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Abstract: In this thesis we present a range of observations of submillimetre galaxies
(SMGs), a subclass of dust-obscured star-forming galaxies (DSFGs) at redshifts of z ~ 1-5.
SMGs are among the most actively star forming sources ever observed, believed to contribute
significantly to the star-formation rate density (SFRD) at its peak, so-called “cosmic noon”,
at z~2. Given their extreme nature, SMGs provide a strong test of galaxy formation and
evolution models. Advancements in instrumentation, in particular with the Submillimetre
Common-User Bolometer Area 2 (SCUBA-2) and the Atacama Large (sub-)Millimeter Array
(ALMA), have driven significant progress in SMGs studies over the last decade. We have
now identified samples of hundreds of SMGs in survey fields with a plethora of photometric
coverage, such as the Cosmic Evolution Survey (COSMOS), the UKIDSS Ultra Deep Survey
(UDS) and the Extended Chandra Deep Field Survey (ECDFS). Indeed, the main motivation
of this thesis is to exploit these samples of SMGs, with a particular focus on the molecular
and ionised gas properties, using state-of-the-art instrumentation such as ALMA and the
Northern Extended Millimeter Array (NOEMA) for the former, and the K-band Multi-Object

Spectrograph (KMOS) mounted on the Very Large Telescope for the latter.

Firstly, in Chapter |2 we present 2CO observations of 47 SMGs, providing one of the largest
and highest quality samples of its kind. With this study we demonstrate the capability of
ALMA and NOEMA to undertake blind redshift scans in the 3 mm waveband, and in doing
so add significantly to the number of SMGs with spectroscopic redshifts, which prior to the
work presented in this thesis was small. We also exploit the multi-wavelength coverage of
the samples, together with the robust new spectroscopic redshifts, to model their spectral
energy distributions (SEDs) with the MAGPHYS code and subsequently estimate key physical

properties such as stellar masses and star-formation rates.

Perhaps more importantly, this survey has allowed us to characterise the molecular gas con-
tent in the SMG population, along with its excitation properties, results from which we

present in Chapter [3] We also show that the gas depletion timescale in SMGs remains con-
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stant, and given that SMGs are significant contributors to the star-formation rate density
(SFRD) at z ~ 2, the global evolution of star-formation in SMGs appears to coincide with
the evolution of the molecular gas content, as opposed to any variation in star-formation
efficiency. We provide a new test of the SMG population as descendants of massive local

early-type galaxies, using the derived CO linewidths and baryonic masses.

In Chapter [4 we present our Large Programme with KMOS which, when completed, will
have observed ~400 SMGs in the COSMOS, UDS and ECDFS fields. Expanding on the
work of Chapters [2| and [3] this is designed to further add to the catalog of SMGs with
spectroscopic redshifts by detecting the Ha and/or [O111] emission, which probes ionised
gas and can also be used to estimate star-formation rates. We detail the target selection
and observing strategy of this survey, before presenting early results for 43 emission line-
detected sources, including the Ha-derived star-formation rates, the mass-metallicity relation
and BPT diagram. We also compare the Ha, rest-frame optical/near-infrared and dust
sizes where available, finding median radii of R, =3.6 £0.3kpc, Rp, =4.24+0.4kpc and
Raust =1.2+0.3kpc. Additionally, the sample are consistent with a median Sérsic index of

n=1, i.e. with an exponential disc-like light profile.

The integral field spectrograph (IFS) capabilities of KMOS allow us to spatially resolve the
Ho/[O111] emission when it is sufficiently bright and extended, and this provides valuable
diagnostics of the galaxy kinematics. Therefore, in Chapter [5| we present resolved Ha/[O111]
velocity and velocity dispersion maps for 36 SMGs, from which we derive rotation curves and
dispersion profiles. We compare the derived kinematics of our SMGs with less active galaxies
at lower redshifts, and divide the sample into 28 ordered sources with clear velocity gradients,
and rotation curves which can be modelled as Freeman disks, and eight disordered sources
with much more messy velocity maps, from which little reliable kinematic information can be
obtained. We measure a median rotational velocity of vyt =190+ 20 km s~! and a median
intrinsic velocity dispersion of oy =87+ 5kms™! from the ordered subset, both of which are
significantly higher than the less actively star-forming galaxies to which we compare. The
median ratio of rotational velocity to intrinsic velocity dispersion in the ordered sample is
Urot /00 =2.2+0.5, indicating that our sources are somewhat rotationally supported, and
we therefore suggest that our SMG sample likely represents “scaled-up” versions of more

“normal” star-forming galaxies, rather than merger-dominated systems.
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CHAPTER 1

Introduction

1.1 The diverse properties of galaxies

1.1.1 The local Universe

In the local Universe, galaxies display a variety of colours, morphologies and sizes. Edwin
Hubble was one of the first to attempt to summarise these by creating the Hubble tuning fork
(Hubblel, 1936, Fig. , which separates galaxies into three broad categories. On the left of
Fig. elliptical galaxies (E), or “early types”, are numbered according to their observed
ellipticity, e = 1 — b/a, where b/a is the ratio of the minor-to-major axis sizes. Therefore
EO galaxies appear to be circular, and E9 galaxies appear to be highly elliptical. Elliptical
galaxies are most commonly found in dense galaxy clusters, and they are red in colour due
to their very old stellar populations and lack of ongoing star formation. Early-type galaxies
are gravitationally supported by the random motions of the stars, and are thus referred to

as “dispersion-dominated”.

Conversely, on the right of Fig. spiral galaxies are divided into “normal” spirals (S)
and “barred” spirals (SB) and classified according to how tightly wound the spiral arms are.
These galaxies host ongoing star formation, and therefore massive and short lived O and
B stars make them appear blue in colour. Spiral galaxies appear more like discs, with a
central bulge containing older stars. These discs are “rotation-dominated”, in contrast with

elliptical galaxies, as they rotate at much faster velocities than the random motions of their
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Figure 1.1: Edwin Hubble’s classification scheme for the morphology of galaxies (Hubble,
1936), displaying the diversity of structures observed. The majority of galaxies can be placed
into one of the categories in the Hubble tuning fork, although some fall into the category of
“irregulars”, particularly high-redshift galaxies which are typically more turbulent than their
local counterparts.

stars. Additionally, spiral galaxies show a strong positive correlation between their rotational
velocities and their stellar masses, or luminosities, the so-called “Tully-Fisher” relation (Tully
& Fisher, [1977)). This relation is often used as a distance indicator for galaxies, but can also
be used to study the buildup of mass through cosmic time. The third category of galaxy,
lenticular galaxies (S0), are somewhere in the middle, with a disc-like component and a

central bulge, but no spiral arms.

While often misinterpreted as an evolutionary sequence, there is no indication that galaxies
follow the path implied by the terms “early” and “late” type. In any case, elliptical galaxies
are more common in the low-redshift Universe, i.e. at late times, and it is believed that
they may form from the merging of late-type galaxies over time, which destroys disc struc-
ture. Understanding how different types of galaxy relate to one another has been an area of
significant ongoing research for the last three decades, in particular since the Hubble Space

Telescope (HST) provided images of the high-redshift Universe in unprecedented detail.

1.1.2 The high-redshift Universe

One of the most basic observations from HST is that galaxies at high redshifts appear much
less ordered structurally, and we rarely observe the impressive grand-design spirals that are
common locally. Given that observing galaxies that are billions of light-years away means
looking back billions of years into the past, the highly unordered galaxies we see at high

redshifts are in fact the predecessors of the nearby systems described above. How do galaxies
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go from being chaotic to ordered and passive over the intervening billions of years?

As a result of the disorderly nature of high-redshift galaxies and the obvious difficulties in
observing more distant sources, Hubble’s classification scheme becomes more troublesome to
apply. Galaxies are instead divided into smaller classes based on their selection criteria, with
examples such as Lyman Break Galaxies (LBGs; e.g. Shapley et al.l 2003} [Bouwens et al.,
2011), Extremely Red Objects (EROs; Daddi et al., 2000), Submillimetre Galaxies (SMGs;
e.g. Smail et al.,[1997; Blain et al., 2002) and Ultra-Luminous Infrared Galaxies (ULIRGs; e.g.
Sanders & Mirabel, |1996)), with galaxies often fitting into multiple classes. This makes galaxy
evolution an extremely complex field to navigate. However, thanks largely to advances in in-
strumentation, symbolised by the recent launch of the James Webb Space Telescope (JWST;
Gardner et al., |2006]), progress is being made in resolving galaxies on smaller spatial scales,
and with greater sensitivity. This is enabling more precise measurements of, among other
things, kinematics, molecular gas reservoirs and morphologies, and with advances in com-
putational modelling we can test theoretical models of these parameters to great precision.
The motivation behind this thesis specifically is to exploit state-of-the-art observational in-
strumentation in an attempt to study high-redshift galaxies, and to better understand in
particular the population of highly star-forming dust-obscured galaxies, which we will intro-

duce in the following section.

1.2 The formation and evolution of galaxies

Under the currently accepted paradigm of cosmology, the Lambda-CDM model, the Universe
began as a random density field of dark matter and baryons. Under the influence of gravity,
regions of dark matter overdensity grow and eventually collapse to form dark matter halos.
This creates a potential well into which the gas, comprised of baryonic matter, can fall,
decoupling from the dark matter and subsequently cooling to form stars and galaxies (see

e.g. |Wechsler & Tinker} 2018, for a review).

The evolution of galaxies is then governed by the balance between the formation of stars,
which consumes molecular gas, and accretion from the intergalactic medium (IGM) which
replenishes molecular gas (Scoville et al., [2017). The observation that ~5-10% of the matter
in the Universe is in stars and cold gas (e.g. Bell et al., 2003) suggests that star formation is
remarkably inefficient, and that other processes must be active. For example, feedback from

active galactic nuclei (AGN; see [Hickox & Alexander, 2018, for a review), massive stars and
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supernovae can heat gas, preventing it from cooling to form stars, or eject it from the galaxy
entirely. Heavier elements that are formed in stars enrich the interstellar medium (ISM),
allowing molecular gas to cool more easily. Additionally, galaxies may interact and merge,
compressing large amounts of gas and resulting in violent episodes of star formation (e.g.

Mihos & Hernquist, [1996), also potentially destroying pre-existing disc structures.

Thus the study of galaxy evolution is the study of these processes, and how they are affected
by the basic properties of the galaxy. In this section, we provide context around the evolution
of high-redshift galaxies, in particular the population of dust-obscured star-forming galaxies

(DSFGs) which will be the main focus of this thesis.

1.2.1 The star-formation rate density history

The evolution of the star-formation rate per unit volume, or the star-formation rate density
(SFRD; Madau & Dickinsonl 2014)), as a function of redshift provides a useful observational
tool to understand how star formation proceeds globally across cosmic time. This has been
constrained over the last three decades by combining different tracers of the star-formation
rate, such as the far-ultraviolet and infrared continuum (e.g. Lilly et al.l 1996} |Bouwens et al.
2012; Gruppioni et al.,[2013;|Bourne et al., 2017; Liu et al., 2018)), along with nebular emission
lines such as Ha and Ly« which directly probe the emission from O and B stars (e.g. (Geach
et al.| |2008; Dale et al., 2010)), radio emission which traces accelerated electrons in supernovae
(e.g. van der Vlugt et al., [2022) and even X-ray emission which is produced by young stellar

populations (see Kennicutt & Evans, 2012} for a review of SFR tracers).

The SFRD is observed to increase from the evolution of the first galaxies at z >10 (e.g.
Bromm & Yoshida) 2011) up until z ~2, before declining towards the present day, with
the peak at z ~1-3 commonly referred to as “cosmic noon”. This represents the epoch
over which the majority of the stellar mass observed in the local Universe was assembled
(e.g. Dickinson et al. 2003b; |Pérez-Gonzalez et al., [2008; Menéndez-Delmestre et al., [2013).
Therefore studying galaxies at this epoch is crucial to developing a complete picture of how
galaxies evolved from high redshifts to the present day, and indeed, it is this epoch which

motivates the work presented in this thesis.

1.2.2 Obscured star formation

Until the 1990s measurements of the SFRD were entirely made using UV /optical data, how-

ever it soon emerged that this approach lead to an incomplete picture after the Infrared As-
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Figure 1.2: Rest-frame far ultraviolet + infrared measurements of the star-formation rate
density (SFRD) history of the Universe, from Madau & Dickinson| (2014). The SFRD is
observed to increase until z ~2 (“cosmic noon”), at which time most of the stellar mass seen
in the local Universe is assembled, before decreasing until z =0.

tronomy Satellite (IRAS; [Neugebauer et al.,[1984) and Cosmic Background Explorer (COBE;

Puget et al.,|1996) satellites opened an entirely new window on astronomy with the discovery

of the far-infrared (FIR)/submillimetre background emission. This is primarily composed
of reprocessed rest-frame UV /optical light from young O and B type stars in high-redshift
galaxies, which is absorbed by dust grains in the interstellar medium (ISM) and re-emitted in
the FIR when the dust cools. By comparing the FIR background emission with the UV and

optical background it was inferred that approximately half of all the star formation that has

ever occurred was obscured by dust (e.g. [Puget et al},[1996). This can be seen in Fig. [L.3|from

Dole et al.| (2006), which shows that the Universe emits roughly comparable energy density

in both the optical and infrared. In fact, there appears to have been a transition from the

majority of star formation occurring in unobscured, to dust-obscured environments, at z ~ 5

(Bouwens et all 2020). Therefore, observations in the far-infrared are key to studying star

formation at high redshifts, and therefore in understanding galaxy formation and evolution.

In the 1980s TRAS discovered a heavily dust-obscured galaxy population in the local Universe

— the Luminous Infrared Galaxies (LIRGs) — comprised of galaxies with infrared luminosities
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Figure 1.3: Measurements of the Cosmic Optical Background (blue) and the Cosmic Infrared
Background (red), from Dole et al.| (2006). This highlights the fact that the energy density
is comparable in the optical and infrared, making it vital to study both if we are to fully
understand the star-formation history of the Universe.

Lig > 1011L@E|, the most well-studied of which make up the IRAS Revised Bright Galaxy

Sample (RBGS; |Sanders et al, 2003), along with more populations that were later discovered

by ISOPHOT (Lemke et al.,[1996). The extremely high infrared luminosities in these sources

arise from the dust, which re-emits the optical/UV light from young stars at far-infrared
wavelengths when it cools. Most local galaxies observed by IRAS and ISOPHOT were LIRGs,
but a subset of 12 sources had Lig > 102 and were termed Ultra Luminous Infrared Galaxies

(ULIRGs). Among the ULIRGs, those with SFRs of >50 Mg yr—! were determined to be

major mergers from morphological analysis at multiple wavelengths (e.g. [Soifer et al.| 1984}

\Veilleux et al., 2002, and for a review see Sanders & Mirabel 1996)). In a cosmological

context, local ULIRGs contribute to a small fraction of the global SFRD, but at z 21 their

contribution is much more significant (Magnelli et al., [2013; Dudzeviciuteé et al., 2020)).

1.2.3 Submillimetre galaxies

At high redshifts, an analogous population to local ULIRGs are submillimetre galaxies

(SMGs; |Smail et al.l 1997; Blain et al., 2002), a prominent class of dust-obscured star-forming

'In this thesis we define Lir to be measured across the wavelength range A =8-1000 ym.
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Figure 1.4: Median spectral energy distribution (SED) of SMGs from the ALESS sample
(Cunha et al., 2015), evolved to redshifts z = 0.1-10.

galaxies (DSFGs) with 870 ym flux densities (Sg70 2 1 mJy), which were first observed using
the Sub-millimeter Common User Bolometric Array (SCUBA) on the James Clerk Maxwell

Telescope (JCMT; e.g. |Coppin et al. 2006). The selection at 850 ,urrﬂ (which corresponds to

a gap in the atmospheric water vapour absorption) means that observations benefit from a
negative K-correction. This is due to the fact that the dust emission resembles a modified
blackbody with a peak at Apegt ~ 100 um, and so the Apest ~ 850 pm emission corresponds
to the tail of the Rayleigh-Jeans (RJ) slope, and as the source moves to higher redshifts
the rest-frame 850 pm point moves closer towards the peak, thus becoming brighter at this
observed wavelength (see Fig. . In fact, this correction is so strong that it approximately

cancels out cosmological dimming over the range z ~ 1-8, meaning that SMGs have roughly

constant brightness (see |Casey et al., [2014, for a review).

SCUBA has since been upgraded to SCUBA-2 (e.g. Holland et al., 2013} |[Mairs et al., 2021]),
and along with the Large APEX BOlometer CAmera (LABOCA; [Siringo et al., 2009) and

the Astronomical Thermal Emission Camera (AzTEC; Wilson et al., [2008) is one of the

instruments used in wide-field single-dish surveys to detect SMGs (e.g. (Geach et al., 2013

2017; Barger et all [2022)). These instruments have angular resolutions of around half an

2For clarity, SCUBA(-2) operates in the atmospheric transmission window at Aobs ~ 850 um, whereas
ALMA follow-up is carried out at the slightly longer Aobs ~ 870 um.
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arcminute, and therefore the beam can contain tens of galaxies. Without higher-resolution
imaging it is difficult to verify the multi-wavelength counterparts to these sources, and initially

studies relied on cross-matching to radio or 24 um catalogues (e.g. [Ivison et al. 2007)).

As a result the study of dust-obscured sources is challenging, but significant progress has
been made in the last decade largely thanks to the construction of the Atacama Large (sub)-
Millimetre Array (ALMA, e.g. Wootten & Thompson) 2009). ALMA is an interferometer
located on the Chajnantor plateau, in the Atacama Desert, Chile, at an altitude of over
5000 m. The array is comprised of 66 antennae, the main array of 50 12 m antennae, an array
of twelve 7m antennae (Atacama Compact Array; ACA), and a further four 12m antennae
(Total Power Array; TPA). The main array offers angular resolutions from a few arcseconds to
milliarcseconds, which means it can probe scales down to a few hundred parsecs for unlensed
sources at z ~ 2. Therefore for SMGs detected in single-dish surveys by e.g. SCUBA-2 or
LABOCA, ALMA can be used for follow-up in order to determine the precise position of the
850 um emission (e.g. |Stach et al., 2019)).

Additionally, ALMA has frequency coverage over the range 90-950 GHz (which in a couple
of years time is expected to expand to 35-950 GHz), meaning that for high-redshift SMGs it
can cover the thermal dust emission, the peak of the SED and the Rayleigh-Jeans tail, along
with many molecular and atomic emission lines (which we will discuss further in §1.3.3).
Finally, ALMA is far more sensitive its predecessors, a factor of 10-20x higher for spectral
line detections and 10-100x higher for continuum (see Hodge & da Cunhaj 2020} for a review

of ALMA and how it has contributed to SMG research in the last decade).

One of the biggest contributions of ALMA to the literature on SMGs is in the identification of
large samples. While the initial SCUBA-2 maps have resolutions of roughly half an arcminute,
which can encompass tens of sources, ALMA follow-up allows us to pinpoint the position of
the emission to within fractions of an arcsecond. Three of the largest such samples are the
ALMA LABOCA survey of the Extended Chandra Deep Field South (ALESS; [Hodge et al.,
2013), the ALMA SCUBA-2 UKIDSS Ultra Deep Survey (AS2UDS; Stach et al., 2018},|2019)
and the ALMA SCUBA-2 Cosmic Evolution Survey (AS2COSMOS; Simpson et al., 2020)),

which cumulatively contain over 1000 ALMA-identified sources.

1.3 Observational tools

Studying the dust-obscured population at high redshift is highly important in bridging the

gap between the high- and low-redshift populations of galaxies. We will now move on to a
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discussion of which galaxy properties can be measured, in the context of high-redshift dust-
obscured galaxies, and how they can inform us of the ongoing processes that shape their

evolution.

1.3.1 Photometric and spectroscopic redshifts

One of the most fundamental properties of a galaxy is its redshift. Obtaining robust redshifts
for many SMGs is a necessity if we are to study the bulk properties of the population, in
many areas such as SED fitting (e.g. Danielson et al., [2017)), clustering analyses (e.g. Stach
et al., 2021) and kinematic studies (e.g. |Alaghband-Zadeh et al., 2012).

Generally both photometric and spectroscopic redshifts can be used to study galaxies at high-
redshift. Photometric redshifts are cheaper to measure in terms of telescope time, but less
precise (see|Casey et al., 2014, for a review), and given the dust-obscured nature of SMGs they
are often more accurate for low-redshift sources (e.g. Dudzeviciuté et al., 2020)) which creates
a bias in any subsequent analyses. The rise of deep extragalactic fields such as the Cosmic
Evolution Survey (COSMOS; [Scoville et al., 2007)), the UKIDSS Ultra Deep Survey (UDS;
Lawrence et al.,[2007)) and the Great Observatories Origins Deep Survey (GOODS; Dickinson
et al., 2003al), however, is improving the reliability of photometric redshifts. For example,
in deriving photometric redshifts for the AS2UDS sample Dudzeviciute et al.| (2020) found
a median offset of (2spec-Zphot)/(1+2spec) =—0.005+£0.003 for 44 SMGs with pre-existing

spectroscopic redshifts, although these were mostly sources at z < 3.

Spectroscopic redshifts are the gold standard, as they can be measured to extremely high pre-
cisions. However they are not easy to obtain in bulk, particularly for heavily dust-obscured
sources are high redshifts. Rest-frame optical spectroscopic surveys with multi-object spec-
trographs (MOS) such as the Fibre-Multi-Object Spectrograph (FMOS; |Kimura et al., 2003)),
the Multi-Object Infrared Camera and Spectrograph (MOIRCS; |[Ichikawa et al., 2006) and
the Visible Multi-Object Spectrograph (VIMOS Le Fevre et al., 2000) allow for blind redshift
surveys of large numbers of galaxies simultaneously (e.g. |Stott et al., 2016; Tiley et al., 2021)),
but for heavily dust-obscured sources these are more likely to detect the optically bright and
therefore low-redshift end of the population (e.g.|Chapman et al. [2005; [Danielson et al., [2017}
Dudzeviciute et al., [2020]).

Alternatively, targeting the CO transitions at millimetre wavelengths (see §1.3.3)) is an effi-
cient method of obtaining unbiased redshifts for SMGs, as the large bandwidths of ALMA
and NOEMA allow for blind scans of large volumes (e.g. Bothwell et al.l 2013; [Weif et al.,
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2013; Spilker et al., [2014). Spectroscopic redshifts have the additional caveat that it is neces-
sary to identify which emission line is being observed (e.g. Bakx & Dannerbauer} [2022|) which
is usually trivial if multiple lines are detected at high S/N but with only one emission line,
or when the observed lines are low S/N, one may need to rely on the photometric redshift to
inform the line identification. This can introduce biases in the derived results, as low-redshift

SMGs are more likely to have better-constrained photometric redshifts.

N —

2020), spectroscopic redshifts remain far more reliable. They are also necessary for deriving
line luminosities, gas masses, kinematics and for studying SMGs in the context of other galaxy
populations. Indeed, one of the fundamental goals of this thesis is to significantly boost the

proportion of SMGs with robust spectroscopic redshifts (see Chapters and .

1.3.2 Spectral energy distribution

Observing galaxies at different wavelengths addresses different questions, probing different
components and processes. For example, observations at rest-frame optical wavelengths gen-
erally probe the stellar emission, whereas studying the far-infrared emission traces the dust
emission which emits approximately as a modified blackbody. Constructing a complete pic-
ture of the galaxy demands observations at all wavelengths. This allows one to model the
spectral energy distribution (SED) of the galaxy — the flux density received as a function of

wavelength.

The fundamental idea behind SED modelling is to combine an initial mass function (IMF)
with population synthesis models and star-formation histories (SFHs) in order to reconstruct
the observed emission from a galaxy (e.g. Conroy, 2013)). SED fitting codes such as MAGPHYS
(da Cunha et all [2015; Battisti et al., 2019) use energy balance techniques to consistently
model both the UV and IR emission, making it highly useful for studying SMGs where
reprocessed IR emission dominates the bolometric luminosity (e.g. |[da Cunha et al., 2015}

Dudzeviciute et al., [2020]).

As discussed in and the study of SMGs has benefited from the wealth of multi-
wavelength coverage from the ultraviolet (UV) to the radio in survey fields such as COSMOS,
UDS and GOODS, along with precise identifications with ALMA allowing us to match coun-
terparts at these different wavelengths. In these fields, maps at different wavelengths can

be compared to identify and classify sources, and the emission can be modelled using an
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Figure 1.5: The 3mm waveband, as covered by e.g. ALMA and NOEMA, showing the
frequencies of CO emission lines (and the [CI](3P1-3Py) fine structure line) for z =0-7. The
16th-84th percentile range of photometric redshifts for AS2UDS SMGs is shown in yellow,
with the 5*2-95%" percentile range shown as yellow dashed vertical lines. This demonstrates
the power of blind 3 mm scans with ALMA and NOEMA — only the redshift range z ~ 1.75—
2.0 is free of CO emission meaning SMGs can be targeted without prior knowledge of their
redshifts. This removes the bias towards low-redshift SMGs from which optical/NIR surveys
suffer.

SED fitting code to estimate fundamental properties such as the stellar mass, dust mass and

star-formation rate (e.g.|da Cunha et al., 2015; Dudzeviciute et al., 2020; Barger et al. 2022).

One of the most important properties that can be derived from SED fitting is the stellar mass,
however, this is also arguably the most difficult property to measure accurately (e.g.
et al., 2011; Michatowski et al., [2012)), as the IMF and SFH are not well known, and the dust

component needs to be accurately modelled in order to infer the “unattenuated” rest-frame
optical/UV spectrum. Additionally, the presence of AGN can complicate the SED fitting as
codes such as MAGPHYS itself does not include an AGN component and can therefore lead to

overestimates of the stellar mass. A non-negligible fraction of SMGs are expected to be AGN

hosts (e.g. |Coppin et al., [2010a; [Stach et all, [2019), and therefore this bias must be taken

into account when deriving and using stellar masses.

1.3.3 Molecular gas reservoirs

As discussed in §1.2] the evolution of galaxies is largely governed by the consumption of
molecular gas, the fuel for star formation, and therefore the molecular gas content of galaxies

is one of the most important properties to measure, particularly for such highly star-forming
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sources as SMGs. To understand how SMGs reach such high SFRs and subsequently evolve
it is necessary to understand how much molecular gas they currently contain in relation
to their stellar mass content, and how quickly they are consuming it. On its own Mg, is
an informative quantity, but it can also be used to estimate further properties if one has
knowledge of SED-derived properties such as stellar masses, SFRs and dust masses (see
the previous section). Three such examples of these are the gas depletion timescale tgqep =
Mgas/SFR, the gas-to-stellar mass ratio figas = Mgas/M, and the gas-to-dust ratio dgqr =
Mgas/Maust- tdep is related to how efficient the galaxy is at converting its molecular gas into
stars, and jugas describes how gas rich it is (e.g|Geach et al., 2011). These two quantities have
been suggested to be fundamental in scaling relations which result from the star-forming

main sequence (see Tacconi et al., [2020, for a review).

Carbon monoxide as a molecular gas tracer

The primary constituent of the molecular gas is molecular Hydrogen (Hs), and ideally ob-
servations would probe the emission lines of this molecule as it provides the most reliable
tracer of the molecular gas. However, the lowest-energy roto-vibrational transitions of Ha
have extremely high excitation requirements which are not found in cold molecular clouds,
and therefore another tracer must be used. As the second most abundant molecule in the
ISM after Ho, and with low excitation requirements for its ground-state roto-vibrational tran-
sitions, the most commonly used tracer is carbon monoxide (CO) (Carilli & Walter, 2013,
for a review). The ideal transition to target is CO(1-0) (e.g. [Sharon et al., 2013; Riechers
et al., [2020; Jin et al., 2021} Frias Castillo et al.| |2022)) as it has the lowest excitation energy
and therefore traces the bulk of the cold gas (the higher Jy, transitions trace warmer, more
compact components), however this line is typically very faint and therefore requires long

integration times to be detected.

The most accessible transitions are the Jy, ~2-5 lines as they are the brightest in terms of
line intensity and can be observed fairly easily at millimetre wavelengths (e.g. |Greve et al.,
2005} |Coppin et al., 2010b; Tacconi et al., [2010; | Bothwell et al., 2013} [Wardlow et al. |2018;
Valentino et al., 2020a; (Chen et al., 2022)). They also cover a wide range of redshifts (see
Fig. Measurements of the CO line luminosity L can be used to estimate molecular
gas masses according to

Migas = 136000 Li0(1_q) (1.3.1)
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where
2

LL -1 -2
—=  Kkm 1.3.2
(1 + Z)SVObS > pe ( )

aco is the CO-Hy conversion factor in Mg, (Kkms™! pc?)~!, Ico is the velocity-integrated

Lo = 3.25 x 107 Ico

line intensity in Jykms™', Dy is the luminosity distance in Mpc and vy is the observed
frequency of the CO emission line. The factor of 1.36 in Eq. accounts for the presence of
Helium in the ISM (Solomon et al., [1997; Bolatto et al., |2013)). An additional inconvenience
for Jyp >1 CO lines is the necessity to adopt an assumed set of line ratios to infer the CO(1-
0) luminosity, which is needed to derive more robust gas masses. This is discussed further in

§1.3.4

One of the most significant CO studies of SMGs was carried out by Bothwell et al. (2013,
who surveyed low- to mid-J CO emission in 40 SMGs with the Plateau de Bure Interferome-
ter (PdBI; Guilloteau et al.,|1992), which remains one of the largest samples of its kind nearly
ten years later, and while this sample has provided many useful results, such as in measuring
CO line ratios and molecular gas fractions, it is based on selection of sources with known
spectroscopic redshifts and radio identifications, and therefore biased towards lower-redshift
galaxies and sources with stronger AGN components. With the capabilities of ALMA and
the large samples of ALMA-identified SMGs, in addition to PdBI’s successor the NOrthern
Extended Millimeter Array (NOEMA) we are ready to make vast improvements on the char-
acterisation of the cold ISM properties of SMGs, and a significant portion of this thesis is
dedicated to doing so (see Chapters 2] and [3)).

In addition to CO, the emission lines of atomic and ionised carbon have been proposed as
alternate tracers of the molecular gas. Unlike the low-J CO emission lines, the two [CI] lines
are optically thin, and appear at frequencies that make them easier to detect with ALMA
than the low-J CO lines. It has been suggested that atomic carbon is well mixed within
molecular clouds (Papadopoulos & Greve, 2004), and the [CI] lines can be combined with
CO to infer properties of the ISM such as temperature and density. However, the [C1]-Hy
conversion factor is even less well known than the CO-Hs conversion factor, an issue which

must be addressed to enable [CI]-based gas mass estimates.

The [C11] line has also been suggested to be a suitable tracer of the molecular gas. This line is
very bright, and therefore easy to detect, but [C11] can trace both star-forming and molecular
regions and it can be difficult to disentangle the two. Additionally, studies have shown that
the strength of the [C11] line depends on the radiation field strength and metallicity (e.g.
Rybak et al., 2019).
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The CO-H; conversion factor

The CO-Hy conversion factor is a considerable source of uncertainty in gas mass estimates for
high-redshift galaxies (see|Bolatto et al.,[2013, for a review). It is well-measured for the Milky
Way from giant molecular clouds with results in the range aco ~1-9 My (Kkms™!pc?)~!
— the variation being related to metallicity (Solomon et al., 1987} |Leroy et al., 2011} Casey
et al., 2014)), which is expected to extend to galactic scales (Bolatto et al., 2013), although
some authors have found only a weak dependence (Sandstrom et al.,|2013). It is not yet clear
whether these measurements hold at earlier times. At high redshifts, the two most common
values to be adopted are aco =1 and aco =4, with the split being between “starburst”
galaxies and “normal” (main sequence) star-forming galaxies, respectively. In one of the most
notable attempts to constrain aco [Daddi et al.[(2010) estimated aco ~ 3.6 from the CO(2-1)
emission line in three galaxies. For ULIRGs and high-redshift SMGs, which are expected to
have more turbulent interstellar media, aco ~ 0.8-1 are commonly adopted following Downes

& Solomon (1998) who placed the constraints using local ULIRGs.

It is extremely difficult to measure ago at high redshift however, and it is not well under-
stood how its value is related to the many complex physical processes that occur in galaxies.
Attempts to constrain it at such redshifts are therefore mostly empirical and often involve
estimating dynamical masses, adopting an assumed dark matter fraction and combining them
with stellar masses (Downes & Solomon, [1998; Daddi et al., [2010; Bothwell et al., 2013; (Cal-
istro Rivera et al., |2018} |[Frias Castillo et al., 2022)). Indeed, as we have already discussed,
stellar masses are highly difficult to measure, and dark matter fractions are equally uncertain
for high-redshift star-forming galaxies (e.g. [Lang et al., 2019; |Tiley et al., 2019). We attempt
to provide constraints on the CO-Hy conversion factor for SMGs in Chapters [3] and

1.3.4 CO line excitation

Observations of the molecular and atomic emission lines can provide useful constraints on
the gas excitation properties in the ISM. For the molecular CO gas the relative line fluxes of
the different roto-vibrational transitions, also known as the CO spectral line energy distri-
bution (SLED), can be modelled to estimate, for example, the kinetic temperature Ty, and
Hs density of the ISM. This is also necessary to derive line ratios for estimating CO(1-0)

luminosities from observations of J,, > 1 transitions.

The simplest method for constructing a CO SLED is to observe a single source in multiple CO

transitions, as was done by Danielson et al.| (2011}, 2013)) for the lensed submillimetre galaxy
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SMM J2135—0102 (the “Cosmic Eyelash”). The authors detected 11 separate transitions,
including eight 12CO transitions, finding that SMM J2135—0102 displays increasing CO line
flux up to Jyp =06, and declines beyond. [Papadopoulos et al| (2014)) carried out a similar
study for the merger/starburst systems NGC 6240 and Arp 193, constructing CO SLEDs
covering Jyu, =4-13 transitions and finding the two to contain small and large reservoirs of
dense (n >10* cm™3) gas respectively. Finally, Yang et al|(2017) and |Canameras et al.| (2018)
observed Jyp ~3-11 CO emission for 27 lensed SMGs with the IRAM 30m telescope, finding
the majority of sources to peak in line flux at Jy, ~4-7. For context, the SLED of the Milky
Way, which has a star-formation rate of ~1 Mg yr~! (e.g. Licquia & Newman, 2015), peaks
at Jup ~2-3, suggesting that SMGs and starburst galaxies contain hotter and denser gas

than less actively star-forming systems.

Alternatively, one can construct a statistical SLED, as in |Bothwell et al.| (2013)), which in-
volves observing many sources in individual transitions and combining them at each Jyp. A
complication of this is that one must normalise the observations in some way. For example,
Bothwell et al.| (2013) normalised all sources to the same CO luminosity using the scaling
between L and Lir (the integrated Schmidt-Kennicutt relation). |Spilker et al.|(2014) com-
bined ALMA observations of 22 lensed SMGs discovered by the South Pole Telescope (SPT),
rescaling all sources to a common redshift of z =3 and also normalising by their 1.4 mm flux
at this redshift. Their resultant CO SLED shows high-critical density emission lines such
as HCN, HNC, HCO™ and CN, indicating a warm and dense interstellar medium (the stack
from |Spilker et al.|[2014|is shown in Fig. . Despite the potential difficulties in normalising
all observations before stacking, this method of constructing a SLED has the advantage that
it is easier to obtain observations of individual transitions for multiple sources, rather than
targeting a single source with multiple instruments. We apply this method of building a CO
SLED ourselves in Chapter

1.3.5 Rest-frame optical emission line diagnostics

In addition to the millimetre emission lines, the rest-frame optical spectra of star-forming
galaxies provide many diagnostics of its properties. Young OB stars emit UV radiation which
ionises the surrounding gas, producing HaA6563, the dominant rest-frame optical emission
line in SFGs. Therefore, the rate of Ha photons observed from a galaxy can be used as a
direct indicator of the star-formation rate, SFRy, (Kewley et al., 2002)). Indeed, the Ha

emission line is a popular indicator of the SFR for local and high-redshift galaxies due to its
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Figure 1.6: Composite rest-frame 0.4-1.2mm spectrum of 22 z =2-5.7 SPT DSFGs, from
Spilker et al.| (2014)). The spectrum clearly shows the CO ladder as well as other emission
lines such as high-critical density emission lines such as HCN, HCO* and H20, which imply
warm and dense interstellar media in the DSFGs.

strength which makes it easy to detect and model (Kennicutt & Evans, [2012). Additionally,

this feature is well-studied in the literature and numerous calibrations have been provided

(Kennicutt & Evans, 2012)). This ionised emission line, however, is subject to dust attentua-

tion and therefore often underestimates the SFR in dust-obscured galaxies in the absence of

an Ay correction (Dopita et al., [2002; Hogan et al., 2021)). This can be corrected for with

measurements of the Balmer decrement Ha/HS (e.g. Kewley et al., 2002), although the HS

line is typically weak in SMGs.

Along with the Ha line, the other key rest-frame optical features are the forbidden doublets
of ionised Nitrogen [NII|JAA6548,6583, ionised Sulphur [S11]AN6716,6731 and ionised Oxygen
[O111]AN4959,5007, along with the Hf line. The relative fluxes of these lines can indicate the
processes that produce the most ionising radiation, and therefore to classify galaxies as AGN-

dominated or star-formation dominated, a diagnostic encompassed by the Baldwin, Terlevich

and Philips (BPT; Baldwin et al.| [1981) diagram which has been well studied for local and

high-redshift galaxies (e.g. Kewley et al., 2001; Tremonti et al., 2004; Kewley et al., 2013}

Steidel et al., 2014} |Shapley et al., 2015]).

For star-forming galaxies the [N11]/Ha ratio can also trace the metallicity, typically expressed

as the quantity 12+ log(O/H) where O and H are the oxygen and hydrogen abundance, re-
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spectively. This is because oxygen is often the most abundant heavy element in the ISM,
and the definition usually involves the assumption that the abundance of the other chem-
ical elements scales while maintaining solar ratios (see Maiolino & Mannucci, 2019} for a
review). Scaling relations have been derived between the metallicity and other properties of
galaxies, and [Mannucci et al. (2010) combined this to produce a three-dimensional relation
between mass, metallicity and star-formation rate, named the Fundamental Metallicity Rela-
tion (FMR), showing that it does not evolve up to z ~2.5. The FMR has the general property
that galaxies display increasing metallicity with stellar mass until M, ~ 10195~ (apparently
comparable stellar masses to the majority of SMGs) where the metallicity plateaus (Mannucci
et al., 2010)), and at fixed stellar mass lower redshift sources have higher metallicities. These

ideas will be explored in Chapter [

1.4 The current state of SMG research

In the last two decades observations of SMGs have led to the following conclusions: they
reside predominantly at z ~2-3 (e.g. |Chapman et al., 2005; da Cunha et al., 2015; Wardlow
et al. 2018), with a handful of detections out to z ~5 (e.g. Coppin et al., 2010b), and have
enormous infrared luminosities of Lig > 10'2-10'3 Ly, (Dudzeviciiité et al., 2020). These IR
luminosities are a result of huge dust reservoirs (Mqust ~ 10 M) which heat up and re-
emit the vast majority of the optical/UV light from young O and B stars in the infrared.
The implied star-formation rates are SFR ~ 100-1000 My yr~! (e.g. [Magnelli et al., [2012a};
Swinbank et all 2014; Miettinen et al., [2017; Dudzeviciute et al., 2020), and it has therefore
been suggested that SMGs contribute significantly to the SFRD at cosmic noon (Barger et al.)
2000; Swinbank et al.l 2014; |Dudzeviciute et al.l [2020).

1.4.1 Triggering of star formation in SMGs

As SMGs are such an extreme population, one of the tests that they pose to models of galaxy
evolution is finding a suitable mechanism to generate such intense levels of star formation.
For SMGs, we may look to their local analogues, the ULIRGs, which are theorised to partic-
ipate in evolutionary sequence for high-Lig systems, first proposed by [Sanders et al.| (1988]).
The sequence is as follows: an isolated disc undergoes secular growth before experiencing a
major merger from a similar-mass companion accreted by the halo. This leads to a starburst

(the ULIRG phase we observe), causing rapid growth of the central black hole (Hopkins
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2012alb) which expels the remaining dust and leaves an unobscured Quasi-Stellar Ob-
ject (QSO), a particurly radio luminous type of AGN. The QSO eventually fades, and star

formation is quenched leaving a “red and dead” early-type galaxy. Observational studies

have provided support to this model (e.g. Coppin et al., 2010a). In SMGs, high-resolution

studies have shown that the star formation occurs in compact dust structures with diameters

of ~2-3kpc (Tacconi et al., 2006} [Simpson et al, [2015; [Tkarashi et al., 2015 (Gullberg et al.,

2019; Hodge et al.l 2019)), in support of the merger triggering theory (McAlpine et al.,|[2019).

One of the most significant results in the field of galaxy evolution in recent years is the positive
correlation between the stellar mass of star-forming galaxies and their star-formation rates,
termed the galaxy “main sequence”, i.e. analogous to the main sequence for stellar evolution
(e.g. Brinchmann et al., 2004; Elbaz et al., 2007; Noeske et al., |2007; Whitaker et al., [2012;
Speagle et al. 2014; Renzini & Peng, 2015 |Schreiber et al., 2015). Some authors have

fit large numbers of galaxies to determine the scaling relation between the two quantities

(Whitaker et al., 2012} |Speagle et al., [2014; Schreiber et all [2015), showing that the zero-

point evolves to higher SFRs with redshift (e.g. Popesso et all [2019; Leslie et al.,2020)). The

majority of star-forming galaxies are observed to lie on, or near, the main sequence, and this
tight correlation is used to suggest that galaxy star-formation rates are mostly controlled
by steady gas accretion, with “starburst” galaxies representing outliers which are triggered
by stochastic processes such as major mergers. Alternatively, they may have higher star-

formation efficiencies (SFEs), and therefore convert more of their molecular gas into stars

(e.g Hodge & da Cunha, [2020). However, current measurements of stellar masses and star-

formation rates indicate that some high-redshift 850 ym-selected SMGs may be classified as

main-sequence galaxies despite having SFRs of over 100 Mg yr=! (e.g./da Cunha et al., 2015;

Koprowski et all 2016 [Elbaz et al., [2018; |Dudzeviciute et al., [2020). This may imply that

smooth gas accretion can generate the rapid star formation in SMGs at z 2 3, and indeed,

theoretical models have been developed to test this (e.g. [Keres et al.l 2005; Dekel & Birnboim),
2006; Davé et all 2010).

The question we have posed is: are the high SFRs in SMGs triggered by major mergers?
Or are they simply “scaled-up” versions of less-active galaxies that are simply being fuelled
by accreting greater amounts of gas from the ISM? In reality, the answer is likely to be a
combination of the two — the selection of SMGs at 870 pum results in samples of galaxies that

span over an order of magnitude in star-formation rate, infrared luminosity and stellar mass

(e.g. da Cunha et al., 2015 |Dudzeviciutée et all [2020), and it is therefore unreasonable to

simply expect the entire population to behave in the same way. For example, it may be
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possible that the brightest and most massive SMGs are merger driven, while the lower-mass

sources are scaled-up versions of less-active SFGs.

1.4.2 SMG kinematics

As we discussed in one of the major distinctions between early- and late-type galaxies
is their kinematics — early-types are “dispersion-dominated” and late-types are “rotation-

dominated”. How is this defined, and measured?

The kinematics of a galaxy can be traced by spatially resolving a bright emission line, such as
Ha, and modelling it to determine the variation of the redshift across the source. Combining
this with the systemic redshift, one can also calculate how the velocity, in the rest-frame
of the galaxy, varies as a function of radius. Two basic measurements used to parameterise
the kinematics are the rotational velocity v,ot and the intrinsic velocity dispersion og. The
ratio of these two quantities vy /09 can be used to describe the level of rotational support
in a galaxy (Weiner et al. [2006; [Newman et al., |2013; [Wisnioski et al., |2015), for example,
a system with vyt /09 > 1.5 may be classified as rotationally supported (Stott et al., 2016}
Tiley et al., 2021), whereas one with vyot/0¢ < 1.5 may be classified as dispersion dominated.
Whether or not a galaxy is rotation dominated can provide useful insight into the triggering of
star formation (Shapiro et al. [2008) — for example a system may be highly turbulent because
it is experiencing a major merger event (e.g. Swinbank et al., 2006} Alaghband-Zadeh et al.,

2012).

In the local Universe surveys such as the Calar Alto Legacy Integral Field Area (CAL-
IFA; Sanchez et al., [2012), the Sydney—Australian—Astronomical Observatory Multi-Object
Integral-field Spectrograph (SAMI; |Croom et al., [2012) and Mapping Nearby Galaxies at
Apache Point Observatory (MANGA; Bundy et al., 2015) have provided a comprehensive
view of thousands of z ~( galaxies. These surveys have verified scaling relations such as the
Schmidt-Kennicutt law, the resolved star-forming main sequence and the mass-metallicity
relation down to ~kpc scales in local galaxies (see |Sanchez, 2020, for a review). At high red-
shifts however, kinematic studies are much more difficult — firstly due to the fact that more
distant galaxies are fainter and require higher resolutions to observe on small scales, but also
due to significant sky contamination in the near-infrared where the Ha emission line is found
for 2 1. At the z ~2 epoch, disc morphologies are beginning to dominate the star-forming
galaxy population (Mortlock et al., [2013; Tiley et al., [2021)), and therefore overcoming these

issues is crucial. IFU instruments such as the Spectrograph for INtegral Field Observations
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Figure 1.7: Ha velocity maps from approximately half of the SINS survey (from
Schreiber et al., |2009). This is one of the earliest examples of resolved kinematic studies of
high-redshift star-forming galaxies.

in the Near Infrared (SINFONI; Bonnet et al., [2004)), the OH-suppressing Infrared Field
Spectrograph (OSIRIS; [Larkin et al., 2006) on the Keck Telescope and the K-band Multi
Object Spectrograph (KMOS; Sharples et al., 2013) can be used to observe Haw and/or [O111]

at these redshifts.

The first survey to spatially resolve galaxies at the cosmic noon epoch was the Spectro-

scopic Imaging survey in the Near-Infrared with SINFONI (SINS; [Forster Schreiber et al.l
2006), which included 62 SFGs with M, >10'° M in the redshift range z ~1.3-2.6. The

~

SINS sources are divided into three approximately equally sized subsets — rotation-dominated

sources, mergers (Shapiro et al., 2009) and dispersion-dominated sources (see Fig. . One

of the findings from SINS was that high-redshift star-forming galaxies have more turbulent

ISM than their local counterparts, with velocity dispersions of o ~30-90kms~'. Another

early kinematic study was carried about by Law et al.| (2009) with OSIRIS on 12 UV-selected

SFGs in the redshift range z ~2.0-2.5 and marginally lower masses and SFRs than the SINS

sample. The Law et al.| (2009) sample contained ~ 50 % dispersion-dominated sources, and

like the SINS sample, showed high velocity dispersions o ~ 60-100 kms™!

