hα detections in the KMOS
observations and the presence of a tip-tilt star of MH <14.5 within 40.0 arcsec of the galaxy to make laser
guide star adaptive optics corrections possible.
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5.3.1 VLT/SINFONI

To map the Hα and [Oiii] emission in the galaxies in our sample, we undertook a series of

observations using the Spectrograph for INtegral Field Observations in the Near Infrared

(SINFONI; Bonnet et al. 2004b), a full description of which is given in Section 2.1.4 of

Chapter 2.

SINFONI is an integral field spectrograph at the VLT and can be used in conjunction with

an adaptive optics module (MACAO; Bonnet et al. 2004a) to observe from 1.1 – 2.45µm.

At z = 0.84, 1.47, and 2.23 the Hα emission-line is redshifted to ∼ 1.21µm, 1.61µm, and

2.12µm, into the J, H, and K bands, respectively. The [Oiii] emission-line at z ∼ 3.33 is

in the K-band at 2.16µm.

Each observing block (OB) was taken in an ABBA observing pattern (A=Object frame,

B =Sky frame) with 1.5 arcsec chops to sky, keeping the target in the field of view.

We undertook observations between September 10 2009 and August 01 2016 with total

exposure times ranging from 3.6ks to 13.4ks (Appendix C.2, Table C.2) where each

individual exposure was 600s. All observations were carried out in dark time with good

sky transparency and with a closed-loop adaptive optics correction using natural guide

stars.

In order to reduce the SINFONI data the ESOREX pipeline was used to extract, wavelength

calibrate, and flat-field each spectra and form a data cube from each observation. The final

data cube was generated by aligning the individual observing blocks, using the continuum

peak, and then median combining them and sigma clipping the average at the 3σ level

to reject pixels with cosmic ray contamination. For flux calibration, standard stars were

observed each night either immediately before or after the science exposures. These were

reduced in an identical manner to the science observations.
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5.3.2 Gemini/NIFS

The Gemini Northern Integral Field Spectrograph (Gemini-NIFS; McGregor et al. 2003),

as described in Section 2.1.4 of Chapter 2, is a single object integral field spectrograph

mounted on the 8m Gemini North telescope, which we used in conjunction with the

adaptive optics system ALTAIR to observe in the K-band covering a wavelength range of

2.00 – 2.43µm.

All of our observations were undertaken using an ABBA sequence in which the ‘A’ frame

is an object frame and the ‘B’ frame is a 6 arcsecond chop to blank sky to enable sky

subtraction. Individual exposures were 600s and each observing block 3.6ks, which was

repeated four times resulting in a total integration time of 14.4ks per target.

The NIFS observations were reduced with the standard Gemini IRAF NIFS pipeline which

includes extraction, sky-subtraction, wavelength calibration and flat-fielding. Residual OH

sky emission lines were removed using sky subtraction techniques described in Davies

(2007). The spectra were then flux calibrated by interpolating a black body function to the

spectrum of the telluric standard star.

Finally data cubes for each individual exposure were created with an angular sampling of

0.05 arcsec × 0.05 arcsec. These cubes were then mosaicked using the continuum peak

as reference and median combined to produce a single final data cube for each galaxy.

The average Full Width Half Maximum (FWHM) of the point spread function (PSF)

measured from the telluric standard star in the NIFS data cubes is 0.13 arcsec with a

spectral resolution of λ/∆λ ∼ 5290.

The three galaxies in our sample observed with NIFS also have SINFONI AO observations.

We stacked the observations from different spectrographs, matching the spectral resolution

of each, in order to maximize the signal to noise. In the stacking procedure, each

observation was weighted by its signal to noise.

The galaxy SHIZELS–21 is made up of two NIFS (14.6ks, 15.6ks) and one SINFONI

(9.6ks) observation whilst SHIZELS–23 and SHIZELS–24 are the median combination of
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one NIFS (15.6ks) and one SINFONI (12.0ks) observation. On average the median signal

to noise per pixel increased by a factor of ∼ 2 as a result of stacking the frames and the

redshift of the Hα emission lines in the individual and stack data cubes agreed to within

≤0.01 per cent.

5.3.3 Keck/OSIRIS

We also include in our sample three galaxies observed with the OH-Suppressing Infrared

Integral Field Spectrograph (OSIRIS; Larkin et al. 2006), which are stellar mass, star

formation rate and kinematically selected based on the KMOS observations, from the

KGES survey (Tiley et al. 2019, Gillman et al. 2019b).

The OSIRIS spectropgraph, as described in Section 2.1.4 of Chapter 2, uses the Keck

Adaptive Optics System to observe from 1.0 – 2.5µm on the 10m Keck I Telescope. The

AO correction is achieved using a combination of a Laser Guide Star (LGS) and Tip-

Tilt Star (TTS) to correct for atmospheric turbulence down to 0.1 arcsec resolution in a

rectangular field of view of order 4 arcsec × 6 arcsec (Wizinowich et al., 2006).

Observations were carried out on December 06 and 07 2017 . Each exposure was 900s,

dithering by 3.2 arcsec in the Hn4, Hn3, and Hn1 filters to achieve good sky subtraction

while keeping the galaxy within the OSIRIS field of view. Each OB consists of two AB

pairs and for each target a total of four AB pairs were observed equating to 7.2ks in total.

Each AB was also jittered by pre-defined offsets to reduce the effects of bad pixels and

cosmic rays.

We used the OSIRIS data reduction pipeline version 4.0.0 using rectification matrices

taken on December 14 and 15 2017, to reduce the OSIRIS observations. The pipeline

removes crosstalk, detector glitches, and cosmic rays per frame, to later combine the data

into a cube. Further sky subtraction and masking of sky lines was also undertaken in

targets close to prominent sky lines, following procedures outlined in Davies (2007). Each

reduced OB was then centred, trimmed, aligned and stacked with other OBs to form a

co-added fully reduced data cube of an object. On average each final reduced data cube
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was a combination of four OBs.

In total 25 Hα and 9 [Oiii] detections were made using the SINFONI, NIFS and OSIRIS

spectrographs from z ∼ 0.8 – 3.33, full details of which is given in Appendix C.1, Table

C.1. A summary of the observations are given in Appendix C.2, Table C.2 .

5.3.4 Point Spread Function Properties

It is well known that the adaptive optics corrected point spread function diverges from a

pure Gaussian profile (e.g. Baena Gallé & Gladysz, 2011; Exposito et al., 2012; Förster

Schreiber et al., 2018), with a non-zero fraction of power in the outer wings of the profile.

In order to measure the intrinsic nebula emission sizes of the galaxies in our sample we

must first construct the PSF for the integral field data using the standard star observations

taken in conjunction with the science frames. We centre and median combine the standard

star calibration images, deriving a median PSF for the J, H, and K wavelength bands.

We quantify the half-light radii of the these median PSFs using a three-component Sérsic

model, with Sérsic indices fixed to be a Gaussian profile (n = 0.5). The half-light radii, Rh,

of the PSF are derived using a curve-of-growth analysis on the three component Sérsic

model’s two-dimensional light profile. We derive the median PSF Rh for the J, H, and K

bands where Rh = 0.18,± 0.05, 0.14± 0.03 and 0.09± 0.01 arcsec respectively.

The integral field PSF half-light radii in kilo-parsecs are shown in Appendix C.2, Table

C.2. We convolve half-light radii of the median PSF in each wavelength band with the

intrinsic size of galaxies in our sample when extracting kinematic properties from the

integral field data (e.g. Section 5.4.8 and 5.4.5). The median Strehl ratio achieved for

our observations is 33 per cent and the median encircled energy within 0.1 arcsec is 25

per cent (the approximate spatial resolution is 0.1 arcsec FWHM, 825 pc at z ∼ 2.22, the

median redshift of our sample).
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5.4 Analysis

With the sample of 34 emission-line galaxies with adaptive optics assisted observations

assembled, we first characterize the integrated properties of the galaxies. In the following

section we investigate the stellar masses and star formation rates, sizes, dynamics, and their

connection with the galaxy morphology, placing our findings in the context of the general

galaxy population at these redshifts. We first discuss the stellar masses and star formation

rates which we will also use in Section 5.4.4 when investigating how the dynamics evolve

with redshift, stellar mass and star formation rate.

5.4.1 Star Formation Rates and Stellar Masses

Our targets are taken from some of the best-studied extragalactic fields with a wealth

of ancillary photometric data available. This allows us to construct spectral energy

distributions (SEDs) for each galaxy spanning from the rest-frame UV to mid-infrared

with photometry from the Ultra-Deep Survey (Almaini et al., 2007), COSMOS (Muzzin

et al., 2013) and SA22 (Simpson et al., 2017).

To measure the galaxy integrated properties we use the magphys code to fit the UV – 8 µm

photometry (e.g. da Cunha et al., 2008, 2015), from which we derive stellar masses and

extinction factors (Av) for each galaxy. The full stellar mass range of our sample is

log(M∗[M�]) = 9.0 – 10.9 with a median of log(M∗[M�]) = 10.1± 0.2. We compare the

stellar masses of our objects to those previously derived in Sobral et al. (2013a), finding a

median ratio of Mmagphys
∗ / Msobral

∗ = 1.07± 0.23, indicating the magphys stellar masses

are slightly higher than those derived from simple interpretation of galaxy colours alone.

However we employ a homogeneous stellar mass uncertainty of ± 0.2 dex throughout this

work, which should conservatively account for the uncertainties in stellar mass values

derived from SED fitting of high-redshift star-forming galaxies (Mobasher et al., 2015).

The star formation rates of z < 3 galaxies in our sample were derived from the Hα emission-

line fluxes presented in Sobral et al. (2013a). We correct the Hα flux assuming a stellar
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extinction of AHα = 0.37, 0.33, and 0.07 for z = 0.84, 1.47, and 2.23, the median derived

from magphys SED fitting. Correcting to a Chabrier initial mass function and following

Wuyts et al. (2013) to convert between stellar and gas extinction and the methods outlined

Calzetti et al. (2000), we derive extinction corrected star formation rates for each galaxy.

The uncertainties on the star formation rates are derived from bootstrapping the 1σ

uncertainties on the Hα emission-line flux outlined in Sobral et al. (2013a). For the nine

[Oiii] sources in our sample, we adopt the SFRs and uncertainties derived in Khostovan

et al. (2015).

The median SFR of our sample is 〈 SFR 〉=22± 4 M�yr−1 with a range from SFR= 2 – 120

M�yr−1. However, our observational flux limits mean that the median star formation

evolves with redshift with 〈SFR 〉 = 6± 1, 13± 5, 38± 8 & 25± 10 M�yr−1 for z = 0.84,

1.47, 2.23, and 3.33. The median star formation rate of our Hα-detected galaxies is

comparable, within uncertainties, to the knee of the HiZELS star formation rate function

at each redshift (SFR∗) with SFR∗ = 10, 25, and 65 M�yr−1 at z = 0.84, 1.47, and 2.23, as

presented in Sobral et al. (2014).

The stellar masses and star formation rates for the sample are shown in Figure 5.1. As

a comparison we also show the HiZELS population star formation and stellar masses,

derived in the same way, and tracks of constant specific star formation rate (sSFR) with

sSFR = 0.1, 1, and 10Gyr−1. A clear trend of increasing star formation rate at fixed stellar

mass with redshift is visible. We note that the galaxies in our sample at z = 1.47 typically

have the highest stellar masses, and as shown by Cochrane et al. (2018), the HiZELS

population at z = 1.47 is at higher L/L∗ than the z = 0.84 or z = 2.23 samples. The star

formation rate and stellar mass for each galaxy are shown in Appendix C.1, Table C.1.

We also show the distribution of the rest-frame (U − V) colour as a function of the rest-

frame (V − J) colour for our sample in Figure 5.1. The HiZELS population is shown for

comparison, indicating that our galaxies cover the full range of the HiZELS population

colour distribution. Based on the above, we conclude that the galaxies in our sample

at z = 0.84, 2.23 and & 3.33 are representative of the SFR – stellar mass relation at each

redshift, whilst galaxies at z = 1.47 lie slightly above this relation.
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5.4.2 Galaxy Sizes

Next we turn our attention to the sizes of the galaxies in our sample. All of the galaxies in

the sample were selected from the extragalactic deep fields, either UDS, COSMOS or SA22.

Consequently there is a wealth of ancillary broadband data from which the morphological

properties of the galaxy can be derived (e.g. Stott et al., 2013a; Paulino-Afonso et al.,

2017).

