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Abstract

(Ultra) Luminous infrared galaxies (U/LIRGs) are amongst the most powerful star
forming galaxies in the universe. They play a significant role in galaxy evolution
and dominate the star formation rate density at the peak of cosmic star formation,
at z ~ 2. Therefore, understanding the properties of luminous infrared galaxies,
and how these properties evolve through cosmic time, is necessary for testing our
best theories of galaxy evolution, and for pushing the current understanding of
cosmic star formation.

In this thesis, I show U/LIRGs at z ~ 2 have underlying mechanisms driving
their huge star formation rates (SFR) that are consistent with the high redshift
normal star forming population, as opposed to the merger driven star formation
seen in local U/LIRGs. I show that the general properties of the U/LIRG popula-
tion have changed over the past 10 Gyr and that local U/LIRGs are not necessarily
analogues for high-z luminous IR galaxies. Major mergers do not appear to be a
necessary condition to drive the high observed SFR, as the properties of my sample
of U/LIRGs are consistent with galaxies undergoing steady state star formation.

[ explore a unique sample of U/LIRGs at z ~ 0.4 that form a subpopulation
that straddles the region between star forming galaxies and starbursts at this
epoch. This sample shows a continuous change in star formation efficiency (SFE)
between these two populations, as opposed to the suggested bi-modality in SFE
between normal star forming galaxies and starbursts. It seems that interactions
are responsible for the boost in the SFE, and it is the SFE, as opposed to the gas
fraction, that may be driving a galaxy’s transition towards the starburst regime.
Intriguingly, there is a possible hidden merger in one of the targets that was
previously thought to be isolated based on rest frame optical observations, and also
a potential CO dark ULIRG which would be a very unusual interstellar medium
(ISM) for a luminous IR galaxy. These examples show how multi-wavelength
observations are vital to fully understand a galaxy.

I use a new post-processing pipeline to make mock observations of a typical
star forming galaxy at z ~ 2. This pipeline adds mock spectra to hydrodynamical
cosmological simulations, and I use the output from this pipeline to make mock
High Angular Resolution Monolithic Optical and Near-infrared Integral field spec-
trograph (HARMONI) observations of the Ha emission line. I confirm the intrinsic
physical properties of the simulated galaxy are correctly encoded into its spectrum.
It is then shown how the presence of moderate dust doesn’t affect the analysis of the
mock observations, which is vital as U/LIRGs are ubiquitous in the high-z universe.



Having shown the post-processing pipeline correctly captures the underlying
properties of a galaxy, I investigate how the observational signatures change as
a galaxy progresses through a minor merger, and whether these observables can
accurately predict a galaxy’s stage of interaction. I show that a galaxy’s position
on the main sequence is not always a reliable indicator of a merging versus non-
merging galaxy. Neither is the ratio of rotational velocity to velocity dispersion,
although the velocity dispersion does increase throughout the minor merger. I
show that the SFE, as opposed to gas fraction, is driving the boost in SFR as the
minor merger progresses. The morphology indicators are affected by dust, but are
still useful to categorize the galaxy correctly under moderate dust attenuation. I
conclude that high spatial resolution HARMONI observations may uncover minor
mergers at cosmic noon that can be missed by seeing limited observations.

This thesis helps disentangle what drives star formation in high redshift lumi-
nous infrared galaxies, explores how the SFR is linked to the global properties of
galaxies, shows how these properties evolve over time and probes how accurately

observations capture the intrinsic properties of a galaxy.
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Astronomy compels the soul to look upward, and
leads us from this world to another.

— Plato Republic

These are small ... but those ones out there are far

away.
— Fr. Ted Crilly Father Ted
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1.1 Overview

Since the dawn of civilization people have looked up at the stars and tried to make
sense of our place in the cosmos. Many civilizations have come and gone in the
subsequent millennia, leaving behind many sites revealing astronomical curiosity,
from the Pleiades painted onto the cave walls at Lascaux to the stone circles at
Nabta Playa and the passage tomb at Newgrange. Our ancestors bequeathed
their curiosity of the cosmos to us, and we continue to refine and deepen our
understanding of the universe. We now know the Milky Way is just one of billions

of galaxies and our Sun is just a normal star located around 8kpc from the Galactic
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centre. But knowledge of how, why and where stars form remains key to under-
standing the universe and how it has changed in the past 13.7 billion years. Star
formation and its interplay with gas, dust, chemical composition, existing stellar
mass, morphology and the dynamical state of a galaxy allows us to understand how
galaxies have evolved from cosmic dawn, approximately 13 billion years ago, to the
present epoch. Observing the stars and the inter-stellar medium (ISM) in galaxies
allows us to test our theories of galaxy formation and evolution and help constrain
simulations. In recent decades there has been an abundance of multi-wavelength
data from the ultraviolet (UV) to the radio, each giving a different insight into
the underlying properties of a galaxy.

This thesis explores dusty star forming galaxies, touching on questions such as:

o What underlying mechanisms drive star formation in high-z dusty galaxies?

How does this change over cosmic time?

o What is the rate at which galaxies can convert their molecular gas into stars

and what global properties influence this rate?

e (Can observations of the Ha emission line accurately trace the underlying

physical properties of a galaxy at high redshift?

» How do observational signatures of the intrinsic properties change as a galaxy
undergoes a merger, and how can we use these to disentangle what is hap-

pening within a galaxy?
o What is the impact and importance of mergers in star formation.

While no single thesis or person can answer all these questions, every astrophysicist
strives to add their contribution. As Michelangelo is reputed to have said, "The
sculpture is already complete within the marble block, before I start my work. It
is already there, I just have to chisel away the superfluous material." In this thesis
I hope to chisel my little portion of the marble. This rest of this chapter will give
an overview of the salient details needed to understand the physics that follows,

and more in depth explanations and analysis is provided in later chapters.
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Figure 1.1: The classic Madau and Dickinson (2014) plot showing the evolution of the
cosmic SFRD between z = 8 and today. The SFRD peaks at z = 1 - 3 (~ 10 Gyr ago),
in an epoch that has become known as cosmic noon, before declining by over an order of
magnitude to the present day.

1.2 Star Formation

Stars condense out of dense clouds of molecular gas. The rate at which they form
is known as the star formation rate (SFR), and the SFR of an astronomical object
is defined as the total mass that is turned into stars per unit time for said object
or target. It is an inefficient process with ordinarily only ~ 1 - 2 % of a molecular
cloud’s mass being converted into stars per dynamical free fall time of the cloud
(e.g. Genzel et al., 2000, Murray, 2011)

Stars form with birth masses following a distribution known as the initial mass
function (IMF). A star’s mass is important as it determines its luminosity and life
cycle. The relationship of mass to luminosity in main sequence stars is L oc M3,
and the lifetime of a star is approximately its mass divided by its luminosity, so
a star’s lifetime scales with mass as ~ M~2® (e.g. Kippenhahn et al., 2012). For
example, the most massive stars, such as O - B stars, have effective temperatures in

the range 10,000 - 60,000 K and masses greater than 3 M, with an upper limit cut-

off taken to be ~ 150 My, as above this mass the radiation pressure and mass loss
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will affect the gravitational stability of a star (the lower mass of a main sequence
star is ~ 0.1 M, as below this mass core densities are insufficient to sustain nuclear
fusion). The lifetime of a solar mass star is around 10 Gyr, so all bar the least
luminous class of B stars have life times of 100 Myr or less.

The direct method of counting the number of stars in a given volume is only
feasible for a handful of galaxies close to the Milky Way. Instead, astronomers
use the integrated light emitted from a galaxy, which arises from the emission
from stars, gas and dust within a galaxy. We can then assume a conversion factor
between luminosity in a given waveband and newly formed stars, which requires
models of stellar population synthesis, the IMF and the star formation history
(SFH) of a galaxy. For example, the stellar continuum emission from a star is
well approximated by a blackbody, so stars with effective temperatures > 10,000
K dominate the UV continuum. Therefore, the UV continuum traces stars with
stellar masses > 3 Mg, and with the use of an appropriate conversion factor, this
makes the UV continuum a sensitive tracer of recent star formation on the timescale
of 100 Myr (the UV emission is dominated by stars 100 Myr or less despite the
contribution of stars a few hundred Myr in age to the near UV emission).

Another diagnostic of ongoing star formation is measuring the emission line
flux arising from ionized regions surrounding massive young stars. These ionized
regions comprise mainly of hydrogen gas and are known as HII regions. The Ha
optical transition (n: 3 — 2), is the most commonly used emission line diagnostic
for estimating the SFR of a galaxy. The ionization energy from the ground state of
hydrogen is 13.6 €V so only stars with masses > 15 Mg have the requisite ionizing
flux to form HII regions. These massive stars have lifetimes < 10 Myr, so Ha can
be considered a good tracer of the ‘instantaneous’” SFR within a galaxy.

As UV and Ha are strongly attenuated by dust within the ISM, estimates of
the ‘unobscured’” SFR, from tracers such as UV or Ha emission, act as a lower
bound to the SFR. The infrared (IR) emission, between 8 - 1000 um, arises from
dust that absorbs the UV radiation from massive young stars and thermally re-

emits it at longer wavelengths. Therefore, the IR luminosity (Lir) acts as a probe
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of the ‘dust obscured’ star formation. As dust absorption peaks in the UV, the
IR emission traces similar timescales to the UV continuum, and measures stars
that formed in the prior 100 Myr.

The visible spectrum is dominated by intermediate mass stars (0.5 - 3 M) and
the near IR emission (~ 0.8 - 2.5 pm) is comprised mainly of long lived stars, <
0.5 Mg), so the visible and near IR emission can be used to infer the mass of the
long lived stars that form the bulk of the stellar population within a galaxy.

All these different tracers stress the importance of multi-wavelength data to ac-
curately determine the existing stellar mass (M, ) and map ongoing star formation in

a galaxy, as UV or IR tracers by themselves can underestimate the SFR of a galaxy.

1.3 Cosmic Star Formation

In recent years multi-wavelength observations have determined the star formation
rate per unit volume, known as the SFR density (SFRD), of the universe in the past
~ 10 Gyr (Figure ), i.e. the mass of new stars formed per year per unit co-moving
volume. It has been found that the SFRD gradually rises from z = 8, denoted
cosmic dawn, to peak between z = 1 - 3, known as cosmic noon, before declining
by an order of magnitude to the current epoch (e.g. Madau and Dickinson, 2014,
and references therein). This implies that most of the solar like stars that make up
the bulk of a galaxy’s stellar mass were formed at high redshifts. The density of
both obscured and unobscured star formation appears to follow a similar trend up
to cosmic noon, with dust enshrouded star formation dominating unobscured star
formation for at least the past 10 Gyr (e.g. Le Floc’h et al., 2005, Zavala et al.,
P021), as shown in Figure 2. A similar trend is seen in active galactic nuclei (AGN)
activity, which also peaks at cosmic noon, with a larger fraction AGN appearing
to be dust obscured at z ~ 2 than the local universe (e.g. Delvecchio et al., 2014,
Vijarnwannaluk et al., 2022). In this thesis, the local universe is defined as z < 0.2.

Another recent observational achievement in the field of galaxy evolution has
been the tight correlation found between the SFR and M, of a galaxy, known as the

main sequence (MS) of star forming galaxies (e.g. Noeske et al., 2007, Daddi et al.,
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Figure 1.2: Top: The contribution of galaxies with different Ligr ranges to the dust
obscured cosmic SFRD. Middle: The fractional contribution of dust obscured star
formation to the total SFRD. Bottom: The evolution of the cosmic SFRD between z =
7 and today, showing the contribution of dust obscured and unobscured star formation.
Dust enshrouded star formation appears to dominate unobscured star formation since at
least z ~ 3 (taken from Zavala et al., 2021).

P007). A galaxy’s position on the SFR - M, plane is given by the specific SFR
(sSFR = SFR / M,). The sSFR can be viewed as the fractional stellar growth
of a galaxy and can be used to categorize two subpopulations of star forming
galaxies: normal star forming galaxies and starbursts (see Figure [=3). Normal
star forming galaxies lie within a scatter of 0.3 dex around the MS, whereas a
starburst is defined as a galaxy having an SFR a factor of four or more above its
expected MS SFR, based on its M, (e.g. Whitaker et al., 2012). There is also a
subpopulation of star forming galaxies with declining SFRs that lie below the MS
known as green valley galaxies (e.g. Belfiore et al., P0IR), that form the bridge
between star forming and quiescent galaxies, a population of galaxies with little to

no ongoing star formation. This thesis studies only MS and starburst galaxies, so
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Figure 1.3: Star formation rate versus stellar mass, taken from Rodighiero et al. (201T).
Most star forming galaxies appear to fall along a tight correlation which has been denoted
as the main sequence, shown as a solid black line. Starbursts, a subset of galaxies with
very high star formation rates, are defined as galaxies having an SFR. a factor of at least
four greater than the expected SFR for a MS galaxy of equal stellar mass. The red
circles are PACS selected targets from the COSMOS field, the cyan squares are PACS
selected targets from the GOODS-S field, the black circles are BzK selected targets from
the GOODS field and the black dots are BzK selected targets from the COSMOS field
(see Rodighiero et al., for details of the samples).

when I mention two populations or discuss star forming galaxies it will always be
referring to MS galaxies or starbursts unless explicitly stated.

It is suggested that normal galaxies are forming stars in a quasi-steady state,
fuelled from continuous in-falling gas from the intergalactic medium (e.g. Dekel
et al., 2009), whereas starbursts seem to be undergoing a short-lived period of
heightened star formation driven by stochastic processes such as mergers (e.g.
Tacconi et al., 2008, Daddi et al., 2000. Genzel et al., 2000). Just to note,
throughout this thesis the labels normal/regular star forming galaxies and MS
galaxies will be used interchangeably and refer to the same population.

It appears that MS galaxies are responsible for up to 90% of the cosmic SFRD
(e.g. Rodighiero et al., 2001, Sargent et al., 2002). This result also corroborates

the observed normalization of the MS correlation, which increases with redshift
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Figure 1.4: The redshift evolution of the normalization of the main sequence power
law, from Speagle et al. (2014). The solid lines show the MS at a given redshift with the
adjacent shaded regions showing the typical scatter. The colour codes are shown in the
top left.

(e.g. Speagle et al., 2014, Pearson et al., 2018). For example, a galaxy with a
given M, at z = 2 has an order of magnitude greater SFR than a z = 0 galaxy

with equivalent M, (see Figure ).

1.4 Molecular Gas and Star Formation Efficiency

The ISM is composed of multiple phases, densities and temperatures (ionized,
atomic and molecular) and studying the molecular phase is important for under-
standing the onset of star formation. That stars formed within giant gas clouds
is evidenced by the strong correlation existing between the surface density of gas
within a galaxy and the surface density of SFR known as the Kennicutt-Schmidt
law (KS), Xspr Egs, with gas in local galaxies following a tight non-linear scaling
law given by index N = 1.4 £ 0.15 (Schmidt, 1959, Kennicutt, 1998; see Figure [3).
Shallower indices are found for the molecular gas mass surface density, >,,1, with
the approximately linear relationship signifying the stronger link between SFR and

molecular gas within a galaxy (e.g. Bigiel et al., 200X, Bigiel et al., 2011, Schruba
et al., Leroy et al., 2013, Reyes and Kennicutt, 2019).
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Figure 1.5: The SFR surface density as a function of gas surface density, known as the
Kennicutt-Schmidt correlation, for a sample of star forming galaxies from Daddi et al.
(2010). The best fit line for starbursts at both low and high-z (denoted as ULIRG and
SMG on the plot) appears to be offset from the best fit line for regular star forming
galaxies at both low and high-z (denoted by spirals and by Bzk/normal on the plot),
which is suggestive of a bi-modal distribution.

The ratio of the SFR and the molecular gas mass (My,01) gives the star formation
efficiency (SFE = SFR / M,,01) of a galaxy, which tells us how quickly a galaxy
can convert its current molecular gas reservoirs into stars, but does not take into
account any mass recycled back into the ISM from winds and supernova remnants
(e.g. Tacconi et al., 2018). MS galaxies have been observed to have lower SFE
than starburst galaxies across cosmic time (e.g. Tacconi et al., 2020). The inverse
of the SFE is the depletion time (74, = 1/SFE), and starbursts are found to have
Taep ON the order of 10 Myr (e.g. Combes et al., POLI, Pereira-Santaella et al.,
2021) with MS galaxies having a 74, on the order of 1 Gyr (e.g. Leroy et al., 2013,
Tacconi et al., 2003). This suggests different triggering mechanisms are responsible
for star formation in these two groups. Throughout this thesis SFE and 74e, are
used interchangeably, with a low 74, implying a high SFE and vice verse.

The apparent bi-modality of regular star forming galaxies versus the starburst
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population in the M, - SFR parameter space is implicitly determined by the M,
and its properties. A higher SFR can be due to higher gas fractions (fzas = Mmol /
M,) and/or higher SFE, with observations showing that the SFE and f,,s increase
with distance above the MS in a given epoch (e.g. Magdis et al., 201248, Genzel et al.,
2015, Popesso et al., 2020, Tacconi et al., 2020). Both SFE and f,,s broadly remain
constant along the MS, but it appears that fs,s begins to decrease at the high M, end
once the sSFR and redshift evolution are accounted for (e.g. Magdis et al., 20128,
Tacconi et al., POIR). Quiescent galaxies, which lie far below the MS and have
ceased star formation, are linked with both lower SFE and f,, (e.g. Piotrowska
et al., 2020). It is also suggested that the KS relation shows a bi-modality between
starbursts and MS galaxies (e.g. Daddi et al., 2010; see Figure [3), with starbursts
forming a separate locus in the Xgpr — 201 plane when compared to MS galaxies.

The f,,s and SFE also evolve with redshift, although the molecular gas mass
increases more dramatically with lookback time than the SFE, with the f,5 being
an order of magnitude greater at z ~ 2 when compared to the local universe with

the SFE roughly doubling (e.g. Tacconi et al., P0IR); results consistent with the

y LALLO

evolution of the cosmic SFRD (Decarli et al., 2020, Walter et al., 2020). The
molecular gas density seems to peak at z ~ 1.5 before declining by an order of
magnitude to today, a similar trend to the cosmic evolution of the SFRD (e.g.
Lagos et al., 2011), as shown in Figure IA. The cosmic atomic gas and molecular
gas have similar densities at z = 1.5, but the atomic gas then stays approximately
constant down to the present epoch (e.g. Walter et al., 2020). The cosmic evolution
of the SFRD, atomic gas density and molecular gas density reinforce the findings

of the KS correlation, and is further evidence for the stronger link between SFR

and molecular gas.

1.5 Dust and Metallicity

Dust and metallicity are important components of the ISM. Metals are defined
as all chemical elements heavier than hydrogen and helium, and a fraction of

the gas-phase metallicity is locked into dust grains ranging from tens of atoms
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Figure 1.6: Top left: Redshift evolution of the SFR density from z = 4 to the current
epoch. Top right: Redshift evolution of the stellar mass density. Bottom left: Redshift
evolution of the atomic gas density. Bottom right: Redshift evolution of the molecular
gas density. The evolution of the molecular gas density mimics the evolution of the SFR

density, showing the intimate link between SFR and molecular gas (Source: Walter et al.,
2020).

up to ~ 0.3 um (e.g. Draine, 2003). The ratio of dust mass to gas mass is a
function of metallicity and is generally 1% or less for star forming galaxies (e.g.
Galliano et al., POIR).

Dust scatters and absorbs stellar light, particularly in the UV and optical, and
typically absorbs 30 - 40% of stellar light in normal star forming galaxies and
re-emits it in the IR (see Figure I7), but can re-emit up to 99% of starlight in
heavily dust obscured star forming galaxies (e.g. Galliano et al., ROIR). Multi-
wavelength observations now enable IR spectral energy distributions (SEDs) to

be well sampled, allowing dust obscured star formation and obscured AGN to be
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Figure 1.7: The spectral energy distribution of a normal star forming galaxy, taken
from Galliano et al. (2008). This shows the contribution to the SED from stars, gas and
dust continuum, along with the most prominent gas emission lines. The hatched area
shows the power absorbed by the dust that is re-emitted in the infrared.

studied in greater depth, which is an important development as dust obscured star
formation has dominated the SFRD for at least the past 10 Gyr (e.g. Zavala et al.,
2071). Observatories such as the Atacama Large Millimeter/submillimeter Array
(ALMA) and the James Webb Space Telescope (JWST) are continually refining
our understanding of dusty star formation over cosmic time, as prior to these
observatories much of the knowledge of star formation in the z > 4 universe, was
from rest frame UV and optical.

Dust temperatures, Tqut, are often found by assuming the dust emission in the
IR and sub-mm takes the form of a modified blackbody (e.g. Casey et al., P014).
The Tqust in a typical star forming galaxy in the local universe is ~ 25 K, increasing
to ~ 35 K at z ~ 2 (e.g. Schreiber et al., ZOI8). As with observables such as SFE
and sSFR, MS galaxies and starbursts seem to differ in their T4, with mergers
tending to have Tqus ~ 10 K higher than their non merging counterparts (e.g.

Elbaz et al., 2001, Clements et al., 2OI8). Yet, these values hide a large scatter
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in the observed Tq,s of galaxies. For example, Dunne et al. (2001) find Tqus =
10 - 48 K after observing almost 1900 galaxies in the redshift range 0 < z < 0.5.
Therefore, a value of Tyus alone is not sufficient to say if a galaxy is likely to be
a merger or non-merger. Also, many observations only give a single value for the
Taust Within a galaxy, and this average value hides spatial variations in the Tqus;.

Previous studies have found that the intensity of the radiation field heating
the dust increases with lookback time, along with the concurrent rise in dust
temperatures, within MS galaxies back to z ~ 2 (e.g. Magdis et al., 20123,
Huang et al., 2004, Béthermin et al., 2015), and an increase in Tq,s is also seen
with distance above the MS at all redshifts between cosmic noon and today (e.g.
Magnelli et al., 2004). Dust temperature also appears to be positively correlated
with IR luminosity (e.g. Hwang et al., 2010). Therefore, mechanisms proposed
for the increase in Tqus include higher SFE, and/or more compact regions of star
formation (e.g. Liang et al., 2009, Burnham et al., 2021). Other possibilities for the
redshift evolution of Ty, include lower gas phase metallicities in high-z galaxies,
leading to smaller dust masses and more energizing photons per unit dust mass
(e.g. Sommovigo et al., 2027).

Gas phase metallicity is strongly linked to the SFH as each generation of stars
enriches the metal content of the ISM, although inflows and outflows complicate
this picture. A tight correlation has been found between the stellar mass and
gas phase metallicity of a galaxy known as the mass-metallicity relation (MZR),
in which higher stellar mass galaxies were found to have higher metallicities (e.g.
Tremonti et al., 2004). This correlation seems to hold up to at least z ~ 3 (e.g.
Onodera et al., 2016). Mannucci et al. (2000) found that gas phase metallicity
also has a dependence on SFR and extended the MZR into the fundamental
metallicity relation (FMR), in which galaxies follow a 3D surface with remarkably
little scatter (~ 12 %).

The metal lines are regularly observed through their forbidden transitions, such

as the [NII] 6583 A in the optical band or the far IR (FIR) lines, such as [CII] 158

pm. Within the ISM electrons can be collisionally excited to sublevels with a low
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Figure 1.8: Left: CO(3-2) integrated intensity map of IRAS 1211240305, a ULIRG
found in the local universe. Middle: CO(3-2) peak intensity in a 10 km s~! channel.
Right: The 248 GHz continuum. These maps show the double nuclei and compact
continuum emission that is typical of a local ULIRGs (taken from Pereira-Santaella et al.,
DOIR).

probability of downward transition, but in the low densities of the ISM collisional
de-excitation is rare. Therefore, although not allowed by the dipole selection rules
of quantum mechanics, these sublevels can be de-excited by quadrupole transitions,
which have a small but finite probability. Forbidden transitions are denoted by
square brackets around the element, i.e. [NII]. As these forbidden lines have a low
probability of being re-absorbed by the ISM, they act as major coolants of the ISM
and are intimately linked with star formation.

Emission lines from both metals and hydrogen can be used as diagnostics to
provide insight into the ISM conditions within a galaxy. Examples include dust
content (Ha / Hj), metal abundance ([NII] 6583 A / Ha) and hardness of the
radiation field ([OIII] 5007 A / Hp).

1.6 Luminous Infrared Galaxies Near and Far

(Ultra) Luminous infrared galaxies (U/LIRGs) are amongst the most powerful star
forming galaxies in the universe. Their IR luminosities arise from thermal emission
from dust heated by newly formed massive stars and AGN, with AGN being more
prevalent and powerful with increasing Lig. They are defined by their bolometric
IR luminosity and classified as: LIRGs = 10! < Lig = Lg_1000um < 102 L, and
ULIRGs = 10" < Lig < 10" L (Sanders and Mirabel, 1996). They are rare in
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the local universe, but they dominate the SFRD at cosmic noon (e.g. Magnelli
et al., 2000, Murphy et al., 200Ta). This makes U/LIRGs vital probes for our
understanding of star formation and no theory of galaxy evolution will be complete
if it cannot explain the formation and observed properties of U/LIRGs (just to
note that throughout this thesis U/LIRGs will denote both LIRGs and ULIRGs.
ie. U/LIRGs = 10" < Lig < 103 Ly).

Locally ULIRGs all lie above the MS and appear to be undergoing a transient
starburst phase, likely fuelled by stochastic events such as gas rich major mergers
(e.g. Clements et al., 1996, Rigopoulou et al., 1999), whereas local LIRGs show
a more diverse range of morphological types, with minor mergers and isolated
disks becoming more common with decreasing Lig (e.g. Kartaltepe et al., P01,
Bellocchi et al., 2016, Larson et al., 2016). Their IR, SEDs are dominated by the
thermal emission from dust and have Tgus in the range 30-55K (e.g. Clements
et al., 200R). They are very efficient at converting their molecular gas into stars
(e.g. Gao and Solomon, 2004) with depletion times on the order of 10 Myr (e.g.
Pereira-Santaella et al., 2021). The extent of their star forming regions is relatively
compact, with sizes of 0.3 - 2 kpc (e.g. Alonso-Herrero et al., 2006, Pereira-Santaella
et al., 2008), as shown in Figure 8. Local U/LIRGs tend to show a decrease in
the [CII] 158 pm to Lig ratio with increasing Lig when compared to the general
star forming population (‘[CII] deficit problem’; e.g. Luhman et al., 2003), with
possible explanations including the hardness of the radiation field, compactness of
the star forming regions or thermalization of the [CII] 158 um emission line (e.g.
Munoz and Peng Oh, 20006 Diaz-Santos et al., 2007, Herrera-Camus et al., 2OITR,
Sutter et al., 2021). Similar results have been seen in the other FIR fine structure
emission lines such as [NII] and [OI] (e.g. Gracid-Carpio et al., POIT).

Although matched in luminosity, observations have shown that high redshift
(z > 1) U/LIRGs differ from their local counterparts. Their co-moving density
increases by a factor of ~ 1000 between redshifts of 1 - 2, where they are responsible
for as much as 70% of the SFRD (e.g. Magnelli et al., 2001, Murphy et al., 20TTa).

Many authors have noted differences in the properties between high-z and low-z
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populations, such as the SEDs of high luminosity ULIRGs (Lig ~ 10" Lg) at
cosmic noon appearing to have mid IR and far IR SEDs closely resembling those
seen in local sub-LIRGs (Lig = 10'° - 10" L)) and LIRGs (e.g. Farrah et al., 2008,
Muzzin et al., 2010). They have a diverse range of morphologies even in the high
luminosity range (e.g. Kartaltepe et al., 2012), with high spatial resolution studies
revealing that the star-forming regions of high-z U/LIRGs are relatively extended
with sizes in the range 3 - 16 kpc (e.g. Iono et al., 2009, Tacconi et al., 2013).
Dynamically, high redshift U/LIRGs appear to be a mixture of mergers and disk
galaxies, with spatially resolved observations revealing rotating disks at z ~ 2 with
SFRs in the hundreds of My yr=! that do not appear to be undergoing a major
merger (e.g. Forster Schreiber et al., 2009, Wisnioski et al., 2005, Gururajan et al.,
2077). In general, they do not exhibit the [CII] deficiency seen in local U/LIRGs,
which is suggestive of softer radiation fields and more extended regions of star
formation (e.g. Stacey et al., 2000, Rigopoulou et al., 2014).

At intermediate redshifts (0.2 < z < 1) U/LIRGs have properties that resemble
both the high-z and local populations. Intermediate-z U/LIRGs appear to be a
mixture of interacting and isolated objects, can have a lower dust temperatures
than local U/LIRGs, but have a similar level of dust obscuration, as measured
by the ratio of SFR from Ha versus SFR calculated from the IR SED (Pereira-
Santaella et al., 20019). Some U/LIRGs in this redshift range have an SFE, radiation
field and gas column densities that exhibit characteristics more closely resembling
regular star forming galaxies than local U/LIRGs (e.g. Rigopoulou et al., 2014
Magdis et al., 2004, Lee et al., 2017), whereas other subpopulations include high
luminosity starbursts (e.g. Combes et al., 2001, Combes et al., 2013). This diversity
of properties, and subpopulations ranging from normal star forming galaxies to

starbursts, suggest a gradual evolution in U/LIRGs between cosmic noon and

the present day.
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1.7 Morphology and Dynamical State of Galax-
ies Beyond the local Universe

In recent years, the new generation of near IR spectrographs (mounted on the
8 metre Very Large Telescope, VLT, and 10 metre Keck telescope) have allowed
large surveys of the high-z universe and allowed an in-depth investigation into
the morphology and kinematics of star forming galaxies at cosmic noon. Some
main surveys in the past decade include the KMOS3P survey (Wisnioski et al.,
2015), KMOS Deep Survey (Turner et al., 2007) and KMOS Redshift One Spec-
troscopic Survey (KROSS, Stott et al., PU16) employing the K-band Multi Object
Spectrograph (KMOS) mounted on the VLT. Surveys carried out on the Multi-
Object Spectrometer For Infra-Red Exploration (MOSFIRE), on Keck, include the
Survey in the near-Infrared of Galaxies with Multiple position Angles (SIGMA,
Simons et al., 2006) and MOSFIRE Deep Evolution Field (MOSDEF, Kriek et al.,
2015). Multi Unit Spectroscopic Explorer (MUSE) and Spectrograph for INte-
gral Field Observations in the Near Infrared (SINFONI), both on the VLT, have
provided the Spectroscopic Imaging survey in the Near-infrared with SINFONI
(SINS, Forster Schreiber et al., 2009), the Mass Assembly Survey with SINFONI
in VVDS (MASSIV, Epinat et al., 2002) and the MUSE survey of Hubble Deep
Field South (Contini et al., POIA).

These surveys provide data on hundreds of galaxies up to z ~ 4 and spanning
the stellar mass range 10° My < M, < 101° M. The observations show that up
to 80% of the high mass end appear to be rotation dominated and have baryon to
dark matter ratios greater than unity within their effective radii, with this baryonic
to dark matter ratio increasing with redshift (e.g. Wuyts et al., 2016, Genzel et al.,
D017, Price et al., 2006). The disks appear to be thicker (e.g. Elmegreen and
Elmegreen, 2008) and have a larger intrinsic velocity dispersion (o) suggestive
of a more turbulent ISM (e.g. Ubler et al., 2019). After accounting for this
increase in oy with redshift there has been an observed correlation between the
offset above the MS and velocity dispersion, with starbursts having a higher o

and more turbulent disks than regular star forming galaxies (e.g. Ubler et al., 2019,



1. Introduction 18

Perna et al., 2022). Evidence shows a stronger correlation between gravitational
instabilities and oy than for SFR and oy, suggesting a stronger link between oy
and mergers/interactions, as opposed to oy being driven by feedback from star
formation (e.g. Renaud et al., 20014, Perna et al., 2022).

Early results from a morphological study of a JWST deep field hint at disk
galaxies being more abundant beyond cosmic noon than previously thought, with
up to 40% of galaxies between 4.5 < z < 6 being classified as disks (Ferreira
et al., 2022), including red galaxies previously missed by the Hubble Space Tele-
scope (HST). With JWST still in its infancy, and with multiple very high spatial
resolution instruments in the pipeline, the coming years will greatly expand our
knowledge of the morphological and dynamical status of galaxies, from the local

universe to cosmic noon, and back to cosmic dawn.

1.8 Instrumentation

This thesis uses a variety of instruments ranging from ground based near IR
observatories, radio arrays and space based photometry. The two main techniques
used in the following chapters are integral field spectroscopy (IFS) and radio

interferometry, and a brief description of both are provided in this section.

1.8.1 Integral Field Spectroscopy

Integral field Spectroscopy (IFS) is an observing technique that allows spectra
to be captured over a two-dimensional field of view (FOV). IFS uses a device,
known as an integral field unit (IFU), that allows both imaging and spectral
information to be captured simultaneously. The data is usually represented as
a cube with two spatial dimensions and one wavelength dimension, i.e. a stack of
images with different wavelengths (see Figure [9). Each spatial element in the
cube is known as a spaxel and each spaxel has an individual spectrum. IFS has
greatly expanded our knowledge of the high-z universe as prior to its development a
spectrum was captured by integrating over a single slit, so spatial information was

lost. While spatial information could be gained by taking multiple measurements
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Figure 1.9: A diagrammatic explanation of the image slicer technique for IFS, which is
the technique used to observe the IFU data in this thesis. The image is split into slices
which form a pseudo-slit, which is fed into a spectrograph. The output data forms a cube
with two spatial dimensions and one wavelength dimension (Source: European Southern

Observatory website).

with the slit position altered, this was time-consuming and affected by changes in

the atmosphere between observations. There are three main techniques used to

divide the FOV and produce IFS data: lenslet arrays, fibre bundles and image

slicers. The idea is to disperse the light from each spatial element onto a detector,

whilst ensuring there is no overlap of spectra.

1. Lenslet Array: The telescope image is projected onto a lenslet array. Each

lenslet essentially acts as an individual spaxel and focuses the light onto a

small area on the focal plane of a spectrograph, which disperses the light.

To ensure spectra do not overlap on the detector the dispersion direction is

angled, and the band width is restricted. The drawback of this technique is

the restriction of the band width and the inefficient use of a detector.
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2. Fibres: This technique feeds light from each spaxel to an individual fibre,
whose output can be arranged as a pseudo slit and input into the spectrograph.
This optimizes use of the detector and allows longer spectral band passes.
Fibres can also be used in conjunction with a lenslet array to allow contiguous

sampling of the sky, as without a lenslet array the circular fibres leave gaps

in the FOV.

3. Image slicers: This uses mirrors to rearrange the input image into slices and
each is re-imaged side by side to form a pseudo-slit which is fed into the
spectrograph (see Figure [T9). This allows a contiguous FOV and maximizes

use of the detector. Image slicers are mainly used on IR telescopes.

The spectrographs used to capture the data discussed in Chapter B and Chapter
A use the technique of image slicing, and these instruments will be described in

more detail in the relevant chapters.

1.8.2 Radio Interferometry

As the spatial resolution of a telescope is o< A / D, where D is the diameter of the
collecting area, to achieve high spatial resolution in the radio and sub-mm regime
quickly becomes unfeasible for single dish radio telescopes. This technical problem
is solved by aperture synthesis, a technique which uses an array of radio antennae
and the principles of interferometry to mimic the spatial resolution of a telescope
with a dish the diameter of the largest baseline length (a baseline is the vector
connecting two antennae). For simplicity this method will be outlined using two
antennae, which form a two element interferometer, but the same principles hold
when increasing the number of receivers.

Let’s assume two antennae, A and B, are located a distance, S, apart along an
east - west direction and both telescopes are pointing in direction sy (see Figure
1d). This setup forms a single baseline. As we are in the radio regime, we can
treat the incoming radiation from an astronomical object as a plane wave. Due to

the antennae separation, there is a delay (7 = S sin(f)/c , where c is the speed of
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Figure 1.10: Top: A schematic of a simple two antennae interferometer as described
in Section 82 (taken from Gulkis and Pater, 2003). Middle: Response of a single
dish radio telescope (left) and an interferometer (right) to an unresolved point source.
Bottom: A schematic of the uv plane. The w vector aligned to sg, the direction the
telescope is pointing, and the uv plane is the plane with orthogonal vectors u and v both
perpendicular to w (adapted from Avison and George, 2013).

light) for the same wavefront to reach the second antennae as shown in Figure 10
(for simplicity let’s assume one frequency). The projected length of the baseline
onto this hypothetical wavefront can be written as u = S cos(f), and together
with a projected north-south vector, v, and vector w, parallel to sy, these form an
orthogonal coordinate system, as shown in Figure [I0.