There have been many other surveys of z 2 1 star-forming galaxies with KMOS, including the
KMOS Redshift One Spectroscopic Survey (KROSS; Stott et al., 2016), the KMOS?P survey
(Wisnioski et al [2015] 2019), the KMOS Deep Survey (KDS; Turner et all 2017) and the
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KMOS Galaxy Evolution Survey (KGES; Tiley et al.,|2021). For example, the ongoing KGES
survey, which covers 288 K-band-selected galaxies with z ~1.2-1.8 and M, ~ 10°-10'° M),
has already revealed that the prevalence of discs does not change significantly from z ~1.5

to z ~0.04 at fixed stellar mass.

At the current time however, kinematic studies of dust-obscured systems are much more
limited in scope. Alaghband-Zadeh et al.| (2012) observed nine SMGs at z ~2.0-2.7 with
SINFONI and the Gemini-North/Near-Infrared Integral Field Spectrograph (NIFS), finding
an enormous average velocity dispersion of o =220+80kms~!, with multiple kinemati-
cally distinct components in six of the nine sources. These show average velocity offsets
of 200+100kms™ !, implying that the six sources are merging systems. Therefore, while
difficult for dust-enshrouded galaxies, studying the kinematics is a powerful tool for under-
standing the triggering mechanisms of their star formation. Chen et al.| (2017) carried out a
rare study of spatially resolved dust, cold gas and Ha in ALESS067.1, an SMG at z =2.12,

using dynamical modelling to suggest that the source is a merger.

1.4.3 SMGs as progenitors of early-type galaxies

As previously discussed, the galaxies that we observe at high redshifts are progenitors of
galaxies in the nearby Universe. Therefore, given what we know about the highly star-
forming dust-obscured population at high redshift, and given the hypothesised evolutionary
sequence for ULIRGs, a natural question to ask is: what are the descendants of 850-um-
selected systems in the local Universe? And what processes drive the evolution between

these two phases?

It is hypothesised that the SMG population are the progenitors of massive local galaxies (e.g.
Blain et al., 2002; |Coppin et al., [2008; |Simpson et al., [2014), via a compact quiescent phase
at z ~2, which requires a rapid “quenching” of star formation. Proposed mechanisms for
quenching include AGN feedback (e.g. |Croton et al., 2006; Bell et all [2012), shock heating
of infalling gas (e.g. [Keres et al., [2005; Dekel & Birnboim, [2006) and bulge formation which
stabilises the disc (e.g. Martig et al., |2009). The advancements in studying SMGs, and the
higher quantity and quality of physical parameters that have been derived, have allowed
several tests of this theory. For example, Hodge et al.| (2016) argued that the expected sizes,
gas surface densities and stellar masses of the z ~ 0 descendants of SMGs are consistent with
the most massive and compact local early types. Stach et al.[(2021) predicted that the z ~0

descendants of SMGs will reside in dark matter halos of masses log;o(Mhalo/Me) ~13.2,
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consistent with present-day massive spheroidal galaxies. Coppin et al. (2010b)) used CO(2-1)
observations of a z =4.76 SMG to estimate its gas mass and depletion timescale, and argued

that it could plausibly have reached the “red and dead” stage by z ~ 3.

In contrast, Miettinen et al. (2017) found that their sources at z <3 would not be able
to evolve into lower-mass compact quiescent galaxies. The galaxies used in this work are
more massive than the majority of SMGs, however, which highlights the fact that the 870 um
selection produces samples with a wide range of properties, as discussed in Therefore a
one-size-fits-all approach is unlikely to match observations. Indeed, there has been suggested
to be a dichotomy in the local early-type galaxy population: elliptical galaxies which generally
have a merger origin and spheroidal galaxies which are typically more disc-like, having lost
their gas supplies through e.g. supernova feedback (Kormendy et al., 2009). It is therefore
important to study samples of SMGs that are representative of the whole population in order

to fully understand any potential variations with, for example, mass or SFR.

1.5 Thesis aims and outline

Having outlined the motivations behind studying galaxy evolution and in particular the dust-
obscured star-forming population at high redshifts, along with the tools that can be used to

do so, we now provide an outline of the work presented in this thesis. Our aims are as follows:

e Boost the number of SMGs with secure spectroscopic redshifts using blind emission line
scans, and use these to provide improved constraints on physical parameters derived

from spectral energy distribution, such as stellar mass and star-formation rate

e Derive robust gas masses, gas fractions and gas depletion timescales for the SMG popu-
lation, study how they evolve with properties as redshift, star-formation rate and stellar

mass, and compare them with samples of more typical galaxies

e Determine whether SMGs are primarily rotationally supported or turbulent merging
systems, and also whether SMGs appear to be “scaled up” versions of normal galaxies

or entirely distinct systems
e Test the proposed link between SMGs and massive local early-type galaxies

e Study the ISM conditions in SMGs by constructing a CO spectral line energy distribu-
tion and placing SMGs on the BPT diagram
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e Attempt to place constraints on the CO-Hy conversion factor for SMGs, which would

lead to improved gas mass estimates

o Estimate the prevalence in AGN in the SMG population, and test whether this varies

with other properties such as redshift and SFR

We will exploit the observational tools described in to meet these aims. We now sum-
marise the content of the chapters in this thesis below. Chapters 2 and 3 present published

work, while Chapters 4 and 5 are from an ongoing study.

e Chapter 2 presents techniques used in the reduction and analysis of 3mm NOEMA
and ALMA data, along with the selection details of our CO survey of 61 SMGs. This
includes careful line identification and fitting along with an SED fitting analysis to

determine the physical properties of the CO-detected targets.

e Chapter 3 presents analysis of the molecular gas properties of 47 SMGs in the COSMOS,
UDS and ECDFS fields, as traced by the carbon monoxide CO, atomic carbon [C1] and
3mm continuum, along with the physical properties derived from SED fitting using
the spectroscopic redshifts. This is one of the largest samples of its kind and is less
susceptible to biases from which earlier samples suffer, such as AGN contamination.
Along with significantly increasing the sample of 870 pm-selected SMGs with secure
spectroscopic redshifts, we also derive gas mass estimates for the sample along with
molecular gas fractions, depletion timescales and gas-to-dust ratios. In addition, we
supplement our sample with literature measurements to derive a statistical CO spectral
line energy distribution (SLED) and study the molecular gas excitation properties of

the population.

e Chapter 4 presents the KMOS Large Programme “KMOS+ALMA Observations of
Submillimetre Sources” (KAOSS; Programme ID: 1103.A-0182). This is an ongoing
survey of over 400 SMGs in the COSMOS, UDS and GOODS-S fields. We present the
sample selection and observing strategy of KAOSS, along with the integrated Ha and
[O111] properties of 44 sources with Ha and/or [O111] line detections. Physical properties
of the sample are estimated from SED fitting, and we assess the level of AGN activity in
the sample before studying it in the context of the Fundamental Metallicity Relation and
the BPT diagram. We also present optical, Ha and dust size and shape measurements,

which are used in Chapter
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e Chapter 5 presents a study of 37 sources from KAOSS with bright and extended enough
Ho and/or [O111] line detections to allow us to spatially resolve the emission. We derive
resolved velocity and velocity dispersion maps and rotation curves, studying the ratio of
v/0o to determine the degree to which our sources are rotationally supported, and using
the velocities to measure the offset of the stellar and baryonic Tully-Fisher relation
(TFR) for SMGs at z ~2. By comparing KAOSS sources with galaxies in the EAGLE
simulations we estimate their halo masses, which provides diagnostic information on

how they are supplied with cold gas.

e Chapter 6 presents the main results and conclusions of this thesis, along with a brief
discussion of future work which can build on the work done here in order to further
improve our understanding of the high-redshift dust-obscured SFG population, and

galaxy formation/evolution in general.



CHAPTER 2

3 mm observations of high-redshift

dust-obscured star-forming galaxies

Preamble

In this chapter we introduce our 3 mm survey of SMGs in the COSMOS, UDS and ECDFS
fields with ALMA and NOEMA. The survey is motivated by the need to obtain precise
spectroscopic redshifts for SMGs, as well as more accurate estimates of their molecular gas
masses, the latter of which can be traced by carbon monoxide (CO) gas. The low- to mid-.J
rotational lines of CO (Jyu, ~2-5) are relatively easy to observe at A ~3mm, and are not
strongly affected by dust attenuation, making them a highly useful tracer of the molecular
gas in SMGs. Here we detail our target selection and data reduction, along with line analysis
techniques and MAGPHYS SED fitting, the latter of which we use to study the AGN fraction in
our sample and place our sources in relation to the star-forming main sequence. We proceed

to present the molecular gas properties of the CO-detected SMGs in Chapter

2.1 Introduction

The multi-wavelength properties of submillimetre galaxies (SMGs) have been studied by

fitting the dust spectral energy distribution (SEDs) using codes such as MAGPHYS (e.g. da

25
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Cunha et al., [2015; [Dudzeviciuté et al., [2020; Barger et al., [2022), with the large sample
size of AS2UDS in particular allowing us to derive statistical measurements of photometric
redshifts, star-formation rates, infrared luminosities and many other properties. The majority
of SMGs are still without secure spectroscopic redshifts (but see e.g. |Chapman et al., 2005}
Danielson et al., 2017; Wardlow et al., 2018), without which it is challenging to place them
into the broader picture of galaxy evolution. In addition, many of the derived photometric

redshifts are highly uncertain due to the obscured nature of the population.

An efficient technique for obtaining precise spectroscopic redshifts is to target the rotational
transitions of the carbon monoxide (CO) gas, which appear at wavelengths of A ~1mm and
can therefore be observed with (sub-)millimetre interferometers such as the Atacama Large
(sub)-Millimetre Array (ALMA; e.g. [Wardlow et al., 2018) and the NOrthern Extended Mil-
limeter Array (NOEMA; Daddi et al., 2008; Chapman et al.,|2015)), along with also single-dish
telescopes such as LABOCA (WeiB et al., 2008). SMGs are much brighter in this wavelength
range than in the optical/near-infrared (NIR), and with technological advancements allowing
wider frequency coverage, the success rate at detecting emission and determining redshifts
is higher than rest-frame optical surveys (Weif et al., |2009; |Swinbank et all 2010)), with
the derived redshifts less biased towards low-redshift, optically-bright sources. NOEMA has
recently become a powerful tool for blind CO surveys, owing to a new wideband receiver
and the PolyFiz correlator, along with the addition of new antennae, giving the instrument
16 GHz of bandwidth at 3mm. ALMA is the most powerful telescope of its kind, and can
also achieve large bandwidths with multiple frequency tunings. As an example of the suc-
cess rate of such blind scans, Weif} et al.| (2013]) conducted a blind 3mm ALMA survey of
26 strongly dusty star-forming galaxies selected at 1.4 mm, using the South Pole Telescope
(SPT), successfully detecting at least one CO, [C1] or HoO feature in 23 of their targets (also

see e.g. |Vieira et al., [2013).

In addition to providing unbiased redshifts, the CO emission is a standard tracer of the
molecular hydrogen Hy which otherwise cannot be observed due to its lack of a permanent
dipole moment, preventing any transitions from being appreciably excited in the cold inter-
stellar medium (ISM) of SMGs (e.g. |Solomon et al. |1992; Omont), [2007; |Carilli & Walter)
2013). Hy is the dominant component of the molecular gas in galaxies and the main fuel for
star formation, so it is vital to be able to characterise the Hy mass, and consequently the
CO mass, in order to understand the nature of star formation in these extreme starbursts.
The key properties that can be measured from CO emission are the line luminosity and line

profiles (e.g. Bothwell et al.l [2013). The former provides a measure of the amount of CO gas,
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from which one can estimate the Hy or total gas mass (Solomon & Vanden Bout, 2005)), and

the latter provides a measure of the total mass and dynamics.

Observations of CO have provided useful constraints on the molecular gas in SMGs. The
first studies of this kind were performed by [Frayer et al. (1998] [1999), showing that SMGs
have broad and often double-peaked CO lines, gas masses of order 10'° M, and short gas
depletion timescales of t4e, ~50 Myr. High-resolution CO observations showed that the SMG
population displays a mix of sources with complex gas motions, indicative of major mergers,
and sources with compact gas discs, although the former model seems to be favoured (Tacconi
et al., [2008; Engel et al., [2010). Other major studies include |Greve et al.| (2005), who found
broad lines indicating dynamical masses of order 10'! M, Daddi et al.| (2010), who found gas
fractions of ~50-65 percent in z ~ 1.5 BzK galaxies, and [Ivison et al.| (2011]), who resolved
four SMGs with the Extended Very Large Array, finding typical sizes of ~16kpc. |Chen
et al.| (2017)) provided a spatially resolved study of an ALESS SMG (ALESS67.1), finding
its morphology to be indicative of a merger. Bothwell et al. (2013) surveyed CO emission in
40 SMGs with the Plateau de Bure Interferometer with 26 firm detections and six candidate
detections, and used this to derive molecular gas masses, along with a median CO spectral
line energy distribution (SLED) for SMGs. Although their work provided useful constraints
on the molecular emission, the sample was biased towards sources with known spectroscopic
redshifts and radio identifications, and hence towards the optically-bright, lower-redshift and
potentially AGN-dominated end of the population.

To build on the above we have undertaken a survey of 61 SMGs with precise ALMA 870 um
continuum detections from the ALMA SCUBA-2 Cosmic Evolution Survey (AS2COSMOS;
Simpson et al., [2020), ALMA SCUBA-2 UKIDSS Ultra Deep Survey (AS2UDS; Stach et al.|
2018, 2019) and the ALMA LABOCA survey of the Extended Chandra Deep Field South
(ALESS; [Hodge et al., [2013) samples with ALMA and NOEMA at A\ ~3mm, aiming to
provide secure spectroscopic redshifts and estimate their molecular gas masses. We have
compiled targets from a number of programmes to include sources with a wide range of K-
band magnitude and Sg7g, which will allow us to study parameter correlations within the
population. Our sample is one of the largest of its kind, and with it we take advantage of the
unmatched sensitivity of ALMA/NOEMA and the wealth of multi-wavelength data available
in the COSMOS, UDS and ECDEFS fields. We will address the redshift distribution, gas
excitation, dynamics and gas masses of SMGs, the evolution of their gas fractions and gas
depletion timescales, along with their relation to the star-forming main sequence. As a study

of similar size and intent, we will compare throughout to Bothwell et al.| (2013]).
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Spec-z Scan Total
Number of targets
AS2COSMOS 0 5 5
AS2UDS 4 13 17
ALESS 26 13 39
Total sources 30 31 61
Median Ss7o [mJy] 4.2 (2.6-6.0) 8.8 (4.4-13.9) 5.9 (2.8-10.5)

Median K [mag] 21.2 (20.3-22.7) 22.9 (22.1-23.7)  22.3 (20.7-23.5)
Median V [mag]  24.3 (22.9-25.4)  26.0 (24.8-27.2)  25.1 (23.8-26.8)

Ndetectechcont. 13 26 39
Ndetected,CO 19 26 (45 serendip.) 50

Table 2.1: Summary of our source selection and the 870-um fluxes of our subsamples. When
reporting the median Sg7g/K/V we also give the 16-84 th percentile ranges in parentheses.

The outline of this chapter is as follows: in §2.2| we outline the sample selection for this
survey, and in we describe the observations carried out and data reduction. We then go
on to discuss our data analysis methods in before discussing initial conclusions from the
survey in The main science results of the survey are presented and discussed in Chapter
Throughout this chapter we adopt a flat A-CDM cosmology defined by (Qmn, Q4, Hp) =
(0.27, 0.73, T1kms~! Mpc1).

2.2 Sample selection

Our 61 targets are selected from ALMA-identified 870-pm-selected SMGs in the ALMA-
SCUBA-2 Cosmic Evolution Survey (AS2COSMOS;[Simpson et al., 2020), the ALMA-SCUBA-
2 Ultra Deep Survey (AS2UDS; [Stach et al., 2019) and the ALMA-LABOCA ECDFS Sub-
millimetre Survey (ALESS; Hodge et al., 2013)). These targets are divided into two samples

based on the observing mode used in their 3-mm follow-up:

1. Scan sample: 31 sources which lack existing spectroscopic redshifts, which were tar-
geted with scans in the 3-mm band. These sources comprise two subsets, firstly SMGs
with the brightest 870-pum fluxes in the AS2COSMOS and AS2UDS surveys, and a
second subset of sources from ALESS which span a wider range in submillimetre flux,
but are chosen to be faint in the optical /near-infrared (to complement the spec-z sample

discussed below). The selection for this sample is then as follows:

o 18 sources representing the brightest submillimetre sources in their respective sur-
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Figure 2.1: 25" x 25" (~200kpc at the median redshift of our sample) colour thumbnails
composed of K-band, IRAC 3.6 pm and IRAC 4.5 yum images of the targets in our sample for
which this imaging is available. We see that SMGs are in general redder than field galaxies,
but this is not the case for all sources. The crosshair (cyan for CO-detected and red for
CO non-detected) indicates the position of the 870-um emission detected by ALMA, with a
typical beam size of ~0.3-0.5”, the 870-um flux density of which is reported in each frame.
The cyan contours represent CO emission at the 5-, 7-; 9- and 11-0 levels. We indicate
whether the CO observations of the target come from ALMA (A) or NOEMA (N) and show
the synthesised beam in the top- and bottom-right corners, respectively. The ALMA 3-mm
beam sizes range between 0.8” x 0.6” and 2.2"” x 1.8”, whereas for NOEMA they are typically
~ 6// % 4//'
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vey fields, resulting in five AS2COSMOS sources with Sg7o = 15-20mJy and thir-
teen AS2UDS sources with Sg7g =8-14 mJy.

o 13 sources from ALESS which are selected to be optically /near-infrared faint (typ-
ically R 2> 25 or K 2 22) with Sg70 =2-9mlJy.

The brightness of the majority of these sources at 870 um indicates significant cold
dust masses and so suggests that they will also be bright CO emitters, but they also
have poorly constrained redshifts. Therefore we have scanned the full 3-mm band using
multiple tunings to effectively guarantee that we detect their CO emissiorﬂ The relative

brightness of the sources in part reflects the survey volume of the corresponding fields.

2. Spec-z sample: 30 sources with existing rest-frame optical /UV spectroscopic redshifts.
Four of these sources are taken from AS2UDS (Dudzeviciute et al., |2020), and the
remaining 26 are taken from ALESS (Danielson et al.,2017]). These sources are typically

brighter in the optical and near-infrared, and fainter in the submillimetre than the scan

sample (see Table [2.1)).

Fig. shows K /TRAC 3.6 um/IRAC 4.5 um colour images (where imaging is available) for
our targets, showing that SMGs are typically redder than nearby field galaxies. In Fig. (a)
we show the distribution of Sg7g and K-band magnitude for our targets compared with their
parent SMG samplesﬂ In Fig. (b) we show histograms of Sg79 and K for the different
subsamples, compared to the parent samples from which they were selected. By combining
samples with different selection criteria we are able to efficiently cover a large fraction of
the parameter space covered by the general SMG population. The scan sources selected on
870-pum flux by definition cover the submillimetre-bright end of the parameter space, while
the spec-z and K-faint scan sources cover the submillimetre-faint end. In terms of K-band
magnitude, the scan sources are mostly K-faint both for the sources selected on that basis,
and for the submillimetre-bright sources which are also typically faint in K. Finally, the spec-z
sources are generally K-bright as they are selected to have optical /near-infrared spectroscopic

redshifts, which are only robustly measurable in such sources.

We note that due to our strategy of trying to cover a large region of the SMG parameter

space, our sample is not flux-limited (other than at the highest 870-ym fluxes) and so we

!There is a small gap in CO coverage of the 3-mm band in the range z ~ 1.75-2.0.

2Some sources fall outside the K-band coverage of their respective survey field, and in these cases we
estimate K from their 3.6-pm magnitudes, where IRAC photometry is available, using the K —3.6 um colours
of AS2UDS SMGs at similar redshifts.
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Figure 2.2: (a) K-band magnitude versus 870-um flux density for sources targeted in this
work (filled), with the parent samples of SMGs from AS2COSMOS, AS2UDS and ALESS
represented by the small points. For our targets, symbol shapes differentiate CO detections
from non-detections. ALMA or NOEMA observations are differentiated by the symbol out-
line. Our sample covers the range of K magnitudes (median K =22.3; 16-84th percentile
range 20.7-23.5) spanned by the SMG population, while we typically select sources that are
bright at 870 ym (median Sg7g =5.9mJy; 16-84th percentile range 2.8-10.5 mJy). 3-0 upper
limits for K non-detections are plotted, and we show a representative error bar for the whole
population in the top-right corner. Four sources are undetected in the K-band and 14 have
no K-band photometry. In the latter cases we estimate K from the typical K—3.6 um colour
at the appropriate redshift, where IRAC 3.6 um coverage is available (cyan points). Seven of
our targets have no K or IRAC 3.6 um coverage, and therefore do not appear in this panel.
(b): Cumulative histogram of K-band magnitude for our targets compared with their parent
samples. Non-detected sources are shown at the relevant 3-o flux limit of their respective
survey, as for simplicity are the seven sources that are not covered in K or IRAC 3.6 um.
We see that the K- and Sgrg-selected sources mostly sample the K-faint end of the parent
sample, whereas the ALESS spec-z sources are complete above K ~21. (c): Cumulative
histogram of Sg7g for our targets compared with their parent samples. The Sgro-selected
scan-mode sources are mostly complete above ~15mJy and ~10mJy in AS2COSMOS and
AS2UDS, respectively, whereas the K-selected and spec-z sources cover the fainter end of this
parameter space.
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must also be aware of potential biases arising from this. In particular, we caution that it is
not trivial to reconstruct statistically-complete samples of fainter submillimetre sources from
this survey owing to the mix of selection criteria, with similar limitations applying to other

studies such as the A3COSMOS archival compilation work by [Liu et al.| (2019a.b)).

The sample is summarised in Table and details of the individual source properties are
given in Tables and We reiterate here that the aim of this study is to provide an
analysis of the molecular gas in submillimetre galaxies, building on the work highlighted
earlier with a large sample of high quality data. We will, for the majority of this analy-
sis, consider the entire sample as one, noting that the wide range in 870-um flux, redshift
and optical /near-infrared brightness of our targets make the sample well suited for studying

correlations in the properties of the population.

2.3 Observations and data reduction

Observations were obtained from six projects, four with ALMA and two with NOEMA / PolyFiz,
between 2017 and 2020. Fifteen targets from the scan sample, five from AS2COSMOS and
ten from AS2UDS, were observed with NOEMA /PolyF'iz in projects SI8CG and W18EL.
Targets were observed with two spectral setups, each using a pair of 8-GHz sidebands, to
achieve a total contiguous bandwidth of 32 GHz covering ~ 82-114 GHz. Each target was
observed for an integration time of 1.5hours per setup using the combined CD array con-
figuration which is suitable for low-resolution detection experiments. Reduction of the data
was carried out using the GILDAS software. The raw data were calibrated using standard
pipelines, with bad visibilities flagged and removed in the process. For bandpass and flux
calibration we observed J1018+055, 0906+015 and J0948+003 for AS2COSMOS sources and
0238—084, 02154015 and J0217—083 for AS2UDS sources. Calibrated uv tables were imaged
using natural weighting with the MAPPING routine in GILDAS, and the resultant dirty cubes
were outputted to FITS format for analysis with our own PYTHON routines. Typical synthe-
sised beam sizes for the NOEMA data are 6” x 4” at 3mm, with the observations achieving

a typical 1-o depth of 0.6 mJy in 100 kms~! channels.

The remaining 46 targets were observed with ALMA in projects 2016.1.00564.S, 2017.1.01163.S,
2017.1.01512.S and 2019.1.00337.S. Sixteen of the targets in the scan sample (three from
AS2UDS, thirteen from ALESS) were observed using five tunings to achieve 32 GHz of band-

width covering ~ 82-114 GHz, with integration times of ~ 15 minutes per tuning. All thirty
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targets in the spec-z sample were observed using single tunings centred on the frequency
of the CO line expected in the 3-mm band (ALMA band 3). Integration times ranged
from ~ 25-40 minutes. All of these programmes were executed using the 12-m array in
compact configurations. Reduction of the data was carried out using the COMMON ASTRON-
OMY SOFTWARE APPLICATIONS (CASA; McMullin et al., 2007) software, employing standard
pipelines to produce naturally-weighted dirty cubes, which we then outputted to FITS for-
mat for analysis with our own PYTHON routines. For bandpass and flux calibration we
observed J0423—0120, J0238+1636 and J0217—0820 for AS2UDS sources and J0522—3627,
J0342—-3007, J0317—2803 and J0334—4008 for ALESS sources. Synthesised beam sizes for
the ALMA data range between 0.8” x 0.6” and 2.2"” x 1.8” with the observations achieving

a typical 1-o depth of 0.3mJy in 100 kms~! channels.

2.4 Line detection

From our reduced data cubes we extract spectra in an aperture centred on the position of the
870-pm emission. As our observations include (marginally) resolved and unresolved sources
we adopt two separate recipes for determining line and continuum fluxes. For sources in the
scan sample, which are typically unresolved in the lower angular resolution observations, we
use an aperture of diameter 1.5 times the FWHM of the synthesised beam (with the value
chosen to maximise the signal-to-noise, S/N, of the measurements), and then convert these to
an equivalent total flux. For sources in the spec-z sample, which were observed with ALMA
at typically higher resolution, we use an aperture of diameter three times the FWHM of the
synthesised beam to ensure all the flux is captured while maintaining a high S/N. We also
collapse the cubes to create a 3-mm continuum image and check for any offset between the
870-um and 3-mm continuum emission that could result in the aperture not encapsulating
all of the line flux. If an offset is discovered we measure the position of the 3-mm source and
extract spectra from this position instead. This is required for six sources, with a median

shift of 0.35".

To search for CO emission from the 870 ym-detected SMG we first estimate the noise in the
cubes by extracting spectra in equivalent apertures from 100 random positions within the
primary beam (masking the 3-mm source) and calculating their RMS noise. We then generate
a histogram of channel S/N in the original and inverted spectra in order to determine a S/N
cut and corresponding false positive rate. This is done using spectra that are continuum-

subtracted with a running median (choosing an averaging window large enough so as not to be
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Figure 2.3: Emission-line detections in the continuum-subtracted 3-mm spectra of our sample
of SMGs, with the fit to each line overlaid. In total, we show 56 emission lines, 46 CO
lines from our 61 targets with Jy, =2-5 (blue, the spectrum of AS2UDS010.0 shows two
CO lines: 4-3 and 3-2), two CO lines in nearby ALMA-detected SMGs (ALESS001.2 and
ALESS019.1) and eight [C1](®P;—3Pg) lines (orange). In addition, three serendipitously
detected CO emitters are not shown here. The CO emission in our sources is typically
detected at high S/N, with a median S/N=8.2+0.6. We fit and plot single- and double-
Gaussian profiles to each line, finding that 38 +9 per cent display double-Gaussian profiles,
indicative of disc dynamics or multiple components in these sources. The bottom panel
shows a median composite of all CO-detected spectra in the rest frame, clearly showing the
CO ladder and [C1] lines. We also indicate where two of the rotational transitions of HaO
would appear, however we see no trace of these emission lines (see . All spectra are
binned to a velocity resolution of ~150kms~!, and tick marks on the top axis in each panel
represent 1500 kms™!, 0kms™! and —1500km s~ from left to right, respectively.
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influenced by any line emission) and rebinned to channel widths of 300, 600 and 900 kms~*.
We adopt S/N cuts of 4, 3.75 and 3.5 for these channel widths based on the requirement
that there are no false positives in our sample. For sources in the spec-z sample we search for
> 3.5-0 features within 100kms~! of the frequency of the spectroscopic redshift. Following
Wardlow et al.| (2018)) we also perform a blind search of the 3-mm cubes for serendipitous
CO/continuum emitters. This is done by spatially rebinning to ensure Nyquist sampling of
the synthesised beam, and spectrally rebinning to channel widths of 150, 300 or 600 kms™!,

then searching the cubes for > 5-0 channels within the primary beam area.

From our line search we find 50 sources displaying CO emission. 45 of these come from our 61
targets (one source, AS2UDS010.0, shows two CO lines, Fig. [2.3)), 26 from the scan sample
and 19 from the spec-z sample, with a further two ALMA-detected SMGs (ALESS001.2
and ALESS019.1) not targeted in this survey, but close to a target source, displaying CO
emission. Finally, three serendipitous CO emitters are also uncovered, however, as we lack
870-pm continuum counterparts to these sources we do not include them in the majority of

our analysis, leaving a total sample size of 47 detected with a median S/N=8.2 4+ 0.6.

2.5 Analysis

2.5.1 Line identification

For the scan sample, where redshifts are not known a priori, galaxies at z >3 are expected
to display either two CO lines or one CO line and the [C1] (3P;—3Py) line in our frequency
coverage, in which case identifying the detected transition is trivial. In contrast, galaxies
at z <3 are only expected to display one line meaning that there is potentially ambiguity
in identifying the transition. In the latter case we use the redshift probability distribution
functions (PDFs) from SED fitting with the photometric redshift extension of the MAGPHYS
code (Battisti et al.,[2019) to determine the most-likely redshift, given the observed frequency
of the line. MAGPHYS uses an energy balance technique to model the SED of the sources from
the UV /optical to the submillimetre/radio wavebands, to derive constraints on the redshifts
and properties. Star-formation histories are modelled as continuous delayed exponentials
with the peak of star formation occurring at a randomly drawn time, with random bursts
superimposed to model starbursts (Lee et al., 2010). In fitting the photometry MAGPHYS
creates a library of SED templates for each star-formation history, determining which is the

best fit to the data by using a x? test.
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MAGPHYS is chosen as it is optimised for high-redshift (z > 1) galaxies, and given the impor-
tance of both stellar and dust emission in SMGs, the ability to couple these components in the
fitting is highly advantageous, giving more robust constraints on parameters such as stellar
mass and SFR. We refer the reader to da Cunha et al.| (2008, 2015) for a more comprehensive
discussion of MAGPHYS and the energy balance technique, and Battisti et al.| (2019)) for details
on the photometric redshift extension of MAGPHYS. For further details of the photometry
used we refer the reader to Simpson et al.| (2020) for sources in AS2COSMOS, |Dudzeviciute
et al.| (2020) for AS2UDS and |da Cunha et al|(2015) for ALESS.

Of the 28 sources without spectroscopic redshifts in which we detect CO emission (26 from
the scan sample and two other ALMA-identified SMGs), one displays two CO emission lines
(AS2UDS010.0) and eight display an additional [C1](3P1—3Py) emission line, therefore nine of
the 28 redshifts are unambiguous and correspond to Jyp, =4 or 5. From the 19 spec-z sources
which have detected CO emission, 18 are detected at the expected redshift and are therefore
identified unambiguously, with the remaining source (ALESS088.1) displaying emission which
is offset from the expected frequency by ~3 GHz (~8500kms~!). Therefore a total of 27

out of 47 sources (57 per cent) in our sample have unambiguous redshifts.

This leaves 20 sources which lack existing spectroscopic redshifts and whose spectra exhibit a
single CO line. We use the MAGPHYS redshift PDFs to identify these 20 transitions. Firstly,
we test the accuracy of using the MAGPHYS PDFs to predict the correct line identification.
For this test we use the 16 SMGs with unambiguous redshifts and K < 23, where this limit is
chosen to ensure this training set is matched in K-band brightness with the ambiguous line
source sample. We then identify the probabilities for the two most-likely CO transitions based
on the corresponding redshifts in the PDFs of these 16 SMGs, including a prior to weight the
selection to the lower-.Jy, line in the event that the two lines are close in likelihood. Based
on this test we recover the correct transition for 14 out of 16 (88 per cent) of these sources.
Applying the same methodology to the 20 single-CO-line sources we estimate that these
comprise: three Jy, =05, six J,p =4, eight J,, =3 and three J,, =2 emitters. We confirm
that for those lines identified as higher-J,, CO that this identification does not conflict with
the absence of a second CO or [C1] line which is predicted to be observable in our spectra.
We note that the success rate from the test of PDF-based line selection would suggest that
in our sample of 47 sources, with 20 ambiguous line identifications, we expect ~ 2-3 redshifts
to be incorrect. We assess the impact of this on our results in the following by randomly
removing 2-3 of the sources in the ambiguous sample from our analysis and we confirm

that this does not change any of the claimed results outside their quoted 16-84th percentile
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confidence ranges.

2.5.2 SED fitting

After identifying the detected transitions we fit SEDs to our sources with the high-redshift
version of MAGPHYS, but now including our 3-mm continuum measurement (or limit) and
fixing the redshift as that corresponding to our adopted CO transition, in order to derive
key physical parameters of our sources. Of the 47 sources we fit, 23 (49 per cent) have
Spitzer/MIPS 24-pm detections and 41 (87 per cent) have at least one Herschel/SPIRE

detection, in addition to the 870-um detection and 3-mm detection or limit.

We show the observed flux measurements or limits and the corresponding best-fit MAGPHYS
SEDs for the 47 sources in Fig. In the vast majority of cases, MAGPHYS provides a
good fit to the observed photometry. However, we note that for ALESS071.1, although the
redshift is secure as it agrees with the optical/UV spectroscopic value, and the photometry
appears to be reasonably fit by the SED model, it has an unusually high best-fit stellar
mass of M, ~2x 102 Mg at the CO redshift (2co =3.707, Jup =4). Hence, we attempted
to fit the source at redshifts corresponding to the Ju, =2, 3 or 5 transitions, but these did
not provide better fits to the SED. As the MIPS 24-pm photometry does not suggest the
presence of an AGN, we view it as likely that this source is lensed, or contaminated by a
projected foreground source (see Fig. . As a consequence, we have checked the sensitivity
of our results to the inclusion of this source in figures throughout this chapter and Chapter

B where it appears as a noticeable outlier, and confirm that it does not bias our conclusions.

We caution that the version of MAGPHYS we use does not account for potential contributions
to the continuum emission from an AGN. However, there is little evidence that AGN emission
significantly contaminates the optical or infrared emission of the majority of SMGs (Stach
et al., 2019)), including those with the most massive cool dust and gas reservoirs, which we
expect to detect here. Nevertheless, to assess the potential level of AGN contamination in
our sample, we apply the IRAC colour-colour AGN classification criteria from [Donley et al.
(2012), see also Stach et al| (2019). We can apply this test to the 35 out of 47 sources
in our sample with photometry in all four IRAC bands, in addition to five sources that
have detections in one of the 4.5-ym or 8.0-uym bands and one of the 3.6-ym or 5.8-ym
bands (Fig. [2.5(a)). Unfortunately, this classification can only be reliably applied to sources
at z <2.5-3.0, as at higher redshifts the characteristic 1.6-um stellar bump shifts into the

reddest IRAC 8.0-pum channel, making the colours of highly-reddened star-forming and power-
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Figure 2.4: MaGpHYS SED fits for our 47 CO-detected sources. While we use the high-z
version of MAGPHYS, which does not include an AGN component, we find that at best five
sources below z ~ 3 exhibit AGN-like IRAC colours, and we also determine that there is likely
to be no significant bias from these sources in our results. These sources are ALESS101.1,
AS2C0S0014.1, AS2UDS012.0, AS2UDS072.0 and AS2UDS0492.0.



2.5. Analysis 41

law AGN sources indistinguishable. Hence, we assess the IRAC colours of the 20 sources at
z < 3 in our sample (this includes all the sources plotted with limits in one or more of their
IRAC bands), finding that five (25 per cent) fall within the AGN classification region, see
Fig. [2.5(a). Naively, we would expect a similarly low level of contamination by AGN in the

z > 3 population, where we are unable to use the IRAC classification method.

To assess the level of possible contributions from the AGN to the derived stellar masses for
the five AGN candidate SMGs, we repeat their SED fitting, first removing all four IRAC data
points and secondly removing just the 5.8 ym and 8.0 um points, which are expected to show
the largest contribution from an AGN compared to the stellar populations. We find in the
former case that the stellar masses decrease by 0.18 £0.13 dex (larger than the median 1-o
uncertainty of 0.08 dex for the typical stellar mass), and in the latter case that they decrease
by 0.01 £0.09 dex. We conclude that the effect of AGN contamination in these five sources
is modest, but not negligible. We therefore flag these five z <3 SMGs which are classified as
hosting AGN by the Donley et al. (2012) criteria in Figs. and where stellar
masses are used, and in Tables 2:243.4] Nonetheless, we expect this small bias in a fraction

of our sample to have little effect on our conclusions.

The median properties of the whole sample found from SED fitting at the spectroscopic
redshift and including the 3-mm continuum measurement are Lig = (4.6 40.8)x 10'2 L@EL
M, =(2.140.4) x 101 Mg, Mgust = (1.05 £0.08) x 10° M, and SFR =400 4 50 M, yr—!. The
best-fit parameters for the sources are listed in Table and Table We also note that
for our CO sample, running MAGPHYS with the spectroscopic redshift fixed does not result in
any significant change of the parameters when compared to those previously found from run-
ning the photometric redshift extension of the code (da Cunha et al.l 2015; Danielson et al.|
2017; Dudzeviciute et al. |2020)), although it does reduce their uncertainties. Nevertheless,
we caution that the stellar masses derived from the SED fitting are likely to be subject to
systematic uncertainties of a factor of ~2-3, due to uncertainties in the constraints on the

star-formation histories (Hainline et al., 2011; |Dudzeviciute et al., 2020).

In terms of our median stellar masses, the uncertainties associated with these measurements

e —

UDS field. The median stellar mass derived in that analysis of a large complete sample
is (1.26 +0.04) x 101 M. The median mass for the sample analysed here is higher than

that, (2.140.4) x 10! Mg, but this is primarily because our sample are typically brighter

3Lr is measured across the range A =8-1000 um.
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at 870 um (and have correspondingly larger dust masses) than the sources in the AS2UDS
study. This difference means that our sources are expected to also have higher stellar masses

(see e.g. Dudzeviciute et al.l 2020).

We next show in Fig. [2.5(b) and Fig. 2.5(c) the position of our CO-detected SMGs in relation
to the star-forming main sequence, adopting the prescription of Speagle et al.| (2014) (given
the uncertainties in defining the main sequence, we also show the prescription of [Whitaker
et al. (2012), for comparison). We see that just four of the galaxies at z=1-3 have star-
formation rates more than a factor of four above the main sequence (commonly used to define
a starburst), and at z = 3-5 all galaxies lie within a factor of four of the main sequence, owing
to its proposed evolution with redshift. This plot shows that in terms of star-formation rate,
our sample consists of main sequence galaxies out to z ~4.5, albeit with high stellar masses
(M, > 10 Mg) and high star-formation rates for the majority of the sample. While the main
sequence is well studied at low redshift, our sample presents an opportunity to extend the
work of lower-redshift studies such as PHIBSS (Tacconi et all [2018) and ASPECS (Walter
et al} [2016) to z>3 and higher gas masses. We note that in Fig. it is clear that in the
higher-redshift bin, there is marginal difference between the two main sequence prescriptions
we plot, while at low redshift the Whitaker et al. (2012)) track predicts higher SFRs, which
would indicate that fewer of our sample are starbursts than indicated by the [Speagle et al.
(2014) prescription. We note this discrepancy here, but to allow an easier comparison with
the literature we use the Speagle et al| (2014) main sequence prescription in what follows,

and in Chapter [3]

2.5.3 Line fitting

We simultaneously fit single-/double-Gaussian profiles plus a continuum level to the lines
recovered from our spectra, employing a Markov Chain Monte Carlo (MCMC) technique
implemented in the EMCEE package of PYTHON (Foreman-Mackey et al., 2013). For sources in
the scan sample, the spectral slope becomes significant over the 32-GHz bandwidth, therefore
we fit a power-law continuum, rather than just a constant continuum as is done for the spec-z
sources (which have narrower frequency coverage). Uncertainties on the fits are calculated
by refitting bootstrapped spectra and measuring the dispersion in the resultant parameter
distributions. To determine whether the single- or double-Gaussian profile is the more suitable
fit we compute the Akaike Information Criterion (AIC;|Akaike, 1974)), which penalises models

that benefit from a larger number of parameters to obtain a good fit, and take the model
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Figure 2.5: (a) IRAC colour-colour AGN selection criteria defined by Donley et al. (2012),
with our CO-detected sources indicated and colour-coded by redshift (where IRAC photom-
etry is available). We demarcate by dashed lines the boundaries of the region in which AGN
in sources at z < 2.5-3.0 are expected to lie and we show the distribution of the full AS2UDS
sample in grey. In the redshift range z =1-3, where the AGN classification can be employed,
we find that the majority of our sample (~ 75 per cent) lie outside of the AGN classification
region, and we highlight those falling into the AGN region by plotting them as stars. The
distribution of colours for SMGs at z >3 shows more overlap with the AGN classification
region, but these classifications are not reliable as dusty star-forming galaxies and AGN have
similar colours at these redshifts. In the top-left corner we show a representative error bar for
AS2UDS sources. (b)/(c) The relation of our CO-detected sources to the star-forming main
sequence at z=1-3 and z=3-5. We show the main sequence as predicted by two different
prescriptions (see text), and highlight a spread of a factor of four in SFR (0.6 dex), above
which a galaxy is considered to be a starburst. 42 of our 47 CO-detected sources lie within
the expected spread of the main sequence. SMGs have been typically difficult to characterise
with respect to this plane, but we show that with our precise CO redshifts we have been able
to derive stellar masses and SFRs robust enough to securely place our sources on or near the
main sequence, particularly at high redshift. We plot as stars those SMGs classified as AGN
by the Donley et al. (2012) criteria (see (a)), which may have stellar masses biased high by
our MAGPHYS SED fitting, as this does not include an AGN component in the fit.




2.5. Analysis 44

with the lowest AIC to be the most appropriate. The continuum-subtracted spectra and line
fits are shown in Fig. 2.3 and the corresponding fit parameters are tabulated in Chapter [3]
where we present the CO line properties, in Tables and

We now measure the properties of our CO lines. While many of our sources are well de-
scribed by Gaussian profiles, we use the intensity-weighted moments of the spectrum to
obtain a profile-independent measurement (Bothwell et al., 2013)). To ensure consistency in
all measurements, we employ the same method of deriving moments regardless of whether the
line profile is deemed to be single- or double-peaked. The zeroth moment gives the intensity

of the line:

My = Ioo = /L,dv, (2.5.1)

where I, is the flux in a channel with velocity v. The first moment gives the centroid of the
line:

Jvl,dv
J I,dv

M, =5= (2.5.2)

which we use to calculate the redshift. The second moment is the velocity dispersion, from

which we can estimate the equivalent full-width at half-maximum (FWHM) as:

_ =\2
FWHM = 2v21n2M, = 2v/21n 2 \/W. (2.5.3)
»dv

To calculate moments we integrate the spectra in a velocity window twice the FWHM of
the Gaussian fit. We confirm this range based on simulations where we insert Gaussians
with known amplitudes and linewidths at random frequencies in our spectra and attempt to
recover the input value using Eq. Uncertainties on the second moment are estimated
by resampling the spectrum with the noise spectrum, then calculating the dispersion in the

recovered line widths.

We note that the CO line emission in ALESS101.1 falls onto a band gap meaning that a
number of channels are missing from the line. In this case summing channels across the line
results in underestimates of the linewidth and line flux, and we therefore use the properties

of the Gaussian fit when deriving these quantities.

Finally, we derive the CO line luminosity of the observed transition

cog =325 x 10" Ico v D7 (14 2) 7%, (2.5.4)

obs

1

where L’CO, 7 is in units of Kkms™ pc?, Ico,; is the velocity-integrated intensity of the line

in Jykms™!, vy, is the observed frequency of the line in GHz, Dy, is the luminosity distance
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of the source in Mpc, calculated using our chosen cosmology, and z is the redshift (Solomon
& Vanden Bout), 2005). The [C1](3P;—3Pg) line luminosity L’[CI] is calculated in the same
way. Due to these being typically fainter lines, the frequency of the [C1](3P;—3Pg) line is
fixed to the CO redshift when fitting Gaussians, and the [C1] linewidth is fixed to be the
value derived from the CO line fit. We still derive the linewidth using the moments of the
spectrum as with the CO (see . These spectra, along with the Gaussian fits, are also
shown in Fig. 2.3} and the de-redshifted spectra are displayed together in Fig. [2.6]

We overlay the CO contours of these sources onto K/IRAC 3.6 um/IRAC 4.5 um colour
images (where imaging is available), shown in Fig. Due to the array configurations of
our millimetre observations we do not resolve the CO in most cases (the synthesised beam
is shown in each panel). However, a number of the ALESS spec-z targets were observed
at higher resolution with ALMA and display some structure (see e.g. ALESS098.1). High-
resolution millimetre imaging for some of our CO sources has been presented in |Chen et al.
(2017), (Calistro Rivera et al| (2018) and Wardlow et al.| (2018), showing spatially-resolved

velocity gradients in the CO emission consistent with rotation.

Finally, we create a median rest-frame stack of all 47 spectra with CO detections to search
for other weak emission lines, which is also shown in Fig. Other than CO emission with
Jup =2-5 and the [C1] (3P1-3Py) line, we check for H0(11 0-1p,1) and HoO(51 5-42,2) emission.
We see no trace of these emission lines, and we place 3-0 limits of Ly,o/Lir <4 X 1073, In
addition, we centroided the 47 emission lines and stack them together to search for any wings
in the emission which could provide evidence of outflows. The median stack is well fit by
a single Gaussian component, with no broad component necessary to explain the observed
emission. We therefore conclude that our observations provide no evidence for large-scale

outflows of molecular gas in our sample.

2.6 Conclusions

In this chapter we have presented our survey of the molecular gas in 61 submillimetre galaxies
(SMGs), as traced by the carbon monoxide (CO). We observed the targets at A ~3mm
(v ~100 GHz) with ALMA and NOEMA and detected J,p, =2-5 emission in 47 SMGs, with
serendipitous detections of a further three sources. 27 of the emission lines are unambiguously
identified yielding secure spectroscopic redshifts, and we use existing photometric redshifts

to inform our identifications of the remaining 20 lines. By testing the photometric redshifts
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against the robust spectroscopic redshifts, we suggest that only 2-3 of the ambiguous line
identifications are likely to be incorrect (~5 %). This demonstrates the power of ALMA and
NOEMA to carry out efficient blind redshift scans of SMGs.

We then improve the existing MAGPHYS SED fitting for the CO-detected sources, which
was previously carried out with the redshift as a free parameter. By fixing the redshift
at the CO value and including the 3mm continuum measurements, we obtain more pre-
cise constraints on the SEDs, and therefore, the star-formation rates, stellar masses and
dust masses of our sample (reducing the fractional uncertainties by a factor of ~2 in far-
infrared luminosities and ~3 in dust masses). The 47 SMGs have median properties of
Lig = (4.6 +£0.8)x 102 Ly, M, =(2.1+0.4) x 101 Mg, Mgus = (1.0540.08)x 10° M, and
SFR =400 + 50 My, yr~!, confirming that the sample is composed of massive and highly star-

forming systems, with large reservoirs of dust.