The observed near-infrared emission of a galaxy is dominated by the stellar continuum. At

our redshifts, the observed near-infrared samples the rest frame 0.4 – 0.8 µm emission and

is always above the 4000Å break and so is less likely to be affected by sites of ongoing

intense star formation. Therefore parametric fits to the near-infrared photometry are more

robust than Hα measurements for measuring the ‘size’ of a galaxy.

For just over half the sample (21 galaxies) we exploit HST imaging, the majority of which

is in the near-infrared (F140W, F160W) or optical (F606W) bands at 0.12 arcsec resolution.

The remainder is in the F814W band at 0.09 arcsec resolution. All other galaxies, in SA22

and UDS, have ground based K-band imaging with sampling of 0.13 arcsec per pixel

and a PSF of 0.7 arcsec FWHM from the UKIRT Infrared Deep Sky Survey (UKIDDS;

Lawrence et al. 2007).

To measure the observed stellar continuum size and galaxy morphology, we first perform

parametric single Sérsic fits to the broadband photometric imaging of each galaxy. To

account for the PSF of the image, we generate a PSF for each image from a stack of

normalized unsaturated stars in the frame. We build two-dimensional Sérsic models of the

form

I(R) = Ieexp

(
−bn

[(
R
Rh

) (1/n)
− 1

])
, (5.4.1)

and use the MPFIT function (Markwardt, 2009) to convolve the PSF and model in order

to optimise the Sérsic parameters including the axial ratio (Sérsic, 1963).

Since the galaxies can be morphologically complex and to provide a non-parametric

comparison to the Sérsic half-light radii, we also derive half-light radii numerically within
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Figure 5.2
The half-light radius derived from Sérsic function fits to both ground-based and
HST data in near-infrared bands, for 21 galaxies in our sample. The marker shape
represents the HST filter, star points indicate galaxies where ground and HST
photometry show different morphological features or defects. The majority of sizes
show good agreement with 〈RG

h/RHST
h 〉=0.97 ± 0.05, independent of the band of the

observation.
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an aperture two times the Petrosian radius (2Rp) of the galaxy.

The Petrosian radius is derived by integrating the broadband image light directly and is

defined by Rp=1.5Rη=0.2 where Rη=0.2 is the radius (R) at which the surface brightness at

R is one-fifth of the surface brightness within R (e.g. Conselice et al., 2002). This provides

a non-parametric measure of the size that is independent of the mean surface brightness.

The half-light radius, Rh, is then defined as the radius at which the flux is one-half of that

within 2Rp deconvolved with the PSF.

For the 21 galaxies with HST imaging, we measure Rh in both ground- and HST-based

photometry, both parametrically (Figure 5.2) and non-parametrically. To test how well

we recover the sizes in ground-based measurements alone, we compare the ground based

continuum half-light radii to the HST continuum half-light radii, deriving a median ratio

of 〈RG
h / RHST

h 〉 = 0.97± 0.05.

Applying the same parametric fitting procedure to the remaining galaxies we derive

half-light radii for all 34 galaxies with 〈 Rh 〉 = 0.43± 0.06 arcsec, which equates to

3.55± 0.50 kpc at z = 2.22 (the median redshift of the sample).

Numerically we derive a median of 〈 Rh 〉 = 0.55± 0.04 arcsec (4.78± 0.41 kpc at the

z =2 .22), with 〈RSérsic
h /RNumerical

h 〉 = 0.82± 0.04, indicating that the non-parametric fitting

procedure broadly reproduces the parametric half-light radii. The median continuum

half-light size derived for our sample from Sérsic fitting is comparable to that obtained by

Stott et al. (2013a) for HiZELS galaxies out to z = 2.23, with 〈 Rh 〉 = 3.6± 0.3 kpc.

We further test the reliability of the recovered sizes (and their uncertainties), by randomly

generating 1000 Sérsic models with 0.5< n < 2 and 0.1 arcsec<Rh < 1 arcsec. These

models are convolved with the UDS image PSF and Gaussian random noise is added

appropriate for the range in total signal to noise for our observations. Each model is then

fitted to derive ‘observed’ model parameters.

We recover amedian size of 〈RTrue
h /RObs

h 〉 = 0.99± 0.05 and Sérsic index 〈nTrue/nObs 〉 = 1.05

± 0.07. This demonstrates our fitting procedures accurately derive the intrinsic sizes of the

galaxies in our sample. From this point forward we take the parametric Sérsic half-light
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radii as the intrinsic Rh of each galaxy.

As a test of the expected correlation between continuum size and the extent of nebular

emission (e.g. Bournaud et al., 2008; Förster Schreiber et al., 2011b), we calculate the

Hα ([Oiii] for galaxies at z > 3) half-light radii of the galaxies in the sample. We follow

the same procedures as for the continuum stellar emission, but using narrowband images

generated from the integral field data. We model the PSFs, using a stack of unsaturated

stars that were observed with the spectrographs at the time of the observations using a

multi-component Sérsic (n = 0.5) model.

We derive both parametric and non-parametric half-light radii fromSérsic fitting and numer-

ical analysis within 2Rp. For the full sample of 34 galaxies, the median parametric nebula

half-light radii is 〈RNebula
h 〉 = 0.31± 0.06 arcsec with 〈RSérsic

h / RNumerical
h 〉 = 0.93± 0.04.

The nebula emission sizes on average are consistent with the continuum stellar size, with

〈RContinuum
h / RNebula

h 〉 = 1.15± 0.19. We note that the low-surface brightness of the outer

regions of the high-redshift galaxies may account for the apparent ∼10 per cent smaller

nebula sizes in our sample.

5.4.3 Galaxy Inclination and Position angles

To derive the inclination of the galaxies in our sample we first measure the ratio of semi-

minor (b) and major (a) axis from the parametric Sérsic model. We derive an uncertainty

on the axial ratio of each galaxy by bootstrapping the fitting procedure over an array of

initial conditions. For galaxies that are disc-like, the axial ratio is related to the inclination

by

cos2(θinc) =

(
b
a

)2
− q20

1 − q20
, (5.4.2)

where θinc = 0 represents a face-on galaxy. The value of q0, which accounts for the fact

that galaxy discs are not infinitely thin, depends on the galaxy type, but is typically in the

range of q0 = 0.13 – 0.20 for rotationally supported galaxies at z ∼ 0 (e.g. Weijmans et al.,

2014). We adopt q0 = 0.2 to be consistent with other high redshift integral field surveys

(KROSS; Harrison et al. 2017; KMOS3D, Wisnioski et al. 2015). The full range of axial
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ratios in the sample is b/a = 0.2 – 0.9 with 〈b/a〉 = 0.69± 0.04 corresponding to a median

inclination for the sample of 〈 θinc 〉 = 48◦ ± 3◦.

5.4.4 Emission-Line Fitting

Next we derive the kinematics, rotational velocity, and dispersion profiles of the galaxies

by performing emission-line fits to the spectrum in each data cube.

For the Hα and [Nii] doublet (25) sources, we fit a triple Gaussian profile to all three

emission lines simultaneously, whilst for [Oiii] emitters a single Gaussian profile is used

when we model the [Oiii] λ5007Å emission-line. We do not have significant detections of

the λ4959Å [Oiii] or λ4862ÅHβ emission-line. The fitting procedure uses a five or six

parameter model with redshift, velocity dispersion, continuum and emission-line amplitude

as free parameters, as described in Chapter 2. For the Hα emitting galaxies we also fit the

[Nii] / Hα ratio, constrained between 0 and 1.5.

We define the instrumental broadening of the emission lines from the intrinsic width of

the OH sky lines in each galaxy’s spectrum, by fitting a single Gaussian profile to the

sky line. The instrumental broadening of the OH sky lines in the J, H, and K bands are

σint = 71± 2 km s−1, 50± 5 km s−1, and 39± 1 km s−1, respectively. In Figure 5.3 we show

example Hα and [Oiii] intensity, velocity, and velocity dispersion for five galaxies in the

sample.

5.4.5 Rotational Velocities

We use the Hα and [Oiii] velocity maps to identify the kinematic major axis for each galaxy

in our sample as was discussed in Chapter 2. We rotated the velocity maps around the

continuum centre in 1° steps, extracting the velocity profile in 0.15 arcsecond wide ‘slits’

and calculating the maximum velocity gradient along the slit. We bootstrap this process,

adding Gaussian noise to each spaxel’s velocities of the order of the velocity error derived

from emission-line fitting. The position angle with the greatest bootstrap median velocity



166 Chapter 5. The Distribution of Galaxy Angular Momentum from z = 0.8 – 3.3

gradient was identified as being the major kinematic axis (PAvel), as shown by the blue

line in Figure 5.3.

By extracting the velocity profile of the galaxies in our sample about the kinematic major

axis, we are assuming the galaxy is an infinitely thin disc with minimal non-circular

motions and is kinematically ‘well behaved’. We note however that this may not be true for

all the galaxies in the sample, with some galaxies having significant non-circular motions,

leading to an underestimate of the rotation velocity and an overestimate of the velocity

dispersion in these galaxies.

The accuracy of the velocity profile extracted for each galaxy depends on the accuracy

to which the kinematic major axis is identified. To quantify the impact on the rota-

tion velocity profile of deriving an incorrect kinematic position angle, we extract the

rotation profiles of our galaxies about their broadband semi-major axes as well as their

kinematic axis. On average we find minimal variation between Vrot,BB(r) and Vrot,KE(r)

with 〈Vrot,BB(r)/Vrot,KE(r) 〉 = 0.94± 0.15.

In order to minimise the impact of noise on our measurements, we also fit each emission-

line rotation velocity curve (v) with a combination of an exponential disc (vD) and dark

matter halo (vH) as defined in Chapter 2. We use these models to extrapolate the data in

the outer regions of the galaxies’ velocity field, as opposed to interpreting the implications

of the individual model parameters.

In fitting the dynamical halo and disc model, discussed in Section 2.2.3 of Chapter 2, to

the rotation profiles, we established there are strong degeneracies between the parameters.

To derive a physically motivated fit, we modified the dynamical model to be a function of

the dark matter fraction, disc scale radius and disc mass.

Using the stellar mass, derived in Section 5.4, as a starting parameter for the disc mass,

enables the fitting routine to converge. The dynamical centre of the galaxy was allowed

to vary in the fitting procedure by having velocity and radial offsets as free parameters

constrained to ± 20 km s−1 and ± 0.1 arcsec. The dark matter fraction in galaxy with a



5.4. Analysis 167

HSTWFC3 F140W

0.25"

H

0.25"

Vrot

Quality 2

Vmod

rms: 21.0

obs

12 8 4 0 4 8 12

50

0

50

V
el

. (
km

s
1 )

z~2.24

SHIZELS21
0.00 7.64e01 54.9 72.9 47.3 206.5

HSTWFC3 F140W

0.25"

H

0.25"

Vrot

Quality 3

Vmod

rms: 26.0

obs

8 4 0 4 8

50

0

50

V
el

. (
km

s
1 )

z~1.45

SHIZELS10
0.00 8.78e01 53.8 48.5 5.0 155.3

UKIDSSKband

0.25"

H

0.25"

Vrot

Quality 2

Vmod

rms: 20.0

obs

8 4 0 4 8
100

50

0

50

100

V
el

. (
km

s
1 )

z~2.24

SHIZELS23
0.00 5.09e01 86.5 31.7 2.5 211.2

HSTWFC3 F140W

0.25"

H

0.25"

Vrot

Quality 2

Vmod

rms: 16.0

obs

4 0 4

50

0

50

V
el

. (
km

s
1 )

z~2.22

SHIZELS2
0.00 1.09e+00 62.8 57.3 28.8 137.1

HSTWFC3 F160W

0.25"

H

0.25"

Vrot

Quality 2

Vmod

rms: 29.0

obs

8 4 0 4 8
Radius (kpc)

100
50

0
50

100

V
el

. (
km

s
1 )

z~1.49

SHIZELS19
0.00 4.74e01 62.3 139.5 6.4 254.8

Figure 5.3
Example of spatially-resolved galaxies in our sample. From left to right; broadband
photometry of the galaxy (left), with PAim (green dashed line) and data cube field
of view (blue dashed square). Hα or [Oiii] flux map, velocity map, velocity model,
and velocity dispersion map, derived from the emission-line fitting. PAvel (blue
dashed line) and PAim (green dashed line) axes plotted on the velocity map and
model. Rotation curve extracted about the kinematic position axis (right). The
rotation curve shows lines of Rh and 2Rh derived from Sérsic fitting, as well as the
1σ error region (red) of rotation curve fit (black line).
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given disc and dark matter mass is given by

fDM =
MDM

Md + MDM
,

where the dark matter mass and disc mass are derived from;

MDM(<R) =
∫ R

0
ρ(r)4πr2dr =

∫ R

0

4πρ0r3
0 r2

(R + r0)(R2 + r2
0 )

dr,

Md(<R) =
∫ R

0
e−

r
Rd 2πrdr,

The dynamical model therefore contains five free parameters, Md, Rd, fDM, Voff and

roff where Voff and roff are velocity and radial offsets for the rotation curve to allow for

continuum centre uncertainties.