To observe a source with a radio interferometer, the signals received in both
antennae are correlated (once 7 has been accounted for) and the output of this

correlation is known as the complex visibility, V, which is the component of the
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Fourier transform of the sky brightness, T(x,y), with spatial frequency, u, in the
east - west orientation. For a simple two antennae interferometer this gives one
data point, V(u,v), in the uv plane, plus its complex conjugate. As the earth
rotates, the baseline changes orientation and fills in a track on the uv plane (see
Figure TI1). By increasing the number of antennae to N, the number of baselines
is increased to N(N-1)/2, with N(N-1) corresponding tracks. Therefore, increasing
the number of antennae and/or the observation time allows us to ‘fill in’ more
of the uv plane. Hypothetically, if we could measure V(u,v) for every point on
the uv plane we would have the Fourier transform of the sky brightness, within
the FOV of each antenna (o< A / D). Radio interferometry works by observing
multiple baselines and orientations, gradually ‘filling” in the uv plane and sampling
more of the Fourier transform of T(x,y). In effect, we get a ‘dirty image’, Tp(x,y),
which is a convolution of the sky brightness, T(x,y), with the Fourier transform
of the sampling function (a function, S(u,v), defined as 1 where there is a V(u,v)
measurement and 0 where there is none). The Fourier transform of the sampling
function gives the synthesized beam, or point spread function (PSF), of the radio
image, which is analogous to the PSF in an optical telescope. To get an intensity
map of the true sky brightness, we need to de-convolve the dirty map. This is
generally a non-linear and computationally heavy process (e.g. CLEAN routine,
Hogbom, 1974), and the Fourier transform and de-convolution processes used in
this thesis will be described in the relevant sections (radio imaging is also described
in more detail in Appendix A). The quality of the intensity map is related to
the uv coverage, and the full width half maximum (FWHM) of the synthesized
beam is &< A / bpax, where by, is the length of the longest baseline. Therefore,
the spatial resolution of a radio interferometer is & A / byax, and short baselines

are used to measure the large scale structure.

1.9 Thesis Motivation & Structure

This thesis explores star formation in luminous infrared galaxies across cosmic time

and attempts to fill gaps in our current understanding of galaxy evolution, and the
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Figure 1.11: uv coverage (sampling function) of a hypothetical radio interferometer
with 2, 5, 10 and 50 antennae (top to bottom). The left to right columns show the tracks
created by observation times of 10 seconds, 2, 4 and 6 hours respectively (taken from
Avison and George, 2013). This figure demonstrates how both an increase in antennae
number and observation time ‘fills in’ more of the uv plane, allowing more of the Fourier
transform of the sky brightness to be sampled.

motivation for this thesis are manifold.

As outlined in this chapter, we know that U/LIRGs at the peak of the cosmic
SFRD are different from their local counterparts. This has been established from
various studies that have been undertaken on z ~ 2 U/LIRGs; but these tend to
be either in-depth explorations of one or two galaxies, large samples focusing on
a particular property (e.g. evolution of dust temperature), or surveys that focus
on the general population of star forming galaxies, which happen to include a sub-
sample of U/LIRGs. There is a dearth of systematic studies focusing on a sample of
U/LIRGs only, and I will provide such a study in Chapter 2. This type of research

is necessary, as a good reference point is needed for examining the evolution of
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U/LIRGs properties from cosmic noon to the current epoch. It is also needed to
ascertain what proportion of z ~ 2 U/LIRGs are outliers like local U/LIRGs, and
how many blend into the normal star forming population.

U/LIRGs are a relatively understudied population at intermediate redshifts,
and previous observations have tended to focus on the upper or lower ends of the
U/LIRG luminosity spectrum, i.e. low luminosity LIRGs or very high luminosity
ULIRGs. We need to fill the luminosity gap between these subpopulations if we
want to understand the properties of the U/LIRG population as a whole at interme-
diate redshifts, and I will provide a sample of galaxies that fill this gap in Chapter B

Another open question in the field is establishing if star forming galaxies do
indeed follow a bi-modal distribution in the SFR - M, and Ygpr - Ymo planes. If
so, what mechanisms are responsible for this bi-modality and how does a galaxy
transition between these two modes? Conversely, if this bi-modality turns out to
be incorrect, what are the systematic effects, or assumptions, that gave rise to this
hypothetical bi-modality? Intermediate-z U/LIRGs can tackle this issue, as their
luminosity range includes both MS and starbursts galaxies.

Much of our knowledge of the high-z universe is gleaned from fitting models
to galaxies’ emission line spectra and determining their properties. Little research
has been done into whether the properties of galaxies are correctly encoded into
the observed emission and absorption lines, and if high-z spectra can be modelled
using the assumptions and calibrations taken from the local universe.

Even if it is established that we can correctly determine a galaxy’s properties
from its spectrum, current high-z observational signatures, such as the ratio of
rotational velocity to velocity dispersion, are usually applied to kpc scale spatial
resolution and may not be adequately capturing the underlying properties. We
need to figure out at what spatial resolution observables can constrain the physical
properties of a galaxy, or discriminate between merger stages of a galaxy at cosmic
noon, and we need to decipher what are the best observables to use. In chapters @

and B, I will begin to tackle these critical issues. With the recent launch of JWST
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and the upcoming 30+ m class of optical and near IR telescopes, this research is
vital if we want to correctly interpret their observations.

The layout of the thesis is as follows:

1. Chapter 2 describes how a sample of U/LIRGs at high redshift have similar
properties to the regular star forming population found in the same redshift
range. Stochastic processes, such as the mergers seen to be driving star
formation in local U/LIRGs do not appear necessary to drive star forma-
tion in U/LIRGs at high-z. The majority of the sample are main sequence
galaxies, are less dust obscured than local U/LIRGs and don’t appear to be
metal deficient, demonstrating that the properties of U/LIRGs have evolved
between the peak of the cosmic SFRD and the present epoch.

2. Chapter 3 explores a unique sample of intermediate-z U/LIRGs that form
a subpopulation that straddles regular star forming galaxies and starbursts.
This sample suggests a continuous change in SFE between these two pop-
ulations, as opposed to the hypothesized bi-modality, and the increased
SFE appears to be driven by morphology and differing stages of interaction.
Intriguingly, there is a possible hidden merger seen in one of the targets that
was previously thought to be isolated based on rest frame optical observa-
tions, and a potential CO dark ULIRG, which is a very unusual ISM for a
luminous IR galaxy, showing how multi-wavelength observations are vital to

fully understand a galaxy:.

3. Chapter 4 studies mock observations of a star forming galaxy at cosmic
noon taken from the NewHorizon cosmological simulation. A new post-
processing pipeline that adds mock spectra to hydrodynamical cosmological
simulations is introduced, and I use the output from this pipeline to make
mock High Angular Resolution Monolithic Optical and Near-infrared Integral
field spectrograph (HARMONI) observations of the Ha emission line. I show
how the intrinsic physical properties of the simulated galaxy are correctly

encoded into its spectrum. It is then shown how the presence of moderate
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dust doesn’t affect the analysis of the mock observations, which is vital as

much of the star formation in the high-z universe is dust enshrouded.

4. Chapter 5 builds on the HARMONI mock observations and takes three
snapshots of a simulated high-z star forming galaxy as it undergoes a mi-
nor merger in the NewHorizon cosmological simulation. The observational
signatures of the kinematics, morphology and underlying state of the ISM
are extracted and I track how these change over the course of the minor
merger. [ will discuss what these signatures allow us to infer about the
physical characteristics and merger status of the galaxy. This work will help
interpret future HARMONI observations and translate the information from
spatially resolved emission lines back to the underlying state of the ISM and

star formation.

5. Chapter 6 gives a summary of the results and conclusions presented in this

thesis and offers a brief outlook on the open questions in the field.

Unless explicitly stated in the relevant sections or captions, all the analysis, plots

and tables presented in the following chapters are my own work.
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2.1 Introduction

Dust obscured star formation dominates unobscured star formation at the peak of
the cosmic SFRD (see Figure [3), so studying the main drivers of star formation
in U/LIRGs at cosmic noon is necessary for our understanding of the cosmic SFH,
and they are also an important probe for testing our theories of why the cosmic
SFRD peaked ~ 10 Gyr ago. For example, some simulations show that since z
~ 6 merger driven star formation accounts for only 25% of today’s stellar mass
(Martin et al., 2007) and may be responsible for as little as 1% of the cosmic
SFRD (Rodriguez Montero et al., 2019). As the contribution of U/LIRGs to the
SFRD at cosmic noon can be as high as 70%, and they are synonymous with
mergers and interactions in the local universe, they provide useful test cases to
constrain theory and simulation.

Many surveys at z ~ 2, for example KMOS3P (Wisnioski et al., 201H), focus on
the general population of star forming galaxies, which does include U/LIRGs. But
it is necessary to perform a systematic study on U/LIRGs only, as we know high-
z U/LIRGs have different properties to their local counterparts (see Section [8),
and a U/LIRG only study is a good reference point for examining the evolution of
U/LIRGs. For example, are they mostly isolated disks, mostly starbursts, or an
equal mixture of both? Is star formation in a typical dusty galaxy as heavily dust
obscured as has been observed in the intermediate-z or local U/LIRGs?

Finally, U/LIRGs in the local universe are outliers, with very different prop-
erties compared to the normal star forming population. While we know high-z
U/LIRGs can still be located in the starburst regime, we need to take a sample of
z ~ 2 U/LIRGs to try to ascertain what proportion are outliers, and how many
blend into the normal star forming population.

This chapter presents a KMOS study of a sample of eighteen U/LIRGs at cosmic
noon, which I will use to examine the mechanisms driving their huge SFRs, and

explore the general properties of high-z U/LIRGs.
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Table 2.1: The Sample of luminous IR galaxies.

Object RA Dec z

ol 03:32:22.57 -27:45:39.11 2.073
02 03:32:38.11 -27:44:33.67 2.330
03 03:32:46.31 -27:44:18.07 2.433
o4 03:32:19.05 -27:43:15.29 2.409
05 03:32:36.89 -27:42:25.76 2.142
06 03:32:33.29 -27:42:01.82 2.455
o7 03:32:28.51 -27:46:58.95 2.309
08 03:32:29.17 -27:45:14.61 2.434
09 03:32:36.18 -27:46:27.51 2.291
010 03:32:33.84 -27:45:18.09 2.141
oll 03:32:47.54 -27:44:32.86 2.276
012 03:32:28.40 -27:42:46.52 2.141
013 03:32:35.12  -27:40:45.21 2.312
0l4 03:32:23.77 -27:41:32.15 2.304
015 03:32:36.09 -27:42:24.57 2.139
016 03:32:48.53 -27:45:17.50 2.169
ol7 03:32:40.39 -27:44:54.88 2.227
018 03:32:23.88 -27:42:22.19 2.331
Star 03:32:31.87 -27:41:05.97 -

2.2 Observations

2.2.1 The Sample

29

The galaxies studied here were drawn from Herschel observations of the Great
Observatories Origins Deep Survey South field (GOODS-S, Elbaz et al., 201T)
GOODS-S is a well studied deep field and benefits from the availability of excellent
multi-wavelength ancillary data (e.g. the ZFOURGE database of large and deep
medium-band imaging survey for z > 1 galaxies, Straatman et al., 2016) including
multiple photometric bands, stellar masses etc. The present sample (hereafter
my KMOS sample) comprises eighteen targets which were selected according to

the following criteria:

1. Detection in at least one of the Herschel bands to ensure the U/LIRG-like

infrared luminosity of the galaxies and therefore high SFR.

2. Spectroscopic redshift or very robust photometric redshift based on at least
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10 data points from broadband photometry.

3. Galaxies located in the 2 < z < 2.5 range, with this redshift chosen to allow
the Ha spectral line (6563 A) and the [NII] fine structure doublet (6549 A
and 6583 A) to be observed by KMOS.

4. All targets have Spitzer 24 pym counterparts.
5. All targets could be simultaneously observed in one KMOS pointing.

Figure A3, in the appendix, shows my eighteen targets are representative of the

parent sample.

2.2.2 The K-band Multi Object Spectrograph

KMOS is an integral field spectrograph in operation on the VLT in the Atacama
Desert in Chile. The instrument can simultaneously target up to 24 objects within
a patrol field of 7.2" in diameter (Sharples et al., 2013). KMOS uses an image slicer
system, as described in Section IC81. Each of the 24 IFUs has a square field of view
of 2.8"” x 2.8”. This field of view is divided into 14 slices, each with 14 pixels of 0.2”
x 0.2” which gives the FOV in each IFU a seeing limited spatial sampling of 0.2".
The spectral resolution within the K band is R = 4200 with a 2 channel FWHM.
All eighteen of my objects were prepared using the KMOS Arm Allocator
(KARMA, Wegner and Muschielok, P00R), with each galaxy assigned to an IFU
allowing all targets to be observed in a single pointing, ensuring atmospheric
conditions are the same across the sample. Observations were taken in the K-band
which has coverage of 1.934 - 2.460 um and a channel width of approximately 3 A.
The data is made up of twelve separate observation blocks (OBs): six on 22/23
November 2013 and six on 09/10 October 2016 ®. The ‘stare’ observation mode
was used, with 8 exposures per OB and an integration time of 600 seconds per
exposure. One IFU was dedicated to a star to get a PSF for each OB. The seeing
varied from 0.3” - 1.3"” over the two nights, and the average seeing conditions

were approximately 0.6”.

LOB IDs: 200297829-41, 200402165-177, 20040220311
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The raw data was reduced using the standard KMOS pipeline, part of the
EsoReflex package (Davies et al., 2013, Freudling et al., 2013). The pipeline carries
out dark current correction, flat field correction, wavelength calibration, telluric
correction, sky subtraction and flux calibration to produce a final data cube and
an associated noise cube, per OB, for each target. I took the reduced cube from
each OB and combined them together to produce a final data cube per target. To
ensure I accounted for any spatial offsets across the OBs I found the centre of the
PSF via fitting a 2D Gaussian to the star and shifted each cube so that the centres
aligned for all twelve OBs. This gives the final cubes a spatial dimension of 17 x
16 pixels. I used a weighted average rather than a simple average to account for the
observations being carried out under varying seeing conditions. This weighting was
calculated by finding the size in arcseconds of each of the twelve PSFs and summing
these together to get a total area. I then found the fractional contribution to the
total area given by each OB’s PSF. The reciprocal of these fractions were then used
to assign a weighting for each OB with the sum of all twelve weightings equalling
one, i.e. an OB with worse than average seeing has a larger than average fractional
contribution to the total area and is thus proportionally down-weighted and vice-
versa for an OB with above average seeing. The PSF for the final stacked cubes
was found by fitting a Gaussian to the stacked observation of the star, combined

using the same weighted average, which gave the PSF a FWHM of 0.57” x 0.44".

2.3 Analysis
2.3.1 Spectra

To find the Ha and [NII] emission lines I inspected the cube at the expected Ho
wavelength based on the redshift of the galaxy and scanned all adjacent channels
until the emission lines were found (all these cubes had a robust photometric
redshift or previous spectroscopic redshift). Once the emission lines were identified,
individual apertures were applied to each data cube to distinguish between galaxy
and sky emission. Two apertures were applied to each cube: the galaxy aperture

and the sky aperture. The galaxy aperture was scaled to cover the extent of the
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Figure 2.1: The integrated spectra for the 14 luminous IR galaxies with detected Ha
emission. The best fit model, described in Section P23, is overlaid in blue and the
vertical lines represent the peak of the red-shifted He, [NII] 6549 A and 6583 A lines.
The grey horizontal line indicates where the S/N equals 3.
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galaxy emission. The remaining spaxels were dedicated to the sky aperture, which
was normalized to be the same area as the galaxy aperture.

All spaxels within the galaxy apertures were collapsed into a one dimensional
spectrum and model spectra were fitted to the observed Ha and [NII] emission
lines. This model involved simultaneously fitting three Gaussian profiles and a
linear function to account for any continuum. The ratio of the [NII] 6549 A / [NITI]
6583 A peak flux was preset to 0.34, as predicted theoretically (e.g. Osterbrock
and Ferland, 2006) and the width of the [NII] Gaussian profiles was forced to equal
the width found for the Ha emission line. All three lines were also forced to share
the same line of sight velocity. The best fit was determined by applying a x?
minimization to the observed flux. For galaxy 013 the [NII] lines are not detected
and their expected line centres coincide with a trough in the observed spectra,
which affected the fitting of the model spectra. Instead, this was fitted with a
single Gaussian curve, centred on the Ha line, and a linear function.

To ensure I did not miss any Ha flux, I created a sky spectrum by collapsing all
spaxels within the sky aperture and compared the sky spectrum to the integrated
galaxy spectrum. If any Ha emission was found in the sky spectrum, I increased the
size of the galaxy aperture and repeated the above analysis. Finally, to calculate
the signal-to-noise (S/N) of my spectra I used the standard deviation of the sky
spectra, i.e. the standard deviation of the sky flux measured in each bin of the
spectral window plotted in Figure 2.

Although the pipeline does basic sky subtraction by allocating a sky IFU to
each object IFU, there was still some residual sky emission around the edge of
the reduced cubes. To ensure these pixels did not skew the noise calculations, I
clipped any pixels in the sky aperture that were greater than 30 above or below
the mean sky emission.

Ha line emission was detected in fourteen of the eighteen targets. For the four
non-detections, the entire cube was scanned for an emission line. I marginally
detected (~ 30) the [NII] 6583 A line in four of the galaxies. The total Ha and

[NII] fluxes from the galaxies were evaluated by integrating the area under their
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respective Gaussian curves. The total Ha flux for my KMOS sample ranges from
3.07 - 8.23 x 10717 erg s7! em™2 and an instrument corrected FWHM of 75 - 473
km s~!, with my results shown in Table 2. The FWHM of 75 km s~ for galaxy
02 is a lower limit as a noise spike occurred on the red wing of the Ha emission
line, which was corrected for in the data reduction, leading to a loss of flux on the
red side of the line. Intensity maps (Oth moment?) of the observed Ha lines of the
fourteen galaxies were made by summing the intensity in all channels that span
the emission line, and these are shown in Figure 22

For three of the four targets with undetected Ha I estimated a 3o upper limit
for the line flux. Firstly, I fitted an aperture of 1” in radius to each cube and then
used the redshift of the target to find the expected peak wavelength of the Ha
emission line. I found the channel that corresponds to the peak wavelength and
extracted a spectrum spanning twelve channels either side (halfway between the
expected H-alpha and [NII] emission lines). From this I calculated the mean and
standard deviation of the spectrum. Assuming the average linewidth of my sample,
267 km s~!, and a peak amplitude equalling the 30 value, I estimated an upper
limit for the Ha line flux. I could not get an upper limit for galaxy oll due to a
skyline falling in a couple of the channels of the expected Ha emission.

For the four non-detections, their Lig, M, and redshift appear within the range
of the fourteen detections, so there is no correlation between these properties and
the non-detections. Their rest frame UV and optical broad band fluxes (B-band to
K-band) are below the sample average, so it appears that the Ha emission in these
four targets may be more heavily affected by dust and/or have an intrinsically
fainter surface brightness.

The analysis outlined in Section 2222 was repeated, but instead of the seeing

weighted averaging method, I recombined the cubes using a noise weighting scheme.

20th moment = My = [1, dv,

Vieslyd
1st moment = M; = M,
Mo
Vies — M1)?1,d
2nd moment = f( ! i ) V, o = v/2ndmoment,
0

where I, is the intensity in each channel, Vi is the line of sight velocity and dv is the width of
each channel.
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The spectra derived from both cubes agree well within error, therefore, the choice
of weighting scheme does not have a significant impact on the analysis and the

results reported here.

2.3.2 Star Formation Rates

Ha emission is a sensitive tracer of star formation within the past 10 Myr (see
Section [2) as, in the absence of AGN, it is the O-type stars that provide the bulk
of the requisite ionizing radiation (e.g. Kennicutt and Evans, 2002 ). Although
I cannot exclude the presence of an AGN in my sample, the Ha / [NII] 6583 A
ratio is above one for the entire sample, which is consistent with the star forming
locus of the BPT diagram (a nebular line diagnostic for classifying AGN and star
forming galaxies developed by Baldwin, Phillips and Terlevich; see Baldwin et al.,
(981 for details) at z ~ 2 (Shapley et al., 2015). I also checked the ZFOURGE
database for X-ray emission and no results came up for any of the targets.

To convert the Ha flux to a luminosity I used, Ly, = 4 = D2L Fua, where
Dy is the luminosity distance calculated using a cosmology with values of Hy =
70 km s7! Mpc™!, ©,, = 0.3 and Q4 = 0.7 (all distance measurements in this
thesis will use this cosmology).

Ha is strongly attenuated by dust, so in U/LIRGs this tracer provides a lower
limit for the ongoing star formation (e.g. Hopkins et al., 2001), and is a useful
measure of the ‘unobscured’ star formation. The absorption cross-section of galactic
dust strongly peaks in the UV so, assuming radiative transfer balance, the IR
emission is attributable to re-processed stellar light from underlying O-type and
B-type stars. This makes Lir emission a probe of the star formation history within
the past 100 Myr (see Section [Z2) and is also a tracer of a galaxy’s ‘obscured’
star formation.

To determine the Lig for my sample of galaxies, the available Herschel and
Spitzer photometry (G. Magdis private communication) was fitted with the dust
model of Draine and Li (2007) following the methodology described in Magdis et al.

(2013). The Lig for my sample are listed in Table 223, with the fits resulting in six
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Figure 2.2: The emission maps of the Ho emission line (6563 A) from my galaxy sample.
Each pixel is 0.2” x 0.2” where 1” corresponds to ~ 8 kpc at these redshifts. The seeing
is 0.57” x 0.44”, corresponding to a resolution of ~ 4 kpc, and the size of the PSF is
shown in the top right corner. North and east are located 127 degrees anti-clockwise
from the x-axis, as shown by the arrows in the emission map of galaxy o02.
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of the galaxies being ULIRGs, eight are LIRGs and four could not be determined
due to poor SED fits (for full disclosure, the Lig and M, in this chapter were
calculated with the help of collaborators).

Taking the Lig and Ha emission I can investigate the recent SFH of my sample

using the following conversion factors from Murphy et al. (2011H):

SFRua (Mgyr ™) = 537 x 107" Ly, (ergs™), (2.1)

SFRig (Meyr ) = 388 x 107" Lig  (ergs™). (2.2)

The SFRy, for my KMOS sample, uncorrected for attenuation, range from 6 -

21 Mg yr~! with the SFRig having values ranging from 40 - 783 My yr—!

Tables 22 and 23).

(see

2.3.3 Kinematics

To classify high-z U/LIRGs, and also to compare them to their low-z counterparts,
the kinematic properties offer an excellent insight. To investigate the kinematics
of the fourteen galaxies in which Ha was detected, I used GalPak3® (Bouché et al.,
2015) which fits a rotating disk model to the observed emission line flux. GalPak®P’s
Bayesian approach is well suited to recovering kinematic parameters from seeing
limited galaxy observations with low S/N at increasing disk radius.

GalPak®P’s model galaxy has 10 free parameters: x, y and z centroid position,
flux, half-light radius, turnover radius, position angle, inclination, maximum rota-
tional velocity and the one dimensional intrinsic velocity dispersion. The emission
from this model galaxy is subsequently convolved with a PSF, specified by the
user, and the best fit to the observed data is found via a Bayesian Markov Chain
Monte Carlo (MCMC) approach.

For the input cube I cut around the Ha emission line to ensure no contamination
from the [NII] lines on either side. The PSF was set to that calculated in Section

222 and the KMOS instrument was chosen in GalPak®P’s instrumental settings,

so that the algorithm properly accounted for the instrumental resolution. For
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Figure 2.3: Maps of the model galaxy from GalPak3P, for galaxy 03, convolved with the
PSF of 0.57” x 0.44”, but excluding background/sky. Top left: The intrinsic velocity
dispersion across the galaxy disk. Top right: the projected velocity field assuming the
systematic velocity of the galaxy has been set to zero. Bottom left: The flux arising
from the model disk which is assumed to have an exponential brightness profile. Bottom
right: The residuals of the best fit flux when compared to the observed cube. North
and east are located 127 degrees anti-clockwise from the x-axis as shown by the arrows
in the top left panel.

the galaxy model I assumed that the Ha emission follows an exponential radial
flux profile, the rotation curves have an arctan functional form and the intrinsic
velocity dispersion is isotropic and spatially constant across the disk. I set the
aspect ratio (vertical scale height to effective radius) to 0.2, to account for thicker
disks at high redshifts (e.g. Forster Schreiber et al., 2009, Wuyts et al., 2016)
The spatial and kinematic parameters, listed in the previous paragraph, were left
free for the MCMC to fit.

Six of the sample galaxies converged in the MCMC to parameters consistent
with a rotating disk. The spatial and kinematic parameters found by GalPak3P
are shown in Table 4, the models are shown in Figures 223, 24, 73 and 26, and

an example of how the best fit models compare to the observed maps is given



2. Luminous Infrared Galaxies at Cosmic Noon

Aarcseconds

Aarcseconds

Aarcseconds

Aarcseconds

Figure 2.4: Description same

i

o

] 111
| 05
14
4 110
] 109
04 w
] 108 £
b X
b 107
1]
1 0o 5 kpc 106
Aarcseconds
le-18
7] 16
14 1.4
] —
|
1 1.2 o
] T
1 10
o £
— 08 Y
-
7 |
1 06 W
1 o
4
] 04 @
1 flux 5 kpc 02
-\ T T T T T T T T T T T T T T T T
- 1
Aarcseconds
] 08
1 105
1 100
] -
0 % n
] £
1 %0 ¥
B 85
1 0o 5 kpc 80
A A A A S S
Aarcseconds
le-18
149 10
] -
|
4 (].['!‘.lq
p T
01 £
1 06 O
-
7 |
4 04 ]
4 D
=
1 [}
7 0.2
1 flux 5 kpc
7| T T T T T T T T T T T T T T T T
Aarcseconds

Aarcseconds

Aarcseconds

Aarcseconds

Aarcseconds

o

14 ‘
1]
1 Vrot 5 kpc
Aarcseconds
14 _-
0]
1]
Aarcseconds
14
o4
1 Vrot 5 kpc
Aarcseconds
1
o4

Aarcseconds

0.6

o o o
5 9 =
Flux Residuals

|
e
)

-0.4

boh LS
5 & 5
Flux Residuals

!
~
n

|
w
o

as in Figure 223, for galaxies 05 and o8.

40



2. Luminous Infrared Galaxies at Cosmic Noon

1 162.5 1 200
| ol4 |
14 1600 14 150
] ] 100
" ] 157.5 " |
2 | -~ 21 50~
] 155.0 | ] |
U 04 w U 04 n
o [T 0
n 125 £ O £
= x 2 50 X
13 4 ] q
P 150.0 <
b 1 —=100
11 147.5 11
] 1 -150
1 ©Oo 5 kpc 145.0 1 Vrot 5 kpc
1 1 —200
1 ,
QAarcseconds Aarcseconds
e—18
q 12 ] 06
1 1 ||
1 10 o 1 0.4
q 4 (2]
< I 2
] 1 u i o
° =] |
c | 08 c ] 0z 3
[«] B E [=] i =
g o g o [ ] ]
oA 06 Y oA || ¢
[ ] o u 00
] v
3 ] " 3 5
1 o4 o ] n 022
19 [7) -14
] 02 ]
-0.4
1 flux 5 kpc
7\ T T T T T T T T ¥ T T T T T T T 7\ T T T T T T T T T T T T T T T T
- 1
Aarcseconds Aarcseconds
J o J
1 015 — 75
14 14
] 62 1 50
w w
] 60 ]
'g i o 'g i 25
o 1 151 1
g o s W 2 9 o ¥
8] £ 8] £
g < g 55
© 56 o ] -
< <
1 54 1 -50
1 op 5 kpc 52 1 Vriot 5 kpc -5
Aarcseconds Aarcseconds
le-18
1 0.6
1 " .
o ] 0.4
10 og 1 | n
] ~ . ] 02 T
5 08 | 5 =)
I¥] IS S oA 00 -3
@ ] 9 ] ]
Q 06 Q ] = —02c
= n (SR x
< < -0.4 3
04 D 1 o
o 14 || | ~0.6
02 ] o8
Narcseconds Aarcseconds

Figure 2.5: Description same as in Figure 223, for galaxies 014 and ol5.
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Figure 2.6: Description same as in Figure P23, for galaxy o16.

in Appendix B4. T rejected model disks that converged to unphysical values,
e.g. rotational velocities approaching 1000 km s~ or half light radii / flux far
exceeding the emission maps. Likewise, I rejected models that only converged

due to a hard boundary being adopted in GalPak3P

, i.e. rotational velocities of
350 km s™! if the hard boundary is set to 350 km s™!. I rejected disks if any
individual parameter didn’t converge or if the model galaxy provided a poor fit
to the data upon inspection of residuals cube. Galaxy 017 was omitted from this

analysis, as some noisy channels in the blue wing of the emission line appeared

to be affecting the best fit parameters.

To test my results’ sensitivity to the assumed galaxy model, I repeated the

analysis with a Gaussian radial flux profile and subsequently re-ran the analysis

k3D7

using GalPak”"’s default aspect ratio of 0.15 and all results agreed within error.
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Figure 2.7: The SFRig from my sample of luminous IR galaxies plotted against the
M,, with the main sequence of Whitaker et al. (2004) represented by the grey shaded
region. The solid line is the main sequence at z = 2.25 and the grey region represents 0.3
dex above and below this relation. Galaxies 07 and o015 fall within the starburst regime.

2.4 The Properties of z~ 2 Luminous IR Galaxies
2.4.1 Modes of Star Formation

The location of a galaxy in the M, - SFR plane is strongly linked to its mode of
star formation. Although neither the stellar mass nor the SFR calculation rely on
knowledge of what the gas is doing, the SFR is implicitly modulated by gas fraction
and the SFE within the galaxy (e.g. Tacconi et al., 20I8). This in turn allows the
underlying mechanism driving star formation to be inferred by a galaxy’s position
with respect to the main sequence. To place my sample on the MS (Figure 270) 1
use the SFRr derived from the Lig and the M, derived from fitting Bruzual and
Charlot (2003) models to the B, V, I, Z, Y, J and H photometry and the Spitzer
Infrared Array Camera (IRAC) 3.6, 4.5, 5.8 and 8.0 um photometric bands.

In summary, for each galaxy SED a set of models was generated using the stellar
population synthesis templates of Bruzual and Charlot (2003), and the Padova

stellar evolution tracks were adopted (Bertelli et al., 1994). The models were
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constructed with solar metallicity and a Chabrier IMF (Chabrier, 2003). A Calzetti
et al. (2000) starburst attenuation law was used to account for the extinction.
For the parameterization of the SFH of each galaxy two simple single-component
models were considered: an exponentially declining model of the form SFR(t) ~
exp (-t/7) with e-folding times of 7 = 0.05, 0.1, 0.5, 2.0 and 5.0 Gyr, and continuous
star formation models. Finally, a x? minimization technique was used to find the
best-fitting model to each galaxy SED. To quantify how far each galaxy lies from
the MS I used the 2 < z < 2.5 MS of Whitaker et al. (2014):

2
M, M,
log(SFRys) = a+blog (%) + clog (]\/[@) , (2.3)

where a = -19.99, b = 3.44 and ¢ = -0.13. All but two of my sample are on the
MS, as seen in Figure ZZ2. The two outliers are galaxy o7, having a distance above
the MS (ASFR) of 0.99 dex, and 015, with ASFR = 0.78 dex. This deviates from
local U/LIRGs position with respect to the MS, and hints that star formation in
a large proportion of luminous IR galaxies at cosmic noon may be similar to the
regular star forming population and driven by steady state processes.

As a technical aside, the conversion factors of Murphy et al. (201TH) that I used
to estimate the SFR were calibrated using a Kroupa (2001)) IMF. But they yield the
same results as a Chabrier IMF (e.g. Chomiuk and Povich, 2011, Kennicutt and

Evans, 20017) so there is no discrepancy with the IMF used in the M, calculation.

2.4.2 Obscured Versus Unobscured Star Formation

As my KMOS sample emits strongly at FIR wavelengths > 100 pm, a priori, I
know these to be dusty star forming galaxies. Ha is strongly attenuated by dust
so it is likely to underestimate the true SFR. In compact star forming galaxies, e.g.
mergers, the SFRy, can be orders of magnitude lower than IR estimates of SFR
(e.g. Rodriguez-Zaurin et al., 2001). High redshift U/LIRGs tend to have more
extended regions of star formation with lower SFR surface densities, so for a given

IR luminosity attenuation is expected to be weaker at high-z (e.g. Buat et al., P0T5).
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Figure 2.8: The log ratio of SFRy, / SFRir versus log(SFRig) which is used as a
proxy for dust obscuration. My sample (red) is compared to samples of intermediate-
z and local U/LIRGS from Pereira-Santaella et al. (2009) and Rodriguez-Zaurin et al.
(2011) respectively. The average log ratio of my sample is -1.1 + 0.4 while the log ratio
for the intermediate-z U/LIRGs, local ULIRGs and LIRGs is -2.2 £+ 0.4, -2.0 = 0.5 and
-1.6 £ 0.5 respectively. Galaxy o7 and 015 are marked as both of these galaxies fall above
the main sequence, and o7 is the only one of my sample to fall within the range of the
local ULIRGs.

As mentioned in Section 12, the Ha and FIR emission arises from stellar
populations with different age ranges, 10 Myr and 100 Myr respectively. If I assume
a constant SFH in the past 100 Myr I can take the ratio of log(SFRu./SFRr) as
a proxy for the obscured versus unobscured star formation. This allows me to
investigate how dust enshrouded my sample is when compared to intermediate-z
U/LIRGs in Pereira-Santaella et al. (2019) and local U/LIRGs from Rodriguez-
Zaurin et al. (2011).

The average log(SFRu./ SFRir) ratio of my sample is -1.05 £+ 0.39 (or -1.02
+ 0.41 when excluding the Ha upper bounds) while the value for the intermediate-
z U/LIRGs is -2.2 £+ 0.4, with values of -2.0 + 0.5 and -1.6 £ 0.5 for the local
ULIRGs and LIRGs respectively. My sample has similar log(SFRy./ SFRiRr)
to local LIRGs (see Figure PR) with only galaxy o7, a starburst, falling within
the location of local ULIRGs. This demonstrates that for the same Lr, high-z
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Figure 2.9: The relation between extinction, as represented by log(SFRp,/ SFRiR)
and a galaxy’s vertical offset from the main sequence of Whitaker et al. (2014), in dex,
represented by ASFR. The linear fit has a Pearson’s p = -0.88 (P-value < 0.001) and
shows that the level of obscured star formation increases with distance above the main
sequence.

U/LIRGs appear to be less dust obscured than their local and intermediate-redshift
counterparts. Given my selection criteria (Section EZ21), it may be I have selected
less attenuated sources. But, as all my sources are less dust obscured than their
lower z counterparts for a given Lig, it holds at least a subpopulation are much less
obscured than the U/LIRGs we observe in the local universe. Consequently, high-z
U/LIRGs are different in their properties compared to low-z luminous IR galaxies.

Despite my sample size being relatively small, there is a statistically significant
correlation between the magnitude of obscuration and a galaxy’s distance from
the MS, as shown in Figure 29, with a linear fit giving a Pearson’s p = -0.88
and a P-value < 0.001. This may reflect the dust morphology becoming more
compact with distance above the MS. Galaxy o7 has a deep 1.1 mm continuum
measurement in Elbaz et al. (201R), and its dust continuum is compact with an
effective radius ~ 1 kpc, but the rest of my sample doesn’t have the requisite

observations to explore this further.
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Figure 2.10: The modified blackbody, as described in Section PEZ=3, fitted to the
photometry of galaxy o7. The best fit found by the MCMC is plotted in blue, and
the observed flux is given by the red data points.

2.4.3 Dust Temperature

As outlined in Section 3, the Tq. of a galaxy, while not sufficient to tell a
major merger from an isolated disk, can help us infer the interaction state of a
galaxy when added to other observables. Dust properties within a galaxy can be
deduced from the Rayleigh Jeans regime of the FIR emission (e.g. Casey et al.,
2014). A single modified blackbody fitted to the FIR photometry is sufficient to
determine the cold temperature of large dust grains, whereas a mixture of modified
blackbodies is required to account for the warm dust of the smaller dust grains
(e.g. Draine and Li, 2007).