Using the derived stellar masses and SFRs we find that 42 of our 47 CO-detected sources lie
within the expected spread of the main sequence at their redshifts, an interesting result given
that 870 pm-selected SMGs are commonly thought of as “starburst” galaxies, but this result
reflects the evolution of the main-sequence offset to high SFRs at z > 3. Finally, we investigate
the AGN fraction of the sample through the IRAC colour-colour AGN classification criteria
from Donley et al.|(2012), finding 25 per cent of the SMGs at z < 2.5-3.0 to display AGN-like
IRAC colours. This is consistent with the values of 17J_r(156 per cent and 828 per cent found by
Wang et al. (2013]) and [Stach et al.| (2019)) for the ALESS and AS2UDS samples, respectively.
We attempt to understand the effects of AGN contamination on the stellar mass estimates,

finding them to be modest but non negligible.

In Chapter [3] we present a full analysis of the CO data, including molecular gas masses,
gas fractions and gas depletion timescales, a statistical CO spectral line energy distribution
(SLED), a comparison of three different molecular gas mass tracers and a dynamical test of

SMGs as the progenitors of massive local early-type galaxies.



CHAPTER 3
The molecular gas properties of
high-redshift dust-obscured

star-forming galaxies

Preamble

In Chapter [3] we introduced our 3mm survey of SMGs in the COSMOS, UDS and ECDFS
fields with ALMA and NOEMA, which yielded carbon monoxide (CO) redshifts for 47 SMGs,
and in this chapter we present the complete analysis of the emission line data. First, we
present the redshift distribution of the sample, before studying the CO gas excitation through
a statistical CO spectral line energy distribution (SLED) which we use to derive line ratios
for future studies. We then estimate molecular gas masses from the CO emission, the 3 mm
continuum emission, and atomic carbon [CI1] emission where available, comparing the three
tracers as a consistency check. Combining the CO luminosities with the physical properties
derived in Chapter [2] we derive molecular fractions, gas depletion timescales and gas-to-dust
ratios, before finally carrying out a dynamical test of SMGs as the progenitors of massive

local early-type galaxies in the Coma cluster.

48
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3.1 Introduction

It is believed that approximately half of all star formation activity that has ever occurred is

obscured by dust (Puget et all [1996; Dole et al. [2006), with this optical/UV light being ab-

sorbed and then re-emitted in the far-infrared (Blain et al.,|2002). The most highly-obscured

sources in the local Universe are Ultra-Luminous Infrared Galaxies (ULIRGs), galaxies with
infrared luminosities greater than 10'% L), which were discovered by the InfraRed Astronomy

Satellite (IRAS; [Neugebauer et al., [1984). It was subsequently found that local ULIRGs

typically have high star-formation rates of SFR > 50 My yr~!, driven by the strong compres-

sion and cooling of gas triggered by a major merger (see Sanders & Mirabel, 1996, for a

review). In a cosmological context, while ULIRGs only contribute a small fraction of the

global star-formation rate density (SFRD) at z ~ 0, they make a much larger contribution at

z2 1 (Magnelli et al., |2013; [Dudzeviciuté et al. 2020). Understanding the processes which

drive the strong evolution of this population of dusty, strongly star-forming galaxies at z 2> 1
is therefore an important element in understanding galaxy formation at high redshift and

high mass (Hodge & da Cunhal, [2020)).

Among the high-redshift counterparts of ULIRGs are submillimetre galaxies (SMGs;

et all 1997; Hughes et al., |1998)) — a population of dust-obscured star-forming galaxies (DS-

FGs) selected by their long-wavelength dust continuum emission, corresponding to flux den-
sities of 2 1 mJy at observed-frame 870 um, i.e. on the Rayleigh-Jeans tail of the dust spectral
energy distribution (SED), where observations benefit from a negative K-correction. Surveys
of SMGs are thus dust mass-limited across z ~1-6, with a peak in space density at z ~2-3

(Chapman et al., 2005; Weif} et al., 2013; Brisbin et al., 2017; |Cowie et al., |2018; Dudze-|

e

account for a significant fraction of the global SFRD (Barger et al. [2000; |[Swinbank et al.l

2014} Dudzeviciute et all, [2020). Following rapid progress in the last decade, we are now in a

position to undertake statistical studies of the SMG population, with homogeneous samples
of 21000 sources having been catalogued from single-dish bolometer surveys and identified
with ALMA (Hodge et al. [2013; Hatsukade et al.| 2016} [Miettinen et al., [2017; |Cowie et al.,
2017 [Franco et al., 2018} Stach et al., 2019), the PABI/NOEMA (Smolci¢ et al., [2012) and
SMA (Iono et al., [2006; Barger et al., 2012} Hill et al., 2018]).

Two key observables needed to further our understanding of high-redshift dust-obscured
galaxies are their gas and dynamical masses: the former being the fuel for star formation, the

main component of which is the molecular hydrogen (Hsz). Carbon monoxide (CO) emission
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is a commonly used tracer of Ho, which has too high excitation energies to be strongly excited
in the cold interstellar medium (ISM) of SMGs (Solomon et al., [1992; |Omont, 2007} |Carilli
& Walter}, |2013). Moreover, observations of CO emission lines can provide insights into both
galaxy gas masses, from the line luminosities, and also dynamical masses, from the line width
— where the CO emission has the added benefit of being relatively immune to the influences
of dust obscuration and biases due to outflows or AGN activity, which plague many of the

emission lines used to trace dynamics in the rest-frame optical/UV (Swinbank et al., 20006)).

With precise redshifts, gas masses and dynamical masses from CO detections for representa-
tive samples of SMGs, we would be in a position to place this population in the wider context
of galaxy evolution. In recent years studies of this field have also begun to focus on the prop-
erties of more “typical” high-redshift galaxies. These include the so-called “main sequence”
population, which is defined in terms of the apparent correlation between stellar mass and
star-formation rate (Noeske et al., [2007; |[Whitaker et al., 2012). For submillimetre galaxies,
which are usually considered to be “starburst” galaxies given their high star-formation rates,
it is particularly challenging to measure stellar masses due to their heavy dust obscuration,
and therefore it is not entirely clear where they lie in the SFR—-M, plane (e.g. Hainline et al.,
2011). There is evidence, however, that due to the claimed evolution of the main sequence,
an increasing fraction of SMGs may in fact lie close to or on it at higher redshifts (da Cunha
et al., 2015; [Koprowski et al., |2016; Elbaz et al.| [2018; Dudzeviciute et al., [2020). The impli-
cations of this for our understanding of the processes in SMGs, especially at higher redshifts,
including the relative roles of triggering mechanisms in SMGs, are unclear and will remain
so until more sources in this regime are studied. For example, the existence of the main
sequence has been interpreted to indicate that star formation in these galaxies is maintained
by steady gas accretion, however, more work is needed to understand whether this applies to
SMGs lying within the sequence, especially as the main sequence itself is subject to selection

effects (Hodge & da Cunhal 2020)).

We have therefore undertaken a survey of 61 submillimetre galaxies with precise ALMA 870-
pm continuum identifications from the AS2COSMOS, AS2UDS and ALESS surveys, using
observations from ALMA and NOEMA in the 3-mm band, which we presented in Chap-
ter 2 Our aim is to derive precise spectroscopic redshifts and characterise their molecular
gas content. To ensure our survey covers both a broad range of submillimetre flux and
optical /near-infrared brightness, representative of that seen in the population, we combined
two selection methods: including both a survey of typically submillimetre-bright SMGs lack-

ing spectroscopic redshifts, which make ideal targets for blind CO scans; and a study of
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generally submillimetre-fainter SMGs with pre-existing restframe optical/UV spectroscopic
redshifts. Together these provide a sample with the wide range in 870-um flux (Ss70) and
optical /near-infrared brightness needed to study the properties of a representative cross-
section of the population. Our sample is one of the largest of its kind, and with it we take
advantage of the sensitivities of ALMA and NOEMA and the wealth of multi-wavelength
data available in our target fields to address a range of questions about SMGs. These include
investigating the redshift distribution, gas excitation, dynamics and gas masses of SMGs, the
evolution of their gas fractions and gas depletion timescales, along with their relation to the

star-forming main sequence.

The outline of this chapter is as follows: in §3.2] we review the findings from Chapter [2]
and summarise the line properties, before moving on to present and discuss the results and
their implications in In we conclude our findings. Throughout this chapter we
use the AB magnitude system, a Chabrier IMF, a CO-Hs conversion factor of aco=1Mg
(Kkms~!pc?)~! for all galaxies, and adopt a flat A-CDM cosmology defined by (Qu,, Q4,
Ho) = (0.27, 0.73, 7T1kms~! Mpc™1).

3.2 CO detections

First, we briefly review the findings from Chapter [2land summarise the median line properties.
CO emission lines are detected in 50 sources: 45 of the 61 targets (74 per cent), two ALMA-
identified SMGs that are close to one of the targets, and three serendipitously detected CO
line emitters which are not ALMA-identified SMGs. We also detect eight [C 1](*P;—3Pg) emis-
sion lines. The CO lines have a median FWHM linewidth of 5404+ 40kms~!, comparable
with that of Bothwell et al.| (2013)), who found a value of 5004+ 60 kms~!. Our sources also
have comparable infrared luminosities to [Bothwell et al| (2013): our sample has a median
Lig = (4.6 £0.8)x 10*? L, consistent with the median Lig = (5.440.7)x 10*? L, found by
Bothwell et al.| (2013).

We find that 38 9 per cent of our CO-detected sources display double-peaked CO emission
line profiles according to the AIC test described in §2.5.3, marginally higher than the 20-28
per cent reported by Bothwell et al.| (2013), potentially due to our typically higher S/N line
detections. The median separation between peaks is 380 =50 kms~!, which we interpret as
evidence that the gas reservoirs in these sources are typically fast rotating discs, as (spatially

unresolved) sources so close in velocity would likely have already coalesced, if they represent
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distinct gas components within a merger. To assess whether this high fraction of double-
peaked lines in the SMGs is consistent with a disc geometry for the gas reservoirs in the whole
population, we create a simulation using a simple disc model with a rotation curve described
by an arctangent model (Courteau, (1997) and an exponential intensity profile. Assuming that
our viewing angles of the sources are randomly distributed, we draw random inclination angles
with a probability proportional to the sine of the angle (see Law et al., 2009), finding that
the predicted fraction of AIC-classified double-peaked sources in the simulation is consistent
with that seen in our sample. This suggests that the gas reservoirs in our sample of SMGs
may represent rotating discs, although we stress that the presence of a rotating gas disc does
not rule out a merger origin for the system as the gas can settle back into such a disc-like
configuration after a merger (e.g. Lotz et al., 2008; |Bournaud et al., 2011)). Moreover, we
caution that either some of these discs are highly asymmetric (as indicated by double-peaked
lines with very large flux or line width ratios between the two peaks) or that these systems
may represent pre-coalescence mergers, where the gas reservoirs in the two components are
still distinct. Nevertheless, in the following we consider all double-peaked sources in the same
way.

By performing a blind scan of the cubes we uncovered three serendipitously detected line
emitters in the fields of three ALMA-detected SMGs targeted in our survey. These line
emitters fall outside the 870-pm continuum imaging in these fields, so we are unable to
constrain their submillimetre fluxes, and none have 3-mm continuum detections above 3.5-0,
but all three have IRAC counterparts. To infer line identifications, and therefore redshifts for
these three sources, we compare their IRAC colours/magnitudes with those of the AS2UDS
sample and adopt the CO transition corresponding to the median redshift of the ten closest
AS2UDS SMG matches. The CO line properties of these sources are tabulated in Table
and Table 3.4

In their sensitive CO study of the environment of SMGs, Wardlow et al. (2018) found that
21+ 12 per cent of SMGs have CO-detected companion galaxies at similar velocities and
within 150 kpc in projection, suggesting gravitational interactions within these systems may
act to increase their star-formation rates. It is important to note that the number of such
sources detected is dependent on the depth of the data, and as the bulk of our data is not
as deep as that of Wardlow et al.| (2018]), we cannot compare the statistics of the two studies
directly. However, there is no evidence that the three serendipitously detected sources we
found are physically associated with the targeted ALMA SMGs in these fields, as the lines

are offset by > 1000 kms~! relative to the primary targets.
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Figure 3.1: (a) The redshift distribution of our CO sample. We show both the total dis-
tribution and the distributions of the scan and spec-z subsamples, and compare these with
the photometric redshifts of the AS2UDS sample (scaled for clarity). The medians of each
sample are shown by markers at the top of the panel. The submillimetre-bright scan sources
generally lie at higher redshifts (median z=3.32+£0.17) than the typically fainter spec-z
sample (z=2.3+0.3), and the AS2UDS population (z=2.61+0.08). (b) Redshift versus
870-pum flux density for our CO sample and the SMGs with photometric redshifts from the
AS2COSMOS, AS2UDS and ALESS surveys (da Cunha et al. |2015; Dudzeviciutée et al.,
Ikarashi et al. 2020 in prep.). Our CO sources, binned by Sg7p, are fit with a linear
model of increasing redshift with Sg7g, yielding a modest positive correlation with a best fit
slope of 0.07+0.01 mJy~!. This is consistent with the 0.06 +0.01 mJy~! gradient measured
by |Simpson et al.| (2020) for AS2COSMOS and 0.09 4 0.02mJy ! measured by
for AS2UDS, supporting the downsizing trend reported by others (see . Rep-
resentative error bars for our sample and AS2UDS are shown in the bottom-right corner of
the panel.
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We next investigate the cause of the non-detection of emission lines in sources we observed.
16 of the 61 galaxies (26 per cent) we targeted are not detected in CO, five from the scan
sample and 11 from the spec-z sample. Among the scan sample, the CO-detected SMGs
have a median Sg79 = 8.5+ 0.9 mJy, whereas the non-detections have a median Sg7g ~4 mJy.
Sources with lower 870-pm flux densities are expected to have lower dust masses, and they are
therefore also more likely to have lower gas masses, making them CO faint and so less likely
to be detected. One potential explanation of the non-detected sources in the scan sample is
the existence of a narrow redshift range z ~ 1.75-2.0 within which sources would not exhibit
a CO emission line in the 3-mm band. Given that ~ 4 per cent of AS2UDS SMGs lie in this
range, based on their photometric redshifts, this could account for at most one non-detection
in the scan sample, and more likely none. Another possibility is that these CO-undetected
sources lie at z >5 and would therefore display J,, > 6 emission in the 3-mm band, which
may be faint compared to the lower-J,, transitions (we investigate the CO excitation in the
sample in . We view this as unlikely if these sources have CO excitation properties
comparable to the detected population, as their higher-.J,;, emission should still be detectable.
Instead, we note that in the scan sample, we detect CO in ~ 92 per cent of our targets that
are brighter than Sg7o =5mJy (22/24 detections), with the non-detections predominantly in
the faintest sources. Therefore we believe that the non-detections in the scan sample are
most likely to be SMGs at z~ 3 with faint CO emission, rather than sources that lie in the
redshift gap (z~1.75-2.0) or beyond z ~ 5. Indeed, the non-detected sources in our sample

have a median photometric redshift of z=2.84-0.3.

Turning now to the 11 non-detections in the spec-z sample, these can be due to either incorrect
optical /UV spectroscopic redshifts or the faintness of the CO lines. [Danielson et al. (2017
provide a quality factor @) to describe how secure the derived redshift is, with Q@ =1 red-
shifts derived from multiple spectral features, () =2 redshifts derived from one or two bright
emission lines and () = 3 redshifts tentatively derived from one emission line and guided by
the photometric redshift. Of the 26 sources taken from [Danielson et al. (2017), we detect
CO in 11 of the 13 (85 per cent) sources with Q =1 redshifts, four of the nine (44 per cent)
with Q =2 redshifts, and none of the four with () =3 redshifts. Therefore we are more
successful at detecting CO in the sources with secure spectroscopic redshifts, as expected.
There are also two cases where sources in the scan sample have CO redshifts that rule out
the spectroscopic optical /UV redshift from Danielson et al.| (2017), namely ALESS001.1 and
ALESS003.1 which both have Q =3 redshifts. Additionally, in the spec-z sample, as in the

scans, the non-detections are marginally fainter at 870 ym (median 4.0 £0.8 mJy) than the
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detections (median 4.3 +0.5mJy), although this difference is not formally significant. We
conclude that the majority of the incompleteness in the spec-z sample arises from incor-
rect spectroscopic redshifts, combined with the typically fainter submillimetre fluxes of these

sources (and hence the likely lower CO brightnesses).

3.3 Results and discussion

3.3.1 Redshift Distribution

Estimates of the redshift distribution of (unlensed) SMGs based on spectroscopic redshifts
have been typically restricted to sources with brighter optical/near-infrared counterparts
and/or to those with detectable counterparts in the radio or mid-infrared (Chapman et al.,
2005; Danielson et al.l 2017). Measurements of photometric redshifts from SED fitting to
ALMA-identified samples have been more complete (da Cunha et al. 2015; Dudzeviciute
et al., [2020), but these are also uncertain, particularly in the case where sources are faint
and/or the photometric coverage is poor. For example, some optically faint sources have
insufficient photometry to establish whether they are highly obscured at low redshifts or
simply lie at high redshifts (Simpson et al., [2014; Smail et al., 2020). In contrast, our sample
is large enough to provide a statistically robust redshift distribution, our CO spectroscopic
redshifts are precise and our selection is not biased by the need for radio or MIPS counterparts

for identifications.

In Fig. 3.1[a) we show the redshift distribution of our CO sources. The median CO redshift
of our whole sample is z=2.9+ 0.2 (interquartile range 2.3-3.7), and the median redshifts
of the scan and spec-z samples are z=3.324+0.17 and z=2.3+0.3, respectively. Therefore
the spec-z sources preferentially lie at lower redshifts, which is expected as sources typically
must be brighter in the optical or near-infrared (and hence typically lower redshift) in order
that a restframe optical /UV spectroscopic redshift can be successfully measured. Our results
for the scan sources suggest that the optically faint SMG population lie at higher redshifts
than the median, although we find no sources in the extended tail of the photometric redshift
distribution at z >5. Among the ~ 1000 SMGs in AS2UDS and AS2COSMOS only ~ 1 per
cent have photometric redshifts of z>5 (Dudzevic¢iute et al., 2020; Simpson et al., 2020)),
and hence this result is not surprising. This reflects the apparently exponential decline in the
number of massive gas-rich sources at high redshift, and deeper surveys may be needed to find

such sources, although at least one z>5 AzTEC SMG has been detected in the COSMOS
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field (Smolci¢ et al., 2015)).

The median redshift of our scan sample is relatively high, approaching that reported for the
1.4 mm-selected SPT sources observed by Spilker et al.[(2014) (z =3.5), although this is likely
a selection effect given that the scan sources were selected to be faint in the infrared or bright
in the submillimetre. Comparing with the photometric redshifts of these sources, we find a
median |zphot — 2c0|/2co of 0.11£0.05, and the median redshift of our sample as a whole
is consistent with that of the AS2UDS sample, which has a median photometric redshift of
2=2.79+0.07 for a complete flux-limited sample above Sg79 > 3.6 mJy (Dudzeviciute et al.,
2020).

In Fig. (b) we show the variation of redshift as a function of Sg7g, including our CO redshifts
and photometric redshifts from AS2COSMOS, AS2UDS and ALESS as a comparison. We es-
timate the gradient of the trend of redshift with Sg7q for the CO sample as 0.07 +£0.01 mJy !,
which agrees with the estimates of 0.06 +0.01 mJy~! and 0.09+0.02mJy ! previously de-
rived using photometric redshifts for the AS2COSMOS and AS2UDS samples by [Simpson
et al. (2020) and |Stach et al. (2019), respectively. While our sample size is smaller than
employed in those two studies, our spectroscopic redshifts should be more precise than their
photometric redshifts. These results add support for the positive correlation between Sgrg
and redshift that has been previously proposed in the literature (e.g|Archibald et al. 2001}
Dannerbauer et al., [2002} [vison et al., [2007; [Younger et al.| 2007; [Smol¢ic et al., 2012; |Stach
et al., 2019). This trend could be accounted for by more massive galaxies forming earlier,
so-called “downsizing” (Cowie et al.,|1996). Due to our selection criteria, our sample contains
the galaxies with the highest dust masses (and by implication gas masses) at z ~ 1-5, which
also includes many of the most massive galaxies in terms of stellar mass (Dudzeviciute et al.,
2020). The trend we see therefore suggests an increasing upper bound on the gas and dust
mass in the most massive star-forming galaxies out to z~5, as we show later this is likely

driven by an increasing gas fraction in these galaxies with redshift (see §3.3.5).

3.3.2 Gas Excitation

The detection of CO line emission in our 3-mm observations allows us to probe the properties
of the star-forming gas in submillimetre galaxies, which, given their high dust masses and
star-formation rates should be dense and highly excited (e.g. Spilker et al |2014). CO traces
molecular clouds, with its rotational transitions being excited by collisions with Hs (Solomon

& Vanden Bout) 2005). An understanding of the CO excitation in SMGs is important as it
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Line ratio | Ngources This work ‘ SMM J2135—0102 Bothwell et al. (2013)

711 11 1.0 1.0 1.0

T21 25 0.9 (fixed) 0.84 £0.13
r31 39 0.63 +0.12 0.68 +0.03 0.52 £ 0.09
T41 28 0.34 £0.04 0.50 £0.04 0.41 £0.07
751 7 0.36 £ 0.07 0.35+0.02 0.32 +£0.05
T61 4 0.27 +0.07 0.28 +0.02 0.21 +£0.04
71 5 0.26 & 0.05 0.119 4+ 0.008 0.18 £ 0.04

Table 3.1: Median CO line/brightness temperature ratios for the emission lines of 119 SMGs,
comprising 47 lines from this study and a further 72 lines in similarly-selected sources from the
literature (see , where rj1 = L/CO(J—J—l)/L,CO(l—O)' The number of sources used in our
median calculation for each transition is also displayed. As CO(1-0) data is sparse for these
populations, we normalise to the CO(2-1) transition and assume r9; =0.9. Uncertainties are
estimated from bootstrap resampling.

provides a measure of ISM properties such as temperature and density, but it is also vital
in deriving gas masses, as it is frequently necessary to estimate the CO(1-0) luminosity by
extrapolating from the mid- to high-J,, transitions based on such CO spectral line energy

distributions.

The simplest approach to constructing a CO SLED is to observe a single source at a wide
range of frequencies to detect multiple CO transitions. For example |Danielson et al.| (2011},
2013) observed the lensed SMG SMM J2135—0102 (the “Cosmic Eyelash”), detecting 11
separate transitions including 2CO from Jup =1 to Jyp =9 from which they constructed a
CO SLED. SMM J2135-0102 displays increasing CO line flux up to J,p =6, beyond which
it declines (see Fig. . Papadopoulos et al| (2014) carried out a similar study, observing
the merger/starburst systems NGC 6240 and Arp 193 with Herschel/SPIRE to construct CO
SLEDs covering J,,, = 4-13 transitions, finding Arp 193 and NGC 6240 to contain respectively
small and large reservoirs of dense (n>10*cm™3) gas. [Yang et al| (2017) and |Cafiameras
et al.| (2018) used the IRAM 30m telescope to study Jyp~3-11 CO emission for 27 lensed

SMGs and found the majority of sources to peak in line flux at Jyp ~4-7.

Where there is a large sample of sources observed in only a few, or even just individual CO
lines, it is possible to build a statistical SLED (Bothwell et al. 2013; [Spilker et al., [2014;
Boogaard et al., 2020). This method is subject to more uncertainties and biases, particularly
in how to normalise the sources used, as well as variations within the population and the
fact that sources at different redshifts contribute to the different Jy, (a particular issue
where observations have been obtained in only a single millimetre band, as done here). This

is therefore not a preferred method of constructing a SLED, but can still provide useful
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Figure 3.2: (a) A statistically derived CO SLED constructed from our CO observations of
AS2COSMOS, AS2UDS and ALESS SMGs, along with a compilation of literature observa-
tions of SMGs. Our composite SLED displays an increase in excitation up to J,p ~ 6, beyond
which coverage is limited. All Ico are normalised to the median Iggp—1) of their respec-
tive SLED. We also overlay the SLEDs of the lensed SMG SMM J2135—0102 (the “Cosmic
Eyelash”; Danielson et all |2011), the local ULIRG Markarian 231 (which hosts a Seyfert
1 AGN; van der Werf et al 2010) and the Milky Way (Fixsen et all [1999). Our SMG
SLED is consistent with that of SMM J2135—0102, albeit with slightly lower excitation at
Jup =4, and agrees within the respective uncertainties with the statistical SLEDs of
(2013), while potentially showing slightly higher excitation compared to the SLED of
less active galaxies at z ~ 2.5 from Boogaard et al.| (2020]). Markarian 231 displays stronger
high-J,,, emission, the absence of which in the SMGs suggests that they are typically not
dominated by an AGN component. The Milky Way SLED peaks at J,p ~2-3 and declines
rapidly beyond, indicating a much cooler and less excited ISM than in the SMGs. We iden-
tify those transitions in the composite SLED which rely solely on the literature samples, and
uncertainties on the median are estimated from bootstrap resampling. We note that by con-
sidering only our SMG sample we derive a SLED that is consistent with the median shown
in the plot for Ju, =2-5.(b) Licr/Loo—3) versus Licy/Lir. This plot is an indicator of
both gas density (n) and radiation field strength (Gy), and we indicate tracks of constant n
(in units of cm™3) and Gq (in units of the Habing field, 1.6 x 10 3 ergs~! cm~2) estimated
from the photon dissociation region models of Kaufman et al.|(1999). We also include mea-
surements for SMGs and Quasi-stellar Objects (QSOs) from |Alaghband-Zadeh et al.| (2013]),
z ~ 1 star-forming galaxies from Bourne et al.| (2019) and [Valentino et al.| (2020b)), and lensed
z ~4 SMGs from Bothwell et al.| (2017), as well as SMM J2135—0102 (Danielson et al., [2011)).
Our seven sources are broadly consistent with having a single n and Gq, with a density of
logg(n) ~ 4.5 and a radiation field of log,y(Go) ~4. We note that considering a wider variety
of sources, including z ~ 1 star-forming galaxies and QSOs, reveals a mild positive correlation
between n and G suggesting a link between ISM density and activity.
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information nonetheless. Bothwell et al| (2013) built such a statistical SLED from their

survey of 40 SMGs, supplemented by sources from the literature, and Spilker et al.| (2014])

similarly used their 1.4 mm-selected lensed DSFGs to construct a composite statistical SLED.

We construct an updated statistical SLED for SMGs, using our 47 CO-detected sources in

addition to a further 72 lines in similar star-forming sources from the literature to create a

superset of 119 CO lines. Sources are taken from Bothwell et al.| (2013) and the following:
Bothwell et al. (2010)), |Carilli et al.| (2010), |Carilli et al| (2011, Daddi et al. (2009)), Engell
et al. (2010), Ivison et al| (2011)), Riechers et al. (2010), Riechers et al. (2011a), Riechers|
et al| (2011b)), |Schinnerer et al| (2008), Tacconi et al.| (2006), Walter et al. (2012)), and
. The data used from our survey and these literature sources can be found in the

online supplementary material for Birkin et al| (2021).

We follow a similar prescription to that used in Bothwell et al.| (2013), exploiting the fact

that CO luminosity is expected to broadly scale with far-infrared luminosity: Lo o< L{g

(with a ~ 1) and using these trends to normalise all L to the same Lig:

Lir)\*
LbO,corr - L,CO X <<L >) ’ (3'3'1)
IR

where L’CQCO]rr is the CO line luminosity a source would have at Lig = (Lir), and in this
case we choose (Lig) to be the sample median. a is the slope of the relevant Lco j—Lir

relation. We then convert L to Ico using Eq. adopting the median redshift of the

superset. [Bothwell et al| (2013) adopt a=1 for all J,p, although a is expected to vary with

Jup as higher-J,;, transitions more closely trace the warm star-forming gas, while low-J,,

transitions trace cooler gas (Greve et al. 2014; Rosenberg et al. 2015; Daddi et al., [2015)).

We follow Bothwell et al.| (2013) in adopting a = 1, however, we note that adopting a = 0.6-0.8

changes the results only within the 1-0 error bars.

We estimate Lg oo using (Lir) =6.0x 102 L (the median Lig of the superset) and use
Eq. adopting z=2.52 (the median redshift of the superset), to convert them to Ico,
which we plot in Fig. |3.2(a). The median SLED is calculated from the median intensity
at each J,p, with bootstrapped uncertainties. We also normalise all measurements to the
median Ico(2—1) of our sample to allow a clearer comparison with other SLEDs, where the
CO(2-1) transition is chosen as we have better coverage in our sample than for the CO(1-0)
transition (see Table . The SLED shows an increase in excitation up to Jyp, =6, however
we note that few sources with J,, >5 are included here, and therefore the uncertainties are

much greater in this regime. We also see a considerable scatter in the scaled line luminosities
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of the SMGs at each transition, suggesting a large variation in either excitation, optical depth
or gas depletion timescale. We suggest that it may be the latter factor, gas depletion, which
is causing the scatter as it is expected to vary rapidly in a strongly star-forming population
such as SMGs, resulting in them showing a wide range in CO line luminosity at a fixed

far-infrared luminosity.

In Fig. (a) we also show the SLEDs of the Milky Way (Fixsen et al., [1999)), the local
ULIRG Markarian 231 (van der Werf et al., |2010), the aforementioned SMM J2135—0102
(Danielson et al., [2011)), as well as the median SLEDs derived by Bothwell et al.| (2013)) for
their luminous SMG sample in addition to literature sources, and by |Boogaard et al. (2020)
for a CO-selected sample of star-forming galaxies at z ~2.5. Compared to the local galaxy
templates shown, our SMG SLED agrees with Markarian 231 at Jyu, ~2-3, but at higher-Jy;
the latter displays much more highly-excited gas. ivan der Werf et al.| (2010) showed that in the
Jup < 8 regime this can be explained by heating from star formation, however above J,p =8
the observed line ratios require X-ray heating from the galaxy’s supermassive black hole. It
is therefore unlikely that the moderate-J,,;, CO emission from most SMGs is dominated by an
AGN component (consistent with the small fraction of AGN-dominated SMGs in our sample,
. By contrast, the Milky Way SLED peaks at J,, ~2-3, displaying declining emission

at higher Jyp, very different from that seen for the much more actively star-forming SMGs.

We see relatively good agreement in Fig. (a) between our SLED and those for SMGs
from [Bothwell et al.| (2013) and Danielson et al. (2011), although we find a lower line flux
at Jyp =4 when compared to the median SLED of |Bothwell et al.|(2013) and the SLED of
SMM J2135—0102. We note here that changing the Li,o—Lig scaling from a=1 to a=0.8
results in better agreement between the two statistical SLEDs, however we use the a=1
result here, as found for local ULIRGs for Jy,, =2-5 (see |Greve et all 2014), and to remain
consistent with Bothwell et al. (2013), although we comment that the Lig estimates used by
the latter in their scaling are very uncertain. Given the relatively close agreement we see
to the SLED of SMM J2135—0102, as measured by Danielson et al. (2011]), we adopt this
when deriving Loo(1—g) for our sources. We also compare our SLED to that derived for a
CO-selected sample of star-forming galaxies at similar redshifts, z ~ 2.5, by [Boogaard et al.
(2020)). The SMGs exhibit higher ratios of moderate- and high-J,, CO emission, relative to

CO(2-1), compared to these typically less actively star-forming galaxies.

In addition to these empirically derived SLEDs, attempts have also been made to predict CO

SLEDs for galaxies from numerical simulations. For example Lagos et al.| (2012) modelled the
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CO emission from SMGs by coupling the SHARK semi-analytic models of galaxy formation
with a photo-dissociation region (PDR) code. The SLED of a typical source in their model
was found to peak at Jy,, =4, and quickly decline at higher J,,, although the presence of an
AGN led to enhanced emission beyond Jy, ~ 6. This behaviour differs from that seen for our
composite SLED, reflecting the general difficulties in reproducing the observed properties of

submillimetre galaxies in theoretical models.

[C1] properties

As an alternate probe of the ISM, we discuss the [C1] properties of our sample. [C1] emission
has been proposed as an effective tracer of the molecular gas in galaxies (Papadopoulos &
Greve, 2004), and while it is not as well-studied at high redshift as CO, in recent years
there have been several studies published on this topic (e.g. Valentino et al., 2018, [2020Db)).
Fig. [3.2(b) shows the ratio between the [C1](*P1—>Pp) and CO(4-3) luminosity as a function
of the ratio between the [C1](3P;—3Py) and infrared luminosity. To interpret the distribution
we overlay tracks as a function of gas density (n; in units of cm™3) and average far-ultraviolet
radiation field strength (Go; in units of the Habing field, 1.6 x 1073 ergs~! cm~2) predicted
by the PDR model of [Kaufman et al. (1999). As our [C1] sample is small however, we
limit ourselves to a qualitative discussion only. The [C1] measurements for our sample are

presented in Table

Our seven [C1] -detected sources show very similar line ratios, and may even be consistent
with a single value of Ly /Lir and Licy /Lco(—3), corresponding to a typical ISM density of
logg(n) ~ 4.5 and a radiation field of log;((Go) ~ 4. The uncertainties are large however, and
we are limited in that our sample contains only sources at z > 3.2, where [C1](*P1—3Py) is
redshifted into the 3-mm band. Compared to samples from the literature, including z ~ 1 star-
forming galaxies from Bourne et al. (2019) and Valentino et al.| (2020b), and other SMGs
(and QSOs) from |Alaghband-Zadeh et al| (2013) and Bothwell et al| (2017), we see that
our SMGs lie in a similar region to the published SMGs, but have typically lower ratios of
Licn/Lir compared to the less active z ~ 1 star-forming galaxies, but not as low as the QSOs
from |Alaghband-Zadeh et al. (2013). This PDR model suggests that all the galaxy samples
have similar ISM densities, but with the SMGs exhibiting higher radiation fields as a result
of their more intense activity (although not as high as those seen in QSOs). We note that
taking all the samples together, there is a possible positive correlation between Gg and n,

suggesting that sources with a typically denser ISM exhibit a stronger radiation field.
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Figure 3.3: (a) L{o versus CO redshift for our SMG sample, showing a clear trend of
increasing CO luminosity with redshift which we fit with the model L oc (1 + 2), finding
b=1.140.2. This plot indicates that the gas mass in our dust-mass-selected SMGs exhibits
a steady rise with redshift, although this is partly driven by the increase in the sensitivity
limit at higher redshifts (roughly indicated by the dashed line as our data have a range of
sensitivities). (b) Lo versus FWHM for our sample along with SMGs from the literature
compilation described in and local ULIRGS from Downes & Solomon!| (1998)). For our
sources we indicate the transition in which the source was detected, however all sources have
been corrected to L/CO(l—O) as described in Most SMGs lie at the high-luminosity end
of this trend, with the brightest and broadest lines indicating that they are the most massive
galaxies in terms of both gas content and dynamical mass. We generally find that higher-J,,
sources have larger linewidths which might suggest that on-average the higher-redshift sources
we detect are more massive. Also included are the three serendipitous sources described in
which lie at the lower end of the trend, suggesting that they may be scaled down versions
of SMGs. Our data are fit with the model log,y L = alog,o (FWHM/FWHM,_ _,)+b, with
a=1.7+0.3, consistent with a rotating disc model. We also find that the median linewidth
of the double-peaked sources is consistent with that of the single-peaked sources, within
their 1-0 uncertainties. ULIRGs display lower line luminosities for a given linewidth, likely
because their dynamical masses have an increasing contribution from their stellar component,
rather than being dominated by the gas. (c) L versus Lig for the same sample as in
the middle panel. Again the SMGs lie at the extreme end of the trend, indicating large
gas reservoirs and high star-formation rates. We fit our data with the model log;y Lo =
alogio (Lir /LR, med) + b, finding a =0.82 £0.11. Our data show a scatter of 0.22 dex around
this relation, which is likely driven by the scatter in our CO SLED (see Fig.|3.2(a)). We also
indicate 3-o upper limits on our CO non-detections.
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b Jup  zc0 Uy ﬁrcﬁls*] 101 K o pc?)
ALESS003.1 4  3.375 0.52 + 0.13 14404
ALESS005.1 4 3.303 0.47 +0.15 12404
ALESS009.1 4 3.694 0.51 = 0.09 1.6+0.3
ALESS023.1 4 3.332 0.52 4 0.15 14404
ALESS031.1 4 3.712 0.30 £ 0.11 0.9+ 0.3

AS2C0S0006.1 5  4.620 1.1+0.3 47411
AS2UDS011.0 4 4.073 0.7+0.2 2.7+ 0.9
AS2UDS014.0 4 3.804 0.2+0.4 79412

Table 3.2: Properties of the [CI] detections in our sample. When fitting the [CI] emission
lines we have fixed the linewidth to be equivalent to the CO linewidth, i.e. FWHMcy =
FWHMco.

3.3.3 CO(1-0) luminosities

Having established the excitation properties of the SMGs in our sample we can use these to
estimate their CO(1-0) luminosities, before moving on to study their gas masses. This will
allow us to investigate how our sources fit within the Ly~ FWHM and L{Lir relations.
In what follows we use Loo(1—0) = Lco,1/7j1, adopting the r;; measured by Danielson et al.
(2011)) for SMM J2135—0102, to estimate CO(1-0) luminosities. We derive a median CO(1-0)
luminosity of (6.7 4 0.5) x10'° K kms~! pc? for our sample.

In Fig. (a) we show the variation of L,CO(l—O) with redshift for our sample, from which
we see a positive correlation between the two, suggesting an increasing gas mass at higher
redshifts. However, we note that this is potentially influenced by the effects of incompleteness
for the less luminous sources at the highest redshifts, which we indicate on the figure for a
representative sensitivity of one of the observations from our study. Non-detected CO sources
are shown as limits in Fig. (a), where spec-z sources are plotted at their optical spectro-
scopic redshift and scan sources are plotted at their photometric redshift from MAGPHYS
SED fitting. We fit the trend in our data with a simple parameterisation: L{,q o< (1 + 2)°,
estimating b=1.1+0.2. This highlights an increasing gas mass for our SMG sample, which
is approximately dust-mass-selected and may indicate an evolution in the gas mass fraction

or gas-to-dust ratio. We return to this point in §3.3.5]

co—FWHM relation

The Lo~ FWHM relation is useful as it provides a measure of the correlation between the

gas mass and the galaxy dynamics (Harris et al., 2012). Our sample has a median L/CO(lfo)
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of (6.740.5) x10'° Kkms~! pc? and a median FWHM of 540 +£40kms~!, indicating more
gas-rich sources than the (4.541.0) x10' Kkms~! pc? and 5004 60 kms~! found from the
Bothwell et al.| (2013]) sample. Fig.|3.3(b) shows the derived CO line luminosity as a function
of line FWHM, where all line luminosities are converted to CO(1-0). For comparison we
include SMGs from Bothwell et al.| (2013]), SMGs from the literature compilation described
in §3.3.2/ and local ULIRGs from Downes & Solomon| (1998)).

The variation of Lco(i—g) with FWHM of the CO lines in Fig. [3.3(b) shows a 5-0 positive
correlation, potentially indicative of increasing gas mass with dynamical mass. To interpret
this we fit our data with a model of the form log, (L{o) = alog;o (FWHM/FWHM,__,) +
b, using an orthogonal distance regression (ODR) technique which takes into account the
uncertainties on both L and the FWHM. This method is implemented using the scipy

package of PYTHON.

From this fitting we estimate a=1.7+ 0.3 and b=10.93 +0.05, with a scatter of 0.34 dex. If
the line widths in our population reflect disc dynamics (see §3.2)), we would expect the galaxy
mass (and therefore the CO line luminosity) to increase with the square of the rotational
velocity (and therefore the CO linewidth). The fitted trend indeed suggests that the dynamics
of the CO in our sample are consistent with rotating discs (this idea is explored further in
Chapter . A model of this kind was also shown to be a good fit to the sample of |Bothwell
et al| (2013), who suggested that this implies a constant ratio between the gas and stellar

dynamical contributions in CO regionsﬂ

We also indicate on this plot those sources which show double-peaked CO line profiles
(as described in , finding these to have a median FWHM of 550 +£ 60 kms™!, consis-
tent with the median of 520+ 60kms~! determined for the single-peaked sources, and a
median LICO(l—O) of (7.440.8) x10'Y Kkms~! pc?, which is marginally brighter than the
(6.340.8) x 1019 K km s~! pc? determined for the single-peaked sources.

Lto—Lir relation

The CO(1-0) line luminosity acts as a tracer of the reservoir of gas available in SMGs to form

stars, and the infrared luminosity traces the star formation currently occurring. Therefore

!Unlike the SMGs, the local ULIRGs in this plot show no correlation between FWHM and L. [Bothwell
et al. (2013) suggested that this is a result of a wide range in gas fractions, a greater contribution to the
dynamics from the stellar components, or thin nuclear gas discs/rings meaning that inclination differences
cause significant scatter.
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the Lio—Lr relation indicates what fraction of the total molecular gas is being converted
into new stars: the star-formation efficiency. This is analogous to the Kennicutt-Schmidt re-
lation (Kennicutt), [1998b)) for galaxy-integrated properties. Fig.[3.3|c) shows the relationship
between L/CO(lfo) and Lig for our SMG sample along with SMGs from |Bothwell et al.| (2013)),
SMGs from the literature compilation described in §3.3.2] and local ULIRGs from [Solomon
et al|(1997). We fit a parameterised model of the form log;, (Lq) = alog g (Lir /LiR,med) +b
to our data points using an ODR technique as described in the previous section, finding
a=0.8240.11 and b=10.81£0.03. The positive correlation between L’Co(l_o) and Lig is
tight, with 0.22 dex of scatter, and most SMGs lie at the upper end of this trend indicating

massive gas reservoirs and high star-formation rates.

We now compare our sub-linear slope for the Lco(1—g)—Lir relation (estimated from obser-
vations of moderate-J,, CO) with similar studies in the literature. For example, |Greve et al.
(2005) found a slope of 0.62+0.08 by fitting local (U)LIRGs and SMGs, although they as-
sumed thermalised emission to convert their moderate-J,;, CO line luminosities, which would
tend to bias their result low at higher Lco1—gy and Lir (yielding a flatter trend), while Gen-
zel et al.| (2010) found 0.87 £0.09, again from moderate-.J,, (note that they fitted the inverse
relation, and we have converted the slope for easier comparison with ours). On the other
hand, Ivison et al| (2011)) found a super-linear slope, a =1.54+0.3 for SMGs with reliable
CO(1-0) or CO(2-1) measurements, potentially indicating an additional reservoir of cool gas
in the most massive and luminous systems. We note that our conclusions are unchanged
if we adopt line ratios from our own statistical SLED instead of that of SMM J1235—0102.
We caveat that direct comparisons between these values may not be reliable given the use of
different fitting methods, for example Genzel et al. (2010)) fitting the inverse relation to us,
and giving equal weight to all data points. A more robust comparison would involve fitting

all of the above samples using a consistent method, which we do not attempt to do here.

In theory, the slope of the L’COfLIR relation should vary with J, as the low-J, transitions
trace the cooler gas, whereas the mid- to high-J,, transitions trace the warmer gas which is
more closely linked to the star-forming regions. For the J,, =2-5 transitions, we find slopes
of 2.7£0.4, 0.8£0.3, 1.0£0.3 and 1.1+ 0.4, respectively. For the J,, =3-5 transitions, this
is consistent with Greve et al.| (2014) who performed a similar analysis on local ULIRGs.
The anomalous gradient of the J,, =2 relation may be a result of our small sample, which
comprises just nine J,, =2 detections, or may be a reflection of the same behaviour reported

by [Ivison et al.| (2011]).
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It has been similarly suggested that the CO(5-4) emission could be a good tracer of the
star-forming gas, in which case it should correlate linearly with the infrared luminosity, with
Daddi et al.| (2015) finding a slope of 0.96 4 0.04 for the Loo(s—4y—Lir relation (see also e.g.
Cassata et al. [2020; Valentino et al.| |2020a)). As reported above we find that the four sources
detected in CO(5—4) display a gradient consistent with a linear relation between L and
Lig, found by Daddi et al| (2015). To increase our modest sample size, we also convert all
our CO(4-3) detections to estimate the corresponding CO(5-4), ensuring that the correction
factor is small and less uncertain. In this case we find a gradient of AL{,/ALg =1.2+£0.3

from 21 sources, also consistent with linearity.

3.3.4 Gas Mass Tracers

As a measure of the amount of fuel available for star formation, an accurate and precise
knowledge of the molecular gas content is crucial in understanding the properties and sub-
sequent evolution of galaxies. From our observations we are able to compare three different
indirect tracers of the total (Ho and He) gas mass: the inferred CO(1-0) luminosity, the
[C1](®P1—3Pp) luminosity and the cold dust mass. We can also compare three different
methods of estimating the cold dust masses: from the rest-frame 870-pum (observed 3-mm)
emission, the extrapolated observed-frame 870-um emission and from SED modelling, all of
which are similar but may have subtle differences. When estimating gas masses from these
tracers all three require calibration factors which are subject to considerable uncertainty,
therefore we focus only on the observed quantities and how well they correlate when pro-
viding a comparison. However, we will briefly discuss predicted values for gas masses using

standard conversion factors.

CO—H; conversion

Having established the excitation properties of our sample in §3.3.2] and therefore the CO
line ratios rj;, we can calculate total gas masses from the CO luminosity using:
Myas = 1.36 aco @, (3.3.2)
TJ1
where 751 represents the line ratio of the J,p transition to the CO(1-0) transition (which
we adopt from SMM J2135—0102, noting that this is consistent with our statistical SLED
derived in , aco is the so-called CO-Hy conversion factor given in units of Mg

(Kkms~!pc?)~t, L/CO,J is the CO line luminosity of the relevant J,, transition in units
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of Kkms~!pc?, and the factor of 1.36 accounts for the abundance of Helium (e.g. Solomon
et all [1997). We note here that in what follows, all literature comparison data are rescaled

to ensure that they include this factor of 1.36 in estimates of Mgys.

As discussed in §1.3.3] it is very difficult to measure aco and verify the appropriate value
to adopt at high redshifts. Attempts to constrain aco are mostly empirical, often involving
estimating dynamical masses and combining these with stellar masses and an assumed dark
matter fraction (Downes & Solomon), [1998; Daddi et al., [2010; [Bothwell et al., 2013; |Calistro
Rivera et al., 2018). «aco is then estimated from the comparison of the dynamical mass
determined from a scale size and the circular velocity, estimated from the CO linewidth, with

the total mass derived from the sum of the gas, stellar and dark matter components:

M, + Mgas o’R
=C—, 3.3.3
1 — fom G (3.3:3)

Mayn =

where C' is dependent on the mass distribution and inclination angle of the galaxy (e.g. Erb
et al., 2006}, and see . This can be used to derive Mg,s and therefore aco. In our case
this is difficult as we do not have the resolved CO(1-0) sizes or individual inclination angles
for our sources necessary to determine R and the inclination angle corrections. However,
our sample is larger than those used by many authors who have also attempted this. We

therefore investigate the feasibility of placing constraints on aco with our sample here.