We use the mcmc package designed for python (emcee; Foreman-Mackey et al. 2013), to

perform Markov Chain Monte Carlo sampling with 500 walkers, initial burn-in of 250 and

final steps to convergence of 500. We then use a χ2 minimisation method to quantify the

uncertainty on the rotational velocity extracted from the model. The 1σ error is defined

as the region in parameter space where the δχ2 = |χ2
best - χ

2
params | ≤ number of parameters.

Prior to the mcmc procedure we apply the radial and velocity offsets to the rotation to

reduce the number of free parameters and centre the profiles.

The parameter space for 1σ uncertainty is thus δχ2 ≤ 3. Taking the extremal velocities

derived within the δχ2 ≤ 3 parameter space provides the uncertainty on Vrot. The rotation

velocities and best fit dynamical models are shown in Figure 5.3. The full samples

kinematics are shown in Appendix C.4. To show the full extent of the quality of data in

our sample, we derive position-velocity diagrams for each galaxy. In Figure 5.4 we show

one position-velocity diagram from each quartile of galaxy integrated signal to noise with

the galaxies’ ionised gas rotation curve overlaid.

Next we measure the rotation velocities of our sample at 2Rh (= 3.4 Rd for an exponential

disc) (e.g. Miller et al., 2011). For each galaxy we convolve Rh with the PSF of the integral

field unit observation and extract velocities from the rotation curve. At a given radii our

measurement is a median of the absolute values from the low and high components of the
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Figure 5.4
The position-velocity diagrams of four galaxies in the sample extracted from a slit
about the kinematic major axis of each galaxy. The galaxies shown are selected
from bins of emission-line S/N derived from the galaxies’ integrated spectrum. We
overlay each galaxy’s ionised gas rotation curve as derived in Section 5.4.4 for
comparison. The redshift, emission-line, and S/N of each position-velocity map is
shown, with upper left to bottom right as high to low galaxy integrated S/N.

rotation curve.

Finally we correct for the inclination of the galaxy, as measured in Section 5.4.2. On

average the extraction of Vrot,2Rh from each galaxy’s rotation curve requires extrapol-

ation from the last data point (Rlast) to 2Rh in our sample, where the median ratio is

〈Rlast/2Rh 〉 = 0.42± 0.04. However for the sample, the average Vrot,2Rh is ∼14 per cent

smaller than the velocity of the last data point (Vlast) with 〈Vlast/Vrot,2Rh 〉 = 1.14± 0.11

which is within 1σ. Figure 5.5 shows the distribution of radial and velocity ratios.

To quantify the impact of beam-smearing on the rotational velocity measurements, we fol-

low themethods of Johnson et al. (2018), and derive amedian ratio of 〈Rd / RPSF
h 〉 = 2.17± 0.18

which equates to an average rotational velocity correction of 1 per cent. We derive the cor-

rection for each galaxy in the sample and correct for beam-smearing effects. Appendix C.3,

Table C.3 displays the inclination, beam-smearing-corrected rotation velocity (Vrot,2Rh) for

each galaxy. The full distribution of Rd / RPSF
h is shown in Appendix C.5.

The median inclination beam-smearing corrected rotation velocity in our is sample is

〈Vrot,2Rh〉 = 64± 14 km s−1, with the sample covering a range of velocities fromVrot,2Rh = 17 –
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Figure 5.5
Left: histogram of the ratio of the last rotational velocity data point to the velocity at
2Rh. Right: histogram of the ratio of the radius of the last data point on the rotation
curve to 2Rh. Inset histograms show the distribution for the kinematic sub-classes
(Section 5.4.10). The dashed line indicates the median in both figures, where
〈Rlast/2Rh 〉 = 0.42± 0.04 and 〈Vlast/Vrot,Rh 〉 = 1.14± 0.11. On average extracting
the rotational velocity at 2Rh requires extrapolation of the model beyond the last
data point, leading to a decrease in velocity of ∼ 14 per cent.

380 km s−1. The SINS/ZC-SINF AO survey (Förster Schreiber et al. 2018) of 35 star-

forming galaxies at z ∼ 2 identify a median rotation velocity of 〈Vrot 〉 = 181 km s−1,

with a range of Vrot = 38 – 264 km s−1. This is approximately a factor of 3 larger than

our sample, although we note their sample selects galaxies of higher stellar mass with

log(M∗[M�]) = 9.3 – 11.5 whereas our selection selects lower mass galaxies.

5.4.6 Kinematic Alignment

The angle of the galaxy on the sky can be defined as the morphological position angle

(PAim) or the kinematic position angle (PAvel). High-redshift integral field unit studies (e.g.

Wisnioski et al., 2015; Harrison et al., 2017) use the misalignment between the two position

angles to provide a measure of the kinematic state of the galaxy. The (mis)alignment is

defined such that:

sin Ψ = | sin (PAim − PAvel)|, (5.4.3)

where Ψ takes values between 0◦ and 90◦. In Figure 5.6 we show Ψ as a function of the

image axial ratio for the sample compared to the KROSS survey of ∼700 star-forming

galaxies at z ∼ 0.8. The sample covers a range of position angle misalignment, with
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〈Ψ 〉 = 31.8◦ ± 5.7◦, 10.52◦ ± 19.8◦, 33.2◦ ± 15.2◦, and 21.8◦ ± 17.5◦ at z = 0.84, 1.47, 2.22,

and 3.33 respectively.

This is larger than that identified in KROSS at z ∼ 0.8 (13◦), but at all redshifts comparable

to or within the criteria of Ψ ≤ 30◦ imposed by Wisnioski et al. (2015), to define a galaxy

as kinematically ‘discy’. This indicates that the average galaxy in our sample is on the

boundary of what is considered to be a kinematically ‘discy’.

A summary of the morphological properties for our sample is shown in Appendix C.3,

Table C.3. Example broadband images of our sample are shown in the left-panel of Figure

5.3, with the appropriate PAim and integral field spectrograph field of view. The kinematic

PA for the sample is derived in Section 5.4.4. We will use this criteria, together with other

dynamical criteria later, to define the most disc-like systems.

5.4.7 Two-dimensional Dynamical Modelling

To provide a parametric derivation and test of the numerical kinematic properties derived

for each galaxy, we model the broadband continuum image and two-dimensional velocity

field with a disc and halo model. The model is parameterised in the same way as the

one-dimensional kinematic model used to interpolate the data points in each galaxy’s

rotation curve (Section 5.4.5) but takes advantage of the full two-dimensional extent of the

galaxy’s velocity field.

To fit the dynamical models to the observed images and velocity fields, we again use an

MCMC algorithm. We first use the imaging data to estimate the size, position angle,

and inclination of the galaxy disc. Then, using the best-fitting parameter values from the

imaging as a first set of prior inputs to the code, we simultaneously fit the imaging and

velocity fields.

We allow the dynamical centre of the disc and position angle (PAvel) to vary, but require

that the imaging and dynamical centre lie within 1 kpc (approximately the radius of a bulge

at z ∼1; Bruce et al. 2014). We note also that we allow the morphological and dynamical

major axes to be independent. The routine converges when no further improvement in the
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reduced chi-squared of the fit can be achieved within 30 iterations. For a discussion of the

model and fitting procedure, see Swinbank et al. (2017).

For the sample of 34 galaxies the average of the ratio of kinematic positional angle derived

from the velocity map to numerical modelling is 〈PAvel(Slit)/PAvel(2D) 〉=0.97± 0.09, whilst

themorphological position angles agree on averagewith 〈PAim(Sérsic)/PAim(2D) 〉=1.10± 0.14.

We compare the velocity field generated from the fitting procedure (see Figure 5.3 for

examples), to the observed field for each galaxy derived from emission-line fitting (Section

5.4.4). We derive a velocity-error-weighted rms based on the residual for each galaxy and

normalize this by the galaxy’s rotational velocity (Vrot,2Rh). On average the sample is well

described by the disc and halo model, with the median rms of the residual images being

〈rms〉=22± 1.42

5.4.8 Velocity Dispersions

To further classify the galaxy dynamics of our sources we also make measurements of

the velocity dispersion of the star-forming gas (σ0) following the methods disscuseed

in Chapter 2. High-redshift star-forming galaxies are typically highly turbulent clumpy

systems, with non-uniform velocity dispersions (e.g. Genzel et al., 2006; Kassin et al.,

2007; Stark et al., 2008; Förster Schreiber et al., 2009; Jones et al., 2010; Johnson et al.,

2018).

The effects of beam-smearing on our sample are reduced compared to non-AO observations

due to the high AO resolution although we still apply a correction. First we measure the

velocity dispersion of each galaxy by taking the median of each velocity dispersion map,

examples of which are shown in Figure 5.3, in an annulus between Rh and 2Rh. This

minimizes the effects of beam-smearing towards the centre of the galaxy as well as the

impact of low surface brightness regions in the outskirts of the galaxy.

We also measure the velocity dispersion from the inner regions of the dispersion map as

well as the map as a whole, finding excellent agreement between all three quantities, to

within on average 3 per cent.
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Figure 5.6
The absolute misalignment between the kinematic and morphological axes (Ψ ) as a
function of semi-minor (b) to semi-major (a) axis ratio for the galaxies in our sample
derived from Sérsic fitting. Our sample is coloured by redshift as Figure 5.1, and the
KMOSRedshift One Spectroscopic Survey (KROSS) is shown for comparison as the
grey shaded region. The circles indicate galaxies with Vrot,2Rh/σmedian > 1 whilst
triangles highlight galaxies with Vrot,2Rh/σmedian < 1. The majority of galaxies
in our sample are moderately inclined with 〈b/a〉=0.68±0.04 showing kinematic
misalignment ofΨ < 48◦.
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To take into account the impact of beam-smearing on the velocity dispersion of the galaxies

in our sample we follow the methods of Johnson et al. (2018). We measure the ratio

of galaxy stellar continuum disc size (Rd) to the half-light radii of the PSF of the AO

observations deriving a median ratio of 〈Rd / RPSF
h 〉 = 2.17± 0.18 which equates to an

average velocity dispersion correction of ∼ 4 per cent. We derive the correction for each

galaxy in the sample and correct for beam-smearing effects.

The average velocity dispersion for our sample is 〈σmedian 〉 = 85± 6 km s−1, with the

full range of σmedian = 40 – 314 km s−1. This is similar to KROSS at z ∼ 0.8 which has

〈σmedian 〉 = 83± 2 km s−1 but much higher than the KMOS3D survey, which identified a

decrease in the intrinsic velocity dispersion of star-forming galaxies by a factor of 2 from

50 km s−1 at z ∼ 2.3 to 25 km s−1 at z ∼ 0.9 (Wisnioski et al., 2015).

The evolution of velocity dispersion with cosmic time is minimal in our sample with

〈σmedian 〉 = 79± 15 km s−1, 87± 10 km s−1, 79± 12 km s−1, and 83± 27 km s−1 at z = 0.84,

1.47, 2.23, and 3.33 respectively. The KMOS Deep Survey (Turner et al., 2017b) identified

a stronger evolution in velocity dispersion with σint = 10 – 20 km s−1 at z ∼ 0, 30 – 60 km s−1

at z ∼ 1, and 40 – 90 km s−1 at z ∼ 3 in star-forming galaxies. This indicates that the lower

redshift galaxies in our sample are more turbulent than the galaxy samples discussed

in Turner et al. (2017b). We note however, that the different selection functions of the

observations will influence this result.

To measure whether the galaxies in our sample are ‘dispersion dominated’ or ‘rotation

dominated’ we take the ratio of rotation velocity (Vrot,2Rh) to intrinsic velocity dispersion

(σmedian), following Weiner et al. (2006) and Genzel et al. (2006). Taking the full

sample of 34 galaxies, we find a median ratio of rotational velocity to velocity dispersion,

across all redshift slices of 〈Vrot,2Rh/σmedian 〉 = 0.82± 0.13 with ∼ 32 per cent having

Vrot,2Rh/σmedian > 1 (Figure 5.7).

