The Hidden Universe: Investigating the
evolution of dusty star formation and gas
consumption across cosmic time

Supervised by:

Prof. K. E. K. Coppin

Prof. J. E. Geach

Dr. M. Franco (Year 2-3)

Dr. M. P. Koprowski (Year 1)

Author:
Tracy GARRATT

Centre for Astrophysics Research
School of Physics, Astronomy and Mathematics

University of Hertfordshire

Submitted to the University of Hertfordshire in partial fulfilment of the requirements of
the degree of Doctor of Philosophy.

January 2023


http://www.herts.ac.uk/research/stri/research-areas/car
http://www.herts.ac.uk/apply/schools-of-study/physics-astronomy-and-mathematics
http://www.herts.ac.uk/

Abstract

Half a century has now passed since the first observations of the Universe at infrared wave-
lengths, revealing a population of dust-enshrouded galaxies, many of which were too faint to be
detected in the optical surveys of the time. Along with observations at ultra-violet and optical
wavelengths, these observations support a picture of a star-formation rate density, which rises
rapidly to a peak at z 2 and then declines to the present day. However, a key outstanding
question remains: what drives this evolution of the star-formation rate density? Is the peak of
the star-formation rate density driven by a larger supply of molecular gas in galaxies or because

galaxies are able to form stars more efficiency, or both?

Observations of the infrared sky also laid the ground work for the discovery of a population
of distant, highly infrared luminous galaxies detected at submillimetre wavelengths (Submil-
limetre Galaxies). Whilst we now have a good understanding of the physical properties of the
‘canonical’ z 2 submillimetre population, the study of the intrinsically rare, high-redshift,
bright-end tail of this population is far from complete. With only a few detections of bright
(Sgsomm = 15mly) submillimetre sources the single-dish number counts and the redshift dis-
tribution of this population are poorly constrained. It is also commonly accepted that bright
sources detected in single-dish submillimetre surveys are either gravitationally lensed, intrinsi-
cally bright or blends of multiple galaxies, but the relative contribution of each of these sub-
populations to the bright end of the single-dish submillimetre counts is currently unknown.
Current models struggle to reproduce the abundance and redshift distribution of the bright-end
of the submillimetre population, hampered by a lack of robust observational data. To better in-
form these models we not only need accurate submillimetre number counts and a robust redshift
distribution for the bright-end of the submillimetre population (single-dish sources with fluxes
Sgsomm = 15mly), but also a clear picture of the contribution of lensed and blended galaxies to

the over-abundance of bright submillimetre galaxies observed.

In this thesis we use data from the two largest extragalactic surveys at 850 mm with JCMT to
date; the SCUBA-2 Cosmology Legacy Survey and the SCUBA-2 Large eXtragalactic Survey,
as well as recent data from an ALMA follow-up survey of the SCUBA-2 Large eXtragalactic
Survey XMM-LSS field.

We employ a statistical approach to explore the cosmological evolution of the molecular gas
mass density (I'y,) measuring the average observed 850 mm flux density of near-infrared selected
galaxies as a function of redshift. The redshift range considered corresponds to a span where
the 850mm band probes the Rayleigh-Jeans tail of thermal dust emission in the rest-frame,
and can therefore be used as an estimate of the mass of the interstellar medium (ISM). With

a sample approximately 2 orders of magnitude larger than in previous works we significantly



reduce statistical uncertainties on ry, to z  2:5. Our measurements are in broad agreement
with recent direct estimates from blank field molecular gas surveys, finding that the epoch of
molecular gas coincides with the peak epoch of star formation with ry, 2 10’M Mpc 3
atz 2. We demonstrate that Iy, can be broadly modelled by inverting the star-formation rate
density with a fixed or weakly evolving star-formation efficiency. This “constant efficiency”
model shows a similar evolution to our statistically derived ry,, indicating that the dominant
factor driving the peak star formation history at z 2 is a larger supply of molecular gas in
galaxies rather than a significant evolution of the star-formation rate efficiency within individual

galaxies.

We use data from the SCUBA-2 Large eXtragalactic survey of the XMM-LSS field to investigate
the abundance of sources at the bright-end of the 850 mm number counts. The S2LXS XMM-
LSS survey maps an area of 9deg?, reaching a moderate depth of 1s * 4mJybeam !. This is
the largest contiguous area of extragalactic sky mapped by JCMT at 850 mm to date. The wide
area of the S2LXS XMM-LSS survey allows us to probe the ultra-bright (Sgsomm & 15mly), yet
rare submillimetre population. We present the S2LXS XMM-LSS catalogue, which comprises
40 sources detected at >5sS significance, with deboosted flux densities in the range of 7mlJy
to 48mlJy. We robustly measure the bright-end of the 850 mm number counts at flux densities
>7mly, reducing the Poisson errors by a factor 2 compared to existing measurements. The
S2LXS XMM-LSS observed number counts show the characteristic upturn at bright fluxes, ex-
pected to be motivated by local sources of submillimetre emission and high-redshift strongly
lensed galaxies. We find that the observed 850 mm number counts are best reproduced by model
predictions that include either strong lensing or source blending from a 15 arcsec beam, indi-
cating that both may make an important contribution to the observed over-abundance of bright

single-dish 850 mm selected sources.

We explore the multiplicity fraction of bright single-dish 850 mm selected sources using data
from a follow up ALMA survey of 17 single-dish detected submillimetre sources from the
S2L.XS XMM-LSS field. Our ALMA maps reach a median sensitivity of 1S = 0:11mlJy, with a
median synthesised beam size of 0:59”  0:50%. In our deep ALMA maps we detect 22 sources
at a significance of >5s, finding a multiplicity fraction of 54% at Sgsomm = 12mJy. Our initial
results suggest that source blending does not significantly contribute to the abundance of bright
sources observed in single-dish 850mm surveys. This is an unexpected result given that the
S2LXS XMM-LSS number counts are broadly reproduced by models that incorporate source

blending, and further work is required to confirm this.
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Chapter 1

Introduction

1.1 Galaxy Formation and Evolution

1.1.1 L Cold Dark Matter Model

TheL Cold Dark Matter L CDM) model (see Bull et al., 2016, for a review) underpins our
current understanding of galaxy formation and evolution (see Figure 1.1 for an illustration). The
early L CDM Universe was hot, dense and radiation-dominated, and consisted of a nearly ho-
mogeneous plasma of photons and baryons (Jones and Lambourne, 2004). In its rst moments
the Universe underwent a period of exponential expansion, termed in ation, during which mi-
croscopic quantum uctuations in the plasma were expanded to macroscopic scales (Baumann,
2012). The perturbations in the cold dark matter density grew through gravitational collapse in

over-dense regions to form dark matter “halos' (Jones and Lambourne, 2004).

As the Universe expanded it cooled, and electrons and baryons combined for the rst time to
form atoms — mostly neutral hydrogen. In this period (referred to as the “epoch of recombina-
tion") the Universe was matter-dominated. As the photon scattering rate dropped below the rate
of Hubble expansion, photons ceased to interact with electrons and the Universe became trans-
parent (Ryden, 2016). Shortly after came the epoch of the “last scattering', when typical Cosmic
Microwave Background (CMB) photons were scattered for the last time by electrons. The den-
sity uctuations that existed in the Universe at this time are imprinted on the CMB (Baumann,

2012).
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FIGURE 1.1: lllustration showing the evolution of the Universe as predicted by tl@old
Dark Matter model. Figure fromttps://lambda.gsfc.nasa.gov/education/graphic_
history/univ_evol.cfm (National Aeronautics and Space Administration, 2015).

The framework oL CDM favours a “bottom-up' model of galaxy formation (White and Rees,
1978). Following recombination baryons (in the form of gas) “fell' into the gravitational wells of
dark matter halos (Benson, 2010). Over time the gas cooled and condensed in the central regions
of these dark matter halos, eventually settling to form rotationally supported disc-like structures
(Fall and Efstathiou, 1980; Mo et al., 1998). Within these discs clumps of gas collapsed to
form stars (Somerville and Day 2015). These primeval galaxies merged, and through further
mergers over time, formed the massive galaxies we see in the local Universe today (White and

Rees, 1978; Cole et al., 2000).

1.1.2 Galaxy structure

Over the course of the $0century astronomers developed several approaches to classify ex-
ternal galaxies (e.g., Wolf, 1908; Hubble, 1926, 1936; de Vaucouleurs, 1959; Sandage, 1961,
Sandage et al., 1975). These early attempts to study the structure of galaxies relied on their
apparent visual morphology at optical wavelengths. Arguably the most well known of these

classi cation schemes is the Hubble sequence (see Figure 1.2), a morphological classi cation
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that divides galaxies into two main types; spiral and elliptical, with a further division of spiral

galaxies into those with or those without bars. (Hubble, 1926, 1936).

FIGURE 1.2: Hubble's morphological classi cation scheme for galaxies, often referred to as

"Hubble's Tuning Fork'. This gure de nes two main galaxy types; spiral and elliptical, with

a further division of spiral galaxies into those with or those without bars. Figure fitts:
/Iblog.galaxyzoo.org/2011/02/23/the-hubble-tuning-fork/ (Masters, 2011).

Around the same time as morphological classi cation schemes were being developed, astronomers
also began to correlate morphology with other physical properties, nding that in the local Uni-
verse elliptical galaxies are generally massive, red and show little evidence for current star for-
mation, whilst spiral galaxies are less massive, blue and show evidence of ongoing star formation
(e.g., Holmberg, 1958). This simplistic description of galaxy structure can often be applied in
the local Universe, where massive galaxies can generally be described as spirals or ellipticals.
However, the picture is not so straightforward in the high-redshift Universe2), where the
galaxy population is dominated by irregular and peculiar galaxies that often have a very different
structure to the galaxies we observe locally (e.g., Driver et al., 1995; Conselice et al., 2005). We
also cannot simply link the colour of galaxies to star-forming activity, because, for example, the
presence of an Active Galactic Nuclei (AGN) or dust extinction can affect the colours we ob-

serve (see Figure 1.3). Therefore, to build on our current understanding of galaxy evolution we
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must study the physical properties of galaxies (i.e., stellar mass, star formation rate, gas mass)

rather than relying on their visual morphology.