Returning to Eq. we adopt fpm ~ 0.35 following Smith et al| (2019) which was found
for z ~0.12 ellipticals, expected to be the descendants of SMGs (see . We also adopt
C =2.25 following Binney & Tremaine (2008), a value we find to be consistent with our
simulated rotation curves from Other authors have found or adopted different values
for C, such as [Erb et al. (2006) who adopted C' = 3.4 and Kohandel et al.| (2019) who found
C =1.78 in simulations of spiral disc galaxies. Both of the above are consistent with our
simulations. Most of our sources are completely unresolved and therefore we lack inclination
corrections. We choose to make the assumption that our samples is comprised of randomly
oriented discs which is consistent with the simulations described in This would result
in a median ¢ =57° and a median sin(i) =0.79 (Law et al., 2009), and we adopt this value
for all sources. Finally, we use an aperture of size R =14 kpc, which should capture the full

extent of the CO(1-0) emission, and therefore the cold gas reservoirs (Ivison et al., 2011)).

This yields a median value for the CO-Hs conversion factor of ccg = 1.0+ 0.7 which is closer
to the typical ULIRG value of ~ 1 (e.g.|Solomon et al., 1997)) than the “main-sequence” value
of ~4 (e.g. Daddi et al., [2010)). It is also consistent with the value of aco ~ 2 estimated by
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(Danielson et al., [2011} 2013) for the lensed submillimetre galaxy SMM J2135-0102.

Equally, if we instead adopt the “main-sequence” value of aco~ 3.6 (Daddi et al., 2010,
then this is also consistent with the line width constraints on the dynamics, when assuming
a lower dark matter fraction of fpy~0.25 and C'=3.4 (Erb et all [2006]), for the same R.
We conclude that to derive a robust estimate of the CO—Hs conversion factor in high-redshift
galaxies will require high-resolution maps and velocity fields for a large number of sources

(see, e.g. Calistro Rivera et al., 2018). We build on this in Chapter

In what follows we simply adopt aco =1 for all galaxies, making our results easier to rescale
for readers, resulting in a median gas mass of our SMG sample of Mgas med = (9.1 £0.7) x 1010 M.
We stress that our adoption of this simplified approach, rather than assuming different aco
for different populations (either based on initial selection, sSFR, Lig, etc.) means that our

gas estimates for some comparison samples differ from those presented in the original studies.

Gas-to-dust conversion

The total gas mass can also be estimated from the cold dust mass using:
Mgas = 5gdr Maust (334)

where the gas-to-dust ratio dgq, is simply the ratio of gas mass to dust mass (Leroy et al.,
2011; Magdis et al., 2012). Unfortunately the gas-to-dust ratio may vary considerably with
metallicity (Santini et al. 2014) and redshift (Saintonge et al.l 2013) for metal-rich sources,
although it is often assumed to be a constant dgq, ~ 100 (Swinbank et al., 2014; Scoville
et al.l [2016). Some authors have invoked scaling relations in order to estimate the gas-
phase Oxygen abundance, and subsequently attempted to infer the gas-to-dust ratio, from
the estimated stellar mass (Genzel et al.; [2015; Tacconi et al., [2018)). This method is, of
course, not without very considerable uncertainties, both systematic and random, but as it
relies on different assumptions to that of the CO-to-Hs method it represents an independent
estimate (although frequently based on the same underlying calibration sources). We note
that Leroy et al. (2011]) developed a technique to estimate aco for resolved sources, assuming
the gas-to-dust ratio holds constant over regions where molecular and ionised Hydrogen are
in equal abundance, however, for high-redshift galaxies we are mostly concerned with galaxy-

integrated properties, and this approach is not feasible.

The cold dust mass itself can also be estimated in several ways. Firstly, dust mass estimates

are available from the MAGPHYS SED fitting to our sample (see §2.5.2)), which utilises multi-
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Figure 3.4: A comparison of different tracers of the gas mass in SMGs, where in all cases
we perform a free fit (grey with shaded uncertainty) and a linear fit (black) in log space.
We report the ratio of the corresponding pairs of calibration factors for each total gas mass
tracer in the relevant panels. (a) and (b) Dust mass from MAGPHYS or the rest-frame 870-
pm luminosity versus inferred CO(1-0) line luminosity. The CO(1-0) appears to correlate
reasonably well with the rest-frame 870-pum luminosity, but poorly with the MAGPHYS dust
mass estimates. (c) [C1](®*P1—3Pg) line luminosity versus inferred CO(1-0) line luminosity.
The CO(1-0) and [C1] show a weak correlation, but are roughly consistent with a linear
relation with considerable scatter, although we are limited by our modest [C1] sample size.
(d) Gas mass estimated using the |Scoville et al.| (2016) calibration versus CO(1-0) line
luminosity. The data show a large amount of scatter, but they are consistent with a linear
trend. In (a), (b) and (d) the higher-redshift sources appear to lie mostly below the fit,
possibly indicative of an increasing gas-to-dust ratio, and/or a decreasing aco, with redshift.
This is explored further in Fig. @
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band photometry from e.g. ALMA and Herschel (da Cunha et al., [2015; [Dudzeviciuté et al.,
2020, Tkarashi et al. 2020 in prep.). Our dust masses from MAGPHYS are presented in Table
and Table However, the inclusion of shorter wavelength far-infrared photometry in this
fitting may result in a bias towards warm dust, which could yield underestimates of the cold
dust mass (Scoville et al.| [2016). Secondly, the cold dust mass can be traced by the rest-frame
870-pum emission (Dunne et al.; 2000)). Given that the median redshift of our sample is z ~ 3,
the 3-mm continuum photometry from our ALMA/NOEMA observations probes rest-frame
~ 750 um, close to 870 um when compared to the rest-frame ~ 220 pm traced by the observed
870-pum observations. Indeed, near the median redshift of the sample, the 3-mm photometry
measurements closely match rest-frame 870 pm, providing estimates of the source luminosities

with little uncertainty from the adopted spectral slope of the dust emission, 5.

L870,rest

gas gdr X dust gdr X Iid(I/)B(Z/, Td)

(3.3.5)

where x4 here is the dust mass opacity coefficient (taken to be 0.077m?kg~!) and B is the
Planck function, where we adopt Tq =25K (Dunne et al., 2000; |Scoville et al., 2016]). We
note however that this becomes less reliable for sources at the lower- and higher-redshift ends

of the sample where the observed 3 mm is further from rest-frame 870 pm.

Finally, we can use the fact that the dust on the Rayleigh-Jeans tail is optically thin to
estimate the gas mass by extrapolating from the observed-frame 870-um luminosities, using
the calibration proposed in Scoville et al. (2016):

3.8
Mgas = 1.78S,,, (1 4+ 2)~*% x (VSE’OFWL) D2

Vobs

" (3.3.6)
y (6.7>< 10 ) T 1M,

ass0 I'ry
where vops = 100 GHz, Dy, is given in Gpc, I'gy corrects for the departure of the Planck func-
tion from Rayleigh-Jeans (Scoville et al., 2016|) and Ty is its value adopting 2 =0, Ty =25K
and Aops =850 um, the latter of which is used to calibrate the conversion factor asso,,,. We
note that this calibration at high redshifts relies on gas mass estimates derived from CO(1-0)
observations of a small sample of galaxies (mostly SMGs) and so this method is dependent

upon those calibrations.

We compare all three dust-based tracers against CO(1-0) in However, we note here
that the median ratio of the Lg7o rest-based dust mass estimates to the MAGPHYS dust masses
is 1.21 £0.09 for the adopted dust mass opacity coefficient and dust temperature, and for the
Scoville et al.| (2016]) calibration the corresponding ratio is 1.94 £0.09 if we adopt dgqr = 100
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and ags0,,,, = 6.7 X 10'9. The value of a850,,,, We have used here is adopted by [Scoville et al.
(2016)) based on observations of local ULIRGs and SMGs, although they come to this cali-
bration using a near-galactic aco. We note again, however, that this systematic offset may
be explained by MAGPHYS fitting being biased towards warm dust due to the inclusion of
shorter wavelength far-infrared photometry (which probes the peak of the far-infrared SED
rather than the Rayleigh-Jeans tail, and is therefore heavily dependent on the spectral slope

B assumed in the fitting) and therefore underestimating the dust mass.

[C1]-H; conversion

Our third tracer of the total gas mass comes from the fine structure line of atomic Carbon

(WeiB et al., [2003; Papadopoulos & Greve, [2004):

where ajcy is the [C1]-Hp conversion factor in units of Mg (Kkms™! pc?)~t. L’[CI] is the [C1]
line luminosity in units of Kkms™! pc?, and again we include a factor of 1.36 to account for

the abundance of Helium.

The [C1] method benefits from the lines being optically thin which removes some of the
transition ratio uncertainties that apply to estimates based on CO, and it is also expected
to show smaller abundance variations as it is thought to be affected less by cosmic ray
destruction (Papadopoulos et al., 2018). Due to their emitted frequencies [C1] is also much
easier to observe at high redshift than the low-J,, CO transitions. It has been shown that the
[C1] is distributed throughout molecular clouds, rather than only near their outer edges, and
correlates well with the '3CO (Keene et al., [1985). As with the CO-Hy conversion however,

the [C1]-Hy conversion is not well understood at a theoretical level (Gaches et al., 2019)).

Comparison of total gas tracers

We compare the total gas mass tracers from the above methods in Fig. where we plot
the observed quantities L/CO(lfo)’ L’[CI], Maust, Lg70rest and Lgso Scoville against one another.
In theory, if the three methods of deriving total gas masses are consistent then each pair of
methods should be well-described by a linear fit with the normalisation reflecting the ratio of
the two corresponding conversion factors, aco, dgar or aqcy- For example the normalisation
of a linear fit to the plot of Mgyst versus L/CO(l—O) yields the ratio dga;/cco. To test these

correlations we fit a model log,(y) = alogo(z) + b, both allowing a to vary freely and fixing
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a=1 (meaning the two gas mass tracers scale linearly). Non-detections are plotted as 2.5-c
limits and included in the fits as 1.5 0 + 1 0, and we confirm that including these limits does

not significantly affect the results of the fits.

In Fig. (a) we see that the CO luminosity and the MAGPHYS dust mass correlate reasonably
well with one another, with the free fit having a gradient of 1.2 4+ 0.3, consistent with a linear
relationship. From the fixed linear fit we derive an average ratio of dgqr/cco =63 £9. How-
ever, the data display a significant scatter, 0.36 dex, which combines uncertainties contributed
by the dust SED fitting, as well as variations in the CO SLED and in aco or the gas-to-dust
ratio. Alternatively, using the rest-frame 870-ym luminosity as a dust mass tracer, we find
a gradient of 0.76 +0.14, i.e. only consistent with unity within 2-o, but now with a lower

scatter of 0.32 dex and a median g4, /vco =59 £ 6.

We see that the [C1] and CO luminosity in Fig. also roughly correlate, although we are
limited by both the small number of [C1] detections in our sample and their low S/N. The
free fit has a gradient of 0.8 £0.2 and is therefore consistent with unity. The scatter is 0.37

dex, and the linear fit implies that Oé[cn/aco =4.74+0.6.

Finally, in Fig. 3.4(d) we compare the CO(1-0) luminosity with the gas mass estimated
following Scoville et al. (2016). The free fit to the data gives a best-fit gradient of 0.94 +0.15,
consistent with the linear fit as shown by the grey uncertainty region, and the data display
0.32 dex of scatter about the fit, similar to Fig. [3.4(b). In panels (a), (b) and (d) of this
figure we see that high-redshift points lie preferentially below the fit which may indicate an

increasing gas-to-dust ratio (or a decreasing aco) with redshift.

To summarise, Fig. [3.4shows that the CO(1-0) luminosity and cold dust mass, whether deter-
mined by SED fitting, restframe 870-pm luminosity or extrapolated observed-frame 870-um
luminosity, are complimentary tracers of the gas mass. Before we can derive reliable gas
mass estimates from these tracers, we must calibrate one or more methods. We can, how-
ever, compare literature measurements of aco and dgq, with our estimated ratios, to assess
why combinations of gas and dust calibration factors are consistent with our observations.
For example, based on our estimate of the ratio of dgqr/cco of 63+ 9 using the MAGPHYS
dust masses, then the commonly-used value of dgq, =100 yields aco ~ 1.6 in SMGs, broadly
consistent with the classical “starburst” value. In contrast, if the appropriate CO-Hs con-
version factor for our sample is closer to aco ~ 3.6, as estimated by [Daddi et al.| (2015)) for
“normal” star-forming galaxies, then the corresponding gas-to-dust ratio would be dgq, ~ 230,

higher than commonly adopted value for SMGs.
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Figure 3.5: (a) Offset from the “main sequence”, AsSFR =sSFR/sSFRyg, versus redshift for
our sample, using the Speagle et al.| (2014) prescription for sSFRyg. We indicate the region
where AsSFR > 4, i.e. the loose definition of a “starburst” galaxy. The majority of the SMGs
lie below this region, with the binned averages (shown by the connected large open symbols
in each panel) suggesting that at z=2-5 the majority of our sample comprise apparently
“main sequence” systems. (b) The variation of gas depletion timescale (tgep = Mgas/SFR)
with AsSFR. We see no significant correlation between these two properties, although we
caution that the two estimates are coupled as both use SFR. The dashed line shows the
Ldep O AsSFR %3 behaviour predicted by |Tacc0ni et al.| (I2018[) for CO-detected star-forming
galaxies, which diverges from the trend for the SMG binned averages. (c) Gas depletion
timescale, tqep, versus redshift for our SMG sample. We also plot the PHIBSS CO-detected
galaxies, a compilation of star-forming galaxies from |Scoville et al.| (2016), and [C11]-detected
galaxies from the ALPINE survey (Dessauges-Zavadsky et al. 2020). Our SMGs have a
median tgep =210 &40 Myr and the binned averages show a moderate decline across z ~ 1-5.
The dashed line shows the prediction of Davé et al[(2012) — tgep < (1 4 2) 715, and the solid
line shows our own fit of the form tgep o< (1 4+ 2)* to our binned data, from which we estimate
a=-1.1£0.3 at fixed stellar mass and AsSFR. In (b) and (c) we show a vector indicating
by how much points would move if we were to adopt aco = 3.6 instead of aco =1.
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3.3.5 The star-forming main sequence

As previously highlighted, due to their luminosities and hence relative ease of detection, SMGs
are a useful laboratory for investigating the formation and evolution of massive galaxies (as
well as for calibrating methods to derive total gas masses discussed above). However, in order
to fully understand the evolution of galaxies we must also target sources that are representa-
tive of the bulk population of less active galaxies across a wide redshift range — “normal” or
so-called “main sequence” galaxies. One approach to categorising galaxies is to classify them
according to the difference between their specific star-formation rate sSFR =SFR /M, and

¢

the specific star-formation rate expected for a galaxy on the “main sequence”, sSFRyg, at
the same stellar mass and redshift, according to some prescription. Specifically, this quantity
is defined as AsSFR =sSFR/sSFRyg, with AsSFR >4 being the arbitrary definition of a
“starburst” galaxy. We caution, however, that recent work (e.g.|[Puglisi et al 2019) suggests
that there is considerable variation in the properties of galaxies within the “main sequence”.
Specifically, Puglisi et al.| (2019)) found that > 29 % of their sample of Herschel-selected main-
sequence galaxies displayed compact star-formation sizes. The authors suggest that such
compact sources on the main sequence may in fact be early post-starburst galaxies which are
observed after the merger-driven boost in SFR has ended, calling into question the dichotomy

between steadily growing disks and starbursts. Therefore, the concept of AsSFR, and the

main sequence more generally, may be of limited value.

As early CO surveys were limited by sensitivity, the detected sources were typically the most
submillimetre-luminous systems and therefore more often starbursts, but in recent years there
has been an increased effort to target more “normal” galaxies, aided by the improving sensi-
tivity of ALMA and NOEMA, and to systematically study the evolution of their characteristic
properties, such as the gas depletion timescale and gas fraction (Genzel et al., 2015, Walter

et al., [2016; Tacconi et al., [2018).

With large ALMA surveys of SMGs (e.g., [Miettinen et al.l 2017; Dudzeviciuteé et al., 2020)
we are now able to establish the stellar content and star-formation rates of large and unbiased
samples of reliably-identified SMGs. These studies indicate that although SMGs at z=1.5—
3 have typically higher specific star-formation rates than “normal” galaxies, they overlap
substantially with the so-called main sequence, while at z 2 3 where SMGs have specific star-
formation rates similar to the (increasingly more active) bulk population of galaxies. As we
determined in Chapter [2] our sample contains almost exclusively SMGs within the scatter of

the main sequence definition at z ~ 3-5, at somewhat higher redshifts than the samples used
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in previous studies of the gas content of the main sequence.

In Fig. we show the distribution of AsSFR for our sample (using the prescription of|Speagle
et al.; 2014}, see Fig. . We also plot data from the PHIBSS1 and PHIBSS2 surveys, specif-
ically 148 CO-detected main sequence star-forming galaxies observed with PABI/NOEMA in
two samples at z ~0.5-2.5 (Genzel et al., 2015; [Tacconi et al., 2018)), and in addition the
sources detected in the ALMA Spectroscopic Survey in the HUDF (ASPECS), a CO blind
scan in which 22 galaxies are CO- or [CI]-detected at z=1.0-3.6 (Walter et al., 2016). Finally,
we show the data for the [Cii]-detected galaxies from the ALPINE survey (Le Fevre et al.
2019). We highlight again here that all gas masses are scaled to a CO-Hy conversion factor
of aco=1Mg (Kkms™! pc?)~! and multiplied by a factor of 1.36 to account for Helium to
ensure consistency between the samples, and that means that values may be plotted differ-
ently here when compared to their original studies. We show a vector to indicate how the

data points would move if the Daddi et al.| (2010) value of aco = 3.6 was adopted instead.

Fig. B.5[a) shows the evolution of AsSFR with redshift for our sources. We indicate the
arbitrary threshold for starburst galaxies, and see that only four of our 47 (9 per cent)
CO-detected ALMA-identified SMGs lie in this regime, with all four in the range z ~1-1.5.
Binning the sample by redshift, we see that the SMGs fall within the broad scatter of the
main sequence in the range z ~2-4, with a handful of galaxies at z>4 on the boundary
between main sequence and starbursts. The PHIBSS samples (Tacconi et al.l 2018) are
complementary to our own in that they are comprised of sources with similar AsSFR at

typically lower redshifts than we probe.

Gas depletion timescale

The gas depletion timescale is given by

Mgas
SFR’

tdep = (338)

i.e. the inverse of the star-formation efficiency, assuming no replenishment of the gas in the
system and no outflows. It has been suggested that t4ep is mainly dependent on redshift and
offset from the main sequence (Genzel et al., [2015; |Tacconi et al., 2018), with the AsSFR
dependence implying that galaxies in a starburst phase consume their gas more quickly
(Hodge & da Cunhay, [2020). We flag that tqep, and AsSFR are both ratios involving SFR,
suggesting that the more fundamental factor may be the ratio of the independent terms used

in those parameters, Mg,s and M,: the gas fraction, figas = Mgas/M, (discussed in §3.3.5)).
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Figure 3.6: (a) Gas fraction fpigas = Mgas/M, versus redshift for the SMGs in our sample
compared to the SMG survey of Bothwell et al.|(2013) and the typically lower-redshift PHIBSS
surveys (Tacconi et al.| 2018). We show medians of our sample binned by redshift (large
points). The data show an increase in gas fraction with redshift that is described by the
model log;((fgas) =0.23 X (2 — (2))— 0.41. (b) Evolution of the gas-to-dust ratio, dgqr, with
redshift for our CO-detected sample. Our data are fit with the model logo(dgdr) =0.17 x (2 —
(2))+ 1.97 which is consistent with a factor of ~4 increase in g4, across z =2-5. We overlay
tracks of the Tacconi et al.| (2018)) prediction for the evolution of the gas-to-dust ratio with
redshift at the 16th, 50th and 84th percentile stellar masses of our sample, although we
note that these are not corrected to aco=1. (c) Gas-to-dust ratio versus stellar mass,
where we have adjusted dgqr for all sources to a fiducial =3 according to the redshift
evolution measured in (b). We again indicate the Tacconi et al. (2018) prediction for the
evolution of the gas-to-dust ratio, but this time we only include the z=3 result and we
again note that is not normalised to aco=1. Given the significant scatter, we conclude
that either no variation in dgq, with stellar mass, or behaviour similar to that predicted by
the model could be consistent with the observations. Our binned data are well-fit by the
model logo(dgdr) = —0.16x logyo (My/My mea) +1.92. In all three panels we show a vector
indicating by how much the points move if we were to adopt ago = 3.6 instead of aco =1.

In the main sequence paradigm, determining how the depletion timescale evolves leads to a
better understanding of how the molecular gas fractions evolve, and is therefore the starting
point for deriving scaling relations. As noted earlier, we caution that there has been shown to
be considerable variation in galaxy physical properties on and off the main sequence, which

may indicate that the paradigm is less fundamental than presented.

Our sample displays a median tqep, = 210 £ 40 Myr. This compares to tgep = 292 + 10 Myr esti-
mated from the dust masses, using a fixed gas-to-dust ratio of 100, for the 707 AS2UDS SMGs
by Dudzeviciute et al.| (2020) (after correcting for their adoption of a 50 per cent efficiency con-
version factor when estimating the depletion timescale). The modest difference between these
two estimates reflects the ~ 1.5 x higher dust (and hence gas) masses for the SMGs in our sam-
ple compared to those in AS2UDS, Mgy = (10.540.8) x 108 M, versus (6.8 £0.3) x 10® Mg,
but a larger (~1.7x) difference in star-formation rate, SFR=400+50Mgyr~! versus
SFR=235+8 Mg yr— 1.
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In Fig. [3.5 we show the dependence of t4ep, on both AsSFR (b) and redshift (c) separately. We
find no discernible evolution of the depletion timescale with AsSFR in the sample as a whole,
and in fact the high-sSFR “starbursts” in our sample have relatively long timescales. As
they are lower-redshift sources this likely reflects the evolution of the gas depletion timescale
with redshift, which we also investigate in Fig. [3.5(c). The depletion timescale decreases
with redshift in the range z ~ 1-5, however our data are consistent with no evolution across
z~2.5-5. We fit the form tgep o (1 4 2)® to our data alone, finding a=—1.1£0.3, a much
shallower dependence than the a = —1.5 proposed by (Davé et al., 2012). Additionally, when
compared to the PHIBSS (Tacconi et al., 2018) and ASPECS (Walter et al., 2016) samples
we see that our sources exhibit longer depletion timescales, although the SMGs appear to
be consistent with the [Ci]-detected ALPINE galaxies (Le Fevre et al., |2019). The scatter
in our data is likely to be driven in part by variations in the SLEDs of individual sources
(see Fig.[3.2(a)), by the broad range in AsSFR spanned by our sample and by the fact that

rapidly evolving systems may naturally exhibit a wider range in tgep.

Tacconi et al.| (2018) suggest that the variation of the depletion time can be separated into
the product of redshift, stellar mass and specific star-formation rate, providing an Ansatz of
the form:

log(tgep) = A+ Blog(1 + z) + C'log(AsSFR) + Dlog(AM,), (3.3.9)

where AM, is defined as M, /5 x 1019 M, (5 x 10! M, is chosen as a fiducial stellar mass),
and the coefficients A, B, C' and D are fitted for. Tacconi et al. (2018]) also include an optical
half-light radius term, but given that they find this term to be of negligible importance,
and optical sizes are not useful measures of the physical sizes of high-redshift dust-obscured

galaxies (e.g., |Gullberg et al., [2019), we choose to ignore this term.

Given the modest size of our small sample, we choose not to determine a free fit to all four
parameters, instead we focus on comparing the redshift behaviour and so opt to fix C' and D
to the values found by Tacconi et al.| (2018]): specifically C' = —0.43 and D =0.17. From fitting
this model to our dataset, we determine coefficients of A=0.05+0.06 and B=—1.12+0.10.
Hence in our sample, the gas depletion timescale decreases almost exponentially with redshift.
In comparison, [Tacconi et al.| (2018)) find values for their sample of A=0.06+0.03 and B =
—0.44 4+ 0.13, thus we see a sharper decrease in the depletion timescale with redshift for our
SMGs than their sample, which consists mainly of main-sequence star-forming galaxies. In
Fig. [3.5(b) we also show the t4ep o AsSFR %43 behaviour described above (Tacconi et al.,

2018). This does not appear to be supported by our SMGs, which are consistent with
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no evolution, however given the uncertainties on the binned data we cannot rule out the

tdep < AsSFR %43 behaviour.

Gas fraction

In addition to the gas depletion timescale, we can derive the gas fraction

M
Hgas = ]éjs (3'3'10)

for our sources using our CO-based mass estimates and stellar masses from MAGPHYS. The
gas fraction is also expected to be a key property in galaxy evolution, following from the gas
depletion timescale, describing the fraction of baryons available for star formation (Tacconi
et al., 2018). Fig. a) shows the evolution of pg,s With redshift, where we have included all
of our CO-detected sources in addition to PHIBSS sources. The gas fraction increases with
redshift (e.g Daddi et all 2010; |Genzel et al.; |2010; Geach et al., [2011}; |Tacconi et al., 2018}
Liu et al., 2019b)), but as with Fig. we see a large amount of scatter, and by separately
examining the gas and stellar masses in our sample we conclude that the trend we see in
Hgas With redshift is driven mainly by sources at higher redshift having more massive gas
reservoirs. An additional explanation for the scatter could then be that these galaxies are
consuming gas on short timescales leading to wider variations in the gas fraction within the

observed population.

We fit a model log;((ftgas) =@ X (2 — (z)) + b to our binned data, along with the sources from
Bothwell et al| (2013) and binned data from PHIBSS to anchor the low-redshift end. This
results in best-fit parameters of a =0.23 £0.08 and b= —0.41 £0.08, and we plot this fit in
Fig. [3.6(a), although we note that there is considerable scatter at all redshifts. Nevertheless,
for the combined dataset we conclude that there is a gradual increase in gas fraction with
a median of figas~0.4 at 2~2.5. This trend is similar to that seen for the model SMGs
in the EAGLE simulation (McAlpine et al., 2019) which we show in Fig. |3.6{a), although we
note that the individual gas phases are not resolved in EAGLE, and therefore the gas fractions
reflect contributions from both the atomic and molecular gas phases.. These galaxies are
consistent with our z ~ 1.5-2 sources, and if the observed trend were to continue we would
also expect them to be consistent with our z ~4 sources. However, in the z ~2.5-4 range our
sources appear to be below the trend, but this is related to our usage of the Eyelash SLED for
converting to CO(1-0). In this region many of the sources are detected in CO(4-3), and the
Jup =4 line ratio measured from the Eyelash (r4; =0.50 £ 0.04) is higher than that measured
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Figure 3.7: (a) The Baryonic mass—o relation for CO-detected SMGs in our sample compared
to early-type galaxies in the Coma cluster from [Shetty et al.| (2020). The open points and
grey region represent the median of our sample in M, bins and its bootstrapped uncertainty,
respectively. The SMGs are consistent with the trend shown in the Coma early-type popula-
tion, providing further circumstantial evidence that the SMGs could represent progenitors of
such systems. We interpret the scatter in our data as primarily due to the effect of random
inclination angles on the measured CO line widths, which we are unable to correct for on
a case-by-case basis. (b) The variation in estimated stellar age as a function of velocity
dispersion of the early-type galaxies in Coma from [Shetty et al.| (2020), compared to the
estimated formation ages of the SMGs in our sample, derived from the lookback time to their
observed redshift and the estimate of their expected age from the MAGPHYS SED fitting. We
see that the trend in the SMGs roughly delineates the high-mass boundary as a function of
age estimated for the early-type galaxies.

from our composite SLED (741 = 0.34 +0.04; also see Table and Fig. , suggesting that
we underestimate the gas fraction in Fig. [3.6/a).

Gas-to-dust ratio

The relationship between the molecular gas in a galaxy and its dust content is encoded
in the gas-to-dust ratio, dgq,. As discussed in @, it is expected that the gas-to-dust
ratio depends on metallicity, with more massive (and therefore potentially more metal-rich)
galaxies containing proportionally more dust and thus having a lower dgqr .
Here we wish to investigate any potential variation of dgq, in our sample with redshift and
stellar mass. In Fig. [3.6] we show the gas-to-dust ratio of our sources adopting aco =1Mg

(Kkms~!pc?)~! and using dust masses estimated from MAGPHYS SED fitting. The SMGs
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display an increase in the gas-to-dust ratio by a factor ~ 4 across the redshift range z ~ 1-5.
Our binned data are fit with a model of the form log;y(dgdr) =a X (z — (z)) + b from which we
obtain the best-fit parameters a =0.17 4+ 0.02 and b=1.97 + 0.03. For comparison, we overlay
in Fig. [3.6(b) the model for the evolution of the gas-to-dust ratio with redshift proposed by
Tacconi et al.[(2018), for the 16th, 50th and 84th percentile stellar masses of our sample. This
model assumes that dyq, is approximately linearly correlated with metallicity, and uses the
mass-metallicity relation from (Genzel et al.| (2015), for this reason it is hard to simply rescale
the model to match our adopted aco =1 and so we can only make a qualitative comparison.

The trend expected for the median mass is much flatter than the evolution we see.

Finally, we turn to the variation of the gas-to-dust ratio with stellar mass in Fig. (c) Here
we use the fit from Fig. [3.6(b) to adjust all sources to a fiducial redshift of z=3. We see
that the gas-to-dust ratios for SMGs decrease slightly with stellar mass, although there is
considerable scatter in the population. Moreover, we note that we have adopted a fixed aco
value for our sample, and that if we instead used a CO-Hjy conversion factor that decreases
with higher metallicity (and thus stellar mass), this would strengthen the trend in the dgq,
we see. We also overlay in Fig. (c) the Tacconi et al| (2018)) Jgqr model corresponding
to the fiducial redshift, z=3. In this case we see that the behaviour expected in the model
is broadly consistent with our observations, given the large dispersion in dgq, we observe.
However, we note that the model adopted by Tacconi et al.| (2018)) is determined assuming
a CO-Hy conversion factor of 4.36, and the model normalisation would be lower if it was

corrected to our agco =1.

3.3.6 Implications for galaxy evolution

It has been suggested since their discovery that submillimetre galaxies are connected to
the progenitors of massive and compact early-type galaxies in the local Universe (e.g. Lilly
et al., 1999 Simpson et al., 2014; Toft et al., [2014), potentially following an evolutionary
pathway through a QSO phase (Blain et al., 2002; Swinbank et al., |2006}; [Hopkins et al.,
2008). Simpson et al. (2014) showed that SMGs would evolve to have z~0 stellar masses
(2016) demonstrated that the implied effective radii and gas surface densities of SMGs are

consistent with those of the most compact massive early-type galaxies.

We can now apply an additional test of this hypothesis using the kinematic information

from our CO survey in the context of the My,ryon—0 and o—Age relations for local early-
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type galaxies. We plot these in Fig. [3.7] where we compare the properties of the SMGs to
early-type galaxies in the Coma cluster from Shetty et al.| (2020)). For this comparison the
baryonic masses of the SMGs comprises the sum of their stellar and gas masses, while for
the (generally gas-poor) local early-types we only consider their stellar masses. For the ages
of the SMGs we convert their redshifts into a lookback time and add to this the estimated
ages of the systems from the MAGPHYS SED fits to determine a crude “formation” age, to
compare to the locally derived stellar ages from |Shetty et al.| (2020). We adopt o derived
from the CO line width as our measure of the expected velocity dispersion of the descendent
galaxies and, because we lack individual inclination estimates for the galaxies, we have to
average over the population to remove the sensitivity to inclination. We therefore plot the
binned median velocity dispersions as a function of stellar mass or age for the SMGs and a
bootstrap estimate of the uncertainty on this in Fig. We note here that we are making
the simplistic assumption that the SMGs lose no kinetic energy during their evolution to
z =0. If they are to undergo gas-rich mergers they would in fact lose energy due to friction

which would result in lower velocity dispersions at z =0 than those plotted in Fig. |3.7

We see that the trend in Mparyon—0 for the SMGs is a good match for the distribution of the
most massive early-type galaxies from Shetty et al. (2020), not only in normalisation but also
showing hints of flattening in ¢ seen at the highest masses which arises from the so-called
Zone of Exclusion (Bender et al., [1992; Shetty et al., 2020)). As Shetty et al.| (2020]) highlight
the inflection point at masses of ~ 2 x 10'! M, corresponds to the point separating low-mass,
fast-rotator early-type galaxies with discs, from the more massive, round slow-rotators. Our
SMG population at z ~ 3 straddle this transition, with an 870-pm flux of Sg7g ~ 5 mJy roughly
corresponding to the boundary. This flux also roughly marks the break in the number counts
of SMGs (e.g., Stach et al., |2018)) suggesting that the physical origin of this difference in
the properties of early-type galaxies in the local Universe may be reflected in the properties
and evolution of SMGs above and below this flux. SMGs with Sg7g =5 mJy typically lie at
higher redshifts (Fig. , have higher gas masses and gas fractions, and shorter depletion
timescales (Fig. and [3.6)), which may also link to the structural differences of the two

descendant populations.

In terms of the o—Age plot in Fig. [3.7] we see that our rough estimates of the formation
ages of the SMGs tend to follow the boundary of the distribution derived for the Coma
sample (although we caution that there are potentially systematic uncertainties in such a
comparison). This is a result of our sample being dominated by the most massive systems as

a result of our selection on dust mass. We therefore pick out the most massive galaxies formed
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at any epoch and so our median line tracks the upper boundary of the Coma population in

this plot.

We also note that as our CO survey is predominantly limited to the most massive gas-rich
galaxies, a more sensitive survey for less luminous SMGs would likely extend to lower baryonic
masses and so lower velocity dispersions, expanding the overlap with the parameter space
populated by the Coma early-type galaxies in both mass and possibly age. Nevertheless, we
conclude that our CO observations indicate that the most massive SMGs are dynamically
consistent with them being the progenitors of most massive compact early-type galaxies in
the local Universe. We stress that this does not preclude further, dry, merging of these
systems as that is expected to predominantly influence the sizes of the galaxies, while leaving
o relatively unaffected (e.g. [Naab et al., 2009). We will return to this analysis with spatially
resolved kinematics of SMGs in Chapter

3.4 Conclusions

We have undertaken a spectroscopic survey of 61 ALMA-located SMGs in the 3-mm band
(v ~82-114 GHz) using ALMA and NOEMA to search for emission lines from the rotational
transitions of molecular CO gas. Our sample roughly divides in two: with 31 submillimetre
bright, but typically optically faint/K-faint, SMGs lacking existing spectroscopic redshifts,
and a complementary sample of 30 typically submillimetre-fainter SMGs that have opti-
cal/UV spectroscopic redshifts. For our survey we obtained complete spectral scans of the
3-mm window for the former sample, but more targeted spectral coverage of the latter. Our
strategy of combining these two sample selections has allowed us to efficiently probe a wide
parameter space to identify trends in the properties of the SMG population. Our main

findings are as follows:

e CO line emission is detected in 45 of the targets, 26 of which come from blind spectral
scans and 19 of which come from the targeted observations of sources with optical/ UV
spectroscopic redshifts, with a further five serendipitous CO detections: two in nearby
ALMA-detected SMGs and three in apparently unrelated galaxies. This provides a
large sample of high-S/N CO detections in massive dust-selected, high-redshift galaxies
for our analysis. The non-detection of CO emission in the remaining SMGs arises from
two factors: for those SMGs with existing spectroscopic redshifts we suggest that the

CO line emission is missed due to inaccuracies in those redshifts, whereas we suggest
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non-detections of CO emission in the spectral scans are due to these sources being

predominantly CO faint due to their low gas masses.

e 3819 per cent of our CO lines are better fit by double-Gaussian profiles, compared to
single Gaussians. By simulating the line profiles from spatially unresolved observations
of rotating discs we show this to be consistent with the expectations for a population of
randomly oriented discs. This is strong circumstantial evidence that the CO kinematics
of most SMGs are dominated by the motion of gas in a rotating disc, although we stress

that such discs can form rapidly during dynamical interactions and mergers.

e The median redshift of our sample is z=2.9+£0.2. We compare the variation in red-
shift of our sources with their 870-pym flux, finding that brighter sources are typically
found at higher redshifts, confirming previous claims of a correlation between 870-um
flux density and redshift in this population. We measure a gradient for this trend of
0.07£0.01mJy~!, in agreement with |Stach et al| (2019) and Simpson et al.| (2020).
This represents potential evidence for galaxy downsizing, the phenomenon where more

massive galaxies, with higher gas fractions, form earlier.

e We study the average ISM excitation properties of SMGs by constructing a compos-
ite CO spectral line energy distribution from our own data and archival observations,
finding that excitation increases with Jy, up to Jyp =6. We derive line ratios for
this composite SLED that are consistent with that of SMM J2135—0102 (the “Cos-
mic Eyelash”) measured in [Danielson et al. (2011). Using these line ratios to convert
from L’CO, ; to L/CO(l—O) we find that, as expected, our sources lie at the bright end
of the Lo—Lir relation, with median L/CO(l—o) =(6.740.5) x 101 Kkms~! pc? and
Lig = (4.6 +0.8) x 1012 L.

o Adopting a CO-Hy conversion factor of aco =1, our estimated median CO(1-0) line
luminosity corresponds to a median gas mass of Mgas=(9.1+0.7) x 101° Mg for our
SMG sample. We also find a correlation between the CO line luminosity and the line
width with a power law index of 2, consistent with that expected for disc-dominated

kinematics.

o We compare the inferred CO(1-0) luminosities of our SMGs with two independent
tracers of their molecular gas masses: their dust masses and [CI] luminosities (where
available), finding all three to correlate well. Given the difficulty in detecting [CI]

emission with high significance, we suggest that the CO luminosity and dust mass, as
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estimated from the rest-frame 870-pum continuum measured in the 3-mm band, are the
best correlated measures and hence the preferable choices for estimating Ho masses. We
use our data to estimate the average ratio between the gas-to-dust ratio and CO—-Hsy
conversion factor finding dg4r/aco =594 6 where the rest-frame 870-pm luminosities
are used to estimate the dust mass, and dgq,/aco =63 9 where the dust masses from
MAGPHYS are used. However, to make reliable use of the dust mass method to estimate

the gas mass also requires tighter constraints on acgo.

e We find that the bulk of the SMGs in our survey have estimated specific star-formation
rates which place them within the scatter of the main sequence at their respective
redshifts, with the exception of a few lower-redshift starbursts. We study the properties
of our sources in the context of scaling relations of the gas depletion timescale and
gas fraction, proposed for the main-sequence population. We estimate the median
gas depletion time scale of our sample is tgep =210 &40 Myr, and find no significant
evidence for any evolution in depletion time with offset from the main sequence, as

found by Tacconi et al.| (2018), but a sharper decrease with redshift than that work.

e We use the CO line kinematics along with the estimated stellar and gas masses for
our sample to demonstrate that the distribution of SMGs in the Myaryon—0 plane is
similar to that of the most massive early-type galaxies in the local Universe, both in
normalisation and shape. Our selection of galaxies with the highest dust masses also
suggests that the expected age distribution of their descendants at z ~ 0 matches the
high-mass boundary of the distribution of Coma galaxies on the c—Age plane. These
two results provide further circumstantial evidence of a link between SMGs and the
progenitors of massive early-type galaxies. Moreover, the median trend in the SMGs
spans the characteristic mass where the properties of local early-type galaxies transition
from fast-rotating at lower masses to slow-rotating at higher masses. In the SMG
population this mass corresponds roughly to an 870-um flux of ~5mJy suggesting
that the origin of this difference in the properties of ellipticals may be reflected in the
properties and evolution of SMGs above and below this flux (which also marks a break

in the SMG counts, [Stach et al.|2018)).
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CHAPTER 4

A near-infrared spectroscopic
survey of dust-obscured

star-forming galaxies at z ~ 2

Preamble

In this chapter we introduce our ongoing VLT /KMOS Large Programme, KAOSS, which has
been designed to perform a blind emission line redshift survey of the high-redshift submillime-
tre galaxy (SMG) population, and to study the spatially resolved kinematics of sources with
bright extended emission lines. We provide a description of the target selection, observing
strategy and data reduction, before presenting integrated Ha and [O111]A5007 line properties.
These properties are then combined with a multi-wavelength SED analysis to study the AGN
prevalence in the spectroscopically detected population, the mass-metallicity relation and
BPT diagram for our sample, and also to compare the Ha, optical/NIR and dust sizes where
available. The spatially resolved properties of bright line sources from KAOSS are presented
in Chapter

87
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4.1 Introduction

The global star-formation rate density (SFRD) has been shown to increase with redshift
out to z ~ 2, so-called “cosmic noon”, where many of the stars in massive galaxies in the
local Universe were formed (e.g. Madau & Dickinson, 2014; |[Forster Schreiber & Wuyts,
2020). At this epoch there is a significant contribution from dust-obscured star-forming
galaxies (DSFGs; Barger et al.| 2000; Swinbank et al.,|2014), many of which are sub-millimetre
galaxies (SMGs; |Smail et al., (1997)) which have typical star-formation rates (SFRs) of 100
1000 Moyr~! (e.g. Magnelli et al., [2013; |Dudzeviciiite et al., 2020, also see Chaptersand .
Such rapid star formation in large numbers of massive galaxies at these early times requires
large reservoirs of cold gas to be supplied on short dynamical timescales, and as a result this
population provides an important test of galaxy formation models (e.g. |[Lagos et al., 2020}

Hayward et al| 2021} |Lovell et al.l 2021Db)).

Rest-frame optical emission lines, most prominently Ha and [O111], are a powerful tool for
studying the SMG population (e.g. [Swinbank et all [2004). Galaxies at z ~1-2 display
redshifted Ha emission in the H and K bands which are covered by near-infrared (NIR)
integral field spectrographs (IFSs) such as KMOS, OSIRIS and SINFONI, and for more
distant sources the [O111]A5007 emission line is covered up to z ~3.5. As discussed in previous
chapters, the proportion of SMGs with spectroscopic redshifts in the literature is low, and
if we are to further our understanding of the properties of these systems, their contribution
to the star-formation rate density (Chapman et al., 2005) and how they fit into the broader

picture of galaxy evolution, this proportion must be significantly increased.

The Ha emission line is also a useful tracer of the star-formation rate in galaxies as it directly
probes the ionisation arising predominantly from young OB stars (e.g. [Kewley et al., 2002}
Erb et al. 2006, Kennicutt & Evans, [2012). The intensity of the Ha emission line is affected
by dust attenuation however, which can lead to underestimates of the SFR in galaxies which
are heavily dust-enshrouded, such as SMGs (e.g. |[Dopita et al., [2002; |Swinbank et al., 2004}
Hogan et al., 2021). Comparing Ha- and infrared-derived SFRs thus allows us to investigate
the level of dust attenuation in the population (e.g. Swinbank et al., 2004; Hogan et al., 2021)
and compare it to that of local galaxies and less active star-forming galaxies. Additionally,
instruments such as SINFONI and KMOS allow us to spatially resolve the Ha emission in
galaxies that are both bright enough and have extended emission, in which case we can begin

to address questions about their kinematics.
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A number of rest-frame optical spectroscopic studies of more typical “main-sequence” star-
forming galaxies at z ~ 1-2 have been undertaken with instruments such as SINFONI, KMOS
and the Multi-Object Spectrometer for Infra-Red Exploration (MOSFIRE; McLean et al.,
2008). Examples of such surveys include the Spectroscopic Imaging survey in the near-
infrared with SINFONT (SINS/zC-SINF; Forster Schreiber et al., 2009; Mancini et al., 2011)),
the MOSFIRE Deep Evolution Field (MOSFIRE; Sanders et al., 2015)), the KMOS Redshift
One Spectroscopic Survey (KROSS; Stott et al., 2016); the KMOS?P survey (Wisnioski et al.,
2015) and the KMOS Galaxy Evolution Survey (KGES; Tiley et al., 2021). These surveys
have covered hundreds of galaxies spanning a wide range in stellar mass, and generally show
that the majority of galaxies at the high-mass end appear to be rotationally supported, with
baryon fractions that are high, and increasing with redshift (e.g. Wuyts et al., 2016b; Genzel
et al., 2017 Tiley et al., 2021). However, the number of SMGs currently covered by NIR IFU
surveys is low (but see e.g. |[Swinbank et al., [2004; |Alaghband-Zadeh et al., [2012). Whether

or not the above conclusions apply to the SMG population thus remains unclear.

We are therefore attempting to significantly increase the NIR IFU coverage of the SMG
population by taking advantage of the multiplex capabilities of KMOS on the VLT (Sharples
et al., 2013), which allows for 24 integral fields units (IFUs) to observe targets simultaneously.
As previously discussed there are over 1000 ALMA-identified SMGs in the COSMOS, UDS
and ECDFS fields, and this makes KMOS is an efficient facility for carrying out large scale
surveys of SMGs to obtain spectroscopic redshifts, through the Ha and [O111] emission lines,

and potentially resolved kinematics of a subset.

This chapter presents our ongoing KMOS/VLT Large Programme “KMOS+ALMA Obser-
vations of Submillimetre Sources”, KAOSS (Programme ID: 1103.A-0182). KAOSS will ulti-
mately observe ~ 400 SMGs in the COSMOS, UDS and ECDFS fields, and boost the number
of SMGs with secure redshifts, while simultaneously studying the spatially resolved kinemat-
ics of the brightest and most extended sources. The outline of this chapter is as follows:
in we describe the sample selection and observations carried out, before discussing our
data reduction and analysis methods. In we present the analysis of our results and their
implications. In §4.4]we conclude with our findings and discuss future work. We then present
the spatially resolved Ha and [O111] kinematics of a subset of KAOSS sources in Chapter
Throughout this chapter we adopt a flat A-CDM cosmology defined by (Qy,, 24, Ho) = (0.3,
0.7, 70kms~! Mpc™1).
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| COSMOS | UDS | ECDFS | Total
Targets 73 260 74 407
Fully/partially observed 55/55 115/94 74/74 244/223
Redshifts 10 18 15 43
Resolved maps 7 15 14 36

Table 4.1: Summary of the number of the sources targeted in the three survey fields covered
by the KAOSS LP, along with how much sources have been partially and fully observed, how
many have yielded spectroscopic redshifts and how many have yielded resolved maps. We
note here that of the 74 sources in the ECDFS field, 62 are taken from the SUPER GOODS
survey which is focused on the smaller GOODS-S region of ECDFS. Of the 12 sources outside
this region, none were detected by KMOS, therefore all of the detected sources in ECDFS
reside in the GOODS-S survey field.