This is significantly lower than other high-redshift integral field unit studies such as

KROSS, in which 81 per cent of its ∼ 600 star-forming galaxies having Vrot,2Rh/σ0 > 1

with a 〈Vrot,2Rh/σ0 〉 = 2.5± 1.4. We note that the median redshift of the KROSS sample

is 〈 z 〉 = 0.8, compared to 〈 z 〉 = 2.22 for our sample. Johnson et al. (2018) identified that
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galaxies of stellar mass 1010M� show a decrease in Vrot,2Rh/σ0 from z ∼ 0 to z ∼ 2 by a

factor ∼ 4.

The SINS/ZC-SINF AO survey of 35 star-forming galaxies at z ∼ 2 identify a median

Vtot/σ0 = 3.2 ranging from Vtot/σ0 = 0.97 – 13 (Förster Schreiber et al., 2018). In our

sample at z = 0.84, 1.47, 2.23, and 3.33 the median ratio is 〈Vrot,2Rh/σmedian 〉 = 1.26± 0.43,

1.75± 0.90, 1.03± 0.20, and 0.52± 0.22 respectively. This indicates that on average the

dynamics of the z ∼ 3.33 galaxies in our sample are more dispersion driven. Turner et al.

(2017b) identified a similar result with KMOS Deep Survey galaxies at z ∼ 3.5, finding a

median value of VC/σint = 0.97± 0.14.

In order to compare our sample directly to other star-forming galaxy surveys, we must

remove the inherent scaling between stellar mass and V/σ, by mass normalising each

comparison sample to a consistent stellar mass, for which we use M∗ = 1010.5M�, following

the procedures of Johnson et al. (2018). In Figure 5.7 we show the mass normalised V/σ

of our sample as a function of redshift as well as eight comparison samples taken from the

literature.

GHASP (Epinat et al. 2010; z = 0.09), SAMI (Bryant et al. 2015; z = 0.17), MASSIV

(Epinat et al. 2012; z = 1.25), KROSS (Stott et al. 2016; z = 0.80), KMOS3D (Wisnioski

et al. 2015; z = 1 and 2.20), SINS (Cresci et al. 2009; z = 2.30), and KDS (Turner et al.

2017b; z = 3.50). We overplot tracks of Vrot,2Rh /σmedian as function of redshift, for different

Toomre disc stability criterion (Qg; Toomre 1964) following the procedures of Johnson

et al. (2018) and Turner et al. (2017b), normalised to the median V/σ of the GHASP

Survey at z = 0.093.

The galaxies in our sample align well with the mass-normalised comparison samples from

the literature, with a trend of increasing V/σ with increasing cosmic time, as star-forming

galaxies become more rotationally dominated.
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5.4.9 Circular Velocities

It is well known that high-redshift galaxies are highly turbulent systems with heightened

velocity dispersions in comparison to galaxies in the local Universe (e.g. Förster Schreiber

et al., 2006, 2009; Genzel et al., 2011; Swinbank et al., 2012a; Wisnioski et al., 2015).

It is therefore necessary to account for the contribution of pressure support from turbulent

motions to the circular velocity of high-redshift galaxies. As shown in Burkert et al. (2016),

if we assume the galaxies in our sample consist of an exponential disc with a radially

constant velocity dispersion, the true circular velocity of a galaxy (Vcirc(r)) is given by

V2
circ(r) = V2

rot(r) + 2σ2
0 (

r
Rd
), (5.4.4)

where Rd is the disc scale length and σ0 is the intrinsic velocity dispersion of the galaxy.

For a galaxy with Vrot/σ0 ≥ 3 the contribution from turbulent motions is negligible and

Vcirc(r)≈Vrot(r).

All the galaxies in our sample have Vrot/σ0 < 3. For each object we convert the inclination-

corrected rotational velocity profile to a circular velocity profile. Following the same

methods used to derive the rotational velocity of a galaxy (Section 5.4.5), we fit one-

dimensional dynamical models to the circular velocity profiles of each galaxy and extract

the velocity at two times the stellar continuum half-light radii of the galaxy (Vcirc(r = 2Rh)).

The ratio of Vcirc(r = 2Rh) to Vrot(r = 2Rh) for each galaxy is shown in Appendix C.3, Table

C.3. The median circular velocity to rotational velocity ratio for galaxies in our sample is

〈Vcirc(r = 2Rh)/Vrot(r = 2Rh) 〉 = 3.15± 0.41 ranging fromVcirc(r = 2Rh)/Vrot(r = 2Rh) = 1.17 –

12.91.

5.4.10 Sample Quality

Our sample of 34 star-forming galaxies covers a broad range in rotation velocity and velocity

dispersion. Figure 5.3 and Figure 5.7 demonstrate there is dynamical variance at each

redshift slice, with a number of galaxies demonstrating more dispersion-driven kinematics.
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To constrain the effects of these galaxies on our analysis, we define a subsample of galaxies

with high signal to noise, rotation-dominated kinematics and ‘discy’ morphologies.

We note that if we were to split the sample by galaxy integrated signal to noise rather than

morpho-kinematic properties, wewould not select ‘discy’ galaxies with rotation-dominated

kinematics as the best-quality objects. Splitting the sample into three bins of signal to

noise with S/N ≤ 14 (low), S/N > 14 and S/N ≤ 23 (medium), and S/N > 24 (high), we

find 12, 11, and 11 galaxies in each bin, respectively, with the low and median S/N bins

having a median redshift of z = 1.47± 0.17 and 1.45± 0.54 whilst the highest S/N bin has a

median redshift of z = 2.24± 0.38. All three signal to noise bins and have median rotation

velocities, velocity dispersion and specific angular momentum values within 1σ of each

other, therefore not distinguishing between ‘discy’ rotation-dominated galaxies and those

with more dispersion driven dynamics.

The morpho-kinematic criteria that define our three subsamples are

• Quality 1: Vrot,2Rh/σmedian > 1 and ∆PAim,velΨ< 30◦

• Quality 2: Vrot,2Rh/σmedian > 1 or ∆PAim,velΨ< 30◦

• Quality 3: Vrot,2Rh/σmedian < 1 and ∆PAim,velΨ> 30◦

Of the 34 galaxies in the sample, 11 galaxies have Vrot,2Rh/σmed > 1 and 17 have

∆PAim,velΨ< 30◦. We classify 6 galaxies that pass both criteria as ‘Quality 1’ whilst

galaxies that pass either criteria are labelled ‘Quality 2’ (17 galaxies). The remaining 11

galaxies that do not pass either criterion are labelled ‘Quality 3’.

The following analysis is carried out on the full sample of 34 galaxies as well as just the

‘Quality 1 ’ and ‘Quality 2’ galaxies. In general we draw the same conclusions from the

full sample as well as the sub-samples, indicating the more turbulent galaxies in our sample

do not bias our interpretations of the data. In each of the following sections we remark on

the properties of ‘Quality 1 ’ and ‘Quality 2’ galaxies.



5.4. Analysis 179

Figure 5.8
Rotation velocity extracted from the rotation curve at 2Rh as a function of stellarmass
derived from SED fitting as described in Section 5.4, formally known as the Stellar
Mass Tully – Fisher relation. The sample is coloured by spectroscopic redshift, as
in Figure 5.1, whilst the blue shaded region represents the KROSS z ∼ 0.8 sample
(Harrison et al. (2017)). The stars represent ‘Quality 1’ targets (Vrot,2Rh/σmed > 1
and ∆PAim,velΨ < 30◦), circles ‘Quality 2’ (Vrot,2Rh/σmed > 1 or ∆PAim,velΨ < 30◦)
and triangles ‘Quality 3’ galaxies (Vrot,2Rh/σmed < 1 and ∆PAim,velΨ > 30◦). We
also show z ∼ 0 tracks from Reyes et al. (2011), z∼ 3.5 tracks for rotation-
dominated (Vrot,2Rh/σint > 1) and dispersion-dominated (Vrot,2Rh/σint < 1) galaxies
in the KMOS Deep Survey (KDS) from Turner et al. (2017b). There is a clear dis-
tinction between the different sub-samples, with ‘Quality 1’ galaxies having higher
rotation velocity for a given stellar mass, aligning with the KROSS sample. ‘Quality
3’ targets have lower rotation velocities, aligning more with Vrot,2Rh/σint < 1 KMOS
Deep Survey z ∼ 3.5 track, whilst ‘Quality 2’ targets on average lie in between,
with intermediate rotation velocities for a given stellar mass. The median uncer-
tainty on rotational velocity at each redshift is shown in the lower left corner as
well as the uncertainty of the stellar mass. The z ∼1.47 ‘Quality 3’ galaxy, with
Vrot,2Rh ∼ 380 km s−1 has low inclination of ∼25◦, hence large line-of-sight velocity
correction.
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5.4.11 Rotational velocity versus stellar mass

The stellar mass ‘Tully – Fisher relationship’, (TFR; Figure 5.8), as outlined in Chapter

1, represents the correlation between the rotational velocity (Vrot,2Rh ) and the stellar

mass (M∗) of a galaxy (Tully & Fisher 1977b; Bell & de Jong 2001). The relationship

demonstrates the link between total mass (or ‘dynamical mass’)2 of a galaxy, which can be

probed by how rapidly the stars and gas are rotating, and the luminous (i.e. stellar) mass.

In Figure 5.8 we plot Vrot,2Rh as a function of stellar mass for our sample as well as a

sample of z < 0.1 star-forming galaxies from Reyes et al. (2011) using spatially-resolved

Hα kinematics. The KROSS survey at z ∼ 0.8 is also indicated (Harrison et al., 2017).

We over plot two tracks from the KMOS Deep Survey (KDS; Turner et al. 2017b), with

median redshift of z ∼ 3.5. The KDS sample is split into ‘rotation-dominated’ systems

(Vrot,2Rh/σint > 1) and ‘dispersion-dominated’ systems (Vrot,2Rh/σint < 1), for which we

show both tracks.

Figure 5.8 shows a distinction between ‘Quality 1’ and ‘Quality 2 / 3’ galaxies. ‘Quality

1’ galaxies, which have the most disc-like properties have higher rotation velocity for a

given stellar mass with a 〈Vrot,2Rh 〉 = 151 km s−1 ± 13 km s−1, and align with the rotational

velocities of the KROSS sample. Themedian rotation velocity of ‘Quality 2& 3’ galaxies is

〈V2Rh 〉 = 53 km s−1 ± 10 km s−1, occupying similar parameter space to the Vrot,2Rh/σint < 1

KMOS Deep Survey z ∼ 3.5 track. This is a consequence of construction, as ‘Quality 1’

galaxies have a median 〈Vrot,2Rh/σmed 〉 = 1.74± 0.30 whilst ’Quality 2 & 3’ sources have

〈Vrot,2Rh/σmed 〉 = 0.62± 0.11

The Tully – Fisher relation provides a method to constrain galaxy dynamical masses

however due to degeneracies and ambiguity in the evolution of the intercept and slope

of the relationship with cosmic time (e.g. Übler et al., 2017; Tiley et al., 2019), and the

strong implications of sample selection this becomes increasingly challenging. There is

discrepancy amongst other high-redshift star-forming galaxy studies (e.g. Conselice et al.,

2005; Flores et al., 2006; Di Teodoro et al., 2016; Pelliccia et al., 2017) finding no evolution

2For rotationally-dominated galaxies Tiley et al. (2019)
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in the intercept or slope of Tully – Fisher relation. Even with the inclusion of non-circular

motions through gas velocity dispersions via the kinematic estimator S0.5 (e.g. Kassin

et al., 2007; Gnerucci et al., 2011) no evolution across ∼ 8Gyr of cosmic time is found.

Whilst other studies (e.g. Miller et al., 2012; Sobral et al., 2013b) identify evolution in the

stellar mass zero point of ∆M∗ = 0.02± 0.02 dex out to z = 1.7.

We have demonstrated that the galaxies in our sample exhibit properties that are typical

for ‘main-sequence’ star-forming galaxies from z = 0.8 – 3.5 and show good agreement

with other high-redshift integral field surveys when the sample selection is well matched

(e.g. Übler et al., 2017; Harrison et al., 2017; Turner et al., 2017b). For the remainder of

this work we focus on a fundamental property of the galaxies in our sample; their angular

momentum, which incorporates the observed velocity, galaxy size and stellar mass.