A spectral energy distribution (SED) shows the energy output of a galaxy across the electro-
magnetic spectrum. In Figure 1.3 we show template spectral energy distributions for four main
galaxy types; spiral, elliptical, AGN and starburst, to illustrate how the different components of
galaxies can affect their brightness at different wavelengths. Young stars typically emit most
of their light at ultra-violet and optical wavelengths, and so we see a peak at these wavelengths
in the spiral galaxy SED. For the starburst galaxy we also see a strong peakmam,1@@ich

is caused by dust absorbing UV light from young stars and re-emitting this in the infrared part
of the spectrum. Elliptical galaxies typically consist of old red stars, which emit most of their
light at optical and near-infrared wavelengths, and so we see a dip in the SED of the elliptical
galaxy at shorter wavelengths. We see a dip in the SEDs of typical star forming galaxies (i.e., the
Sc and starburst galaxies in Figure 1.3) between a rest frame wavelengthmof {tBe stellar
bump) and 10@m (the peak of star formation heated dust emission). In contrast AGN heated
dust typically radiates at near- and mid-infrared wavelengths, effectively Iling in this dip in the

galaxy SED (e.g., Donley et al., 2012; lvison et al., 2004).

FIGURE 1.3: Typical spectral energy distributions for four main galaxy types; spiral (Sc),
elliptical, AGN and starburst. The SED templates are taken from the SWIRE template library
(Polletta et al., 2007).
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It is common practice in astronomy to measure a galaxy's physical properties by tting spectral
energy distributions of model galaxies to data obtained from observations. Spectral energy
distribution tting can be used to estimate many fundamental galaxy properties such as star

formation rate, stellar mass, photometric redshift, dust and gas mass, and luminosity.

1.2 Far-infrared and Submillimetre Astronomy

Historically our knowledge of how galaxies form and evolve has been driven by observations
made at optical wavelengths. However, over the past 50 years, helped by the boom in in-
frared/millimetre facilities (both ground-based and in space), the study of the Universe at in-
frared/millimetre wavelengths has quickly gained momentum. The rst infrared observations
targeted a small number of known extragalactic sources revealing that some galaxies emit the
same amount of energy in the infrared as at optical wavelengths (e.g., Low and Kleinmann,
1968; Kleinmann and Low, 1970). Over the course of the following decade the scale of infrared
surveys dramatically expanded, with the rst all-sky infrared survey [iiifi@red Astronomical
Satellitemission; Neugebauer et al., 1984) detectir;000 local starburst galaxies, the major-

ity of which were too faint to be included in previous optical catalogues (Beichman et al., 1988).
In the 1990's the NASACosmic Background ExplorgBoggess et al., 1992) gave us the rst
measurements of the Cosmic Infrared Background (CIB; the integrated infrared emission from
all galaxies in the history of the Universe). These data (e.g, Puget et al., 1996; Fixsen et al.,
1998; Hauser et al., 1998), along with measurements of the CIB at mid-infrared wavelengths
(e.g., Papovich et al., 2004; Dole et al., 2006) revealed that the Extragalactic Background Light
has comparable intensities at optidal{ 8nm) and infraredl( > 8nm) wavelengths (see Fig-

ure 1.4), meaning that around half the optical and ultra-violet emission from galaxies is absorbed
by interstellar dust and re-emitted in the far-infrared (e.g., Dole et al., 2006; Hauser and Dwek,
2001).

The most luminous infrared galaxies are known as Ultra Luminous Infrared Galaxies (ULIRGS)
and Hyper Luminous Infrared Galaxies (HyLIRGs) with integrated infrared luminosities of
Lir > 102L andLr > 10'3L respectively, and star formation rates commmonly in excess
of 50M yr ! (e.g., Sanders and Mirabel, 1996; Casey et al., 2014). In these dusty star-forming
galaxies light from young, short-lived, massive stars is absorbed by the surrounding dust and

re-radiated at infrared wavelengths.
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IGURE

FIGURE 1.4: Estimates of the Cosmic Optical Background (blue-shaded) and Cosmic Infrared
Background (red-shaded), illustrating that the Extragalactic Background Light has comparable
intensities at optical and infrared wavelengths. Figure from Dole et al. (2006).

Dusty star-forming galaxies detected at submillimetre wavelengths are commonly known as
Submillimetre Galaxies (SMGs). Since the rst observations of SMGs in the late 1990's (e.g.,
Smail et al., 1997; Barger et al., 1998; Hughes et al., 1998) there has been considerable progress
in our understanding of their physical properties and cosmological signi cance in the context
of galaxy evolution (see Casey et al., 2014; Hodge and da Cunha, 2020, for detailed reviews).
We now know that SMGs selected at 8&@ are intrinsically highly infrared luminoud. >

10'2L ) with star formation rates in excess of 100t ! (e.g., Chapman et al., 2005; Magnelli

et al., 2012; Swinbank et al., 2014; Ikarashi et al., 2015; Micha owski et al., 2017; Miettinen
et al., 2017), have a number density which peakgiat 2—-3 (e.g., Chapman et al., 2005; Pope
etal., 2005; Wardlow et al., 2011; Simpson et al., 2014; Chen et al., 2016; Miettinen et al., 2017),
have high stellar masses (e.g., Swinbank et al., 2004; Hainline et al., 2011; Michalowski et al.,
2012; Da Cunha et al., 2015; Micha owski et al., 2017), are gas-rich (e.g., Frayer et al., 1998;
Greve et al., 2005; Tacconi et al., 2006; Ivison et al., 2011; Thomson et al., 2012; Bothwell et al.,
2013), often host Active Galactic Nuclei (e.g., Alexander et al., 2005; Johnson et al., 2013; Pope

etal., 2008; Wang et al., 2013), and with a volume density three orders of magnitude greater than
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that of local ULIRGS (e.g., Smail et al., 1997; Chapman et al., 2005) contribute approximately
20% of the total star formation rate density over a redshift range 1 to 4 (e.g., Casey et al., 2013;
Swinbank et al., 2014). These properties make SMGs excellent candidates for the progenitor

population of massive elliptical galaxies seen in the local Universe today.

SMGs are observed to have (on average) higher star formation rates than local ULIRGs/HyLIRGs
(e.g., Sanders and Mirabel, 1996; Casey et al., 2014; Swinbank et al., 2014; Micha owski et al.,
2017), and so are sometimes considered to be “scaled-up' versions of these local infrared-
luminous galaxies (e.g., Swinbank et al., 2014). However, when placed in the context of the
star-forming main-sequence (the tight correlation between star formation rate and stellar mass
for star forming galaxies at a given redshift, e.g., Daddi et al., 2007), this picture of SMGs as “ex-
treme' ULIRGs/HYLIRGs is challenged. Equation 1.1 de nes the main sequence with respect
to the age of the Universe, wherés the age of the Universe in Gyr, SFR is the star formation

rate in M yr 1 and M is stellar mass in units of M(Speagle et al., 2014).

log(SFR=(0:84 0:026 t) log(M) (651 0:11 t) (1.1)

In Figure 1.5 we show the star-forming main sequence from Speagle et al. (2014) corresponding
to redshifts at the mid-point of four redshift birs< 0:25,z= 1:25,z= 2:75 andz= 4:25). We

also show a factor of 3 offset above and below this main sequence to highlight any outliers. We
over-plot a sample of ULIRGs (with< 0:5) from Kilerci Eser et al. (2014) and SMGs (with

z> 0:5) from the ALMA follow-up survey of the SCUBA-2 Cosmology Legacy Survey UDS

eld (Dudzeviciute et al., 2019). In this gure all the ULIRGS from the Kilerci Eser et al. (2014)
sample lie above the main sequence and so are classi ed as outliers (i.e., starbursts), compared
to just 25% of the SMG sample. We note that the majority of SMG$Q%) reside on the

star-forming main sequence.

Whilst many of the physical properties of SMGs are now well constrained, their formation
mechanism remains widely debated. It has been suggested that similar to their low redshift ana-
logues (ULIRGs) SMGs form via major mergers of gas-rich discs, which trigger star formation
and black hole growth (e.g., Baugh et al., 2005). There is observational evidence to support
this merger-driven scenario, with observations of some SMGs revealing irregular or interacting
morphologies (e.g., Chapman et al., 2003; Chen et al., 2015) and/or complex gas kinematics

(e.g., Tacconi et al., 2008; Engel et al., 2010). In contrast, recent results from cosmological
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FIGURE 1.5: We show the star-forming main sequence (black line) from Speagle et al. (2014)

corresponding to redshifts at the mid-point of four redshift birys 0:25,z= 1:25,z= 2:75

andz= 4:25),. The dashed black line shows a factor of 3 offset from this main sequence to

highlight any outliers. We also show a sample of ULIRGs ( lled stars) from Kilerci Eser et al.

(2014) and SMGs ( lled circles) from Dudzesiute et al. (2019). All the ULIRGs are clear

outliers above the main sequence. Conversely the majorit§00%) of the SMGs lie on the
main sequence, with only 25% classi ed as outliers above the main sequence.

hydrodynamic simulations hint at an opposing formation mechanism, with the intense star for-
mation rates of SMGs being fuelled through prolonged gas accretion dv&yr (e.g., Da@

et al., 2010; Narayanan et al., 2015). It is also quite possible that sub-populations of SMGs form
via different processes, with SMGs seen to have distinct irregular or disk morphologies in ultra-
violet imaging, indicating that these populations may have different formation histories (e.g.,
Miettinen et al., 2017). This is consistent with some semi-analytical models in which galaxy
starbursts can be triggered by either disk (and bars if present) instabilities or galaxy mergers
(Lacey et al., 2016; Cowley et al., 2019; Lagos et al., 2019), illustrating that various formation

mechanisms may be responsible for the enhanced star formation rates we observe in SMGs.

As light from distant astronomical objects travels through space the wavelength at which the
radiation is originally emitted is lengthened due to the expansion of the Universe. Consequently
when we observe astronomical objects that lie at different redshifts in a particular Iter/wave-

band we are sampling different rest-frame wavelengths. Equation 1.2 shows the relationship

between redshift and wavelength,
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:—oz 1+ z (1.2)

wherel 4 is the wavelength of the observation anglis the rest-frame wavelengh. A K cor-
rection is used to transform the measurement of an object's observed ux (or magnitude) to an
equivalent measurement in the rest-frame of the object. Submillimetre astronomy bene ts from
a strong negative K correction that arises from the shape of the intrinsic spectral energy distribu-
tion (SED) of a typical star-forming galaxy, which peaks at rf&@ When we observe emission

from a local star-forming galaxy at a wavelength of %0 we are probing the Rayleigh Jean's

tail (the rest-frame cold dust continuum emission) of the galaxy's intrinsic SED, and so, as we
observe star-forming galaxies at increasing cosmological distances the rest-frame emission we
observe at 856m moves up the Rayleigh Jeans tail, closer to the peak of the intrinsic SED. This
increasing power of rest-frame emission with increasing cosmological distance compensates for
cosmological dimming. This means that SMGs of equal luminosity that lie<azk 8 will

have similar observed uxes at 85®n, making SMGs a useful probe of the early Universe (see

Figure 1.6).