4.2 Observations and data

4.2.1 Sample

The ongoing KAOSS survey has been designed to provide spectroscopic redshifts for a large
sample of SMGs in the COSMOS, UDS and ECDFS fields, while obtaining spatially re-
solved kinematic information for brighter line sources. The latter is typically only achievable
for sources with K < 22.5 (Swinbank priv. comm.), and we therefore prioritise K < 22.5
sources when designing KMOS pointings to try to maximise the yield of sources with kine-
matic information. In Table we present a summary of the number of targets selected in
each field, along with how many have currently been observed and how many of these have

detected /undetected emission lines. The survey is approximately 60% complete at this time.

The majority of sources in the KAOSS sample have pre-existing physical properties derived
from MAGPHYS SED fitting, using the photo-z extension of the code (Battisti et al., 2019),
i.e. with the redshift left as a free parameter in the fitting, and we use these here to place the
KAOSS sample in context. We note that later in this chapter we will use the high-redshift
extension of MAGPHYS together with the spectroscopic redshifts to improve the constraints
on these physical parameters for emission line-detected sources (as we did in Chapter , but
when selecting targets the photo-z MAGPHYS parameters can provide a good assessment of

the bulk properties of the sample.

In Fig. we show the distributions of photometric redshift (zpnot), 870 um flux (Sg7o),
K-band magnitude, star-formation rate (SFR), stellar mass (M) and dust mass (Mqust)
for the KAOSS sample, along with the AS2UDS sample for comparison (Stach et al., |2019;
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Figure 4.1: Histograms of photometric redshift (zphot), 870 pm flux density (Sg7o), K-band
magnitude, star-formation rate (SFR), stellar mass (M) and dust mass (Mqyus) for the
KAOSS sample (where estimates of the corresponding property are available), along with
its most representative parent sample, AS2UDS, for comparison (normalised arbitrarily to
match KAOSS). In a) we shade the range of redshifts z ~1.1-3.8 for which the Ha and/or
[O111] emission lines are covered by the KAOSS HK band, therefore we do not expect to be
able to detect sources outside of this region (Only 14 of the 333 sources (4 percent) with
available photometric redshifts do not lie in this region). In ¢) we shade the region K < 22.5
for which we expect to be able to obtain spatially resolved kinematics. The distributions
show that KAOSS is generally representative of the AS2UDS sample, and therefore of the
870 pm-selected star-forming population.
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Dudzeviciute et al.,[2020]). The latter is comprised of 707 ALMA-identified SMGs in the UDS
field, and is thus one of the largest samples of its kind. 260 of the 407 KAOSS targets are
drawn from this sample and it therefore broadly represents the parent sample of KAOSS. All
AS2UDS sources have ALMA-identified counterparts (Stach et al., 2019) to 850 um sources
detected by SCUBA-2 (Geach et al., 2017), K-band magnitudes measured from UKIRT

WFCAM imaging (Almaini et al. in prep.), along with zpn¢ and other physical properties

TN —

In the COSMOS field we draw targets from the AS2COSMOS survey (Simpson et al., [2020)),
an ongoing ALMA 870 um survey which will eventually observe > 1000 SMGs selected from
the SCUBA-2 850 um survey of the COSMOS field (S2COSMOS; Simpson et al., 2019),
of which the brightest 260 have been observed thus far. We also select targets from the
A3COSMOS survey (Liu et al., |2019a)), an automated pipeline designed to detect SMGs
in archival ALMA data of sources lying in the COSMOS field. All COSMOS sources have
K-band coverage from the Visible & Infrared Survey Telescope for Astronomy (VISTA; Emer-
son et al.l [2004), and all AS2COSMOS sources have MAGPHYS SED fitting which provides

photometric redshifts and physical properties such as stellar masses and SFRs.

In ECDFS we select 12 targets from the ALESS sample — all of which have MAGPHYS SED
fitting available (da Cunha et al., 2015} Danielson et al., 2017)), and K coverage from the
Taiwan ECDFS Near-Infrared Survey (TENIS; Hsieh et al., 2012). We also select 62 sources
from the SUPER GOODS survey (Cowie et al., [2018)), an ALMA survey of SMGs in the
GOODS-S field. All 62 sources have 870 um fluxes and K coverage — but none have published
physical properties derived from SED fitting, and these sources are therefore not included in
Figs.[d.I]and[4.2l We note here however, that the SUPER GOODS sources in our sample have
a median 870 um flux of Sg7g = 2.5 £ 0.2 mJy, whereas ASCOSMOS sources have a median of
Sg70 =4.0 £ 0.5 mJy. Compared to the whole sample which has a median Sg7g = 3.6 £0.2 mJy,
the A3COSMOS sources are comparable, but the SUPER GOODS sources are marginally
fainter at submillimetre wavelengths, and therefore are likely to be among the less dust

obscured and less actively star-forming sources.

Fig. shows that the majority of KAOSS targets lie in the (photometric) redshift range
Zphot = 1.1-3.8 where rest-frame optical emission lines are expected to fall within the HK
coverage of KMOS. Of the sources observed so far the majority lie in the range zphot = 1-3,
indicating a bias towards sources in the lower-redshift end of this coverage. This corresponds

to mostly sources brighter than the threshold of K < 22.5, which is also indicated in Fig.
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Figure 4.2: Key parameters for the KAOSS sample and its most representative parent sample,
the AS2UDS sample. In all panels we indicate which KAOSS targets have not yet been
observed, which have been observed but have no detected line emission, and which display
line emission. a) 870 yum flux versus photometric redshift. We indicate the redshift coverage
of the HK band of KMOS, and see that we preferentially detect sources at the lower-redshift
end of this region. b) K-band magnitude versus zphot. We indicate the approximate threshold
of K < 22.5 which we expect to require in order to measure spatially resolved kinematics. All
but five of the 43 detected sources in the current survey lie above this threshold. This panel
also shows the trend of optically brighter sources residing at lower redshifts for the SMG
population c¢) SFR versus stellar mass (the star-forming “main sequence”). We show the
main sequence prescription of [Speagle et al.| (2014), calculated at z ~ 2, and indicate regions
of +£0.3dex and £0.6dex from the main sequence value, the former roughly representing
the main-sequence scatter and the latter representing the boundary between “starburst” and
“main-sequence” galaxies. Our detected sources span the range of the SFR and M, within
the AS2UDS sample, and therefore the 870 pm-selected SMG population. Approximately
half of the detected sample lie within 0.6 dex of the z ~ 2 main sequence.

On average, the KAOSS targets have SFRs of ~ 300 Mg yr~!, stellar masses of ~ 10 Mg
and dust masses of ~ 10° M, although Fig. shows that with KMOS we are preferentially

detecting sources with higher SFRs and stellar masses, which make them brighter in the

observed-frame NIR and therefore more likely to be detected. We highlight again that physical

parameters derived with the photometric redshift extension of MAGPHYS are likely to be less

precise than those where a spectroscopic redshift is available. However, from our analysis

of the CO-detected sources in Chapter [2| we find that the photometric and spectroscopic

redshift-derived parameters are generally consistent within their uncertainties, and including

the spectroscopic redshift mainly improves the precision of the parameter estimates.

Fig. shows 870 um flux and K-band magnitude against photometric redshift, and star-

formation rate against stellar mass for the KAOSS targets (where estimates of the properties

are available) and the AS2UDS comparison sample. This results in similar conclusions to
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those drawn from Fig. [£.1] however we can also see in Fig. [£.2] that there is a correlation
between photometric redshift and K — sources which are NIR-brighter are normally found

Ve —

sources with KMOS.

4.2.2 Observing strategy

KMOS is a near-infrared multi-object spectrograph mounted at the Nasmyth focus of Unit
Telescope 1 on the Very Large Telescope (VLT). It is comprised of 24 IFUs that patrol a field
of 7.2" diameter area of the sky, with each IFU covering a 2.8” x 2.8” field of view sampled
by 14 x 14 spaxels (0.2” per pixel). In our survey fields KMOS pointings typically contain
~10 SMGs, and as KMOS has 24 IFUs available we choose to pair IFUs on our targets
and a matched blank sky region where possible, thus maximising the on-target time, given
the need for sky offsets. A schematic of our observing setup is shown in Fig. When
observing, the instrument nods back and forth between the target (position 1) and a sky
position (position 2) in order to assist sky subtraction. By creating sky positions offset
relative to the corresponding target position by a similar fixed vector, we can ensure that the
target is observed by either the primary or secondary (sky) IFU (A or B in Fig. at all

times.

Once the data is reduced, the frames corresponding to the target in both IFUs can be com-
bined to increase the signal-to-noise ratio (S/N). This pairing of object and sky IFUs is not
always possible given the positioning of targets within the field of view, but we prioritise this
approach for sources with K < 22.5 that are most likely to yield spatially resolved kinematics.
We also reserve one IFU to be placed on a bright (H ~ 12-15) star, allowing us to monitor
the telescope pointing and the point spread function (PSF). Key observational parameters

for the KAOSS survey, such as exposure times and seeing, are given in Table [£.2]

Each observing block (OB) takes approximately one hour of telescope time yielding 2.7 ks
of on-source integration time, and to obtain our desired sensitivity we observe each OB five
times, resulting in a total exposure time of 13.5 ks for each pointing. Observations are carried
out in the combined H K grating which covers the wavelength range A ~ 1.4-2.4 ym, sufficient
to cover the Ha or [Omi] lines for sources at z ~1.1-3.8, where the majority of our targets
are expected to lie (see Fig. [4.1)). This choice of grating was motivated by the desire to
obtain a large number of spectroscopic redshifts for the sample. The combined grating gives

us greater redshift coverage than had we used the H grating, at the cost of halving the
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| COSMOS UDS ECDFS
Exposure time / ks 13.5 13.5 13.5
Seeing /" ~0.6 ~0.6 ~0.6
Number of pointings 8 26 8
Number of completed pointings 6 9 8

Table 4.2: Summary of KAOSS observational parameters, by survey field.

resolving power, which ultimately means our observations suffer more from sky lines along
with greater uncertainties on velocity estimates (see Chapter . In particular, the resolving
power of KMOS in the HK band is 1514 and 2538 at the short- and long-wavelength edges
of the band, and 1985 at the band centre, therefore the instrumental resolution is expected
to vary between oty ~50-84kms~!. Given that the primary goal of KAOSS is to obtain
spectroscopic redshifts, we view this as an acceptable compromise, and this instrumental

resolution is still expected to be sufficient to resolve the Ha emission in our targets.

4.2.3 KMOS data reduction

In this section we provide a brief description of the processes taken to produce fully reduced
data cubes from the raw KMOS data, from the calibration frames used, to sky subtraction

and cube alignment /stacking. A flowchart summarising the data reduction steps is presented

in Fig.

Calibration frames

Although the KMOS detectors are cooled to 35 K, observations are still affected by the ther-
mal excitation of electrons, known as dark current. To correct for this, dark frames are taken
with the shutter closed and subtracted from the calibration frames. For our HK KAOSS
observations we use dark frames with exposure times of 60s. In addition to subtracting dark
frames we divide by a flat field frame (taken during the day) to correct for the non-uniform
spatial response of the detector. To create a wavelength solution for the observed data we use
arc frames which are taken from arc lamps emitting a known set of spectral lines — one Argon
and the other Neon. This also corrects for potential spectral curvature. The telluric features
from the atmosphere are corrected for by observing a standard star at the same airmass as

the science target, which is also subsequently used for flux calibration.

All calibration frames are taken from as near in time to the science frames as possible to ensure

the calibration is as accurate as possible. Calibration of the raw data products proceeds
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Figure 4.3: Schematic showing the setup of our KMOS observations. In both positions one
IFU is centred on the target (black circle), initially IFU B in position 1 and subsequently
IFU A after the instrument nods to position 2.

via the European Southern Observatory (ESO) Recipe Execution Tool (ESOREX; |[ESO CPL
Development Team| 2015)), a library of functions that take as an input the raw data and

produce reduced 3D cubes.

Sky subtraction

In the H and K bands, observations suffer from contamination caused by OH emission from
the Earth’s atmosphere, a systematic that must be corrected for in order to obtain any
meaningful results, particularly for NIR-faint galaxies such as those in our survey. While
the standard ESOREX pipeline carries out a basic A-B sky subtraction, this is often poor in
the HK band of KMOS, therefore we employ a more sophisticated technique based on the
Zurich Atmospheric Purge (ZAP;|Soto et al., 2016) method initially developed for the MUSE
instrument, with optimisations made for KMOS observations. The ZAP method is based
on principal component analysis (PCA), using filtering and data segmentation to reduce sky
emission residuals while preserving flux from the astronomical target. This KMOS-adapted

method is encapsulated in the PYSPARK code (Mendel et al. in prep.).
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Figure 4.4: Flowchart showing the steps taken to reduce KMOS data.
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PYSPARK requires a sky cube to model the sky background. To generate a skycube, data
from each spectrograph are median-combined (eight frames per spectrograph and three spec-
trographs per observation) to remove line emission from individual galaxies, which should
lie at different redshifts. However, some stellar continuum emission from both the galaxy
IFUs and the star IFU can remain in the cubes. We thus collapse each cube and visually
inspect it for any prominent continuum emission, then generate masks manually, such that
the masked spaxels are not included in the median-combination to yield the sky modelling.
The pySPARK-modelled sky emission is then subtracted from the cubes to remove residual

sky contamination.

Cube alignment and stacking

As previously stated, in every OB we assign at least one IFU to a bright star, one of the
primary purposes of which is to centre the data cubes between OBs. Therefore, for each
set of AB pairs we obtain a reduced cube of a bright star, and we measure the centroid of
the emission in this cube by collapsing it and fitting a 2-D Gaussian profile to the spatial
emission. We then shift all observations of that field to a common centre using the measured

centroid from the star.

We also check for any significant offset in the final cubes between individual observations.
This allows us to be confident that we are not losing S/N in our combined cubes, as a result
of misalignment. Small perturbations can affect the alignment of the telescope, and while
in theory these should be corrected for in the acquisition and data reduction, we check each
~ 1 hr observing block for offsets by comparing the measured position of any sources bright
enough in their continuum or line emission to be detected. Once the reduced cubes have been
produced and aligned, we stack each object individually by taking the mean of the individual

frames and applying a 3o clip.

4.2.4 Spectral extraction and line identification

Having reduced the KMOS data we “unwrap” the cubes into a 2-D spectrum (see Fig.
for examples) and visually inspect the data cubes, noting any potential line emission and
cross-referencing with pre-existing photometric and/or spectroscopic redshifts to assist in
identifying the emission lines. For sources where we believe a line to be present we collapse
the cube around the approximate wavelength of the observed emission line and visually

inspect the resultant line map, then extract a 1-D spectrum at the position of the emission
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Figure 4.5: Reduced 2-D spectra of five KAOSS sources: GDS0033.0, GDS0040.0,
AS2C0OS0048.1, UDS0492.0 and UDS0125.0 (from top to bottom), with wavelength increas-
ing from left to right (A ~ 1.4-2.4 ym). Emission lines can be clearly seen in all five examples,
with GDS0040.0 and UDS0492.0 displaying strong continuum emission. We highlight some of
these emission lines and continuum, along with residuals of OH sky emission and the telluric
region of the spectra where the atmosphere absorbs the majority of emission (most clearly
seen in the continuum of UDS0492.0).

(shown in Figs. 4.6H4.8). Spectra are extracted in an aperture of radius 0.6”, selected by
analysing a subset of five sources and performing a curve-of-growth analysis to determine the
aperture which results in the maximum S/N. In cases where the line ID is ambiguous we also

use the emission line profile to identify the line.

4.2.5 Emission line fitting

To determine the redshifts and integrated line properties of our sources we model the observed
emission lines in the spectra extracted in using a x? minimisation. For Ho emission
lines we attempt to fit a three-component Gaussian profile to the HaA6563 line and [N11]A6583
doublet, coupling their wavelengths and linewidths while leaving the Ha/[N11]A6583 flux ratio
to vary as a free parameter, with the [N1JA6583/[N11]A6548 flux ratio fixed to a value of

2.8 (Osterbrock & Ferland, 2006). We determine the instrumental resolution oipsty to be

~50kms™! (which is reasonable given the resolving power R ~ 2000 for the HK grating) by

fitting several sky lines over the H K band, and include this in our fitting as 02, = 02+ 02,
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It should be noted that we fix oingr = 50 kms™! for simplicity, whereas in practice this value is
wavelength dependent, and therefore redshift dependent. As discussed in §4.2.2] the nominal
instrumental resolution is expected to vary between ojngty ~ 50-84 km s_l, however we expect
our assumption of a fixed value to translate to insignificant differences in our measurements,

relative to their uncertainties.

For [Or111] emission lines we attempt to fit a two-component Gaussian profile to the two emis-
sion lines at rest-frame wavelengths of 4959 A and 5007 A, again coupling their wavelengths
and linewidths and leaving the [O111]A4959/[O111]A5007 flux ratio to vary as a free parameter.

In all cases we fit a constant continuum component, and only fit to the region within + 0.02 ym
of the emission line as opposed to the entire KMOS spectrum (as the continuum emission
can vary strongly across the wide H K band, see Fig. . As some of our sample appear to
display very broad (>1000kms™!) lines, for both the Ha and [O111]A5007 emission lines we
separately attempt to fit a broad component in addition to the components described above.
We compute the Akaike Information Criterion (AIC; Akaike, |1974), which takes into account
the number of parameters, for the models with and without broad components, and use the
model with the lowest AIC in the final fit. We fit broad components for four sources, the
properties of which are shown in Table

4.2.6 Spectral energy distribution fitting

Our KAOSS observations are supplemented by a wealth of photometric coverage in all three
fields, which we utilise here to estimate the physical properties of our sample, such as star-
formation rates, stellar masses and dust masses. In the analysis of this chapter and Chapter [5]
we will study how the Ha emission properties vary with these physical properties. To derive
these we fit spectral energy distributions (SEDs) to our sources with the high-redshift version
of MAGPHYS (as described in Section , fixing the redshift to be that derived from the
Ho or [O111] emission line fitting. The photometry used is listed in Table

We refer to the reader to Chapter [2| for a more comprehensive discussion of our method of
SED fitting with MAGPHYS (also see |da Cunha et al. 2015; Dudzeviciuteé et al., 2020). The
observed flux measurements/limits and the corresponding best-fit MAGPHYS SEDs for the
43 sources are displayed in Figs. and showing that MAGPHYS provides a good fit
to the observed photometry in the majority of cases. Some SED fits appear to miss one or
more of the IRAC data points — this occurs in sources displaying a mid-infrared power law

component potentially associated with hot dust heated by an AGN (Hainline et al., 2009),



“GD50046.0 2(Ha) = 1.614 | [GDS0040.0 Z(Ha) = 2.225 J6
x 5}
=}
- AL M
of \V \/ W v — 10
UDS0492.0 z(Ha) = 1.279 UuDS0707.0 z(Ha) = 2. 437 14
J\/\AV M\WWJ\VA/LMA
“GD50033.0 2(Ha) = 1.616
X 2
=}
T ‘ wa \va\ W" MAJ \\ M /\/A’lf\f\x ok \
of NV A [W od?
ar GDSOOZ3.0 z(Ha) = 1.618 1 UDS0624.0 z(Ha) = 1.406 {3
x 12 «
Sz f E
- h A f L //\r/‘ \/\ A 4 / AN\J\NJ\A I
OE 13 \JV NU \/v VW/V \/ “ \/ 1e—1-'; 0
107 A3C05298447 z(Ha) = 2.389 | [ GDS0001.0 (Ha) = 1.539—3
x ’ 12 x
50.51 5
— ﬂ 4 ™
- . ﬂ \N \‘ | A [ hh/\ vf\ ’HV /\U | A \ VAV r V\ K Aln/j\/\” il \V /\rv -
o.of T I 1 LW O A i 0
UDS0601.0 z(Ha) = 1.463 GDS0004.0 z(Ha) = 1. 966 B
2 .

x 12 o
= | h =
| [\ \ [
- v V \/ m NU(\A‘ /\V}'\V\j‘ A\AV ‘l\ W\N\N\A/\ N/\\er\v{\ 4 - ’ f\/\ /\A \j\"’/\mf\/\/\j\[\/\,\v /\ \Av/\r\ L IA / .
o . / [ ' LA e e g —

GDS0053.0 z(Ha) = 1.616 UuDS0428.0 z(Ha) = 1.628 1
2t ]
x x
=} =}
g} ﬂ | s
1 /\/\ /\ Iy I A/‘l J\ ANA , MM/\[\/\ J‘\ o e A pt I | N
OVEMz Al VA\T\/\AAH }MU Nﬂw\/ \ ,/l‘ T U T Pt T \ \“ VNVAVM'\I\/\V.\ dan V\A ﬂwwmwﬂ \“ —
UDS0287.1 ' ' ' z(Ha) = 2.291 GDS0035.0 ' z(Ha) = fl..61472
] | 5
f q 112
UL A A A, o
O | I il A " A”/\W\’”\UAV J/ WV \)w” 10
0.645 0.650 0.655 0660 0.665 0670 0675 0.680 0.68%45 0650 00655 0660 0665 0670 0675 0680 0685

Rest-frame wavelength / um

Rest-frame wavelength / um

Figure 4.6: Rest-frame 1-D Ha line emission spectra of KAOSS SMGs (red), with Gaussian
plus constant continuum fits overlaid (black). Sources are ordered by descending S/N of the
Ha emission line (see Table . In each panel we indicate the measured redshift of the

source, along with the redshift of key rest-frame optical emission lines.

are in units of ergs and we show as vertical dashed lines the key emission lines
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All flux densities

[O1] (0.63 um), Hae (0.6563 pum), [N11] (0.6548 pm and 0.6583 pm) and [S11] (0.6716 pm and
0.6731 pm). The sources display a range of Ha profiles with some sources, such as GDS0001.0
and UDS0125.0, displaying strong [N11]A6583 emission. Broad Ha emission is seen in sources
such as GDS0046.0 and UDS0492.0, potentially indicating the presence of an AGN. We
discuss the line properties and their implications in Continued in Figs. [£.7-4.§
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Figure 4.7: Fig. continued.
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Figure 4.9: Same as Figs. but here displaying [O111] emission lines and Gaussian plus
constant continuum fits. Sources are ordered by descending S/N of the [O111] emission line
(see Table[4.8). In general, the [O111] is weaker than the Hev line for most of our sample, and
therefore the S/N in the displayed emission is lower than our brightest Ha emission lines (see
Fig. 4.6). We show as dashed vertical lines the key emission lines HF (0.486 ym) and [O111]
(0.4959 pm and 0.5007 pm).
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COSMOS UDS GOODS-S
CFHT Megacam U CFHT Megacam U VIMOS U
qLaigle et al.], |2016D qLawrence et al.], |2007D

Subaru SuprimeCam BV RIz
qLaigle et al.], |2016D

Subaru SuprimeCam BV RIz
qLavvrence et al.], |2007D

HST ACS F435W, F606W,
F775W, F814W, F850LP

Subaru HSC Y

VISTA Y

HST WFC3 F098M, F105W,
F125W, F160W

(Laigle et al., 2016) (Lawrence et al 2007)
VISTA HK, UKIRT WFCAM JHK VLT/HAWK-I K,
qLaigle et al.], |2016D qLawrence et al‘l? |2007D
Spitzer IRAC1-4 Spitzer IRAC1-4 Spitzer IRAC1-4
(s o ) 010

Spitzer MIPS 24um

Spitzer MIPS 24pm

:Kim et al.l,

Spitzer MIPS 24pm
(IGiavalisco et al.L |2004D

Herschel PACS
100pm, 160pm

Herschel PACS
100pm, 160pm
(Oliver et al., [2012)

Herschel PACS
70pm, 100pm, 160pum
(Elbaz et al., 2011)

Herschel SPIRE
250pm, 350pm, 500pum

Herschel SPIRE
250pm, 350pm, 500pm

Herschel SPIRE
250pm, 350pm, 500pm
QElbaz et al.], |2011D

QOIiver et al.L IZOIQD
ALMA 870um ALMA 870um ALMA 870um
QSimpson et al.], |202OD quwie et al.L |2018D
VLA 3GHz VLA 1.4 GHz VLA 1.4GHz

quoléié et al.L |2017D

QSimpson et al.I? I2013D

QMiller et al.L |2013D

Table 4.3: Photometry used in MAGPHYS SED fitting of the KAOSS sources. Note that we
list GOODS-S rather than ECDFS, as none of the sources in the wider ECDFS field were
detected, therefore we only require photometry from the smaller GOODS-S region.
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Figure 4.10: MAGPHYS SED fits to optical-UV photometry for the 43 emission line-detected
KAOSS SMGs. The data are well fit in most cases, with the exception of a handful of sources
displaying mid-infrared power laws, and some in which the fit underestimates the radio flux.
These sources (flagged in yellow, 13 out of 43) are likely to be AGN hosts. Continued in

Fig.
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Av
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GDS0040.0
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GDS0033.0

AS2C0S50048.1

GDS0023.0

A3C0S5298447

GDS0001.0
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GDS0065.0

AS2C0S50025.1

UDS0125.0
GDS0031.0

AS2C0S0275.2

UDS0115.0
GDS0047.0
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Table 4.4: MAGPHYS-derived stellar masses, star-formation rates, dust masses, infrared lumi-
nosities and dust attenuation. The lower and upper bounds presented are taken as the 16"
and 84" percentiles of the probability distribution function for the relevant parameter.
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which is not captured as MAGPHYS does not include an AGN component. As the MAGPHYS
SED libraries do not contain models with mid-infrared power laws, and therefore there are
few models which fit the data well, the physical parameters from the fit still have relatively
low uncertainties (e.g. in the case of AS2C0S0048.1; see for a discussion of the AGN

properties of the sample).

For the SED fitting parameters we adopt the median of the probability distribution function
from MAGPHYS, and for their uncertainties we adopt the 16th and 84th percentile values as
the 1o lower and upper bounds, respectively. In some cases this leads to lower and/or upper
uncertainties of zero (implying that only one model has been found which fits the photometry
within the uncertainties), in which cases we adopt the median fractional lower/upper uncer-
tainty of the remainder of the sample. These median fractional uncertainties are ~15% for
star-formation rates, ~20% for stellar masses, ~10% for infrared luminosities and ~ 35% for
dust masses. We also compare the values of Lig and M, for the AS2UDS and AS2COSMOS
sources with those derived from the photo-z version of MAGPHYS (Battisti et al., 2019) in
Dudzeviciute et al.| (2020) and Ikarashi et al. (in prep.) respectively, finding both sets of

values to agree within their uncertainties.

We note that one of the sources in our sample, UDS0445.0, is not unambiguous in the
identification of Ha as the detected emission line. From the 1-D and 2-D spectra the brighter
[NI1]A6583 emission line appears to be present (see Fig. [4.6]), but the S/N is too low to be
confident that the line is not instead [Orm1]. The SED fitting (see Fig. does provide
some diagnostic information, and indeed the photometry does appear to be better fit at the
redshift corresponding to the emission line being [O111]A5007, hence it is possible that the

line identification is incorrect.

The best-fit SED parameters and their uncertainties are shown in Table Our sample
of 43 SMGs has median values of M, = (1.240.2) x 10" Mg, Mgyt = (5.1 £0.8) x 10% M,
SFR=210+20 Mg yr~!, Lig = (2.5+0.4) x 1012 Ly and Ay =2.3140.17.

To compare with the AS2UDS SMGs we select the 283 sources in the range z =1.25-2.6,
which encompasses all the KAOSS sources (apart from one [O111]-only source). The median
photometric redshift of the AS2UDS subsample is zpnot = 2.1 40.03, consistent with our the
median for the KAOSS sample (see . These sources have corresponding median val-
ues of M, =(1.4440.01) x 101 My, Myyst = (6.340.4) x 105 My, SFR=1734+6 Mg yr—!,
Lir =(2.1440.08) x 102 L and Ay =2.640.09. In other words, the sample we present

in this chapter is representative of the AS2UDS sources at similar redshifts in terms of stel-
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lar masses, dust masses and infrared luminosities, but has marginally higher SFRs, and

marginally lower dust extinctions.

4.2.7 Size measurements

A key property of galaxies is the extent of the emission in different components. For example,
870 um-selected galaxies are observed to be very compact in the dust emission relative to
the stellar component, suggesting intense star formation in a compact region which may be
linked to the formation of spheroids (lkarashi et al. |2015; |Simpson et all 2015; |Gullberg
et al., [2019). A number of sources in the KAOSS sample have been observed at 870 um with
high enough spatial resolution to derive cold dust sizes (Gullberg et al., |2019), and we can
supplement this with our Ho imaging and optical/NIR imaging to investigate and compare
the extent of KAOSS sources in three different components: He, stellar continuum and cold
dust continuum. Determining the extent and apparent axial ratio of the stellar emission
is also necessary for deriving inclination angles and correcting observed rotational velocities,

also a critical step in calculating accurate dynamical masses, which we will present in Chapter

Bl

To measure optical sizes and inclinations we fit the 2-D H /K-band continuum with Sérsic
profiles using the GALFIT code (Peng et al., |2010). This is also necessary for deriving in-
clination angles for correcting observed velocities (see Chapter [5)). Where possible we use
HST/F160W imaging, but this is only available for 19 of the 43 KAOSS sources, and so we
also use ground-based K-band imaging from VISTA (McCracken et al., 2012; |Jarvis et al.,

2013|, seeing ~ 0.8") for the remaining 24 sources.

As a test of the suitability of lower-resolution ground-based K-band imaging we compare
measurements of R, and b/a from VISTA and HST/F160W for the 18 sources with coverage
in both bands, fitting a fixed n =1 profile in both cases. Fig. [£.12] shows that the two are
consistent for these sources, and we therefore suggest that size and b/a measurements from

ground-based K-band imaging are acceptable in the absence of HST/F160W imaging.

When fitting we constrain the Sérsic index n to be between 0.5 and 4 and allow all other
parameters to vary. We visually inspect all fits and flag sources where we are unable to find a
model that reproduces source structure, or where the best-fit parameters are unphysical (for
example, sizes of < 1 pixel), although this is only necessary for three sources (GDS0046.0,
UDS0707.0 and UDS0287.1, see Table . The median Sérsic index of the entire sample is
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Figure 4.12: Comparison of effective radii R, and axis ratios b/a measured from ground-based
K-band and HST imaging for the same sources, assuming n =1 in both cases. We find the
two sets of values to be generally consistent within the 1o uncertainties, and we therefore
suggest that size and b/a measurements from ground-based K-band imaging are acceptable
for sources without HST/F160W coverage in this study.

n=0.9740.14 from the fits with n as a free parameter, i.e. consistent with an exponential

profile, and we therefore repeat the fitting fixing n =1, following |Gullberg et al.| (2019)).

In order to estimate uncertainties we simulate Sérsic profiles with known properties at differ-
ent signal-to-noise ratios. We do this for two cases, one with PSFs comparable to the K-band
imaging and one comparable to the HST/F160W imaging. We then calculate the dispersion
in the measurements at different S/N. Fig. shows our uncertainties estimated from these
simulations with the S/N of the individual galaxies marked as ticks on the abscissa. However,
the values plotted in Fig. do not take into account other sources of uncertainty such as
the fact that we have fixed n =1, and that there is structure in the HST imaging that is not
reproduced by the model profiles. We therefore elect to adopt a constant 10% uncertainty

for all measurements of R, and b/a, which from Fig. we see is generally conservative.

In Chapter [5] we will use the dynamics to derive rotational velocities and subsequently dy-

namical masses. To measure the inclination we exploit the GALFIT parameters as follows:

cos(i) = ¢ (b/a)® — (b/a);
1 (b/a)]

where (b/a)o accounts for the fact that the discs have a finite thickness — we adopt (b/a)o =0.2,

(4.2.1)

following |Gillman et al.| (2019) and other similar surveys such as KROSS (Stott et al., 2016])
and KGES (Gillman et al.| [2020) for consistency.
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Figure 4.13: Fractional uncertainties on the effective radii (o) and axial ratios (oy,) for
simulated Sérsic profiles fixing n =1, as a function of signal-to-noise ratio (S/N). The top row
displays the uncertainties measured from PSF sizes comparable to our ground-based imaging,
and the bottom row displays the uncertainties measured from PSF sizes comparable to our
HST F160W imaging. We indicate the S/N of the images of our KAOSS sources as ticks on
the z-axis, and the 10% uncertainty adopted in our analysis (dashed). The vast majority of
our sources have S/Ns which indicate that a 10% fractional uncertainty is conservative.
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n=1 n=1 n=1
D Band Nree b/an—1 R[i’j;cc}al ﬁ{‘;‘z ] ﬁ;;lat
GDS0046.0 K 3.740.2
GDS0040.0  F160W 2.1 0.6 2.1 54404
UDS0492.0 K 3.8 0.6 1.2 54405
UDS0707.0 K 3.0+0.3
GDS0033.0  F160W 0.5 0.8 3.6 542
AS2C0S0048.1 K 2.4 0.8 3.2 3.7£08 18703
GDS0023.0  F160W 0.5 0.5 5.0 42403
UDS0624.0 K 4.0 0.8 1.3
A3C0S298447 K 4.0 0.5 2.9 5.041.0
GDS0001.0  F160W 1.6 0.9 2.7 3.840.8
UDS0601.0 K 3.6 0.8 3.8 3.240.7
GDS0004.0  F160W 0.5 0.6 4.6 4.740.4
GDS0053.0  F160W 1.0 0.6 4.9
UDS0428.0 K 3.4 0.3 5.7 0.419%
UDS0287.1  F160W
GDS0035.0 K 0.8 0.3 5.4
UDS0603.0 K 1.1 0.4 2.9
UDS0338.0 K 1.3 0.7 3.6
GDS0048.0  F160W 0.8 0.7 2.0 2.440.6
A3C0S795018 K 1.0 0.9 2.7 4+1
GDS0065.0  F160W 1.3 0.7 5.4
AS2C0S0025.1  F160W 0.7 0.6 3.4 4.8+0.6 1.78%013
UDS0125.0  F160W 0.6 0.7 5.7 6+2 1.8%03
GDS0031.0  F160W 0.6 0.6 3.9 6+1
AS2C0S0275.2 K 1.1 0.7 2.2 2.6+04 14703
UDS0115.0 K 0.9 0.3 5.0 241 0.9703
GDS0047.0  F160W 0.9 0.6 2.9 3.840.5
GDS0020.0  F160W 0.6 0.7 3.1
UDS0035.0 K 1.2 0.9 2.7 0.6103
UDS0199.0 K 0.5 0.7 6.3 0.82153%
GDS0071.0  F160W 0.5 0.6 4.3
UDS0445.0 K 1.8 0.6 3.3 142
UDS0097.0 K 0.9 0.4 6.8 6.140.3
UDS0292.0  F160W 0.8 1.0 2.7 4.240.4
UDS0333.0 K 0.6 0.7 2.4
AS2C0S0171.1 K 2.94 0.5 3.5
AS2C0S0003.4 K 4.0 0.6 5.5
A3C0OS667642  F160W 0.5 0.4 4.0
UDS0116.0  F160W 0.52 0.6 4.1
UDS0564.1 K 0.5 0.2 6.5
AS2C0S0083.1 K 0.5 0.4 7.5 1.2702
AS2C080116.2 K 4.0 0.8 3.6
UDS0109.0 K 0.7 0.1 7.9

Table 4.5: Sérsic indices n, axial ratios b/a, optical sizes, Ha sizes and dust sizes for the
KAOSS sample. Sérsic indices n are derived from a free fit with GALFIT to either the VISTA
K or HST/F160W imaging (constraining n to be between 0.5 and 4). b/a and Rgptical are
estimated from GALFIT modelling of the same images but with fixed n =1. Ry, are derived
from n =1 Sérsic fits to the Ha imaging of spatially resolved sources (see Chapter, and dust
sizes are measured from Sérsic fits to the 870 ym continuum emission (Gullberg et al., 2019,
Ikarashi et al. in prep.). All values without quoted errors have a nominal 10% uncertainty.
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We measure Ha sizes by fitting 2-D Sérsic profiles to the Ha emission in spatially resolved
sources (see Chapter [5), with uncertainties derived by randomly sampling from the Ha flux
error map and calculating the RMS in the derived values. We note here that while GALFIT
was used to fit the optical/NIR data, we chose to instead use our own PYTHON routines to fit
the Ha imaging. This choice was driven by the lower S/N in the Ha maps which we found
to work less well with GALFIT, and creating our own PYTHON routines gave us more control
over the fitting. Best fit values for the profile parameters are reported in Table and we
discuss the results further in §4.3.7

4.3 Results and analysis

Having reduced and analysed the KMOS data currently available from KAOSS and estimated
the source physical properties from SED fitting, we now move on to analysing their Ha
and [Om1] integrated properties. We first identify the sources that are likely to be AGN
hosts as determined from their rest-frame optical spectra along with their IRAC and X-
ray photometry, so that we can flag these sources in subsequent analysis. We then discuss
the integrated Ha and [Om1] line properties of the individual sources in the sample, along
with the properties of composite spectra from the sample. We briefly discuss the redshift
distribution of the sample, followed by a comparison of the Ha- and infrared-derived star-
formation rates. Using measurements of the [N1JA6583/Ha flux ratio we place our sources
on the fundamental metallicity relation, the BPT diagram, and we finally discuss the galaxy

sizes and shapes derived from GALFIT modelling.

4.3.1 Identifying potential AGN emission

To place our results in context it is important to first understand the fraction of sources with
active galactic nuclei (AGN) in our sample. We expect this to be non-negligible — the largest
sample of 870 ym-selected SMGs (also the main parent sample of KAOSS), the AS2UDS
sample, contains an estimated 8-28% sources with AGN components (Stach et al., 2019). In
addition to the wealth of photometric data available for our sources, our rest-frame optical
spectra allows us to search for indications of AGN. Therefore to provide a census of AGN in

our sample we assess how many sources meet the following criteria:

o Flux ratio [N11JA6583/Ha > 0.8 (e.g. Wisnioski et al., |2018)
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« Ho emission displays a broad component with a linewidth of FWHM > 1000 kms~!
(e.g. Genzel et al.| |2014]))

o Presence of a luminous X-ray counterpart (Lx >10*2ergs™!) matched within 1”

(Civano et al., [2016; [Luo et al., |2017; Franco et al., 2018; [Kocevski et al., 2018])

o IRAC colours indicating an AGN according to the criteria of |Donley et al.| (2012)

Table shows a summary of the AGN diagnostics for the emission line-detected KAOSS
sources. In total 23 out of the sample of 43 sources fit one or more of these criteria, indicating
an AGN fraction of 534+ 11%. This is significantly higher than the range quoted for the
AS2UDS sample in Stach et al|(2019), but we expect a bias towards detecting AGN in our
sample given the fact that such sources display stronger emission lines. Additionally, this
should be treated as an upper limit given that some sources may meet the criteria for other
reasons, for example high [N11]/Ha ratios may also arise from high metallicities (e.g. |Allen
et al.| 2008; [Kewley & Ellison, 2008)). Only two sources meet all four criteria, these are
UDS0492.0 and UDS0287.1. We also note here that the presence of AGN in these sources
does not necessarily mean that the AGN are energetically important, and we do not attempt

to estimate the fractional contribution of the AGN to the total luminosity.

We separate potential AGN host sources into two categories: those that are classified as AGN
based on their rest-frame optical spectra, and those that are classified as AGN based on their
X-ray and/or IRAC properties. In the former case we include the 14 sources (33 +9% of the
sample) which either [N11]/Ha > 0.8 and FWHMp, > 1000kms~!. In the latter category we
find 18 sources (424 10%) including eight that are also in the spectral AGN sample. The
only source we classify as AGN hosts based on its spectral properties without finding an
X-ray counterpart or AGN-like IRAC colours is AS2C0S0003.4 (In §4.3.2| we note that the
fit to this line is likely to be unreliable). In all plots that follow we flag AGN-classified SMGs

as stars, with the remaining 21 star-forming sources (49 + 11) shown as circular points.

4.3.2 Emission line properties

From our inspection of the 2D cubes we identify 43 sources with robust line detections and
secure line IDs, 42 of which display Ha emission and six of which display [O111] emission (five
display both Ha and [Or111] emission). Figs. show 1-D spectra of the Ha-detected
sources, and Fig. shows 1-D spectra of the [O111]-detected sources. We overlay the fits to
the data (as described in and indicate by dashed lines the wavelengths of key emission
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1D ZKAOSS [NII}/HO( Ho FV\iI;IM X—ray TRAC AGN?
[kms™'] counterpart colours
GDS0046.0 1.6153 0.7+£0.4 3300+ 1100 X v v
GDS0040.0 2.2254 0.68 £0.08 630 40 v v v
UDS0492.0 1.2785 0.9+0.6 3400 + 7007 v v v
UDS0707.0 2.4358 0.2+0.5 3200 + 16001 X v v
GDS0033.0 1.6157 0.45+0.10 300 %40 X X X
AS2C0S0048.1 1.5775 0.40+0.10 2300+ 1600f v v v
GDS0023.0 1.6178 0.604+0.09 480 %40 X X X
UDS0624.0 1.4063 0.7£0.2 630 + 160 X v v
A3C0S298447 2.3886 0.474+0.12 4704+130 X X X
GDS0001.0 1.5393 1.1+0.3 360 £ 40 v X v
UDS0601.0 1.4629 0.454+0.13 480+ 70 X X X
GDS0004.0 1.9658 0.7+0.2 340+110 X X X
GDS0053.0 1.6158 0.2£0.2 390 +120 v X v
UDS0428.0 1.6285 0.68 £0.11 560 4 50 X X X
UDS0287.1 2.2904 0.9+0.3 560 £ 100 v v v
GDS0035.0 1.6152 0.8+0.5 460 £ 120 X X X
UDS0603.0 2.5084 0.38+0.14 300£90 X X X
UDS0338.0 1.6609 1.0+0.3 210+ 110 X X v
GDS0048.0 2.5451 1.3+0.7 600 % 200 X v v
A3C0OS795018 1.5780 0.414+0.05 190 + 20 X X X
GDS0065.0 1.6151 0.24+0.2 900 £ 200 v X v
AS2C0S0025.1 2.0860 0.494+0.12 470£70 X X X
UDS0125.0 2.1553 0.66 +0.08 430+ 50 X X X
GDS0031.0 2.0381 0.0£0.0 810+ 130 X X X
AS2C0S0275.2 1.6333 0.9+0.3 47070 v e v
UDS0115.0 2.0334 0.3+0.3 590 £130 X X X
GDS0047.0 2.3239 0.0£0.3 820 £ 180 v v v
GDS0020.0 1.9240 0.24+0.2 570+ 180 X X X
UDS0035.0 2.0874 0.5£0.2 800 %+ 300 X X X
UDS0199.0 2.5547 0.22+0.13 920 £ 140 X v v
GDS0071.0 1.7313 0.6+0.6 200 £ 300 X X X
UDS0445.0 2.2928 1.1£+0.5 550 £120 v X v
UDS0097.0 2.5890 0.0£0.0 1170£190 X X v
UDS0292.0 2.1829 0.5240.09 330£50 v X v
UDS0333.0 1.2775 0.82+0.17 480 490 X v v
AS2C0S0171.1 2.3416 X X X
AS2C0OS0003.4 2.5038 1.2+0.6 700 £ 200 X X v
A3C0OS667642 2.1052 0.3+0.2 140+ 120 X X X
UDS0116.0 2.2233 0.3+0.2 380 £ 150 X X X
UDS0564.1 1.6927 0.36 £0.08 230+ 70 X X X
AS2C0S0083.1 2.5010 1.9+0.6 220+ 100 X X v
AS2C0S0116.2 2.1822 0.000£0.014 800 £ 200 X v v
UDS0109.0 1.6249 0.000 £ 0.005 160 +90 X X X

Table 4.6: Four AGN diagnostics for our KAOSS sources.

For [N11]/Ha ratios and line

widths we highlight values which satisfy our criteria for AGN ([N11]/Ha > 0.8 and FWHM
>1000kms~!) in bold. A f indicates that the line width shown is for a broad component.
For the “IRAC colours” criterion we show a tick or cross to indicate whether or not the source

is classified as an AGN according to the Donley et al. (2012)) criteria.
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Figure 4.14: Ha luminosity Ly, versus infrared luminosity Lig for Ha-detected KAOSS
SMGs, z ~ 1.5 KGES galaxies (Tiley et all [2021), z ~ 2.5 ULIRGs (Hogan et al., 2021) and
z ~2.5 SMGs (Swinbank et al., 2004). Our sample has comparable Ha luminosities to the
z ~2.5 ULIRGs, but is fainter in both the Ha and infrared than the Swinbank et al. (2004)
SMGs. The KAOSS SMGs have a ratio of Ly,/Lir ~ 1074 When compared to z ~1.5
KGES galaxies our sources are much brighter in the infrared, but of comparable luminosity
in the Ho emission. This is a result of much heavier dust obscuration in our sample — which
has a median dust extinction from MAGPHYS SED fitting of Ay =2.31+0.17 compared to
Ay =0.71 £0.04 for the KGES sample.

lines. We note that in the cases of AS2C0OS0003.4 and AS2COS0171.1, the fits to the data
are poor. In the former case the S/N is low, and the fit is very broad (see Table , therefore
this line may not be real. In the latter case, we fit an [O111] doublet, but at the [O111] redshift

the Ha line appears to be absent, suggesting that the line ID may be inaccurate.