5.5 Angular Momentum

With a circular velocity, stellar mass, and size derived for each galaxy, we can now turn our

attention to analysing the angular momentum properties of our sample. First we investigate

the galaxy stellar specific angular momentum of the disc. We then take advantage of the

high resolution of the data, and study the distribution of angular momentum within each

galaxy.

5.5.1 Total Angular Momentum

We start by deriving the stellar specific angular momentum ( j∗=J∗ /M∗) for the 34 star-

forming galaxies in our sample. This quantity, unlike other relations between stellar mass

and circular velocity, comprises of three uncorrelated variables with a mass scale and a

length scale times a rotation-velocity scale (e.g. Fall & Efstathiou, 1980; Fall, 1983). The

stellar specific angular momentum also removes the inherent scaling between the total

angular momentum and mass.
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Figure 5.9
Specific stellar angular momentum as measured at 2Rh as a function of stellar mass.
The sample coloured by spectroscopic redshift as as shown in Figure 5.1, and the
blue shaded regions represents the KROSS z ∼ 0.8 sample (Harrison et al., 2017).
The stars represent ‘Quality 1’ targets (Vrot,2Rh/σmed > 1 and ∆PAim,velΨ < 30◦),
circles ‘Quality 2’ (Vrot,2Rh/σmed > 1 or ∆PAim,velΨ < 30◦) and triangles ‘Quality
3’ galaxies (Vrot,2Rh/σmed < 1 and ∆PAim,velΨ > 30◦ ). The z ∼ 0 Romanowsky
& Fall (2012) comparison sample is shown, with the fit to the data of the form
log10( j∗)=α+β(log10(M∗/M�) − 10.10), with α = 2.89 and β = 0.51, whilst for
KROSS (z ∼ 1) α = 2.58 and β = 0.62. Our sample appears in good agreement
with other z ∼ 1 samples, having lower specific stellar angular momentum for a
given stellar mass than galaxies at z ∼ 0, with a α = 2.41 and β = 0.56. The median
uncertainty on specific angular momentum at each redshift is shown in the lower
left corner as well as the uncertainty of the stellar mass.



5.5. Angular Momentum 183

The specific angular momentum can be written as function of inclination and Sérsic index,3

as we discussed in Section 3.4.4 of Chapter 3, and is expressed as,

j∗ = knCivsRh, (5.5.1)

where vs is the rotation velocity at 2× the half-light radii (Rh), Ci is the correction factor

for inclination, assumed to be sin−1(θinc) (see Appendix A of Romanowsky & Fall 2012)

and kn is a numerical coefficient that depends on the Sérsic index, n, of the galaxy and is

approximated as:

kn = 1.15 + 0.029n + 0.062n2. (5.5.2)

We derive the specific stellar angular momentum of all 34 galaxies in our sample, ad-

opting the appropriate Sérsic index for each galaxy as measured in Section 5.4.2, and

for comparison we compare this to the specific angular momentum of the galaxies from

the KROSS survey at z ∼ 0.8 (derived in the same way), as a function of stellar mass in

Figure 5.9. We also show the specific angular momentum of z ∼ 0 disc galaxies from

Romanowsky & Fall (2012). The full range of specific stellar angular momentum in the

sample is j∗ = 40 – 2200 km s−1kpc with a median value of 〈 j∗ 〉 = 294± 70km s−1kpc.

The j∗ –M∗/M� relation can also be quantified by the relation log10( j∗)=α+β(log10(M∗/M�) –

10.10). For the z ∼ 0 sample, as derived in Romanowsky & Fall (2012), α = 2.89

and β = 0.51. We fit the same model to our sample and derive α = 2.41± 0.05 and

β = 0.56± 0.03. This demonstrates that our sample has low specific angular momentum

for a given stellar mass but with approximately the same dependence on stellar mass. This

evolution in intercept was also identified in KROSS at z ∼ 0.8 with α = 2.55 and β = 0.62

(Harrison et al., 2017).

We note however that other integral field studies of high-redshift star-forming galaxies

such as Contini et al. (2016) and Marasco et al. (2019) find no evolution in the intercept of

the specifc stellar angular momentum and stellar mass relation for high redshift galaxies.

Both these studies model the integral field data in three dimensions using a model data

3See Romanowsky & Fall (2012) and Obreschkow & Glazebrook (2014) for the full derivation and
discussion of this approach.
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Figure 5.10
The redshift evolution of j∗/M2/3

∗ from z ∼ 0 to z ∼ 3.3. We show our sample
coloured by redshift, as Figure 5.1, as well as the z = 0 discs from Romanowsky
& Fall (2012) and the z = 0.8 KROSS sample from Harrison et al. (2017). We
overlay tracks of j∗/M2/3

∗ ∝ (1+z)−n, with n= 0.15 – 1 as derived in Obreschkow
et al. (2015). Our galaxies show good agreement with other high redshift samples,
and overall demonstrate a trend of decreasing j∗/M2/3

∗ with increasing redshift.
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cube. In addition Marasco et al. (2019) derive the specific stellar angular momentum

of their sample directly from surface-brightness profiles of the galaxy as opposed to the

approximations of angular momentum given in Equation 5.5.1.

One prediction of ΛCDM, is that the relation between the mass and angular momentum of

dark matter haloes evolves with time (Mo et al., 1998). In a simple, spherically symmetric

halo in a matter-dominated Universe, the specific angular momentum, jh = Jh/Mh should

scale as jh ∝M2/3
h (1+z)−1/2 and if the ratio of stellar-to-halomass is independent of redshift,

then the specific angular momentum of baryons should scale as j∗ ∝M2/3
∗ (1 + z)−1/2 (e.g.

Behroozi et al., 2010; Munshi et al., 2013).

At z ∼ 3 this simple model predicts that the specific angular momentum of discs should be

a factor of ∼2 lower than at z = 0. However, this ‘closed box’ model does not account for

gas inflows or outflows, which can significantly affect the angular momentum of galaxy

discs, with the redistribution of low-angular-momentum material from the central regions

to the halo and the accretion of higher angular momentum material at the edges of the

disc. This model further assumes the halo lies in a matter-dominated Universe, which only

occurs at z ' 1.

At lower redshifts the correlation is expected to be much weaker with j∗ ∝M2/3
∗ (1+ z)−0.15

(Catelan & Theuns, 1996; Obreschkow et al., 2015). To search for this evolution in our

sample, we derive j∗/M2/3
∗ at each redshift slice (Figure 5.10) and compare to the KROSS

z ∼ 0.8 sample as well as the Romanowsky & Fall (2012) disc sample at z ∼ 0. We find that

galaxies in our sample between z = 0.8 – 3.33 follow the scaling of j∗/M2/3
∗ ∝ (1+z)−n well,

with lower specific angular momentum for a given stellar mass at higher redshift. Future

work on larger non-AO samples of high-redshift star-forming galaxies, such as the KMOS

Galaxy Evolution Survey (KGES), will explore this correlation further (e.g. Gillman et al.,

2019b).

To understand the angular momentum evolution of the galaxies in our sample, we can go

beyond a measurement of size and asymptotic rotation speed and take advantage of the

resolved dynamics. Next we investigate how the radial distribution of angular momentum
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changes as a function of stellar mass and redshift to constrain how the internal distribution

of angular momentum might affect the morphology of galaxies.

5.5.2 Radial Distribution of Angular Momentum

To quantify the angular momentum properties of the galaxies in our sample and to provide

empirical constraints on the evolution of main-sequence galaxies, from turbulent clumpy

systems at high redshift with high velocity dispersion, to the well-ordered ‘Hubble’-type

galaxies seen in the local Universe, we can measure their internal dynamics. This is made

possible with our adaptive optics sample of galaxies, with ∼kpc resolution integral field

observations. In this section we discuss the method and show results for the construction

of one dimensional radial angular momentum profiles of each galaxy.

We analyse the total stellar angular momentum distribution in the ‘Quality 1& 2’ galaxies,

galaxies with Vrot,2Rh/σmedian > 1 or ∆PAim,velΨ< 30◦ in our sample, as opposed to the

specific stellar angular momentum in order to account for the evolution of the stellar mass

distribution in galaxies with cosmic time. We focus on ‘Quality 1& 2’ galaxies as these are

the galaxies that most resemble star-forming kinematically stable ‘rotationally supported’

galaxies in our sample.

We infer how the angular momentum distribution changes by extracting the radius that

encompasses 50 per cent of the total (RJ50). We explore how this radius evolves as a

function of redshift and to aid the interpretation compare it to fixed-mass and evolving-

mass evolution tracks of RJ50 derived from a suitably selected sample of galaxies drawn

from the eagle hydro-dynamical cosmological simulation from 0.1 ≤ z ≤ 3.5 (Schaye

et al., 2015a; Crain et al., 2015).

5.5.2.1 Angular Momentum Profile

We derive a stellar mass profile for each galaxy from the broadband photometry, as shown

in Appendix C.2, Table C.2. We first construct a one-dimensional surface brightness

profile for each galaxy by placing elliptical apertures on the broadband photometry of the
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Figure 5.11
The total stellar angular momentum as a function of radius, normalised by the
rotation curve estimate of the total angular momentum (Equation 5.5.1) for EAGLE
galaxies with stellar mass log(10.5/M�) at z = 0.1. We define two subsamples
of galaxies using the B/T values defined in Trayford et al. (2019). We require
B/T> 0.6 for a galaxy to be defined as bulge dominated, identifying a median B/T
value for these galaxies of 〈B/T 〉 = 0.83 that resemble Sb-Sa early-type galaxies.
We also define a sample of disc-dominated galaxies, with the criteria B/T< 0.4.
These galaxies align more with Sc-Sd late-type galaxies and have a median B/T
value of 〈B/T 〉 = 0.24. On average EAGLE galaxies of the same stellar mass, but
with a more bulge-dominated morphology have a smaller radii containing 50 per
cent of the angular momentum (RJ50).
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galaxy. We measure the surface brightness within each aperture (deconvolving the profile

with the broadband PSF). We assume mass follows light, with the total stellar mass derived

from the SED fitting, as for most objects with HST coverage we only have single-band

photometry and so are unable to measure (or include) mass-to-light gradients.

We use the circular velocity profiles as derived in Section 5.4.9 in order to account for

the pressure support from the turbulent gas in the galaxies in our sample as well as to

align more accurately with the dynamical rotation curves of the eagle galaxies (Section

5.5.2.2). We combine these with the stellar mass profiles. For each galaxy we measure the

integrated stellar angular momentum as a function of radius J(r), which is then normalized

against the total angular momentum estimate (Equation 5.5.1).

We then extract the radii at which profile reaches 50 per cent of its total. Since galaxy sizes

also evolve with redshift (e.g. Roy et al., 2018), we normalize by the galaxy’s half-light

radius, in order to remove this intrinsic scaling. An example of the angular momentum

profiles for a sample of eagle galaxies at z ∼ 0.1 is shown in Figure 5.11.

To remove the implicit scaling between stellar mass and angular momentum distribution,

we split the galaxies in our observed sample at each redshift slice in our sample into two

stellar mass bins, 9< log(M∗[M�])≤10 and 10< log(M∗[M�])≤11. In Figure 5.12 we show

how RJ50 for both low- and high-stellar-mass galaxies evolves with cosmic time.

In the lowest stellar mass bin, the distribution of angular momentum remains constant

whilst for the higher stellar mass galaxies (10< log(M∗[M�])≤11) there is a weak trend

with redshift, with 〈RJ50z∼3.5/RJ50z∼0.84 〉=0.91± 0.01. If the radius which encloses 50 per

cent of the angular momentum in the galaxy has increased with cosmic time, relative to the

size of the galaxy, this would suggest there is more angular momentum at larger radii in

low-redshift galaxies i.e the angular momentum in the galaxies has grown outwards with

cosmic time.

In order to understand further the tentative trend that RJ50/Rh increases in galaxies with

stellar mass 10< log(M∗[M�])≤11, as suggested by our observational sample, we make a

direct comparison to the eagle hydrodynamical simulation which provides a significant
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Figure 5.12
Top: the distributions of galaxies in each redshift slice for our sample and eagle.
Bottom: the radius (RJ50) within which 50 per cent of the galaxy’s angular mo-
mentum is contained, normalised by the half-light radius of the galaxy, as a function
of redshift. Coloured points indicate the galaxies in our sample split into two stellar
mass bins. The tracks show the median and 1σ evolution of eagle galaxies in the
same redshift and stellar mass bins. RJ50/Rh in lower stellar mass galaxies shows
no evolution with cosmic time whilst for higher mass galaxies a tentative evolution
in the observational sample is seen. In eagle a similar trend is visible with higher
stellar mass galaxies showing an increase in RJ50/Rh increasing by ∼16 per cent
from z∼ 3.5 to z∼ 0.1.
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comparison sample across a broad range of redshift.