The rst extragalactic submillimetre surveys were conducted with the Submillimeter Common
User Bolometer Array camera (SCUBA; Holland et al., 1999) mounted on the James Clerk
Maxwell telescope (JCMT), providing the rst census of dust-obscured star formation in distant
galaxies at submillimetre wavelengths (Smail et al., 1997; Hughes et al., 1998; Barger et al.,
1998). Subsequent extragalactic submillimetre surveys built on the success of these early obser-
vations, and aided by the development of new submillimetre/millimetre instruments such as the
Large Apex BOlometer Camera Array (LABOCA; Siringo et al., 2009), AzTEC (Wilson et al.,
2008) and the MAXx-Planck Millimeter BOlometer (MAMBO Kreysa et al., 1998), the scale
of extragalactic surveys at submillimetre/millimetre wavelengths expanded (e.g., Coppin et al.,
2006; Eales et al., 2000; Scott et al., 2008; Weil3 et al., 2009). However, the limited eld of view
and sensitivity of the early submillimetre/millimetre instruments made it dif cult to map large
areas of the sky (i.e> 1ded), with the largest and deepest of these surveys detecting around
100 sources (Coppin et al., 2006; Weil3 et al., 2009), insuf cient numbers for robust statistical

studies of this cosmologically important population of galaxies.

A breakthrough in single-dish submillimetre astronomy came with the introduction of SCUBA-
2 (Holland et al., 2013), the second generation bolometer array on the JCMT. SCUBA-2 is

a dual wavelength camera with two arrays of 5120 pixels that simultaneously map the sky at
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FIGURE 1.6: The average ultraviolet-to-radio intrinsic SED of galaxies detected in the ALMA
survey of SMGs in the Extended Chandra Deep Field South (ALESS; Da Cunha et al., 2015),
redshifted to show the observed ux (in arbitrary units) for the redshift ran§e<0z < 8.
At a wavelength of 85@m (light grey dotted line) the ux densities of galaxies are nearly
unchanged between<lz< 8 due to the very negative K correction. However, at a wavelength
of 0:21m (corresponding to a frequency a## GHz, i.e., within the frequency range of the
Very Large Array), shown as the dark dashed line, the observed ux is fainter with increasing
redshift (i.e., a positive K correction).

wavelengths of 456m and 850rm, covering a eld of view of 8arcmifi With a mapping

speed that is over an order of magnitude faster than that of its predecessor (at equivalent depth),
SCUBA-2 opened the door for wide area (ie.1 ded) surveys at submillimetre wavelengths.

The rst such survey was the SCUBA-2 Cosmology Legacy Survey (S2CLS; Geach etal., 2017),
which began shortly after the commissioning of SCUBA-2. This survey, the largest of the seven
original legacy surveys undertaken with JCMT, mapped a total area of ®aeg seven extra-
galactic elds to a median depth (at 866n) of 1s ' 1mJybeam?®. Owing to the wide-area

and depth of S2CLS, this survey detected almost 3000 sources at a signi can8eefin the

850mm maps, a sample an order of magnitude larger than in previous submillimetre surveys,
allowing the single-dish 85@m number counts to be measured to unprecedented accuracy. The

S2CLS 850m number counts are well t by a Schechter (1976) function of the form

g

dN_ No exp

s (1.3)

S .
g

&Lln
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FIGURE 1.7: Cumulative number counts of single-dish 850 selected sources measured
from the S2CLS survey 3:5s catalogue (purple triangles; Geach et al., 2017). The error bars
show Poisson uncertainties (Gehrels, 1986). We also show the observational constraints from
S2COSMOS (Simpson et al., 2019), Casey et al. (2013) and Coppin et al. (2006), and the
850mm number counts from semi-analytic models (Cowley et al., 2015; Lagos et al., 2019),
empirical models (Bthermin et al., 2017; Cai et al., 2013; Negrello et al., 2017) and the cosmo-
logical hydrodynamical simulationi@BA (Lovell et al., 2021). At ux densities above 15mJy
there is a clear upturn in the S2CLS source counts, which lie above the Schechter (1976) func-
tion t (purple line).

with Ng = 7180 1200deg?, S = 2.5 0:4mJdybeam! andg= 1:5 0:4 (see Figure 1.7).
However, at intrinsic uxes above 15mJy there is a clear upturn in the S2CLS source counts,

which lie above the Schechter (1976) function t.

An over-abundance of bright sources is also seen at far-infrared wavelengthslertohelAs-
trophysical Terahertz Large Area Survey (H-ATLAS; Eales et al., 2010; Negrello et al., 2010)
and theHerscheMulti-tiered Extragalactic Survey (HerMES; Oliver et al., 2012; Wardlow et al.,
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FIGURE 1.8: An illustration of gravitational lensing. As the light from a distant source (i.e.,

a galaxy) passes a foreground massive object the path of the light is curved. This causes the

image of the galaxy to be distorted, and as there are multiple light paths connecting the source
and the observer, this gives rise to multiple images of the same galaxy.

2013), and at millimetre wavelengths (but only at high ux densit®s;mm & 10mJy, corre-
sponding tdSssam & 40mJy) in the South Pole Telescope Sunyaev Zel'dovich survey (SPT-SZ;
Vieira et al., 2010; Mocanu et al., 2013), and is attributed to the presence of local objects and
high-redshift gravitationally lensed sources. Gravitational lensing occurs when light from a dis-
tant source (i.e., a galaxy) passes a massive foreground object (i.e., a galaxy cluster), causing
the path of light to curve (see Figure 1.8). The de ection of light by massive objects is predicted
by Einstein's General Theory of Relativity and arises because the gravity of these massive ob-
jects can curve spacetime. Through gravitational lensing the image of a distant source will be
distorted, and if there are multiple light paths connecting a source and an observer, this will also
give rise to multiple images of the same galaxy. Gravitational lensing magni es the image of the
background source which allows us to observe light from distant galaxies that would otherwise

be too faint for us to detect.

It has been demonstrated that a simple ux cut at 200 mJy irH&eschel500mm band is al-

most 100 per cent effective at selecting strongly lensed galaxies, after rocd: () sources

of emission have been removed (Negrello et al., 2010; Wardlow et al., 2013). S2CLS (Geach
et al., 2017) provides tentative evidence that a ux cut ati®0may yield a similar result —

the brightest 856'm selected sources in this survey are a lensed high-redshift galaxy ("Orochi';
Ikarashi et al., 2011) and a well-known Galactic object (the Cat's Eye Nebula). However, with
only six 850mm selected sources in S2CLS with intrinsic uxes above 15mJy, the bright-end of

the number counts remains poorly constrained and the potential of a ux cut at this wavelength
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to select strongly lensed galaxies barely explored. The brightest SMGs selectedrat 850

also observed to be the most distant (e.g., Stach et al., 2019; Simpson et al., 2020; Chen et al.,
2022), but with so few single-dish selected 80 sources with ux densitieSgsomm > 15mJy

the redshift distribution of sources in this ux regime is poorly constrained, and the trend of in-
creasing redshift with submillimetre ux density is untested for these ultra-bright sources. Cur-
rent galaxy formation models struggle to reproduce the number of ultra-bright SMGs observed
(e.g., Bethermin et al., 2017; Cowley et al., 2015; Lagos et al., 2019; Lovell et al., 2021) and
also vary in their predictions of the redshift distribution for these bright submillimetre galaxies
(e.g., Bethermin et al., 2017; Lacey et al., 2016; Lagos et al., 2020; Lovell et al., 2021), and so
observing a suf cient number of highly infrared luminous galaxies for robust statistical studies,
is key to provide strong constraints for these models. Intrinsically bright submillimetre sources
are rare, with abundances for sources with ux densitieZ) mJy currently estimated to be
only 0:5-5 galaxies per square degree (e.@tH@rmin et al., 2012; Geach et al., 2017), and
so a moderate depth survey at 888 with an area> 10ded is needed to properly probe this

far-infrared luminous, and potentially high redshift population of galaxies.

1.3 Identifying multi-wavelength counterparts to Submillimetre Galax-

ies

Accurately identifying the true multi-wavelength counterpart/counterparts to a single-dish de-
tected submillimetre source is important, since multi-wavelength photometry can be used to de-
rive a galaxy's physical properties such as photometric redshift, stellar mass and star formation
rate via spectral energy distribution (SED) tting. However, identifying the unambiguous multi-
wavelength counterpart/counterparts to a single-dish submillimetre source is dif cult due to the
poor resolution of single-dish telescopes. Whilst the typical resolution of ultra-violet (UV) and
optical surveys is sub-arcsecond (e.g., the Hyper Suprime-Cam Subaru Strategic Prbgraim

wide tier image has a resolution o8 arcsec; Aihara et al., 2018), the resolution of single-dish
surveys at a wavelength of 86én is around 1%%i.e., the beam size of SCUBA-2 on the James
Clark Maxwell Telescope; Holland et al., 2013). This means that there are usually multiple po-
tential UV/optical counterparts for a single-dish selected submillimetre source within the single-
dish beam (see Figure 1.9). The emission from a single-dish detected source may also come
from either an individual submillimetre galaxy, or from multiple SMGs blended in the single-

dish beam. These multiple components can be detected at the ner resolution of submillimetre
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FIGURE 1.9: Red-Green-Blue colour image 20 20°Y centred on the position of a single-
dish 850mm selected source — S2L.XSJ021939-052315 from the SCUBA-2 Large eXtragalactic
Survey (S2LXS; Chapter 3). The colour image is made uging andg-band data from the
Hyper Suprime-Cam Subaru Strategic Program (HSC-SSP; Aihara et al., 2018). The white
circle shows the SCUBA-2 beam size #§5The red cross marks the position of the S2LXS
source and the yellow circle marks the position of the counterpart from the ALMA survey of
the S2CLS UKIDSS/UDS eld (AS2UDS; Stach et al., 2019). This images illustrates that there
may be multiple potential optical counterparts for a single-dish selected submillimetre source
within the SCUBA-2 beam.

interferometers (see section 1.3.3 for details), with surveys nding that approximately 44% of
single-dish sources with ux densiti€gsom > 9mJy and 28% of single-dish sources with ux
densitieSSso0mm > 5mJdy are blends of multiple SMGs with ux densiti€ssom 1 mJy (e.9.,

Stach et al., 2018). This means that there may be more than one multi-wavelength counterpart
to a single-dish selected submillimetre source. This picture is complicated further as for around
20% of single-dish selected sources the true optical counterpart/counterparts are too faint to be
detected (e.g., Dudzeniute et al., 2019). If the true multi-wavelength counterpart is too faint

to be seen then either no multi-wavelength counterpart will be found, or a neighbouring galaxy
may be incorrectly classi ed as the true counterpart to a single-dish selectath®s0urce.