For sources where the emission was determined by its AIC to be more appropriately modelled
with a narrow and broad component, we also show these two components separately. The
measured properties of the detected Ha and [O111] emission lines are presented in Tables
and respectively. In the remainder of this section we will briefly discuss the best-fit line
luminosities and widths, and compare to them to other samples, and we will discuss the

measured [N11] /Ha flux ratios in §4.3.6}

In Fig. we show the Ha luminosity of our sample (uncorrected for dust extinction; Ly, )
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R.A. Dec. Fiio /1071 FWHMg, Cont./10715
D (J2000) (J2000) “Ha S/Nia [W/m_Q] ms—l]  NHe cm_/2 ]
GDS0046.0 53.1049  —27.7053  1.6142 101.7 1.840.6 710+130  0.74+0.4 7.9+0.6
GDS0040.0 53.1311 —27.7732 2.2254 93.9 2.06£0.13 63040 0.68+0.08 8.84+0.3
UDS0492.0 34.5398 —5.0334 1.2787 74.4 0.294+0.07 280 £ 50 0.9+0.6 6.5+0.6
UDS0707.0 34.7984 —5.2526 2.4367 55.7 0.5+0.5 700400 0.2£0.5 3.6+0.4
GDS0033.0 53.0727  —27.8343  1.6155 45.9 0.74+0.06 300£40 0.45+0.10 4.240.2
AS2C0S0048.1  150.2885 2.3819 1.5813 34.7 0.61+0.13 250+70 0.40+0.10 5.0+0.5
GDS0023.0 53.1572  —27.8335  1.6177 31.4 0.59 +0.04 480440  0.60+0.09 2.9+0.4
UDS0624.0 34.1012 —5.2103 1.4058 26.6 0.56 £0.06 630+160 0.74+0.2 5.3+0.3
A3C0S298447 149.9483 1.7386 2.3889 26.4 2.0+0.5 470+£130 0.47+0.12 8.9+0.7
GDS0001.0 53.0304 —27.8558 1.5390 24.7 0.36 £0.04 360 £ 40 1.1£0.3 3.9+0.3
UDS0601.0 34.8179  —5.2796 1.4628 22.1 0.35+0.06 480+£70 0.45+0.13 4.840.3
GDS0004.0 53.0204  —27.7799  1.9657 22.1 0.34+0.09  340+110 0.74+0.2 2.9+0.3
GDS0053.0 53.1989 —27.8439 1.6157 20.6 0.27+£0.05 390+£120 0.240.2 3.1+£0.3
UDS0428.0 34.7962  —4.9427 1.6284 19.6 0.36 +0.04 560+£50 0.68+0.11 1.1+0.2
UDS0287.1 34.3653 —5.2508 2.2907 18.9 1.6£0.3 560+£100 0.9£0.3 14+1
GDS0035.0 53.0917  —27.7121  1.6145 18.4 0.17+£0.04  460+£120 0.840.5 2.0+0.2
UDS0603.0 34.8121  —5.2893 2.5086 18.3 0.72+0.16 300£90 0.38+0.14 4.940.5
UDS0338.0 34.0932  —5.0805 1.6612 18.1 0.174+0.03  210+110 1.04+0.3 2.9+40.2
GDS0048.0 53.1606 —27.7763 2.5453 17.0 0.484+0.15 600£+£200 1.34+0.7 0.00£0.08
A3C0S795018 149.5035 2.5070 1.5780 16.8 0.554+0.04 190+20 0.4140.05 3.51£0.18
GDS0065.0 53.1315  —27.8414  1.6140 16.6 0.34+£0.09  900£200 0.240.2 3.5+0.4
AS2C0S0025.1  150.1635 2.3725 2.0859 16.3 0.30+0.05 470470 0.49+0.12  1.87+0.15
UDS0125.0 34.3633  —5.1994 2.1556 15.7 0.62+0.09 430450  0.66+0.08 3.04+0.2
GDS0031.0 53.0774 —27.8596 2.0360 15.7 0.454+0.09 810130 0.0%£0.0 1.4+0.2
AS2C0S0275.2 149.9517 1.7440 1.6334 14.9 0.504£0.08 470470 0.9+0.3 3.0+0.4
UDS0115.0 34.5119 —5.0086 2.0335 14.9 0.204+0.05 590+130 0.3£0.3 1.8£0.2
GDS0047.0 53.1635  —27.8906  2.3237 14.0 0.6940.11  820+180 0.040.3 1.940.3
GDS0020.0 53.1983  —27.7479  1.9236 12.2 0.21+0.07 570+180 0.24+0.2 0.60+0.17
UDS0035.0 34.1691 —5.1831 2.0863 10.8 0.274+0.07 800£300 0.540.2 0.7+£0.3
UDS0199.0 34.8455 —5.2497 2.5553 10.6 0.88+0.11 920+£140 0.22+0.13 0.00£0.17
GDS0071.0 53.0568 —27.7984 1.7313 9.7 0.134+0.10 200300 0.6£0.6 0.71£0.18
UDS0445.0 34.4759  —5.0255 2.2922 9.6 0.18+0.06  550+£120 1.14+0.5 1.4740.14
UDS0097.0 34.8680  —5.2059 2.5928 8.8 0.9+0.2 11704+190 0.0+0.0 0.6+0.3
UDS0292.0 34.3226 —5.2301 2.1829 8.5 0.304+0.04 33050 0.52+0.09 2.184+0.18
UDS0333.0 34.5285 —4.9882 1.2773 8.3 0.254+0.05 4804+£90 0.82+£0.17 1.7£0.2
AS2C0S0003.4 150.2369 2.3358 2.4991 7.9 0.84+0.3 700200 1.2£0.6 2.94+0.9
A3C0S667642  150.1121 2.3140 2.0984 7.9 0.6+0.3 140+120  0.3£0.2 1.44+0.8
UDS0116.0 34.3335  —5.2182 2.2251 7.6 0.9+0.3 380+150 0.3+0.2 0.8+0.7
UDS0564.1 34.7234  —4.9923 1.6929 7.4 0.24+0.06 230+70 0.36+0.08  1.204+0.15
AS2C0OS0083.1 149.9157 1.7868 2.4987 6.1 0.334+0.09 220100 1.94£0.6 0.0+£0.3
AS2C0OS0116.2 150.4904 1.7464 2.1839 5.4 0.294+0.09 800£200 0.000+£0.014 0.8£0.4
UDS0109.0 34.0766 —5.3723 1.6249 4.7 0.18+0.04 160490 0.000£0.005 0.2+£0.2

Table 4.7: Integrated Ha emission line properties of KAOSS SMGs. The median fractional
For sources with broad Ha components the
linewidths and fluxes shown here are for the narrow component, with the broad component

properties shown in Table

error on the redshifts is 0.0002, or 60kms™!.
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D R.A. Dec. 5 S/N F[onl]/l(r19 FWHM o [O111]4959 Cont./10715
(J2000) (J2000) (o (ony [Wm™? [kms™!] [Omso0r  [ergem™2 pm ™1
UDS0199.0 34.8455 —5.2497 2.5560 47.9 1.7240.10 960 £ 90 0.53+0.07 1.0+0.2
GDS0040.0 53.1311 —27.7732 2.2244 44.1 1.08+0.12 630+ 100 0.36 £0.05 6.6+0.4
UDS0603.0 34.8121 —5.2893 2.5085 28.5 0.19+£0.06 310+ 140 0.00£0.10 5.94+0.3
UDS0097.0 34.8680 —5.2059 2.5924 20.2 1.2+£0.3 1290£170 0.34+0.14 0.57+£0.18
AS2C0OS0003.4 150.2369 2.3358 2.4991 7.3 1.1£0.3 1590 £ 200 1.3+£0.5 1.2+0.8
AS2C0OS0171.1 149.9721 1.7141 2.3406 7.2 0.94+0.2 830+ 170 0.3+0.2 1.6£0.5

Table 4.8: Integrated [O111]A5007 emission line properties of KAOSS SMGs.

ID Line z Fbroad/Fnarrow Fv[\lilr_llll\s/[—bi?ad
GDS0046.0 Ha 1.6142 5E2 3300 £ 1100
UDS0492.0 Ha 1.2787 12+£3 3400 £+ 700
UDS0707.0 Ha 2.4367 4+4 3200 £ 1600

AS2C0S0048.1 Ha 1.5813 9+7 2300 £+ 1600

Table 4.9: Broad Ha line properties of four KAOSS sources. These were determined to be
better fit by including a broad Ha component in addition to the narrow Ha+[N11] triplet.

versus their linewidths (FWHMy, ). We also indicate in Fig. lines of constant Ly, /LR,
and we see that the Ha luminosities of the SMGs are approximately 10%*times lower than
their IR luminosities. The 43 Ha-detected KAOSS sources have a median Ha luminosity
of Lo = (10£2) x 103* W, with medians of Ly, = (9.3+1.8) x 103* W for the star-forming
sample and Ly, = (114 6) x 103* W for the AGN sample. Thus, the star-forming sources and
the AGN hosts have consistent Ha luminosities. In contrast, the z ~ 2.5 ULIRGs detected in
Ha by Hogan et al. (2021) have a higher median of Ly, = (23 £ 3) x 103 W, which is more
comparable to the AGN-classified sources in the KAOSS sample. From the KMOS?P survey
(Wisnioski et al., 2019) the median Ha luminosity is Ly, = (16 +2) x 103 W, again higher
than the KAOSS SMGs, although these sources have lower dust extinctions than the KAOSS
SMGs (median Ay = 0.8 £ 0.05 for KMOS3P; Wisnioski et al.,[2019, compared to 2.3140.17
for KAOSS).

Within the sample KAOSS sample we measure a median Ha full width at half maximum
(FWHM) of FWHMpy,, =480+ 50kms~!, with medians of FWHMy, =460+ 50kms~! for
the star-forming sample and FWHMy, =590+ 80kms~! for the AGN sample. Therefore,
the AGN host galaxies in our sample have broader Ha emission lines than the star-formation-
dominated sources, although this is largely due to the fact that we have used broad emission
lines as a diagnostic for identifying AGN. Comparing with Hogan et al. (2021), they find a
median of FWHMy, =280+ 50 kms~!, significantly lower than our sample, although this is
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partially driven by the AGN in our sample, whereas the Hogan et al. (2021)) sample is unlikely
to have as much AGN contamination as KAOSS as their [N11]/Ha flux ratios are lower than
ours (see §4.3.6)).

Comparing the Ha and [O11] emission lines, we find a median [O111] linewidth of
FWHM;opy = 900 £ 200 km s7!, broader that than of the Hea, but among the sources
with detections of both lines, the Ha and [O111] linewidths are comparable, except for
AS2C0S0003.4 which displays much broader [O111] emission FWHM gy = 1600 £ 200 km s!
versus FWHMjp, = 700 £ 200 kms~!. As noted in however, the fit to this line is poor,

and it is possible that the line is not real.

4.3.3 Composite spectra

To assess the general properties of the sample and search for evidence of weaker emission lines
(e.g. HB) that do not appear as significant detections in individual spectra we also generate

composite spectra of the following four sub-samples:

1. 21 sources with no indication of AGN activity, which we label the star-forming com-

posite.

2. 14 sources with evidence of AGN activity from the rest-frame optical spectra, which we

label the spectral AGN composite (see Table .

3. 18 sources with evidence of AGN activity from a luminous X-ray counterpart or AGN-

like IRAC colours (Donley et al.,2012), which we label the X-ray/IRAC AGN composite
(see Table [4.6).

4. A composite of all 43 galaxies in the sample.

These composites are created by continuum subtracting the spectra with a running median
(using a window large enough to avoid subtracting from the emission line flux), de-redshifting,
normalising by the Ha flux and taking a median at each wavelength. The four resultant
composites are shown in Fig. In all four composites we see a strong detection of the Ho
emission line, albeit much broader in the spectral AGN composite (FWHM ~ 840kms~! in
the rest-frame compared to FWHM ~ 200 kms~! for the other three samples). Additionally,
the star-forming composite shows little evidence of [Or111] emission, but a 50 detection of
the [Su] doublet at A =0.6716 pm and 0.6731 pm, which is only detected at 3.50 in the X-

ray/IRAC AGN composite and not at all in the spectral AGN composite. There is also weak
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evidence for NaD absorption at A =0.5892 um (which was also found by |Swinbank et al.
(2004)) for submillimetre-selected galaxies) in the star-forming composite. The line ratios of
these four composites are discussed in the context of the BPT diagram in Although
not attempted here, we note that the relative strengths of the Ha and Hf fluxes (the Balmer
decrement) could be used to estimate the extinction directly from the gas, rather than from

the stellar emission via the SED fits.

4.3.4 Redshift distribution

We now present the spectroscopic redshifts of the 43 KAOSS SMGs, which are shown in
Tables 4.7 and As previously discussed the number of SMGs with robust redshifts is low,
and therefore the KAOSS sample presents a significant increase on what is currently available.
Fig. shows the redshift distribution of the 43 emission line-detected KAOSS sources. For
comparison we also show the distribution of photometric redshifts from the AS2UDS sample.
The median redshift of the KAOSS sources is z=2.03 4+ 0.16, significantly lower than the
median of z= 2.61 + 0.08 for the AS2UDS sample, with a median uncertainty on the KAOSS
redshifts of 0.0002, or 60kms~!'. We also split the KAOSS redshift distribution by survey
field, and find that sources are detected at marginally lower redshifts in the ECDFS field
than in COSMOS and UDS — with a median of z=1.6740.14 for ECDFS compared to
z2=2.140.2 for UDS and z=2.1+£0.2 for COSMOS. This is likely because the SCUBA-2
850 um coverage of this field (Cowie et al.l[2018) is deeper than the other two fields, meaning
that the targets are fainter at 870 um and therefore more likely to be found at lower redshifts
due to the Sg7g — z correlation (Chapter (3} Birkin et al.l [2021)).

There is a noticeable spike in the redshift distribution at z ~ 1.6 in the GOODS-S field, and
investigating further we find that there are five sources in the GOODS-S field which lie within
~150kms~! of each other at z ~1.615 — GDS0033.0, GDS0035.0, GDS0046.0, GDS0053.0
and GDS0065.0. These are found in two groups on the sky: GDS0035.0 and GDS0046.0 are
separated by a projected distance of 0.8" (~400kpc), and the remaining three sources are
in a patch ~ 3’ across (~ 1.6 Mpc). The two groups are separated by ~ 4 Mpc. We conclude
that these SMGs are located within the same large-scale structure in the GOODS-S field,
representing a similar finding to the work of Mitsuhashi et al. (2021)) who found six SMGs in
a structure at z ~4.6 in the COSMOS field.
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Figure 4.15: Median stack of SMG spectra from four subsets of the KAOSS sample (red),
where each panel is labelled to identify the relevant subset (also see for more details) We
smooth the spectra with a Gaussian filter to more clearly show the line emission (black), and
indicate by dashed vertical lines key rest-frame optical emission lines: Hj (0.486 pm), [O111]
(0.4959 pm and 0.5007 pm), [O1] (0.63 pm), Hae (0.6563 pm), [N11] (0.6548 pm and 0.6583 pm)
and [S11] (0.6716 um and 0.6731 pm). We also indicate the wavelength of the NaD absorption
line (0.5892 pm), for which there is weak evidence in the star-forming composite. We detect

Hp3 emission in the AGN subsets, and [S11] emission in the star-forming subset.
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Figure 4.16: a) Redshift distribution of the KAOSS sample compared with the AS2UDS
sample.  The spectroscopically confirmed KAOSS sources have a median redshift of
z2=2.034+0.16. We also split the sample by survey field, which shows that we detect sources
typically at lower redshifts in the ECDFS field than in COSMOS and UDS — a consequence
of the 870 um coverage of this field being deeper (see the text for more details). b) Redshift
versus 870 ym flux for emission line-detected sources in KAOSS and also AS2UDS SMGs.
While there is evidence for a positive trend between the two quantities plotted (we show as
a black line the trend derived in Chapter , the KAOSS sources in this figure do not follow
this trend. However, this is likely due to the fact that we sample only a modest range in
redshift, limited by the need to detect strong emission lines in the KMOS H K band.

4.3.5 Obscured and unobscured star-formation rates

Hao emission is a tracer of recent star formation, as in star-forming galaxies young O- and

B-type stars provide the majority of ionising radiation that produces it, unless a luminous

AGN is present (Kennicutt & Evans, 2012). The Ha luminosity can therefore be used to

estimate the star-formation rate, which we do according to (Kennicutt, [1998a):

SFRu. = CivrXHoLHa, (4.3.1)

where Cpyr = 1072201 is the factor used to convert to a [Chabrier (2003) IMF (Madau &
Dickinson,, 2014), Xy, = 7.9 x 10742 Mg yr~!ergs~! is the conversion between Ly, and SFR

assuming a (1955)) initial mass function (IMF) and the observed Ha luminosity Ly,

is measured in ergs!.

Our sources are heavily dust obscured (median dust extinction Ay =2.31+0.17 from the
MAGPHYS analysis; see §4.2.6)), and so the Ha emission is likely to underestimate the SFR

in relation to the IR emission, potentially by orders of magnitude as is seen in compact

star-forming galaxies (Swinbank et all, |2004; Rodriguez-Zaurin et al., 2011). We therefore
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Figure 4.17: a) SFR derived from the Hoa emission versus SFR derived from the infrared
emission for Ha-detected KAOSS SMGs, z ~ 1.5 KGES galaxies (Tiley et al., 2021)), z ~2.5
ULIRGs (Hogan et all 2021) and z ~2.5 SMGs (Swinbank et al., 2004). In our sample and
the other ULIRG/SMG samples we see that the Ho emission underestimates the SFR when
compared to the IR emission. We interpret this result as confirming that KAOSS SMGs
are more heavily dust-obscured than less active galaxies such as those in the KGES sample.
b) SFRy./SFRir versus the logarithm of the offset from the star-forming main sequence
AMS, calculated using the prescription of [Speagle et al. (2014). Approximately half of the
KAOSS sample lie within the 0.3 dex scatter of the main sequence at their redshift. We find
no evidence for more sources with higher AMS experiencing stronger dust obscuration in the

KAOSS sample.
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also estimate SFRs from the IR emission, which we will compare with the Ha-derived SFRs,

according to (Kennicutt, |1998a):
SFRig = 4.5 x 1073 L, (4.3.2)

where Ly, as derived from SED fitting (see , is measured in W. The median infrared-
derived SFR of our sample is SFRig = 4304 60 Mg yr~!, which is much higher than the
median Ha-derived SFRy = 4.9 4 0.9 My, yr—!. Therefore as we would expect for SMGs, the
star-formation rate is significantly underestimated by the Ha (by a factor of ~90 in this

case).

As the infrared and Ha emission trace obscured and relatively unobscured star formation
respectively we can use the ratio SFRy, /SFRig to study how dust obscured our SMGs are
when compared to other samples. Fig. shows the SFR derived from the Ha emission
according to Eq. [£.3.1] as a function of the SFR derived from the infrared emission according
to Eq. While SFRy,, is approximately 100x lower than SFRg for KAOSS, many of the
less active galaxies in the KGES sample lie close to or on the 1:1 line. We interpret this result
as an indication that our sources are more heavily dust-obscured than the less actively star-
forming KGES galaxies. Indeed, comparing the dust extinctions Ay derived from MAGPHYS
SED fitting for the two samples we find a median Ay =2.314+0.17 for KAOSS compared
to Ay =0.71 +0.04 for KGES. We conclude that KAOSS galaxies are experiencing far more

dust obscuration than their less active counterparts.

We also wish to test whether sources that are more “starburst”-like in the main-sequence
paradigm are likely to experience stronger dust obscuration, and we therefore show in Fig. [4.17]
the ratio SFRy,/SFRir versus offset from the star-forming main sequence, dMS, which is
defined according to the prescription of |Speagle et al.| (2014) at the redshift of each source
individually. We indicate the 0.3 dex and + 0.6 dex regions which define the scatter of the
main sequence, and the starburst boundary. 30 of the 43 sources are located within 0.6 dex of
the main sequence, and 13 lie above it, where they would be defined as starbursts. The “main-
sequence” SMGs and “starbursts” in our sample have median redshifts of z =2.06 +0.14 and
z =1.740.2. This result reflects the fact that the main sequence evolves to higher SFRs at
higher redshifts, meaning that higher-redshift SMGs are more similar to typical galaxies than
their lower-redshift counterparts. We divide KAOSS into two bins and fit the trend, finding
it to be significant at only the 1.60 level. There is therefore no evidence to suggest a negative

correlation between SFRy,/SFRig and AMS in the KAOSS sample.
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4.3.6 Emission line diagnostics

For star-forming galaxies exhibiting Ha emission lines, the flux ratio of [N11]A\6583/Ha (also
known as the N2 index; see Maiolino & Mannucci, 2019} for a review) can be used to estimate
the proportion of metals in the ISM, typically expressed in the form 12+ logi9(O/H) where
O and H are the Oxygen and Hydrogen abundance, respectively, as Oxygen is usually the
most abundant heavy element in the ISM (e.g. [Maiolino & Mannucci, [2019). N2 is also used
as a tracer of AGN activity (e.g. Wisnioski et al., 2018), and indeed, we have already used
the criterion [N11]/Ha > 0.8 to flag sources as potential AGN in §4.3.1]

The median [N11]/Ha flux ratio of our sample is [N11]/Ha =0.49+0.09, and median values
for the star-forming and AGN samples of [N11]/Ha =0.45+0.07 and [N1u]/Ha=0.72+0.16,
respectively. Both are higher than the z ~ 2.5 ULIRGs observed with KMOS by [Hogan et al.
(2021), who detected [N11] emission in only four of the 14 Ha-detected sources, with a median
[N11]/Ha =0.32 £ 0.04. As previously discussed, Hogan et al. (2021)) claim that this sample is

unlikely to be contaminated by AGN emission, and therefore this lower value is unsurprising.

It has been shown that the metallicity of galaxies on the main sequence depends on the
stellar mass content, the so-called Mass-Metallicity Relation (MZR; e.g. Tremonti et al.,
2004), which generally shows an evolution with redshift — high-mass galaxies are typically
fully enriched by z ~1 whereas the metallicity evolves quickly for low-mass galaxies at low
redshifts. Galaxies are also believed to follow a “three-dimensional” relation between mass,
metallicity and SFR, named the Fundamental Metallicity Relation (FMR; Mannucci et al.,
2010), whereby more highly star-forming sources have lower metallicites. This relation is
claimed to be constant, with very little scatter, up to z > 2.5, and the origin of the relation
has been suggested to be a varying star-formation efficiency (SFE) by Ellison et al.| (2008)),
whereas Mannucci et al.| (2010]) proposed the link between infalling, metal-poor gas, and star

formation, may be important in shaping this role.

We can combine the [N11]/Ha flux ratios with the stellar mass and SFRs of our sources to
study the SMG population in the context of the fundamental metallicity relation. To derive
metallicities for the star-forming KAOSS sources, in the form 12+ log(O/H), we use the

empirical relation from |Pettini & Pagel (2004]):
12 + log(O/H) = 9.37 + 2.03 x N2 + 1.26 x N22 + 0.32 x N23, (4.3.3)

where N2=[Nu]/Ha. Fig. shows 12 +1log(O/H) for the star-forming KAOSS sources,
along with z~2.5 ULIRGs from Hogan et al.| (2021) and KMOS3P galaxies (Wuyts et al.,
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Figure 4.18: a) Metallicity-stellar mass relation for star-forming KAOSS sources, along with
galaxies from the KMOS?P survey and [Hogan et al.| (2021). Values of 12 +log(O/H) are
derived from [N11]A6583/Ha flux ratios using the relation from (Pettini & Pagel, 2004). The
large red point indicates our binned median, which lie systematically above both the mass-
metallicity diagram and fundamental metallicity relation. This is partially driven by the
large number of AGN in our sample, but even the star-forming sources are more metal
rich than expected using both relations. b) [Ni1|/Ha—[O111]/HS BPT diagram showing the
position of KAOSS composites and MOSDEF galaxies (Shapley et al., [2015)). We also show
star-forming/AGN dividing lines as measured from z ~0.04-0.1 from SDSS galaxies, and
theoretical predictions for z ~2 SFGs with hard ionisation fields (both from [Kewley et al.,
2013), along with the “maximum starburst” prediction from (Kewley et all [2001)). Like
the z ~2.3 MOSDEF sample our sources are offset from the local relation, with all four
composites are consistent with being classified as AGN within the uncertainties according to

this relation. With the AGN hosts in our sample removed, the SMGs still have high [N11]/Ha
flux ratios that are close to the maximum starburst limit.

2016a). We also show the mass-metallicity relation from |Genzel et al| (2015), computed

for z ~2 and the fundamental metallicity relation from Mannucci et al.| (2010)). Star-forming

KAOSS sources are consistent with the fundamental metallicity relation and marginally above
the mass-metallicity relation, with similar scatter to the most massive z ~ 1 KMOS3P galaxies.
Therefore the highly star-forming KAOSS SMGs are not typically more metal-enriched than

other star-forming galaxies at similar masses and SFRs.

As a further test of the rest-frame optical emission lines, we study our sources in the context

of the Baldwin, Phillips & Terlevich (BPT; Baldwin et al., 1981} |Veilleux & Osterbrock, [1987)

diagram, a commonly used tool to classify galaxies. It uses the ratios of [O111]A\5007/HS and

[N11]A6583 /Har to estimate whether the emission line properties of a galaxy indicate that it
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FWHMpa  FWHMony

Subset Nsource [km S_l} [kms—l] [NII]/HO[ [OIH]/HB
Star-forming 21 185+ 2 720 £ 50 —0.38+0.05 0.3+£0.2
AGN spectral 14 294+ 3 21245 —0.114+0.19 0.7£0.4

AGN X-ray/IRAC 18 266+ 1 243 +£10 —0.18£0.04 0.5£0.2
All 43 224 +1 331+6 —0.26+0.03 0.34+0.16

Table 4.10: Emission line properties of four KAOSS composites. The [N11]/Ha and [O111]/Hf
flux ratios for the composites are shown in Fig.

is e.g. star-forming, or an AGN host (e.g.|Garg et al.l |2022). While Hf is faint and therefore
highly difficult to detect in SMGs, it is detected in our composite spectra (see Fig. 4.15)), and
therefore we can place these subsets onto the BPT diagram to classify them on average. The

emission line properties of the composite samples are shown in Table

Fig. shows the BPT diagram with our four composite points along with a comparison
sample of z ~ 2.3 galaxies from the MOSDEF survey, which is comparable in redshift but

! corrected for dust attenuation)

composed of less actively star-forming systems (4-180 Mg yr™
We show the classification of star-forming galaxies and AGN as measured by [Kewley et al.
(2006) for 85,224 emission-line galaxies from the Sloan Digital Sky Survey (SDSS) at z ~ 0.04—
0.1, along with the theoretical prediction by Kewley et al. (2013)) for the boundary between
star-forming galaxies and AGN at z =2, under the assumption of a hard radiation field. As
our sources are highly star forming, this assumption is not unreasonable, however our star-
forming sources fall on the star-forming-AGN boundary according to the z = 2 prediction, and
are generally offset towards higher [N11]A6583 /Ha ratios compared to the MOSDEF sample.
However, the maximum starburst model of |Kewley et al.| (2001)) can account for the high
[N11]/Hev flux ratios in our sample, and we suggest that our SMGs are close to the theoretical
limit for ionising radiation in starburst galaxies (see Chapter (3| for a brief discussion of the
radiation field properties of SMGs as traced by the [CI] emission). Alternatively, this may
suggest that the prevalence of low-luminosity AGN is higher in SMGs than in less active

galaxies, even in sources which are star-formation dominated.

4.3.7 Galaxy sizes and shapes

In this chapter we have presented early integrated results from KAOSS SMGs with Ha and /or
[O111] emission line detections. To conclude this section we discuss the resolved optical, Ha
and dust sizes of the KAOSS sample, along with their Sérsic indices n, which will form part

of the analysis we will present in Chapter|bl We have described the 2-D modelling with which
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we derive optical and Ha sizes in §4.2.7] As a measure of the dust sizes we use measurements
of 870 pm continuum sizes for five AS2UDS sources and four AS2COSMOS sources for which
high-resolution ALMA imaging is available (Ikarashi et al. in prep.). All three sets of values
are listed in Table [£.5

The median sizes of the KAOSS sources are as follows: R, =3.6 4+ 0.3kpc, Rg, =4.2+0.4kpc
and Rgust = 1.2 £ 0.3kpc. If we limit this to the five sources with all three sizes available we
find medians of R, =3.44+0.9kpc, Rygo=3.7+£1.0kpc and Rgust =1.8 £ 0.3kpc. Therefore,
our sources show much more compact emission in the dust than in the optical or Ha com-
ponents, consistent with previous studies of SMGs (Ikarashi et al., 2015; Simpson et al.,
2015; (Gullberg et al., |2019). This also suggests that the Ha emission is marginally more
extended than the stellar emission (Chen et al., 2015)). We confirm this for individual sources
by plotting the three sizes against one other in Fig. As a comparison sample we include
a compilation from Bellocchi et al. (2022), comprised of star-forming galaxies at z ~ 1-3,
along with sources from the KMOS3P survey (Wilman et all, [2020). We see good agreement
between the Ha sizes and optical sizes, similar to the KMOS?®P and Bellocchi et al.| (2022)
data, and the dust size is lower than both the Ha and optical sizes for all galaxies where
both measurements are available. This is in agreement with previous results that the dust
component of SMGs is much more compact than the stellar emission region, which has been

presented as evidence for bulge growth (e.g. Chen et al., 2017)

The axial ratios (b/a) estimated from GALFIT modelling of the HST/K-band imaging (see
can provide diagnostic information about the population of galaxies we are observing
when combined with the assumption that our sources are randomly inclined. For example,
for a collection of thin circular discs at random orientation angles, the probability of viewing
the disc at an angle 7 should be proportional to cos(i), with the peak of the probability
distribution function at ¢ =>57.3° (Law et al., 2009). Our sample has a median axial ratio
of b/a=0.64+0.03 and a median derived inclination of i =52+ 2°, marginally lower than
the prediction for thin discs, but we expect our sources to be thick given previous kinematic

studies of SMGs (e.g. |Alaghband-Zadeh et al.l [2012).

Fig. shows the distribution of axis ratios b/a for KAOSS, along with early- and late-
type galaxies in the Galaxy and Mass Assembly (GAMA; Driver et al., [2009) survey (Kelvin
et al. [2014). We show the KAOSS distribution as a whole, but also the b/a distribution
of only the sources identified as AGN. The KAOSS sample appears to be consistent with

the early-type galaxies in GAMA, whereas in comparison to the late-types we appear to be
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Figure 4.19: Optical, Ha and dust sizes for the KAOSS resolved subset. In all panels we
include a 1:1 line (dashed), and for comparison a compilation of sizes from Bellocchi et al.|
(2022). a) Ha size versus optical size (HST/F160W or K) for the KAOSS resolved subset
and for galaxies from the KMOS?P survey (Wilman et al., 2020) b) 870 ym dust size versus
Ha size for the KAOSS resolved subset with available high-resolution ALMA imaging. Our
KAOSS SMGs are typically more compact in the dust emission when compared to the Ha
component. c¢) 870 um dust size versus optical size (HST/F160W or K) for the KAOSS re-
solved subset with available high-resolution ALMA imaging. Our KAOSS SMGs are typically

more compact in the dust emission when compared to the optical component.
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Figure 4.20: a) Axis ratio b/a distributions measured from optical/NIR imaging from the
KAOSS sample of SMGs, with the entire sample shown as a solid histogram, and the AGN
subset shown as a hatched histogram. We also include distributions measured from GAMA
early- and late-type galaxies (Kelvin et al.;2014)), and local mergers (Pearson et al. 2022). b)
Sérsic indices n derived from GALFIT modelling of VISTA K /HSTF160w imaging for KAOSS
sources, with the entire sample shown as a solid histogram, and the AGN subset shown as a
hatched histogram. This panel also shows the expected distributions for GAMA early- and
late-galaxies. Our sample is consistent with that of the GAMA late-types apart from a small
peak of sources at n ~4. However, we see that the majority of these are identified as AGN
hosts.
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“missing” sources with low axis ratios. Gullberg et al. (2019)) explained this discrepancy
by invoking bars — however as we are probing the stellar component this is not a feasible
explanation, because bars are unlikely to be found on scales comparable to our Ha sizes.
It is possible that we are biased against observing systems that are close to edge-on, as
in these cases the dust obscuration would cause the system to be much fainter than if the
system were closer to face-on, and therefore less likely to be detected. However, if our sample
is representative of the [Pearson et al. (2022) local mergers, it is less likely that we would
experience a similar bias against systems that are close to face-on. |Lovell et al.| (2021a)) also
used simulated submillimetre galaxies in the SIMBA cosmological simulation to suggest that
flux-limited single-dish surveys may be biased towards detecting face-on SMGs, which could

also explain our lack of edge-on sources compared to the GAMA late-types.

Fig. also shows the distribution of Sérsic indices n measured for both the full KAOSS
sample and only the AGN hosts. As discussed in we derive a median n from the free
fits of n=0.97+0.14 for the KAOSS sources. Additionally, the distribution appears to be
in agreement with the GAMA late-types, and this is particularly true if the AGN hosts are
removed. We conclude that the Sérsic index distribution of the star-forming KAOSS sample
is consistent with that of late-type galaxies, and the axis ratio b/a distribution is close to
being consistent with the same population apart from a lack of sources of with low b/a. We
suggest that this could be the result of a bias due to dust obscuration, or an orientation bias

in single-dish surveys of SMGs as predicted by (Lovell et al., [2021b)).

4.4 Conclusions

In this chapter we have presented the ongoing project KAOSS, a KMOS Large Programme
designed to obtain spectroscopic redshifts for a large number of SMGs and to study spatially
resolved kinematics in the population. We summarised our target selection, which results in
a sample of 407 targets in the COSMOS, UDS and ECDFS fields, and our observing strategy
and data reduction methods. The survey is ongoing, and over 50% of the KMOS point-
ings have been at least partially observed, and analysed, from which we draw the following

preliminary conclusions:

e We detect line emission in 43 sources — 42 of which display Ha emission and six of which
display [O111] emission (five display both). Some sources display hints of [S11] emission

but we find little evidence of HS in any SMGs where the line is covered, until we stack
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the 43 sources with redshifts and detect the Hj at low S/N. The median redshift of the
sample is z=2.03 £ 0.16, significantly lower than the median of z=2.61 4 0.08 found
for the AS2UDS sample of SMGs, partly as a result of our limited coverage of the Ha
emission and partly due to a bias towards optically bright SMGs, which generally reside

a lower redshifts.

o We study four tracers of AGN activity in our sample and find that up to 53 + 11 % of our
sources may contain an AGN according to their spectral properties, X-ray counterparts
or IRAC colours, with 33 + 9% of these being classified according to their spectral prop-
erties, and 44 +10% of these being classified according to their X-ray/IRAC properties.
We make no attempt, however, to determine the fractional contribution of the AGN
to the total luminosity in these sources. For the 494+ 11 % of KAOSS SMGs that we
deem to be star-formation dominated we convert the [N11]/He ratios to 12+ log(O/H)
as a proxy for the metallicity and find them to be consistent with the Fundamental

Metallicity Relation.

» Using the composite spectra we place our sample onto the [Nu]/Ha-[Om1]/HS BPT
diagram. All the subsets are offset from the local relation, and from less star-forming
z ~2.3 MOSDEF galaxies, and we suggest that KAOSS SMGs are close to the “max-
imum starburst” limit for ionising radiation due to their high star-formation rates, or

that subdominant AGN may be present in the majority of our sample.

e Modelling the optical and Ha sizes as Sérsic profiles using GALFIT we estimate median
effective radii of R, =3.6 = 0.3kpc, Ry, = 4.2 £ 0.4 kpc, both much more extended than
the median dust radii of Rqust =1.2 +0.3kpc. The SMGs are consistent with a median
Sérsic index of n=1. i.e. with an exponential disc-like light profile, and their distri-
butions of n and axial ratios b/a when excluding AGN are apparently consistent with

late-type galaxies from the GAMA survey.



CHAPTER 5

Resolved kinematics of

high-redshift dust-obscured galaxies

Preamble

In Chapter ] we introduced the KAOSS Large Programme and presented the spectroscopic
redshifts and integrated Ha/[O111] properties of a sample of 43 870 pm-selected SMGs. One
of the main science goals of KAOSS, which we did not address in Chapter [} is to study the
kinematics of the SMG population. To that end, in this chapter we present spatially resolved
Ha/[O111] maps of 36 SMGs at z ~ 1.5-2.5, from which we derive and model rotation curves
to estimate the rotational velocities (vyo1) of the SMGs, along with their intrinsic velocity
dispersions (op). We then quantify the proportion of sources in our sample that are rotation-
ally supported by measuring their ratios of rotational velocity to velocity dispersion vyot/0¢.
We measure the normalisation of the Tully-Fisher relation for our sample and search for
offsets to the local relation, and estimate stellar-to-dynamical mass ratios which we compare
with galaxies at similar redshifts that are less massive and have lower star-formation rates.
Proceeding to compare the KAOSS SMGs with star-forming galaxies selected from the EA-
GLE simulation, we estimate their halo masses in an attempt to understand the mechanisms

through which they are supplied with gas for star formation.

134
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5.1 Introduction

We have shown in previous chapters that dust-obscured star-forming galaxies (DSFGs), par-

ticularly submillimetre galaxies (SMGs), at the peak of cosmic star formation (z~2) are

massive, gas rich and highly star forming (also see e.g. Tacconi et al., [2006; [Magnelli et al.,

20120} Bothwell et all 2013} [Swinbank et al., 2014} Miettinen et al., 2017; [Dudzeviciute

et al) [2020; Shim et al. [2022)), but we have not yet investigated the kinematic nature of

these sources. Are they predominantly turbulent merger-driven (e.g. Narayanan et al., 2009,

2010; [Lagos et al., [2020) sources, like their local counterparts the Ultra Luminous Infrared

Galaxy (ULIRG) population (e.g. Bellocchi et al., [2016)? Or do they more closely resemble

regular gas discs that are smoothly accreting gas from the intergalactic medium (IGM;

et al.l 2005; Dekel & Birnboim)| 2006; Narayanan et al. 2015; Tacconi et al., 2020)?

One of the most promising routes to test these competing theories is through integral field
spectroscopy (IFS) in the rest-frame optical, which enables two-dimensional (2-D) mapping
of the spatially resolved kinematics via the nebular emission lines, such as Ha (e.g.
et all, 2009; [Forster Schreiber et al.l [2009; [Alaghband-Zadeh et al., 2012} [Wisnioski et al.,
2015, 2019; [Tiley et all 2021)). These maps can then be used to measure the rotational

velocity vpot and velocity dispersion o (e.g. [Forster Schreiber et al., 2009; [Wisnioski et al.,

2015|, 2019; [Johnson et al, 2018).

In the local Universe there are several comprehensive studies, with surveys such as CALIFA,
SAMI and MANGA providing statistical data sets of thousands of z ~ 0 galaxies spanning a

range of properties. These surveys have studied scaling relations in local galaxies, such as

the Schmidt-Kennicutt law (e.g. Leroy et al., 2008]), the resolved star-forming main sequence
(e.g.|Sdnchez et all |2013} [Wuyts et al.,[2013) and the mass-metallicity relation (e.g.
Ballesteros et al., 2016} [Erroz-Ferrer et al., 2019), and verified these down to ~kpc scales

(see 2020, for a review).

At z ~ 2, the rest frame-optical nebular emission lines such as Ha and [O111] are redshifted into

the near-infrared (NIR) and into the coverage of instruments such as KMOS and SINFONI.
However, dynamical analyses at this epoch are much harder because of the limited spatial
resolution — KMOS achieves a resolution of ~ 0.6” (FWHM) which corresponds to a physical
size of ~5kpc at z ~ 2 (although the 2-D coverage of an integral field unit means finer spatial
scales can be sampled if the sources exhibit velocity gradients). Therefore NIR integral field

unit (IFU) surveys of z ~2 galaxies are less able to probe galaxies on the same scales as
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their local counterparts. Additionally, the H and K bands which cover the redshifted Ha
and [O111] emission suffer from strong sky contamination (Soto et al., 2016} [Tiley et al., 2021)

which increases the noise level and is challenging to fully model and remove.

As a result, the tools used to study kinematics at high redshifts are different. We instead
use measurements of the ratio of rotational velocity to intrinsic velocity dispersion vt/
(Weiner et al 2006; [Newman et al., 2013} Wisnioski et al 2015)), along with morphologies
(dust attenuation makes this unreliable, however) to quantify the kinematics. For example,
galaxies that have vyot/09 > 1.5 have been considered to be rotationally supported (e.g.
Stott et all [2016; |Tiley et al., [2021)), whereas a galaxy with vt /0¢ < 1.5 would conversely
be dominated by turbulent motions that may indicate an ongoing/completed merger (e.g.

Alaghband-Zadeh et al., [2012]).

Progress in NIR integral field spectrograph technology has allowed IFU studies of large num-
bers of sources in recent years, and as in the local Universe there are now several large
surveys of spatially resolved kinematics with KMOS and SINFONTI including SINS/zC-SINF,
KROSS, KMOS?®P, KDS and KGES. These surveys cover the epoch where the star-formation
rate density (SFRD) is at its peak, and where the majority of the stellar mass we see in
the local Universe was assembled. They have revealed that high-redshift star-forming galax-
ies appear dynamically “hot” compared to local galaxies (e.g [Forster Schreiber et al., 2009}
Wisnioski et al., |2015, [2019; [Stott et al. 2016; Johnson et al., 2018]). Some of the above
have also used the Tully-Fisher relation (Tully & Fisher, 1977) — the relationship between
galaxy luminosity and rotational velocity — to study the evolution of star-forming galaxies
between z ~2 and z ~ (. For example, some authors have found variations in the evolution
of the TFR (e.g. Kassin et al., 2007; |[Forster Schreiber et al.l [2009; Swinbank et al., 2012}
Ubler et al., 2017), whereas some find no evolution at all (e.g. Tiley et al., 2019), the latter

indicating a close link between the build up of stellar mass and dark matter in z ~2 SFGs.

Spatially resolved kinematic studies of SMGs however, have been much more limited in scope.
Among the few examples include Alaghband-Zadeh et al.| (2012)), who observed nine SMGs at
z~2.0-2.7 with SINFONI and the Gemini-North/Near-Infrared Integral Field Spectrograph
(NIFS), measuring an average Ha velocity dispersion of o =220 4 80 kms™!, indicating large
amounts of turbulence in these sources. Additionally, they found that six of the nine sources
showed multiple kinematically distinct components, and they classified all nine sources as
mergers based on kinemetry of the velocity and velocity dispersion maps. [Swinbank et al.

(2006) had previously come to a similar conclusion, finding four of their sample of six SMGs
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to contain multiple components. |Menéndez-Delmestre et al| (2013 observed three SMGs
with the OH-Suppressing Infrared Imaging Spectrograph (OSIRIS) on the Keck telescope,
finding the systems to contain multiple clumps which they suggested to be in the process of

merging, and thus driving high SFRs.

Studying the kinematics of high-redshift SMGs is one of the main goals of KAOSS (see Chap-
ter[d). We targeted 407 SMGs with KMOS in the HK filter, which covers the Ha and /or [O111]
emission lines at z~ 1-3, and in this chapter we will exploit KAOSS to map the Ha//[O111]
emission in the optically bright, extended sources and extract velocity fields/rotation curves.
We will significantly increase the sample of SMGs with spatially resolved measurements of
rotational velocities and intrinsic velocity dispersions, along with vyt /09, the latter of which
has been claimed to be a key diagnostic of the level of rotational support in galaxies (e.g.

Wisnioski et al., [2019).

In this chapter, we present the properties of a subset of 36 KAOSS sources in the COSMOS,
UDS and GOODS-S fields with sufficiently bright and extended Ha and /or [O111] detections to
yield 2-D kinematic information. The outline of this chapter is as follows: in and we
describe the sample studied and the observations carried out, along with our data reduction
and analysis methods, before discussing the measurements made. In §5.4] we discuss the
results and their implications. In we summarise our findings. Throughout this chapter
we adopt a flat A-CDM cosmology defined by (2, 24, Ho) = (0.3, 0.7, 70km s~ Mpc~1).

5.2 Sample selection

In this chapter we exploit data from the KAOSS Large Programme (Programme ID: 1103.A-
0182). As detailed in Chapter , these are 13.5ks exposure observations of SMGs in the
HK grating (~1.4-2.5 um) with KMOS (Sharples et al., 2013|) on the Very Large Telescope,
designed to obtain spatially resolved Ha and/or [O111] detections. For this chapter we select
KAOSS sources with Ha or [On11] detections that are bright enough to search for resolved
velocity structure from the Ha or [O111] emission line. The selection of this sample is based
on a visual inspection of the velocity fields derived from the fitting as described in
We deem a source to be “resolved” if the fits recover information in a significant number of
adjacent pixels, which we require to carry out the majority of analysis in this chapter. We
identify 36 Ha sources, which have fy, >1.3 x 1072 Wm~2 and five [O111] sources, which
have fiorm >1.9 X 10720 W m~2. All sources have detections with a signal-to-noise ratio of

S/N > 5 for the emission line in the integrated spectrum.
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Before discussing the resolved kinematics, we place our sample in context with samples from
other galaxy surveys. In Chapter [d] we provided a detailed description of the KAOSS sample,
and therefore in this section we focus on comparing to other resolved kinematic studies at
similar redshifts. In Fig. [5.1] we show the 870 um fluxes of the resolved sample versus their
K-band magnitudes. Four sources are not shown here as they have no K-band coverage, but
all four of these sources are resolved. We also plot sources that are detected but unresolved,
and these sources are mostly fainter in the K-band — the resolved and unresolved sources
have median K-band magnitudes of K =21.3+£0.2 and K =22.0+0.4 respectively. The
opposite is true at 870 um — the resolved and unresolved sources have median 870 um flux
densities of Sg7g =2.7 £ 0.3 mJy and Ss79 =5.3 £ 0.9 mJy respectively. This is likely to be the
result of SMGs with higher Sg7g fluxes having higher dust masses (Dudzeviciute et al., 2020)),
potentially leading to stronger dust obscuration, therefore the Ha/[O111] emission lines are
fainter and more difficult to resolve. The median redshifts of the resolved and unresolved

samples are comparable — z=1.94+0.17 and z=2.1140.16 respectively.

As a comparison sample we show 707 SMGs from the ALMA-SCUBA-2 Ultra Deep Sur-
vey (AS2UDS; |Stach et al., 2019; Dudzeviciute et al., 2020), which is the largest sample
of submillimetre galaxies (SMGs) and therefore provides a good indicator of the properties
of the general 870 pm-selected population. Our KAOSS sample spans the range of 870 um
fluxes in AS2UDS, although the resolved subset only samples sources with K <22.9. This
is caused by heavy dust obscuration in the NIR — the resolved KAOSS sources have median
dust extinctions from MAGPHYS SED fitting of Ay =2.15+0.16 (see — and therefore
the brighter sources are more likely to be detected by KMOS.

In Fig. [5.1] we also show z ~ 1.5 star-forming galaxies from the KMOS Galaxy Evolution
Survey (KGES;|Tiley et al., 2021). 870 ym fluxes are not available for these sources, but they
do have MAGPHYS-derived dust mass estimates, which we convert to Sg7g estimates using the
Maust—Ss7o relation derived by |[Dudzeviciute et al. (2020). These are therefore approximate
values, but they highlight the region of the parameter space probed by the KGES sample:
they have lower submillimetre fluxes than KAOSS, but similar comparable rest-frame optical

fluxes.