Using the Herschel photometry, and limiting to wavelengths > 100 pm to ensure
[ am sampling the peak and Rayleigh Jeans slope of the IR emission, I fit a modified
blackbody to evaluate the Ty, for my KMOS sample. I assumed a grey-body

emission model of the form:

Fo[(Vobss Taust /(1 + 2), B] = (1 — €77) B, (Vobs, Taust /(1 + 2)), (2.4)
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Figure 2.11: Description same as in Figure 210, for the six other galaxies in my sample
with at least 3 photometry points > 100 pym

with

where F, is the flux density in Jy, £ is the emissivity coefficient, 1 is the rest
frame frequency at which the optical depth reaches unity and B, (Vops, Tqust) is the
blackbody function. To fit the FIR emission I adopted the MCMC approach of
Dowell et al. (2013). This MCMC model uses a power law for the Wien side of

the peak, F, o« v, giving the model five free parameters in total: «, B, Taus,
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1y and a normalization factor (see Dowell et al., 2013 for full details). I assumed
that the dust emission is optically thin, has a single dust temperature rather than
a multi-dust temperature model, and the emissivity parameter was set to 5 = 1.5,
which is a typical value for high-z dusty star forming galaxies (e.g. Casey et al.,
o014). 1 fit a grey-body to galaxies with three or more photometry points > 100
pm and relaxed the Wien power law condition, reverting to a standard grey-body,
for those galaxies that had only three photometric data points available. Seven of
the KMOS sample had the requisite photometry data and I compute a range of
temperatures between 23 - 50 K, with an average value of 36 + 8 K (see Table
3, and Figures 210 and P1).

Local U/LIRGs have Tgusy ~ 30 - 55 K (e.g. Clements et al., 2008) while
local normal star-forming galaxies detected by the Herschel Space Observatory
have colder dust with an average Tgus, ~ 20 K (Cortese et al., 2014). Dust
temperatures for z ~ 2 ULIRGs have been found in the range 25 - 60 K (e.g.
Magdis et al., 2000, Symeonidis and Page, 201R), providing evidence that ULIRGs
do not follow the same trend of Tg. increasing with redshift, as discussed in
Section 3, and may be due to more extended regions of star formation in high-z
ULIRGs (e.g. Swinbank et al., 2014).

On the other hand, z ~ 2 galaxies lying above the MS often contain warmer
dust than what is found in local ULIRGs, e.g. Miettinen et al. (2007) find Tqys;
values up to 79 K. High-z star forming galaxies hosting an AGN can have a similar
range of dust temperatures as their non-AGN counterparts (e.g. Chen et al., 2021),
but extremely luminous AGN such as dust obscured quasars tend to have higher
temperatures, with studies showing an average Tq,s > 60K (e.g. Fan et al., 2O17,
D’Amato et al., 2020).

Comparing my dust temperatures to these results, I re-affirm my findings in

Section 2271, that the Tg,e is consistent with MS star forming galaxies at z ~ 2.



2. Luminous Infrared Galaxies at Cosmic Noon 51

Isolated
10 I
o
L
N %
S
~
>9 + Interacting
100,

<+  Supplemental sample
4 My sample

10! 102
0o(z=0)

Figure 2.12: The dynamical ratio for the two sets of U/LIRGs: my sample (red)
and the supplemental sample (grey). The dynamical ratio has been re-scaled using the
redshift evolution in velocity dispersion in order to use the thresholds calibrated locally,
as discussed in Section ZZ. The blue/red boxes represent typical values seen in isolated
disks/interactions with threshold values of o¢ < 56 km s~ and Vot / oo > 3.2 for isolated
disks. 3/6 of my sample appear to be isolated, with all 12 of the supplementary sample
falling within the boundaries of an isolated galaxy. Galaxies falling within the white
areas cannot be determined using this method and can only be categorized by relaxing
one of the assumptions.

2.4.4 Dynamical Ratio

The dynamical ratio is defined as the ratio between the rotational velocity, V.,
and the intrinsic velocity dispersion, o, of a galaxy. The mean observed velocity
dispersion increases as galaxies go from isolated, to interacting and finally merging,
with a subsequent decrease in the amplitude of the rotational velocity (e.g. Belloc-
chi et al., 2013). Hence, high dynamical ratios correspond to isolated disks, with
lower ratios signifying mergers and interactions.

As I do not have the spatial resolution and sensitivity in my KMOS observations
to check if a galaxy may be undergoing a minor merger with a low mass and/or
low surface brightness companion, I need a method to help infer if my targets are

isolated or interacting. Pereira-Santaella et al. (2009), used the dynamical ratio

to categorize intermediate-z U/LIRGs into isolated or interacting/merging galaxies
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by comparing their kinematics to the V., and o observed in an isolated sample
and an interacting sample of local U/LIRGs. Threshold values of oy < 56 km s™!
and Vo / 09 > 3.2 separate the isolated subgroup from the interacting subgroup
of local U/LIRGs (for full details see Pereira-Santaella et al., 201Y).

To apply this method to my sample, I first need to account for the star forming
ISM at high-z being more turbulent due to an increased molecular gas fraction
when compared to the local universe (e.g. Bauermeister et al., 2013, Saintonge et al.,
2013, Ubler et al., 2019). Therefore, a 0y > 56 km s~! at high-z can be driven purely
by internal dynamic processes, and a more turbulent ISM does not always imply
a recent merger or interaction. I use the redshift evolution of the intrinsic velocity
dispersion to account for this increase in o as a function of redshift, allowing the
threshold values ascertained in local U/LIRGs to classify my sample. I take the

following relation from Ubler et al. (2019), which holds for ionized gas:

oomi(2)/km st = (23.34+4.9) + (9.8 £ 3.5) x z. (2.5)

By plugging the redshifts of my U/LIRGs into this equation, I can find the
expected intrinsic velocity dispersion for each galaxy. I then take the ratio of
this with the velocity dispersion at z = 0 to find a correction factor (oog(z =
U/LIRG) / 0¢at(z = 0)) which gives me the expected fractional increase in og
between z = 0 and the redshifts of my galaxies. I then re-scale the oy found
by GalPak3P by this correction factor to get a velocity dispersion that can be
compared to the thresholds derived from the local U/LIRGs. E.g. for galaxy 03
the expected o 4 (z = 2.433) is 46.6 km s~ which is 2.03 times higher than o (2
= 0), re-scaling the observed oy = 148 km s™! to 0p = 73 km s~ 1.

As T could only fit six of my U/LIRG sample with model disks, I choose to
increase the size of my KMOS sample. I supplemented it with targets from the
ESO archive (hereafter known as the supplemental sample) which satisfied the
criteria, outlined in Section P21, with the addition that all archival targets are

also in the ZFOURGE database to ensure the supplemental sample occupied the
same region of the SFR - M, parameter space as my KMOS sample. Twenty eight



53

T UOI309G 990G "1933RUI OTUOATR( JO postiduiod ssewr £xe[es [8j03 ) JO UOIORI]
T UO0I309G 990G "AXe[eS 9} JO SSeU [RIIWRUA(]
"0 = z Je uoIsIadsip £3100[0A Pa[eds-ol oY) Jurunsse Axees oyj Jo orjelr [edIWRUADP oY, 4
T UOI309G 998 “AXe[eS 91} JO UOIjORIJ S€F Pojewsy

" guor3oos
998 "UuOISIAASIP A}DO[OA JO UOMNIOAD JJIYSPAI O} Jurwnsse () = z je Axe[esd oy} Jo UOISIOASIP AJDO[PA PO[eds-OI YT, 4
"MSIp AX®[eS JO UOISIadsIp A}00[oA JISULIU]
"OAIND UOIYRI0L 9YY Jo jred jepy Afresrjojdurdse o7y Jo A300[A wnuxeur pajodford-o(7
"SIXE OIJRUWOULY I0[eUl POjJIYs-on[q oy} 0} [}IOU JO }SBI O[SUR UOISO
"UOTYRUIOUL AXR[RY) .
‘orgoad Terjueuodxo e SUITUINSSE UOISSIUD V] JO snIpel JSI-J[e[ ;

810+ 070 ¥0°0+F GL0T G0+ QT ¢vo ¢r+0¢ 0F+2L6 91 F+9L <¢+29 €F19 8I0FT1T0¢ 910
9T'0 F66¢ ¢O0+FLEOT LE€EFO0ET L80 9+F¥¢ VFI9y SV F+VIE ¥FLGT €F+9 0I0F9T€  GIO
9T'0 + 6€°0 €00 F S€TI 1T+ 87 190 LZT+0L LF8T 6T F1€C €+0 €F99 €0+ 989 VIO
020 F9¢0 900+ 0L°0T 6'T+6¢ 090 6F+L ¢TI +4L 8 F8I¢c G+8 9+F+65 6£0+F 107 80
9T'0 + 690 €00+ 69°0T 9T + LG yOo €T+¥%8 9F€E0T € +8¢E TIT+T 9+T¢ <¢I'0+F €T Go
910 F 290 <T00F9T'TT ¢1L+CTv ¢90 BT F€L 9F8 €7V F+90€ € F7VEC ¥ F+6L €I0F69€ €0

O Lsun sury sy 8op Sop ody
or PN/ TN q(MPINDBOT g(0=7)00/* A, o(0=2)% 00 A eVd 2! | P2[q0

"SOUIT/N jo ordures oyy 10§ qed[ey) woly AXe[es [opow 31 159 9} Jo s1ojourered drjewdUIY] H°g 9[eL

2. Luminous Infrared Galaxies at Cosmic Noon



2. Luminous Infrared Galaxies at Cosmic Noon 54

galaxies (see Table Z3) from the archive satisfied my criteria, with two of these
flagged as AGN in ZFOURGE, and the FWHM of their PSFs ranged from 0.5” -
0.94”. The archival galaxies were reduced and modelled following the same data
reduction procedure as my KMOS sample (see Wisnioski et al., 2009). I note that
I have identified a separate observation of galaxy 017 in the archive (GS4 35056
in Table 3). The reduced cube from this observation did not have the issue of
the noisy sky on the blue wing channels of the Ha line that was identified in my
analysis (see Section 2233), so I decided to include the archival GS4 35056 cube
in the supplemental sample. This cube is used for the kinematic analysis only and
to avoid confusion I will continue to refer to it as part of the supplemental sample.
Using GalPak3P to fit the kinematics, twelve of the supplemental sample converged
in the MCMC to be a rotating disk, with neither of the two AGN found to be a disk.

From the entire sample, with Ha detections, 15/41 appear to be isolated disks
and this fraction increases to 17/41 if I use just the criterion of V,o / 09 > 3.2 for
the undetermined cases (see Figure 212). While it may seem strange that most of
the galaxies that converged in GalPak®P are located in the isolated disk region of
the parameter space, with none falling into the interacting region, this is an artefact
of fitting kinematic models to z ~ 2 observations. The KMOS spectral resolution
at 2 < z < 2.5 is ~ 70 km s! so galaxies with dynamical ratios below unity,
i.e. low V., may not have the requisite data points to constrain the turnover
radius and rotational velocity of a fitted model galaxy. Likewise, galaxies with
disturbed morphology, (e.g. galaxy 02 in Figure 22) can either prevent the model
parameters converging, or converge to a poor fit, as GalPak3P assumes a smooth
rotating model disk. Factoring in the drop in S/N at increasing radii, GalPak3P will
be biased towards isolated disks with large rotational velocities at z ~ 2. Therefore,
many of the 22 galaxies in which GalPak®P could not fit a model are likely to be
interacting and merging, although I cannot quantify this using the above analysis.

My findings agree with previous results of interacting versus isolated disks at
these redshifts. Kartaltepe et al. (2002), using HST imagery, concluded that ~

50% of galaxies appear to have some form of interaction and Molina et al. (2017)
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Table 2.5: Supplementary Sample of U/LIRGs selected from the archive.
ZFOURGEID KMOS®’ID RA Dec z log(M,)! SFRu.?  SFR®
deg deg Mg Mg yr=! Mg yr—!

25940 GS4 41748 53.101 -27.716 2.301 10.78 14 45
24313 GS4 38560  53.078 -27.731 2.417 10.21 13 48
19322 GS4 30548  53.078  -27.772  2.113 10.05 20 48
23965 GS4 37988  53.052 -27.734 2.201 10.24 13 49
24103 GS4 38116 53.171  -27.733 2.197 10.20 19 52
18414 GS4 28870 53.182 -27.780 2.471 9.82 21 52
28441 GS4 46432 53.112  -27.693 2.435 9.80 46 53
25583 GS4 40768  53.041 -27.719 2.303 10.14 71 61
24415 GS4 38807  53.182 -27.730 2.318 10.22 15 61
21242 GS4 33639  53.121 -27.756  2.235 10.56 19 66
26243 GS4 42235 53.135 -27.713 2.433 10.16 51 72
6000 GS4 05979 53.135 -27.882 2.393 10.28 16 75
9927 GS4 14070 53.229 -27.846  2.306 10.44 21 90
10521 GS4 15000  53.116 -27.842 2.035 10.55 15 92
22233 GS4 35056  53.168 -27.749 2.227 10.43 14 95
26492 GS4 42789 53.034 -27.711 2.254 10.61 39 97
17344 GS4 27404 53.072 -27.786 2.035 10.49 32 108
27238 GS4 44133 53.110 -27.704 2.140 10.77 21 116
23812 GS4 37745  53.183 -27.735 2.431 10.91 27 129
16282 GS4 25151 53.100 -27.794 2.223 10.59 35 130
10780 GS4 15819 53.180 -27.839 2.042 10.59 17 131
27751 GS4 45188 53.063 -27.700 2.406 10.72 15 173
25918 GS4 41438 53.019 -27.717 2.018 10.46 22 189
25326 GS4 40477 53.054 -27.722 2.061 10.91 16 219
26148 GS4 42127 53.051 -27.714  2.442 10.88 29 312
19033 GS4 30274 53.131  -27.773  2.225 11.17 65 512
25730 GS4 41181 53.107 -27.718 2.300 11.06 5 776
2466 GS4 01529 53.180 -27.921 2.122 11.30 44 782

! Stellar Mass of the galaxy. I assume an error of 15% in any calculation that required the

stellar mass.

3 Star formation rates calculated from the Ha luminosity from the KMOS3P catalogue
(Wisnioski et al., 2019).
3 Star formation rates calculated from the IR luminosity from ZFOURGE (Straatman et al.,

200 h)
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found 3/5 of Ha selected MS galaxies from z = <2.23> have signatures of merging
based on kinemetry, a method quantifying the asymmetry in the V,,; and o9 maps
allowing galaxies to be classified into ordered rotation or disturbed kinematics
(Krajnovic et al., 2006).

The KMOS?P survey (Wisnioski et al., 2019) finds 49 - 70% of MS galaxies
(10.00 < log(My / Mg) < 11.75) at z ~ 2 to be disks. The range corresponds
to the different criteria used for the classification (see Wisnioski et al., 2019 for a
detailed description of their criteria). When all five of their criteria are satisfied
then the fraction of disk galaxies found is 49% with the value increasing to 70%
when considering only two criteria. At lower redshifts, the KROSS survey found
83% of star forming galaxies at z ~ 0.9 to be rotation dominated (using the
definition of V., / 09 > 1, Johnson et al., 2008). Using the same definition,
Turner et al. (2017) found that 34 + 8% of typical star forming galaxies at z
~ 3.5 are rotation dominated.

Differences in methodology and classification have been investigated by Ro-
drigues et al. (2007) where they find a smaller fraction of disks than Wisnioski
et al. (2015), from the same KMOS3P sample of 41 galaxies at z ~ 1, by using
a different methodology to derive the kinematic parameters, such as the o-peak
or the kinematic centre, and applying the five KMOS?P survey criteria described
above in Wisnioski et al. (2005). Rodrigues et al. (2007) also showed that some
observations were misclassified as disks when broad-band images were investigated.
Where possible, I have verified the position angle and inclination, via the Hubble
Space Telescope ACS/WFC (see Figure 213). Where adequate S/N was available
to fit isophotes to the broad-band observations, the position angle for both my
KMOS and supplemental samples agree to within 30° and the inclination to within
24°, and corroborate my apparent fraction of isolated disks.

It is instructive to look at how the properties of the z ~ 2 KMOS sample
compares with similar luminosity samples at lower redshifts. Pereira-Santaella et al.
(2019) found 10 - 25% of their intermediate-z sample to be isolated disks, while

this fraction goes down to ~ 5% for local U/LIRGs with log(Lir / Ls) > 11.6
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Figure 2.13: Broadband images from the ACS/WFC F814W filter on board the Hubble
Space Telescope, with a 3o threshold applied, and centred on the coordinates in Table 2.
Three of my KMOS galaxies with Ha detections, 013, 014, 015, have not been included
due to poor S/N.

(Bellocchi et al., 2013). Despite differences in sample sizes and systematic errors,
the dynamical ratios suggest that the percentage of mergers and interactions in
luminous IR systems decreases with look-back time.

The results presented here also agree with the evolution predicted by some
cosmological simulations. The Horizon-AGN hydrodynamical simulation (Dubois
et al., 20014) shows that mergers only account for 25% of stellar mass since z ~ 6

meaning smooth accretion is the dominant driver of star formation through cosmic
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time (Martin et al., 2007). Rodriguez Montero et al. (2019), using the SIMBA
simulation (Davé et al., 2019), find that mergers contribute only about ~ 1% of
the SFR density at z ~ 2, although they do not include the pre-merger phase

in their merging sample.

2.4.5 Dynamical Mass

I can infer dynamical masses and dark matter fractions for my sample from the
best-fit kinematics. Using the methodology of Price et al. (2018) the dynamical

mass can be calculated from:

‘/rms (RE>2RE

Mdyn<RE) = keff(RE) G s

(2.6)

where G is the gravitational constant, k.s(Rg) is the effective virial coefficient, Rg

is the half light radius, and V,.,,s(Rg) is the root mean square velocity, defined as:

Vims(1) = \/ Vios (1)2 + 0. (2.7)

The effective virial coefficient is given by

kest(Rig) = kdisl; i lfvti‘(za;(i%f o) (2.8)

I choose kgisp = 5 (e.g. Pettini et al., 2001) and set k,or = 1, (e.g. Miller et al.,

2011), which are valid for a spherical potential. The effective virial coefficient term
accounts for the existence of a non-negligible pressure component due to the more
turbulent ISM at high-z (e.g. Foérster Schreiber et al., 2009, Wuyts et al., 2016),
and when V,(Rg)/00 > 1 Equation 28 reverts to the dynamical mass calculated
from only rotational support 9.

In the absence of molecular gas observations for most of the galaxies in my

sample, I estimate the gas fraction from the following:

funo = S = e = 1 29)
Mot Mg i 1 1+ (Taep - sSSFR)™Y '

31\/Idyn = \/rot(I%E)2 RE/G
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I approximate T4ep, by using the redshift evolution of depletion time from Wis-

nioski et al. (2015):

Taep|Gyr] = 1.5 X (1 + 2)¢, (2.10)

I assume an « value of -1 to match that of Wisnioski et al. (2015) and Tacconi et al.
(2013), and choose a pre-factor of 1.5 Gyr to represent the typical depletion time
of a z = 0 MS galaxy (e.g. Saintonge et al., 2013). Re-arranging Equation P79 and
using the M, and SFRg I calculated for the KMOS sample and the M, and SFRg
taken from ZFOURGE for the supplementary sample (see Table 23, and Straatman
et al., 2016 for methodology), I can deduce both a value for the M, and a value for
the total baryonic mass, Mpay = Mgas + M. I did not calculate a baryonic mass for
galaxy o8 as I do not have a fitted SFRg from which to estimate the gas fraction.

By taking the ratio of baryonic mass to the dynamical mass, I can subsequently

get the dark matter fraction within one Rg:

Mbar(RE)

o= (R

(2.11)

To calculate the baryonic mass within one effective radius I assume that half of
the stellar mass is within one R and a constant gas to stellar mass ratio throughout
the disk, i.e. half the gas mass is also inside one Rg. This is valid as high-z studies
have shown gas and Ho having a similar spatial extension (e.g. Molina et al., 2019).
The baryonic mass within an Rg is simply half the total baryonic mass.

It is worth noting that the dark matter fractions are subject to large uncer-
tainties due to various assumptions, including uncertainties in the gas fraction, the
uncertainties in fitting an M, in high-z galaxies, the assumption of a spherical
potential when calculating the effective virial coefficient, assuming the co-spatial
distribution of ionized, molecular and stellar mass and the accuracy of the kinematic
parameters recovered from seeing limited observations. With all these caveats in

mind, I can attempt to determine whether both samples as a whole are baryon dom-

inated (fp < 0.5) or dark matter dominated (fp > 0.5) within their effective radii.



2. Luminous Infrared Galaxies at Cosmic Noon 61

=
=
o

—= fo=0 P
11.4{ — fo=05 ///
— + My Sample y
EO 11.2 ° My Sample (Interacting) //
Supplementary Sample y
~ ///
n 11.0 P
0 P
©
= 10.8
S
g 106 Unphysical
1S
c
B 10.4
2 4
8’ 10.2
10.0 //

©
o®
©
=
o
<)
=
S
N

10.4 10.6 10.8 11.0 11.2 11.4 11.6
log(Baryonic Mass / Mg)

——- Dynmaical Mass = M-

11.4{ + MySample

o My Sample (Interacting) ——
+ Supplementary Sample

511.2 .
= — ot
~ 110 o
: —+
= 10.8 P
= —— e
—— P
S . ++ L
% = //'/ Unphysical
£ 10.4 -
> . o
A —"T*—_ 7
> —— +
S 10.2 —4— e

10.0{ —— e

9,
89.4 9.6 9.8 10.0 102 104 10.6 10.8 11.0 11.2
log(Stellar Mass / Mg)

Figure 2.14: Top: Plot of the dynamical mass versus baryonic mass within one Rg.
Bottom: Plot of the dynamical mass versus stellar mass within one Rg. The grey
area represents unphysical values where the baryonic mass exceeds the dynamical mass.
The dark matter fraction increases with vertical height above the dashed line, where
dynamical mass equals baryonic mass, and the black solid line indicates where the dark
matter fraction equals 50%. Three of the total sample fall into the dark matter dominated
region (dark matter fraction > 50 %), with eight of the sample in the unphysical region.
The unphysical values are mainly caused by my estimate of gas fraction, as discussed in
Section 22473, which can be seen when I remove the gas mass and plot just the stellar mass
versus dynamical mass. Further reasons for unphysical values are discussed in Section
2Z25. The three galaxies (03, 014 and 016) that passed only one of the two kinematic
criteria for an isolated disk in Section P22 are included and as these may be interacting
they are labelled as such in the plots. The left plot only contains five data points for my
KMOS sample, as I am unable to estimate a baryonic mass for galaxy o8.
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Both samples span a large range of dark matter to dynamical mass fraction,
fp, from baryon dominated galaxies to unphysical values. The median value across
both samples is fp = 0.03 and only three appear to be dark matter dominated within
one Rg (see Figure E14), suggesting that high-z U/LIRGs are baryon dominated
within their effective radii. The ratio of stellar mass to dynamical mass is also
plotted in Figure 214 and contains only two unphysical values, which suggests
that the main reason for the unphysical dark matter fractions lies in the estimate
for the gas fraction within a galaxy. For example, galaxy ol5 lies above the MS
so it likely has a lower 7qep than that acquired from Equation 210, which gives
a Tqep Of 0.48 Gyr and a gas fraction of 0.87. The fp becomes physical when the
gas fraction falls below 0.61.

In the above analysis I included the three galaxies in my KMOS sample (03,
0l4 and 016) that failed one of the criteria for an isolated disk. If their high
velocity dispersion is due to a perturbation from an interacting galaxy, and the
disk has not yet virialized, then Equation 228 does not hold. Whether or not I
include these three data points, the same conclusion holds: I cannot accurately
measure the exact fp for an individual galaxy, but I can state the sample as a
whole is baryon dominated within one Rp.

This agrees with previous high-z research which showed that galactic disks are
baryon dominated inside one Rg, displaying a range of median baryon fractions
from 70% to unphysical values, i.e. > 100% (e.g. Forster Schreiber et al., 2009,
Wuyts et al., 2006, Price et al., 2016, Lang et al., 2017, Genzel et al., 2017, Price
et al.,, 2020). Tiley et al. (2019) argued that dark matter fractions of > 0.67
are found if fp is calculated within six radial scale lengths, as opposed to an
Rg. All the results are consistent as probing the dark matter fraction at larger
radii probes further out into the halo where baryon fraction decreases, assuming
a ACDM universe where the universal baryon, €),.,, to dark-matter, {2p, fraction
is expected to be f, = Qo / Qp ~ 0.2 (Aghanim et al., 2020). My results are
also in agreement with the IllustrisTNG simulation where fp(<Rg) = 0.29 £ 0.11

(Ubler et al., 2021), and the NewHorizon simulation (Dubois et al., 2021) in which
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Table 2.7: The metallicity values of my U/LIRGs.

Object  12+log(O/H)!  MZR?

03 8.63 £0.12 8.57 £0.12
05 8.60 £0.12 848 £0.14
o7 8.70 £0.16 8.52 £0.13
016 8.58 £ 0.13 846 £0.14

Composite 8.46 +£0.13 852 £+ 0.13

! Metallicity of the galaxy assuming the
conversion factor of Pettini and Pagel
(2004).

2 Expected metallicity of the galaxy as-
suming the MZR of Tacconi et al.
(P01R).

an analogue to 05 is baryon dominated within its Rg (this simulated galaxy will

be analysed in Chapters @ and B).

2.4.6 Metallicity

The metal content of a galaxy can be used to constrain its SFH since gas phase
metallicity is the result of enrichment of the ISM from previous star forming
episodes. The ratio of [NII] 6583 A and Ha, known as the N2 index, can be used
to find the gas phase metal content of galaxies. I converted the N2 index ratios
to 12 + log(O/H) using the correlation of Pettini and Pagel (2004) to compare
with the metallicity predicted from the mass metallicity relation (MZR) at z ~ 2.
Four of my KMOS sample were marginally detected and their average N2 index
is 0.34 £ 0.1. The mean N2 index value derived for my sample is lower than the
1.1 4+ 0.8 derived for the intermediate U/LIRG sample (Pereira-Santaella et al.,
2019) and the 0.7 £ 0.3 of local U/LIRGs (Monreal-Ibero et al., 2000, Rupke et al.,
2008, Alonso-Herrero et al., 2009), as expected from the redshift evolution of the
MZR (e.g. Maiolino et al., PO0R).

I can also calculate the expected metallicity of a star forming galaxy at a given

redshift and stellar mass using the following equation from Tacconi et al. (201R):

12+ log(O/H) = a — 0.087 x (logM, — b)?, (2.12)
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Figure 2.15: The composite spectrum for the nine galaxies without detected [NII] 6583
A emission line. The best fit model is overlaid in blue and the vertical solid, dashed, and
dotted lines represent the position of Ha, [NIT] 6549 A and [NTI] 6583 A lines. This is a
marginal ~ 2.5 o detection, with the grey horizontal line indicating where S/N = 3.

where

a =8.74 + 0.06,
(2.13)
b=10.4 =+ 0.05 4+ 4.46 + 0.3 x log(1 + z) — 1.78 + 0.4 x (log(1 + 2))>.

Galaxies 03, 05 and 016 all fall close to the expected value of a star forming
galaxy, with galaxy o7 being much more metal enriched than expected, as shown
in Table 2Z0. The N2 index in galaxy o7 falls in a region of the BPT diagram that
could be either in the AGN or starburst regime and without an [OITI] 5007 A / Hf
observation I cannot rule out a deeply buried AGN is skewing the N2 index higher
(e.g. Kewley et al., 2013). It is also worth noting that o7 has both the highest
gas phase metallicity and highest SFR in the sample which goes against the FMR
(e.g.Mannucci et al., 2000, Maiolino and Mannucci, 2019), in which for a given
stellar mass there is an anti-correlation between SFR and gas phase metallicity.
Assuming it doesn’t contain an AGN, this galaxy may be a genuine outlier from
the FMR or its enhanced gas phase metallicity may be due to different conditions
in its ISM, such as an elevated N/O to O/H ratio leading to an error in the N2

index to metallicity conversion factor (e.g. Shapley et al., 2015, Dopita et al., 2018).

Alternative metallicity diagnostics based on IR fine structure lines (e.g. Pereira-
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Santaella et al., 2017, Rigopoulou et al., 200I8) may be required to shed light in the
metal content of dusty star forming galaxies at high redshifts.

Of the ten targets which had Ha but no [NII] 6583 A emission, I stacked nine
of these targets to try to get a detection from a composite spectrum. Galaxy 013
was left out of this stacking, as a skyline fell in the same channel as [NTI] 6583 A.
I obtained the composite spectrum by shifting the eight spectra into each galaxy’s
rest-frame and then averaged the flux in each channel, which had a bin size of
~ 1 A. 1 fit this spectrum with the same three-Gaussian model as the individual
galaxies, giving a marginal 2.50 detection, as seen in Figure Z_T4.

The composite spectrum gives an N2 index of 0.17 and 12 + log(O/H) = 8.46
+ 0.06, suggesting that on average these galaxies agree with the MZR at their
average redshift of 2.26 (see Figure 210). The disadvantage of using a stacked
spectrum is the average behaviour can hide the underlying variance in the sample,
so although the average metallicity agrees with the MZR this does not rule out a
sub-sample being metal deficient like the local U/LIRGs.

2.5 Discussion
2.5.1 Is the SFE Consistent With MS Galaxies?

Recent studies (e.g. Elbaz et al., 2018, Franco et al., 2020, Valentino et al., 2020)
have shown that position on the M, - SFR plane may not hold in all cases when
categorizing a galaxy’s mode of star formation, with some massive z ~ 2 MS galaxies
exhibiting high SFEs and very short depletion timescales. Such objects appear to
have compact star formation and are gas poor compared to their MS counterparts,
and it is suggested (e.g. Dekel and Burkert, 2004, Popping et al., 2017) that
these galaxies are at the end of their starburst phase and are the progenitors of

massive elliptical galaxies. Conversely, case studies of starburst sub-millimetre

galaxies (SMGs) have signatures consistent with rotating disks (e.g. Hodge et al.,

N9

019, Drew et al., 2020), so distance above the main sequence does not always
imply a merger. This once again highlights the importance of multi-wavelength

observations to gain a complete insight into a galaxy’s properties.
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Figure 2.16: The position of my four galaxies with a [NII] 6583 A detection, and the
composite spectrum, with respect to the MZR. The track represents the values expected
for a z = 2.25 galaxy taken from Tacconi et al. (200R), and the scatter in this relation
is ~ 0.1 dex. This plot indicates my four detections are not metal deficient, and the
composite spectrum also lies within the scatter of the MZR.

To determine the 74¢, and further explore the mode of star formation in my
sample of galaxies, I searched for ancillary CO or 870 pum continuum data that
would enable me to compute molecular gas masses. Four of my KMOS sample had
the requisite observations in the sub-mm to infer a molecular gas mass: galaxies
03, o4, 06, and oT7.

The Scoville et al. (2016) technique calculates the M, from a single point on
the Rayleigh Jeans slope of the dust continuum and then converts to a molecular gas
mass by using assumptions such as optically thin emission and conversion factors
based on local galaxies. Although differing ISM conditions exist in high-z galaxies
compared to local ones introduces uncertainty in this method, similar potential
sources of error exist in the standard CO to M,,, conversion method of finding
My (e.g. Bolatto et al., 201T3). These uncertainties will be left to Chapter B,
where the CO to My, conversion factor is applied and the pitfalls discussed.

Galaxy 03 was previously studied in Wiklind et al. (2019) in which they used
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the continuum method to estimate an My, of 8.57 x 10'° M. Using this value
gives a Tqep Of 310 Myr which is consistent with that of a MS galaxy at cosmic
noon (e.g. Tacconi et al., 2020).

Galaxy 06 has an ALMA 870 um measurement in Tadaki et al. (2020), and
they found an My, of 8.7 x 10 Mg, allowing me to calculate a 7qep, of 1.4 Gyr
which is higher than expected of a MS galaxy. It could not be fitted by GalPak3P,
and may be a dispersion dominated object. As the continuum method relies on
only one data point, I need other M, tracers to confirm this 7yep.

Galaxies 04 and o7 have an 850 pum continuum measurement in Cowie et al.
(200R), and using the Scoville et al. (2016) technique I get an My, of 1.40 £+ 0.23
x 10" Mg and 2.31 + 0.17 x 10" Mg, with gives 7qep of 589 + 97 Myr and 295 +
22 Myr respectively. Galaxy o4 has a 74¢p, that is typical of a MS galaxy, although
o7 would have been expected to be < 100 Myr based on it being a starburst. As

with galaxy 06, CO data is needed to verify if this molecular gas mass is correct.

2.5.2 Drivers of Turbulence

The average velocity dispersion values of the two samples agree within error, but
my KMOS sample does appear to have a consistently higher oy. Although the
supplementary sample satisfies the selection criteria in Section 221, these targets
were initially selected on their rest-frame optical emission at 2 < z < 2.5 (Wisnioski
et al., 2015), which biases the supplementary sample towards less extinguished
objects when compared to my KMOS sample. This leads to a greater S/N in the
outer disk regions of the supplementary sample, allowing GalPak3P to probe the
kinematics further out into the disk and sample oy away from the central regions
of high velocity dispersion. As a consistency check, the average linewidth, from a
Gaussian fit, in the supplementary sample that converged in GalPak®P is 268 km
s~! which is similar to my sample, so this shows the importance of sampling the
outer disk when applying a parametric model that only fits a single o value (I
will discuss velocity dispersion and how it can be used to interpret the dynamical

state of a galaxy in detail in Chapter @).
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Figure 2.17: Top: Intrinsic velocity dispersion plotted against SFR. Bottom: Intrinsic
velocity dispersion plotted against baryonic mass. There is a weak correlation for both
oo versus SFR and o versus baryonic mass with a Pearson’s p = 0.30 (P-value = 0.23)
and p = 0.37 (P-value = 0.13) for the SFR and baryonic mass respectively, although
neither are statistically significant. Galaxy 08 could not be fitted with an IR SED so I
do not have an SFRiy for this galaxy, giving only five data points in my sample for the
top plot.
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It is worth investigating potential non-systematic reasons for the range of veloc-
ity dispersion within both samples. Previous observational studies (e.g. Johnson
et al., 2018, Ubler et al., 2019) and semi-analytical modelling (e.g. Krumholz
et al., POIR) indicate that turbulence in the high-z universe is driven primarily by
gravitational instability as opposed to feedback from star formation. To check if
the oy in my sample is mainly caused by gravitationally unstable disks, I plotted oy
versus SFR and versus baryonic mass to gain insight into the mechanisms driving
turbulence. I find weak correlations for oy against baryonic mass with a Pearson’s
p = 0.37 (P-value = 0.13), and for oy versus SFR with Pearson’s p = 0.30 (P-value
= 0.23), as shown in Figure 217, although neither are statistically significant. The
weak correlation of oy versus SFR may be due to the link between the SFR and

baryonic mass, via the main sequence, as opposed to any causal link.

2.5.3 Are there Hidden Mergers in High-z U/LIRGs?

It is also possible that the presence of minor mergers is driving the scatter in
dispersion. Such minor merger events are unlikely to be observed due to KMOS
being a seeing limited instrument. Simons et al. (2019) showed, via simulations,
that under seeing limited conditions at z ~ 2, mergers can often be mistaken
as disks under a variety of sight lines. Fensch et al. (2017) used simulations to
demonstrate that mergers at z ~ 2 provide an inefficient boost in SFR due to
the already turbulent nature of disks at high-z, so being on the MS does not rule
out potential mergers. Likewise, the dynamical ratio, which classified around 40%
of the sample as isolated, may be a poor indicator of interacting galaxies when
applied to seeing limited observations, as only a minor perturbation to a galaxy’s
kinematics would not be observable with spatial resolutions of ~ 4 kpc. Very high
spatial resolution may be needed to detect a merger in its initial stages or a minor
merger in which the galaxy pair have a large difference in their M,, and this topic
will be explored in detail using mock Ha observations in Chapters @ and B

In terms of major mergers, galaxy o7 is the only target in my sample that shows

multiple signatures of being a major merger. It is the most IR luminous galaxy
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in my sample and clearly falls furthest into the starburst regime, with its SFR
of 783 £ 5 Mg yr!. Galaxy ol5 is also denoted a starburst due to its position
with respect to the MS, but isn’t an outlier in terms of SFR. It lies within 1 o
of the average SFR of my sample, whereas o7 is a 3 ¢ outlier. Galaxy o7 has
been previously studied by Elbaz et al. (2018) and Buat et al. (20019) where, using
slightly different SED fitting methods, they found SFRs, (for a Chabrier IMF) of
670 & 34 and 567 & 28 My, yr—! respectively, so I can be sure that its position as an
outlier is not any systematic effect from the Ly fit applied to my sample. Galaxy
07 also couldn’t be fitted with a model disk, has a compact dust continuum, found
by Elbaz et al. (2018), and has the highest N2 ratio of my sample, so adding these

pieces of evidence to its huge SFR, it is likely a major merger.