Over the past few decades several methods have been developed to tackle the challenge of cor-
rectly identifying multi-wavelength counterparts to single-dish selected submillimetre sources;

the various approaches are discussed in the following subsections.



Chapter 1lntroduction 15

1.3.1 Radio interferometry

Many of the early attempts to identify unambiguous multi-wavelength counterparts to single-
dish selected submillimetre sources (e.g., lvison et al., 2002, 2007; Pope et al., 2006; Chapin
et al., 2009) exploited the tight linear relationship between radio and far-infrared emission in
star-forming galaxies, known as the far-infrared-radio correlation (FRC; Helou et al., 1985;
Condon, 1992). This correlation arises because both far-infrared and radio emission are effective
tracers of star formation, speci cally the formation and destruction of massive stars. Massive,
young stars emit most of their energy at UV wavelengths, which is absorbed by the surrounding
dust and re-emitted in the far-infrared part of the electromagnetic spectrum. At the end of their
(short) lives these same massive stars explode as supernovae and cosmic rays are accelerated
in the supernova remnants emitting non-thermal radio continuum radiation. The FRC is often

described by the parametgg, de ned as the logarithmic ratio betweégk andL1.acHz

L|R=L
Liacu=L 375 102Wm 2

dir = log;o ; (1.4)

with surveys typically measuring a median valueggf in the rangeqr = 2:2-27 for star-
forming galaxies (e.g., lvison et al., 2010; Sargent et al., 2010; Thomson et al., 2014; Algera
et al., 2020).

One of the advantages of using deep radio observations to identify counterparts to single-dish
selected submillimetre sources is that the surface density of radio sources is much less than in
the optical, and so the probability that a radio source is randomly associated with a submil-
limetre source is low (e.g., lvison et al., 2002; Pope et al., 2006). The low surface density of
radio sources also means that it is unlikely that a single-dish selected submillimetre source will
have multiple possible radio counterparts, with approximately 10% of submillimetre sources ex-
pected to have 2 possible radio counterparts (e.g., lvison et al., 2002; Chapman et al., 2005). The
resolution of surveys conducted with radio interferometers is also typically ner than single-dish
submillimetre surveys; the LOw Frequency ARray (LOFAR) survey of the XMM-LSS eld has

an angular resolution of:3 8:5%%(Hale et al., 2019); the VLA survey of the XMM-LSS eld

has an angular resolution of58(Heywood et al., 2020); and the MeerKAT International Giga-

hertz Tiered Extragalactic Explorations survey of the XMM-LSS eld has an angular resolution
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@) (b)

FIGURE 1.10: (a) Image cutout (88 20°9 from the VLA 1-2 GHz survey of the XMM-LSS
eld total intensity mosaic (Heywood et al., 2020). This cutout is centred on the position of a
single-dish 850 selected source — S2LXSJ021939-052315 from S2LXS (Chapter 3). The
white circle shows the SCUBA-2 beam @xentred on the position of the S2LXS source
(red cross) (b) Red-Green-Blue colour image®@®0% also centred on the position of the
single-dish 850 selected source S2LXSJ021939-052315 from S2LXS. The colour image
is made using-, i- andg-band data from the Hyper Suprime-Cam Subaru Strategic Program
(HSC-SSP; Aihara et al., 2018). The white circle shows the SCUBA-2 beaffj ¢ghitred
on the position of the S2LXS source (red cross). The yellow circle is centred on the position
of the radio counterpart from the VLA survey of the XMM-LSS eld (Heywood et al., 2020)
and shows the resolution of the VLA image%%. There is only one radio source within the
SCUBA-2 beam (sub- gure a) compared to multiple optical sources (sub- gure b) illustrating
that the source density in the deep radio survey is much less than in the optical. These images
also clearly show how the ner resolution of the radio detection (assuming that this is not
randomly associated with the submillimetre source) reduces the number of potential UV/optical
counterparts for the S2LXS source.

of 8:2°Ye.g., Heywood et al., 2022), and so once a radio counterpart to a single-dish submillime-
tre source is identi ed it is much simpler to identify the corresponding UV/optical counterpart

from the position of the radio source (see Figure 1.10 for illustration).

In submillimetre astronomy it became common practice (e.g., Ivison et al., 2007; Pope et al.,
2006; Chapin et al., 2009; Biggs et al., 2011) to use the method of Downes et al. (1986) to
calculate the probability that a radio source of an observed ux density at an observed distance
from a submillimetre source is a random associatid).( This method applies a correction
factor to the raw Poisson probability to account for the given search radius and the limiting
depth of the radio observations. As this approach takes into account the surface density of radio
sources as a function of ux density, if there are two (or more) possible radio counterparts at the

same distance from a submillimetre source, the brighter (and so rarer) object will have the lower
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value of P'. Typically in submillimetre surveys a radio counterpart is considered to be secure if

it hasP < 0:05.

Unfortunately using radio identi cations as a route to identifying multi-wavelength counterparts
to SMGs is not without its limitations: approximately 25-60% of submillimetre sources do
not have secure radio counterparts (e.g., lvison et al., 2002; Pope et al., 2006; lvison et al.,
2007; Biggs et al., 2011; Cowie et al., 20%;7around 10% of submillimetre sources will have
multiple possible radio counterparts (e.g., Ivison et al., 2002; Pope et al., 2006; Ivison et al.,
2007), and assuming a valBe< 0:05 means that approximately 5% of matches will be spurious
identi cations. In addition, in contrast to submillimetre observations that bene t from a strong
negative K correction, radio observations are hindered by a positive K correction (see Figure
1.6), thus for a xed luminosity and observer-frame wavelength, as the cosmological distance of
a galaxy increases, the rest-frame galaxy spectrum sampled is intrinsically fainter. This means
that with the sensitivity of existing radio facilities it is very dif cult to detect radio emission

for galaxies at redshiftg> 3.5 (Casey et al., 2014), and so this method preferentially selects

counterparts for SMGs ai< 3:5.

1.3.2 Optical and near-infrared colour selection

SMGs are typically red in optical-near-infrared colours (e.g., Smail et al., 2002; Ivison et al.,
2002; Frayer et al., 2004; Yun et al., 2008). This characteristic has motivated several surveys
to use some form of optical-near-infrared colour selection to identify multi-wavelength counter-
parts to single-dish selected submillimetre sources (e.g., Yun et al., 2008; Biggs et al., 2011; Yun
etal., 2012; Alberts et al., 2013; Chen et al., 2016; An et al., 2019; Shim et al., 2022). In Figure
1.11 we compare the colours of a sample of SMGs from the ALMA follow up survey of the
S2CLS UDS eld (Dudzewiute et al., 2019) to a sample Kfband selected galaxies from the
UKIRT Infrared Deep Sky Survey UDS data release 11 catalogue (Lawrence et al., 2007, Ala-
maini et al. in prep.). We show the colours from the optical-near-infrared triple colour selection
of Chen et al. (2016) to illustrate that SMGs are typically redder fdoand selected galaxies,

thus allowing counterparts to be identi ed via a colour selection approach. Since single-dish
submillimetre surveys are commonly conducted in elds with extensive multi-wavelength cov-
erage, using solely a colour selection takes advantage of existing data and negates the need for

further follow-up (i.e., interferometry) observations. However, a number of surveys use more

1we note that fraction of secure radio counterparts to submillimetres sources found likely varies between surveys
due to the sensitivity of the radio maps, the chosen search radius and the size of the single-dish beam.
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FIGURE 1.11: We compare the colours of a sample of SMGs (teal histogram) to a sample of

K-band selected galaxies (purple histogram). The sample of SMGs is taken from the ALMA

follow up survey of the S2CLS UDS eld (Dudzesilite et al., 2019) and the samplekofband

selected galaxies are from the UKIRT Infrared Deep Sky Survey UDS data release 11 catalogue

(Lawrence et al., 2007, Almaini et al. in prep). The colours shown are from the optical-near-

infrared triple colour selection of Chen et al. (2016), illustrating that SMGs are typically redder
thanK-band selected galaxies.

than one technique to identify multi-wavelength counterparts to single-dish selected submil-
limetre sources, combining the results obtained via radio interferemetry (Biggs et al., 2011;
Yun et al., 2012; Chen et al., 2016; An et al., 2019; Shim et al., 2022) andfamZmission
(Biggs et al., 2011; Yun et al., 2012) with a colour selection. Using several different methods to
identify counterparts can be an effective way to reduce the biases inherent in these approaches.
Employing radio interferometry to locate robust counterparts to SMGs preferentially identi es
counterparts for brighter (at FIR/submillimetre wavelengths) and lower redshift galaxies. This
is expected given the known far-infrared-radio correlation and the positive K correction at these
wavelengths. However, in contrast to radio interferometry follow up, colour selections are able
to successfully identify counterparts for fainter and higher redshift SMGs (e.g., Chen et al.,
2016; Shim et al., 2022). By using both a colour selection technique and radio interferome-
try to identify multi-wavelength counterparts to single-dish selected submillimetre sources the
completeness of identi cations can be boosted to 70-80% (e.g., Chen et al., 2016; An et al.,
2019; Shim et al., 2022), which is compatible with the expectation ti289 of SMGs will be

undetected at optical/near-infrared wavelengths (e.g., Duciné&viet al., 2019).