In Fig. [5.1] we also show star-formation rates (SFRs) versus stellar masses (M) derived
from MAGpPHYS SED fitting for our sample (see §4.2.6). Open circles represent sources
that are detected, and therefore studied in Chapter [} but unresolved and therefore not

presented in this chapter. We show the star-forming main sequence at z=2 according
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Figure 5.1: a) K-band magnitude versus 870 um flux (Ss70) for the KAOSS resolved sample
compared with the 707 AS2UDS SMGs (Dudzeviciuté et all 2020) and z ~ 1.5 star-forming
galaxies from KGES (Tiley et al.| [2021)). The KAOSS resolved sample is generally represen-
tative of the range of Sg7o in the SMG population, but biased towards near-infrared-brighter
sources. For the KGES sample we indicate the region containing the K-band magnitudes of
the sample and the expected 870 um fluxes, as the latter are not available for this sample.
KGES extends the range to less active sources than KAOSS. b) Star-formation rate versus
M, for the same samples, now also including six z ~ 2.5 ULIRGs from Hogan et al.| (2021).
KAOSS probes sources that are approximately an order of magnitude more massive than
KGES, and overlaps with the parameter range of the Herschel-selected ULIRGs in

et al] (2020).
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to the prescription of Speagle et al| (2014). The 36 KAOSS sources have median stellar
masses and SFRs of M, =(1.3+0.2) x 101 My and SFR =220+ 30Mgyr~!, compared to
M, =(1.4440.01) x 10" My and SFR=17346Mgyr—! for the redshift-matched AS2UDS
sample that we used in Chapter Hence in this analysis we are probing SMGs that are
generally representative of the stellar masses in the 870 um-selected population, but slightly

more active in terms of star-formation rate.

Fig. shows that the KGES sample is complementary to KAOSS as it probes much less
massive and less actively star-forming sources, with median stellar masses and SFRs of
M, =(1.340.1) x 101M, and SFR=16+1Mgyr~! respectively, approximately an order
of magnitude lower than the KAOSS resolved sample in both cases. Therefore, by supple-
menting our results with those from KGES we will be able to study the variation of kinematic

properties across a wider range in stellar mass and star-formation rate.

As a further comparison sample in Fig. we include data from KMOS observations of six
z ~2.5 Herschel-selected ULIRGs with kinematical information estimated by [Hogan et al.
(2021)). While these sources are selected based on shorter wavelengths than our SMGs,
they are gas-rich star-forming galaxies at comparable redshifts to the most distant sources
in our resolved sample, which spans the range z ~1.5-2.5. Indeed, the six sources from
Hogan et al.| (2021) have median stellar masses and SFRs of M, = (2.5 +1.5) x 101! M, and
SFR =1304+90 M, yr—!, consistent with the KAOSS resolved sample. Where possible we
compare our results with both the KGES and [Hogan et al.| (2021) ULIRG samples throughout

this chapter.

5.3 Data reduction and analysis

Details on the reduction of KAOSS data are provided in Chapter d] We do not repeat the
description of this process in this chapter, instead we describe the additional steps taken to

analyse the spatially resolved sample.

5.3.1 Ha and [O11] line fitting

To determine the kinematics of our sources we model the Ha and [O111] emission in each
spaxel. By fitting the emission line we can derive resolved maps of the velocity and velocity

dispersion from which we will extraction rotation curves and measure rotational velocities.
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Figure 5.2: HST or ground-based images (left), velocity fields (middle) and velocity dispersion
profiles (right) for our sample of 36 resolved KAOSS SMGs. Sources are ordered by the S/N
of the Ha emission line (shown in the bottom left corner of the middle panels) and we indicate
the inclination angle derived for the source from GALFIT modelling. The black lines on the
centre and right panels indicate the kinematic position angle along which rotation curves are
measured. For the left panels we indicate the three filters that make up the RGB colour
image, or the single filter in cases where the image is greyscale.
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Figure 5.4: Same as Fig. but now with resolved [O111] maps instead of Ha.

As discussed in we fit a three-component Gaussian profile to the Ha line and [Nii]
doublet, coupling their wavelengths and linewidths, with the Ha/[N11] flux ratio as a free
parameter, and fixing the [NII]A6583/[N11]A6548 flux ratio to a value of 2.8 (Osterbrock &
Ferland, 2006). We account for the instrumental resolution as described in For the
[O111] doublet we fit a two-component Gaussian profile, again coupling the wavelengths and
linewidths and allowing the [O111]A\4959/[O111]A5007 flux ratio to vary. In all cases we fit
a constant continuum component. In this chapter, however, we perform the fitting on a
pixel-by-pixel basis. We first resample the velocity fields from a pixel scale of 0.2” to 0.1” to
improve the sampling. For each pixel we attempt to fit the emission lines, and if the fit does
not achieve a threshold of S/N =5 we bin with neighbouring pixels, increasing the bin size
and repeating up to a maximum bin size of 5 (0.5”) or until the S/N threshold is achieved.

For the systemic redshifts we use the integrated values derived in Chapter [4]

Velocity and velocity dispersion maps for all the galaxies in the resolved sample are shown in
Figs. alongside colour images of the sources. For the colour images we include high-
resolution HST imaging where possible, otherwise we use ground-based imaging. Sources are
ordered by the integrated S/N of the Ha emission line which generally correlates with the
quality of the kinematic information from the fitting. Many of the sources appear to display
velocity gradients, with some sources such as AS2C0OS0048.1 showing apparently simple kine-

matic structure and potentially ordered rotation. Some sources, such as GDS0001.0, display
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Figure 5.5: Ha velocity fields for the resolved KAOSS galaxies (numbered by rank of Ha S/N)
displayed in the star-formation rate versus stellar mass (“main sequence”) plane, along with
a representative selection of KGES galaxies (not numbered). Red and blue indicate positive
and negative velocities, respectively, scaled from 300 to —300 kms™!, as in Figs. The
KAOSS sources appear less extended than the typically lower-redshift KGES galaxies, and
the KGES sources display more ordered structure.



5.3. Data reduction and analysis 145

more turbulent, complex velocity structures and morphologies. The source AS2UDS0492.0 is
unique in our sample as we detect velocity structure from a separate component to the north
west within the 2.8” field of the KMOS IFU - this component is detected in the ground-based
near-infrared imaging (see Fig. and corresponds to a companion. This particular source
also displays a broad component in the Hoa emission, AGN-like IRAC colours and has an
X-ray component (see . The fit to the Ha emission in UDS0707.0 is poor despite the
high S/N of the integrated emission (S/Ng, ~ 56). Like AS2UDS0492.0, this source displays

broad Har emission, but it also has a very low Ha/[N11] flux ratio.

The five [O111] velocity and velocity dispersion maps display less ordered structure than the
Ha maps, and in the remainder of this analysis for deriving rotational velocities and velocity

dispersions we focus on analysing the Ha maps.

The velocity dispersion maps in Figs. [5.2H5.4] generally appear complex or noisy, even for
the sources with the most significant detections, for example UDS0707.0, AS2C0S0025.1
and UDS0338.0. Given the compact sizes of our sources (median R. ~0.4") relative to the
KMOS PSF (FWHM ~ 0.6”) our observations are susceptible to the effects of beam smearing
leading to increased observed velocity dispersions in the centre of the galaxy (e.g. Johnson
et al.,[2018]). It can be seen in sources such as AS2C0OS0048.1 and UDS0125.0 that we resolve
the Ha emission on scales large enough to reach the outskirts of the velocity dispersion profile,
and therefore measure an intrinsic velocity dispersion that is less affected by beam smearing.

We provide a discussion of beam smearing in our sample and the methods with which we
correct for it in §5.4.2

Given the structure in the velocity fields, which even affects some of the brighter, more
extended sources (see Figs. , we choose to perform a visual classification of the sample.
We divide the sample into two classes, those that exhibit a velocity gradient and those that
do not. We identify 28 sources with velocity gradients from the sample of 36, a fraction of
78 +15%. In the remainder of this analysis we refer to this as the ordered subset, and the
remaining eight sources we term the disordered subset, and in figures we distinguish the two

samples using closed and open symbols, respectively.

A simple question we can address is whether the ordered and disordered are intrinsically differ-
ent in any way. We first check their integrated signal-to-noise ratios, finding the ordered and
disordered samples to have median S/Np, =18 +2 and S/Npg, =12+ 3 respectively. There-
fore, the fact that we are unable to recover kinematic information from the disordered sample

may partially reflect their lower integrated S/N values. This difference is only marginal how-
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ever, and we do not expect that the noise should vary strongly across the sample as the
exposure times are similar for all sources, therefore this should not significantly affect the
classifications. To assess this, we perform a simple test, degrading the S/N of some of the
ordered velocity fields by adding random Gaussian noise. Four examples of ordered veloc-
ity fields at degraded S/N values are shown in Fig. In the cases of GDS0046.0 and
AS2C0S0048.1 we see that velocity gradients are still visible (and would still be classified as
ordered) below a S/N of ~ 15, whereas for GDS0033.0 most of the velocity information has
been lost at this S/N. We therefore suggest that the S/N of the observations at least partially
accounts for the differences in the ordered and disordered samples, possibly in combination
with the degree of dust extinction, although we note that the examples shown are four of the
strongest Ha detections in the sample. A more robust analysis would require accounting for
the structured noise in the spectra due to e.g. sky emission, and carrying out this test on all

of the ordered sample, but we leave this for future work.

The two samples also have consistent stellar masses, M, = (1.340.2) x 101 M, for the
ordered subset and M, =(2.34+0.9) x 101! M, for the disordered subset, consistent star-
formation rates, SFR =220 + 30 M yr—! for the ordered subset and SFR =210 4+ 80 M yr—*
for the disordered subset, and consistent dust extinctions Ay =2.09£0.15 and for the or-
dered subset and Ay =2.44 0.4 for the disordered subset. We therefore find little significant
difference between the two subsets in terms of their physical properties, and suggest that low

line-integrated S/N is their main distinguishing feature.

As a visual comparison between the KAOSS velocity fields and those of less active (and more
typical) SFGs, in Fig. we shows the 36 KAOSS Ha velocity fields plotted at their positions
in the SFR-M, (main sequence) plane compared to a selection of galaxies from KGES. Our
sources are numbered according to their rank in Ha S/N, with 1 representing the most
significant detection. We also include velocity fields of a subset of high-quality maps from the
KGES sample selected to have comparable signal-to-noise ratios, which are plotted without
numerical labels. All velocity fields are plotted with a colour scale of +300kms~! (blue to
red). We indicate the main sequence and + 0.3 dex spread according to the prescription of
Speagle et al. (2014) at z =2. Like the z ~ 1.5 KGES galaxies, KAOSS galaxies lie mostly
within the spread of the main sequence, but at stellar masses and SFRs over an order of
magnitude higher (see . Visually the KAOSS velocity fields appear more compact than
the KGES sample, and also typically display more turbulent structure and higher rotation

velocities.
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Figure 5.6: Velocity fields of four sources from the ordered sample after degrading the S/N
to lower values. In all cases the degradation leads to smaller velocity fields due to the outer
pixels no longer meeting the S/N threshold in the fitting procedure. We see in the cases
of GDS0046.0 and AS2COS0048.1 that in the right-hand panel the velocity fields display
noticeable gradients, and would be classified as ordered. However, for GDS0033.0 the majority
of the velocity information has been lost at S/N ~ 10, and would therefore be classified as
disordered. We leave a thorough examination of this effect for future work, but tentatively
conclude that S/N is a significant distinguishing factor between the ordered and disordered
samples.
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5.3.2 Determining rotation axes

To quantify the kinematic structure of our sample we need to parametrise the dynamics, which
we will do through measurements of the rotational velocity, v22r,, and velocity dispersion,
Oobs- These quantities can be estimated from the rotation curves and velocity dispersion
profiles, which we will extract from the kinematic maps derived in but we must
first determine the axes across which our sources have the largest velocity gradient. One
way to assess this axis is to use the morphological major axis derived in §4.2.7, PA,orph.

Alternatively we can use the velocity field itself to estimate a kinematic axis, PAyj,.

To determine PAy;, it is necessary to ensure that the velocity fields are appropriately centred,
for which we employ the following method. First, we attempt to measure a centroid from the
continuum image of the source constructed from the collapsed KMOS cube. If the continuum
is not detected, we next measure a centroid from the Ha image. In the event that both of
these methods are unsuccessful (i.e. if the Ha S/N is low) we centre the velocity field by eye.
In total we measure centroids for 25, 6 and 5 sources for the three methods, respectively. We
then shift the velocity field to align it with the chosen centroid, corresponding to a median

shift of 0.39” +0.05".

Having centred our velocity fields we now determine their rotational axes (or kinematic
position axes; PAy;,), i.e. the axis across which the velocity gradient is the largest. This will
enable us to extract rotation curves in such a way that the measured velocity is as close as
possible to the true value. To determine the PAy;, we use two methods. First, we place a
pseudo-slit across the velocity field and measure the peak-to-peak difference in velocity, Av.
We then rotate the pseudo-slit by 1° and repeat the process, determining Av as a function of
0, from which we find the angles that both maximise and minimise Av: 0, .. and Oa,, . .
Finally we use
0 Avmae + (OAvg, +90°)

PAjgn = 5 (5.3.1)

to derive the PAy;,. To estimate uncertainties on the PAy;, we use a Monte Carlo technique
where we randomly resample the velocity fields using the measurement uncertainties 100

times and measure the spread in the distribution of the resultant 100 values.

When the S/N of the emission is low, this method is noisy and the resulting PAy;, may not
appear to correlate well with the velocity field. Hence, in all cases we also identify a maximum
velocity gradient PAy;, by eye, and where the PAy;, chosen by the algorithm described above

does not appear to be a good fit to the velocity field (which we assess visually) we simply
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Figure 5.7: Misalignment between the position angle derived from Ha kinematics (PAyiy)
and the position angle derived from optical/NIR imaging (PApopn), versus axis ratio b/a.
PAorph and b/a are both measured from GALFIT modelling of high-resolution optical/NIR
imaging (see . The horizontal dashed line indicates a misalignment of 30°, less than
which we take to be reasonable agreement between the two PAs. In the top-left corner we
show a representative error bar for KAOSS galaxies, and as a comparison sample we plot
results from the KROSS survey of SFGs at z ~1 (Harrison et al.| 2017)). A K-S test shows
that the two distributions are consistent with having been drawn from the same parent sample
at the 95 % confidence level, indicating that the KAOSS resolved sample shows similar levels
of kinematic misalignment to “main-sequence” galaxies at z ~ 1.
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use the “by eye” PAy;,. For context, we use the visual estimate of PAy, for 15 (typically
lower S/N) out of the 36 sources in the sample. For these sources we adopt an uncertainty
of £5°, which is comparable to the median uncertainty estimated from the 21 sources with
Monte Carlo-derived uncertainties as described above. Our best-estimated values of the PA
are tabulated in Table 5.2 and in Figs. 5.2 and [5.3] we overlay PAy;, on both the velocity

and velocity dispersion maps.

For galaxies that are highly inclined, the kinematic and morphological position angles should
be consistent (i.e. PAy, = PAmorph), however in systems that are kinematically and morpho-
logically complex this is not necessarily true. Comparing the two position angles therefore
provides another metric for identifying disturbed systems (e.g. Wisnioski et al., 2015; Har-
rison et al., [2017). In Fig. H we show the misalignment between the kinematic position
angle PAyi, and the morphological position angle measured from the GALFIT modelling of
the optical/NIR imaging, PApoph (see , as a function of the major-to-minor axis ra-
tio b/a (also derived from GALFIT, see §4.2.7). We indicate a misalignment of 30° following
Wisnioski et al.| (2015]), which would constitute reasonable agreement between the kinematic
and morphological position axes based on the uncertainties. 13 lie above this threshold and
23 below it, therefore 36 + 10 % of the resolved KAOSS SMGs sample display kinematic and
morphological axes which are misaligned. Six of the eight sources in the disordered subset
(75%) have misaligned kinematic and morphological axes, which is unsurprising as these
sources have low-quality velocity maps from which it is hard to estimate the PA accurately,
although it is also possible that these systems are intrinsically more disturbed kinematically.

For the typical S/N of this subset it is very difficult to distinguish the true cause.

As a comparison sample we also show the distribution of galaxies from the z ~1 KROSS
star-forming galaxy sample (Harrison et al.,2017)), with histograms of the distributions shown
on both axes. We perform a two-sample Kolmogorov-Smirmov (K-S) test between the distri-
butions of both the PA offsets and the axial ratios from KAOSS and KROSS, finding them
to be consistent with being drawn from the same parent population at the 95% confidence
level. The KROSS sample is comprised of main-sequence star-forming galaxies at z ~ 1, with
typical star-formation rates of ~7Mg yr~!, and this indicates that our sample is no more
kinematically complex than much less-active SFGs, in terms of the axial misalignment. Later
in this chapter we will further test this by comparing the star-formation rates and velocity

dispersions of different samples.
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5.4 Results and discussion

5.4.1 Rotation curves and rotational velocities

From our derived resolved velocity maps we now extract rotation curves and velocity disper-
sions profiles: velocities and velocity dispersions as a function of position along the rotation
axis (PAkin). Rotation curves are extracted from the velocity field within a 0.5” wide (N =5
pixels in the rebinned cube) pseudo-slit along the PAy;, from the velocity field, taking the
median of the pixels across the slit. Velocity dispersion profiles are extracted from the velocity
dispersion maps using the same slit, and uncertainties are extracted from the corresponding

uncertainty maps.

The resultant rotation curves are shown in the left panels of Figs. [5.845.12l We note that
the velocities plotted are those directly measured from the velocity maps, and no inclination
corrections are applied at this stage. The rotation curves are ordered by descending Ha S/N,
and we colour code the points depending on whether the source is in the ordered (red) or

disordered (yellow) subset, as determined in §5.3.1]

In order to derive rotational velocities we fit the rotation curves with a model of the form

(Freeman, 1970)):
r—Tot)2mG o

(v(r) — r)? = LT

(loKo — I1 K1), (5.4.1)

following Harrison et al.| (2017) and [Tiley et al. (2021), where v is the velocity in kms™!, r is

the radial distance from the centre along the rotation axis in kpc, vog if the velocity offset of
the rotation curve from 0 kms™!, rog is the spatial offset selected centroid the spatial position
of the systemic velocity point on the rotation curve from Okpc, g is the peak mass surface
density, h is the disc scale radius and [, K, are Bessel functions evaluated at 0.5r/h. The
best-fit vog and rog are shown in Tables Then, as a measure of the rotational velocity of
each galaxy we evaluate vyt = v22p, /sini, where v op, is the observed velocity at 2.2 Raﬂ
according to the model fits and the factor of 1 /sini corrects for the observed inclination of
the source. 7 is measured from GALFIT modelling (see and Table . We note that
in Chapter [4 we found that our sample may be inconsistent with the expected axial ratios
b/a for late-type disc galaxies. Given that our inclination angles are estimated under the
assumption that the SMGs are thick discs, this may be introducing an additional source of

uncertainty into our velocity calculations.

'Ry is also convolved with opsr ~ 2kpc.
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RA Dec. PAkin V2.2R Oobs.

D (J2000) (J2000) ZHa Ordered? °] llem sfdl] o Sample lkms—]
1 GDS0046.0 53.1049 —27.7053 1.6142 v 1357 44+7 O 120+ 30
2 GDS0040.0 53.1311 —27.7732 2.2254 v 90+5 109+ 3 (0] 78+5
3 UDS0492.0 34.5398 —5.0334 1.2787 v 106 £5 57+13 O 88+9
4 UDS0707.0 34.7984 —5.2526 2.4367 X 50+ 30 87+9 M 280 4+ 60
5 GDS0033.0 53.0727 —27.8343 1.6155 v 144 £7 145+ 15 0] 90+4
6 AS2C0OS0048.1 150.2885 2.3819 1.5813 v 24+1 113£8 0] 34+3
7 GDS0023.0 53.1572 —27.8335 1.6177 v 30+£5 137+ 14 O 53+ 3
8 A3C0S298447  149.9483 1.7386 2.3889 v 120+£6 82+13 M 183+9
9 GDS0001.0 53.0304 —27.8558 1.5390 v 30+£5 88+8 0] 93+5
10 UDS0601.0 34.8179 —5.2796 1.4628 v 160 £8 84+7 0] 113£7
11 GDS0004.0 53.0204 —27.7799 1.9657 v 102+£5 200 £+ 50 M 140 £ 50
12 GDS0053.0 53.1989 —27.8439 1.6157 v 126 £ 18 250 4+ 20 O 111+£6
13 UDS0428.0 34.7962 —4.9427 1.6284 v 60+ 20 32+6 M 180+ 40
14 UDS0287.1 34.3653 —5.2508 2.2907 X 1387 220 4+ 20 M 220 + 50
15  GDS0035.0 53.0917 —27.7121 1.6145 v 60+ 30 180+ 40 M 191 +10
16  UDS0603.0 34.8121 —5.2893 2.5086 v 26+1 131 +£18 M 110420
17 UDS0338.0 34.0932 —5.0805 1.6612 v 5045 151 +12 M 145+ 16
18  GDS0048.0 53.1606 —27.7763 2.5453 X 129+6 240 4+ 20 M 2204+ 30
19 A3COS795018  149.5035 2.5070 1.5780 v 45+5 26+ 5 O 81+4
20  GDS0065.0 53.1315 —27.8414 1.6140 X 45+ 2 330430 M 210470
21  AS2C0OS0025.1 150.1635 2.3725 2.0859 v 60+ 20 2404100 M 176 £ 11
22 UDS0125.0 34.3633 —5.1994 2.1556 v 130 £6 195+ 16 (0] 84+8
23 GDS0031.0 53.0774 —27.8596 2.0360 v 40+17 164 £8 M 160 + 30
24  AS2C0S0275.2 149.9517 1.7440 1.6334 v 120+ 30 100 £ 60 M 187+ 14
25  UDSO0115.0 34.5119 —5.0086 2.0335 v 68+5 156 £ 11 M 270 4+ 60
26 GDS0047.0 53.1635 —27.8906 2.3237 v 140 £ 50 172+9 0] 56+ 5
27 GDS0020.0 53.1983 —27.7479 1.9236 X 86+£5 62+6 M 113+11
28 UDS0199.0 34.8455 —5.2497 2.5553 X 100£5 250 4+ 20 M 290 4+ 60
29  GDS0071.0 53.0568 —27.7984 1.7313 v 118+6 160+9 M 124 +13
30 UDS0445.0 34.4759 —5.0255 2.2922 v 42+ 2 280 4+ 30 O 191 +10
31  UDS0097.0 34.8680 —5.2059 2.5928 v 59+5 73+7 0] 57+10
32  UDS0292.0 34.3226 —5.2301 2.1829 v 170 £8 85+ 16 (0] 52+ 6
33 UDS0333.0 34.5285 —4.9882 1.2773 X 26+5 28+ 3 M 110+£40
34 AS2COS0003.4 150.2369 2.3358 2.4991 X 119+ 17 260 4+ 20 M 290 4+ 40
35 UDS0564.1 34.7234 —4.9923 1.6929 v 130+40 3024+19 0] 5147
36 AS2C0OS0083.1 149.9157 1.7868 2.4987 v 80+5 26 + 2 0] 39+2

Table 5.1: Properties of the resolved KAOSS sample. Sources are ordered by descending S/N
of the integrated Ha detection, with the rank shown in the leftmost column, corresponding
to the numbered velocity fields in Fig. “Sample” indicates how the velocity dispersion
was measured: “O” meaning outskirts and “M” meaning median (see for more details.
The median fractional error on the redshifts is 0.0002 or 60 kms~! (see Chapter .
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i Urot o0 Vcire Voft Toff
D ] kms™']  [kms] Vor/00 eme=] [ems—]  [kpd]
Ordered
GDS0046.0 124+17 136 4+ 20 1204+ 30 1.1+0.3 220+ 30 76 2.04
GDS0040.0 58+ 4 141+4 75+4 1.88+0.13 17745 36 —0.73
UDS0492.0 52+5 82+ 16 87+9 0.9+0.2 148 +14 47 4.38
GDS0033.0 36+9 260 £ 30 86+4 3.0+0.3 290 £ 30 —74 —3.74
AS2C0S0048.1 4247 178 £ 14 32+3 5.5+£0.7 184+ 14 -3 —0.05
GDS0023.0 60t4 164 £ 16 52+3 3.2+0.3 180+ 14 100 2.86
A3C0S298447 61+t4 100 £ 14 116 6 0.86+£0.12 193+9 —20 —0.26
GDS0001.0 20+13 270 £ 50 90+4 3.0+0.6 300 £40 -1 —2.09
UDS0601.0 40+ 8 138 £12 109+6 1.274+0.14 207+10 —42 —2.99
GDS0004.0 54+5 260 £ 60 0+7 3.7+0.9 270+ 50 175 0.06
GDS0053.0 58 +4 310+ 30 102+£5 3.0£0.3 340 £ 20 —183 —5.33
UDS0428.0 78 +2 34+6 140 £ 30 0.24£+0.07 200440 —41 —3.61
GDS0035.0 73+3 190 £ 50 121+6 1.6£0.4 260 £40 —188 —0.39
UDS0603.0 66+ 3 153+19 87+16 1.8£04 200+ 20 —116 —4.08
UDS0338.0 45+6 224 +19 92+10 2.4+0.3 259+ 17 87 3.27
A3C0OS795018 30+11 57+11 81+4 0.69+0.13 12845 —12 —1.38
AS2C0OS0025.1 52+5 3204+90 89+5 4+1 340 £ 80 168 4.43
UDS0125.0 46+6 280 £ 20 8T 3.6+0.4 300 £ 20 —70 —1.99
GDS0031.0 55+5 210£10 81+15 2.6+0.5 239+13 13 —0.17
AS2C0OS0275.2 48+ 6 150 +40 118 +9 1.3£04 230+ 30 7 2.68
UDS0115.0 74+ 3 167 +12 170440 1.04+£0.2 300 £ 50 —8 —0.11
GDS0047.0 56 +4 222+11 51+4 4.34+0.4 233 +11 —38 —1.60
GDS0071.0 57+4 199 +12 637 3.2+04 21811 140 0.93
UDS0445.0 57+4 350 £40 176 +£9 2.0+0.2 430+ 30 —-71 0.30
UDS0097.0 66 +3 8147 52+9 1.6£0.3 110+10 141 0.76
UDS0292.0 14415 270+ 50 521+ 6 5+1 280 4+ 50 —29 —1.84
UDS0564.1 82+3 311+19 47+ 7 7T+1 318 £18 183 4.39
AS2C0OS0083.1 67+3 2942 39+£2 0.75+0.05 62.0+1.0 —192 0.56
Disordered
UDS0707.0 130 4+40 220 £ 50 0.6+0.2 340 £ 60
UDS0287.1 4347 330+ 30 140 + 30 2.44+0.6 390 £ 40
GDS0048.0 50£5 350+ 30 109+ 13 3.2+0.5 380+ 30
GDS0065.0 50+5 440 440 108 +£10 4.1£0.6 460 £ 40
GDS0020.0 4746 90+£8 87+8 1.03+£0.13 153+11
UDS0199.0 4945 340 £ 30 150+ 30 2.3+0.5 400 440
UDS0333.0 4746 4144 54+5 0.76 £0.10 87T+7
AS2C0OS0003.4 52+5 340 £ 30 230+ 30 1.5+£0.2 470440

Table 5.2: Kinematic properties of the KAOSS sample. Sources are ordered by their inte-
grated Ha signal-to-noise ratio, and we also separate the ordered and disordered subsets. The
latter have less robust velocity measurements due to their less regular rotation curves, and
so we use Av as a proxy for voap, (see . For sources where we have identified the
kinematic position angle PAy;, by eye we set a nominal uncertainty of 10°.
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D Oeft Mparyon Mayn Mhalo
[kms™] [10™ M) [10™ M) [10'2 M)
Ordered
GDS0046.0 410430 1.4+0.2 2.6+0.2 160 + 50
GDS0040.0 125+4 2.1+0.3 0.58 £0.03 3.0+0.8
UDS0492.0 129+ 10 0.49+£0.07 0.58 £0.04 6+2
GDS0033.0 204+ 19 3.44+0.6 2.0+0.3 1244
AS2C0S0048.1 149+9 3+2 0.85+0.11 4+1
GDS0023.0 127410 1.1+£0.2 1.056+0.14 2.4+0.8
A3C0S298447 136 +6 1.6+£0.2 1.37+0.07 6+2
GDS0001.0 210+ 30 2.94+0.6 1.6+£0.4 13+6
UDS0601.0 1478 2.0+0.3 1.76 £0.11 ==
GDS0004.0 190 4+ 40 3.84+0.3 2.1+0.6 945
GDS0053.0 240 £ 17 2.61+0.4 3.84+0.5 2046
UDS0428.0 140+ 30 1.1+0.2 3.4+04 946
GDS0035.0 180 4+ 20 1.9+0.3 3.44+0.5 1245
UDS0603.0 138+ 15 1.5+0.3 0.99+0.12 442
UDS0338.0 183+ 13 1.5+0.5 1.794+0.19 9+3
A3C0OS795018 91+4 0.83+0.16 0.61+0.03 1.8+£04
AS2C0OS0025.1 240 + 60 1.3+£0.3 2.5+1.0 19+15
UDS0125.0 21115 442 3.1+04 1244
GDS0031.0 169+ 10 2.440.3 1.61+0.16 ==
AS2C0S0275.2 159 420 1.5+£0.3 1.21+0.14 9+3
UDS0115.0 210+ 30 2.3+04 5440.7 25416
GDS0047.0 165+ 8 0.8+0.3 0.90£0.10 5+1
GDS0071.0 15448 1.1+0.2 1.344+0.13 441
UDS0445.0 300 £ 20 1.7+£0.4 5.14+0.5 55+ 17
UDS0097.0 T8+T7 1.4+0.3 0.80£+0.08 0.7+0.3
UDS0292.0 200 £ 30 2.84+0.4 1.1£0.3 9+5
UDS0564.1 225+ 13 0.81+0.19 3.44+0.5 13+4
AS2C0OS0083.1 43.9+0.7 1.8+0.3 0.387+0.014 0.154+0.03
Disordered
UDS0707.0 380 + 30 12+2 0.195+0.015 150 + 50
UDS0287.1 270 £ 30 0.46 +0.08 0.36 = 0.05 35116
GDS0048.0 270 £ 20 0.28 £0.05 1.8+0.2 28 +10
GDS0065.0 330 £ 30 3.0+0.5 7T+1 50417
GDS0020.0 108+ 7 1.0+£0.3 0.86 +0.06 2.7+0.9
UDS0199.0 280 + 30 3.7+0.6 7.7+1.0 40116
UDS0333.0 61+4 1.9+0.3 0.244+0.014 0.47+0.16
AS2C0OS0003.4 330+ 30 3.3+0.4 12+1 90 440

Table 5.3: Further properties of the KAOSS sample. o is the effective linewidth if all of
the SMG kinetic energy was translated into turbulent motions (see . Myparyon is the
combined mass of the gas and stellar components and Mgy, is the entire matter content
estimated within 2R.. My, is the estimated mass of the halo in which the SMG resides.
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Figure 5.8: Ha rotation curves (left) and velocity dispersion profiles (right) for the resolved
KAOSS sample. Sources are ordered by the S/N of the Ha emission line as in Figs. 5.4
and we colour code sources in the ordered subset in red and those in the disordered subset
in yellow. For the same sources, the solid black lines indicate Freeman disc model fits to the
data, the vertical dashed lines indicate £ 2.2 times the disc radius (thin) and £ 2.2 times the
disc radius convolved with opgp (thick), the latter at which we measure the velocity, and
the cross indicates the original source centroid. Points that are plotted as open circles are
masked in the fitting procedure. For the dispersion profiles we indicate the observed sigma,
oobs (horizontal black solid line), along with the method used to measure it (top right),
and the beam smearing-corrected intrinsic velocity dispersion (horizontal black dashed line).
We also indicate the method used to centre the velocity field in the top right corner of the
dispersion profile panels.
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Figure 5.9: Fig. continued.
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The offsets rog and v.g are plotted as crosses in Figs. In some cases the velocity
offsets are as large as |vog| >100kms~! and the spatial offsets can be over |rog| >4kpe. As
we take the redshift measured from the integrated emission in Chapter [4] this suggests that
there are significant asymmetries in the Ha intensity which may be an indicator of turbulent
structure in our sample. A similar argument can be made for the spatial offsets, as the initial
centres are in most cases derived from the rest-frame optical continuum emission. For the
28 sources in the ordered subset we inspect the histograms of both 7. and vog (not shown),
finding them to be consistent with Gaussian distributions with widths of 100 kms~! and 0.3”

(~2.5kpc) respectively.

For the eight sources in the disordered subset we calculate as an alternative measure of the

rotational velocity:
A Av __ Umax — Umin
rot —

v (5.4.2)

2sini  2sini
where vy and vpax are the minimum and maximum velocities of the rotation curve, respec-
tively. For these eight sources we find a median v, of 230 60 kms~! compared to a median
Urot Of 130 £20kms™! for the ordered subset. In all plots that follow where vy is used we
plot these eight sources as open symbols, to highlight values that are less robust than those

measured from rotation curve fits.

We note that as some of the derived inclination angles are apparently small (< 20°), we set a
minimum inclination of ¢ = 20° to avoid significant extrapolations (given the simple models we
are adopting). This only affects two sources, GDS0046.0 and UDS0292.0, that have GALFIT-
derived inclinations of ¢ =12° & 17° and i = 14° £ 15° respectively. Both are consistent with
our chosen minimum inclination (20°) within their large uncertainties. Additionally, the axis
ratio measured from GALFIT for UDS0707.0 is less than (b/a)o (for which we adopted a value
of 0.2, see , resulting in an unphysical inclination angle, and we also set a minimum

inclination of 7 =20° for this source.

After applying inclination corrections we derive median rotational velocities of
Vrot = 190 +20km s~ for the ordered subset and v,o; = 330 + 60 km s~! for the disordered sub-
set. For context, the z ~ 1.5 KGES sample has a median velocity at 2.2 times the disc radius
(2.2 Ry) of 47+ 4kms~! increasing to 61 &5kms~! for inclination-corrected velocities. The
z ~1 KROSS sample has a median inclination-corrected velocity at 2.2 R4 of 105+ 4kms™?,
also lower than KAOSS. We conclude that KAOSS galaxies have much higher rotational ve-
locities than less active (and apparently lower mass) galaxies that have been observed with

KMOS. This is likely a consequence of the higher gas fractions in these sources (Chapter
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Birkin et al., |2021)), which leads to higher star-formation rates and therefore higher stellar

masses (as described by the star-forming “main sequence”. We explore this idea further in

L2

0.4.1

Comparing to other ULIRG samples, the six z ~ 2.5 sources observed by Hogan et al.| (2021)
have a median vyax =310+ 50, significantly higher than the KAOSS sample, however this
is partly reflected by the fact that vpax samples the rotation curve at its maximum value,
whereas our measure, at 2.2 times the disc radius, may not reach the maximum of the rotation
curves. |Alaghband-Zadeh et al.| (2012)) measure the quantity Vs as the maximum difference
in velocity in the velocity fields, finding an average value of Vb =330+ 80kms~!. This is
not directly comparable to our median vy, but if we were to compare against their Vs we

would find that our sources are rotating faster.

5.4.2 Observed velocity dispersions and beam smearing corrections

We now turn to measuring the velocity dispersions in our sources, which will allow us to
assess the degree of turbulent motion in SMGs. Figs. [5.8H5.12] shows velocity dispersion
profiles for the resolved KAOSS sources. We see that in most cases, particularly for sources
in the ordered subset, that the dispersion profiles rise strongly into the centre of the galaxy,

the result of beam smearing.

To measure the observed velocity dispersion, o.s, we inspect the velocity dispersion pro-
files and divide them into two groups, following Johnson et al. (2018)): where the velocity
dispersion appears to have flattened in the outskirts we measure o, as the median of the
three outer points (spanning 0.3” or ~2.5kpc) on both sides and take the lower value of the
two sides, and in all other cases we simply measure oons as the median of the profile. As
in [Johnson et al.| (2018)) we label the sources “O” and “M” (see Figs. to indicate
that the intrinsic velocity dispersion has been measured from the “outskirts” or “median”,
respectively. From the 36 resolved sources, we measure o from the outskirts in 17 cases,

and from the median in the remaining 19 cases.

Our observations with KMOS are seeing limited, with FWHMpgp ~ 0.6” (compared to a
median effective radius of R, ~0.4” for the resolved sample) and the convolution of our
observations with the seeing causes information from adjacent pixels to be combined — this
effect is referred to as “beam smearing” (e.g. |[Johnson et al., [2018). The main effects of this
are flattening of the observed rotation curve and increasing the observed velocity dispersion

(e.g. Epinat et all, 2010} Burkert et all 2016; Johnson et all 2018). To correct for beam
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smearing and estimate the intrinsic velocity dispersion oy we use the prescriptions of|Johnson
et al.| (2018), who derived correction factors from mock KMOS observations for the KROSS
survey. We adopt the median Ry of our sample from the GALFIT measurements for all sources,
R;=0.42", and use v2r, (i.e. not corrected for inclination) as an estimate of the rotational
velocity. We list the observed velocity dispersions, oops, in Table[5.I]and the intrinsic velocity

dispersions, o, in Table [5.2]

For the 19 sources in the “M” subset the median beam smearing correction is £, = 0.63 £ 0.09,
and for the 17 sources in the “O” subset the median beam smearing correction is
&> =0.961+0.02. The latter is comparable to the corrections used for KROSS by |Johnson
et al.| (2018) who find &, = 0.96f8:8§ for outskirt corrections, but they apply a much smaller
correction than we do, &, :0.8J_r8::1)) for median corrections. The two variables which affect
the beam smearing according to the model we use are the disc radius relative to the PSF
size, and the rotational velocity. From Chapter [l we see that the KAOSS sources are
marginally larger than the KROSS sources, median R, = 3.6 0.3 kpc for KAOSS compared
to median R, = 2.9ﬂ:§ kpc (Harrison et all 2017) for KROSS (both surveys have compara-
ble seeing). However, the KAOSS galaxies have much higher rotational velocities, median
Urot =1904+20kms™! compared to median v,oq =109+ 5kms™! from KROSS (Harrison
et al., 2017). Therefore the KAOSS sources experience stronger beam smearing than KROSS

due to the much larger rotational velocities of the galaxies.

We also apply beam smearing corrections to the rotation velocities, &,, following |Johnson
et al. (2018), although these corrections are generally much smaller. Our sample has a
median correction of &, =1.06 & 0.01, increasing the median v,o; by ~11kms~'. This is also
consistent with the corrections applied by |[Johnson et al.| (2018) to the KROSS sample, who
found a median &, =1.07+0.03.

We caution that our use of the beam smearing corrections from |Johnson et al. (2018) are
based on the assumption that the resolved KAOSS sources can be described by rotating
discs, which is a simplistic assumption for SMGs given that they may be kinematically more
complex as discussed earlier (see also e.g. Alaghband-Zadeh et al., 2012)). We therefore add
vectors to all figures that show quantities derived using o to illustrate how the plotted values
would change if we had applied no beam-smearing correction. The “true” intrinsic velocity
dispersions are likely to lie somewhere between no correction and the full correction. As the

corrections to vy are small (~5 %) we do not add similar vectors to plots of vyet.



5.4. Results and discussion

163

T T
KAOSS

KAOSS
® % Ordered (SF/AGN) ® % Ordered (SF/AGN)
O ¥ Disordered (SF/AGN) O Y Disordered (SF/AGN)
200 200} ]
KGES
'T' —
0 '
€ 1001 £ 100} o
o~ ~ il
~ ) -~
o & i
S bl S
it
| ,a” 1 )
50 .- ‘ 50t
-~ KGES
ol * Hogan+21 o
KDS
A G A A ; EAGLE (McAlpine+19)
10° 10! 10° 10° L L L
1 2 3 4
-1
SFR/Mgyr z

Figure 5.13: a) Intrinsic velocity dispersion o versus SFR, for the KAOSS and KGES samples,
all of which are estimated from MAGPHYS SED fitting. The KAOSS resolved sample has SFRs
that are roughly an order of magnitude higher than those of the less actively star forming
KGES sample, and we see a modest positive trend in oy with SFR (and hence that more
actively star forming galaxies are more turbulent) which is significant at 4. b) Intrinsic
velocity dispersion oy versus redshift for the resolved KAOSS sample, along with z ~ 1.5
KGES galaxies, z ~2.5 ULIRGs (Hogan et al. 2021), and z ~3.5 star-forming galaxies
(Turner et all) 2017). We also compare our sources with submillimetre-bright galaxies from
the EAGLE simulations (McAlpine et al., 2019), finding agreement with the resolved KAOSS
subset, but we find no evidence for any evolution of oy with redshift.

5.4.3 Intrinsic velocity dispersions

Intrinsic velocity dispersions provide a measure of the turbulence in galaxies, and so we
can compare our values to those measured from other galaxy populations to determine the
relative level of turbulence as a function of galaxy parameters such as star-formation rate

and redshift.

Our sample has a median oops =1204+20kms™!, and a median g =884+ 7kms™!. The

Hogan et al.| (2021) and |Alaghband-Zadeh et al.|(2012) samples have median intrinsic velocity

dispersions of o9 =100+20kms~! and oy =160+ 60kms~! respectively, both comparable
with the KAOSS sample. On the other hand the KGES sample has a median beam smearing-

corrected velocity dispersion of op =46+2kms™! (Tiley et al) 2021). Hence the dust-

obscured KAOSS sources have systematically higher intrinsic velocity dispersions, and are
therefore apparently more turbulent than the KGES galaxies. This result supports the idea

that more highly star-forming galaxies experience greater turbulence in the ISM.

To quantify this further, in Fig. [5.13|we show o versus star-formation rate, as measured from
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MAGPHYS SED fitting. The KAOSS SMGs have an order of magnitude higher star-formations
rates than the KGES sample, and we again see that KAOSS galaxies display higher velocity
dispersions, whether corrected or uncorrected for beam smearing. We fit the median KAOSS
and KGES points (with bootstrap uncertainties), finding a 40 correlation between o and

SFR, indicating a mild link between the two quantities.

Previous kinematic studies of star-forming galaxies suggest that high-redshift galaxies are
more turbulent than galaxies in the local Universe, with much higher velocity dispersions
(e.g. Forster Schreiber et al., 2009; [Wisnioski et al., 2015; lJohnson et al., 2018]). We therefore
exploit our sample, along with other literature samples, to search for a trend between velocity
dispersion and redshift. Fig. shows the beam smearing-corrected velocity dispersions of
our sample versus redshift. As a comparison with simulations we show results from [McAlpine
et al. (2019), who studied submillimetre-bright galaxies in the EAGLE simulations. We
divide the resolved KAOSS sample into two bins in redshift, with median values of z ~ 1.6
and z ~ 2.3, and the two bins have median intrinsic velocity dispersions of o9 =904 9km s
and 09 =89+ 20kms~! respectively, showing no trend across the redshift range covered by
the resolved KAOSS sample. Both medians are consistent within the uncertainties with the
EAGLE predictions (McAlpine et al., 2019), but higher than both the z ~ 1.5 KGES and
z ~ 3.5 KDS samples. We conclude from these results that our sources are likely to be more
turbulent on average than “normal” star-forming galaxies at similar redshifts, in line with
previous observational studies (e.g.|Alaghband-Zadeh et al.,|2012), but we see no evidence for

a systematic trend with redshift. Identifying such a trend robustly would require similarly

selected samples across a wide redshift range.

5.4.4 Rotational support

Having determined that KAOSS SMGs are apparently turbulent and massive sources we
now assess whether turbulence is the dominant source of motion. One of the simplest meth-
ods of doing this is to calculate the ratio of rotation velocity to intrinsic velocity dispersion
Urot /00 (e.g. [Weiner et al., 2006; |Wisnioski et al., 2015)), and if a galaxy has a much larger
rotation velocity than its velocity dispersion then it is considered to be “rotationally sup-
ported”. Alternatively a galaxy that appears to be dominated by turbulent motions may be
displaying inclination/projection effects, and/or may be supported through ongoing interac-

tions/mergers.

Before deriving vyot/0¢ we show the intrinsic velocity dispersion oy as a function of the ro-
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tational velocity wvyo for the resolved KAOSS sources in Fig. alongside galaxies from
the KGES sample and [Hogan et al. (2021)). This demonstrates the elevated rotational ve-
locities and velocity dispersions of the KAOSS sources compared to the KGES sample that
were discussed in §5.4.7] and §5.4.3] We remind the reader that we are flagging sources in

the disordered subset, for which the measurements of rotational velocity are likely to be less
robust, by open symbols. These values are likely to be biased high compared to our measured
values of vg op, from the ordered subset, as 2.2 times the disc radius (~4.5kpc) may not be

far out enough to reach the peak of the rotation curve in some cases.

For the remainder of this chapter we also flag sources which have been identified as AGN
hosts (see as stars, in order to test whether these sources are kinematically dis-
tinct from star-forming sources. We measure median vyt for the AGN and star-forming
subsamples of vyor =180 +40kms™! and vy =190 £30kms™!, when only using measure-
ments from the ordered sources. Median intrinsic velocity dispersions for the two subsamples
are 0p=97+12kms™ ! and 09 =87+ 8kms~!. Therefore, the AGN in our sample have
marginally higher rotational velocities and velocity dispersions (although still consistent

within the uncertainties in both cases).

In Fig. we show lines indicating vy0/00 =1 and 3, in accordance with the criteria de-
scribed above. Among the sources in our sample with robust v, measurements, 22 of the
28 sources (79+17%) fit the criterion for rotationally dominated sources of vyo /09 > 1.5,
dropping to 12 out of 28 (43 +12%) if we instead adopt the criterion of vyo1/009 >3. The
median value of our sample is vyot/00 =2.2+ 0.4, with medians of v.t/09=2.64+0.7 and
Urot /00 =2.01+ 0.6 for the star-forming and AGN samples respectively. This is consistent
with the KROSS sample (Stott et al., 2016), which has an average vyt /09 =2.2 £ 1.4 (where
the uncertainty is the standard deviation of the distribution), and the KGES sample which
has a median vy /09 = 1.6 £0.1. We suggest that the resolved KAOSS SMGs are likely to be

rotationally supported, yet highly turbulent systems.