5.5.2.2 EAGLE Comparison

To understand the context of the evolution of angular momentum in our sample, we make

a direct comparison to the Evolution and Assembly of GaLaxies and their Environments

(eagle) hydrodynamical simulation (Schaye et al., 2015a; Crain et al., 2015).

The eagle simulation follows the evolution of dark matter, stars, gas and black holes

in a 106 Mpc3 cosmological volume from z ∼ 10 to z ∼ 0, recreating the local Universe

galaxy stellar mass function and colour –magnitude relations to high precision. It therefore

provides a useful test bed to understand the observational biases and further interpret the

angular momentum distributions in our galaxies.

Prior to making a comparison between the angular momentum properties of eagle galaxies

and our observational sample, we first test the accuracy of using the eagle rotation curves

as an estimate of the total angular momentum of the galaxy. The angular momentum of

eagle galaxies can be derived directly from the sum of angular momentum of each star

particle (Jps) assigned to the galaxy, where

Jps =
∑

i

miri × vi, (5.5.3)

The rotation curves in eagle galaxies, as derived in Schaller et al. (2015), are generated

by assuming circular motion for all the bound material in a galaxy’s halo. The simulated

galaxies match the observations exceptionally well, in terms of both the shape and the

normalisation of the curves (for a full comparison to observations, see Schaller et al., 2015;

Schaye et al., 2015b).

In order to testwhether our estimates of the total angularmomentum from the rotation curves

(JRC) using Equation 5.5.1 are in good agreement with the particle angular momentum, we

derive JRC for each eagle galaxy using Equation 5.5.1 and 5.5.2 (with n = 1).

In galaxies with high stellar particle angular momentum, JRC on average accurately

estimates the total angular momentum of the galaxy with 〈 Jps/Jrc〉 = 0.69± 0.05. We select
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galaxies in eagle where Jps <JRC < 2Jps and adopt Jps as the estimate of the total angular

momentum of eagle galaxies.

5.5.2.3 Fixed Mass Evolution

To compare directly the angular momentum properties of eagle galaxies to those of our

sample, we first match the selection function of the observations at each redshift snapshot

in eagle. We select galaxies in eagle with stellar masses between log(M∗[M�])= 9 – 11

and star formation rates SFR[M�yr−1] = 2 – 120, which covers the range of our sample.

Following the same procedures as for the observations, we derive one-dimensional angular

momentum profiles for each galaxy and measure RJ50 (Figure 5.11). We do this for all

eagle galaxies from 0.1 ≤ z ≤ 3.5. We split the sample into the two stellar mass bins,

applying the mass and star formation selection of the observations at each redshift snapshot.

In Figure 5.12 we plot median tracks of RJ50 (normalized by the half stellar mass radius)

as a function of redshift.

The evolution of eagle galaxies’ angular momentum distribution agrees well with the

evolution in our sample. eagle predicts little evolution in the lowest stellar mass bin,

with RJ50 remaining approximately constant from z = 3.5 to z = 0.1. The higher stellar

mass galaxies show an evolution from RJ50z∼3.5 = 1.27± 0.02 to RJ50z∼0.1 = 1.48± 0.01, an

increase of ∼16 per cent.

The distribution of angular momentum in high-stellar-mass galaxies is growing outwards

with increasing cosmic time. A galaxy of stellar mass 1010.5M� at z = 3.5 will have a more

concentrated angular momentum distribution, normalized to its half-light radius, than a

1010.5M� galaxy at z = 0.1. This evolution in the angular momentum distribution could

be driven by a number of physical processes. The accretion of high-angular-momentum

material to the outer regions of the galactic disc would act to increase the total angular

momentum and thus RJ50 of the galaxy.

Over the cosmic time between z = 3 and z = 0.1 (∼ 10Gyr) galaxies grow in stellar mass

(e.g. Baldry et al., 2012; Behroozi et al., 2013; Furlong et al., 2015; Roy et al., 2018).
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Based on the eagle simulation (Crain et al., 2015; Schaye et al., 2015b), a galaxy in our

z = 3 sample would grow by a factor ∼ 10 in stellar mass (factor of ∼ 3 for a z = 2 galaxy

and a factor of ∼ 1.5 for a z = 1 galaxy). The gain in stellar mass dominates the stellar

mass that is in place at higher redshift. Thus we expect that the changes in galaxy angular

momentum and its distribution arise primarily from the accretion of new star-forming gas.

As the angular momentum of the infalling gas grows with time, the recently formed stellar

population will have a higher angular momentum compared to the total stellar population.

(e.g. Catelan & Theuns, 1996; Obreschkow et al., 2015).

The removal of low-angular-momentum material via nucleated outflows driven by stellar

winds would redistribute the angular momentum in the galaxy. If the evolution of the

angular momentum is being driven by nucleated outflows from across the galactic disc,

we expect a similar increase in RJ50 with low-angular-momentum material being removed.

In situ bulge formation at the centre of galaxies, increasing the fraction of low-angular-

momentum material, would alter the angular momentum profile of the galaxy.

Wenote thatwe are studying the angularmomentumevolution of star-forming gas associated

with young massive stars. The older stars may have their orbit perturbed over time to form

the galaxy’s bulge. This complicates the interpretation of RJ50/Rh, but leads to a model

in which the stellar bulge-to-total (B/T) ratio of the galaxy may be an effective measure

of its past to current star formation rate. Recently, Wang et al. (2018) identified that the

impact of bulge formation on a galaxy’s angular momentum distribution depends on the

significance of the bulge, with very high B/T galaxies maintaining their original angular

momentum distribution.

It is important to remember, however, that the galaxy sample we identify at higher redshift

does not evolve into the galaxy sample at z = 0. Many of the z = 3 galaxies with stellar

masses ∼ 1010.5M� are likely to be ∼ 1011M� at z ∼ 0 and will evolve into passive elliptical

galaxies, perhaps at the centres of galaxy groups. These galaxies may become passive due

to the impact of black holes (e.g. Bower et al., 2006, 2017; Davies et al., 2019a). Other

galaxies may merge with larger central group galaxies and disappear from observational

samples entirely. A galaxy of stellar mass ∼ 109.5M� at z ∼ 3 is likely to be ∼ 1010M� at
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Figure 5.13
Top: The stellar mass distribution of our sample and eagle galaxies at z = 3. Bottom:
The radius (RJ50) within which 50 per cent of the galaxy’s angular momentum is
contained, normalised by the half-light radius of the galaxy as a function of redshift.
Coloured points indicate the galaxies in our sample split into two stellar mass bins.
The tracks show the median and 1σ evolution of eagle galaxies selected by stellar
mass at z = 3. For the eagle galaxies, we apply the stellar mass and star formation
criteria at z∼ 3 and trace the galaxies back to z∼ 0.1 using the eagle merger trees,
thus incorporating the mass evolution of galaxies. The galaxies in our sample
have the mass criteria applied at their redshift and therefore shouldn’t be compared
directly to the tracks. We see similar evolution as the fixed-mass tracks (Figure
5.12) with RJ50/Rh. increasing by ∼11 per cent from z∼ 3.5 to z∼ 0.1. and minimal
evolution in the lower stellar mass galaxies.
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z ∼ 0 and thus more likely to evolve into late-type ‘disc’ galaxy at low-redshift. Instead

of the observations tracing individual galaxies, we are viewing a sequence of snapshots

of the star-forming population at each epoch, and exploring how the angular momentum

evolves in this sense.

The selection function used in observations and eagle comparison from z = 3.5 – 0.1 for

the radii derived in Figure 5.12 are not selecting the same descendent populations. To

understand whether the evolution of RJ50 is driven by the accretion of new material or

bulge formation, we need to study the galaxies as they evolve. eagle allows us to follow

the evolution of individual galaxies through cosmic time, which is what we now finally

focus on.

5.5.2.4 Evolving Mass Evolution

One of the main advantages of a hydrodynamical simulation is having the ability to trace

the evolution of individual galaxies across cosmic time. The mass evolution of a given

galaxy can be traced as it evolves via secular processes and interactions with other galaxies.

This is achieved using the merger trees output by the simulation (McAlpine et al., 2016;

Qu et al., 2017). We can use this information to derive the evolution of RJ50 from z = 3.5

to z = 0.1 in individual eagle galaxies selected at high redshift.

We derive the radius containing fifty percent of the galaxies angular momentum (RJ50) for

galaxies with log(M∗[M�]) = 9 – 11 and SFR≥ 2M�yr−1 at z = 3. In Figure 5.13 we show

the evolution of RJ50 for these galaxies split into the two stellar mass bins at z ∼ 3 as well

as our observational sample for reference. We note the data points should not be directly

compared to the eagle tracks due to differences in selection.

The higher stellar mass eagle galaxies in Figure 5.13 show evolution in RJ50 with

RJ50z∼3.5 = 1.23± 0.05 to RJ50z∼0.1 = 1.37± 0.03, an increase of∼11 per cent. The evolution

of angular momentum, quantified by RJ50, in eagle galaxies with log(M∗[M�]) = 9 – 11

and SFR[M�yr−1] = 2 – 120 at z = 3 increases with cosmic time. The angular momentum

in these galaxies is becoming less centrally concentrated as the galaxy evolves, as indicated
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in Figure 5.12.

To understand the physical processes driving the increase of the RJ50 relative to the half-

light radius of higher stellar mass galaxies, we analyse the stellar mass growth and evolution

of the stellar bulge-total (B/T) fraction in these galaxies (Figure 5.14). The stellar mass of

the galaxy is extracted at each redshift snapshot in the eagle simulation. The bulge-to-total

ratios are taken from Trayford et al. (2019), where the disc fraction of the galaxy is defined

as the prograde excess (the mass in co-rotation above what would be expected for a purely

pressure-supported system) and the B/T is the complement of this.

In eagle star-forming galaxies with stellar mass between 10< log(M∗[M�])≤11 at z = 3.5

have significant bulge fractions: B/T = 0.65± 0.08. As the galaxies evolve with cosmic

time their stellar mass grows through accretion of new material from the surrounding

circumgalactic medium, increasing by a factor ∼5 by z = 1.5. Their bulge fractions reduce

to B/T = 0.35± 0.04 at z = 1.5 and the radius containing 50 per cent of their stellar angular

momentum (RJ50) has increased by a ∼7 per cent relative to their half stellar mass radius in

this period, indicating the presence of a more significant disc component in these galaxies

from the recently accreted higher angular momentum material.

Below z = 1.5 the high-stellar-mass galaxies continue to accrete more material and the

angular momentum continues to grow outwards with cosmic time, with RJ50/Rh increasing

by just ∼4 per cent from z = 1.5 to z = 0. The bulge fraction below z = 1.5 however, begins

to increase as these galaxies are massive enough to form pseudo-bulges, and resemble

more Sa – Sb early-type morphologies.

For lower-stellar-mass star-forming galaxies in eagle with 9< log(M∗[M�])≤10 the distri-

bution of stellar angular momentum remains roughly constant relative to the half stellar

mass radius of the galaxies from z = 3.5 to z = 0. In this period, however, the galaxies’

stellar mass has increased by a factor of ∼10 and the bulge fraction of the galaxies has

significantly reduced from B/T = 0.74± 0.04 at z = 3.5 to B/T = 0.28± 0.03 at z = 1.

From z = 1 to z = 0 the bulge-fraction of the galaxies remains relatively constant. This

indicates that high redshift these lower stellar mass galaxies are compact and spheroidal
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and as they evolve they accrete newmaterial from the circumgalactic medium, which builds

the disc component of the galaxies, driving them towards Sd – Sc late-type morphologies.

Below z = 1 the galaxies ‘settle’ becoming more stable and maintain an approximately

constant bulge fraction.