1.3.3 Submillimetre interferometry

Arguably the simplest way to effectively identify unambiguous multi-wavelength counterparts
to single-dish selected submillimetre sources is through deep follow up observations conducted

with submillimetre interferometers, with the obvious advantage that these follow up surveys are
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sampling the same frequency range as the initial detection. There are currently several large sub-
millimetre inteferemeters; the Submillimeter Array (SMA); the Northern Extended Millimeter
Array (NOEMA); and the Atacama Large Millimeter/submillimeter Array (ALMA), all offer
sub-arcsecond resolution and continuum sensitivities equivalent to S2CLS within reasonable
integration times. Taking ALMA as an example, for a continuum observation centred on a
frequency of 34B0GHz (  870nm) reaching a sensitivity ofsl= 0:2mJy only requires ap-
proximately 1 minute of integration time on source (excluding overheads). Over the past decade
submillimetre interferometry has successfully been used to conduct follow up observations for
a number of single-dish submillimetre surveys (e.g., Hodge et al., 2013; Brisbhin et al., 2017,
Cowie et al., 2017; Stach et al., 2019; Simpson et al., 2020), with more than 1000 SMGs de-
tected in these follow up observations. Submillimetre interferometers also offer the opportunity
for spectroscopic follow up of single-dish selected submillimetre sources, often targeting bright
CO lines to spectroscopically measure precise redshifts (see Figure 1.12) and to estimate molec-
ular gas masses (e.g., Frayer et al., 1998, 1999; Coppin et al., 2007; Tacconi et al., 2010; lvison
et al., 2011; Thomson et al., 2012; Bothwell et al., 2013; Riechers et al., 2013; Walter et al.,
2016; Decarli et al., 2019; Riechers et al., 2019; Riechers et al., 2020). The sub-arcsecond reso-
lution of these facilities allows UV/optical counterparts to SMGs to be easily pin-pointed (e.g.,
Brisbin et al., 2017; Cowie et al., 2017; Miettinen et al., 2017; Dudzete et al., 2019; Simp-

son et al., 2020) and simple con rmation of whether the emission from a single-dish selected
submillimetre source comes from an individual submillimetre galaxy or is a blend of multiple

SMGs (e.g., Hodge et al., 2013; Stach et al., 2018; Simpson et al., 2020).

Itis simply not possible to follow up all single-dish selected submillimetre sources with submil-
limetre interferometers, as these facilities are very over-subscribed and whilst continuum follow
up of an individual submillimetre galaxy only requires approximately 1 minute of integration
time on source, given the narrow eld of view of these interferometers (i.e, the eld of view
of ALMA at a frequency of 300GHz is £§ extending this to the 1000s of sources detected

in single-dish submillimetre surveys (e.g., Geach et al., 2017; Simpson et al., 2019) is just not
practical. Therefore, identifying counterparts via other means (i.e., the methods described in
subsection 1.3.1 and 1.3.2) is necessary to fully exploit the data from single-dish submillimetre

surveys.
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FIGURE 1.12: Frequency range of ALMA receiver bands 3, 4, 5 and 6 (grey shading), over-

plotted with the observed frequency8O lines (up = 2-9) across a redshift range 1-5,

illustrating that submillimetre interferometers are an effective means to measure precise red-
shifts for SMGs.

1.4 Tracing Molecular Gas Mass Density

Submillimetre surveys are not limited to telling us about the dust properties of galaxies, we can
also use the data from these surveys to explore the molecular gas content in galaxies. This is
possible because the dust-to-gas mass ratio is relatively constant for galaxies with high stellar
masseMgear= (2 40) 10°M (Tremonti et al., 2004, e.g.,). When we observe emission
from az. 3 star-forming galaxy at a wavelength of 8 we are probing the Rayleigh-
Jean's tail (the rest-frame cold dust continuum emission) of the galaxy's intrinsic SED. Since
the Rayleigh-Jeans tail is nearly always optically thin and in light of the tight correlation be-
tween dust and gas mass, this means that measurements of dust emission can be used as a direct
probe of molecular gas mass (e.g., Eales et al., 2012; Magdis et al., 2012; Scoville et al., 2007).
An important caveat to this approach is that the mass-metallicity relation (MZR) evolves with
redshift, so that for a xed stellar mass the metallicity decreases towards higher redshifts. There-
fore, whilst a 16°M galaxy in the local Universe is likely to have near-solar metallicity (e.g.,

Tremonti et al., 2004), at the redshifts probed by SM&s @) the metallicity of a 1&M
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galaxy is likely to be less (e.g., Sanders et al., 2021; Zahid et al., 2013). This means that meth-
ods assuming a constant dust-to-gas ratio may under-estimate the gas mass for galaxies that lie

at higher redshifts.

Molecular gas mass densithz(z), star formation rate density,,(2) and the stellar mass den-

sity r v, (2) are three intimately linked observational tracers that broadly characterise the cosmic
evolution of galaxies. Our current understanding of galaxy evolution is largely driven by com-
prehensive measurements of the latter two (see Madau and Dickinson, 2014, for a review), with
a clear empirical picture emerging of an evolution of star formation, which rises rapidly to a
peak arouna@ 2 and then decays to the present day (see Figure 1.13). Completing the triptych
is important since the evolution of the molecular gas content of galaxies encodes several impor-
tant pieces of astrophysics: gas consumption in star formation; gas recycling via feedback; and
fresh gas accretion. Ultimately, it is the evolution of molecular gas that drives galaxy evolution
as it is the fuel from which stars are assembled. Measurements of molecular gas in galaxies are
therefore needed to complete the picture, and to resolve a key outstanding qué&mithe

peak of star formation history driven by a larger supply of molecular gas or because galaxies

formed stars more ef ciently (e.g., driven by galaxy mergers/instabilities etc.), or both?

The bulk of the cold gas reservoir in the Universe is comprised of hydrogen gas in the form of
atomic hydrogen (i and molecular hydrogen @)l In the current model of galaxy formation

gas is delivered into galaxies via hot- or cold-mode accretion (e.g., Birnboim and Dekel, 2003).
The cooling gas must form4Hor star formation to occur. The two main routes tgfidrmation

in galaxies are via the gas phase reactionél! H +g,H +H! H,+ e , andvia adust
phase, where Hforms on the surface of dust grains via ef cient three-body reactions (Gould

and Salpeter, 1963).

H, radiates poorly in typical interstellar medium (ISM) conditions due to the lack of a per-
manent dipole moment and a minimum rotational excitation temperature that is signi cantly
higher ( 500 K) than typical temperatures of the cold star-forming ISM (Wakelam et al., 2017).
However, B can be indirectly traced through its interactions with CO, which traces the same
cold, dense ISM and has a low dipole moment enabling its excitation in regions of low den-
sity (Nerie 10°cm  8). Consequenty*2CO, the second most abundant molecule in the ISM, is
commonly used as a tracer of the available reservoir of molecular gas in galaxies (e.g., Solomon
and Vanden Bout, 2005; Carilli and Walter, 2013). The ground state transitiod €EQ( 0)

is a reliable tracer of total molecular gas, with the conversion factor from CO luminosity to H
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FIGURE 1.13: We show the best t star formation rate density of Madau and Dickinson (2014)
measured from ultra-violet and infrared luminosities (purple line) and the best t star formation
rate density of Wilkins et al. (2019), a recalibration of the Madau and Dickinson (2014) cosmic
star formation rate density (teal line), showing the peak of the star formation history 2t

gas massdco = MszLgo) calibrated locally (see Bolatto et al., 2013, for a review). Observ-
ing the ground-state transition line avoids additional uncertainties inherent in observations of
higher-J CO transitions, which require a correction for gas excitation to derive the equivalent

CO@=1! 0)luminosity.

Until recently measurements of the cosmological molecular gas mass density were hampered
by a paucity of observational data. Over the past few years direct measurements of the cold
molecular gas reservoirs of individual galaxies have increased rapidly, with surveys primarily
targeting star-forming and lensed galaxies (e.g., Frayer et al., 1998, 1999; Coppin et al., 2007,
Tacconi et al., 2010; lvison et al., 2011; Thomson et al., 2012; Bothwell et al., 2013; Riechers
et al., 2013; Stach et al., 2017; Oteo et al., 2018m®Bz-Guijarro et al., 2019; Lerkiet al.,

2019). However, as these surveys rely on observationally-expensive detections of faint spectral
lines, measurements of molecular gas mass are still dwarfed in number in comparison to samples
of galaxies with measurements of star formation rate (SFR) and/or stellar mass. Moreover, to
properly assess the cosmological evolution of the cold gas content of galaxies a blank eld

survey approach is required to measure the gas mass function, rather than targeted (and therefore
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biased) observations of highgalaxies as has generally been the case for cold gas observations

outside the local volume.

Recently surveys using a blank eld molecular line scan strategy have emerged as an alternative
to targeted observations. These surveys evade many of the biases towards massive star-forming
galaxies inherent in targeted approaches. The inaugural blank eld CO survey was conducted
with the Plateau de Bure Interferometer observingHiodble Deep Field North (Walter et al.,

2014; Decarli et al., 2014). This was followed more recently by the ALMA Spectroscopic
Survey in theHubble Ultra Deep Field (ASPECS; Walter et al., 2016; Decarli et al., 2016b,a;
Aravena et al., 2016b,a; Bouwens et al., 2016; Carilli et al., 2016), the ASPECS Large Pro-
gram (ASPECS LP; Decarli et al., 2019; Gatez-Lopez et al., 2019; Boogaard et al., 2019;
Popping et al., 2019; Decarli et al., 2020) and the CO Luminosity Density at High Redshift sur-
vey (COLDZ; Pavesi et al., 2018; Riechers et al., 2019). These blank- eld surveys of CO line
emission have provided valuable new constraints on the evolutiop,obver a redshift range

0. z. 7.However, due to low number statistics and the small survey areas (which are prone to
strong clustering-enhanced sample variance) used to derive the CO luminosity functions, these

measurements are hampered by large statistical uncertainties (see Figure 1.14).