2.6 Conclusion

I performed integral field spectroscopy in a sample of eighteen U/LIRGs at a
redshift of 2 < z < 2.5, which is the peak of the cosmic star formation density. I in-
vestigated the mechanisms driving their high rates of star formation and compared
their properties to local and intermediate-z U/LIRGs to investigate the evolution
in the dust, gas and star formation properties of U/LIRGs between the high-z

universe and today. The main results are:

1. T detected Ha emission in fourteen out of eighteen galaxies, with a 30 up-
per limit calculated in three of the other four. Having also fitted an IR
SED to fourteen of my sample and using the SFRs calculated from the
Ha and IR luminosities, I show that obscured star formation is an order of
magnitude greater than the unobscured star formation within these galaxies.
The average obscuration was less than intermediate and local U/LIRGs with

log(SFRus / SFRig) = -1.05 £ 0.39.

2. Twelve of the sample are main sequence galaxies, with two being starbursts.
I determined the distance of each galaxy from the MS, ASFR, and found

a statistically significant correlation in which log(SFRy, / SFRir) decreases
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with increasing ASFR, demonstrating obscured star formation increases with

distance above the MS.

3. Six of the Ha detections converged to a disk within GalPak®P. To boost
the sample size, I choose a supplementary sample of twenty eight luminous
IR galaxies from the ESO archive, and twelve of this supplemental sample
were found to be rotating disks. After accounting for the increase in intrinsic
velocity dispersion with lookback time the dynamical ratio (V,e/ 0¢) suggest
17/41 may be isolated disks. This is a higher rate than local and intermediate
redshift U/LIRGs, which have ~ 5% and ~ 25% respectively.

4. By quantifying the dynamical mass of my U/LIRGs I find them to be baryon
dominated inside one Rg, similar to previous studies of star forming galaxies

at z ~ 2.

5. Far infrared photometry allowed me to fit a modified blackbody to seven of
the U/LIRGs. The dust temperatures fall between 23 - 50 K, in line with

dust temperatures in steady state star forming galaxies.

6. I measured the N2 ratio in four galaxies of my sample. The gas phase
metallicity is in broad agreement with the mass-metallicity relation at z = 2
- 2.5, in contrast to the metal deficiency of local ULIRGs. For the remaining
galaxies in the sample I stacked their spectra allowing a marginal detection

of [NII] 6583 A, and their average gas phase metallicity follows the MZR.

In summary, my high-z U/LIRGs have underlying mechanisms driving the huge
SFRs that are consistent with the normal star forming population, as opposed to
the merger driven star formation observed in local U/LIRGs. Even if my population
is only representative of a subpopulation of U/LIRGs at cosmic noon, it still shows
the general properties of the U/LIRG population have changed over the past 10 Gyr
and local U/LIRGs are not necessarily analogues for high-z luminous IR galaxies.

Major mergers do not appear to be a necessary condition to drive the high observed
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SFR, as the observables in my sample of U/LIRGs are consistent with galaxies

undergoing steady state star formation.



All changed, changed utterly:
A terrible beauty is born.

— WB Yeats Faster 1916
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3.1 Introduction

If star forming galaxies do indeed follow a bi-modal distribution of MS galaxies
and starbursts, it poses the following questions: what mechanisms are responsible
for this bi-modality, and how does a galaxy transition between these two modes?
As outlined in Section I@, in the local universe U/LIRGs are sites of intense
star formation due to mergers and interactions. At cosmic noon, they are often
found within the scatter of the MS, as discussed in Chapter B. At intermediate-
z U/LIRGs straddle the MS and starbursts, making them ideal to explore the
transition between both modes of star formation.

Another motivation for this research is that U/LIRGs are still a relatively
understudied population at intermediate redshifts. In the local universe, U/LIRGs
are well studied and drive much of our understanding of mergers. At cosmic
noon U/LIRGs are of major interest due to their contribution to the peak of the
cosmic SFRD. More intermediate-z observations are necessary to bridge the gap
in evolution between local U/LIRGs and those at cosmic noon. We also need to
better understand the properties of U/LIRGs at an epoch when the universe is
undergoing a rapid decrease in SFRD.

Finally, most previous observations of intermediate-z U/LIRGs have been based
either on samples of low luminosity LIRGs lying on, or just above the MS (e.g.
Bauermeister et al., 2013, Lee et al., 2007) or high-luminosity ULIRGs that are
undergoing a starburst phase (e.g. Combes et al., 2011, Combes et al., 20T3). It is
necessary to fill this luminosity gap between the ‘cold” LIRGs and ‘warm’ ULIRGs
if we want to understand the entire population at this redshift.

Exploring these three topics will allow us to gain insight into the evolution
of cosmic star formation. In this chapter, I present six intermediate-z U/LIRGs
observed by the NOrthern Ex-tended Millimeter Array (NOEMA) and ALMA,
and establish the properties of the sample, which are located in the transition zone
between regular star forming galaxies and starbursts. I will map the distribution of
the molecular gas and dust, measure how efficiently they are forming stars, study

their dynamics and investigate what triggers their star formation.
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3.2 NOEMA and ALMA

NOEMA and ALMA are sub-mm /radio interferometers, and the principles of how
these work is described in Section [CX2. Here follows an overview of the technical

details for both instruments.

3.2.1 NEOMA

NOEMA?T is located at 2550 m above sea level in the French Alps and currently
consists of twelve antennae of fifteen meters in diameter. Baselines can range up to
750 m with four different configurations available. Three receivers non-contiguously
cover frequencies in the range 71 - 276 GHz. The frequency channel spacing includes
a high resolution mode of 62.5 kHz and a low resolution mode of 2 MHz (a useful
approximation is 1 MHz corresponds to ~ x km s™! for a wavelength of x in mm).
The spatial resolution ranges roughly between 0.4” to 3.9”, depending on the exact

configuration and frequency.

3.2.2 ALMA

ALMA® is located 5000 m above sea level in northern Chile, whose current con-
stituent arrays are fifty twelve meter diameter antennae (known as the 12 m Array),
twelve seven meter antennae packed closely together (called the 7 m Array) and four
twelve meter antennae known as the Total Power Array. The arrays cycle between
a variety of configurations and can have baselines up to 16 km in its most extended
configuration. There are currently eight receiver bands in operation that cover a
frequency range of 84 - 950 GHz non contiguously. The spatial resolution can range

between 0.02 - 4.8”, depending on the configuration and frequency. ALMA data

IThis work is based on observations carried out under project number W19BV and W20GC
with the IRAM NOEMA Interferometer. IRAM is supported by INSU/CNRS (France), MPG
(Germany) and IGN (Spain).

2This chapter makes use of the following ALMA data: ADS/JAO.ALMA#2016.1.00896.S. ALMA
is a partnership of ESO (representing its member states), NSF (USA) and NINS (Japan),
together with NRC (Canada), MOST and ASIAA (Taiwan), and KASI (Republic of Korea),
in cooperation with the Republic of Chile. The Joint ALMA Observatory is operated by ESO,
AUI/NRAO and NAOJ.
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Table 3.1: The sample of intermediate U/LIRGs

Object RA Dec z Spatial Scale
kpc arcsec™?
FLS02-N  17:13:31.49 58:58:04.4 0.436 5.66
FLS02-S 17:13:31.64 58:58:01.0 0.437 5.65
CDFS1-W  03:29:04.39 -28:47:53.0 0.289 4.34
CDFS1-E  03:29:04.89 -28:47:55.5 0.291 4.36
SWIRE7  11:02:05.68 57:57:40.4 0.414 5.49
SWIRES 10:35:57.9  58:58:46.2  0.366 5.08

cubes can contain up to 7680 frequency channels whose widths can range from 3.8

kHz to 15.6 MHz with a maximum bandwidth of 8 GHz.

3.3 Observations

3.3.1 The Sample

This study selected four systems for a total of six targets: FLS02 (2 interacting
galaxies), CDFS1 (2 interacting galaxies), SWIRE5 and SWIRE7. These targets
were chosen as they have previous multi-wavelength observations. The parent

sample (see Figure Bl) was first presented in Magdis et al. (2014), hereafter

referred to as M14 in this chapter, and Rigopoulou et al. (2014), and was drawn
from Herschel deep surveys (Oliver et al., 2002). The system names are taken
from the sky surveys in which these galaxies were sourced: Spitzer Wide-area
InfraRed Extragalactic survey (SWIRE), the Spitzer First Look Survey (FLS) and
the Chandra Deep Field South (CDFS). The parent sample was selected based on
two criteria: having 250 pm fluxes So50 > 150 mJy, and redshifts between 0.2 < z
< 0.8. The first criterion ensured the targets would be IR luminous with log(Lir
/ Lg) > 11.6. The second criterion was chosen to enable the Herschel Spectral
and Photometric Imaging REceiver-Fourier Transform Spectrometer (SPIRE-FTS,
Griffin et al., 2010), whose bands have a wavelength coverage of 194 - 671 pm,
to observe the [CII] 158 pm emission line. No other criteria on morphologies or

colours were applied, so the sample is not biased in terms of source morphology,

color or other properties. The Herschel photometric and spectroscopic observations
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Figure 3.1: Infrared luminosity versus single dish CO(1-0) luminosity for the parent
sample of intermediate redshift U/LIRGs, adapted from Pereira-Santaella et al. (2019).
All galaxies in the parent sample with CO and [CII] 158 pm observations in Magdis et al.
(2014) are included (red circles). The position of FLS02, SWIRES5 and CDFS1 are marked
with a black ring. SWIRET is not included as it wasn’t observed in CO in Magdis et al.
(2014). The black circles are disk galaxies located at 0.3 < z < 2.5 (Daddi et al., POI0,
Geach et al., 2001, Genzel et al., 2000), the orange circles are local U/LIRGs (Solomon
et al., M997), and the green squares are starburst ULIRGs from Combes et al. (201T).
The solid and dashed black lines represent the relation observed for main sequence and
starburst galaxies, respectively (Sargent et al., 2014).

were complemented, in M14, with single dish CO measurements from the Institute
for Radio Astronomy in the Millimeter Range (IRAM) 3 m telescope and the
Atacama Pathfinder Experiment (APEX) 12 m telescope. Pereira-Santaella et al.
(2019), hereafter PS19, presented I-band integral field spectroscopy observations
undertaken using the SWIFT spectrograph on the 5.1 meter Hale Telescope at
the Palomar Observatory (Thatte et al., P006), which covers a wavelength band
of 0.63 - 1.04 um (see Figures B2 and B3).

The six targets have dust temperatures ranging between Ty, = 29 - 42 K and
log(Ligr / Le) in the range 11.79 - 12.41. They have similar ratios of unobscured
(traced by Har) to obscured (traced by Lig) star formation as the local U/LIRGs.
They do not exhibit the [CII] / Lig deficiency seen in local ULIRGs, except for
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Figure 3.2: Top: Ha and rest frame 645 nm continuum for CDFSI1, taken by the
SWIFT telescope. The units for the continuum and emission line maps are 1071 erg s—*
em™2 pm~tand 10717 erg s7 cm ™2 respectively. The two arrows in the lower left-hand
corner show the North and East directions. The seeing FWHM for this source was 1.4"”/
6 kpc. Note that north points down, opposite to my CO image of CDFS1. Bottom:
Ha and rest frame 645 nm continuum for FLS02. The seeing FWHM for this source
was 1.6”/ 9 kpc. Note that north points down, opposite to my CO image of FLS02. All
figures taken from Pereira-Santaella et al. (2019).
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FLS02, which may be indicative of softer radiation fields and more extended
regions of star formation within my sources when compared to local ULIRGs
(e.g. Rigopoulou et al., Diaz-Santos et al., 2017, Herrera-Camus et al., 2018).
Morphology-wise, PS19 found the parent sample is a mixture of interacting and
isolated disks based on the ratio of V., / 0p. The sample straddles the region
between the MS LIRGs and starburst ULIRGs at this epoch in terms Lig and
the Lig - Lt ratio, so it is ideal for investigating the transition between MS
and starburst galaxies, and its link to interaction stage. Just to note that line
luminosities are denoted with a prime, L/, and are in units of K km s=! pc?,

whereas any luminosities written without the prime, L, are in SI units, such as

Lo or erg s71, as per the previous chapter. Details of the redshifts and coordinates
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Figure 3.3: Top: Ha and rest frame 645 nm continuum for SWIRES, with the
description same as Figure B2. The seeing FWHM for this source was 2.7/ 13.7 kpc.
Note that north points left. Bottom: Ha and rest frame 645 nm continuum for SWIRE7.
The seeing FWHM for this source was 2.1”/ 11 kpc. All figures taken from Pereira-
Santaella et al. (2019).

targets are given in Table B.

3.3.2 NOEMA Observations

NOEMA observations of the CO J =3 — 2 = CO(3-2) emission line (1,5t = 345.796
GHz) and its underlying continuum (rest wavelength ~ 0.9 mm) were obtained for
four of the targets (three systems): FLS02, SWIRE5 and SWIRE7 ®. Ten antennae
were used in the C configuration of NOEMA (A configuration is the most extended
with D being the most compact, and C configuration has a longest baseline of 368
m). The observations for FLS02 took place over seven nights between 29 December
2019 and 25 February 2020, with SWIRES being observed on 28 March 2021 and
SWIRET on three nights between 31 March 2020 and 04 April 2020 (details listed
in Table B2). The FOV for these targets was ~ 20-21".

3projects W19BV & W20GC, PI: S Garcia-Burillo
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The data was reduced using the standard pipeline in the Grenoble Image and
Line Data Analysis Software (GILDAS)? software package. Bad visibilities were
flagged and removed, and the flux, bandpass and amplitude/phase were calibrated
using standard NOEMA calibrators (see Table B™2).

Calibrated uv tables for both the continuum and the CO line were put together
using the Continuum and Line Interferometer Calibration (CLIC)® routine and the
uv tables were imaged using the MAPPING routine. The lower side bands were
used to put together the continuum uv tables in order to avoid CO line emission.

For the image deconvolution, I used robust weighting, with a threshold of 1,
to improve the spatial resolution of the SWIRET continuum map, with a natural
weighting used for the continuum maps in FLS02 and SWIRED in order to maximize
the S/N (for details of radio imaging and weightings see Appendix A). For the
CO(3-2) data I used both robust and natural weighting. The natural weighting
was used so the CO(3-2) maps have a similar beam size to the continuum maps,
allowing the morphology to be compared, with the robust weighting being chosen to
improve the spatial resolution when fitting the kinematics (the naturally weighted
CO(3-2) cubes are used for all analysis other than fitting the kinematics). The
pixel size was chosen to be 0.16”, which corresponds to ~ 5/6 pixels across the
synthesized beam (~ 0.8 - 1”) for all 3 sources, and I choose a channel width of
20 km s~!. The dirty cubes were cleaned using the Hogbom algorithm within the
CLEAN routine, and the fully reduced clean cubes were exported as FITS files for
further analysis. The final cubes have a resolution of 0.72 - 1.01” corresponding
to physical scales of ~ 3.7 - 5.7 kpc. Details of integration times, the beam size

and noise are given in Table B23.

3.3.3 ALMA Observations

Band 6 (211 - 275 GHz) ALMA observations of the CO(3-2) and continuum

emission were obtained for CDFS1 (two interacting galaxies) using 43 antennae

4https://www.iram.fr/TRAMFR/GILDAS
Shttps://www.iram.fr/IRAMFR/GILDAS/doc/html/clic-html/clic.html
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Table 3.3: Observation details for the sample.

Object Integration Time! Synthesized Beam? Orms®
hours arcsec X arcsec ~ mJy/beam

CDFS1 0.2 (0.31 x 0.28)* 0.91

FLS02 9.8 0.82 x 0.67* 0.55
(1.01 x 0.78)

SWIRE5S 3.8 0.72 x 0.61 0.61
(0.82 x 0.67)

SWIRE7 7.1 0.90 x 0.79 0.71

1 On source integration time.

2 Synthesized beam for the fully reduced data.

3 1o sensitivity in each 20 km s~! channel.

@ The value in brackets is the synthesized beam for natural
weighting. Values without brackets are the synthesized beam
for robust weighting with a threshold of 1. See Section B=32
for full details.

of the 12 m Array in the C40-6 configuration ® (C40-1 is the most compact and
(C40-9 is the most extended configuration and C4-0 has a maximum baseline of 1.8
km). The observations were taken on 04 November 2016, with a total on source
integration time of 0.2 hours and FOV of ~ 23.5”. One spectral window was
centred on the expected frequency of the CO(3-2) line and the other three spectral
windows were used to observe the underlying continuum.

The data was reduced using the standard pipeline in the Common Astronomy
Software Applications (CASA) software package (McMullin et al., 2007). Bad
visibilities were flagged and removed, and I used standard ALMA calibrators to
calibrate the source.

The continuum map was created by using multifrequency synthesis mode (com-
bines all selected channels into one image) within CASA on spectral windows that
did not contain the CO(3-2) emission line. For the emission line cube I subtracted
the continuum emission in each channel by using the UVCONTSUB routine to fit
a 0th order polynomial continuum model to the line free channels of the uv plane.

The dirty cubes were then cleaned with the TCLEAN routine, and I used

natural weighting to maximize the S/N. I choose a pixel size of 0.045” which is ~

Sproject 2016.1.00896.S, PI: D Rigopoulou
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7 pixels across the synthesized beam and set the channel width to 20 km s=t. All
data was corrected for the primary beam response to produce the fully reduced
data cubes. The reduced data has a resolution of 0.31” which corresponds to a

physical scale =~ 1.5 kpc.

3.4 Analysis

In this analysis I assume that the main source of the continuum emission, observed
at a rest wavelength ~ 0.9 mm, arises from the Rayleigh-Jeans tail of the dust
emission. It is difficult to rule out AGN contribution to the Lir, but as the sample
does not have broad components in the Ha emission line (PS19) I assume they
are star formation dominated, and that the Lijg emission I observe is entirely

attributed to star formation.

3.4.1 CO(3-2) and Continuum Emission

I created intensity maps of both CO(3-2) and continuum for the sources to study
their morphology, flux and the relative positions of their peak flux. To make the
CO(3-2) intensity maps, I performed a 30 cut in each channel of the data cube
and then integrated the remaining flux across the total width of the emission
line. For the continuum Oth moment maps I made a 30 cut on the continuum
map. These plots are presented in Figures B4 and B&, with 30 (and multiples
of 30) contours of the continuum emission overlaid on the CO(3-2) maps. I also
created integrated spectra by summing all spaxels within the 30 cut, giving one
flux value per channel. Linewidths are in agreement with previous measurements
using a single dish observation in M14 (see Figure B8 for the ALMA and NOEMA
integrated spectra).

For the northern source in FLS02 (hereafter FLS02-N) the continuum and CO(3-
2) emission are approximately co-spatial and the centre of the continuum coincides
with the centre of CO(3-2). The southern source, hereafter FLS02-S, has weaker

CO(3-2) emission with a marginal ~ 40 detection in the continuum (see Figure B3).
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Figure 3.4: Intensity maps for my targets with CO(3-2), in units of Jy km s=!, in the
left column and continuum (rest wavelength ~ 0.9mm), in units of mJy/beam, in the
right column for FLS02 (top row), SWIRE5 (middle row) and CDFS1-W (bottom
row). The CO(3-2) maps were made using a 30 cut in each channel and a 30 cut was
also used on the continuum maps. Contours of the continuum emission are overlaid in
white on the CO(3-2) maps to show the overlap of dust and molecular gas, with the
contours representing multiples of 30 continuum emission (i.e. 30, 60, 90 etc.). The grey
contours on the continuum plots show negative 30 emission. The beam size is shown in
the bottom left corner of each plot, and the physical size scale is shown on the bottom
right. For optical maps of the same galaxies, see Figures B2 and B33.
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Figure 3.5: Same as Figure B4 except for SWIRE7 continuum. No CO(3-2) was
observed in this target.
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Figure 3.6: The galaxy integrated spectra of each of the targets with a CO(3-2)
detection. Top left: CDFS1-W (ALMA). Top right: SWIRE5 (NOEMA). Bottom
left: FLS02-N (NOEMA). Bottom right: FLS02-S (NOEMA).
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Figure 3.7: CO(3-2) intensity map of the CDFSI system, in units of Jy km s~!, with
the expected position of the undetected CDFS1-E marked with an X. The beam size is

plotted in the bottom left corner with the physical scale shown in the bottom right. Note
this is not the full FOV of ALMA.

The SWIRE5 CO(3-2) and continuum emission maps reveal very different mor-
phology, with the star forming region smaller in extent than the molecular gas
and the dust continuum appears to have two peaks which are separated by ~
7 kpc (see Figure BA).

In CDFSI, the western source, CDFS1-W, has a disk like structure in CO(3-
2) with a more compact continuum located in the central region of the disk (see
Figure B4). Neither CO(3-2) nor continuum are observed in CDFS1-E despite this
galaxy having a Ha detection in PS19. Figure BZd shows its expected position with
respect to CDFS1-W and Figure B2 shows the Ha detection of CDFS1-E (note
that north points down in the optical image).

No CO(3-2) was detected in SWIRE7, but there is a 200 detection of the dust
continuum (see Figure BH). In Figures B2 and B33 I have included the optical
images of all four systems, from PS19, for comparison with the CO(3-2) and sub-
mm continuum. The morphology and its link to both the triggers of star formation

and the SFE within a galaxy will be discussed in more detail in Section B52.



3. Main Sequence to Starburst Transition at Intermediate Redshifts 88

3.4.2 Molecular Gas Mass

The CO(3-2) transition is 33 K above the ground state and has a critical density of
> 10* em™? at temperatures < 20 K, so it traces the molecular clouds within the
ISM from which stars are formed (e.g. Rigby et al., 2016). Local observations have
established the integrated flux from the low-J CO transitions is proportional to the
gas within a galaxy and in order to estimate the My, from the line luminosity,
LlCO(S—Q)? the use of an appropriate aco conversion factor is required (e.g. Bolatto
et al., 2003). This factor is dependent on the density of molecular clouds, the
Rayleigh-Jeans brightness temperature and inversely proportional to the metallicity
within a galaxy.

Firstly, I convert the CO(3-2) flux density from the intensity maps to the

integrated line luminosity using the following equation from Solomon et al. (T997),

Co@—1-1) = 3.25 X 10" - ScoAv - vz - Df - (1+2)7° (3.1)

[¢]

where ScoAv is the integrated flux density in Jy km s, vy is the observed
frequency in GHz, Dy, is the luminosity distance in Mpc, z is the redshift of the
source and the line luminosity is in units of K km s~! pc?.

To choose an appropriate aco, I account for metallicity by adopting a metal-
licity dependent conversion factor described in Genzel et al. (2002) and Genzel et al.
(2015):

acos-2)(Z) = ag-x(Z) - Ri—s (Mo/(K kms™" pc?)) (3.2)
where g is the unscaled J = 1 — 0 conversion factor, x(Z) is the metallicity
dependent scaling factor and R;_3 is the ratio of the LICO(l—O) to L'CO(3_2) which is

required to correct for the lower Rayleigh-Jeans brightness temperatures in higher J

transitions. I choose the metallicity dependent scaling factor of Genzel et al. (2015):
X(Z) _ 10—1.27><(12+10g(O/H)—8.67) (33)

where 12 4 log(O/H) is the gas phase oxygen abundance. The constant of 8.67
ensures Equation B2 reverts to apw when the gas phase oxygen abundance equals

the solar abundance.
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[ assume o equals the Milky Way conversion factor apypw = 4.36 + 0.9 M, / (K
km s~ pc?), including the correction for Helium, and R;_3 = 1.9 (Lamperti et al.,
2020), which is a typical value seen in star forming galaxies. For the metallicity
of the sample, I use the sample’s [NII] 6583 A / Ha ratios reported in PS19 and
converted these to 12 + log(O/H) using the Pettini and Pagel (2004) correlation.
For SWIRE?, I set x(Z) = 1 as it had no [NII] 6583 A detection in PS19. The
values I obtain for Oéco(g_z)(Z ) are shown in Table BZ5. Thus, the molecular gas

mass in each target is found by

Mo = aCO(3—2)(Z) : Llco(g_g) (34)

One caveat when choosing a conversion factor is that local ULIRGs typically
have an aco factor which is about five times lower than that of the Milky Way,
with a value of ~ 0.8 My, / (K km s™! pc?) for the CO(1-0) transition (e.g. Downes
and Solomon, M998). The intermediate-z sample of U/LIRGs have different ISM
conditions compared to those of local ULIRGs (as discussed in M14) and are
in an earlier stage of interaction (PS19). Therefore, the metallicity dependent
aco(3—2)(Z) is the most appropriate conversion factor for the sample. I discuss how
the lower aco would affect my results in Section BZH.

It is worth emphasizing that my choice of metallicity scaling factor is quite
conservative. Genzel et al. (20015) uses two metallicity scaling functions (see equa-
tions 6 and 7 of Genzel et al., 2015) and takes the geometric mean of both as the
final scaling factor. I chose Equation BZ3 to be my scaling factor as it gave me
the lowest acoz—2)(Z). If I chose the geometric mean, as in Genzel et al. (2013),
then the acos-2)(Z) would be ~ 15% higher on average, with a corresponding
increase in M.

Finally, M14 estimated the M, using the dust to gas mass ratio technique (see
M14 and references therein) and inferred an aco consistent with local star forming
galaxies for the sample (except for FLS02), further corroborating my choice. FLS02
was classified as an AGN in M14, due to its observed [CII] deficiency, and M14

calculated the average acon—oy for [CII] deficient galaxies as 1.5, roughly twice
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Figure 3.8: Gas surface-density, Y01, versus star-formation surface-density, Xgpgr, for
my sample of U/LIRGs. They are compared to values for high-z star forming galaxies
(grey diamonds, Tacconi et al., PUT3), local ULIRGs (white hexagons, Pereira-Santaella
et al., 2021) and local star forming disk galaxies (blue squares, Leroy et al., 2013). It can
be seen that my sample of U/LIRGs have longer depletion times when compared to local
ULIRGs, but shorter depletion times when compared to normal star forming galaxies,
indicating the intermediate-z U/LIRGs falls in the transition region between starburst
and main sequence galaxies. The dashed lines show how changing the aco affects the
Ymol when taking the extreme aco(1—g) values: the local ULIRG conversion factor of 0.8
My / (K km s7! pe?) and the Milky Way value of 4.36 M, / (K km s™! pc?). The cross
in the bottom right corner shows the typical size of the error bars.

the ULIRG value, and would give an aco(s—2)(Z) ~ 3, using my choice of Ri_3
scaling. Subsequent evidence, such as a narrow Ho and [NII] 6583 A emission lines
and polycyclic aromatic hydrocarbons features consistent with composite objects
(infrared spectrograph data from Houck et al., 2007), suggest that the source is
not an AGN dominated object. Hence, I argue the metallicity scaled aco(Z) is

the most pertinent choice for FLS02.
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3.4.3 Star Formation Efficiency

A galaxy’s star forming efficiency can be calculated from its surface density of SFR
and molecular gas (SFE = Ygpr/Ymo1). To get the surface density, I first found
the spatial size of the star forming region, Aoy, within each U/LIRG by assuming
that the continuum flux arises from the dust and that it traces the full extent of
obscured star formation within the galaxy (SFRig). As the sources are resolved, I
measured this area directly from the Oth moment maps by multiplying the area of
each pixel by the number of pixels with S/N > 30 (see Figure B4). To determine
the SFR in each of the targets, I take the Lig - SFRigr conversion factor from
Equation 22 and apply this to the Lig from M14. As the sources are heavily dust
obscured (PS19) I assume the SFRjg ~ total SFR.

As discussed in Section B4, the morphology of the continuum and CO emission
is different across the sample. To accurately determine the 74¢, I use only CO(3-2)
that overlaps with the SFRir. To do this, I placed a mask on the emission line
cube that ensured only CO(3-2) flux that arises within A is extracted. This
mask corresponds to the outer white contour in Figure B4. All flux outside this
contour is not used for the SFE calculation. To integrate the masked CO(3-2) flux
I narrowed the velocity window to include only channels containing line emission
and applied no threshold within the masked region to ensure I missed no flux. The
surface density for the molecular gas was then calculated using 3,00 = Mo / Acont
and the SFR surface density was found via Yspr = SFRir / Acont-

I estimated an upper limit for M,,,,; in SWIRE7 by finding a 30 upper limit for
ScoAv. This was calculated from 30 /beam = 3V N OV0ms, Where N is the number
of channels, dv is the channel width in km s™! and 0,4, is the noise per channel.

I assumed a linewidth of 300 km s—!

and multiplied the 30/beam by the square
root of the number of beams within A, of SWIRE7 to get the upper limit. For
FLS02-S there is a marginal (= 40) unresolved continuum detection, so I assumed
Acont is equal in size to the CO(3-2) emitting region.

My results are listed in Tables B4 and B3, and plotted in Figure B8. The sample

shows a Tqep Of 11 - 301 Myr, with 74ep of 62 - 301 Myr if I exclude SWIRET7, as
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the source was not detected in the CO(3-2) emission line. This is higher than the
Taep = 1 - 15 Myr found for local ULIRGs (Pereira-Santaella et al., 2021), but
lower than the values found for the regular star forming population at both low
and high redshifts which are on the order of 1 Gyr (e.g. Leroy et al., 2013, Tacconi
et al., 2013). This demonstrates that my sample of U/LIRGs, which fall within the
transition region between starbursts and MS galaxies, also fall between the loci of
major mergers and regular star forming galaxies on the KS relation. Figure B8 also
shows how the ¥, values of the intermediate-z U/LIRGs are similar to those of
gas rich MS galaxies at high-z. However, the intermediate-z U/LIRGs have a higher
SFE as indicated by the sample having, on average, a larger Ygpr for a given X,

It is worth noting that the SFR;g has been computed from the Lz and the
latter was obtained by fitting the photometry from the Spitzer and Herschel Space
Telescopes. For that reason, I am constrained by the resolution afforded by the
Herschel SPIRE bands, which is & 20 arcseconds (Griffin et al., 2000). Hence, the
Lir reported for the two interacting systems, FLS02 (centres separated by ~ 4”)
and CDFS1 (separated by a 7”), corresponds to the entire system and, cannot
be calculated for each of the two galaxies independently. Since CDFS1-E is not
observed in either continuum or CO(3-2), it is not included in this analysis, and I
assume that all the SFRg arises from CDFS1-W. For FLS02 I measure the total
continuum flux from both sources and find each galaxy’s fractional contribution to
the total flux. This apportions the SFRjg = 380 Mg, yr~! for the system into 353
Mg yr=! for FLS02-N and 27 Mg yr~! for FLS02-S.

My motivation for using the Aoy, i.e. the 3o cut on the continuum, to calculate
the surface densities, is to ensure maximum overlap between star forming regions
and molecular gas. If instead I assume a larger area which includes regions with
CO(3-2) flux but no continuum emission, the average 74ep increases. This is due
to the CO(3-2) emitting region being larger than the continuum emitting region,
as seen in Figure B4. Therefore, Y¥gpr decreases faster than X, as the SFRig

stays constant when I make the area greater than A.,, (I assumed all SFRig
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arises from within the 30 continuum cut), whereas I increase the measured CO(3-
2) flux, even if each additional pixel has a lower surface density than the average
I calculated in Table B4. Depending on how I select this larger region, e.g. a
30 or 5o cut on the CO(3-2) maps (which is equivalent to choosing a lower o
threshold on the continuum maps), the average 74, of the sample only increases
by at most 40 Myr and therefore my conclusions remain unchanged. The sample
is still far below the typical 7gep of 1 Gyr in normal star forming galaxies (e.g.
Leroy et al., 2013, Tacconi et al., 2OUT3).

Similarly, the (de)convolved source size also does not affect my results, as the
beam sizes for the continuum and line emission are similar, and any CO(3-2) flux
smeared outside Aoy Will only marginally change the X, and 7gep. As a test for
this, I assumed that the total integrated galaxy flux (see column 3 in Table B)

arises from within A, and found that the increase in ¥, changes the average

Taep Dy less than 40 Myr, demonstrating the robustness of my findings.

3.4.4 Kinematics

Due to its critical density, the CO(3-2) emission line is considered an important
tracer of the physical condition and kinematics of the star forming gas (e.g. Wilson
et al., 2008, Iono et al., 2009). To fit a kinematic model to the CO(3-2) emission
line I used the 3?BAROLO code, which fits a 3D tilted ring model to emission
line data cubes (Di Teodoro and Fraternali, 2015). I used the SEARCH algorithm
within 3P BAROLO to mask the galaxy from the background. This algorithm is
a source finder that works by first making a 5o cut across all channels and then
assumes that all 30 emission in adjoining channels/pixels are part of the same
source (Whiting, 2017).

The model *PBAROLO disk requires the following parameters: x and y po-
sitions, systematic velocity, rotational velocity (Vi), velocity dispersion (ogas),
radial velocity, position angle (PA), inclination, scale height of disk and gas surface

density. The best fit model is degraded to the same resolution as the input cube by



3. Main Sequence to Starburst Transition at Intermediate Redshifts 95

Data Model Residuals e
200
1
0 3 ) . E
£ B
— =
L =100
2, ¢
g 200
5 - -
& @ 2 kpc
I 1567
5
g 1 100
< F’i
R, 2
0 - 4 0 £
ot .o ©
L 0
-1 o
=50
-1 0 1 -1 1] 1 =1 0 1

ARA (arcseconds)

Figure 3.9: Moment maps from the observations and best-fit rotating disk model, found
by 3PBAROLO, for CDFS1-W. Top left: The observed 1st moment map. Top middle:
1st moment map from the best-fit model. Top right: The residual map made by
subtracting the best-fit model from the observed map. Bottom left: The observed
2nd moment map. Bottom middle: The best-fit 2nd moment map. Bottom right:
The residual map for the velocity dispersion. The beam size and physical scale bar are
shown in the top left plot. Details of the kinematic modelling are given in Section BZ=.
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Figure 3.10: Details the same as in Figure B9, but for SWIRES5.
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Figure 3.11: Left: The top panels show the 1st moment maps and bottom panels show
the 2nd moment maps for FLS02-N. Right: Same maps for FLS02-S. A 3P BAROLO
model disk could not be adequately fitted to this data due to insufficient resolution. Both
galaxies show hints of a velocity structure consistent with a rotating disk, but I need
higher resolution imaging, to resolve the velocity dispersion and to have more resolution
elements across the disk, to fully analyse the kinematics.

convolving it with a 2D Gaussian that has the same width and PA as the observed
synthesized beam of the input cube.

I chose the peak of the continuum as the centre point of each galaxy, set the
radial velocity to zero, assumed a thin disk for the scale height, fixed the systematic
velocity to zero, i.e. I fit the kinematics in the rest frame of the galaxy, and left the
gas surface density to be estimated by the algorithm. I let the code make initial
guesses for the PA and inclination, and then left them fixed at that value. The
Viot and o4, were left as free parameters for the code to fit. For the ring size I
choose 0.3” - 0.4” to maximize the number of rings when fitting each source, while
also ensuring an adequate number of spaxels within each ring to enable a good fit.
All other settings within the algorithm were left as default (see Di Teodoro and
Fraternali, 2005 for full details of the model settings).

To determine the best fit model, I compared the output model’s Oth, 1st and
2nd moment maps to the observed Oth, 1st and 2nd moment maps. If the PA and

inclination greatly differed from the observed moment maps, I manually adjusted
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Table 3.6: Kinematic details from the best fit thin disk model of 3?BAROLO

Object PA!  Inclination® V. (outer ring)? og,s(max)?
degrees  degrees km s~! km s~!

CDFS1-W 306 79 259 + 14 42 + 10

SWIREDH 188 50 346 £ 46 42 £ 6

! Position angle of the major axis on the receding side of the
galaxy, taken anticlockwise from north. There are no errors as
this value was not allowed to vary.

2 Inclination angle of the galaxy with respect to the observer,
with 0° being face-on. There are no errors as this value was
not allowed to vary.

3 The inclination corrected rotational velocity in the outer ring
of the best fit 3?BAROLO model.

4 Maximum velocity dispersion in the best fit ring model of
SPBAROLO.

these values to match those of the observed maps, and re-ran the algorithm to find
the Vot and og,s. In the four targets that have CO(3-2) emission line detections,
FLS02-N and FLS02-S show signatures of disturbed disks and were impossible to
be adequately fitted with a 3?BAROLO model; whereas CDFS1-W and SWIRE5
show ordered rotation and were fit with a model disk. The observed moment maps,
best fit model moment maps, plus the residual maps are shown in Figures B9, B-10
and BT, respectively, with the position velocity (PV) diagrams, along the major
kinematic axis, of the fitted galaxies shown in Figures B12 and B13. The best
fit parameters that 3?PBAROLO was able to estimate/vary are given in Table B8.
These will be discussed in more detail in Section BZ52.