5.6 Conclusions

We have presented Hα and [Oiii] adaptive optics integral field observations of 34 star-

forming galaxies from 0.8≤z≤3.3 observed using the NIFS, SINFONI, and OSIRIS

spectrographs. The sample has a median redshift of 〈 z 〉 = 2.22, and covers a range of

stellar masses from log(M∗[M�]) = 9.0 – 10.9, with ‘main-sequence’ representative star

formation rates of SFRHα = 2 – 120 M�yr−1. Our findings are summarized as follows,

• For 21 galaxies in our sample we measure continuum half-light sizes using HST

photometry and ground-based broadband imaging from the parametric fitting of

a single Sérsic model. We find 〈RG
h/RHST

h 〉 = 0.97± 0.05 (Figure 5.2). Applying

the same fitting procedure to remainder of the sample we derive 〈Rh 〉 = 0.40±0.06

arcsec, ∼4kpc at the median redshift of the sample. We conclude the continuum

sizes of the galaxies in our sample are comparable to other high-redshift star-forming

galaxies such as those presented in Stott et al. (2013a) and van der Wel et al. (2014).

• We identify that 11 (∼32 per cent) of the galaxies in our sample have dynamics

indicating they are supported by rotational gas kinematics, with rotational velocities

that are the order of the intrinsic velocity dispersion. We measure a median

〈Vrot,2Rh/σmedian 〉 = 0.82± 0.13 for the sample (Figure 5.7). We compare the mass

normalized V/σ for our sample to that of other star-forming galaxy surveys, across

a range of redshift, identifying that our sample follows a similar trend of increasing

in V/σ with cosmic time, as galaxies become more rotationally dominated.

• We place our sample in the context of other integral field studies by exploring the

relation between rotational velocity and stellar mass (Figure 5.8). We identify no
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significant evolution in the relation since z ∼ 0. Our galaxies are consistent with the

dispersion dominated KMOS Deep Survey at z ∼ 3.5 (Turner et al., 2017b) and other

high-redshift surveys such as KROSS (Tiley et al., 2019) and KMOS3D (Übler et al.,

2018).

• We combine the inclination-corrected rotational velocities, half-light sizes, and

stellar masses, to investigate how the relationship between the specific stellar angular

momentum and stellar mass in our sample evolves with cosmic time (Figure 5.9).

We quantify the j∗ − M∗ correlation with log( j) = α + β(log(M) – 10.10), finding

α = 2.41± 0.05 and β = 0.56± 0.03. The normalisation of the j∗ – M∗ relation for our

sample is smaller than other (non-AO) samples at z ∼ 1 and z ∼ 0 spiral galaxies. We

derive the evolution of j∗/M2/3
∗ ∝ (1 + z)−n for our sample (Figure 5.10) identifying

that the galaxies in our sample agree well with the prediction of ΛCDM with

n = 0.5 – 1.

• Taking advantage of the ∼kpc resolution of our observations we investigate the radial

distribution of angular momentum in each galaxy, deriving one-dimensional stellar

angular momentum profiles. We quantify these profiles by the 50 per cent radii

(RJ50) and explore their median evolution with cosmic time for galaxies with stellar

mass in the range 9< log(M∗[M�])≤10 and 10< log(M∗[M�])≤11. We identify in

the higher stellar mass bin a tentative trend of increasing RJ50/Rh with cosmic time

(Figure 5.12).

• We note, however, that the analysis we have undertaken on a sample of high redshift

star-forming galaxies is limited by assumptions we have made. Throughout the

analysis we assumed our galaxies resemble kinematically well-behaved ‘discs’ and

that the sample is representative of the high-redshift population. However, it is well

known that peculiar galaxies become the dominant morphological population at

higher redshift with galaxies having much higher velocity dispersions comparable

to their rotational component. We therefore rely on hydrodynamical simulations to

verify the conclusions we have drawn from the data.
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• To confirm the trend of RJ50/Rh in higher stellar mass galaxies increasing with cosmic

time, we make a direct comparison to the (eagle) hydrodynamical simulation. We

first test the validity of using the eagle rotation curves as derived in Schaller et al.

(2015) to estimate the stellar angular momentum of eagle galaxies. We find good

agreement between JRC as derived fromEquation 5.5.2 and the stellar particle angular

momentum (Jps), suggesting that eagle rotation curves can be used to accurately

estimate the angular momentum of eagle galaxies.

• To compare to the observational sample we select galaxies in eagle by mass and star

formation rate thatmatch the selection function of the observations. One-dimensional

stellar angular momentum profiles are derived for each eagle galaxy from which

we measured the 50 per cent angular momentum radii (RJ50). Splitting the eagle

sample into two stellar mass bins of 9< log(M∗[M�])≤10 and 10< log(M∗[M�])≤11,

we identify a 16 per cent increase in RJ50/Rh from z = 3.5 to z = 0.1 in higher stellar

mass galaxies and minimal evolution in the lower stellar mass bin, as identified in

the observations (Figure 5.12).

• We note however that the selection function used in observations and eagle com-

parison from z = 3.5 to z = 0.1 for the radii derived in Figure 5.12 are not selecting

the same descendent populations. To understand how a galaxy’s angular momentum

distribution evolves with cosmic time we need to study galaxies as they evolve.

Using the merger trees in eagle we select galaxies at z = 3 that match the selection

function of our observations, and trace these galaxies through the simulation to

z = 0.1, measuring the radius containing 50 per cent of the stellar angular momentum

(RJ50) at each redshift snapshot (Figure 5.13). Splitting the sample into the two

stellar mass bins, we identify an 11 per cent increase in RJ50/Rh from z = 3.5 to

z = 0.1 in higher stellar mass galaxies.

• To understand the physical processes driving the increase in RJ50/Rh in higher stellar

mass galaxies, we explore the evolution of the stellar mass and bulge-fraction as

a function of cosmic time (Figure 5.14). Both high- and low-stellar-mass galaxies
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show an increase in stellar mass by a factor of ∼10 from z = 3.5 to z = 0.1. The

bulge fraction of galaxies with stellar mass 9< log(M∗[M�])≤10, decreases from

B/T = 0.74± 0.04 at z = 3.5 to B/T = 0.28± 0.03 at z = 1, remaining roughly constant

to z = 0.1.

Higher stellar mass galaxies, those with stellar masses in the 10< log(M∗[M�])≤11

at z = 3, show a decrease in bulge fraction from B/T = 0.65± 0.08 at z = 3.5 to

B/T = 0.35± 0.04 at z = 1.5, but with an increase below z = 1.5 to B/T = 0.53± 0.03

at z = 0.1. The accretion of new material from the circumgalactic medium reduces

the bulge fraction of both low- and high-stellar-mass galaxies as they evolve with

cosmic time. Below z = 1 the low-mass galaxies become stable, with approximately

constant bulge fractions and Sc – Sd late morphologies, whilst the higher stellar

mass galaxies continue to increase their bulge fraction through the formation of

pseudo-bulges, leading to more early-type morphologies.

Overall our results show that high-stellar-mass main-sequence star-forming galaxies have

a stronger evolution in angular momentum compared to low-stellar-mass galaxies. This

process is likely to be driven by an internal redistribution of angular momentum from the

accretion of new higher angular momentum material as well as other less dominant secular

processes leading to the formation of pseudo-bulges. It is this process of redistributing the

angular momentum, that coincides with changes in the galaxies’ morphology, driving the

galaxies towards the stable low-redshift discs that occupy the Hubble sequence.
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Conclusions

This thesis has presented an observational analysis that aimed to understand the connection

between the rest-frame optical morphology of high-redshift galaxies and their dynamical

and chemical properties. This chapter summarises the main results of the work presented

in this thesis and the main outstanding issues that are still to be addressed.

6.1 Summary of Presented Work

In the preceding chapters of this thesis, we have established that the morphology of high-

redshift star-forming galaxies is fundamentally linked to their dynamical and chemical

properties. The re-distribution of the angular momentum within galaxies is expected to

coincide with the formation of main-sequence galaxies with Hubble-type morphologies

and to this end, we have analysed the cosmic evolution of angular momentum in both

observations and theoretical simulations. The main results are summarised below.
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6.1.1 The relation between galaxy dynamics and morphology at

z ∼ 1.5

Chapter 3 presents the dynamical andmorphological properties of 235 star-forming galaxies

at z ∼ 1.5 by exploiting integral field observations from theKMOSGalaxy Evolution Survey

(KGES). The galaxies were selected from the HST CANDELS field within the spectral

range containing the redshifted Hα and [Nii] nebular emission line in order to trace the

motions of the ionised gas in the interstellar medium. The rest-frame optical morphologies

of the galaxies were quantified both parametrically and non-parametrically by exploiting

extensivemulti-wavelength broadband imaging in theCANDELSfield. We derive amedian

stellar continuum half-light radius of 〈Rh 〉 = 0.′′31± 0.′′02 (2.60± 0.15 kpc at z = 1.5).

The correlation between specific stellar angular momentum and stellar mass in the galaxies

was shown to be similar to that of local-late type galaxies with j∗ ∝M0.53± 0.10
∗ . The highest

specific angular momentum galaxies are mostly disc-like, although generally, both peculiar

morphologies and disc-like systems are found across the sequence of specific angular

momentum at a fixed stellar mass.

We show that the position in the j∗ –M∗ plane is correlated with the star-formation surface

density and the Clumpiness of the stellar light distribution of the galaxies. Galaxies

with peculiar rest-frame UV / optical morphologies have comparable specific angular

momentum to disc-dominated galaxies of the same stellar mass, but are clumpier and have

higher star-formation rate surface densities. We propose that the peculiar morphologies in

high-redshift systems are driven by higher star formation rate surface densities and higher

gas fractions leading to a more clumpy interstellar medium.

6.1.2 Metallicity gradients in high-redshift star-forming galaxies

Chapter 4 utilises both KGES and KROSS integral field surveys and presents an analysis

of the chemical abundance properties of the z = 0.6 – 1.75 star-forming main-sequence

population.
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Using the [Nii]/Hα nebula emission line ratio as a tracer of the gas-phase metallicity

within the interstellar medium of the galaxies we define the fundamental stellar mass, star

formation, metallicity plane in the distant Universe. Galaxies with peculiar morphologies

are shown to exhibit a lower metallicity than the average star-forming population, and lie

off the fundamental plane as parameterised by Curti et al. (2019). We theorise this is

potentially due to their higher gas fractions compared to disc and spheroidal galaxies as

shown in Chapter 3.

The chemical abundance profiles of the galaxies in theKGES andKROSS surveys are shown

to have no correlation with galaxy morphology whilst exhibiting a negative correlation

with stellar mass and a positive correlation with specific star formation rate. Galaxies that

are more highly star-forming for their stellar mass, have more metal-poor centres.

The model of inside-out galaxy evolution predicts inflows of pristine gas to the central

regions of galaxies at early times, along filaments, that dilutes the local metal distribution

and boosts the specific star formation rate in the central regions in agreement with this

observation.

In Chapter 4 we also examine the cosmic evolution of gas-phase metallicity gradients,

establishing that on average the high-redshift galaxies have flat metallicity gradients in

comparison to the negative gradients seen locally. This aligns with theoretical models in

which feedback plays a crucial role in defining the galaxy’s evolution.

6.1.3 The distribution of galaxy angular momentum from

z = 0.8 – 3.3

Chapter 5 presents adaptive optics integral field observations of 34 star-forming galax-

ies from z = 0.8 – 3.33 observed using the NIFS, SINFONI and OSIRIS integral field

spectrographs.

Utilising the spatially-resolved Hα, [Nii] and [Oiii] emission from the ionised interstellar

medium of the galaxies, we establish the specific stellar angular momentum stellar mass

plane of the sample is comparable to that of local-late type galaxies.
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Although the stellar mass of a typical star-forming galaxy is expected to grow by a factor

∼ 8 in the ∼5 Gyrs between z ∼ 3.3 and z ∼ 0.8 (Chapter 5), we show that the internal

distribution of angular momentum, in the observed sample and simulated galaxies from the

eagle simulations, becomes less centrally concentrated in this period; that is, the angular

momentum grows outwards.

This change is attributed to a combination of gas accretion in the outer disc, and feedback

that preferentially arises from the central regions of the galaxy. We discuss how the

combination of the growing bulge and angular momentum stabilises the disc and gives

rise to the Hubble sequence.

6.1.4 Overall summary

The work in this thesis has established that the rest-frame optical morphology of star-

forming galaxies in the distant Universe is intimately linked to their fundamental dynamical

properties (e.g. specific angular momentum (Chapter 3 & 5)) and chemical properties

(Chapter 4).

Galaxy scaling relations (e.g. Fall relation, mass –metallicity relation) that reflect the

correlations seen locally have been demonstrated to exist in the distant Universe. The

normalisation of these relations has evolved to reflect the primordial galaxy population at

high-redshift with more turbulent dynamics and irregular morphology.