To combat the shortfall in direct measurements of molecular gas Scoville (2013); Scoville et al.
(2014, 2016, 2017) employ a complementary approach that uses submillimetre observations of
the long wavelength dust continuum to measure the molecular gas mass of galaxies. Whilst
ordinarily a conversion from dust to gas mass would require dust emissivity and dust-to-gas
abundance to be constrained, Scoville et al. (2014, 2016, 2017) circumvent this by deriving an
empirically calibratedRJ luminosity-to-gas masatio from measurements of CO£ 1! 0)

and submillimetre continuum for a sample of normal star-forming and starburst galaxies at low-
z, and submillimetre galaxies (SMGs) at highThis approach makes assumptions about dust
temperature and the evolution of the gas-to-dust mass ratio, but provides molecular gas mass
(Mmo1) estimates within factor of 2 accuracy (e.g., Scoville et al., 2016; Kaasinen et al., 2019).
Since dust continuum measurements can be made in minutes (in contrast to CO line observations
which can take multiple hours, e.g., Bothwell et al., 2013; Tacconi et al., 2013) this method can

be used to derive molecular gas measurements for much larger samples of galaxies.

The Scoville et al. (2016) RJ luminosity-to-gas mass calibration has been used to estimate the
molecular gas mass for 700 ALMA-detected galaxies from the COSMOS eld, with Scoville

et al. (2017) deriving molecular gas masses for individual galaxies at redsBifts23< 4.5 and
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FIGURE 1.14: Estimates of the molecular gas mass density from direct measurements of CO

line emission. We show the results from ASPECS (off white rectangles; Decarli et al., 2016a),

ASPECS LP (blue rectangles; Decarli et al., 2020), COLDz (green rectangles; Riechers et al.,

2019) and VLASPECS (purple diamond; Riechers et al., 2020), because of low number statis-
tics these results are subject to large statistical uncertainties.

Liu et al. (2019a) extending this approach to redshiftg of6. This method has also been used

in combination with stacking methodologies to estimate average molecular gas masses for large
samples of galaxies. Millard et al. (2020) use the Scoville et al. (2016) calibration and apply
this to a sample of 858 galaxies to measure the gas mass fraction aut t6. Magnelli et al.

(2020) use a method similar to Scoville et al. (2016, and which is equivalent at solar metallicity)

and apply this to a sample of 555 galaxies to estimate the molecular gas mass density.to

1.5 Overview

Observations at submillimetre wavelengths not only provide us with the opportunity to directly
observe a previously hidden population of galaxies, but also the tools to investigate fundamen-
tal tracers of galaxy evolution. In this thesis we capitalise on this bi-modality to explore key

outstanding questions in galaxy evolution.
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We currently have a clear picture of the evolution of the star-formation rate density, which rises
to a peak az 2 before declining to the present day. However, we do not yet understand
what drives the evolution of the star-formation rate density - is a larger supply of molecular gas
responsible for the peak epoch of star-formation at2, or is this driven by individual galaxies

forming stars more ef ciently, or both?

In Chapter 2 we build on the work of Scoville et al. (2016), estimating the evolution of the cos-
mological molecular gas mass density as a function of redshift from the average submillimetre
continuum emission of a sample Kfband selected galaxies. We nd a cosmic evolution of
molecular gas mass that mirrors the star-formation rate density, rising to a pealkland the
declining to the present day. Our results indicate that primary driver for the epoch of peak star
formation is a larger supply of molecular gas in galaxies, rather than a signi cant evolution of

the star-formation rate ef ciency within individual galaxies.

Whilst we have a good understanding of the gengral2 submillimetre population, our un-
derstanding of the bright, high-redshift tail of the submillimetre population is hampered by the
small number of detections of briggsorm > 15mJy galaxies. We expect (based on studies

at infrared and millimetre wavelengths) that the over-abundance of bright single-dish submil-
limetre sources observed &s0nm > 15mJy is motivated by lensed galaxies, galaxies blended

in the single-dish beam and intrinsically bright galaxies. However, the relative contribution of
each of these sub-populations to the over-abundance of sources observed is unknown. Models
often struggle to replicate both the observed abundance and the redshift distribution of bright
submillimetre sources, hampered by a lack of robust observational data. To inform these models
we need not only robust single-dish submillimetre numbers counts and accurate constraints on
the redshift distribution a%ssorm > 15mJy, but also measurements of the fraction of lensed,

blended and intrinsically bright sources, at the bright-end tail of the submillimetre population.

In Chapter 3 we present the rst results of the SCUBA-2 Large eXtragalactic Survey (S2LXS),
a JCMT Large Program (PI: J. E. Geach and Y. Tamura) that covers an area of $plitegyver

two elds - the X-Ray Multi-Mirror Large Scale Structure Survey eld (XMM-LSS; Pierre et al.,
2004) and the Extended Cosmic Evolution Survey eld (E-COSMOS; Scoville et al., 2007).
We robustly measure the 85®1 number counts for the S2LXS XMM-LSS eld, nding the
characteristic over-abundance of sourceSgggnm & 15mJdy. The S2LXS XMM-LSS number

counts are best reproduced by model predictions that include either strong lensing or source
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blending, indicating that both may make an important contribution to the over-abundance of

bright sources observed in single-dish submillimetre surveys

In Chapter 4 we present the rst results from our ALMA telescope proposal (PI: T. K. Garratt,
Project ID: 2022.1.01030.S) targeting the 17 brightest sources in the S2LXS XMM-LSS cata-
logue. We nd a multiplicity fraction of 54% aSsom> 12mJdy. Our initial results indicate

that source blending does not signi cantly contribute to the abundance of sources observed at
the bright-end tail of the 850m single-dish number counts. This is unexpected given that the
S2LXS XMM-LSS number counts are broadly reproduced by models that incorporate source

blending, and further work is required to con rm this.



Chapter 2

Cosmic evolution of the H, mass

density and the epoch of molecular gas

2.1 Introduction

Molecular gas is the fuel from which stars are made, thus the evolution of molecular gas plays a
central role in the evolution of galaxies. The star formation history reaches a peakabut it

is uncertain whether this peak is driven by a larger supply of molecular gas onto galaxies or by
improved star formation ef ciency, or through a combination of both. Therefore, measuring the
molecular gas content in galaxies across cosmic time is fundamental to inform our understanding

of galaxy formation and evolution.

The most direct (and viable) route to estimate the molecular gas content of galaxies is through
observations of CO line emission, with blank- eld surveys of CO line emission providing valu-

able new constraints on the evolution of the molecular gas mass dengity To(e.g., Decarli

et al., 2016a; Riechers et al., 2019; Decarli et al., 2020; Riechers et al., 2020). However, direct
CO line observations can take multiple hours (e.g., Bothwell et al., 2013; Tacconi et al., 2013)
and so measurements of the molecular gas mass density via CO line emission are hampered by
small number statistics. The Rayleigh-Jeans (RJ) tail is nearly always optically thin, therefore
measurements of dust emission can be used as a direct probe of molecular gas mass (e.g., Eales
et al., 2012; Magdis et al., 2012). Since dust continuum measurements can be made in minutes
this approach can be used to derive molecular gas estimates for much larger samples of galax-

ies. Scoville et al. (2014, 2016, 2017) derive an empirically calibr&&duminosity-to-gas

27
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masgatio from measurements of CO£ 1! 0) and submillimetre continuum for a sample of
normal star-forming and starburst galaxies at Ipvand submillimetre galaxies (SMGs) at high-
z. This approach provides molecular gas madgsd) estimates within factor of 2 accuracy

(e.g., Scoville et al., 2016; Kaasinen et al., 2019).

In this thesis we contribute to the picture of cosmic galaxy evolution by building on the approach
of Scoville (2013); Scoville et al. (2014, 2016, 2017) to estimate the evolution of the cosmolog-
ical mass density of molecular hydrogenzo 2.5 via the average submillimetre continuum
emission of a sample of 18I0 galaxies selected from a deep near-infrared survey in the well
studied UKIDSS-UDS eld. The Ultra-Deep Survey (UDS) is the deepest component of the
UK InfraRed Telescope (UKIRT) Infrared Deep Sky Survey (UKIDSS; Lawrence et al., 2007).
We limit our estimate of the molecular gas mass density ta2:5 as the Scoville et al. (2016)
calibration has only been shown to be robust out to this redshift. Adopting a statistical approach
allows us to take advantage of a near-infrared selected sample which is an order of magnitude
larger than in surveys that measure dust emission (e.g., Scoville et al., 2017; Liu et al., 2019a;
Magnelli et al., 2020) or CO spectral line emission (e.g., Walter et al., 2016; Riechers et al.,
2019; Decarli et al., 2019; Kaasinen et al., 2019) for individual sources. Our method differs
from previous stacking approaches (e.g., Millard et al., 2020; Magnelli et al., 2020) as we do
not use a combination of spectroscopic and photometric redshifts for our binning. Instead, in
the absence of a sample complete with spectroscopic redshifts, we utilise the full photometric
redshift probability distribution functions for all our sources. Our method is complementary to
previous works in this eld (e.g., Decarli et al., 2020; Liu et al., 2019a; Magnelli et al., 2020;
Riechers et al., 2019) and allows us to reduce the statistical uncertainties on the cosmological

molecular gas mass density outzto 2:5.

This chapter is organised as follows: in section 2.2, we de ne the maps and catalogues used; in
section 2.3, we present a 3-dimensional stacking method which we employ to measure the aver-
age (stacked) observed 88t ux densities for near-infrared selected galaxies as a function of
redshift; in section 2.4, we show that the approach of Scoville et al. (2016) can be applied to our
stacked 85@m ux densities to derive the cosmological molecular gas density ta2:5. We

also demonstrate that the cosmic molecular gas density can be broadly modelled by 2 comple-
mentary approaches (i) from the halo mass function assuming a constant halo mass range, and
employing stellar-halo mass and ISM-stellar mass ratios, and (ii) inverting the star-formation

rate density assuming a “constant ef ciency” model, and in section 2.5 we interpret the overall
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evolution of the cosmic molecular gas mass density in the context of our results and in com-
parison to previous works. We present our conclusions in section 2.6. We asdlareck

2015 cosmology, wheré, = 0:31; W = 0:69; Ho = 68kms *Mpc ! (Planck Collaboration

et al., 2016), and a Chabrier (2003) Initial Mass Function. The AB magnitude system is used
throughout.