Note that, previous chapters used o for velocity dispersion and here I am using
Ogas- 1 defined oq as the intrinsic velocity dispersion, which gave a single value for
cach galaxy. I use o4, when I can resolve the gradient of the velocity dispersion, so
they are measuring slightly different things. If I again assume o is isotropic and
spatially constant across the disk, as I did in Chapter B, I could find a value for oq
by fitting a parametric model to the o4, and taking the asymptotic value (similar to

finding one value for V,., by assuming a parametric model for the rotation curve).
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Figure 3.12: Position velocity diagram along the major kinematic axis of CDFS1-W.
The black contours show the observed galaxy, with the red overlaid contours representing
the model galaxy from 3 BAROLO. The yellow points are the projected V.o calculated
for each ring (Vi,0g) in the model disk. There seems to fast moving gas within the inner
0.5” of the disk with projected velocities up to ~ 400 km s~!, which may be suggestive
of an outflow.
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Figure 3.13: Position velocity diagram along the major kinematic axis of SWIRES, with
the black contours show the observed galaxy, with the red overlaid contours representing
the model galaxy from 3 BAROLO. The yellow points are the projected V.o calculated
for each ring (Vios) in the model disk.
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3.5 Discussion

3.5.1 Molecular Gas and SFR at 0.2 < z < 0.65

Section 4 discussed how distance above the MS is linked to both an increased fgas
and to the SFE of the gas. To explore this at intermediate-z, it is instructive
to compare my results with other U/LIRG samples, at similar redshifts, from
the literature. Combes et al. (2011) presented CO observations for a sample of
ULIRGs at 0.2 < z < 0.6 which were previously detected at 60 um from IRAS and
ISO observations. These ULIRGs are undergoing starbursts and have higher dust
temperatures than my sample (Tquss = 37 - 60K with an average of 48K), and I
will refer to these as ‘warm’ ULIRGs. Lee et al. (2017) investigated a sample of
LIRGs, at 0.25 < z < 0.65, that have lower luminosities than my sample, with
log(Ligr / Le) = 11.2 - 11.6, and are located on, or just above, the upper boundary
of the MS (hereafter referred to as ‘cold’ LIRGs). They are predominately disk
like galaxies, with only three showing irregular morphologies that may be related
to an ongoing or past merger.

Molecular gas masses and SFEs have been determined in both the cold LIRG
and warm ULIRG samples (Combes et al., 2011, Lee et al., 2007), and these
results along with my sample are plotted in Figure BI4. The SFE in Combes
et al. (20011) was presented in units of Ls / Mg, so I converted it to SFR / Mg
by using the conversion factor of Murphy et al. (2011TH). For the aco conversion
factor Combes et al. (2011) choose the value of 0.8 My / (K km s~ pc?) that
is used in local ULIRGs and Lee et al. (2007) applied the Milky Way value of
4.36 My, / (K km s7! pc?). All three samples have similar M, so the amount
of molecular gas available to form stars is not causing the differing Lig. When
comparing the SFE of the three samples, it is likely that the increase in Ly is
being driven by the SFE of the molecular gas. There is a statistically significant
strong positive correlation for log(SFE) - log(Lir) of the three samples, with a
Pearson’s p = 0.91 (P-value < 0.001).
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These results show that U/LIRGs located in the transition region between
starbursts and MS galaxies in terms of dust temperature and Lig also populate
the transition region based on SFE, with an average 74, of 150 Myr compared to
Taep ~ 18 Myt for warm ULIRGs and ~ 1 Gyr for cold LIRGs. If I expand the
comparison to include the slightly higher redshift samples, Freundlich et al. (2019)
find an average T4ep of 0.84 Gyr for star forming galaxies at 0.5 < z < 0.8 (mean
aco = 4.0 Mg / (K km s7! pc?) based on using the geometric mean metallicity
scaling factor from Genzel et al., 2005) and Combes et al. (2003) measured an
average Taep ~ 15 Myr for starbursts at 0.5 < z < 1 (aco = 0.8 Mg / (K km s™*
pc?)), both of which are consistent with the values at slightly lower redshifts.

Interestingly, Lee et al. (2017) found a stronger correlation between distance
above the MS and increased fg,s, than between distance above the MS and SFE.
With these findings in mind, it is possible, that an increase in just the fg,s is
sufficient to push a galaxy’s SFR above the MS and into the transition region.
However, a concurrent increase in SFE is required for a galaxy to approach the
starburst regime, and I will investigate what may be triggering this heightened
SFE in Section B532.

Note that the values of SFE from various surveys and samples depends on the
methodology of calculating the My,,. Hence, the SFE is implicitly determined by
the choice of aco. As mentioned in Section B42, local ULIRGs have an aco up
to five times smaller than the Milky Way. If I were to use the low-z ULIRG value
of 0.8 Mg / (K km s pe?) for CO(1-0) (Downes and Solomon, T99R) the T, for
my sample would be between 2 - 84 Myr (21 - 84 Myr if I remove SWIRET). These
Taep Values, from the four detections, are all greater than the average of 18 Myr
(median of 12 Myr) determined for the warm ULIRGs. Due to the differing ISM
conditions and merger stage in my sample compared to the local ULIRGs (M14,
PS19) I stress that my choice of acos—2)(Z) is fully justified.

I reiterate that I was conservative in the choice of metallicity scaling factor. As
discussed in Section B4, 1 picked the scaling factor that gives me the smallest

aco(s—2)(Z) and if I used the exact methodology of Genzel et al. (2015) and take
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Figure 3.14: Top: The total molecular gas mass versus the IR luminosity, Lig.
Bottom: The star formation efficiency versus the IR luminosity. This is compared
to cold LIRGs (blue diamonds, Lee et al., 2007) and warm ULIRGs (grey diamonds,
Combes et al., POTT) from the same redshift. SWIRE7 was undetected in CO(3-2) and
its Mo and SFE are estimated from a 3o upper limit. The cross on both plots show
the typical size of the error bars. These plots show that all three samples have similar
Mo reservoirs but they are forming stars at different rates of efficiency, indicating that
higher SFRs are being driven by increased SFE as opposed to a larger M, budget.
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the geometrical mean of two scaling factors, then I would get a larger M1, with a
corresponding slight increase in 74ep, S0 the conclusions of this section are robust.

From Figure B4 it is clear the cold LIRGs and warm ULIRGs occupy two
different areas on the Lig - SFE plane and appear to be bi-modal. Similarly, the
local ULIRGs and MS galaxies occupy different regions of the Ygpgr - Y01 plane,
as seen in Figure BR. It is possible this bi-modality of the KS relation may be
due to selection effects as we move beyond local galaxies. MS galaxies make up
an estimated 90% of the star formation density between z = 0 - 2.5 (e.g. Tacconi
et al., 2020), so most observations should fall on the locus of star forming galaxies
on the KS relation. When studying starbursts at higher-z we are biased towards
the brightest targets which are easiest to detect and these bright objects are more
likely to be associated with gas rich major mergers. The stochastic nature of
mergers and limited time window to catch galaxies in an early interaction stage
may mean that we currently do not have a large enough sample of galaxies that
are transitioning between low and high SFE. With my sample of U/LIRGs, that
straddles the transition region between regular star forming galaxies and starburst
galaxies, the SFE seems to show a more continuous change. Shangguan et al. (2019)
studied local LIRGs in various stages of interaction and argued that they filled the
gap between local MS galaxies and local starbursts, suggesting a gradual change
in SFE. However, studies such as Kennicutt and De Los Reyes (2021) tentatively
re-affirmed the bi-modality of the KS relation based on local starbursts and MS
galaxies. As my sample is small, I cannot draw any strong conclusions either way,

but it reveals the necessity of future observations to fully explore this open issue.

3.5.2 Triggers of Star Formation

Both morphology and kinematics provide important information on the mechanism
that is triggering star formation within a galaxy. To investigate why my sample of
U/LIRGs are less efficient at forming stars than the starburst ULIRGs of Combes
et al. (2001) but more efficient than the cold LIRGs of Lee et al. (20017), despite all

having similar M|, requires careful analysis of the kinematics within the targets.
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Local starbursts are associated with gas rich major mergers, with minor mergers
and disk like morphology becoming more common with decreasing IR luminosity
(e.g. Kartaltepe et al., 2010, Bellocchi et al., 2016, Larson et al., 2016). Merger
fraction has also been seen to increase with distance above the MS (e.g. Pearson
et al., 2009). In terms of the gas, it has been observed locally that both M,,, and
SFE are increased during galaxy interactions (e.g. Pan et al., 2OIR).

In terms of the availability of molecular gas to form stars, galaxies can have
the same M,,, reservoirs but a different SFR due to stabilization by a compact
and massive bulge preventing the gas disk fragmenting and collapsing into stars

(e.g. Martig et al., 2009). This can be explained in terms of the Toomre Q

parameter (Toomre, T964):

Ogash

ngas

ans X (35)

where & is the epicylic frequency® and G is the gravitational constant (a Toomre
Qs can also be calculated for the stellar disk). A Toomre QQ > 1 denotes a stable
disk, with Q < 1 and Q = 1 indicating an unstable and marginally stable disk,
respectively. As the rotational velocity, and hence k, is a function of the depth
of the gravitational potential well, a bulge increases the rotational velocity in the
inner disk and in turn pushes Q above 1 (e.g. Martig et al., 2009). If the bulge is
formed via an inflow of gas and a concurrent burst of star formation, the ¥,,s will
decrease in conjunction with the increase in rotational velocity, further increasing
Q (e.g. Forbes et al., 2014).

Various simulations seem to demonstrate that interactions can boost a galaxy’s

SFE and transition it into a starburst (e.g. Moreno et al., 20019, Moreno et al.,

2071)). Interestingly, Segovia-Otero et al. (2022) and Renaud et al. (2022) argue
that mergers can only boost the SFR once a galaxy disk has settled into relatively
coherent flows as turbulent disks at high-z prevent much of the gas compressing into

dense molecular clouds, so it may be intermediate-z is the best epoch to explore

[ dQ
k= T + 402, where Q(r) is the angular velocity at radius r.
r
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Figure 3.15: SDSS I-band (rest frame optical emission) imaging for FLS02 (top
left), SWIRE5S (top right) and SWIRE7 (bottom). The pixel scale is ~ 0.4”, which
corresponds to a physical scale of ~ 2 kpc. No sigma cut has been made on these images
due to the relatively poor S/N. FLS02-S is undetected, and both SWIRE5 and SWIRET7
show an asymmetry consistent with interacting galaxies.

the transition between MS and starburst. With these results in mind, I try to
determine how morphology and merger status is affecting SFR and SFE in my
sample. I supplement the ALMA and NOEMA observations with Sloan Digital
Sky Survey (SDSS, Blanton et al., 2017) I-band imaging (rest frame R-band),
which has a pixel scale of ~ 0.4”. CDFSI1 is not covered by SDSS. These I-band

images are shown in Figure BT3

CDFS1-W

Despite CDSF1-W being separated by only ~ 30 kpc from CDFSI1-E, it has a
clear rotating disk structure with little signs of disturbed rotation, so it must be

at an early stage of interaction (see Figure B4). This source has the lowest SFRg
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in my sample with 91 M, yr~!, but does have the most compact star forming
region with all obscured star formation located within the central ~ 3 kpc of
the disk. No obscured star formation is arising from the outer disk, therefore
I suggest that the galaxy undergoes inside out star formation (Tacchella et al.,
P01R). There is a signature of fast moving gas located in the central regions
where star formation is taking place, as shown in the position velocity diagram
in Figure B2 with gas approaching 400 km s~!. Outflows are ubiquitous in local
U/LIRGs (e.g. Garcia-Burillo et al., 215, Pereira-Santaella et al., 2018) and follow-
up high spatial resolution observations of CDFS1-W are needed to confirm if this
fast moving gas is indeed an outflow.

Interestingly, if the CDFS1 system was observed only in CO(3-2) I would have
classified CDFS1-W as an isolated galaxy, as CDFS-E is undetected by ALMA. The
Oth, 1st and 2nd moment maps (Figures B2 and B™) show a relatively symmetric
disk with ordered rotation and a Vi / 0gs > 6, so all signatures point towards an
isolated disk secularly forming stars. Optical images identify CDFS-E and prove
that the CDFS1 system is a pair of interacting galaxies, highlighting the importance
of multi-wavelength observations in getting an accurate picture of a galaxy system.

Chapters @ and B will explore this topic in more detail.

FLSO02

The FLS02 system has the largest SFRig in my sample, at 380 My yr='. The
velocity fields of both sources seem to show a disturbed velocity gradient, with
an unresolved velocity dispersion profile (Figure BI1). The pair of galaxies are
separated by &~ 20 kpc and the peak of the emission lines are offset by ~ 150 km
s~1. This implies a more advanced merging stage than CDFS1. FLS02-N also has
the shortest depletion time, 74ep, = 62 Myr, in the sample, which is consistent with
it being in a later interaction stage when compared to the other targets. Yet, both
galaxies in FLS02 evince signatures of being rotating disks, which may explain

why they are located in the transition region and do not yet have the SFE of a
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starburst. Higher spatial resolution observations are needed to properly probe the

velocity structure and determine what is triggering the high SFR.

SWIRES5

SWIRE5’s morphology and kinematics are an interesting case, as it appears to be
an isolated disk with a clear velocity gradient along a single axis (Figure BIM).
But, inspection of both the Oth, 1st and 2nd moment maps and the residual maps
from the best fit disk model have an excess of CO(3-2) flux, southeast of the galaxy
centre, than would be expected from a rotating disk (see Figure BI0) causing an
irregular morphology. This excess flux is co-spatial to a secondary peak in the
continuum, a region of high velocity dispersion and a small deviation between the
modelled and observed velocity field. If T select a region similar in size to the
second peak in the continuum, as plotted in the bottom row of Figure B8, there
seems to be a velocity gradient along the major axis, when compared to the best
fit model disk. The I-band SDSS image (Figure BI3) has a similar asymmetry to
the CO(3-2) map with a possible second nucleus, consistent with the two peaks
observed in the sub-mm continuum.

PS19 made moment maps and fit kinematics to the SWIRES Ha emission line
(see Figure B33). The Oth moment map of the Ha line does not display a similar
asymmetry in the flux map, but the velocity dispersion shows similar high values in
the south-east region of the galaxy. These observations were taken by the SWIFT
telescope and due to the poor seeing the FWHM for SWIRES was 2.7”, which gives
a spatial resolution of ~ 14 kpc. As the 2 peaks observed in the continuum are ~ 8
kpc apart, I cannot say whether the Ha emission has a similar distribution to the
NOEMA sub-mm continuum and CO(3-2) emission and the SDSS I-band emission.

This disturbance may be an unresolved region of clumpy star formation caused
by disk instabilities (e.g. Behrendt et al., 2009) or another possibility is that we are
seeing interacting galaxies hiding behind each other and appearing as one, such as
that potentially uncovered in optical images of a low-z system in Mazzilli-Ciraulo

et al. (2021) . The possible hidden merger in Mazzilli-Ciraulo et al. (20211) was taken
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Figure 3.16: SWIRES5 shows an excess CO(3-2) flux (top left), southeast of the galaxy
centre, than would be expected from an isolated disk as indicated by the black ellipse.
This corresponds to a second peak in the continuum (top middle) and a larger than
expected gas velocity dispersion (top right). There is also a slight deviation between
the observed velocity field (bottom left & middle) and the modelled velocity field
(bottom right). Without higher spatial resolution data, it is not clear what is causing
this asymmetry. Possibilities include a hidden minor merger or a large disk instability.

from a sample of galaxies with double peak emission line profiles (Maschmann and
Melchior, 2019, Maschmann et al., 2020) some of which have been put forward as
harbouring hidden minor mergers. SWIRE5 has an asymmetric double peak line
profile, as shown in Figure B8, which is additional circumstantial evidence for a
hidden minor merger. Conversely, the 74, of 251 Myt suggests that if there is a
hidden minor merger it has not boosted the SFE of the gas, compared to the known
interacting galaxies in my sample, although the 74, is much higher than isolated
disks, such as the LIRGs of Lee et al. (2017) with typical values of 1 Gyr. In
either eventuality, this disturbance is co-spatial with a region of ongoing obscured
star formation, so whatever underlying mechanism is causing the asymmetry in the

CO(3-2) emission is likely triggering the star formation.
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SWIRE7

Although undetected in CO(3-2), SWIRE7 does have an SDSS I-band observation,
as shown in Figure B3, that helps infer what may be triggering its huge SFR (190
Mg yr=1). The rest frame optical continuum, in the I-band, appears to have an
asymmetric flux, with an elongation along the east-west direction, a strong peak
in the west and hints of a second peak in the east. The west peak corresponds
to the sub-mm emission observed by NOEMA. None of the SDSS bands have the
required S/N or spatial resolution to explore this further. The rest frame optical
continuum from SWIFT and sub-mm continuum from NOEMA also don’t have
the requisite spatial resolution to add further details, but the SDSS morphology is
strongly suggestive of an ongoing interaction, which is also consistent with SWIRE7
having the second highest SFR in my sample. Interestingly, PS19 found a V,y /
Ogas ~ 3 for this galaxy, so if it is a merger, it suggests that applying the dynamical

ratio to seeing limited data can miss an ongoing merger.

To conclude, all galaxies in the intermediate-z sample display at least partial
signatures of being interacting and/or deviate from a model isolated disk galaxy,
which may explain why their SFE is greater than cold LIRGs (predominately disk
like galaxies based on morphology, as discussed in Lee et al., 2017) at similar
redshifts. None of the four appear to reveal signatures of major mergers, so
it is likely that the gradual rise in SFE, from the least luminous LIRGs to the
highest luminosity ULIRGs at intermediate redshifts, is associated with the degree

of isolation versus interaction.

3.5.3 CDFS1-E & SWIRE7 Non-Detections

The next most abundant molecule in a galaxy after Hy is CO, whose low rotational
excitation energy and critical density have made it the traditional M,,, tracer (e.g.
Carilli and Walter, 2013, Combes, 2018). However, CO can fail to track the total
H, reservoir in certain environments, such as the metal poor ISM of dwarf galaxies,

where the requisite metals are not available to shield the CO gas from UV photons
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Figure 3.17: The spectrum of SWIRE7 taken by SPIRE-FTS. This galaxy was
undetected in CO(3-2) but has a robust detection of an emission line at 927.8 nm in
PS19 which is assumed to be the Ha line at z = 0.414 (see Section BZa=3 for full details).
There are marginal 30 detections at 222 and 205 pm, which agree with both [CII] 158
pm and [OI] 145 pm lines at z = 0.414, corroborating PS19’s Ha detection. But the
possible line at 277um fits with [OI] 145 pm at z = 0.91 and PS19’s detection being Hf,
albeit it is unlikely a strong HS detection would be observed in a ULIRG at z = 0.91.

leading to photo-dissociation (e.g. Papadopoulos et al., 2002, Wolfire et al., 2010).
H, has a greater capacity for self-shielding from UV photons so a non-negligible
amount of molecular gas may be available to form stars, despite being deficient in
CO, and this has been dubbed CO-dark gas (e.g. Krumholz et al., 2017).

Although CDFS1-E is observed in Ha in PS19, it is not detected in either CO(3-
2) or continuum. This galaxy has the lowest metallicity amongst all the galaxies
in PS19, so it is possible that CDFS1-E is a CO-dark dwarf galaxy, and that the
large Ly is arising entirely from CDFS1-W, which is the assumption I made when
calculating the SFE of CDFS1-W.

SWIRET7 poses more of a challenge as it has a strong (= 200) detection in the
continuum despite having no CO(3-2) detection. PS19 has a robust detection of
an emission line at 927.8 nm with the most likely identification being Ha at z =
0.414. Having re-examined the SPIRE-FTS spectrum presented in M14 there are
possible 3¢ detections of both [CII] 158 pm and [OI] 145 pm lines at the expected
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wavelength, observed at 222 and 205 pm respectively, as shown in Figure BT70. The
other possibility is that PS19’s observed emission line is HS at z = 0.91, with the
~ 30 peak at 277um being the [OI] 145 pm line. This does not fit with the 222
and 205 pm lines and a strong detection of HB in a z = 0.91 ULIRG seems unlikely.
Also, the magnitude of SWIRET in the five SDSS bands appears similar to FLS02,
and the SDSS database gives it a photometric redshift of 0.4 - 0.6 8, which is further
circumstantial evidence for the redshift determination of z = 0.414.

It may be that this galaxy has a metal poor ISM, corroborated by the lack
of [NII] 6583 A detection in PS19. However, the SFRz of 190 My yr~! does
not agree with a classification as a dwarf galaxy. Alternatively, the continuum
detection may be due in part to thermal free-free emission from electrons scattering
in the HII regions (e.g. Condon and Ransom, PUI6), as opposed to being the tail
of the Rayleigh-Jeans continuum, which would partly explain the 20 continuum
detection despite being a metal poor object.

Recently, possible cases of CO-dark gas have been observed in two intermediate-
z LIRGs which have been detected in [CI] and dust continuum but are deficient in
CO (Dunne et al., 2021). Although I do not have a [CI] detection, if the marginal
detection of [CII] is correct then the galaxy may not be carbon deficient but may
have some mechanism in the ISM that is rapidly dissociating CO into [CI] and
[CII] (e.g. Bisbas et al., 2017).

If SWIRE7 is a true CO-dark ULIRG, and not a galaxy whose redshift is
incorrect, then it poses a challenge to the understanding of the ISM within dusty

star forming galaxies, so follow up observations are required.

3.6 Conclusion

In summary, I have analysed CO(3-2) observations, from NOEMA and ALMA,
of four systems located at 0.28 < z < 0.44. The sample straddles the transition
region between regular star forming galaxies and starbursts, and also fills the gap

between previous studies of low luminosity LIRGs and high luminosity ULIRGs at

8http://skyserver.sdss.org/dr7/en/tools/explore/obj.asp?id=587732581518410407
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this epoch. Due to their unique location, I was able to explore both the cosmic
evolution of star formation and the apparent bi-modality of MS and starbursts.

The main results of this chapter are:

1. My sample of intermediate-z U/LIRGs fall between the loci of MS galaxies
and starbursts on the KS relation, suggesting that galaxies in the transition
region between starbursts and MS galaxies also populate the transition region

on the Yo - Xsrr plane.

2. The sample have 74, on the order of 100 Myr, and compared to U/LIRGs at
a similar redshift, the depletion time is lower than ‘cold” LIRGs, with a T4ep
on the order of 1 Gyr, but higher than ‘warm’ starburst ULIRGs, with 7g4e, of
approximately 10 Myr. All three U/LIRG samples have similar M, budgets,
and a strong positive correlation between log(Lig) and log(SFE) suggests it

is an increasing SFE that is driving the increasing SFRs, as opposed to larger

foas.

3. Only four of the six targets had a CO(3-2) detection: CDFS1-W, FLS02-
N&S and SWIRES. The two non-detections, CDFS1-E and SWIRE7, were
previously detected in optical images and Ha emission. While CDFS1-E may
be a metal poor dwarf galaxy, SWIRE7 may be a CO dark ULIRG which

would challenge our understanding of the ISM in dusty star forming galaxies.

4. The location of my sample on the log(Lir) and log(SFE) plane points to a
gradual change in SFE as a galaxy transitions between MS and starburst.
All of my sample are either confirmed interacting pairs or exhibit possible
signatures of merging. It may be that interactions are necessary to boost the

SFR into a starburst phase, as higher fs,s may not be sufficient.

In summary, my sample of transitioning U/LIRGs fill the gap between main se-
quence galaxies and starbursts on the KS relation. If the suggested bi-modality in
star forming galaxies is correct, then this research may indicate that, while a higher

foas is @ necessary condition to transition, it also requires a boost to SFE; and it
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appears this rise in SFE is being driven by mergers and interactions. Chapter B
will touch on this topic using mock observations of a minor merger and discuss
how SFE changes throughout three snapshots.

I also demonstrated that sampling the full range of Lig between 10! - 103
Ly is necessary to understand the U/LIRG population at a given epoch. Prior to
my sample, the intermediate-z U/LIRGs occupied two separate regions of the SFE
versus Lig parameter space. While my sample is small, it fills in the gap and hints
that the U/LIRG population may have a continuous SFE.

Finally, my sample sheds some more light on the gradual evolution in the prop-
erties of U/LIRGs across cosmic time. We see no signature of major mergers, albeit
the sample is small. But all appear to be in early stages of interaction, whereas
U/LIRGs with a similar luminosity range at cosmic noon, can show observational

signatures of being isolated, as discussed in Chapter B.
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4.1 Introduction

Observing photons from distant galaxies has been our primary means of gaining
insight into the high-z universe, and in recent years this has been supplemented with
the growth of increasingly detailed simulations. Invariably, all physical properties
derived from observation, such as those found in the previous chapters, require
further assumptions such as a conversion factor, e.g. the SFR and M,,,, or fitting
models to the observed flux, e.g. Tgu from the FIR fluxes, or the M, found
by spectral synthesis modelling. Key to translating observations into knowledge of
the high-z universe is determining how accurately a galaxy’s properties are encoded
into the emission and absorption lines and if high-z spectra can be modelled using
the assumptions and calibrations taken from the local universe.

One method of testing this is to create mock observations of galaxies and check
if the tools astrophysicists use to extract information can recover the underlying
physics that went into producing the simulated galaxies. In this chapter, I will
utilize Light from Cloudy Added to RAMSES (LCARS), a new post-processing
pipeline introduced in Grisdale et al. (2021), that adds photons to RAMSES based
simulations. I will use LCARS, combined with a HARMONI mock observation
simulator, to make mock IFS cubes of the Ha and Hf emission lines and check
how much of the underlying properties of the simulated galaxy I can recover.

Another motivation for this research is to test observables in the high-z universe
in preparation for the unprecedented spatial resolution that HARMONI will offer.
Much of the current high-z observational signatures, such as Vo / 0gas, have
been applied to lower spatial resolution, so we cannot assume the same tools are
appropriate to use on much higher spatial resolution data, and it may be that
they break down when used on HARMONI observations. HARMONTI will open a
new window to the high-z universe, and mock observations are an excellent tool to
study how we can use observables to discriminate between different models, and

stages of a galaxy’s evolution, at cosmic noon.
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For full disclosure, all the simulation work is entirely Kearn Grisdale’s, along
with the properties of the galaxy extracted directly from the simulation. The post-
LCARS mock observations and analysis in this chapter is my own work, and our
joint results have been published in Grisdale et al. (2022), hereafter G22. I will
provide the necessary details of the simulation in order to follow my research, but
I will point to G22 throughout if the reader would like further information. Some
figures in this chapter, which compare my data with the simulation, are taken
directly from G22. These have a slightly different syntax to that used in this thesis.
This difference is explained in the relevant captions, but the meaning should be

clear, e.g. G22 uses vy instead of Vi .

4.2 HARMONI

The next generation of near IR spectrographs mounted on the focal plane of the
new 30+ meter class of telescopes will provide unequalled spatial resolution of
galaxies at cosmic noon. HARMONTI (Thatte et al., 2004) is the single-field optical
and near IR spectrograph that will be mounted on the Extremely Large Telescope
(ELT), and will be located in Cerro Armazones Antofogasta in Chile. The ~ 39
m mirror, 0.45 - 2.45 pm wavelength coverage, and adaptive optics (AO) assisted
observations will allow rest frame optical and UV emission to be probed at physical
scales ~ 100 pc at z ~ 2. The range of spaxel scales are 4, 10, 20 and 30 x 60 mas,
with a FOV up to 9” for the largest spaxel scales. The spectral resolution ranges
from R = 3500 - 20000, depending on the wavelength. The spectral resolution
and spaxel scales, along with AO pushing the spatial resolution close to the ELT
diffraction limit of ~ 10 mas, will allow the dynamical status of the high-z ISM
to be probed in unparalleled resolution. Observing the internal structure of high-z
galaxies on these scales will allow us to study star forming clumps and resolved
stellar populations in great detail and will enhance our understanding of cosmic

star formation and galaxy evolution.
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In preparation for this upcoming instrument, a quantitative HARMONI obser-
vation simulator was developed to help put together key science cases. HSIM®
(Zieleniewski et al., 2015) allows users to probe how astronomical objects will look
when observed with HARMONI, across a variety of integration times, atmospheric
conditions, spaxel scales, PSFs, gratings and detector systematics. The simulator
takes an input FITS cube of an astronomical object and adds detailed models
of the sky, a wavelength dependent PSF, telescope and instrumental effects to
produce a realistic fully reduced and calibrated mock IFS cube (more details are

given in Appendix B7).

4.3 Data
4.3.1 NewHorizon

NewHorizon (Dubois et al., 2021) is a high resolution hydrodynamical cosmological
simulation based on the adaptive mesh refinement (AMR) code RAMSES (Teyssier,
2002). NewHorizon is a re-simulation of a sub-volume of Horizon-AGN (Dubois
et al., 2014), which is a sphere of 10 Mpc co-moving radius. AMR allows new levels
of refinement to be unlocked as the simulation undergoes cosmological expansion,
in order to keep the spatial resolution close to 35 pc.

A full description of the initial conditions and the treatment of SFR, metallicity,
black holes, AGN and feedback within the simulation can be found in Dubois et al.
(2021), and also in Park et al. (2019), Grisdale et al. (2021)) and G22. The salient
details are that the simulation includes an equilibrium chemistry model for H and
He that allows radiative cooling of the primordial gas down to ~ 10* K. Metal
enriched gas (metals in the simulation are treated as a single entity, Z, and this is
not split into its constituent metals) can cool down to 0.1 K using cooling rates
tabulated from Dalgarno and McCray (T972) and Sutherland and Dopita (1993).

3 is reached

Stars can form out of this gas when a hydrogen density of > 10 H cm™
and the rate of star formation follows the Schmidt law (Schmidt, 1959), with an

efficiency determined from the local gravo-turbulent conditions (Kimm et al., 2017).

Thttps://harmoni-elt.physics.ox.ac.uk /Hsim.html
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The star particles have a M, > 10* Mg, and follow a Chabrier IMF (Chabrier, 2003)
with a mass range of 0.1 - 150 M. Dark matter is modelled as collisionless particles
with a mass resolution of 105 M. When star particles reach 5 Myr old they undergo
a supernova explosion and return 31% of the M, of a star particle, and a metal
yield of 0.05, back into the surrounding ISM (Kimm and Cen, 21IT4). Supernovae

also input momentum into the surrounding ISM whose value is oc 10° km s~}

X
(10°1)16/17 erg and scaled as function of metallicity and hydrogen density (Thornton
et al., T99R and Geen et al., 2016). Massive black hole particles are included in the
simulation, which have a seed mass of 10* M, and form in cells when both gas
and stellar densities are above the threshold for star formation, the stellar velocity
dispersion is above 20 km s™! and the particle is at least 50 co-moving kpc away
from another massive black hole. The black hole particles grow at the Bondi -
Hoyle - Lyttleton rate (see Equations 5 and 6 in Dubois et al., 2021) and by black
hole coalescence when they get closer than four spatial resolution elements (~ 150
pc). Mass, momentum and energy feedback is also injected into the surroundings
via jets (radio mode, Dubois et al., 2010) or thermal energy (quasar mode, Teyssier,
2007) and the power is a function of the accretion rate.

Importantly, on the fly radiative transfer is not included in NewHorizon, and

post-processing techniques need to be applied to study the spectra of galaxies

within the cosmological simulation.

4.3.2 LCARS

LCARS is a new post-processing pipeline, introduced in Grisdale et al. (2021), that
adds photons to RAMSES based simulations. Full details can be found in Grisdale
et al. (2021) and GR22, and an overview of the pipeline is discussed in this section.

LCARS takes the physical properties of the stars, gas and metallicity of the
NewHorizon simulated galaxy and adds radiative transfer simulations from the
spectral synthesis code CLOUDY (Ferland et al., 2013) to determine the shape
and magnitude of emission lines within the galaxy. CLOUDY runs the radiative

transfer by modelling the ionization, chemical, and thermal state of gas and dust
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Figure 4.1: Surface density maps taken directly from NewHorizon. The large circle
shows the extent of the primary galaxy (gl), with a radius of 6kpc, while the small circle
denotes the minor galaxy partner (g2), with a radius of 2 kpc. Left: The gas surface
density. Middle: Stellar surface density. Right: The surface density of stars < 10 Myr
old. This figure is taken from G22 which use uppercase G for the galaxy, i.e. G1 instead
of gl.
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Figure 4.2: Top: Evolution of gl’s mean SFR per 10 Myr bin. Bottom: Evolution of
the separation between gl and its two satellite galaxies (described in Chapter B). The
dashed vertical lines indicate the three snapshots taken of this galaxy and input into
LCARS, with snapshot 1 being analysed in this chapter (snapshot 2 and 3 are discussed
in Chapter B). This figure is taken from G22 which use uppercase G for the galaxy, i.e.
G1 instead of gl.
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Table 4.1: Properties of the galaxy selected from NewHorizon.

Object glt  g22
logM, / Mo)? 107 94
log(Mgas / Mo)* 103 9.3
10g(Mparyon / Ms)? 109 9.6
log(Mpy / Mo)® 107 9.3
log(Miota1 / Mp)™ 114 9.8
SFR Mo yr-']f 38 2
Radius (kpc) 6 2

! Main galaxy.

2 Minor companion.

3 Stellar mass.

4 Gas mass.

5 Baryonic mass.

6 Dark matter mass.

" Total mass.

8 Average star formation rate
in the previous 10 Myr.

that is exposed to a radiation field (AGN, star, etc.). It then outputs an estimate
of the emission lines plus the underlying continuum.

All stars within a given cell of the simulation are combined into a single ‘super’
star particle located at the centre of each cell. The SED of the super star particle is
found by summing the individual SEDs of each constituent star particle, employing
the SED templates of STARBURST99 (Leitherer et al., 1999). A unique CLOUDY
simulation is run for each super star particle, and the emission lines and continuum
output by CLOUDY are used to construct a spectrum for each cell. A background
radiation field that mimics the cosmic radio to X-ray background is also included
in each CLOUDY simulation.

To determine the shape of the emission lines, LCARS assumes the intensity is
distributed as a Gaussian, with the area of this Gaussian equalling the total line
intensity output by CLOUDY. The width of each emission line is determined by
a combination of the thermal motions and gas dispersion within the cell, taken
directly from NewHorizon. The peak wavelength of the emission line is determined
by the bulk line of sight velocity of the gas within the cell. This line of sight

velocity is imposed by a hypothetical observer, whose position is a free parameter
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in LCARS, i.e. any PA and inclination can be chosen by the user, depending
on their science case.

If the Stromgren sphere for a super star particle in a given cell is larger than the
cell size, then the fraction of the Stromgren sphere that overlaps with the neigh-
bouring cells is added to the neighbouring cells’ radiation fields to mimic diffuse
emission within a galaxy. For cells that do not contain stars, the gas properties are
combined with an incident radiation field set by the cosmic background radiation
field and any diffuse emission from neighbouring cells.

Dust is added to LCARS spectra by assuming a constant dust to gas phase
metallicity ratio (Richardson et al., 2020). This ratio is a free parameter specified
by the user, so can be scaled depending on whether the user wants to simulate
a moderate or extreme dust attenuation. Extinction is then applied to each

cell’s spectrum via:

AvE()

Ig(\) =I(Ne 25 (4.1)

where I is the extinction corrected intensity, I(\) is the intensity calculated by
CLOUDY, E(\) is the dust extinction curve of Fitzpatrick (I999) and Ay is calcu-
lated by

3faXzQx
dpar/aiay

where Y7 is the column density of metals between the observer and emitting cell,

Ay = 1.086 (4.2)

taken from NewHorizon, Q) = 1.5 is a constant extinction coefficient, pg = 3 g
cm 3 is the typical density of a dust particle, a; = 0.005 pm is the smallest size of
a dust grain, a, = 1 pm is the largest size and f; is the ratio of dust to gas phase
metallicity discussed above (see Richardson et al., 2020 for further details).

The final spectrum is produced by summing the spectra, having been corrected
for extinction, in all cells along the chosen line of sight. Finally, the spectra are
redshifted to match the redshift of the chosen galaxy within NewHorizon, and the

flux is scaled to the appropriate luminosity distance. The final products delivered
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by the pipeline also include a cube without dust extinction, allowing users to explore
the impact, if any, dust has on the observed spectral lines of their chosen target.

It should be highlighted that although a screen model is used for dust, each
cell within the simulation has its own unique screen of dust. This is because the
dust screen is a function of the column density of metallicity (Equation B72), and
each cell in the simulation has a different column density of metals between the
cell and the observer. For example, in a given line of sight a cell at the back of
a galaxy goes through a larger column density of metals compared to a cell at
the front of the galaxy. Likewise, different lines of sight have different metallicity
column densities. As each cell in NewHorizon has a metallicity value, LCARS
can capture spatial variations in the density of dust at a scale of ~ 35 pc, if the
highest level refinement in NewHorizon is selected. Therefore, the method mimics
a mixed dust model, and LCARS can accurately model how the geometry of the
galaxy is affected by dust extinction.