The distribution of high-redshift galaxies across these scaling relations has been shown to

correlate with the morphological and dynamical properties of the galaxies with peculiar

galaxies having similar angular momentum to disc galaxies whilst exhibiting higher star

formation rate surface densities (Chapter 3) and having lower gas-phasemetallicity (Chapter

4).

The internal distribution of angular momentum within late-type galaxies grows outwards

with cosmic time as the galaxies evolve towards more late-type Hubble morphologies

(Chapter 5)
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It is clear that stronger observational constraints on the mechanisms driving the mor-

phological and dynamical evolution of galaxies from turbulent irregular systems to the

grand-design Hubble-type morphologies we see today are required to further understand

the evolution of galaxies. In the following section, I outline some ongoing and future

projects that are designed to address these issues.

6.2 Outstanding questions and future work

The work in this thesis has resulted in a number of follow-up projects to address the key

outstanding questions. In this section, the ongoing and future projects are outlined.

6.2.1 What is the connection between different components of the

multi-phase environment of high-redshift galaxies?

The ionised interstellar medium, traced by spatially-resolved emission line spectroscopy

(e.g. Chapter 3, 4 & 5) is a crucial part of the multi-phase environment that makes up

star-forming galaxies.

Molecular gas also contributes to a galaxy’s total mass budget and dynamics (e.g. Carilli &

Walter, 2013). In the local Universe, the connection between cold molecular gas and star

formation activity has long been established. A power law relation exists between the star

formation rate surface density (ΣSFR) and total gas surface density (Σgas) (e.g. Schmidt,

1959; Kennicutt, 1998).

Observations have shown that star-forming galaxies at z ∼ 1 – 2 are dominated by gas-rich

and highly turbulent discs (e.g. Tacconi et al., 2010, 2013; Genzel et al., 2015; Tacconi

et al., 2018). These galaxies appear to occupy different regions of the ΣSFR –Σgas plane,

however the molecular gas content of the galaxies is a major uncertainty (e.g. Daddi et al.,

2010; Cheng et al., 2018).

Spatially resolved studies of the multi-phase interstellar medium are critical to understand

the physical processes that drive the secular in-situ evolution of galaxies. The next step
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Figure 6.1
Example ALMA CO 2-1 detections from the KMOS GTO follow up survey of
star-forming galaxies at z ∼ 1.5. The CO intensity map for each galaxy is shown
on the left, with the spectrum and Gaussian fit on the right. Building upon these
preliminary observations, it will be possible to spatially resolve the CO velocity
and velocity dispersion within the galaxies, and compare this to the ionised gas
(Hα) properties.

is to use an ongoing KMOS follow-up ALMA program, which has detected the 12CO

molecular gas emission line (Figure 6.1), to compare the dynamics of the molecular gas

with that of the ionised gas and star formation using the spatially-resolved Hα and CO

velocity and velocity dispersion maps.

Future high-resolution adaptive optics observations with VLT/ERIS can be used to study

the gas kinematics on sub-kpc scales. This can be used in combinationwith JWST/NIRSpec

observations that analyse the absorption features of the interstellar medium at much higher

spatial resolution, to provide physical, constrains on feedback processes that define the

dynamics and morphology of high-redshift galaxies.
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6.2.2 Is the evolution of dynamics and morphology consistent

between theory and observations?

The last 10 billion years of main-sequence galaxy evolution have been analysed in both

observations, through large scale integral field surveys (e.g. SAMI (Croom et al., 2012),

KROSS (Harrison et al., 2017), KGES (Gillman et al., 2019b), KMOS3D (Wisnioski

et al., 2019), SINS (Förster Schreiber et al., 2006), KMOS Deep Survey (Turner et al.,

2017b)), and state of the art hydrodynamical simulations (e.g. eagle (Crain et al., 2015),

IllustruisTNG (Springel et al., 2018), FIRE (Hopkins et al., 2012)).

The ultimate aim of computational models of galaxy formation and evolution is to recreate

the global distribution of observed galaxy properties in the Universe. This requirement is

balanced with having high enough resolution to study the internal properties of individual

systems.

Exploiting these extensive observational programs that span the last 10 billion years of

galaxy evolution in combination with the hydrodynamical simulations allows a precise test

of the prescriptions used in galaxy formation models to be undertaken. By matching the

data quality and selection functions of each survey, an identical analysis can be applied

to all observational samples. The evolution in galaxy scaling relations and fundamental

dynamical and morphological properties (e.g. angular momentum, Sérsic index, stellar

bulge to total ratio) across cosmic time can be derived.

At each redshift interval covered by the observed galaxy sample, mock galaxies can be

extracted from the simulations matching the selection criteria of the observations, as

demonstrated with the eagle simulation in Chapter 5. By comparing their properties to

those of the observed galaxies a test of current galaxy formation theory, upon which the

simulation is built, can be undertaken.

Constraining a galaxy’s evolution and ultimately the descendent population it evolves into,

is a crucial tool in defining a model for galaxy evolution. The evolution of simulated

galaxies can be followed through cosmic time to z = 0 using the dark matter halo merger
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trees as well as being used to derive the observed galaxies descendent galaxy population.

6.2.3 What is the role of galaxy inflows and outflows in the evolution

of galaxies?

Starburst driven outflows are ubiquitous in high-redshift galaxies (e.g. Steidel et al., 2010;

Martin et al., 2012; Newman et al., 2012; Rubin et al., 2014; Davies et al., 2019b).

The outflowing gas carries angular momentum and therefore their origins (centrally

concentrated versus disc wide) and velocities have implications for how the galaxy gas

disc might increase or decrease its angular momentum.

In turn, this has an impact on the morphologies of galaxies around z ∼ 1.5 and may be

responsible for their change from clumpy and irregular systems into the grand-design

spirals we see today (e.g. Harrison et al., 2017; Swinbank et al., 2017; Gillman et al.,

2019b).

Detecting the faint broad, underlying emission lines in both Hα and forbidden lines ([Nii]

and [Sii]) is observationally challenging in z ∼ 1.5 star-forming galaxies. Previous studies

using stacked integral field observations of hundreds of star-forming galaxies at both z ∼ 1

and z ∼ 2 have probed the average main-sequence population outflow properties at each

epoch (e.g. Förster Schreiber et al., 2018; Swinbank et al., 2019).

To detect outflowing gas in individual galaxies requires high signal to noise spectra. The

KMOS Ultra-deep Rotational Velocity Survey (KURVS) is an ongoing KMOS large pro-

gramme to obtain 120 hr deep observations of ∼50 star-forming galaxies in the CANDELS

HST field.

By combing observations from the KMOS Galaxy Evolution Survey with much deeper

KURVS observations it will be possible to search for broad, underlying emission lines in

both the Hα and forbidden lines ([Nii] and [Sii]). Utilising the signal to noise of the data,

the faint emission can be detected in individual galaxies.

The kinetic energy and angular momentum mass of the out-flowing material can be

constrained by analysing the spatial extent and velocity width of the broad-line material as
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well as electron density estimates from the [Sii] 6717Å / 6730Å emission line ratio. By

quantifying the fundamental properties of the out-flowing material the implications and

connection to the galaxy’s rest-frame optical morphology can be constrained.

6.3 Final Remarks

In the last half-century, our knowledge of galaxy formation and evolution has been

drastically transformed with advancements in technology enabling ever more detailed

observations and theoretical modelling.

To form a complete theory of galaxy evolution requires an understanding of all scales from

large scale structure formation and the collapse of dark matter halos, to the smallest of

scales with the fragmentation of gas clouds and the formation of stars. The theory must be

able to describe the multi-phase multi-wavelength properties of galaxies both locally and

in the early Universe.

Theoretically, this is achieved using more efficient modelling techniques and improved

processing technology that implements current galaxy evolution theory in order to match

observations. Current computational models are limited by the requirement for large

cosmological volumes that can be compared to observational surveys. They must also

resolve the smallest scales that define the physical processes that lead to the evolution in

cosmic structure.

Refining the sub-grid physics prescriptions used to model the unresolved processes and

understanding which physical processes drive the outcomes of effective physical models

will lead to a better understanding of the underlying physics. In the coming decade,

computational models with improved sub-resolution modelling combined with higher

numerical resolution will provide further constraints on galaxy evolution models. However,

the simulations are only as good as the observations that inform and calibrate the models.

Significant progress has been made in recent years with current observational facilities

such as HST , Herschel, ALMA and the VLT that have analysed the multi-wavelength
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Figure 6.2
Point source sensitivity for current generation of instrumentation and JWST at
high spectral resolutions in a 104s exposure to achieve a S/N=10. Credit: Space
Telescope Science Institute

properties of galaxies across cosmic time. The next generation of telescopes (e.g. JWST ,

ELT, GMT, TMT )which have first light in the coming decade, aim to push the observational

limits further.

The High Angular Resolution Monolithic Optical and Near-infrared Integral field spec-

trograph (HARMONI; Thatte, 2010) proposed for the ELT will have a factor of ∼5

improvement in spatial resolution over current generation facilities (Zieleniewski et al.,

2015). The instruments on-board JWST (e.g. NIRSpec, MIRI, NIRCam) will provide

significantly higher sensitivity as shown in Figure 6.2. These facilities will enable more

detailed insights into the dynamical and chemical evolution of galaxies that drive the

formation and evolution of the Hubble Sequence.



APPENDIX A
Chapter 3 Appendix

This Appendix complements the work presented in Chapter 3. Appendix A.2 and A.3 was

published in Gillman et al. (2019b). In Appendix A.1 we give the fundamental properties

of galaxies in the KGES survey. In Appendix A.2 we present the SEDs, magphys models,

HST imaging and velocity maps of all 288 galaxies in the KGES sample whilst Appendix

A.3 shows example galfit models used to the derive the morphological properties of the

sample.
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A.2 KGES SEDs, Imaging and Kinematics
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Figure A.1
For each galaxy we show the multi-wavelength photometry from UV – 8 µm with
the derived magphys SEDs fits (left), the ‘best’ broadband image with semi-major
axis (orange line) and asymmetry and clumpiness values stated (middle) and the
Hα velocity map of the galaxy (right) with kinematic position angle (black line).
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A.3 KGES GALFIT Model Examples

Figure A.2
Representative 4× 4 arcsecond examples of the imaging, galfit models and re-
siduals of KGES galaxies from COSMOS, CDFS and UDS extragalatic field in
HST F160W, F814W and ground based UKIDDS K-band and COSMOS UVISTA
H-band images respectively. The PSF of each image is shown by the white circle
in the lower left corner of each image. In each case the model recreates the image
well and minimises the residual.
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Chapter 4 Appendix

This Appendix compliments the work presented in Chapter 4. In Appendix B.1 we give

the metallicity properties of galaxies in the KGES survey and in Appendix B.2 we give the

metallicity properties of galaxies in the KROSS survey.
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APPENDIX C
Chapter 5 Appendix

This Appendix compliments the work presented in Chapter 5 and was published in Gillman

et al. (2019a). In Appendix C.1 we give the integrated galaxy properties of the sample.

Whilst Appendix C.2 details the integral field observations and Appendix C.3 shows the

morphological and kinematic properties of the sample. The kinematics of the sample are

shown in Appendix C.4 and the beam smearing correction derived from Johnson et al.

(2018) is shown in Appendix C.5.
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C.4 SHIZELS Kinematics
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Figure C.1
The spatially-resolved galaxies in our sample order by redshift. From left to right;
Broadband photometry of the galaxy (left), with PAim (green dashed line) and data
cube field of view (blue dashed square). Hα or [Oiii] flux map, velocity map,
velocity model and velocity dispersion map, derived from the emission–line fitting.
PAvel (blue dashed line) and PAim (green dashed line) axes plotted on the velocity
map and model. Rotation curve extracted about kinematic position axis (right).
Rotation curve shows lines of Rh and 2Rh derived from Sérsic fitting, as well as the
1σ error region (red) of rotation curve fit (black line).
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C.5 SHIZELS Beam-Smearing Correction

Figure C.2
The ratio of Rd/Rh PSF for each galaxy in the sample, as well as for the indi-
vidual kinematic classes. The median ratio of the sample, black dashed line, is
〈Rd/Rh PSF 〉 = 2.17± 0.18. For the sample the median ratio of rotation velocity
is vout

v0
= 0.99, ranging from vout

v0
= 0.89 – 1.00 whilst the median ratio of velocity

dispersion is vout
v0

= 1.04, ranging from vout
v0

= 1.00 – 1.11.
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