2.2 Data

2.2.1 SCUBA-2 Cosmology Legacy Survey

The UKIDSS-UDS eld was mapped at 85®n as part of the Submillimetre Common-User
Bolometer Array 2 (SCUBA-2) Cosmology Legacy Survey (Geach et al., 2017). The full details
of the data collection, reduction and map properties are given in Geach et al. (2017). Briey,
the beam-convolved map spans approximately £ degering the bulk of the multi-wavelength
coverage of this eld, with a uniform (instrumental) noises¥so= 0:9 mJy beam!. Geach

et al. (2017) estimate the SCUBA-2 confusion limit tosgns= 0:8 mJy beam®. The beam

full width half maximum (FWHM) is approximately P8with a full analytic description of the

point spread function (PSF) given by Geach et al. (2017).

2.2.2 UKIDSS-UDS ultraviolet—optical-mid-infrared imaging and catalogue

The UDS Data Release 11 (DR11) 12-band matched catalogiband selected with the 95%
completeness limit estimated to Bgag = 25mag. The full details of this catalogue will be
comprehensively provided in Almaini et al., (in prep.) and Hartley et al., (in prep.), and only a
summary is given here. The catalogue provides photometry in 12 banés ¥, R, %, 2V, J,

H, K, 3:6 mm and 45nm), where available.

The J, H, andK photometry is taken from the DR11 release of UKIDSS-UDS. The UKIDSS
project, described in Lawrence et al. (2007) utilises the UKIRT Wide Field CAMera (WFCAM;
Casali et al., 2007). The photometric system and calibration are outlined in Hewett et al. (2006)
and Hodgkin et al. (2009), respectively, and the pipeline processing and science archive are
described in Irwin et al., (in prep.) and Hambly et al. (2008). UKIDSS-UDS covers an area of
0:8deg}, reaching median depths & 25.6, H= 251, andK= 25:3 (55, AB, estimated from

2%%pertures in source free areas; Almaini et al. in prep.).
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TheB, V, R, ? andzooptical imaging is from the SubaXiMM-NewtonDeep Survey, which
utilises Suprime-Cam on the Subaru Telescope (Furusawa et al., 2008)nd data are from

the Canada-France-Hawaii Telescope Megacam instrument (Almaini et al. in prep;oamdl
imaging is obtained from the VISTA Deep Extragalactic Observations survey (VISTA-VIDEO:
Jarvis et al., 2013). The InfraRed Array Camera (IRAC) imaging@t and 45mm is from

the Spitzer UKIDSS Ultra Deep Survey (SpUDS: Pl Dunlop), combined with deeper data from
the Spitzer Extended Deep Survey (SEDS: Ashby et al., 2013). To expand the coverage to
outer regions of the eld, shallower data are also used fromS3pizerWide-area InfraRed

Extragalactic survey (SWIRE: Lonsdale et al., 2003).

UDS DR11 provides image masks, with masked regions corresponding to image boundaries,
artefacts, and bright stars. We employ the UDS binary mask for “good” regions which has an
unmasked area of ® ded. This binary mask combines the masked regions of the photometry

images detailed above (not including the deeper SEDS or SpUDS IRAC images).

We also utilise the subsets feature of the UKIDSS-UDS catalogue and for our galaxy sample
chose the catalogue-de ned “good galaxy” subset, which comprisegl29 sources. These
sources have full 12-band photometry and lie within the corresponding “good” mask regions, are
not cross-talk sources (for whidtiK photometry is likely compromised), and are not classi ed

as stars.

UDS DR11 also includes photometric redshifts derived using the eade (Easy and Accurate

Zphot from Yale; Brammer et al., 2008). To estimate the photometric redshift for each source
the 12-band broadband photometry was t with a spectral energy distribution template produc-
ing a redshift probability distribution (Hartley et al. in prep.). We utilise both the maximum-
likelihood photometric redshifts and redshift probability distributions provided with UDS DR11.
EAzY performs well compared to other commonly used photometric redshift codeg (@1,
HYPERZ, RAINBOW; Dahlen et al., 2013), with the resulting normalised mean absolute devi-
ation betweereazy derived photometric redhifts and spectroscopic redshifts found to be only

Snmad 0:02 (Hartley et al. in prep.).

2.3 Methods

We employ a 3-dimensional stacking approach based on the simultaneous stacking algorithm

SIMSTACK (presented in detail in Viero et al., 2013). This method allows for the simultaneous
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tting of the average observed ux density for multiple populations that contribute to the ux
density in the observed map (such as a population of galaxies split into bins of redshift). Im-
portantly, this method takes into account the (usually) large beam in single-dish submillimetre
maps with simulations demonstrating that this method returns an unbiased estimate of the aver-
age observed ux density for beam sizes ranging from FWEN5-3%°(Viero et al., 2013).

This approach also mitigates against boosting of stacking signals from clustered galaxies (e.qg.,

Chary and Pope, 2010; Alberts et al., 2014).

Our goal is to nd the average observed submillimetre ux densities at given redshift intervals
for a population of near-infrared selected galaxies that best t the observed ux density in the
SCUBA-2 map, taking into account the convolution of point sources with the large beam. In this
work, rather than binning galaxies by discrete photometric redshift values, we split our sample
across redshift intervals according to the redshift probability distribution of each source (see

Figure 2.1 for a simplistic graphical representation of this binning).

First, we de ne our sample, performing a selection in obsekdshnd total magnituddsag

25 mag, with the faint-end corresponding to the 95% completeness limit of the UKIDSS-UDS
catalogue, giving us a sample of 153,399 galaxies. At this limiting magnitude the 95% stellar
mass completeness is10%°M atz= 2:5 (Wilkinson et al. in prep.). The redshift probability
distribution,P (2), for each source is discretized in binsiax (Hartley et al. in prep.). We make

a completeness correction to the redshift probability distribution of each source, suBt{zhat

of a source of magnitudk integrates taC(K) 1, whereC(K) is the catalogue completeness
atK (Hartley et al. in prep.). We assume there is no systematic redshift b@&infor this

correction.

With the sample de ned we consider a sky model in which each galaxy contributes a ux density

that can be described as

Zy
S = . Sh(9P(2)dz (2.1)

whereP (2) is the normalised redshift probability distribution function aB(2) is the ux
density “weighting” at redshiftz. In practice we have discrete redshift probability distributions

de ned overR bins such that, for a population bf galaxies, the ux density in thgth pixel of
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FIGURE 2.1: This is a simplistic graphic showing how we bin an individual galaxy according

to its position in the observed map and its photometric redshift probability distribution. The

position of the galaxy in our model (the ijth pixel) corresponds to the position of the galaxy

in the observed map. The value of the ijth pixel in each redshift interval equals the value of

the completeness corrected normalised redshift probability distribution for the galaxy at that
redshift.

amap M;;) can be written

=z

he] Q_)o
o Qoxy

Mij = Sn(Zq) piij P (zg) piij Dz (2.2)

Because of the PSF, the ux contribution of each galaxy is distributed over many pixels accord-

ing to the convolution, wherB! is the map once convolved with the SCUBA-2 PSF.

M =M PSE (2.3)

In effect equation 2.1 usd®(2) to split each of thé\ galaxies in ouK-selected sample inte
redshift bins and assumes that the galaxies in each redshift bin can be represented by an average

observed ux densityhS,(2)i. This is effectively the “stacked” ux density.

With the model sky de ned we consider an optimization problem where the set of average
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observed ux densitied)S,(2)i, per redshift interval in equation 2.1 are unknown coef cients.

A key decision in de ning our sky model is in the binningB{z). The UKIDSS-UDSP (2) are

binned in non-linear steps oft17,, 1y = 1:001(1+ z,). This would result in hundreds of free
parameters across the redshift range of interest, which is computationally impractical as well as
unnecessary given the photometric redshift uncertainties. Instead we biR €adb Dz= 0:5,

giving 20 equally-sized bins across the redshift range2d 10.

We aim to nd the optimal set of average ux densities that minimises the square of the residual
ux between the model in equation 2.3 and the observed beam-convolved map, weighted by the
noise. We use the Markov chain Monte Carlo (MCMC) sametaceg(Foreman-Mackey et al.,
2013) to estimate the best t ux densities and their uncertainties. We minimise a negative log
likelihood In(L) =  0:5¢?, with

2= 8 o; M i ?

cT=

2.4
i Srmsij 24

whereO is the observed map arsgns is the instrumental noise map. We initialise 1000 “walk-

ers” with an uninformative prior, such that each walker is set with a vector of ux densities
(representing, (2)) with each ux density drawn from a Gaussian distribution of med&rdJy

and width 005 mJy. The sampler runs for 1000 iterations with the rst 500 iterations discarded
as burn-in. The best tting ux densities and the bounds are estimated from the 16th, 50th

and 84th percentiles of accepted samples for 500 iterations. In Figures 2.2, 2.3 and 2.4 we show

theemceecorner plot of the posterior distributions for all our free parameters.

To estimate the additional uncertainty on the stacked ux densities due to sampling variance
we employ the “delete one” jackknife technique (Tukey, 1958), splitting the mapAist@1
approximately equal area sectors and running the MCMC t for each jackknife. We nd that the
sampler chains converge quickly (within 200 steps), and tests indicate that the best t parameters

are insensitive to the initialisation parameters. The covariance matrix is given by

Al
A

§ 5 s 5 (2.5)

Qo

Gj=

1

whereS< is the average ux density in thih redshift bin, eliminating th&th sample and is
the average over all samples. The dincertainties on the stacked uxes are estimated by the

square root of the diagonal elementLof
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FIGURE 2.2: Standarcemceecorner plot showing the one- and two-dimensional posterior
distributions for our parameters (the average observed ux densityljnof galaxies in each
redshift bin) for the redshift intervalbz(0:25)-Dz(4:75). The density of the points and the
contours correlate with the posterior probability distributions from a 1000-step run (with 500
steps for burn-in discarded) based on our sky model and SCUBA-2 maps, and employing the
“delete one” jackknife technique with the map segment area correspondig tb deleted
to take into account sample variance (Tukey, 1958). The vertical red lines show the average
850mm ux density of galaxies for each redshift interval, with the dashed red lines showing the
associated 4 uncertainties (these values are not corrected for the in uence of the CMB, see
Table 2.1 for CMB corrected-estimates). As evidenced by this plot there are only very weak
correlations between our parameters for the redshift inteB8:25)—Dz(4:75).
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FIGURE 2.3: Standarcemceecorner plot showing the one- and two-dimensional posterior

distributions for our parameters (the average observed ux densitylynof galaxies in each

redshift bin) in the redshift intervalBz(5:25)-Dz(9:75). Detailed description as in Figure 2.2.