Our SMGs are among the more actively star-forming systems at z ~2, with a median SFR
of 220+ 30 Mo yr—'. As such, we are interested in understanding the implications of this fact
for the kinematics of the sources, and we showed earlier in this section that KAOSS sources
appear to be more turbulent than the z ~ 1.5 “main sequence” KGES galaxies, as traced
by their Ha velocity dispersions. We are also interested in whether vy /00 varies similarly
with SFR, and we show these two quantities in Fig. [5.15] To search for a trend between
vrot /00 and SFR we bin the KAOSS and KGES sources in SFR, but we see little evidence
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Figure 5.14: a) Intrinsic velocity dispersion o( versus vy for the resolved KAOSS sample,
along with z ~ 1.5 KGES galaxies, z ~2.5 ULIRGs (Hogan et all [2021) and z ~ 3.5 KDS

galaxies (Turner et al., 2017). Star-forming/AGN sources are plotted as circles/stars, and

ordered/ disordered sources are plotted as open/closed symbols. We indicate lines of constant
Vrot /o9 =1 and 3, two commonly adopted criteria for identifying rotation-dominated galaxies.
KAOSS galaxies have higher rotational velocities and velocity dispersions than the other
samples, and 79+ 1% of the ordered sample are consistent with having rotation-dominated

motions.
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Figure 5.15: a) Ratio of rotational velocity to velocity dispersion vyo /09 versus SFR. Also
shown are z ~ 1.5 galaxies from the KGES survey, z ~ 3.5 galaxies from the KMOS Deep
Survey (Turner et al., [2017) and z ~ 4.5 DSFGs from Rizzo et al. (2021)). We fit the binned
KAOSS and KGES median points (large circles with black outline), finding a weak (2.40)
correlation between vyot /09 and SFR (black dashed line with grey uncertainty region). The
arrow shows how far the points would move down if we were to remove the beam smearing
corrections to the velocity dispersions. b) Rotational velocity vyot versus SFR for the KAOSS
and KGES samples. We measure a 4.30 correlation between vt and SFR from the fit to the
binned data (black dashed line with grey uncertainty region), which we suggest is driven by
the “main-sequence” correlation between SFR and stellar mass, leading to higher SFRs in
galaxies with greater stellar masses and therefore faster rotation velocities.
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Figure 5.16: a) Ratio of rotational velocity to velocity dispersion v,t/0¢ versus stellar mass.
We include two tracks from simulations of early-type galaxy progenitors (Lapi et al., 2018)),
with vyet/00 measured at the centrifugal size of the gas (dashed) and stellar (solid) compo-
nents. Our data is in reasonable agreement with the latter and is therefore consistent with
the predictions of vy /o for early-type progenitors. b) Ratio of rotational velocity to veloc-
ity dispersion vy /0¢ offset from the main sequence (AMS) for KAOSS and SINS sources.
The dark grey region shows the 4 0.3 dex scatter of the main sequence. We fit our binned
data (black dashed line), which shows a weak (1.30) negative correlation between the two
properties, hinting at “starburst”-like sources having more dispersion support, although there
is not enough evidence to claim this from the available data.
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for more highly star-forming sources being significantly more or less rotation dominated, and
fitting the binned points reveals a positive trend that is only marginally significant at the
2.40 level. To test the driver of this relation we study the v, versus SFR (in Fig. and
oo versus SFR (in Fig. discussed in trends. We find the v,.t+—SFR and oo—SFR
relations to have ~4.30 and ~ 40 positive correlations respectively. Therefore, we find that
rotational velocity and intrinsic velocity dispersion both increase with star-formation rate,

which effectively cancels out any significant evolution in vy /0¢ with star-formation rate.

The vot—SFR correlation likely reflects the so-called “main sequence” trend whereby galaxies
with larger stellar masses have higher star-formation rates (e.g. Brinchmann et al., 2004; |Elbaz
et al., [2007; [Noeske et al.|, [2007; [Whitaker et al.| 2012; |Schreiber et al., |2015)), and therefore
as a result of their higher stellar masses, also higher rotational velocities. In conclusion, we
have little evidence to suggest that KAOSS SMGs are more or less rotation dominated than
less active SFGs, and they may simply be scaled-up versions of such sources, which are more

massive and more turbulent.

One of the predictions from the observed “main-sequence” is that galaxies within its spread
are secularly evolving, whereas sources significantly above the main-sequence SFRs are such
because of a different mechanism driving star formation, such as mergers or interactions.
Therefore, we may expect sources above the main sequence to have lower v,o/0g. To test
this, with show vyt /00 versus AMS, i.e. the specific star-formation rate (sSFR) normalised
by the main-sequence sSFR (for a given mass and redshift). Galaxies with higher AMS are
more “starburst”-like. We adopt the |[Speagle et al.| (2014) prescription of the main sequence.
Fig. shows vy /0g versus log(AMS) for KAOSS and SINS galaxies, and we divide our
data into two bins, logio(AMS) = —0.7-0.3 and logio(AMS) =0.3-0.9, which show a very
weak (1.30) negative correlation with vy /0g. We therefore see little-to-no evidence to suggest

that the main-sequence-normalised sSFRs of our sources correlate with rotational support.

We also test for the expected main-sequence correlation between vy /0¢ and stellar mass,
which is shown in Fig. [5.16] along with KDS and KGES galaxies. We fit the binned medians
of these samples, finding a 3.8¢ positive correlation between the two quantities, suggesting
that galaxies with higher stellar masses are more rotation dominated as expected. In Fig.[5.16]
we also include theoretical predictions by [Lapi et al. (2018) for the progenitors of the local
early-type galaxy (ETG) population. These predictions include v,o /09 measured at several
different radii, and we include here only the values at the gas and stellar centrifugal sizes.

Our data are consistent with their v,o1 /09 measured at the stellar centrifugal size.
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On the whole we suggest that vy /00 is not a useful parameter to describe the kinematics of
our sources. While over 80 % of the sample is consistent with vy /0¢ > 1, these sources are
not dynamically “cold” discs — they are very turbulent, with intrinsic velocity dispersions of
oo ~90kms~!. On the other hand, they also have high rotational velocities vyt ~ 200 km s
which provide strong rotational support leading to relatively high v,ot /00 ratios. At the S/N
of our KMOS observations, the KAOSS SMGs appear to be rotation-dominated, and we find
little evidence of major mergers and or strong interactions, which have been suggested to be
the triggers of star formation in the highly star-forming SMG population, although we cannot
rule out more minor mergers and perturbations as a trigger for their activity (McAlpine et al.,

2019).

5.4.5 Tully-Fisher relation

The Tully—Fisher relation (TFR; Tully & Fisher} [1977) connects the baryonic matter content
of a galaxy to its dark matter. Our sample, which is one of the largest with estimates of
kinematic information for SMGs, allows us to probe the TFR relation for this massive galaxy
population at z ~1.5-2.5. The TFR uses the rotational velocity of the interstellar medium
as a proxy for the potential of the dark matter halo. This proxy is valid if the gas rotates in
circular orbits, however as we have shown in §5.4.3|star-forming disc galaxies at high redshift
are generally more turbulent systems than local galaxies (Wisnioski et al. 2015} |Gillman
et al., 2019), and these turbulent motions contribute to the dynamical support of the system
(see , which reduces the necessary rotational support for a stable orbit. Before studying

the TFR for KAOSS SMGs we therefore estimate the circularised velocity veire according to:

R
%MZV@mﬁJﬁ<&) (5.4.3)

where the pressure contribution to the rotational velocity is encapsulated by the o term,

and we take R =2.2 R; (Burkert et al.l 2010). Among the sources in our ordered subset we

find a median vere =229+ 16kms~1.

Fig. m shows the estimated circular velocity ey for the KAOSS resolved subset versus
their stellar masses as estimated from MAGPHYS SED fitting (see §4.2.6). We also include
similar measurements for KGES galaxies (Tiley et al., 2021) and Herschel-selected z ~2.5
ULIRGs from Hogan et al. (2021). In order to quantify the TFR for our z ~ 2 sources, we
fit to our data points the model log;(veire) = alog;y(My) + b where a and b are constant

parameters, using an orthogonal distance regression (ODR) method which takes both the
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Figure 5.17: Stellar Tully-Fisher relation (STFR): veire versus stellar mass for the KAOSS and
KGES samples, along with z ~ 2.5 ULIRGs from Hogan et al.| (2021]). We fit for the normali-
sation of the Tully-Fisher relation, fixing the slope to be a = 3.4 (Tiley et al.;[2019) and finding
a best-fit normalisation of log;o(M./Mg) = 10.03 £ 0.13 at vejre = 100 kms™!, consistent with
the value found by [Tiley et al.| (2019) for z =0 SAMI galaxies, log,o(M./Mg) =9.87+0.04,
indicating a close link between the growth of stellar mass and dark matter from z ~2 to
z ~0.

errors in M, and veire into account. Following [Tiley et al.| (2019) we measure the value of

log;o(Ms) at veire = 100 kms ™!, finding a value of log;, (M./Mg) 0=10.03+0.13 from

v2.2=10

the fit to our data. This is consistent with the values measured by [Tiley et al. (2019)) for

both the z ~1 KROSS and z ~0 SAMI samples, indicating that the stellar mass and dark

matter components in galaxies grow at similar rates from z ~ 2 to the present day.

5.4.6 Dynamical masses

Another important quantity which is not yet well-measured for many SMGs is the dynamical
mass, i.e. the total matter content contributing to the motions of the galaxy. The kinematic
information from our sample provides a diagnostic of the total matter content within the
galaxies, and we estimate dynamical masses within twice the effective radius, 2R, (which is

typically ~ 7kpc) for our sample according to:

Magn(< 2R,) = =92 (5.4.4)
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Figure 5.18: a) Dynamical masses of the resolved KAOSS sample, estimated from the Ha
kinematics, plotted against stellar masses. Velocity dispersions are not corrected for beam
smearing. Plotted as a comparison are z ~ 1.5 KGES galaxies (Tiley et al 2021)), z ~2 SINS
galaxies (Forster Schreiber et all 2009) and z ~2.5 ULIRGs from [Hogan et al/| (2021)). b)
The same as a) except here we plot vcir. against baryonic mass, adding a gas component to
the stellar mass by converting the MAGPHYS dust masses to gas masses using a gas-to-dust
ratio of dgq; =65 (Birkin et al., 2021)).

following [Burkert et al. (2010]), where vy is calculated using Eq. with R =2R,.. As

we have shown, our SMGs appear to be rotationally supported, but turbulence is still a
significant contributor to their support, and therefore we must include the g term in veirc.
In Fig. we show the dynamical mass estimates for our sample plotted against their stellar
masses M,. For sources in the KAOSS resolved sample with robust velocity measurements
the median dynamical mass is Mqyn = (2.0£0.5) x 10 M, for the star-forming sample and
Maygn =(0.9£0.3) x 10" Mg for the AGN sample. The median M, /Mgy, ratios for the two
samples are 0.9 £0.2 and 0.8 + 0.4, respectively. This would indicate that there is very little

dark matter within R~ 7kpc for our sources.

We also show in Fig. .18 the KAOSS dynamical masses versus baryonic masses derived
according to:

Mbaryon - M* + 6gderust, (545)

where dyq, is the gas-to-dust ratio (see §3.3.5|) for which we adopt a value of 65, using the fit
of Birkin et al.| (2021)) at z ~2 (see Chapter . We also note here that adopting g4, = 65 to

derive the molecular gas mass Mg,s results in a gas fraction jigas = Mgas/M, ~ 0.3, which is

consistent with the predictions of Birkin et al.| (2021)) at z ~2 (see Fig. [3.6). Dynamical and

baryonic masses are tabulated in Table In the star-forming sample and AGN samples
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Figure 5.19: CO(2-1) and Ha line profiles of GDS0001.0 and UDS0492.0. The spectra are
continuum subtracted and normalised to the peak flux of the Ha line. In both cases the Ha
line is marginally broader than the CO(2-1), while the Ha emission in UDS0492.0 (which
displays several AGN features; see displays a broad component not seen in the CO(2—
1) emission.

respectively we calculate median Mparyon/Mdyn ratios of 1.14+0.2 and 1.7+ 0.6, consistent
with no dark matter content in these sources R~ 7kpc, or potentially suggesting that the

bulk of the gas is not located within this radius.

5.4.7 Comparison of CO and Ha line profiles

We briefly compare the kinematic information from Ha to that obtained from molecular gas
to understand different tracers. To date, few studies have combined resolved observations
of both CO and Ha (but see e.g. |Chen et al, 2017)), and unfortunately there is currently
little overlap between the CO sample studied in Chapters [2| and [3] and the KAOSS sample.
However, two sources in our KAOSS resolved sample are covered as part of the CO survey:
GDS0001.0 (also known as ALESS017.1) at zp, =1.5393 and AS2UDS0492.0 (for which we
identified a companion source in the KMOS IFU) at zp, =1.2785. In Figs. we overlay
the CO(2-1) and He line profiles of ALESS017.1 and AS2UDS0492.0 respectively.

For ALESS017.1 we find linewidths (FWHM) of 2304+ 50kms~! for the CO(2-1) (Birkin
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et al., |2021) compared to 360 + 40 kms~! for the Ha. For AS2UDS0492.0 we find a FWHM of
170 £ 50 kms~! for the CO(2-1) (Chapter [3} Birkin et al.|[2021) compared to 280 + 50 km s~
for the Ha. Hence in both cases we find the velocity dispersion to be greater in the molecular
gas component than in the ionised gas. In the latter case of AS2UDS0492.0, however, the
Ha emission displays a broad component not seen in the molecular emission. In §4.3.1] we
identified this source as an AGN from its spectral properties, the presence of a luminous X-
ray counterpart and its IRAC colours, and this likely indicates the broad line emission of the
AGN. We search for any velocity offset between the two components for both sources, finding
that the CO component is slightly blueshifted compared to the Ha in both cases but still in
agreement within 3 o, as found by |Chen et al.| (2017)) for the z =2.12 SMG ALESS067.1.

Finally, we attempt to use independent dynamical mass estimates from the spatially resolved

Ha and the integrated CO to constrain the CO-Hs conversion factor aco for these sources.

M, + aCOL/(jo o Reveire

. o (5.4.6)

Mdyn =

2

where L is the CO(1-0) line luminosity in Kkm ™! pc™2 and fpy is the dark matter fraction.

ALESS017.1 has a stellar mass M,=18x 10" My and a CO(1-0) luminosity of

co =02x 10" Kkms~!'pc™2, with a dynamical mass from KAOSS of Mayn(R <
2R.) =1.6 x 101! M. Therefore the dynamical and stellar mass estimates are inconsistent
with all of the stellar mass being within 2R.. If we instead take the 1o lower limit on the
stellar mass of M, =9.8 x 1019 M, and a dark matter fraction of fpy =0.15 this gives an
upper limit on the CO-Hs conversion factor of aco < 1.9, or in the extreme case of no dark

matter, aco < 3.1.

AS2UDS0492.0 has M, =2 x 10'°Mg and L{; =3 x 10" Kkms™! pc™2. From KAOSS it
has a dynamical mass of Mgy (R < 2R.) =3 x 10'° M, again inconsistent with all of the
stellar mass being within 2R.. As before, taking the 1o lower limit on the stellar mass,
M, =1.5x10'° Mg, a dark matter fraction of fpy =0.15 yields aco ~0.3, or aco ~ 0.4 if
no dark matter is present. Therefore ALESS017.1 is consistent with the “starburst” value
of aco ~ 1, in agreement with Chapter |3| (Birkin et al. 2021]), whereas the dynamical mass
of AS2UDS0492.0 indicates a lower aco. This could reflect the fact that AS2UDS0492.0 is
likely AGN dominated, or it could simply suggest that there is significant scatter of aco in
SMGs. Of course, the sample of two sources we use here is too small to draw any robust
conclusions, and highlights the need for high-quality CO and kinematic measurements of the

same sources.
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5.4.8 Descendants of SMGs

SMGs have been suggested to be connected with the progenitors of local massive and compact
early-type galaxies (e.g. |[Lilly et al., [1999; Simpson et al., [2014; |Toft et al., [2014)), potentially
by evolving through an obscured, and then an unobscured QSO phase (e.g. [Sanders et al.,
1988; Blain et al.l |2002; Swinbank et al., 2006; [Hopkins et al., 2008). |Simpson et al.| (2014)
showed that SMGs descendants at z~0 would have stellar masses that are comparable to
massive early-types (see also |Dudzeviciute et al.|[2020), while Hodge et al.| (2016)) found that
the gas surface densities and implied effective radii of ALESS SMGs are consistent with the
high-mass end of compact massive early-type galaxies. In Chapter [3] we compared SMGs
with a sample of early-types in the Coma cluster (Shetty et al., 2020)) in the Mparyon—0 and
Age—o plane, finding the two populations to be consistent. However, as discussed in
the o used in that Chapter were estimated from the CO linewidths which we were unable to

correct for inclination, due to the low spatial resolution of our dataf]

With our spatially resolved KMOS observations of SMGs we have been able to measure
inclination-corrected rotational and circularised velocities (see §5.4.1)). We can now estimate
oo as (Binney & Tremaine, [2008)):

et = U\/ﬁ (5.4.7)

to provide a more robust metric for comparing with the Coma cluster sample, and these

values are presented in Table Fig. [5.20]shows g plotted against Mparyon for the KAOSS

resolved subset, along with the CO-detected sources from Chapter [3| and Coma early-type
galaxies from [Shetty et al.| (2020). We divide our sample into two bins in Mparyon and plot
the median o, with bootstrap uncertainties in these two bins, and we see that these bins are
consistent with those of the CO sample within the 1o uncertainties, and appear to closely
match the Coma early-types. The scatter among the KAOSS resolved sample is larger than
that of the Coma early-types, and roughly comparable to that of the CO sample, which are
not inclination corrected, however a lot of this scatter is driven by AGN and sources in the
disordered subset. We conclude that our spatially resolved observations with KMOS suggest
that z ~2 SMGs are dynamically consistent with them being the progenitors of massive and

compact early-type galaxies in the local Universe.

#We note here that o in this context is the effective linewidth if all the kinetic energy of the galaxy was
transformed from rotation-dominated to dispersion-dominated motion. To avoid confusion, from here on in
this section we refer to o as ges.
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Figure 5.20: The Mparyon—0 relation for KAOSS SMGs and CO-detected SMGs from (Chap-
ter 3} Birkin et al.l 2021)), along with early-type galaxies from the Coma cluster (Shetty]
et al 2020). For KAOSS sources Mparyon is estimated as the sum of the MAGPHYS-derived
stellar and dust masses, with the latter multiplied by a gas-to-dust ratio of 65

2021). We estimate oeg as v./v/2 (Binney & Tremaine, 2008), and find our sources to have

comparable estimated velocity dispersions to the early-types in Coma, which suggests they

may plausibly be the descendant population of such sources.



5.4. Results and discussion 177

1014 - . . — . . —
r1.5<z<25 /7
[ s
1013} -
° r
=
~
o
o
o~
=
1012 -
/’ - All galaxies
SMGs
11 R4 L ) . .
10 50 100 500
Ox / kms™1

Figure 5.21: Mggg versus stellar velocity dispersion o, for star-forming EAGLE galaxies at
z ~1.5-2.5. We fit the relation in Eq. (dashed line) to determine a calibration between
rotation velocity and halo mass for our KAOSS sources.

5.4.9 Halo masses

Our kinematic measurements also enable us to estimate the masses of dark matter halos
in which our galaxies reside. This is important as the mass of halo affects the processes
with which the galaxies can be fed with cold gas for star formation. For example, in less
massive halos, discs are fuelled by cool inflows of gas that can fuel star formation, whereas in
more massive halos the infalling gas is heated by shocks preventing it from cooling to induce
star formation (Dekel & Birnboim, 2006). Therefore estimating halo masses will allow us
to determine whether the KAOSS SMGs are likely to be fuelled by cold streams, which has

implications for their potential triggering mechanisms.

The properties of submillimetre-bright galaxies in the Evolution and Assembly of GalLaxies
and their Environments (EAGLE) simulation (Schaye et al., 2015) have been studied by
McAlpine et al.| (2019). EAGLE is a suite of hydrodynamical simulations designed to study
the formation of galaxies and supermassive black holes in a standard ACDM Universe. The
simulations include the treatment of stellar and AGN feedback, and has been shown to closely
reproduce observables such as the galaxy stellar mass function and Tully-Fisher relation. We
can use results from EAGLE to predict halo masses for our SMGs given their stellar velocity

dispersions o4, which we can relate to our measured rotational velocities. To estimate halo



5.4. Results and discussion 178

masses for our sample we select galaxies in EAGLE with SFR >10Mgoyr~—! and z > 1.5~
2.5 and remove satellite galaxies, as SMGs are likely to be central galaxies based on their
high SFRs. By fitting the relation between the halo mass, My, and the stellar velocity

dispersion, o, for the EAGLE galaxies we determine the following calibration:
log(Mhpalo) = (3.32 £0.03) log(o) + (5.17 £ 0.07) (2 = 1.5 —2.5, 2995 galaxies), (5.4.8)

from 2995 galaxies at z ~ 1.5-2.5. The data are well fit by this model, as shown in Fig. [5.21]
We also highlight galaxies with Sg7g > 1mJy, i.e. SMGs. Finally, to estimate halo masses
from our circularised velocities we adopt veire = 1.33 0, following [Serra et al. (2016]), which
relates the stellar velocity dispersion to veire. It should be noted that this relation was derived
using HI velocities measured at 6 R, in early-type galaxies, i.e. using a different tracer and
further out from the centre of the galaxy compared to our measurements. This is a crude
approximation, but for the purposes of this analysis we do not expect this to be the dominant

source of uncertainty, and hence to affect the qualitative conclusions of this section.

The resultant halo masses are tabulated in Table and we plot them as a function of
redshift in Fig. [5.22] The boundaries divide the parameter space into the regions labelled
“cold”, where galaxies are being fed by cold streams, “hot” where shock heating suppresses
star formation and “cold in hot”, where cold streams can still appear despite shock heating,
according to the |[Dekel & Birnboim| (2006) model of the thermal properties of gas flows
onto galaxies. For the star-forming and AGN samples respectively we derive median halo
masses of Mpao = (942) x102 Mg and Myao = (94 3) x10'2 Mg, respectively. Therefore
the star formation-dominated and AGN-dominated sources reside in dark matter halos with
masses that are consistent within their 1-0 uncertainties. We see a large scatter in our
sample in Fig. [5.22] with most sources occupying the region of the parameter space above the
boundary indicating shock heating of some sort, which may be caused by a combination of

AGN feedback, a two-phase IGM or dynamical friction feedback (Dekel & Birnboim), 2006)).

We also show in Fig. halo masses estimated for AS2UDS SMGs by |Stach et al.| (2021)
using a clustering analysis, in redshift bins of z =1.5-2.0, z =2.0-2.5 and z =2.5-3.0. While
our data do not cover the latter bin, our median values are consistent with the first two bins
within the 1o uncertainties. Both our binned data and the [Stach et al.|(2021) measurements
are consistent with the predictions of [McAlpine et al.| (2019) for submillimetre-bright EAGLE
galaxies shown in Fig. 5:22] We conclude that KAOSS SMGs reside in halos of masses of

~ 10" M, that are at least partially filled with hot gas. For the z ~2 sources in our sample
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Figure 5.22: Halo mass versus redshift for our resolved KAOSS SMGs. We estimate halo
masses for the KAOSS sample by comparing the rotational velocities and velocity dispersions
with those of star-forming galaxies in the EAGLE simulations (McAlpine et al. 2019). Also
shown are halo masses estimated by |Stach et al. (2021) based on a clustering analysis of
AS2UDS SMGs. According to the Dekel & Birnboim! (2006) model the majority of our galax-
ies would reside in halos experiencing shock heating which should suppress star formation,
and given the high SFRs we suggest this model does not well describe the SMG population.

the implied halo masses suggest that cold streams may still be able to fuel star formation,
according to the models of (Dekel & Birnboim, [2006]). However for the low-redshift end of
our sample these models suggest that cold streams cannot fuel sources in such massive halos,
which may suggest that another triggering mechanism is dominant at z ~ 2, e.g. mergers and

interactions (e.g. |Alaghband-Zadeh et al. 2012; (Chen et al., 2017)).

5.5 Conclusions

In this chapter we have presented results from a subset of sources in the ongoing
KMOS+ALMA Observations of Submillimetre Sources (KAOSS) Large Programme. We
have measured Ha velocity fields and extracted rotation curves for 36 SMGs in the COS-
MOS, UDS and GOODS-S fields, allowing us to derive rotational velocities and dynamical
masses as well as vy0t /00 ratios to test the level of rotational support in the SMG population.

Our main results are as follows:

e We are able to measure robust rotational velocities for a subsample of 28 out the 36
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resolved KAOSS sources from Freeman disc model fitting, which we label the ordered
subset. For this sample we measure a median inclination-corrected velocity at 2.2
times the disc radius of vyoy =190+ 20kms~!. The star-forming and AGN samples,
as classified in Chapter [@ have velocities that are on average consistent within their

uncertainties, vyor =190+ 30kms~! and v,o; = 180 £40km s ! respectively.

e The remaining eight sources are labelled the disordered subset. These sources have
lower integrated signal-to-noise ratios, median S/Ny, =12+3 and S/Np, =18+2
respectively, which is potentially a driver of the lower-quality velocity maps. This
could also be linked to higher dust extinctions, although we find only weak evidence of
this in our sample, with median Ay =2.4+0.4 and Ay =2.09 4 0.15 for the disordered

and ordered subsets, respectively.

e We measure observed velocity dispersions, and applying the beam smearing correc-
tions from |Johnson et al. (2018) we derive intrinsic velocity dispersions, og. The
KAOSS resolved sample has a median o9 =87 +5kms™! for the ordered subset and
0o =120+ 30km s~ for the disordered subset, significantly higher than the samples of
less actively star-forming galaxies to which we compare. This indicates high levels of

turbulence in SMGs.

o The median ratio of rotational velocity to intrinsic velocity dispersion wyo/0g is
Urot /00 =2.21+0.5 for the ordered subset and vyot/09 =1.94+0.6 for the disordered
subset. We use this information with the above conclusions to suggest that KAOSS

SMGs are highly turbulent, yet rotationally supported, star-forming galaxies.

e Our sources follow a trend between stellar mass M, and rotational velocity vyt
(the Tully-Fisher relation), and we find a best-fit zeropoint at v,y =100kms™?
of logio(M./Mg) =10.03+£0.13, at a fixed slope of 3.4, which is consistent
with the normalisation measured by Tiley et al.| (2019) for z=0 SAMI galaxies,
log,o(M./Mg) =9.87+0.04, at the same velocity. This suggests that dark matter

and stellar mass growth are closely linked between z ~ 2 and the present day.

e Only considering the ordered sample, the KAOSS SMGs have a median dynamical mass
within 2R, (~ 7Tkpc) of Mgy, = (1.540.3) x 10! M, and a median stellar-to-dynamical
mass ratio of M,/ Mgyn=0.88 £ 0.15. Within the same radius the median baryonic-to-
dynamical mass ratio is Mpar/Mayn=1.21£0.19, and we suggest the KAOSS SMGs
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Property Description Equation
Av Difference between the minimum and maximum velocities Umax — Umin
V2.9R, Observed velocity measured at 2.2 times the disc radius Ry
Urot Inclination- and beam smearing-corrected velocity measured at 2.2 Ry U2.9R,/Sini X &,
. . . . 2 2 R
Veire Circularised rotation velocity vy og, 20§ I
d
Oobs Observed velocity dispersion
09 Intrinsic (beam smearing-corrected) velocity dispersion Oobs X &o
Oeoff Effective velocity dispersion if all energy converted to rotation Veire/ V2
O Stellar velocity dispersion (from EAGLE) Veire/ 1.33

Table 5.4: Glossary of dynamical measurements used in this chapter. The disc radius Ry is
related to the effective radius R, of an n =1 Sérsic profile by Ry =0.59 R.. 7 is the observed
inclination angle of the galaxy. &, and &, are the beam smearing corections to the velocity
dispersion and rotational velocity, respectively.

have low dark matter fractions, or that the majority of the gas is located outside of

2R..

e By applying calibrations determined from submillimetre-bright galaxies in the EA-
GLE simulations we determine halo masses for our sources, finding a median
Mhpalo = (8.64+1.3) x 102 M. Based on the redshifts and halo masses of our sam-
ple we infer that most sources are located in halos that are shock heated, whereas a

small number are potentially being fed by cold streams.

Summary of dynamical quantities

In this chapter we derive and use a variety of dynamical measurements, including several
different measures of rotational velocity and velocity dispersion. We have tried to be as clear
as possible in the main body of the text when distinguishing these properties, but in Table[5.4]

we detail all of them for further clarity:



CHAPTER 6

Conclusions and future work

6.1 Summary of the presented work

This thesis has presented a study of the gas properties of submillimetre galaxies (SMGs), a
class of dust-obscured star-forming galaxy (DSFG) at z ~1-4 with significantly higher star-
formation rates than typical galaxies. In order to further our understanding of this population
we focused first on the integrated molecular gas properties, as traced by the carbon monoxide
(CO), and went on to study spatially resolved Ha emission as a tracer of the gas kinematics.
Here we summarise the findings presented in Chapters 2-5 before discussing ongoing work
and the potential of future and upcoming instrumentation for expanding our knowledge of

this galaxy population and its place in the picture of galaxy formation and evolution.

6.1.1 Molecular gas properties of dust-obscured star-forming galaxies

In Chapter [2| we presented a 3mm survey of 61 SMGs with ALMA and NOEMA. This
includes a combination of 30 sources with existing spectroscopic redshifts and 31 sources
with only photometric redshifts, for the latter of which we utilise the wide bandwidth of
ALMA and NOEMA to perform a blind scan for CO emission. The observations yield CO
detections in 47 SMGs, 26 coming from the blind scan sample. This demonstrates the power
of ALMA and NOEMA for performing blind scans with no prior knowledge of redshift, which

reduces biases arising from the selection of sources with pre-existing redshifts. For the 20

182
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sources with ambiguous (mostly due to single line detections) line identifications we apply
a simple technique using the spectral energy distribution (SED) fitting photometric redshift
probability distribution functions (PDFs) from MAGPHYS to guide the line ID. We estimate
that at most three of the 47 (~6%) line IDs may be incorrect, and determine that this does

not affect our conclusions within their uncertainties.

Using the derived spectroscopic redshifts and 3 mm continuum constraints we updated the
existing MAGPHYS SED fits, which were previously carried out with the photometric redshift
as a free parameter, in order to obtain more precise constraints on the physical proper-
ties of the sample, reducing the fractional uncertainties by a factor of ~2-3 in the case
of dust masses and far-infrared luminosities. We derive medians for these properties of
Lir=(4.64+0.8)x 1012 Ly, M,=(2.140.4) x 10" Mg, Mgust = (1.0540.08)x 10 Mg, and
SFR =400+ 50 Mg, yr~!, which confirms that the SMGs are both massive and highly star-
forming, with significant dust masses. We also find from these results that 42 of the 47
CO-detected sources lie within the 0.6 dex spread of the main sequence at their redshifts.
Within the main-sequence paradigm this suggests that the majority of the SMGs are secu-
larly evolving systems as opposed to merger-triggered starbursts, an idea we explore further
throughout the remaining chapters. Additionally, the five sources classified as “starburst”
reside at z < 1.5, reflecting the evolution of the main sequence at higher redshifts, where

higher SFRs become more typical for the galaxy population.

Following the data reduction and analysis presented in Chapter [2] we analysed the low- to
mid-J CO'? properties of these 47 SMGs in Chapter [3| This is one of the largest samples of
CO-detected 870 pm-selected SMGs currently available, representing a more complete sample
than that of |Bothwell et al. (2013, and that one that is less biased towards low-redshift
sources. The sample has spectroscopic redshifts in the range zco ~ 1.2-4.8, with a median
of 2=2.9+£0.2, comparable with the median photometric redshift from the largest sample of
ALMA-identified SMGs, the AS2UDS sample. We identify the trend between redshift and
submillimetre flux density also seen by |Stach et al.|(2019) and [Simpson et al.| (2020)), with a
gradient of 0.07 £0.01 mJy~! that is consistent with those works. The trend is an indicator

of “downsizing” in the SMG population, whereby more massive galaxies form at earlier times.

The median gas mass of the SMG sample is Mgas = (9.1£0.7) x 10'Y M, assuming a CO-Ha
conversion factor of aco=1Mg (Kkms~!pc?)~!, and the median gas-to-stellar mass ratio
is figas ~ 0.4 at z~2.5, which we find to increase with redshift as logq(jtgas) =0.23 x (2 —

(2))—0.41. Our work therefore confirms that SMGs are highly gas-rich systems, and they
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also have a median gas depletion timescale of tgqep =210440Myr. We find the depletion
timescales to decrease modestly towards higher redshifts, as tqep o< (1 + 2)~ 41 but they do
not appear to evolve with offset from the main sequence. The latter point is in disagreement

with the suggestion that main sequence outliers have higher star-formation efficiencies.

We use the large sample size to attempt to place constraints on the CO-Hs conversion factor,
which is currently not well known for high-redshift galaxies, finding them to be consistent
with aco =1 assuming an average inclination angle of ¢ =>57°, a size of 14kpc and dark
matter fractions of 35%. With this expanded sample we also constructed a statistical CO
spectral line energy distribution (SLED) and measured line ratios from 721 up to 771 which
will reduce the uncertainty in future gas mass measurements for SMGs. The SLED also
shows that SMGs have more highly excited ISM gas than less actively star-forming galaxies,
such as the Milky Way.

As a test of the kinematics in our systems we examine the fraction of SMGs with double-
peaked emission lines (as determined by using an AIC technique). We find that 38 +9 % of
the CO lines are better fit by double-Gaussian profiles, compared to single Gaussians, and
to study this further we generate simple simulations of line profiles from spatially unresolved
rotating discs, and find the double-peaked fraction to be consistent with the value in the
CO sample. This provides circumstantial evidence that the CO kinematics of SMGs are
dominated by the motion of gas in rotating discs, and find that the Lo~ FWHM relation is

also consistent with disc kinematics.

We tested the calibration of three different gas mass tracers: the molecular CO, the atomic
carbon [C1] and the 3 mm continuum emission, finding the three to correlate well. Finally, we
use the CO linewidths and estimated stellar and gas masses for our sample to demonstrate
that the distribution of SMGs in the Myaryon—0 plane is comparable with that of the most
massive early-type galaxies in the local Universe, providing further circumstantial evidence
of a link between SMGs and the progenitors of massive early-type galaxies. We suggest that
the descendants of fast- and slow-rotators in the local Universe may correspond to SMGs

fainter than, and brighter than Sg7g ~5mJy.

6.1.2 Near-infrared spectroscopy of dust-obscured star-forming galaxies

Chapter [] presents the ongoing KAOSS survey, a Large Programme with KMOS designed
to observed 407 SMGs in the COSMOS, UDS and GOODS-S fields. We describe the target

selection and observing strategy along with the data reduction process, the latter of which is
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based on the ESOREX pipeline but has been fully tested and optimised for our sample. The
integrated line properties of a sample of 43 sources is presented along with GALFIT modelling

of the observed-frame optical /near-infrared emission and MAGPHYS SED fitting.

We find that the KAOSS SMGs experience strong dust obscuration as evidenced by their
low SFRy,/SFRiR ratios, median SFRy, /SFRig =0.011 £ 0.002. This is significantly higher
than for the less actively star-forming galaxies to which we compare, however we find no
evidence to suggest that SMGs with greater positive offset from the main sequence, which

could represent sources with different triggering mechanisms, show greater dust obscuration.

We investigate the prevalence of AGN in the sample by using four criteria, high [N11]/Ha
flux ratios, broad emission lines, the presence of a luminous X-ray counterpart and AGN-like
IRAC colours. Within the sample we place an upper limit on the AGN fraction of 53 +11 %,
finding these sources to have comparable dust obscuration and Ha luminosities with the
remaining, star-forming, sources. The star-forming KAOSS SMGs are consistent with the
Fundamental Metallicity Relation (FMR), but with around half the sample scattering above
it. We generate four composite spectra: a star-forming subset, spectral and X-ray/IRAC
AGN and an all-galaxy composite — which we place onto the BPT diagram, finding all four
subsets to be offset from the local relation, and also offset from z ~ 2.3 galaxies from the
MOSDEF survey (which are less active than KAOSS SMGs). Using theoretical models by
Kewley et al| (2001) we suggest that the KAOSS SMGs may be close to the “maximum

starburst” limit based on this offset.

Finally, we model the rest-frame optical and Ha emission as Sérsic profiles, finding the SMGs
to be consistent with a median Sérsic index of n =1, i.e. exponential disc-like light profiles.
Considering only the star-forming SMGs, the distribution of Sérsic indices is consistent with

late-type galaxies, and we find a similar result for the distribution of axial ratios b/a.

6.1.3 Spatially resolved kinematics of dust-obscured star-forming galaxies

The work in Chapter [4]is expanded upon in Chapter [5| which presents a sample of 36 SMGs
with spatially resolved Ha and/or [O111] emission, enabling the study of the kinematics in
these sources. When published this will approximately double the sample size of SMGs with
spatially resolved Ha kinematics in the literature, which is currently limited mostly to much

smaller studies.

We divide the sample into ordered and disordered subsets through a combination of visually

assessing the velocity maps and attempting to model the rotation curves as Freeman discs,
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placing 28 and eight sources into the two categories respectively. There is little evidence to
suggest that the two samples are intrinsically different, and the lower-quality velocity maps
in the disordered subset are likely a result of lower signal-to-noise in the integrated Ha flux

rather than higher turbulence or any other factor.

For the ordered sample we model the rotation curves as Freeman discs, finding a median
rotation velocity vyor =190420kms~!, much higher than those found in surveys of less-
active SFGs such as KROSS and KGES. Similarly, we find much higher intrinsic velocity
dispersions than these surveys, with a median op =87 +5kms~!. We suggest that both of
these results are driven by the higher star-formation rates in KAOSS SMGs compared to the
less-active sources, and we find a median ratio of vyt /09 =2.2 £0.5, comparable to KROSS
and KGES. From this we conclude that the spatially resolved KAOSS SMGs are turbulent,

yet rotationally supported systems.

Using the measured sizes from Chapter [4] we derive dynamical masses, finding a median
Mayn = (1.5£0.3) x 10" Mg and M, /Mgy, = 0.88 4 0.15, implying low dark matter fractions
in the sample. For two KAOSS SMGs with CO coverage from Chapters [2] and [3] we use the
dynamical masses to constrain the CO-Hs conversion factor aco, finding both to be consistent

with aco =1, as in Chapter

Finally, we exploit the EAGLE simulations to estimate halo masses for our sample, finding a
median My, = (8.6 £1.3) x 10'2 M,. We study the halo masses in the context of the Dekel
& Birnboim| (2006]) scenario for the thermal properties of gas flows onto galaxies, finding that
most of our sample would be experiencing some kind of shock heating. If the majority of our
sources were merger-driven then this could still account for the high SFRs, but we see little
evidence for this in the kinematics at our S/N, and therefore we suggest that the |Dekel &
Birnboim, (2006) model is not consistent with SMGs.

6.2 Ongoing work and future outlook

6.2.1 Completion of the KAOSS Large Programme

The KAOSS observations presented in Chapters 4| and [5] which were delayed by approxi-
mately six months due to the shutdown of VLT during the early stages of the COVID-19
pandemic, are expected to be complete by the end of 2022. This will double the current

sample size of KAOSS and allow us to draw more statistical conclusions about the nature
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of our sample. Additionally, we have targeted three selected pointings with three times the
depth of the rest of the data (15hr instead of 5hr). Once obtained, this data will enable us
to test whether the resolved sources with low-quality velocity maps are as such because of

low signal-to-noise in the data or because they are intrinsically different.

6.2.2 Kinematic studies on (sub-)kiloparsec scales

While providing a large sample of highly active SMGs, the KAOSS observations are seeing
limited, with resolutions of ~0.6” corresponding to ~5kpc. This is not a high enough
resolution to probe the scales on which physical features such as clumps and bars are predicted
by theory (Forster Schreiber et al., 2018). Indeed, while many of the spatially resolved
KAOSS SMGs appear to have smooth velocity gradients in seeing-limited conditions, this
may not be the case when resolving smaller scales. We expect to be able to address this issue
soon however, with the expected commissioning of the Enhanced Resolution Imager and
Spetrograph (ERIS) on the VLT in 2022. Thanks to adaptive optics (AO) we will be able to
use ERIS to follow up Ha-detected KAOSS sources at resolutions of ~0.1” corresponding to
physical scales of < 1kpc. Numerical simulations suggest that in a merger the star formation
efficiency is enhanced around the point of coalescence, i.e. when the two galactic nuclei
are separated by ~ 1kpc. ERIS AO-assisted observations would allow us to resolve SMGs
on these scales and thus look for separate kinematic components and thus indications of
merger activity. We will potentially also be able to begin decomposing the rotation curves
of SMGs into the stellar and gas components, in order to study dark matter fractions and
their evolution with redshift as is currently being done with the KMOS Ultra-deep Rotational
Velocity Survey (KURVS; e.g. (Gillman et al., [2022, Puglisi et al. in prep.).

Additionally, further into the future (2025 and beyond) the construction of the Extremely
Large Telescope (ELT) and the High Angular Resolution Monolithic Optical and Near-
infrared Integral field spectrograph (HARMONT; Thatte et al., 2010) will improve on current
spatial resolutions by a factor of ~5 (Zieleniewski et al. 2015)), allowing us to resolve <kpc

scales.

6.2.3 Spatially resolved molecular gas

As previously discussed, the major benefit to NIR IFU spectroscopy with KMOS is the ability
to observe multiple sources simultaneously which makes efficient use of telescope time, but

this method has a major drawback in that the Ha structures are prone to dust obscuration and
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the influence of outflows and winds. One solution is to use (sub)-millimetre interferometers
such as ALMA to spatially resolve the low- to mid-J,, CO emission which gives a more
accurate picture of the bulk of the cold gas as dust obscuration has relatively little effect on
the CO compared to the Ha. In contrast to kinematic studies of Hey, CO and [Cl1] emission
lines seem to show more disc-like structures. For example, Hodge et al. (2012) spatially
resolved the CO(2-1) emission in the z ~4.05 SMG GN20, finding a clear velocity gradient
and showing the velocity field to be consistent with a rotating disc, with maximum rotational
velocity Umax =575+ 100kms~!. Similarly, De Breuck et al| (2014) used [C11] emission to
derive a ratio of rotational velocity to velocity dispersion wvyot/0g ~ 3.1 for the z =4.7555
SMG ALESS073.1. Given that the two systems described here are both at higher redshifts
than those mentioned in correspondence with evidence for mergers, it is possible that there
are kinematic trends with redshift in the SMG population. It is therefore vital to increase
the number of SMGs with spatially resolved kinematic measurements in order to understand

any potential variations with properties such as redshift and mass within the population.

The observations we presented in Chapters [2] and [3] were mostly too low resolution to study
the kinematics of SMGs in great detail, although we were able to draw some conclusions
from the line profiles. However, several of the ALESS SMGs have ~ 1” observations, which
Amvrosiadis et al. in prep. are currently analysing, modelling the data in the uv-plane to
derive velocity fields. There is little overlap between our KAOSS sample and these ALESS
SMGs, but the molecular gas kinematics will provide a useful comparison with the results we
presented in Chapter[5l This will also provide more accurate dynamical masses than those we

estimated in Chapter [3| and therefore improved constraints on the CO-Hy conversion factor.

6.2.4 Completion of ALMA bands 1 and 2

Additionally, with the completion of ALMA band 1 receivers (expected to be available Oc-
tober 2023) accessing the Jy, =1 and 2 transitions will be possible at high resolution. This
will open up the frequency range v ~ 35-84 GHz, which means CO(1-0) can be observed
out to z ~ 2.3, providing more robust gas mass estimates and also improved constraints on
the CO SLED, which would then allow us to better calibrate low- to mid-J CO estimates.
With more accurate gas masses we would be in a position to better constrain the CO-Hs
conversion factor aco, a vital component in accurately measuring gas masses from CO ob-
servations. We intend to propose ALMA time to obtain these observations as they will be

highly complementary to the work presented in this thesis.
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6.2.5 The James Webb Space Telescope

At the time of writing, the first images from the James Webb Space Telescope have been
released. JWST is equipped with four instruments — Near Infrared Camera (NIRCam) and
Near Infrared Spectrograph (NIRSpec), an imager and spectrograph respectively operating
at A=0.6-5 pm, Mid-Infrared Instrument (MIRI), a camera and spectrograph operating at
A=5-27 um and Near Infrared Imager and Slitless Spectrograph (NIRISS), a spectrograph
operating at the same wavelength as NIRSpec but with lower resolution and a wider field of

view.

Operating at the diffraction limit, NIRSpec will provide higher-resolution data than KMOS,
out to higher redshifts. For example, at 5 um the Ha emission line can be detected out to
z ~ 6.6, improving significantly on KAOSS which is limited to detecting Ha out to z ~ 2.6
([O111] can be detected out to z ~ 3.8 but we found few strong detections of this line in Chapter
. This will also allow us to measure the AGN fraction for a greater range of redshifts and
therefore to search for any evolution over time. In IFU mode, NIRSpec will allow us to resolve
SMG kinematics out to higher redshifts, and at a much higher resolution than that of our
KAOSS data. As with ERIS we will be able to search for multiple components, and thus for

evidence of ongoing mergers in SMGs, on much smaller spatial scales.

Additionally, underpinning some of the results we have given in this thesis are the accurate
estimation of stellar masses. The COSMOS and GOODS-S fields (which contain ~ 1000
SMGs) are covered by JWST Cycle 1 GTO programs, which will provide high-resolution
stellar mass maps yielding reliable measurements for this population for the first time by
observing the 1.6 ym stellar bump, which is not currently covered with HST. This will allow
us to test and calibrate our SED fitting codes for future studies, and robustly study SMGs

in the context of the main sequence.

6.3 Final remarks

On the whole, we have provided two new and relatively large samples of submillimetre galaxies
which should form the basis of future studies. We have confirmed that SMGs are massive
galaxies when compared to less actively star-forming populations, in terms of their stellar,
gas and dynamical content, and they also appear to have higher molecular gas fractions,

which seems to be the main driver of the high SFRs in these systems. This is in agreement
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with the findings that the molecular gas mass density in galaxies appears to follow the star-
formation rate density. We found little evidence for heightened star-formation efficiencies in
the population, and from the kinematics SMGs seem to be rotationally supported systems
with high turbulence, and an apparently low proportion of the sources showed evidence of
interactions and mergers. This would support the idea that SMGs are “scaled-up” versions of
galaxies with lower SFRs. We suggest however, that the high star-formation rates could be
driven by multiple minor mergers, with smaller companion galaxies being below the detection

limits of our current surveys.

However, the samples we have used to draw this conclusion, while being a significant im-
provement on what already existed, are relatively small, making it difficult to measure trends
with e.g. redshift, SFR and stellar mass. Additionally, there is still much improvement to
be made on estimates of gas and stellar masses which underpin many of these conclusions.
The focus over the next decade will be to obtain high-quality maps of SMG dynamics at
different wavelengths. In this thesis we have expanded on the currently available sample of
spatially resolved Ha maps, but these need to be pushed to higher resolution and higher
signal-to-noise ratios. As the previous section hopefully shows, we are well placed to do this

with both current and upcoming facilities such as JWST, ALMA, ERIS and ELT.

As discussed in the introduction to this thesis, galaxy evolution is a large field, requiring stud-
ies of a variety of interconnected processes. At high redshifts, this poses numerous challenges
which can be frustrating to overcome. Twenty-five years ago, when the first submillimetre
galaxies were detected by single-dish telescopes, very little was known about their properties
and it was nearly impossible to match them with counterparts at other wavelengths. Now,
we have observed over a thousand of these sources with ALMA at 870 um, and (including
the work presented in this thesis) begun to study their kinematic properties. At the current
rate of progress the coming decade will almost certainly be fruitful for the study of SMGs,

and the wider field of galaxy evolution.
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