Although there are black holes in the cosmological simulation, we do not include
any SED templates from AGN in this run of LCARS. All the emission lines in
the current iteration of LCARS arise from radiation fields produced by stars, and
the only effect black holes have on the spectra is the impact they have on the
bulk velocity and velocity dispersion in each cell of the simulation, which in turn
determines the shape of the emission lines in each cell, as discussed above.

LCARS can currently calculate IFS cubes for over 80 emission lines simultane-
ously, and it outputs line only cubes, continuum only cubes and complete cubes,

which are line plus continuum.

4.3.3 Mock Observations

We selected a galaxy from NewHorizon that was a close match to the SFR, M,,
redshift and dynamical status of galaxy o5 in Chapter B (see Table B1). Galaxy 016
is also a close match in SFR and M, (see Figure B23) but this object was found to
be dispersion dominated in Section 224 and our aim for this project was to study

a high-z analogue to a disk galaxy (Vo4 / 0gas > 1). The simulated galaxy is on
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Figure 4.3: The position of the galaxy selected from NewHorizon (black diamond) with
respect to the main sequence of Whitaker et al. (2004). The red circles show the position
of the KMOS sample presented in Chapter B. The blue triangle shows the position of
galaxy 05, which motivated the choice of the NewHorizon galaxy.

the MS, exhibiting typical properties of a star forming galaxy at cosmic noon, with
an M, ~ 5.5 x 10 My and an SFR of 38 M, yr~!. Co-incidentally this galaxy
(which I will refer to as gl throughout this chapter) happened to be undergoing an
interaction with a second galaxy (g2) with a mass ratio of ~ 20:1, and their nuclei
are approximately 10 kpc in separation at z = 2, the redshift in the simulation
at which we selected the galaxy (as this galaxy evolves in the simulation a third
galaxy, g3, interacts with the system and that will be the focus of Chapter B).

Once the galaxy has been through LCARS I created mock observation cubes
using HSIM. As the galaxy is located at z = 2, the Ha falls close to the edge
of the K-band grating at this redshift. To ensure a better outcome we moved
this galaxy to z = 2.2. This changes the observed wavelength of the emission
lines (Ha shifts to 2.1 um), the luminosity distance and angular size of the galaxy.
These re-scalings are accounted for in LCARS and do not change the results or
conclusions of this chapter.

I made mock observations of the complete Ho and Hf emission line cubes,

i.e. cubes with line plus continuum emission. Details of the settings I used are
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given in Table B2 and the mock data was created using HSIM version 3.03. 1
have gone for long observation times to maximize S/N in the outer disk of the
galaxy. The settings of most relevance to the results and discussion that follows
are: I use the laser tomography adaptive optics (LTAO) mode giving us a point
spread function (PSF) of ~ 27 mas, and I chose a spaxel scale of 20 mas. The
20 mas spaxel scale was chosen as the LCARS input cube has a spaxel size of ~
10 mas. This is not the maximum resolution that LCARS and NewHorizon can
achieve, but I did not require ~ 50 pc resolution, as this would greatly increase
computation time, and the ~ 100 pc resolution is sufficient for this research. I
make mock observations of the cubes with and without dust, so I can check how
the presence of dust affects the observations and analysis (a collapsed image from
a fully reduced data cube is shown in Figure &3).

The Ha output cubes have a field of view of ~ 3.5” x 3.5” with corresponds
a physical size of ~ 30 kpc x 30 kpc (note this is the FOV of the LCARS cube
and not the exact FOV of HARMONI). The spectral window is ~ 3000 km s~*
with a spectral channel of ~ 20 km s~!. Although the PSF of my observations is
~ 27 mas, due to the 20 mas spaxel scale and undersampling effects, the effective
spatial resolution of the data is 40 mas.

The integration time of 5 hours and 10 hours for the cubes with and without
dust respectively were selected to maximize the S/N in the outer and diffuse regions
of the disk without the need to re-bin data. This was a deliberate choice, as the
goal of this research was to check if the properties of a galaxy are imprinted onto
its spectrum, and the aim wasn’t to test the observing limit of HARMONI at
cosmic noon. Much of the analysis described in this chapter can be adequately
recovered with integration times of 30 minutes, and I will delve further into this

topic in Section EG3.

4.4 Mock Observations Analysis

One aim of this project is to check if observing the Ha and H/3 emission lines allow

me to accurately recover the true properties of the simulated galaxy. To do this,



4. On the Viability of Determining Galaxy Properties from Observations

Table 4.2: HSIM v3.03 settings used for my mock observations.

Parameter Setting
Integration Time 900s
Number of Integrations (without extinction) 20
Number of Integrations (with extinction) 40
Band - Ha K
Band - Hp H
Spaxel Scale 20 x 20 mas
Adaptive Optics Mode LTAO
Atmospheric Seeing 0.57"
Airmass 1.1
Moon Illumination 0
Telescope Temperature 280 K
Atmospheric Differential Refraction True
Detector Systematics False
Jitter 3 mas
Noise Seed 10
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Figure 4.4: The collapsed (partial) K-band observation described in Section BZ373,
which includes the Ha emission plus continuum. All analysis is performed on continuum
subtracted cubes, and this figure is to show the output from HSIM, and demonstrate the
detail in a K-band observation with HARMONI, using a 20 mas plate scale.
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Figure 4.5: Left: Intensity map of the Ha emission line for gl. Right: Intensity map
of the HS emission line for gl. I performed a continuum subtraction on the cube and
then made a 50 cut on each channel before integrating across the emission line. A scale
bar is shown in the bottom left of both plots for reference. Note that I am using two
different colour scalings, as using the same colour scaling for both reduced the contrast
of the Hf features, making the structure in the two maps more difficult to compare.

I choose tools and procedures commonly used in analysing real observations. In
this, and the following chapter, I will refer to properties taken directly from the
NewHorizon simulation as the ‘true’, ‘correct’ or ‘intrinsic’ values and the post-
HSIM values as the ‘observed properties’. I will concentrate on the main galaxy,

gl, throughout this analysis.

4.4.1 Moment Maps of Line Emission

I created intensity maps for my observed galaxy to compare the observed mor-
phology and distribution of star formation with the simulation. To make the
intensity map of the emission lines I first performed a continuum subtraction on
each spaxel of the cube. As the continuum is flat, to first order (in ergs~! cm=2 A~!
arcsecond—2), in the IFS cubes I select the first 20 channels, which are free of line
emission, and take the average continuum in each spaxel across these channels. I
then subtract the average continuum from each channel in the cube. Comparing the
continuum subtracted cube with the line only cube, the difference in line emission
is < 1% so the constant continuum assumption is adequate. I then made a 50 cut

in each channel of the data cube and integrated the remaining flux across the total
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width of the emission line. The stringent 50 was chosen as I have very high S/N
data due to my choice of long integration times.

Figure B=3 shows that the Ho and HS have a clumpy star forming structure
and the spiral arms are clearly visible. Continuous line emission can be traced out
to a radius of ~ 4kpc. The S/N rapidly diminishes beyond this radius, although
some star forming clumps can be observed out to ~ 6 kpc. The radius of the
galaxy taken from the simulation is 6kpc, which is the maximum extent of the
stars that formed within the galaxy in the past 10 Myr in the simulation, so
the mock observations are capturing the maximum extent of the star forming
regions. The intensity maps have a spatial resolution of ~ 300 pc, assuming a
spatial resolution of 2 pixels. The morphology of the observed intensity maps is
in excellent agreement to the map of stars formed within the last 10 Myr taken
directly from NewHorizon (rightmost map in Figure BZ0). The observations are
taken with the 20 mas spaxel scale and have relatively coarse spatial resolution
compared to the maximum spatial resolution achievable by HARMONI, yet much
of the internal structure can be recovered and regions of ongoing star formation
resolved (a seeing limited instrument has a spatial resolution on the order of a few
kpc depending on the atmospheric conditions, so 1 kpc clumps are unresolved).

Rest frame optical images show that high-z star forming galaxies can host giant
star forming clumps on scales of 100 pc - 1 kpc with typical M, = 107 - 10° M,
(e.g. Forster Schreiber et al., 2011, Guo et al., 2002), and clumpy structure has
also been seen at high-z in the molecular gas (e.g. Swinbank et al., 2015). Local
turbulent disk galaxies with high gas fractions, thought to be close analogues to
high-z star forming galaxies (e.g. DYNAMO sample, Green et al., 2010), have
clumps a few hundred parsecs in size (e.g. Fisher et al., 2017) so if a clumpy ISM
is typical in star forming galaxies at cosmic noon, which appears to be the case,

HARMONI should have the spatial resolution to resolve individual clumps.
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Figure 4.6: The location of gl (red circle) and g2 (blue circle) on the stellar mass - SFR
plane. The black line is the MS of Whitaker et al. (2014, with the blue region showing
the typical MS scatter of 0.3 dex. The grey region shows the location of starburst galaxies.
Error-bars are not included on the plot as the error in SFR is roughly equivalent to the
size of the data points, due to the high S/N, and the stellar mass is taken directly from
the simulation.

4.4.2 Star Formation

As discussed in Section 2, Ha emission can be used to infer the ‘instantaneous’
star formation occurring in a galaxy. To estimate the SFR from the Ha emission
line, I extract an integrated spectrum from an aperture of 6 kpc in radius, centred
on the peak of the continuum. I sum over all spaxels within this radius to get a
single flux value per wavelength bin. I then fit a single component Gaussian, plus a
constant to account for the continuum, to the emission line and integrate the area

of this Gaussian to find the total Ha flux emitted by gl, and hence the luminosity.

given in Equation 271, to get an SFRy, = 60 & 4 Mg, yr—!. Although this is higher
than the true SFR of 38 M yr~!, it is on the MS at z = 2.2, and correctly classifies
the galaxy as a normal star forming galaxy (Figure B3).

I also placed an aperture on g2, evaluated the SFR and placed it on the
M, - SFR plane. g2’s SFR is below the MS as it spirals into gl (the same
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Figure 4.7: Moment maps from the mock observations and the best-fit rotating disk
model. Top left: The observed 1st moment map. Top middle: 1st moment map from
the best-fit model. Top right: The residual velocity field. Bottom left: The observed
2nd moment map. Bottom middle: The best-fit 2nd moment map. Bottom right:
The residual velocity dispersion.

position with respect to the MS is found if I take the intrinsic SFR from the
simulation), which is suggestive of environmental effects inhibiting star formation

(e.g. Wetzel et al., 2013).

4.4.3 Kinematics

To test if the Ha emission line from LCARS correctly encodes the underlying
physical condition of the ISM, the kinematics need to be extracted and compared to
the intrinsic values. To fit a kinematic model to the Ha line, I used the *? BAROLO
code, which has previously been described in Section BZ.

I set the x and y positions to be the peak of the continuum and set the radial
velocity to zero. The PA and inclination were set to the known values from LCARS,
which are 90° and 20° respectively. The systematic velocity was set to zero, having

specified in 3P BAROLO that the rest wavelength equals the Ho emission line and
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that the galaxy is located at a redshift of 2.2. I left the V.o and o4 as free
parameters for the algorithm to find the best fit.

As in Section B2 T used the SEARCH algorithm to mask the galaxy from
the background, with an initial 50 cut across all channels and then included all
adjoining 30 regions within the mask. I selected a ring width of 0.06” to allow ~ 2
resolution elements across each ring. I experimented with differing ring sizes and
the differing ring widths agreed within error to the 0.06” selection.

SPBAROLO also allows the user to specify whether they want to fit kinematics
to the galaxy as a whole, or just the approaching or receding half of the galaxy, and
then assuming mirror symmetry. The rotation curve of the galaxy is reasonably
symmetric, but I get a better match to NewHorizon when fitting the approaching
side (discussed in Section BZ). All other settings, not mentioned here, were
left as default.

To calculate errors I ran * BAROLO an additional ten times, keeping all best
fit parameters constant, and allowing one at a time to vary, and I also varied which
side of the galaxy to fit. The standard deviation of the best fit parameters across
all these runs gave the errors in each ring.

The results of the best fit are given in Figures BZ4 and ER, and the fitted

kinematics closely matched the true values, as will be discussed in Section B4,

4.4.4 Recovery of Kinematic Structure

Figure B9 shows the V.. from the best fit model overlaid on the intrinsic rotation
curve and velocity dispersion extracted from NewHorizon. The black line shows
the mass weighted average rotational velocity of the gas in every cell within g1, in
the NewHorizon simulation, with respect to the centre of mass of the galaxy. The
grey shaded region shows the 1o deviation from the mean value in that radial bin,
at a scale of ~ 100 pc. As an aside, the best fit ?BAROLO errors appear smaller
than the grey regions in Figures 29 and B—10 as they are the statistical error on the
fit, as described in the previous section, whereas the scatter on the intrinsic values

is taken directly from the simulation. The main galaxy is covered by hundreds of
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Figure 4.8: Position velocity diagram (output by *’BAROLO) along the major
kinematic axis for the Ha mock observed cube with no dust extinction. The y-axis
shows the projected rotational velocity and is denoted Vi,s. The black contours show
the observed galaxy, with the red overlaid contours representing the 3S°PBAROLO best
fit model. The yellow points are the Vo calculated for each ring in the model disk.
Signatures of fast moving gas in the centre of the disk, with projected velocities up to ~
500 km s~ !, are clearly visible.

thousands of cells (the 30 kpc x 30 kpc FOV of my cube is composed of ~ 27
million NewHorizon cells), and each cell has a bulk velocity and velocity dispersion.
Due to the large number of data points per radial bin and NewHorizon’s ability
to resolve all non-circular flows and deviations from the mean gas dispersion on
< 100 pc scales, this gives a large intrinsic scatter for Vi, and og,s. Also, stellar
feedback is implemented in the simulation and NewHorizon can resolve outflows
from star forming regions within the galaxy disk. In a galaxy with an SFR ~ 40
Mgy yr— !, there are many star forming regions throughout the disk, and these can
also increase the scatter of the intrinsic kinematics.

It is evident the kinematics extracted from the mock HARMONI simulation
match the intrinsic rotational velocity and velocity dispersion. As mentioned in
the previous section, I forced the best fit model to the approaching side. Fitting to
both sides simultaneously led to some rings having a V,., over 400 km s~!. This is
due to some non-circular flows affecting the best fit rotational velocity and pushing

it to higher values. There is some low density gas moving at high velocities within
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Figure 4.9: Top: The rotational velocity radial profile with the solid black line showing
the intrinsic curve for gl. Bottom: Velocity dispersion radial profile for gl. The red
and purple points show the values found by 3?BAROLO for the observed cubes with and
without dust, respectively. The red dashed line shows an arctan fit to the 3?BAROLO
red data points, while the blue dashed line shows an arctan fit directly to the 1st moment
map (Figure B3). The shaded region represents one standard deviation from the intrinsic
curve. This figure taken directly from (22, where the paper uses vy and o as opposed to
Viot and ogas that I use in this thesis.

the disk, caused by outflows from stellar feedback. As there is no dust attenuation,
some of these ‘bubbles’ of high velocity are biasing the fit. In any case, if I fit
both sides the Vo is ~ 400 km s~ rather than ~ 350 km s~!, and it still matches
the intrinsic velocity within error (a typical V.o error in each ring is 50 km s71).
Also, as the galaxy has an inclination of 20°, a difference of 20 km s™! in the
line of sight velocity between two rings leads to a de-projected difference of ~ 60

1

km s7, so if the galaxy was a little more edge on, these higher velocity regions

wouldn’t skew the fit to the same extent.
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Referring back to Section A4 the ratio of Viy / 04 can be used to aid
classification of a galaxy’s interaction state. As I use multiple rings to fit the
kinematic model I use a flux weighted sum, like in Cappellari (2018), to find a

single Vot / 0gas value for each galaxy:

= Shps (4.3)

Ogas gas,n

(th)z XN RV,
where N is the number of rings and F,, is the flux surface density in each ring found
by *PBAROLO. The resulting Vo, / 0gas = 6 = 1.6, which shows gl is strongly
rotation dominated. The radial Vo / 0gas is plotted in Figure B10, which shows
the galaxy gets more rotationally dominated with increasing radius. This suggests
that the star forming regions in the disk are simply orbiting the galaxy at the
circular velocity. Even the centre of the galaxy, with the highest 04,5, has a Vi /
0gas > 1, and these kinematic signatures are suggestive of star formation occurring
throughout the galaxy due to secular internal processes.

I use the best fit values from the outer ring to calculate the dynamical mass
via Equation Z8. I calculate the mass at 3.25 kpc, where the S/N is good enough
to constrain the fit, and note that the keg &~ 1 and V,n.s & V.ot at a radius of
3.25 kpc due to the Vygp > 0gas. I find a Mgy, = 1.1 £+ 0.2 x 10" Mg, which
is in excellent agreement to the intrinsic value of 8 x 10 Mg taken from the
simulation. The galaxy is also baryon dominated, as opposed to dark matter
dominated inside 6 kpc (see Table B), which is similar to what I found for my
U/LIRG sample in Chapter B.

Although I don’t explicitly look at inflows or outflows in this research, the PV
diagram in Figure -8 shows signatures of an outflow. If inflows and outflows are
ubiquitous in the high-z universe, as they appear to be in local U/LIRGs (e.g.
Perna et al., 2021), then HARMONTI will have the sensitivity to observe these.

The results in this section establish that LCARS correctly captures the under-
lying state of the ISM in the mock spectra, so mock observations from this pipeline
can become an excellent tool for testing HARMONT’s limits, in terms of spaxel scale,

S/N etc., across a wide range of galaxy masses and luminosities at cosmic noon.
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Figure 4.10: Radial profile of the dynamical ratio. The black line shows the intrinsic
profile, with the grey shaded region showing the 1o deviation. Red and purple points
show the values found by 3PBAROLO for the observed cubes with and without dust,
respectively. The four data points with no error bars show the value of the dynamical ratio
calculated on galaxy-wide scales (see Section B62), and as these values are independent
of radius they are placed at 3 kpc by choice. The dotted green line shows the criteria
threshold for a merger discussed in Section 224. The blue shaded region indicates gl’s
central 1 kpc and the shaded red region shows where gl didn’t have the requisite S/N to
fit kinematics. This figure is taken directly from G22, where the paper uses vy and o as
opposed to Vioy and ogas that I use in this thesis.

4.5 Addition of Dust

While the cube with no extinction is a good test case, real galaxies contain dust,
which affects the estimated SFR and may lead to an incorrect determination of
the kinematics and morphology of a galaxy. As explained in Section B=32, dust is
added to LCARS cubes by assuming a column of dust between the emitting region
and the observer, and the column density of dust is a function of the dust to gas
phase metallicity ratio. The ratio was set to 1%, and this ratio was chosen as it
gives a galaxy wide Ay of ~ 0.9 mag, which allows the study of how moderate
dust obscuration impacts recovery of the true properties of gl. As mentioned in
Section =32, the dust to gas phase metallicity selection is an arbitrary choice
applied in the LCARS pipeline and the user can scale it if they want to study

environments with more or less dust.



4. On the Viability of Determining Galaxy Properties from Observations 134

Ha (with dust) ™ . HB (with dust)
- 10°
o m . ]
0.5 " il 05 - ,
10~
— - ]
) 0
£ - ¥ £ 0 —rr 3
: e : e e :
A e T R e 5 - i, (WTE s
s 0 Ma - n 5 0 . - ¥ pm .
° = = o 9 - «F :ll o
9 @ 2 o B y 9
91 =i -|L < ._ -y 102
" P
[ ||.I
05 o 0.5
e 2 kpc 9. 2 kpc -
+
-0.5 0 0.5 -0.5 0 0.5
ARA (arcseconds) ARA arcseconds

Figure 4.11: Left: Intensity map of the Ha emission line for gl with dust included.
Right: Intensity map of the Hj3 emission line with dust included. Using the same method
as the dust-free cubes, I performed a continuum subtraction and made a 50 cut on each
channel. A scale bar is shown in the bottom left of both plots for reference. I once again
note that I am using two different colour scalings.

4.5.1 Star Formation

The flux ratio of emission lines is often used to correct for dust and find the intrinsic
luminosity of a given emission line. A common method involves taking the ratio of
Ha to HB, as these are relatively bright rest frame optical lines and their intrinsic
flux ratio is set by quantum mechanics. To correct for dust, and find the intrinsic

luminosity of Hey, T use the prescription of Dominguez et al. (2013):

LHa(int) = LHa(obs) 100.4AH& = LHa(obs) 100-4k()\)E(B_V) (44)

where

Ao =33+080E(B - V) (4.5)

and

E(B-V)=

2.5 <Ha/H/3)obs] (46)

lo

EOw,) = kQu,) [(Ha/ﬂmm
where Liq(int) and Liqa(obs) are the intrinsic and observed luminosities, Ay, is the
extinction at the wavelength of Ha and k() is the value of the extinction curve at

a given wavelength. The (Ha / Hf);y ratio equals 2.86, for case B recombination,
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as calculated from quantum mechanics (e.g. Osterbrock and Ferland, 2008). I use
a Fitzpatrick (I999) attenuation curve to be consistent with the extinction curve
used in LCARS which gives pre-factors of 2.5 / (k(Am,) - k(An, ) = 1.5. Once again
I extract an Ha and Hf integrated spectrum inside a radius of 6 kpc, fit a single
Gaussian to the emission line and integrate beneath the curve to get a flux for both
lines. This gives us a dust corrected SFRy, = 62 + 15 My yr—!, with the large
errors arising from the error in the Ay, in Equation B23. This is in agreement with
the SFRy, = 60 & 4 My, yr~! found in the cube without dust, showing that I can
recover the true SFRy, when correcting for dust using the Hy emission line.

If, hypothetically, I only had a K-band observation (Hf is in the H-band at z =
2.2) and no other method of correcting for dust, I would get an uncorrected SFRy,
= 32 &+ 2 Mg yr !, signifying that approximately 50% of the SFR is ‘missing’
without accounting for dust, i.e. the unobscured SFR is 50% of total SFR. If
this were a real galaxy this ‘missing’” SFR should approximately equal the dust
obscured SFR calculated from the IR SED, as the total SFR of a galaxy is equal
to the unobscured SFR plus the dust obscured SFR. In this case, the hypothetical
SFRr is roughly 30 M, yr~!, and this would make gl a LIRG. Following the
same logic, I can estimate the spatial distribution of the dust obscured SFR by
subtracting the LCARS cube with dust from the LCARS cube without dust, and

this is shown in Figure B2

4.5.2 Kinematics

Now that I have demonstrated the addition of dust doesn’t impact the SFR esti-
mates, any biases introduced by dust into the kinematic fit need to be checked. I
fit a 3P BAROLO model to the cube with dust, using the same procedure as the
cube without extinction, and the best fit kinematics are overlaid on the intrinsic
values in Figure 9. The results match both the intrinsic kinematics and the values
found in the non-extinct cube. The only difference is the S/N only allowed 7 rings
to be fitted, as opposed to the 8 rings in the non-dust observations, and I fit both

sides of the galaxy simultaneously (as a reminder I fit the approaching side in the
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Figure 4.12: An estimate of the dust obscured SFR by subtracting the Ha cube with
dust from Ha cube without dust. The resulting flux, is the flux that has been attenuated
by the screen of dust model implemented in LCARS. This flux was converted to an SFR
using the method explained in Section B2

non-dust cube). Some bubbles of high velocity gas, that forced the best fit Vi,
higher when fitting both sides in the dust free cube, have been attenuated by the
dust. As the observations with dust are more realistic, this reinforces that fitting
a model disk to HARMONTI observations can recover the intrinsic kinematics.
From the best fit model I get a Vo / 0gas = 5.8 £ 1.2 matching that of the dust
free dynamical ratio. I find a Mgy, = 9.6 + 2.0 x 10" M, which is in agreement

with the intrinsic value and the dust free observed value.

4.6 Discussion

4.6.1 An Interacting Galaxy Can Have Similar Properties
to an Isolated Galaxy

Despite being an interacting system, with the two galaxies having a separation of ~
10 kpc, and a mass ratio of 20:1, gl’s observed properties are consistent with that of
an isolated galaxy. It has a disk-like morphology, with a V,u / 0gs ~ 6 consistent

with that seen in isolated disks. The 1st and 2nd moment maps display a clumpy
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structure and spiral arms, but no clear signatures of disturbed kinematics. If I were
to observe this system with a seeing limited resolution and/or poorer sensitivity
than HARMONTI it would be difficult to infer if this was an interacting system. It
is on the MS (Figure @) and has relatively extended regions of star formation
observed out to a radius of ~ 4 kpc. I don’t observe tidal tails or other telltale
signs of an ongoing merger (e.g. Veilleux et al., 2002, Kartaltepe et al., 2010).

It may be that interacting systems and minor mergers are ubiquitous at cosmic
noon, but if a galaxy retains its disk like structure and ordered rotation, it is very
difficult to categorize them as interacting. For example, in Chapter B, I found ~
40% of MS luminous IR galaxies have disk like properties based on their dynamical
ratio. Using the methodology of Section 2244 the HARMONI mock observation
would be classified as isolated, so it seems likely at least one of my KMOS sample
may be undergoing a minor merger or interaction and would be reclassified as such
if high spatial resolution observations were available.

It can also be argued that if below a certain mass ratio interactions don’t
have an impact on a galaxy’s structure or SFR, then misclassifying a system as an
isolated disk (or vice versa) doesn’t impact our understanding of the triggers of star
formation. E.g. merger/interaction induced star formation only becomes important
above a certain mass ratio threshold, as below this threshold minor interactions
only cause a small perturbation to the SFR, which is driven by internal steady state
processes. With the new generation of telescopes, starting with JWST, providing
much greater spatial resolution and/or sensitivity, this is a topic that will become

increasingly relevant in the coming years.

4.6.2 Observables in the High-z Universe

It is often ambiguous which o4, to use when calculating the dynamical ratio, and
various definitions seem to be used throughout the literature. For example, instead
of the flux weighted V,o / 0gas that I used in Section B474, I could fit a functional
form to the radial values of V.o and 04,5, and calculate the dynamical ratio from the

asymptotic values (i.e. Vi / 09), or I could use the oy, from the best fit Gaussian
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profile to the Ha emission line. I could use a similar method to Section 2244 and
use a redshift re-scaled velocity dispersion to compare to the local universe. What
is clear is that there is no one definition of Vo / 0gas and when comparing samples
from across the literature, it is often not comparing like with like. Also, even for my
resolved dynamical ratio, plotted in Figure B0, each ring is ~ 500 pc in diameter,
so I am not probing the smallest scales on which star formation happens. Applying
a stability criterion, such as Vi / 0gas, can indicate a disk is stable at large scales,
but the disk can be turbulent and unstable on much smaller scales (e.g. Agertz
et al., 201H), so measures of disk stability should be treated with care.

But, whichever of the above methods I choose I always get Vio / 0gas >
2.5, with the lowest value of ~ 2.5 for the o4, taken from the best fit Gaussian
profile. Irrespective of the method, I wouldn’t misclassify the galaxy as dispersion
dominated, so it seems Vo / 04 can be useful to classify late type from early
type galaxies, and possibly major mergers, but I cannot rule in or out interactions
and minor mergers, and more sophisticated indicators are required. In Chapter B
I will look at a range of indicators to see which, if any, can be used to differentiate
between different stages in a galaxy’s evolution.

Another caveat, when fitting kinematics and using the resulting information
to gain insight, is I am implicitly assuming the luminosity accurately traces the
underlying distribution of mass. Inflows and outflows driven by feedback from star
formation can cause local pockets of Ha in the disk to move ahead or behind the
circular velocity of the galaxy. If these inflows correspond to low density, high
velocity structures which have low mass but a strong photon weighting, this can
bias the fit and make it difficult to get an accurate V., for a galaxy. This is
especially relevant at high-z as disks are more turbulent (e.g. Ubler et al., 2017)
and normal star forming galaxies have an SFR an order of magnitude higher than
the local universe (e.g. Speagle et al., 2014), with associated feedback, assuming
it scales with SFR.

I mentioned in Section B2=3 that I found a better match to the intrinsic V,q

by fitting the approaching side, as although there are perturbations, the disk had
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Figure 4.13: Left: Intensity map of the Ha emission line for gl with dust included for
the 10 hour integration time, with a 50 cut on each channel. Right: Intensity map of
the Ha emission line for gl with dust included for an 0.5 hour integration time, with a
50 cut on each channel.

a relatively smooth velocity field. The receding side of the disk had more regions
deviating from the intrinsic V... This can be seen in the top left plot in Figure
B0, where clumps can be seen in the 1st moment map deviating from a smooth
circular velocity. At lower spatial resolution, these perturbations can be smoothed
out, making a parametric kinematic model easier to fit. Overall, fitting to both
sides, as opposed to the approaching side, only shifts the inferred de-projected V.,

by a few 10s of km s~!

, so would still be a good match to the intrinsic rotation
curve. But care must be taken when fitting a model to a more perturbed disk, and

I will explore this in more depth in the next chapter.

4.6.3 Integration Time

As mentioned in Section BZ373, I have deliberately used long integration times (5
- 10 hours) for these observations, to maximize the S/N in the outer disk without
having to re-bin data. I re-did the mock data cubes with integration times of
30 minutes for the cube with dust, and the analysis in this chapter is broadly
replicable at these integration times. The uncorrected SFRy, is 31 & 2 My yr—!
and the dust corrected SFRy, is 69 £ 17 Mg, yr—!, within a 6 kpc radius aperture

centred on the peak of the continuum, which matches the 10 hour integration
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Figure 4.14: Moment maps from the 0.5 hour mock observations, with dust, and the
best-fit rotating disk model. Top left: The observed 1st moment map. Top middle: 1st
moment map from the best-fit model. Top right: The residual velocity field. Bottom
left: The observed 2nd moment map. Bottom middle: The best-fit 2nd moment map.
Bottom right: The residual velocity dispersion.

observation. The clumpy nature of star formation is also evident in the shorter
observation time, as seen in Figure B—T3.

The kinematics appear accurate out to ~ 2.5 kpc before the S/N drops off,
which can be seen in Figure B4, I recover a V,o / 0gas 0f ~ 6, which matches
the dynamical ratio calculated from the higher S/N cube. The PA differs if I don’t
force the fit, as most of the high S/N regions lie off the major kinematic axis.
This doesn’t change any kinematics results but if comparing the kinematic PA
with a hypothetical PA derived from fitting from optical photometry, for example
HST ACS imaging, one may conclude the kinematic PA is offset from the optical
disk inclination by ~ 20° (e.g. Rodrigues et al., 2007 did this type of analysis
with HST and KMOS data).

Depending on the science goal, determining kinematics out to ~ 2.5 kpc may
be sufficient. If the outer regions of the disk need to be explored, for example

to check if rotation curves stay flat or decrease with increasing radii at high-z
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(e.g. Lang et al., 2017, Genzel et al., 2020), then longer integration times may be
required. I didn’t push the analysis to shorter observation times or re-bin the data,
for example with Voroni binning (Cappellari and Copin, 2003), to try to recreate
the kinematics, as the aim of this research was to check if the intrinsic properties of
high-z galaxies are imprinted on their spectra. The threshold at which the analysis

breaks down is outside the scope of this chapter and left for future work.

4.7 Conclusion

This chapter used a state of the art new pipeline to explore whether it is possible
to accurately recover the properties of a high-z galaxy using the HARMONTI spec-
trograph. Mock observations of the Ha and HfS emission lines were constructed,

and I applied various analysis techniques used throughout the literature to reveal:

1. The morphology of the observed Ha emission line closely resembles the map
of stars formed in the past 10 Myr taken directly from the NewHorizon
simulation. I found an SFRy, of 60 & 4 Mg yr~! in the cube without dust,

and this inferred SFR correctly places the galaxy on the MS.

2. The kinematics found by fitting a model to the Ha emission line were consis-
tent with the asymptotic V,o ~ 360 km s™! and 0gas ~ 30 km s71. T found
a dynamical ratio of ~ 6 and a Mgy, = 1.1 £ 0.2 x 10'® M, which are in

agreement with the intrinsic values.

3. The addition of moderate dust obscuration does not affect the recovery of
the underlying properties of the galaxy, which is important as star forming
galaxies at z ~ 2 are dust enshrouded. I get a dust corrected SFRy, of 62 +
15 Mg yr—!, dynamical ratio of 5.8 £ 1.2 and Mgy, = 9.6 &+ 2.0 x 10 M

when analysing the cubes with dust.

4. Despite being an interacting galaxy, gl displays observational signatures

consistent with being an isolated disk. This suggests that an interacting
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pair of galaxies with mass ratios of 20:1 may be difficult to infer at high-z

without deep high spatial resolution observations.

5. The results in this chapter are broadly replicable in an integration time of 30
minutes in the cube with dust. Depending on the science goal, HARMONI
will be able to observe a target in minutes and will push our understanding

of the internal structure of star forming galaxies at cosmic noon.

I have established that HARMONI observations can adequately capture the un-
derlying global properties of a massive star forming galaxy at cosmic noon, and
the exceptional spatial resolution allows the internal structure of a MS galaxy to
be studied at this epoch. LCARS, in addition to HSIM, provides an excellent
new tool for testing models of the high-z universe. It will allow us to probe what
phenomena will be possible for HARMONI to observe, and allow testing of new
analysis tools before HARMONTI first light. Now that I have shown the pipeline
encodes the underlying state of the galaxy, in the next chapter I will build on this
and look for observables that can help discriminate between different stages of

a galaxy’s evolution.
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5.1 Introduction

Key to translating future high spatial resolution observations into knowledge of the
high-z universe is not only determining how a galaxy’s properties are encoded into
its spectral lines, but how do these observational signatures change as a galaxy
interacts with its environment. We need to know which observables allow us to
deduce a galaxy’s SFH and surmise what observables are degenerate with multiple
underlying properties of a galaxy.

In this chapter, I will tackle these issues by building on the analysis and results
of Chapter B. I will present further mock HARMONI observations of a z ~ 2
star forming galaxy and track how the observational signatures change as the
galaxy undergoes a minor merger. This work will help interpret future HARMONI
observations and aid in translating the information from spatially resolved emission
lines back to the underlying state of the ISM and star formation.

As well as testing observables, I will also try to gain insight on questions posed
in Chapters B and B, such as: how do minor mergers affect the dynamical ratio?,
can minor mergers at cosmic noon be missed by observations?, how is the SFE
linked to interaction stage?

Much of this thesis has examined the suggested bi-modality of star forma-
tion, the story of mergers versus steady state processes, and their link to the
MS, starbursts and the transition region. This topic has so far been explored
by observational data, presented in the previous chapters, so simulated galaxies
and mock observations will offer a different way of approaching this subject and

offer new insight.

5.2 Mock Observations

As the galaxy pair described in Chapter @ evolved through cosmic time in NewHori-
zon, a third galaxy approached with a low impact factor and underwent a head
on collision, as g2 was continuing to inspiral into gl. Taking advantage of this

serendipitous minor merger, I now study three snapshots of the system over the
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Table 5.1: Properties of the galaxy selected from NewHorizon.

Snapshot 1 Snapshot 2 Snapshot 3

Object < 6kpc! < 15kpc? < 6kpe < 15kpc < 6kpe < 15kpce

log(M, / Mo)® 10.74  10.77  10.88* 10.93 1082  10.95
log(Mges / Mo)* 1028 1034 1034 1068 1036 10.70
SFR M, yr']° 38 40 34 40 198 209

! Within a radius of 6 kpc centred on the peak of the continuum of gl, the
main galaxy.

2 The full FOV of the LCARS cube is approximately 30 kpc, so a radius of
15 kpc captures the entire system.

3 Stellar mass.

1 Gas mass.

5 Average star formation rate in the previous 10 Myr.

& The M, within the 6kpc radius aperture is greatest in snapshot 2, as the
infalling satellite, g3, is within the aperture in snapshot 2, whereas it falls
outside the aperture in the other two snapshots.

course of this merger. The first snapshot is the one described in the previous
chapter, and I will still refer to both galaxies as gl and g2. This snapshot counts
as the pre-merger phase as although gl and g2 are interacting, gl’s properties are
consistent with that of an isolated disk, as discussed in Section E61. The second
snapshot occurs ~ 400 Myr after snapshot 1, when gl is undergoing a direct collision
with a third galaxy (g3) with a mass ratio of ~ 4:1, and the nuclei are separated
by ~ 2 kpc (g2 is still inspiraling, but as in the first snapshot it appears to have
a negligible impact on gl). The third snapshot is taken when g3 has just made its
first pass through gl and the two nuclei are separated by ~ 7 kpc. These three
snapshots allow mock HARMONTI observations of a minor merger to be made, and
help determine the observational signatures of three different stages of a merger.
Just to be clear, although this is a three body interaction, g2 appears to be having
very little impact on the system, so it is effectively a two body interaction (gl and
g3), and throughout this chapter when I discuss the merger I am referring to gl
and g3 only, unless g2 is explicitly mentioned.

Once again, each snapshot is passed through LCARS to compute the Ha emis-
sion line and its underlying continuum, both with and without dust. I then create

mock HARMONTI observations of all three snapshots using HSIM. All details are
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Figure 5.1: Left column: Continuum subtracted intensity maps of the Ha emission
line in the observed cube without dust for snapshot 2 (top) and snapshot 3 (bottom).
Right column: Continuum subtracted intensity maps of the Ha emission line in the
observed cube with dust included (snapshot 1 comparison is in Figure B11). All maps
use a bo cut and a scale bar is shown in the bottom left of all plots for reference. The
general morphology is similar with and without dust, with the main difference being the
brightest Ha clumps are more heavily attenuated than the fainter regions, and some inter
clump emission is below the S/N threshold.

the same as in Section B33 and I include the same HSIM parameters again for easy
reference in Table B2. As in Chapter B, all three snapshots were placed at z = 2.2.

One of the LCARS products is a continuum only cube with the same spectral
coverage as the emission line cube. In addition to the Ha mock observations, I
mimic the continuum that would be observed on either side of the emission line in
a K-band observation (1.951 - 2.469 um, R = 7104). Instead of stitching together
multiple continuum cubes until the spectral window of the continuum cube matched
that of the entire K-band, I increased the exposure time in HSIM. Each continuum

cube’s spectral window is ~ 4% the width of the K-band (cube: 0.021 pm, K-band:
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Table 5.2: HSIM settings used for the mock observations.

Parameter Setting
Integration Time 900s
Number of Integrations (without extinction) 20
Number of Integrations (with extinction) 40
Band K
Spaxel Scale 20 x 20 mas
Adaptive Optics Mode LTAO
Atmospheric Seeing 0.57"
Airmass 1.1
Moon Illumination 0
Telescope Temperature 280 K
Atmospheric Differential Refraction True
Detector Systematics False
Jitter 3 mas
Noise Seed 10

0.52 pm), so if I assume a roughly constant continuum I would expect ~ 25 times
as many continuum photons if observed in the K-band, i.e. it would take 25 of the
continuum cubes stitched together to cover the K-band. Therefore, I observe the
continuum cube for 25 times longer than the Ha mock observation, by changing
the number of integrations. All settings, except for the number of integrations,
were kept the same as the Ha mock observations (Table 52).

For full disclosure, snapshot 2 was run with an updated version of LCARS, with
the previous version used to run to snapshot 1 and snapshot 3. This update made
slight changes to how LCARS processes the metal lines and no changes were made
to how LCARS treats hydrogen. As I only use the hydrogen emission lines and the
underlying continuum, the analysis, results and conclusions in this chapter will not
change when snapshot 1 and snapshot 3 are processed through the new pipeline,

albeit the absolute values may change slightly.

5.3 Analysis

In Chapter @, I revealed that the mock IF'S cubes captured the intrinsic properties
of the underlying galaxy. In this chapter, I will no longer compare each observable

to the intrinsic values taken directly from NewHorizon, as continually saying the
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observations and intrinsic values agree within error adds no further information
to my results. Unless otherwise explicitly stated, the observed intensity maps,
kinematics, SFR etc. agree with the simulated data. The goal of this chapter is
to treat all three snapshots as if they were real observations and investigate what
I can infer from the observables.

To reiterate, the first snapshot takes place around 400 Myr before the other
two snapshots (see Figure B2), and snapshots 2 and 3 are only separated by ~
30 Myr. Throughout this chapter I will be plotting observables from the three
snapshots and I space all three snapshots equally on the plots. These should not
be interpreted as a rate of change between the three snapshots, and the plots just

show how the observables have changed between all three.

5.3.1 Moment Maps

I made intensity maps of both the continuum and Ha emission, for cubes with and
without dust. The intensity maps of the Ha lines are created using the methodology
outlined in Section B271. For the continuum maps I integrated across all channels

2 arcsecond 2

in the continuum only cubes to get a value in units of erg s™! cm™
and then divided this by the width of the cube to get the continuum value in units
of erg s7t em™2 um™! arcsecond™2. The maps are shown in Figures 52, 51 and B3.
As a proviso, the continuum cube contains no emission lines and if this were a full
K-band mock observation I would need to mask channels with emission lines first,
before integrating the cube. Therefore, the S/N in a map from a continuum plus
emission line cube would differ than those presented here (it would also depend on
the spectral shape across the K-band in a real observation).

Qualitatively, as with snapshot 1, the Ha in snapshot 2 and snapshot 3 shows
a clumpy structure, in both the dust and non-dust maps, with most star formation
taking place within a few bright clumps. The main difference between the cubes

with and without dust is some flux from the diffuse inter clump regions is below the

S/N threshold, and the contrast between bright and faint regions is less pronounced
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Figure 5.2: Left column: Continuum subtracted intensity map of the Ha emission
line in the observed cube without dust for snapshot 1 (top), snapshot 2 (middle) and
snapshot 3 (bottom). Right column: Intensity map of the optical continuum in the
same FOV as the left column. All maps use a 50 cut, and a scale bar is shown in the
bottom left of all plots for reference. The intensity maps are centred on gl, and g2 can be
seen at the top of snapshot 1, and it appears within g1’s disk in snapshot 2 and snapshot
3. g3 doesn’t appear in snapshot 1 and is the second nucleus to the south in snapshot 2.
In snapshot 3 it has passed through gl’s disk and is located at the north-most peak in
snapshot 3’s continuum map.
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due to the dust more heavily attenuating the brighter regions in comparison to
the fainter emission.

For the dust and dust-free continuum, the morphology is similar in snapshot
1 and snapshot 3. As with the Ha maps, the main difference is the contrast
between bright and faint regions is less pronounced. Snapshot 2 displays the largest
difference, with the southern nucleus (g3) being much more heavily attenuated by
dust than the northern nucleus. In both snapshot 2 and snapshot 3, the g2 nucleus
appears within the disk of g1, albeit its nucleus is faint compared to the nuclei of
gl and g3. All three galaxies are marked on the maps shown in Figure Bh2.

Looking at both Ha and continuum maps, the spiral arm structure is clear in
snapshot 1. In snapshot 2, the continuum nuclei are co-spatial with the strongest
regions of Ha emission, with the southern nucleus (g3) being brighter in Ha. In
snapshot 3, g3 has passed through the disk of g1, and is now located to the north

of g1, causing a clear asymmetry in the Ha and continuum intensity maps.

5.3.2 Kinematics

It is expected that a merger would perturb the observed kinematics, so once again
I fit a kinematic model to all the snapshots, and use the same method described
in Section B4=3 As in the previous chapter, I only focus on the main galaxy, gl.
Snapshot 1’s kinematics have already been presented in Chapter Q.

For snapshot 2 I fit the receding side, as g3 is in-falling at the approaching side.
This fit is only constrained within ~ 2.5 kpc as the S/N is not adequate beyond this
radius at the receding side. I set the inclination to 35°, as this was the value input
into LCARS, and let 3P BAROLO select the best PA. This snapshot is difficult to
model as gl appears to be rotationally dominated, although the ordered rotation
is disturbed in the approaching side of the disk, due to the impact of g3. Also,
¢3’s own kinematics are superimposed on top of g1, and is causing a huge spike in
the velocity dispersion in the region surrounding the infalling nucleus (see Figures
69 and B4). And, although its effect is small compared to g3, g2’s kinematics

is also superimposed to the northwest of gl. I attempted fitting both sides while
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Figure 5.3: Left column: Intensity map of the optical continuum in the HSIM cube
without dust for snapshot 1 (top), snapshot 2 (middle) and snapshot 3 (bottom). Right
column: Intensity map of the optical continuum for the cubes with dust included. All
maps use a 50 cut, and a scale bar is shown in the bottom left of all plots for reference.
Snapshot 1 and snapshot 3 have a similar morphology with and without dust, with just
the contrast between the brightest and less bright clumps changing. In snapshot 2 the
second nucleus begins to disappear and if there was a higher dust to gas phase metallicity
ratio, it would be difficult to conclude that this was a merging galaxy based on just rest
frame optical photometry.
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Figure 5.4: Position velocity diagram (output by *’BAROLO) along the major
kinematic axis for the mock observed cube with dust included. The black contours
show the observed flux, with the red overlaid contours representing the S°PBAROLO best
fit model. The yellow points are the Vo calculated for each ring in the model disk.The
y-axis shows the projected rotational velocity and is denoted Vipg. gl shows a clear
rotation, with the infalling g3 causing a disturbance at ~ 0.3”. The best fit model was
truncated ~ 0.25” to prevent g3 from biasing the fit of gl’s disk. The reasoning behind
fitting a model rotating to an ongoing minor merger disk is discussed in Section B2l
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Figure 5.5: The description of the figure is the same as in Figure b4. This PV plot
shows signatures of a perturbed rotating disk. There is clear evidence of fast moving gas
at the centre of the galaxy, which corresponds to a compact region of high SFR.
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truncating the model at ~ 1.5 kpc, and the results are similar to fitting the receding
side only, with the V., differing by ~ 40 km s and o, differing by ~ 5 km s~
Trying to fit both sides simultaneously beyond this radius means the 3? BAROLO
model breaks down, as axial symmetry no longer holds.

Snapshot 3 was fit to both the approaching and receding side simultaneously.
The inclination was set to 25° (directly from LCARS), the best fit PA was left to
the algorithm, and the ring size was selected to be 0.16”. In this snapshot, g3 has
passed through and perturbed gl’s disk, as seen in the top left of Figure bZ4. The
larger ring width was selected to give a smoother kinematic fit, as a narrower ring
increased the variance in the best fit V.o and ogs. Allowing the radial velocity
parameter to be a free parameter also improved the fit. This gave the rings a radial
velocity of between -20 km s™! and 20 km s~ (with one outlier of ~ 100 km s™1)
which had the effect of damping the variance in V. so that the ring with the lowest

velocity went from 294 to 311 km s™!

and the ring with the highest velocity went
from 378 to 364 km s~! in the cubes without dust (there was a similar outcome for
the cube with dust). The PV plot in Figure 53 shows signatures of a disturbed
rotating disk with a large dispersion, and fast moving gas in the centre of the disk
where the central starburst is taking place.

As in Chapter @, the kinematics in the cubes with and without dust agree
within error for snapshots 2 and 3, so I only include the maps from the cubes with
dust included in Figures 68 and 670, I also use the same method for error anal-
ysis, running P BAROLO an additional ten times, keeping all best fit parameters
constant while allowing one at a time to vary, and I then calculated the standard
deviation of each parameter from these ten runs.

Snapshot 2 and snapshot 3 have been challenging to fit and the best fits contain
large residuals, as shown in Figures b8 and b7. Kinematic modelling algorithms
generally assume some form of axial symmetry and a smooth disk, and do not
suit high spatial resolution observations where the internal structure has large
deviations from a smooth ring (e.g. *PBAROLO) or a parametric model (e.g.

GalPak®P). Inspection of the Oth, 1st and 2nd moment maps show that the
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Figure 5.6: Moment maps from the mock observations and best-fit rotating disk model
from the observations with dust included. Top left: The observed 1st moment map.
Top 2nd from left: The observed 1st moment map masked at a radius of ~ 2.5 kpc
from the centre of g1, the region in which I confined the *? BAROLO model. This area
of this mask is equal to the ellipse plotted in the leftmost column. Top 2nd from
right: 1st moment map from the best-fit model. Top right: The residual velocity field.
Bottom left: The observed 2nd moment map. Bottom 2nd from left: The observed
2nd moment map masked at a radius of ~ 2.5 kpc. Bottom 2nd from right: The
best-fit 2nd moment map. Bottom right: The residual velocity dispersion.

galaxy is perturbed from a simple disk yet also display signatures of a rotating
disk (see also the PV diagrams in Figures b4 and B3H). While an axisymmetric
kinematic model that assumes ordered rotation is not a perfect fit to the data,
it is a good first order approximation. Much of our current observations of the
high-z universe have small scale perturbations smoothed out due to seeing limited
resolution, or larger beam sizes, so a smooth axisymmetric model works well (in
theory ALMA can achieve the 20 mas resolution of HARMONI, but a 20 mas
beam size would require long observation times to achieve even a moderate S/N
for a typical FIR emission line flux in a normal star forming galaxy at high-z,
making these observations impractical).

For real observations, the PA and inclination would have to be determined from
a galaxy’s morphology and its intensity maps. I used the ‘Fit Kinematic PA’ code

implemented in Krajnovic et al. (2006) and Cappellari et al. (2007) to test the
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Figure 5.7: Moment maps from the mock observations and best-fit rotating disk model
for the observations with dust included. Top left: The observed 1st moment map. Top
middle: 1st moment map from the best-fit model. Top right: The residual velocity
field. Bottom left: The observed 2nd moment map. Bottom middle: The best-fit
2nd moment map. Bottom right: The residual velocity dispersion.

robustness of my results, and this algorithm agreed with the PA of my best fit
model. In general, finding an inclination in a real observation is challenging. Using
a Sérsic model, with the Sérsic index as a free parameter, in GALFIT (Peng et al.,
2010), I can get an inclination within 10° of the known inclination, so setting the

inclination to the known value from LCARS does not bias my results.

5.3.3 Morphology
Clumps

It is clear from the Ha intensity maps of the three snapshots that the galaxies
host clumpy star formation. To quantify the size and number of clumps I used
the method of Lenkic et al. (2021), in which they studied the clumpy nature of
local turbulent disks which are thought to be local analogues to MS galaxies at
cosmic noon (Green et al., 2004). This method uses an ‘unsharpening’ masking

technique which removes low-frequency components from the intensity map so that
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the clumpy structure, which correspond to high spatial frequencies, is enhanced.
First, the intensity map is convolved with a Gaussian kernel with a FWHM of
15 pixels to produce a smoothed map. A sharpened image is then produced by

blending the original and smoothed maps via:

Sharpened = original + (original — smoothed) x constant (5.1)

where the constant determines the lightness or darkness of the edge borders. An
edge in image analysis is defined as a rapid variation in the intensity of neighbouring
pixels, i.e. high spatial frequencies, and the lightness and darkness refers to the
steepness of the gradient of the intensity. I chose a constant value of 15 as per
the method of Lenkic et al. (2021).

I then apply a clump finding algorithm to the sharpened images shown in the
top row of Figure 5. As in Lenkic et al. (2021), I use the blob_log algorithm in
scikit-image Python package (Walt et al., 2014). This algorithm uses the Laplacian
of Gaussian method, which first convolves an image with a Gaussian filter and
then takes the Laplacian of this image. This method elicits a strong response for
clumps in an image, as the peak of each clump is a local maxima. The response is
maximized when the size of the Gaussian filter is similar to the size of the clump,
so the algorithm finds clumps by cycling through a range of kernel sizes, with the
maximum, minimum and step size specified by the user.

I impose that clumps must have a minimum of a 30 enhancement above the
sharpened image background and a minimum diameter of 4 pixels so that each
clump has at least two spatial resolution elements. Therefore, the minimum stan-
dard deviation of the Gaussian kernel is 2/ V2 (maximum response occurs at the
zeros of the Laplacian of a Gaussian where the radius = 4/20%). I assume a
maximum diameter of 12 pixels to let the algorithm search for kpc size clumps, and
I vary the Gaussian kernel in steps of 0.05. The clumps found by the algorithm
are plotted in Figure BS.

2 2 2792
1v2 e T /20 x (7,,2 —20’2)6 r* /2o
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Figure 5.8: Top row: The sharpened Ha maps of gl with dust included, used to
identify Ha clumps, for all three snapshots. These are created using the methodology
outlined in Section B2373. Bottom row: The circles show the individual clumps found
by the clump finding algorithm described in BZ33.

Non-parametric Morphology

The morphology of a galaxy is often investigated by fitting analytical models to
the surface brightness, and using the parameters of this model to categorize a
galaxy, e.g. half-light radius, Sérsic index, axis ratio. Non-parametric methods
do not use a fixed functional form and can more easily capture small scale and
irregular structure that can be associated with merging and interacting systems
(e.g. Forster Schreiber et al., 2OTT, Baes et al., 2020).

The Gini co-efficient, introduced in Abraham et al. (2003), is a measure of the
uniformity of the flux distribution within in the intensity maps of a galaxy. It
can take a value between 0 and 1, with G = 0 denoting a constant flux across
all pixels and G = 1 indicates that all the flux arises from a single pixel. The

Gini co-efficient is defined as

6= I Z (2 — Ny — 1) f; (5.2)
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where f is the mean flux in the sky subtracted pixel, Npix is the total number of
pixels in the image and f; is the sky subtracted flux in the i’th pixel. The pixels
must also be sorted in order of increasing flux.

The My indicator (Lotz et al., 2004) is a measure of the second order moment
of the brightest 20% of the intensity maps versus the total second order moment
of the light distribution. The total second order moment is calculated as

Npi(L‘

My = Y filles — 2] + (4 — uel)) (53)
where f; and N are defined as above, x; and y; are the pixel location, and x. and

y. are the centroid of the light distribution, which I determined from the centre of

the continuum map. The second order moment of the brightest 20% is found by

Mbright = Z Mi; Whlle Z fZ < O'thot (54)

where f;,; is the total flux arising from the galaxy. Myg is then defines as

Myright
Moy = lo e 5.5
20 910( M,, ) ( )

The My indicator is sensitive to bright off-centre structures, so is helpful to iden-
tifying merger signatures such as multiple nuclei.

The asymmetry index quantifies the rotational symmetry/asymmetry of the
light distribution in a galaxy. It is calculated by rotating the intensity map by

180° and subtracting it from the original map:

g 1 fig — 30
Zi,j | fzy|

where f; ; is the flux from the i,j’th pixel in the original map and filg-o is the i,j’th

A:

(5.6)

pixel in the rotated map.

Applying these non-parametric models requires care, as the inclusion of sky
pixels or the inclusion/exclusion of low surface brightness features can systemati-
cally increase or decrease the values calculated in the non-parametric models (e.g.

Lotz et al., 2004). When comparing the non-parametric models between my three
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snapshots I have ensured the same integration time for all three snapshots and
the same S/N cut, so that the same surface brightness threshold is used in all
three, in order to mitigate the effect of any systematic differences between the

three snapshots.

5.4 Results
5.4.1 Kinematic Signatures of a Minor Merger

Figure b shows the evolution of o4, in the three snapshots taken during the
course of the minor merger. In snapshot 1, the o4 peaks in the centre of the
galaxy, and most of the disk has a low 0g,. In snapshot 2, the in-falling nucleus is
driving a region of high oy, although much of the disk on the opposite side of gl
remains settled with similar og,s values to snapshot 1. In snapshot 3, 0,5 is clearly
higher in the centre of gl than in the other snapshots. Taking a simple average

1

over all spaxels in gl for each snapshot, I find a 0g4,¢ of 44 km s™" in snapshot 1, 51

1 1

km s™" in snapshot 2 and 68 km s~ in snapshot 3. This indicates that although
gl remains rotationally dominated throughout the minor merger, the o4, does
increase. These maps are fully in agreement with the o4, measured from fitting

1 to

the emission line with a single Gaussian, with the 04,4 going from 145 km s~
134 km s~! and finally 190 km s! in the non-extinguished cube, and 126 km s™!,
to 128 km s~! and 186 km s~! in the cubes with dust.

I have the requisite information to check how the Vo / 0gas changes through
the three snapshots, and to check if the dynamical ratio can be used to infer the
merger status of a galaxy. I use the flux weighted method described in Section
B2 for combining the Vo and 04,4 values found in each ring of the best fit model,
and the results are plotted in Figure 610. Snapshot 3 could be fitted out to a
larger radius than 6 kpc, but to be consistent with the other two snapshots, I only
applied the Vo / 0g4as calculation to rings < 6 kpc.

Both the cubes with and without dust follow a similar trend, with the dynamical

ratio decreasing from pre to post g3 perihelion. The dynamical ratio for the cubes

without dust goes from 6 £ 1.6, to 7.9 £ 6.9 and then 2 4+ 0.5 in the three
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snapshots, respectively. The values for the mock observations with dust are 5.8
+ 1.2, 9 +£ 2.8 and 34 + 0.5.

Snapshot 2 appears to have a higher dynamical ratio, albeit with huge errors,
due to fitting a truncated model disk to an ongoing minor merger. This shows the
Viot / 0gas indicator is not appropriate to use in this snapshot, as g3 is only ~ 2
kpc from the centre of gl so the kinematics of gl and g3 are superimposed (see
leftmost column in Figure 58). Fitting a simple axisymmetric disk model is not
adequate to disentangle two galaxies superimposed on each other. As discussed in
Section b=32 the model was fit to the ~ 2.5 kpc around the centre of g1, so the
Viot / Ogas is only tracing the inner region of gl which is still strongly rotationally
supported, as g3 hasn’t perturbed the central region of g1 yet. Therefore, I am not
comparing like with like in the three snapshots, as in snapshot 1 and snapshot 3 I
am calculating a Vi, / 0gas value for the entire galaxy (as far as S/N allows).

To place the three galaxies on an equal footing, I again use Equation B=3 to
get a flux weighted V,o; / 04as. But instead of calculating this quantity for the n
radial rings in the best fit model disk, I now take n to be each spatial bin, i.e. I
calculate a Vyo / 0gas for each pixel in the 1st and 2nd moment maps and then
compute a flux weighted sum. I take the inclination corrected V,q , from each
bin in the observed 1st moment maps (top left column in Figures BZ2, 64 and
677) and I use all values in snapshot 2, not just those inside the region in which I
fitted the model disk. Likewise, 040 Was taken from the observed 2nd moment
maps (bottom left column in Figures B2, B8 and 621). I then use the flux from
the intensity maps for the weighting and plug all these values into Equation B=3.
This method ensures I can use all values in snapshot 2 and compare each galaxy
equally, in that all spatial bins above the S/N threshold inside 6 kpc are used.
The results are shown in Figure HT.

I should note that the V,, is not corrected for bins being off the major
kinematic axis?, which means I am calculating a lower Viotn for all bins off the

1

major kinematic axis. But, as the intrinsic V. is ~ 350 - 400 km s~ in all three

2Vios.0bs = Viot.int c0s(6) sin(i), where i is the inclination and 6 is the angle between the major
kinematic axis and the vector connecting a given spatial bin to the centre of the galaxy.
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Figure 5.9: The evolution of the velocity dispersion from snapshot 1 (top left), to
snapshot 2 (top right) and finally snapshot 3 (bottom). The three maps are normalized
to the lowest 04,5 value found across the 3 maps, and all three have the same colour scaling.
The average og,s increases from snapshot 1, through snapshot 2 to snapshot 3 showing
the minor merger increased the observed og,s. These are from the dust free cube, but
the cubes with dust look similar, with the difference being some diffuse low og,s regions
are below the S/N cut.

snapshots, and [ am using the same 6 kpc radius region in all calculations, it follows
that the correction would be similar in all three snapshots, and this wouldn’t change
the decreasing trend of the dynamical ratio. A possible drawback of this method
is that it is sensitive to S/N as the outer regions of a galaxy tend to be more
rotation dominated, and these would be down-weighted in a flux weighted sum,
and could be below the noise threshold. Cappellari (2016) limit the calculation to
a region inside one effective radius, but in an observation like snapshot 2 and
snapshot 3, it is difficult to define an effective radius, due to the presence of

multiple nuclei. Also, correcting for cos(d) will become an issue when comparing
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Figure 5.10: Top: The evolution of the dynamical ratio for the three snapshots, with
similar trends found for the cubes with and without dust. Middle: The flux weighted
V5ot used to calculate the dynamical ratio. Bottom: The flux weighted g, used to
calculate the dynamical ratio. The V,o / 0gas decreases from the pre-merger phase
in snapshot 1 to snapshot 3, when g3 has passed through the disk of gl. The minor
merger perturbs gl’s disk and increases og,s, yet gl remains rotationally dominated.
The dynamical ratio breaks down in snapshot 2 as the kinematics of both gl and g3 are
superimposed in the line of sight and an axisymmetric parametric model cannot capture
the complex kinematics.

a sample of galaxies. This will be difficult, as dividing by a small number (cos(f)
approaches zero around the minor kinematic axis) can cause slight perturbations
in the circular velocity to blow up.

Dust seems to bias the dynamical ratio in both the methodologies I have used.
This is due to the cubes with dust having a systematically higher V o / 0gas than
the cubes without dust, as a lot of high o4, regions are co-spatial with high SFR

regions which tend to have higher dust column densities. Consequently, these
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Figure 5.11: The evolution of the dynamical ratio for the three snapshots, using the
flux weighted ratio of Vit / 0gas taken from each spatial bin within 6 kpc. Using this
method, the dynamical ratio doesn’t break down in snapshot 2, and the dynamical ratio
monotonically decreases as the minor merger progresses.

regions are heavily attenuated and down-weighted to a greater extent than more
quiescent star forming regions with less og,. If this was a much dustier system,
e.g. having a dust attenuation equivalent to the KMOS galaxies in Chapter B, the
Viot / 0gas may be driven to higher values.

Referring back to Section B3, different measures of o4, have been used
throughout the literature and each have their merits. The differing definitions
mentioned in that section all reveal the galaxy to be rotationally dominated, with
the calculated V,o, / 0gas > 2 for snapshot 3 irrespective of which method I use,
with Vot / 0gas > 2.5 for both snapshot 1 and snapshot 2. If I use the o, from the
outer regions of the disk (= oy as the outer rings are approaching an asymptotic
value), Vio / 0gas > 5 for snapshot 3 and > 10 for snapshot 1 and snapshot 2.

One consistent result amongst the methods is that V o / 0gas decreases between
snapshot 1 and snapshot 3, as shown in Figures bI0 and bT1. This is due to the rise
in the velocity dispersion as the minor merger proceeds, clearly seen in the bottom

two panels in Figure b0 and also the maps in Figure b9. The V,y; doesn’t change
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Figure 5.12: The non-parametric morphology indicators: Gini co-efficient, asymmetry
index and the Mgy indicator, plotted against each other for the three snapshots. The red
data points correspond to the cubes with dust, and the blue data points are from the dust
free observations. I have used the same methodology on the continuum (diamonds) and
Ha (circles) maps. The dashed lines show threshold values for isolated versus mergers
calculated by Lotz et al. (2008). The indicators calculated from the continuum show clear
tracks from isolated to interacting, although snapshot 2’s dust observation is misclassified
in the My - Gini parameter space (the second nucleus is strongly attenuated by dust, see
Figure 533). This figure shows the indicators break down when applied to my Ha maps.

as much, in relative terms, across all snapshots, so it is the rise in o4, that causes

the decrease on the dynamical ratio.

5.4.2 Evolution of Morphology During a Minor Merger

Photometry has been used to classify galaxies since the time of HST, and it

is important to check if the thresholds used to differentiate between a minor

merger and an isolated galaxy (e.g. Lotz et al., 2008) will also hold in high

spatial resolution HARMONTI observations. The advantage of using cubes with and

without dust is that I can use the cubes without dust to ensure non-parametric
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indicators are classifying each snapshot correctly, before checking how dust affects
this categorization.

I apply the indicators listed in Section B2333 to the continuum maps, as these
indicators are usually performed on photometry in optical filters which are similar
to my continuum observations (results are given in Table 53). T also apply them
to the Ha maps, as non-parametric morphology indicators have been successfully
used on high spatial resolution CO observations in the local universe (e.g. Davis
et al., 2022), so it is worth exploring if Ha at high-z could also be used to classify
a galaxy (the Hy - SFR relations can break down on scales of 100 pc or less as CO
and Ha peaks don’t overlap, e.g. Schruba et al., 2010, so the comparison is not
quite like with like). There has been some work done on applying these indicators
to emission lines at high-z (e.g. Forster Schreiber et al., 2011, Guaita et al., 20T5)
but nothing that will match the resolution and sensitivity of HARMONTI.

Firstly, I plot the Gini, Myy and asymmetry indicators against each other and
use the threshold values of Lotz et al. (2008) to divide the My - G and G -
A parameter spaces into isolated galaxies versus mergers, and this is shown in
Figure A12. Lotz et al. (2008) calculated these thresholds from simulated SDSS
observations and although they are calibrated for galaxies at z < 1, these thresholds
correctly identify my non-dust observations as isolated or mergers, where I assume
gl in snapshot 1 being categorized as isolated is correct, as all other indicators
classify it as isolated (see discussion in Section BG). To classify mergers from
asymmetry alone, a threshold of A > 0.35 has been suggested by Conselice (2003)
based on local mergers and the same threshold was used by Wilkinson et al. (2022)
to find the merger fraction of post starburst galaxies. Lotz et al. (2004) utilized A
> 0.4 as the criteria for local ULIRGs and this is the value I adopt as my threshold,
as it gives the correct classification for all three snapshots.

For the cubes with dust, the G - A parameter space, and asymmetry alone, also
correctly categorizes the three snapshots. But, even though the G - A is correctly

classifying snapshot 2 as a merger, the cube with dust is closer to the isolated

box than the dust free observation. Likewise, the asymmetry in snapshot 2 has a
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lower value, so the level of dust obscuration does bias the indicators. The Myg -
G indicator incorrectly deduces snapshot 2 to be an isolated galaxy for the cube
with dust. This is due to dust attenuating the second nucleus (g3) as can be seen
in Figure b3. Just to reiterate, the 1% ratio of dust to gas phase metallicity that
I am using gives a moderate dust obscuration, and yet the morphology indicators
are affected. In future work, the ratio needs to be increased to similar levels as
observed in the U/LIRGs in Chapter B, and check how a larger column density of
dust modifies the morphological indicators.

As can be seen in Figure B8, gl retains its clumpy star forming structure
throughout the course of the minor merger, with the number of star forming clumps
increasing in snapshot3. The Ha non-parametric morphology indicators break
down, and do not correctly classify the snapshots, due to this clumpy composition
of the Ha emission. The asymmetry in Ha deviates from the continuum values,
as it is unlikely two Ha clumps will coincide when an image is rotated by 180°.
My and the Gini co-efficients differ between Ha and continuum due to the many
bright off centre clumps observed in Ha.

As T have only observed one merger, from only one line of sight per snapshot,
more work is needed to calibrate high-z morphology indicators, including increasing

the sample size of mergers, and getting multiple viewing angles per merger.

5.4.3 Evolution of SFR

As outlined in Section B272, the SFRy, for gl in the three snapshots is found by
applying the conversion factor of Murphy et al. (201TH) to the integrated Ha flux
extracted from an aperture 6 kpc in radius. I get an intrinsic SFRyg, of 60 + 4
Mg yrt, 75 & 1 My yr~! and 243 4 10 Mg, yr~! in snapshot 1, snapshot 2 and
snapshot 3 respectively, signifying that a minor merger increases the instantaneous
star formation within a galaxy. This is plotted in Figure ET3. If I had chosen
an aperture twice the radius, the SFRy, for the three snapshots would only be
higher by 6 Mg yr~!, 12 Mg yr=! and 26 Mg yr=! respectively, so the trend

remains the same.
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Figure 5.13: The evolution of the SFR across the 3 snapshots. The grey data points
represent the total SFR as calculated from the Ha cube without dust, and using the Ho
- SFR conversion factor from Equation EZ. The blue data points show the uncorrected
SFR taken from the Ha cube with dust included, and is a proxy for the unobscured SFR.
The red points are the dust obscured SFR which is the difference between unobscured
SFR and total SFR. This plot shows the relative fraction of obscured SFR is greatest
in snapshot 2, as the burst of star formation occurring around the infalling nucleus is
heavily dust obscured. Error bars are not visible for snapshot 1 and snapshot 2 as they
are roughly the size of the data points.

Observationally, it has been found that local mergers can form compact star
forming regions and in these regions optical indicators of the SFR, can be orders
of magnitude lower than the SFR calculated from the IR SED (e.g. Rodriguez-
Zaurin et al., 2001). With these results in mind, I can check how the dust obscured
SFR changes throughout the three snapshots, calculated using the same method
as Section B2, T find a similar trend to the unobscured SFR, with dust obscured
SFR (the hypothetical SFRr discussed in Section BZ51) of ~ 28 Mg, yr~!, 47 Mg,
yr~! and 123 Mg, yr~! in the snapshot 1, snapshot 2 and snapshot 3 respectively.

While I stress that the pipeline does not include radiative transfer of the dust,
I can estimate an IR luminosity for each snapshot by assuming both radiative
transfer balance and that all radiation absorbed by the dust would be re-emitted

in the IR if these were real galaxies. That being the case, the dust obscured
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SFR calculated in the previous paragraph can be used as a proxy for the SFRy.

snapshot 1 would be a low luminosity LIRG, with a log(Lir / Lg) ~ 11.3, whereas
snapshot 3 is a high luminosity LIRG with log(Lig / Lg) ~ 11.9. This agrees with
the known properties of local LIRGs, where increasing IR luminosity is linked to
mergers and interactions (e.g. Kartaltepe et al., 2000, Larson et al., 2016). Once
again, I reiterate that Ha and Lig trace different age ranges of recently formed
stars, so the Lig is just a rough approximation.

It is interesting to note a burst of star formation occurs around the in-falling
nucleus (g3) during snapshot 2 and not in the centre of gl. An SFRy, of 25 + 1
Mgy yr~!is found in a 1 kpc diameter centred on the g3 nucleus, which accounts
for one third of the SFR in this snapshot. A central starburst doesn’t occur in
g1 until snapshot 3, which suggests there is a lag between the initial impact of g3
and an increase in the SFR of gl. This central starburst has an SFRy, of 71 £+
2 My yr=! in the central lkpc region.

The starburst regions in snapshot 2 and snapshot 3 seem to be heavily atten-
uated based on the difference of SFRy, with and without dust, with snapshot 2’s

L and

burst of star formation decreasing from 25 £ 1 Mg, yr~! to 2 & 0.05 M, yr~
snapshot 3’s going from 71 £ 1 Mg yr~! to 27 £ 1 Mg, yr~?, if uncorrected for dust
extinction. Using the same arguments as in the previous paragraph, these 1 kpc
regions would have a LIRG like luminosity. Also, these regions of high SFR are
relatively compact, similar to the star forming regions in local U/LIRGs, which have
sizes of 0.3 - 2 kpc (e.g. Alonso-Herrero et al., 2006, Pereira-Santaella et al., POIR).

Using the M, taken from NewHorizon I place the three snapshots on the M,
- SFR plane and find that all three snapshots appear within the scatter of the
MS (see Figure 6514) despite undergoing a minor merger. I also placed g2 on the
M, - SFR, and its SFR is below the MS as it spirals into gl (I do not include g2

data points for snapshot 2 and snapshot 3 as g2 and gl have coalesced in these

snapshots). These results will be further discussed in Section BT
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Figure 5.14: The location of gl (red circles) and g2 (blue circle) on the stellar mass
- SFR plane. The number inside each circle shows which snapshot each data point
corresponds to. The black line is the MS of Whitaker et al. (2004), with the blue region
showing the typical MS scatter of 0.3 dex. The grey region shows the location of starburst
galaxies. Despite the increase in SFR as gl undergoes a minor merger, it still remains
within the scatter of the MS. g2, which is inspiralling around gl, shows an SFR below
the MS, which is suggestive of its star formation being inhibited as it spirals into gl.
g2 is only included for the first snapshot, as it has coalesced with gl in the latter two
snapshots. Note M, for gl is larger in snapshot 2, as the 6 kpc radius aperture covers
both gl and g3 (see Table B.) Error bars are not included on the plot as the error in
SFR is roughly equivalent to the size of the data points, due to the high S/N, and the
stellar mass is taken directly from the simulation. g3 doesn’t appear, as it isn’t possible
to isolate both its SFR and stellar mass in either snapshot 2 or snapshot 3.

5.4.4 SFE and Gas Fraction

As outlined in Section 4, both SFE and gas fraction increase with distance above
the MS and remain approximately constant along the MS, and these findings have
been observed to hold up until at least cosmic noon.

Taking the M, and Mg,y directly from the NewHorizon simulation, I calculate
the SFE and gas fraction, fyos = Mgas / M,, for both the 6 kpc aperture and the
total FOV of the cube, and I will refer to the full FOV as the system. As a reminder,
the FOV contains only gl and g2 in snapshot 1, whereas the other two snapshots
contain gl, g2 and g3. The evolution of the SFE and the fg,g is plotted in Figures
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Figure 5.15: The evolution of the SFE and gas fraction, Mgas / My, within a radius
of 15 kpc centred on the continuum peak of gl (the mock observations have a FOV of
~ 30 kpc). Snapshot 1 includes just gl and g2 in the aperture, whereas snapshot 2 and
snapshot 3 contain all three galaxies. The gas fraction increases in snapshot 2 due to g3
entering the system, and then remains roughly constant. The SFE decreases in snapshot
2 due to the increase in gas mass, without a proportional increase in star formation, and
the SFE then increases in snapshot 3 as gl undergoes a burst of star formation due to
the impact of g3. Error bars are not visible on some data points as they are smaller than
the data points.

bT3 and B0, For the system, I find that f,,s increases between snapshot 1 and
snapshot 2, as g3 enters the system, and then broadly remains constant between
snapshot 2 and snapshot 3. The SFE decreases between snapshot 1 and snapshot
2 as the increased Mg,s has not yet been converted into a higher SFR.

For the 6 kpc radius aperture centred on g1, the f,s remains relatively constant
across all three snapshots and the SFE is similar between snapshot 1 and snapshot
2. In snapshot 3, after g3 has passed through the disk of g1, the SFE increased
by a factor of ~ 3 above both snapshot 1 and snapshot 2. This shows that it
is the SFE that is driving the burst of star formation in gl due to the impact
of the minor merger.

It is not until snapshot 3 that the SFE and SFR increases, but the disturbance in

morphology is evident in snapshot 2. This suggests a lag between a morphological
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Figure 5.16: The evolution of the SFE and gas fraction within a radius of 6 kpc centred
on the continuum peak of g1, which I define as the maximum extent of gl in snapshot 1
(see Section B4). The gas fraction stays relatively constant throughout all the snapshots,
but the SFE increased by a factor of three between snapshot 2 and snapshot 3. This
suggests that the increase in SFR between snapshot 2 and snapshot 3 is powered by an
increased SFE and not an increased gas fraction. Error bars are not visible on some data
points as they are smaller than the data points.

indicator that a minor merger is taking place and an SFR/SFE indicator of a
merger taking place.

It should be noted that the Mg,s I use is taken from NewHorizon and doesn’t
differentiate between molecular or atomic gas, so the SFE and f,,s calculated in this
chapter cannot be directly compared to observations of galaxies at high-z, which
often uses molecular gas when calculating these properties (fy,s has been defined

in terms of My, / M, in the previous observational chapters of this thesis).

5.4.5 FEvolution of Dust Obscuration

I use two proxies to infer the dust obscuration and its evolution in the three
snapshots. The first proxy for the column density of dust is the ratio of the
continuum in the cube with dust to the continuum in the cube with no extinction.
Taking both extremes, a ratio of one tells us that there has been no extinction, so

no dust is in the line of sight, whereas a ratio of zero means the stellar light has
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Figure 5.17: The ratio of continuum with dust to continuum without dust, which is a
proxy for the dust column density, for snapshot 1 (top left), snapshot 2 (top right) and
snapshot 3 (bottom). A value of zero means all the continuum flux has been attenuated
and infers a high dust column density, whereas a ratio of one denotes there is no dust
in the line of sight. For snapshot 1 and snapshot 3, the peak of the dust is co-located
with the peak of g1’s continuum, whereas in snapshot 2 the peak of the dust is co-located
with the in-falling g3 nucleus and is ~ 2 kpc from the continuum peak of gl. The most
attenuated region across all three snapshots is located around the infalling g3 nucleus in
snapshot 2.

been fully attenuated and implies a large column density of dust. Mapping this
ratio, see Figure b1, allows a deduction of the distribution of the dust and regions
of high opacity. The second proxy is taking the SFR from the cube with dust away
from the SFR calculated from the cube with no extinction. This difference gives
us the obscured star formation, and a larger obscured star formation implies a
greater column density of dust.

To reiterate, in all three snapshots the dust to gas phase metallicity is held at
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a constant 1%, so the three snapshots are directly comparable. The most heavily
obscured region is the in-falling g3 nucleus, and its corresponding burst of star
formation, in snapshot 2 with up to 95% of the continuum photons attenuated in
the centre of the nucleus. The second most dust obscured region is the star forming
region in the nucleus of gl in snapshot 3, with up to 90% attenuation.

I was conservative with the choice of 1% dust to gas phase metallicity ratio. For
example, Richardson et al. (2020) generated mock HARMONI observations of a z ~
1.5 star forming galaxy, with an SFR of 3 M, yr~! and assumed an 8% ratio. Taking
the ratio of unobscured star formation to the total SFR I get ~ 0.5 which is much
higher than the ratio of ~ 0.1 measured in the KMOS galaxies in Chapter B, and in
future work the effect of a higher dust to gas phase metallicity ratio will be explored.

As in Figure B2, 1 can get the spatial location of the dust obscured SFR
by subtracting the cube with dust from the non attenuated cube, and the dust
obscured SFR for snapshot 2 and snapshot 3 is plotted in Figure b-I8. These maps
demonstrate the obscured star formation has a clumpy structure with the regions of
highest obscured star formation being around the g3 nucleus in snapshot 2 and the
g1 nucleus in snapshot 3, similar to the unobscured star formation, in Figure bl

Clumpy structure has been observed in the dust continuum (e.g. Hodge et al.,
2019), although a smooth dust continuum has also been observed in galaxies with
clumpy structure in optical images (e.g. Hodge et al., 2016, Cheng et al., 2020).
LCARS doesn’t include radiative transfer of the dust, but as a crude proxy for an
ALMA image I smoothed the obscured SFR maps (Figure BI8) with a Gaussian
kernel that mimics a 0.2” beam width, and present these in Figure BI9. It is clear
that much of the clumpy structure seen in the dust obscured SFR maps has been
smoothed out, but in the absence of proper treatment of radiative transfer of dust
in LCARS to create realistic mock ALMA observations of the dust continuum, I
will not explore this topic further.

High-z observations have found offsets between the dust continuum, and UV
and Ha emission (e.g. Chen et al., 2017, Cochrane et al., 2021) and snapshot 2 is

likely to display similar properties if it happened to be observed by ALMA (a proxy
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Figure 5.18: An estimate of the dust obscured SFR for snapshot 2 (left) and snapshot 3
(right) by subtracting the Ha cube with dust from Ha cube without dust and converting
this flux to an SFR using the method explained in Section BZ2.

for an ALMA image is shown in Figure 519). The peak of the dust continuum
is located at the nucleus of g3 and the peak of Ha in the attenuated cube is
co-located with the nucleus of g2, due to little dust attenuation at this location.
The peak of the optical continuum is located at the nucleus of gl. Therefore, the
observed peaks in the dust, optical and Ha maps are all offset in snapshot 2, and
it could be that some offsets observed in the high-z universe, if not found to be

systematic, may be an ongoing merger.

5.5 Discussion
5.5.1 Minor Mergers and the Main Sequence

From the three snapshots, it appears that the burst of star formation after a minor
merger is not sufficient to push a galaxy above the MS and into the starburst regime,
as seen in Figure BI4. For its M,, an SFR of ~ 450 My, yr~! is needed for gl to
be classified as a starburst. For gl the fy, remains broadly constant throughout
the minor merger, whereas the SFE increases after g3 passes through its disk, so it
may be that an increase in SFE is a necessary, but not sufficient condition, for a
galaxy to become a starburst, which I suggested in Chapter B. If gl’s 5,5 doubled,
while keeping the same SFE, it would become a starburst galaxy. As this chapter

only studies one minor merger within the NewHorizon simulation, a larger sample
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Figure 5.19: The dust obscured SFR for snapshot 1 (top left), snapshot 2 (top right)
and snapshot 3 (bottom) convolved with a Gaussian kernel to mimic a 0.2” beam width
achievable with ALMA. Note these are not mock ALMA observations, just the HSIM
output convolved with a Gaussian, and using Lig as opposed to a flux from a given
spectral window.

is needed to deduce what happens in other minor mergers and this would help us
infer what are the necessary conditions for a starburst to occur.

Previous research by Di Matteo et al. (2007) used two simulated galaxies to
test a range of impact parameters and alignment of angular momenta in mergers
and found that on average galaxies that pass too close together at first perihelion
had the lowest burst of star formation and the NewHorizon minor merger may
be showing a similar effect.

Perret et al. (2004) and Fensch et al. (2017) ran a series of non-cosmological

simulations, using two galaxies, and found that mergers did not elevate the SFR due
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to an already saturated star formation in gas rich turbulent disks at high-z. These
simulated galaxies had a clumpy morphology similar to my mock observations, and
it may be that a sufficiently turbulent ISM keeps a galaxy within the scatter of
the MS throughout a minor merger. Renaud et al. (2022) and Segovia-Otero et al.
(2022), using a cosmological zoom-in simulation of a Milky Way-like galaxy, found
that a major merger only boosts a galaxy into the starburst phase if the galaxy has
already formed a settled, non-clumpy, disk, as a turbulent ISM reduces the fraction

of gas that can be compressed into dense enough regions to form stars.

5.5.2 Can Ongoing Minor Mergers be Mistaken for Disk
Galaxies in Current High-z Observations?

Observing the high-z universe usually involves a trade-off between spatial resolution
and S/N. Due to the comparatively low surface brightness of MS galaxies at z >
2 very high spatial resolution observations at cosmic noon are often limited to
either bright objects, lensed objects or small sample sizes (in comparison to the
large surveys mentioned in Section 7). There have been some Ha studies of
un-lensed normal star forming galaxies at this epoch with AO instruments such
as SINFONI and the Keck OH-Suppressing Infrared Integral Field Spectrograph
(OSIRIS), which typically have a spatial resolution of ~ 1 - 2 kpc at z ~ 2 (e.g.

Law et al., 2009, Swinbank et al., 2002, Genzel et al., 2014, Espejo Salcedo et

) e

al., 2021). The largest of these observing programs is the SINS/zC-SINF Survey
(Forster Schreiber et al., POIR) with 35 objects.

The main conclusions of these studies are the confirmation of a higher oy in
star forming galaxies at cosmic noon and a clumpy ISM seems to be present. The
fraction of disks versus mergers seem to vary depending on the methodology. For
example, Molina et al. (2017) find 60 % of galaxies may be mergers at z ~ 2 based
on kinemetry, whereas Forster Schreiber et al. (201R) classify up to 70% to be
rotating disks, using multiple criteria similar to KMOS?*P (Wisnioski et al., 2015).
Espejo Salcedo et al. (2021) concluded that 20% of their sample of 10 galaxies are

mergers, with another 20% inconclusive.
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The number AO observed targets is smaller than those carried out on seeing
limited instruments, so much of our knowledge of MS galaxies in the high-z universe
comes from seeing limited studies with spatial resolution > 0.5”, such as my
U/LIRG sample in Chapter B, the KMOS?P survey (Wisnioski et al., POIH) or
the MOSDEF survey (Kriek et al., 2005). Even for excellent observing conditions
the PSF will be ~ 0.5”, which corresponds to a spatial resolution of ~ 4 kpc at z
= 2, so it is difficult to disentangle two nuclei very close together and asymmetries
in the observed flux can get smeared out.

It is also clear that sample selection and methodology play a role in mergers
versus isolated disks (from both the literature and my work in this thesis) so larger
samples at higher spatial resolution will help tackle this problem. HARMONI
will play a key role, being able to achieve spatial resolution on the order of 100
- 200 pc at high-z and its huge collecting area will provide greater sensitivity
than current instruments, ensuring it will take much shorter integration times
to observe an object.

It is worth referring back to SWIREDS, which has two peaks in its dust continuum
and an asymmetric flux in its SDSS I-band and CO(3-2) emission (Figures B0
BTH), and SWIRE7, which has a tentative double peak in its SDSS I-band image
(Figure B1H). These are located at z ~ 0.4 so have better spatial resolution than
equivalent galaxies at cosmic noon for a given beam size, yet their merger status
is still not conclusive. These potential mergers were even classified as isolated
disks based on the dynamical ratio from seeing limited instruments, and it would
have been very difficult to classify them otherwise prior to the data I present in
Chapter B. Observational studies have established an increase in merger rate with
redshift and that minor mergers are more common (e.g. Lotz et al., 2001, Duncan
et al., 2019) so it is likely that there are more minor merging pairs at cosmic
noon that have been missed.

It is worth remembering that snapshot 2 and snapshot 3 are snapshots of a
three body merger, albeit I have been ignoring g2 as it is making comparatively

little impact on gl. At the 20 mas scale, it is almost impossible to say this is a three



5. Observational Signatures of a Minor Merger at Cosmic Noon 179

body merger and be able to tell g2 apart from a clump. It is the brightest clump in
the dust attenuated cube, but doesn’t have an impact on the velocity maps as it is
dominated by the kinematics of gl and g3. There is a slight peak in 04,4 in the 2nd
moment map co-located with it nucleus (see small peak in top right of snapshot 2
map in Figure 59), but without prior knowledge it would not be strong evidence of
a third nucleus in the map; albeit it may be that a particular sight line or different
spatial resolution would make a three body merger appear more obvious.

To add context to this discussion, it is useful to compare my simulated galaxies
to the Milky Way, the Large Magellanic Cloud (LMC) and Small Magellanic Cloud
(SMC). The total mass of the LMC has been estimated as ~ 2 x 10' My (e.g.
Erkal et al., 2009, Shipp et al., 2021) and assuming the Milky Way has a total
mass of ~ 10'2 M, this is comparable to the 4:1 mass ratio of gl and g3. The
LMC is located at a distance of 50 kpc from the Milky Way and it is estimated it
will merge with the Milky Way in around 2 Gyr (Cautun et al., 2019), so it is not
an exact analogous scenario for my merger. The SMC is estimated to have a total
mass of ~ 6.5 x 10° Mg, and is located at a distance of 60 kpc from the Milky Way
(Bekki and Stanimirovic, 2009), so although not an exact match for the mass ratio
of 20:1 between gl and g2, it is a similar order of magnitude. As the exact effect
the Megellanic Clouds have on the Milky Way, and vice versa, is still an open topic,
these two examples highlight the difficulty of disentangling mergers versus isolated
galaxies at high-z, and uncovering the impact minor mergers have on star formation.

Finally, I wish to emphasize that although I focused on kinematic signatures,
such as the dynamical ratio, there are a variety of other metrics that can be
applied, and tested, to check if they can differentiate between disturbed and regular
morphology /kinematics at cosmic noon. Stability analysis such as the Toomre Q
parameter (defined in Section BZ32) is often applied to high-z star forming galaxies
(e.g. Genzel et al., 201T). But, Agertz et al. (2005) have demonstrated that the
scale chosen when calculating the stability criteria will affect the apparent stability
of a disk, so further studies are required to check if a metric such as Toomre Q can

be applied at the 100 pc scales probed by HARMONI. Tools such as kinemetry
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(Krajnovic et al., 2008), a method that quantifies the asymmetry in the V4 or
Ogas Maps, may provide a good method to identify ongoing minor mergers, and
kinemetry has been used in conjunction with non-parametric morphology indicators
to distinguish various merger phases (McElroy et al., 2022). Recently developed
tools include the Radon Transform (a set of line integrals through an image at
different orientations and offsets from the origin, Stark et al., 2IR), which has been
successfully applied to stellar kinematics to identify mergers (Nevin et al., 2021)
and may be worth exploring in gas kinematics at cosmic noon. These are just
some examples of the many metrics in the literature that have used to try establish
ordered versus disturbed kinematics, and there is huge scope for future research

into identifying which kinematic signatures are the best classifiers of mergers versus

isolated disks in the high-z universe.

5.6 Conclusion

This chapter has built on the work presented in Chapter B, and explored the
observational signatures of a minor merger as they would appear if observed by
HARMONI. This type of research is important and necessary as the next generation
of observatories allow us to probe higher spatial resolutions at ever greater redshifts.
It is vital to understand how different objects, in different stages of their evolution,
will appear in HARMONT if we want to correctly infer what we are observing. I
chose three snapshots of a star forming galaxy in different stages of interaction,

and the results were as follows.

1. T made mock observations, of the Ha line and underlying continuum, of a
simulated minor merger at z ~ 2. These were composed of three snapshots:
the first snapshot in the pre-merger phase, and two snapshots (~ 400 Myr
after snapshot 1) either side of the first perihelion of the minor merging

galaxy.
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2. A minor merger increases the SFR by a factor of ~ 3, but it appears a
minor merger is not a sufficient condition for a galaxy to be boosted into the

starburst regime.

3. The increase in SFR seems to be caused by an increase in SFE as the gas

fraction remains approximately constant in gl, across the three snapshots.

4. The dynamical ratio decreases over the course of the minor merger, yet is
consistent with gl being a rotation dominated object even after the initial
impact of g3. The result holds even when using different methodologies
for calculating the dynamical ratio. This suggests that Vis / 0gas, without
further information such as morphology, is not a good indicator to use to
disentangle whether a galaxy is in the process of a minor merger. The drop

in Vot / Ogas is due to the increase in og,g through the three snapshots.

5. The addition of moderate dust attenuation affects the morphology indicators,
albeit the galaxy would still be correctly classified as merging. The non-

parametric indicators break down when applied to the Ha line emission.

New tools or indicators may need to be developed to characterize galaxies at high-z.
Indicators that give one value for a galaxy, e.g. Vio / 0gas, are very valuable in
seeing limited data, but once the internal structure of a galaxy is resolved these
indicators may be unrepresentative of the small scale structure, e.g. the gas in a
galaxy could be globally stable against collapse, but be gravitationally unstable on
small scales (e.g.Agertz et al., P0TH), so one value cannot capture the full picture.
Simple axisymmetric kinematic models may need to be modified if asymmetric

disks are the norm. High resolution mock observations, with realistic small scale

physics, will be a huge help in pushing this research forward in the coming years.



Ithaka gave you the marvelous journey.
Without her you wouldn’t have set out.
She has nothing left to give you now.

And if you find her poor, Ithaka wont have fooled you.
Wise as you will have become, so full of experience,
youll have understood by then what these Ithakas mean.

— C. P. Cavafy Ithaka
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6.1 Summary of Results

This thesis began by posing various open questions in the field of galaxy evolution.
The overarching theme of these questions, and this thesis, was investigating the
rate at which galaxies form stars, and trying to establish what mechanisms may
modulate this process. I used (ultra) luminous infrared galaxies to probe these
topics, as this subpopulation of galaxies is vigorously forming stars, and can be
observed in both the local and high-z universe. U/LIRGs are excellent astrophysical
objects for testing our best theories of galaxy evolution, and for pushing the
current understanding of the field. For example, if the hypothetical CO dark
ULIRG, discussed in Section BXh3, is proved correct in follow up observations this
would require new theories of the ISM in star forming galaxies. Likewise, how the
properties of U/LIRGs evolve from comic noon to the local universe provide strong

constraints for cosmological and extra-galactic simulations. I will firstly summarize
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the findings of this thesis before bringing all the results together and discuss what
insight this gives into cosmic star formation and galaxy evolution.

In Chapter B I showed that major mergers are not a necessary condition to
drive the high observed SFRs. Many of my sample of U/LIRGs show properties
that closely resemble those of the normal star forming population, such as two
thirds being on the MS, their metallicities being in agreement with the MZR
and at least 40% having disk like kinematics, although I cannot rule out minor
mergers. Compared to local U/LIRGs, my z ~ 2 sample are less dust obscured
and most do not display signatures of major mergers, so the properties of the
U/LIRG population have changed over the past 10 Gyr and local U/LIRGs are
not necessarily analogues for their high-z counterparts.

In Chapter B I explore U/LIRGs at z ~ 0.4, where they extend from the MS
to the starburst region of the M, - SFR parameter space. I study a sub-sample of
U/LIRGs that appear to be in transition between these two modes of star formation
and find that it is an increase in SFE, as opposed to gas fraction, that is pushing the
sample towards the starburst regime at this epoch. All the galaxies in my sample
seem to be undergoing an interaction, so interactions appear to be responsible
for the boost in SFE. In the galaxies that have CO(3-2) emission line data, all
show signatures of a rotating disk, so these galaxies may be in an early stage of
interaction, which explains why their SFE falls between MS and starbursts. I find
preliminary evidence of a CO dark ULIRG which merits follow up observations.

Chapter @ uses a new pipeline, called LCARS, for adding photons to hydrody-
namical cosmological simulations, and I show that the underlying properties of a
simulated galaxy can be correctly extracted from a HARMONI mock observation
of the Ha emission line, both with and without dust attenuation. LCARS and
HSIM will be powerful tools for testing what can be observed at cosmic noon with
HARMONI, and investigate whether these observables can differentiate between
the different intrinsic properties of a galaxy, such as: can high spatial resolution
observations always correctly reveal if a galaxy is merging or isolated?, is the ISM

clumpy or smooth at 100 pc scales?
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Chapter B uses LCARS to process three snapshots of a regular star forming
galaxy undergoing a minor merger at z ~ 2. I investigate how the observational
signatures change throughout the three snapshots, and show that a galaxy’s posi-
tion on the MS is not always a reliable indicator of a merging versus non-merging
galaxy. Neither is Vot / Ogas, although the dynamical ratio has decreased in
snapshot 3 due to the increase in og.. I deduce that the SFE, as opposed to
gas fraction, is driving the boost in SFR as the minor merger progresses. The
morphology indicators are affected by dust, but are still useful to categorize the
galaxy correctly under moderate dust attenuation. I conclude that high spatial
resolution HARMONI observations may uncover minor mergers at cosmic noon

that can be missed by seeing limited observations.

6.2 What Can Luminous IR Galaxies Tell Us About
Galaxy Evolution?

Bringing all the results in this thesis together, I now offer some insight that they
provide into cosmic star formation. In the local universe, galaxies with a huge
SFR are invariably being powered by merger induced star formation. But high-
z galaxies with a similar SFR can be driven by internal steady state processes,
and major mergers are not a necessary condition for galaxies with SFRs of 100s
of Mg yr~t. Combining both the observational and simulation data presented in
this thesis, a gas rich turbulent disk is sufficient to drive the SFR seen in a MS
disk galaxy at high-z, despite secular processes in the local universe being unable to
reach these SFRs. Therefore, similar processes drive star formation in the local and
high-z universe, and as they are applied to gas rich disks the SFR is subsequently
scaled up, i.e. normal star forming galaxies can have SFR in the hundreds of solar
masses per year, and major mergers can have an SFR in the thousands.

In Chapters B and B it appears that an increased gas fraction also requires
a simultaneous boost in SFE to substantially increase the SFR. At z ~ 0.4, my
sample, MS LIRGs and starburst ULIRGs have similar M,,,, but the ULIRGs
have a higher SFE than my transitioning sample, which in turn has a higher SFE
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than the LIRGs. Likewise for my mock observations, the gas fraction has increased
in snapshot 2, but it is not until the SFE increases in snapshot 3 that the SFR
increases by roughly a factor of three. More research will be needed on this topic,
but it may be a larger gas fraction primes the galaxy for a burst of star formation,
and is a necessary condition, but it requires an increase in SFE, from a process
such as a galaxy interaction, to push the SFR higher.

Galaxies are complex objects, and trying to classify them is not trivial. U/LIRGs
form a subpopulation based on their Lir, yet two galaxies of equal Lir can differ
in most of their properties, e.g. merger versus isolated, MS versus starburst,
different SFE etc. Properties are not always transitive, e.g. isolated disks have
high dynamical ratios yet a large V,ot / 0gas does not always mean a galaxy is
isolated, as seen in the minor merger analysed in Chapter B. A single indicator is
not sufficient, in many cases, to say what is the underlying state of the system and
multiple indicators are necessary to break this degeneracy. But even if we have
multiple indicators, it may still be ambiguous how a galaxy should be categorized.
For example, if a galaxy is in an interacting system, but all indicators are consistent
with it being isolated, then for all intents and purposes it is an isolated galaxy
as the minor galaxy partner does not seem to impacting its star formation, or
kinematics, at the time of observation. In snapshot 1 the mass ratio of the two
galaxies is 20:1, yet gl has the properties observed in isolated disks, so including
it in the class of isolated disks seems to be the more appropriate choice, as the
drivers of star formation are the same as those seen in isolated disk galaxies. If
I happened to observe snapshot 1 with a FOV that didn’t include g2, it would
be difficult to infer g2 was there.

The apparent dichotomy between merger driven SFRs versus star formation
from internal steady state processes, or the apparent bi-modality of SFE, may be
an oversimplification. In general, starbursts have a higher SFE than star forming
galaxies, but in Chapter B I showed how a subpopulation of galaxies tends to

fall between these two modes, and the appearance of two distinct modes may
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in part be driven by using two extreme aco values, a ULIRG-like aco and a
Milky Way-like aco.

As the spatial and spectral resolution of observations is improved by a new
generation of telescopes, the importance of mock observations will increase, as
they will allow us to make mock observations of galaxies in various states, and
new indicators can be tested to see if degeneracies with current observables can
be broken. Axisymmetric kinematic models may need to be tweaked to account
for disks at high-z being more turbulent and clumpy, which may affect the fit.
For example, in the simulations I resolve pockets of Ha emission moving faster
and slower than the circular velocity due to star formation feedback, and these
can skew a kinematic fit, especially if the pockets are located along the major
kinematic axis and/or have a high S/N.

This thesis has shown the importance of multiple emission lines and observations
by a variety of instruments to get a full picture of a galaxy. The sample in Chapter
BR had previously been studied in single dish CO, [CII] 158 um, Ha and optical
continuum observations, and yet SWIRES could never have been classified as a
possible merger prior to the NOEMA observations, In fact, it was selected for
the NOEMA observation proposal precisely because all previous observations had
shown it to be an isolated disk, and it could act as a reference point for the known
mergers that were selected for the CO(3-2) NOEMA observations. I still do not
have enough information to say if SWIRE7 is a CO dark object, showing the

necessity of observing multiple tracers and diagnostics of ISM conditions.

6.3 Future Work Arising from this Thesis

The results of this thesis have suggested new questions and avenues of research. Two
immediate objectives would be to perform follow up observations to determine if
SWIRET7 is a CO dark ULIRG, and confirm that SWIRES is undergoing a merger.
SWIRET will require another emission line to confirm the inferred redshift. The [CI]
J=1-0 492 GHz emission line would be a good candidate as it would enable the use of

an additional method to predict the My, (e.g. Papadopoulos et al., 2004) while also
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allowing confirmation of the redshift. For SWIRES, deep high spatial resolution
imaging is needed from instruments such as the HST ACS, or NIRCam on JWST,
to get the required 0.1” spatial resolution to further explore its dynamical status.

For the LCARS/HSIM research, we need to check how increasing the ratio of
metals locked up in dust versus gas phase metallicity will change the indicators
in Chapter B. For example, snapshot 2 may be classified as isolated if the second
nucleus (g3) is very heavily extinguished. Also, we can select another snapshot
a couple of hundred Myr after snapshot 3 to investigate whether the 0,4, remains
elevated after the minor merger or if it has it decreased to levels close to snapshot 1.

As LCARS can be applied to any object from a RAMSES simulation, we can
make mock observations of additional high-z targets. This will allow us to check
how various objects will appear in HARMONI observations, and how this changes
as a function of spaxel scale, integration time and observing conditions. We can
continue to explore observational signatures and find which are the best observables
to understand the underlying properties of a given object.

We can also do follow up observations of the sample of U/LIRGs discussed in
Chapter 22 and try to get higher spatial resolution, with an instrument such as the
Enhanced Resolution Tmager and Spectrograph (ERIS) or wait for the ultra high
spatial resolution of HARMONI. This allows us to establish if any contain hidden
minor mergers and whether some U/LIRGs are misclassified due to kinematics

being fitted to seeing limited observations.

6.4 Final Thoughts

One of the pioneers of the stream of consciousness literary technique was my fellow
countryman James Joyce, and I will end this thesis with some idle thoughts on
my astrophysics journey as it comes to a close. We have entered an interesting
period in astrophysics, and science more broadly. The public’s scepticism in the
scientific method appears to be growing, despite the undoubted success of scientific
breakthroughs in alleviating the damage caused by the Covid-19 virus. And yet,

this may all change as we are entering a new age of discovery in astrophysics
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with the recent launch of JWST, and upcoming observatories such as the ELT
and the Square Kilometre Array. I started my physics undergraduate studies in
2012, and in the decade since researchers have made major breakthroughs such
as confirming gravitational waves, imaging a black hole and discovering thousands
of new exoplanets. In the coming years and decades many of the open questions
explored in this thesis will be answered, but progress in physics has a Hydra-
like quality, and solving a given problem invariably posits many deeper questions.
More than most branches of physics, progress in astrophysics is hugely driven by
observation rather than theory. Puzzling observations crop up with regularity and
overturn our understanding of the universe, for example, the discovery of dark
energy in the 1990s. It will be fascinating to see what unknown unknowns will be
uncovered in the near future by the next generation of cutting edge observatories,
and how these will overthrow some of our current best theories. Some of the
assumptions I made when analysing the high-z universe in this thesis may turn
out to be incorrect, but in the words of Hegel, "The owl of Minerva spreads its
wings only with the falling of the dusk."

This thesis opened with the importance of astronomy in how civilizations view
themselves. The motion of the planets helped justify Newton’s view of a clockwork
universe, which helped kick-start the Age of Reason. General Relativity impacted
philosophy, art and literature throughout the 20th century. New astrophysical
discoveries in the future will no doubt bleed into culture and continue to shape

how we think about ourselves and our place in the Universe.
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You're still here? It’s over...go home...go!

— Ferris Bueller Ferris Bueller’s Day Off
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A.1 Radio Imaging

As outlined in Section 832, a radio interferometer can be used to measure a set of

complex visibilities, V(u,v), in the uv plane which is the sampled Fourier transform

of the sky brightness, T(x,y). To create a map of the sky brightness, we need to

Fourier transform the calibrated complex visibilities, but as Fourier transforms are

computationally expensive, a fast Fourier transform (FFT) is performed instead.

This is done

by re-gridding the irregular uv sampling onto a regular 2D grid.

As is evident in Figure AT, the density of uv points is not constant across the

grid. Therefore, while performing the FFT, the visibilities on different baselines

can be re-weighted, tapered and re-sampled to change the angular resolution and
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Figure A.1: An example of re-gridding the uv plane from Figure 11 (adapted from
Avison and George, 2013) in order to perform an FFT. This figure demonstrates how
re-gridding an irregular uv sampling with a regular grid leads to a non-uniform number
of visibilities per grid sampling, and typically shorter baselines are better sampled than
long baselines.

the noise in the final map. Common weightings used to account for differences

in the density of sampling are:

« Natural Weighting: W(u,v) = 1/0(u,v), where o(u,v) is the noise of a visibil-
ity. This weighting maximizes S/N with a trade-off in spatial resolution, as

it gives a poorer beam shape than other weightings.

o Uniform Weighting: W(u,v) = 1/p(u,v), where p(u,v) is the density of sam-
pled points in a re-gridded region. This gives the best angular resolution, but

decreases the point source sensitivity.

o Robust Weighting: A combination of natural and uniform weighting, which
has an adjustable parameter that scales between -2 and 2, with natural = 2

and uniform = -2.

Once the FFT has been computed it produces a ‘dirty image’, Tp(x,y), which
is the Fourier transform of the re-gridded V(u,v). At this point a non-linear,
iterative deconvolution process is run (‘cleaning’) to interpolate and extrapolate
the sampling of V(u,v) into un-sampled regions, to fill in the uv plane. This process

also removes artefacts from the image. The cleaning routine works by assuming
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the sky brightness is made up of a number of point sources. The clean algorithm
starts with the dirty map and identifies the brightest pixel in the image. It adds
this point to a clean component list. This peak is then multiplied by the ‘dirty
beam’ (Fourier transform of the sampling function described in Section [C82) and
a scaling factor, and taken away from the dirty map to leave a residual map. The
brightest peak is found in this residual map and the previous steps are continually
repeated until a stopping criterion is met, e.g. all peaks above a certain multiple
of the noise are found, or all peaks above a certain percentage of the brightest
point in Tp(x,y) are found. A clean image is then made by convolving the clean
components with a clean beam (Gaussian fitted to the dirty beam) and this map

should be a truer representative of the sky brightness.

A.2 HSIM

Here, I provide an overview of the steps HSIM performs when creating a mock
HARMONTI observation. Full technical details of these steps are provided in Zie-
leniewski et al. (PO13).

The algorithm requires a 3D FITS cube with two spatial and one spectral di-
mension as an input. The FITS header needs to contain all the relevant information
about the object, such as spatial and spectral sampling, flux units etc. The user
then specifies the required observing setup, such as the AO mode, integration time
etc., and these settings are listed in Table 4. Once the input cubes and settings

have been specified, the following steps are performed.

A.2.1 Line Spread Function

The spectral resolution is degraded to the output resolution of the selected grating

in HSIM. This is done by convolving with a line spread function of width:

At =/ (Ddou)? — (AA)? (A.1)

where A,y is the resolution of the chosen grating and A);, is the resolution of the

input cube. The spectral dimension of the cube is then sampled by the algorithm
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with a minimum of two bins per FWHM. If A\, < AM\;, the user can choose

whether to apply no convolution or to convolve with A\, instead of A\s.

A.2.2 Atmospheric Refraction

The effect of atmospheric differential refraction is added to the cube, which causes
a shift in each wavelength channel. After re-binning the cube, which is the next
step in the pipeline, each wavelength channel is shifted back to mimic a data

reduction pipeline.

A.2.3 PSF Convolution and Spatial Re-binning

Each wavelength channel is convolved with an AO PSF, with the PSF being a
function of wavelength and seeing. The pipeline generates AO PSFs at 1 mas
sampling and then performs the PSF convolution at 0.1 times the output spatial
scale. If the input data cube is coarser than this sampling, it is interpolated to
ensure flux conservation. After applying the PSF convolution, the cube is then

re-binned to the output spatial scale, ensuring flux conservation.

A.2.4 Background and Throughput

The background and instrument throughput, is generated by incorporating the
effects of sky, telescope, instrument and detector. The telescope is assumed to

have a grey-body emission.

A.2.5 Noise

Poisson noise from the object, sky and telescope background is added. Dark current

and detector read noise is also added to the cube.

A.2.6 Output Files

Upon applying each of the above steps, HSIM outputs multiple cubes includ-
ing a fully reduced data cube (mimicking a cube after it has passed through a
data reduction pipeline), a background cube and noise free cubes for both back-

ground and object.
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A.3 KMOS Parent Sample
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Figure A.2: The IR luminosity versus stellar mass of the parent sample from which
my KMOS targets were selected (see Section 22271 for details). The Lig and M, for both
my sample and the parent sample, excluding my galaxies, is taken from ZFOURGE
(Straatman et al., 2006), and not from Table Z3. This is to ensure no systematic
differences in the Lig and M,, as the analysis in Chapter B uses newer photometry
and a slightly different method to calculate the Lig and M,. Two of my KMOS sample
didn’t have a Lig or M, in ZFOURGE, so there are only 16 data points. It can be seen
my KMOS targets are a representative subsample of the parent sample. I assume a 15%
error on all values, and the magnitude of these errors is shown in the bottom left corner.

A.4 Comparison of GalPak®” to Observed Maps

In this section, I show a comparison of the observed KMOS maps to maps from the
best fit model from GalPak3P. I include an example galaxy for both my KMOS
sample and the supplemental sample that are representative, in terms of S/N,
of both these samples.

Many of the total sample that did not converge in GalPak®® had velocity fields
that didn’t show an obvious single gradient or had very large velocity dispersions,
but here I also include a galaxy with an observed gradient that didn’t converge in
GalPak3P. This should convince the reader that although GalPak3P uses an MCMC
approach that always tries to converge to a model for a given dataset, it doesn’t

just automatically converge to a disk model because there is a hint of a gradient.
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Figure A.3: Moment maps from the KMOS observation of 015 and the best-fit rotating
disk model found by GalPak3P. Top left: The observed 1st moment map (projected).
Top middle: 1st moment map from the convolved best-fit model (projected). Top right:
The residual velocity field. Bottom left: The observed 2nd moment map. Bottom
middle: The convolved best-fit 2nd moment map. Bottom right: The residual velocity
dispersion. The PSF is shown in the top right corner, with the physical scale given in
the bottom right corner. Note, these maps have a different mask to the maps in Figures
22 and 23, due to low S/N in spaxels of the outer disk giving poor Gaussian fits in the
observed moment maps. Therefore, these outer spaxels are excluded.
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Figure A.4: Description the same as Figure B3, except for GS4 44133 of the
supplemental sample.
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Figure A.5: Left: The observed 1st moment map (projected) for GS4 41438. Right:
The observed 2nd moment map. This galaxy didn’t converge for all the model parameters
in GalPak®P as it couldn’t converge to a value for either the rotational velocity or the
turnover radius. The PSF is shown in the bottom left corner, with the physical scale
given in the bottom right corner.
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