As evidenced by this plot there are only very weak correlations between our parameters for the
redshift interval®z(5:25)-Dz(9:75).

At high-z the increase in the cosmic microwave background (CMB) temperature affects the

measurement of submillimetre dust continuum in two ways (see da Cunha et al., 2013, for a
detailed discussion). Firstly, the CMB provides an additional source of dust heating increasing
the intrinsic dust temperature as shown in equation 2.6 (da Cunha et al., 2013):

1
b+4

Tas(? = (TEDPH4+(TER)PH(1+ 24 1] (2.6)
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FIGURE 2.4: Standar@mceecorner plot showing the two-dimensional posterior distributions

for our parameters (the average observed ux densitylin of galaxies in each redshift bin) for

redshift interval€z(0:25)—Dz(4:75) andDz(5:25)-Dz(9:75). Detailed description as in Figure

2.2. As evidenced by this plot there are only very weak correlations between our parameters
for the redshift interval®z(0:25)-Dz(4:75) andDz(5:25)-Dz(9:75).

Secondly, submillimetre observations of dust emission are always measured against the back-
ground of the CMB. At low-ZTgus{2) >> Temn(2), SO essentially all the intrinsic ux is de-
tected against the CMB. However, at high-z, Rsn(2) approachedqus(2), the fraction of
submillimetre ux detected against the CMB decreases. Equation 2.7 (da Cunha et al., 2013)
shows the fraction of the intrinsic dust emission from a galaxy measured at a given frequency,

Vobs= Vres=(1+ 2) against the CMB background:

Vobs

= \jgginsic By[Taus{2)]

(2.7



Chapter 2 Cosmic evolution of the Hmass density and the epoch of molecular gas 37

AssumingT&y% = 2:73K, TE2 = 25K (in line with theTy,sadopted in Scoville et al., 2016)
andb = 2 we derive the fraction of submillimetre ux observed against the CMB for the redshift
range 0< z< 10 atvyps 353 GHz ( ops= 850mm), including the extra heating contributed by
the CMB. We apply this correction to our average observech®b0ux densities in all redshift

bins to account for the impact of the CMB on our estimates.

2.4 Results

2.4.1 Estimating molecular gas mass: Rayleigh-Jeans luminosity-to-gas mass re-

[ation

In Table 2.1 we present the average observed®B0ux densities for our galaxy sample as
a function of redshift. We quote the uncertainties odnd include the additional uncertainty
due to sample variance. We note thaz &t 6 the UDS redshifts are untested. However, as our
sample is binned according to tR&€Zz) for each source, every galaxy effectively contributes to
the uxin each redshift interval. Hence, we show the averagen@B0ux density estimates for

our galaxy sample ta= 10.

We sumP(2) (which is completeness corrected) in each redshift bin, giving us the galaxy
“weighting” for each redshift interval. The integral of the sumnig@) across all redshift inter-

vals should be approximately equal to the total number of galaxies in our sample. We calculate
this to be 154839, which is consistent with our galaxy sample of 138 sources (taking into
account the completeness corrections). With the sunff@dand taking the area of our sample

as the unmasked region of the SCUBA-2 &30 map (which corresponds to the UDS binary
mask for “good galaxy” regions) we calculate the number density of galaxies as a function of
redshift. By combining this with our average ux density (see Table 2.1 column 4 for CMB
corrected values) we calculate the summed ux density for our galaxy sample in each redshift
interval. In Figure 2.5 we present the number density and summed ux density for galaxies in
our sample as a function of redshift. The distribution of the summed ux densities with redshift
is broadly comparable to the redshift distribution found for SMGs, which peaks & (e.qg.,

Blain et al., 2002; Chapman et al., 2005; Simpson et al., 2014; Miettinen et al., 2017; Zavala
et al., 2018), whilst the number density distribution generally declines with increasing redshift
as expected. The difference in the evolution of these distributions demonstrates that our derived

ux densities are not biased by the number density of galaxies in each redshift bin.
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FIGURE 2.5: Number density of galaxies in each redshift bin (blue bars) calculated from the
galaxy “weighting” (the sum of the completeness corre@®€md) in each redshift bin) and the
area of the unmasked region of the SCUBA-2 image. The black points show the summed
ux density of galaxies as a function of redshift derived by combining the number density and
the average ux density of galaxies (see Table 2.1 column 4 for average ux density values)
in each redshift bin. This gure shows the contrasting distributions, with the summed ux
density mirroring the redshift distribution found for SMGs with a peak at2, whereas the
number density generally shows a steady decline. A% there is an unexpected upturn in the
number density and the summed ux density of galaxies, this is likely due to a combination
of uncertainties in the photometric redshift tting at highlUDS photometric redshifts are
untested ar & 6) and the small number statistics in these bins with the galaxy weighting being
. 100 per redshift interval.

We adopt the approach of Scoville et al. (2016, hereafter S16) and, utilising our ux density
measurements, estimate the average molecular gas mass for our galaxy sample in each redshift
interval. The full details of this approach are given in S16; however, we provide a brief descrip-

tion here.

The long wavelength RJ tail of dust emission is nearly always optically thin ) and con-
sequently this provides a direct probe of the total dust mass and hence the molecular gas mass.
S16 utilise this to obtain an empirically calibrated luminosity-to-gas masatio

Mmol 1 LSSQ rest

M = asso ergs 1Hz 1 for | rest& 250mMm (2.8)

with agso= 6:7 1:7 10Y%ergs 'Hz 'M 1. The restriction (est& 250mm is required to
ensure that at an observed wavelength of @30the rest-frame emission stays on the RJ tail.

S16 demonstrate that this luminosity-to-mass ratio is relatively constant for high-stellar mass



Chapter 2 Cosmic evolution of the Hmass density and the epoch of molecular gas 39

TABLE 2.1: Redshift intervals, galaxy weighting in each redshift interval, average®b0ix
density, and average 85®n CMB corrected ux density.

Dz Galaxy weighting hSs50i CMB corr. hSsgi
[mdy dz ] [mydz *]

0:25 90003 21 20 21 20
0:75 79917 30 82 330 82
1:25 64475 65 103 680 103
1:75 47922 14® 128 1485 129
2:25 31448 13 179 1372 182
2:75 18368 228 215 2303 220
3:25 13071 106 233 1083 241
375 5271 236 451 2484 474
4:25 2413 199 529 2091 567
4:75 848 138 1096 1443 1209
5:25 336 2512 1098 2884 1261
5:75 79 4229 3627 5119 4390
6:25 86 742 957 962 1241
6:75 37 16062 8688 22763 12313
7:25 49 602 773 952 1221
7:75 38 1060 1270 1908 2286
8:25 91 632 737 1322 1541
8:75 121 290 365 718 903
9:25 73 1552 1525 4606 4525
9:75 70 28% 1613 10390 5789

Col. 1. Mid-point of each redshift intervaDg); col. 2. the galaxy “weighting” which is

the sum of the completeness correc@) in each redshift bin. The summé&z) across

all redshift intervals integrates to 189, which is consistent with the number of galaxies

in our sample (15399) taking into account the completeness corrections; col. 3. average
(stacked) 856m ux density as a function of redshift with the uncertainty quoted $g 1

col. 4. average 850m ux density corrected for the impact of the CMB as a function of
redshift with the uncertainty quoted tg 1

(Mstetar= (2 40) 10'°M ) normal star-forming and star-bursting galaxies, both locally and

at highz
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TABLE 2.2: Redshift intervals, average rest-frame i@80luminosity, average molecular gas
mass, co-moving molecular gas mass density as a functian of

Dz H-BSQ resti hMHzi r Hp V\4_|2
[10%7ergs 1Hz 1dz 1] [10’M dz 1 [10°M Mpc 3] [10 7]
0:25 164 0:.02 180 0:03 192 1:80 11566 10842
0:75 8197 3:89 8995 4:26 1712 4:39 56951 14613
1:25 21779 1832 23901 20:10 2322 4:.09 43070 7593
175 51461 6472 56477 71.02 3467 5:32 38054 5841
2:25 49212 8519 54008 9349 2074 4:60 14348 31:84

Col. 1. Mid-point of each redshift intervaDg); cols. 2 and 3. the average rest-frame 860
luminosity and average molecular gas mass for galaxies in each redshift interval; col. 4. molecular
gas mass density as a function of redshift and col. 5. molecular gas mass density in terms of the

critical mass density. We restrict our resultszto 2:5 to ensure that the observed 888 dust
emission is tracing the RJ tail.

We estimate the average rest-frame 8B®luminosity density of galaxies as a function of red-
shift using the average ux densities detailed in Table 2.1, assuming a mass-weighted dust tem-

perature of 25 K and employing the relation from S16:

B _ ;  n(8somm) 2
Lhgso= Syl 119 10 Nond 1+ 2)
(dL[Mpc])?  Gry(25; ngsomm; 0) 1, 1
1+ 7 Gi25nsg) 9% 2T (9)

TheGgjterm in equation 2.10 corrects for departures from theRlependence as the observed
emission approaches the spectral energy distribution (SED) peak in the rest frame and where
TqustiS the mass-weighted temperature characterizing the RJ dust emission

hnobs(1+ 2)=KTyust
@Nops(1+2)KTgust 1 (2.10)

Gri(Taust Nobs 2) =

We restrict our estimates of the average rest-framen®@uminosity toz. 2:5 to ensure that
rest-frame emission stays on the RJ tail. With the average rest-frarmn8&0ninosity density
derived (detailed in Table 2.2) we use fRé luminosity-to-gas masatio from equation 2.8 to
estimate the average molecular gas mass as a function of redshift 85. This calibration
includes a factor of 1.36 to account for the associated mass of heavy elements (mostly Helium

at 8% by number), so we correct our results by a factdr36 (Mmo) to obtainMy,.

1The S16 calibration uses a mass-weighted temperature of 25K, rather than a luminosity-weighted dust temper-
ature (see Appendix A.2 of S16)
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Since the summed photometric redshift probability distributions inform us about the galaxy
“weighting” in each redshift interval and the UDS binary mask for “good” regions gives us
the unmasked area of the SCUBA-2 880 map, we combine this information with the aver-

age molecular gas mass and differential co-moving volume element to estimate the co-moving

volume density of molecular gas

Z z+ Dz=2

. dv
=W N@M @)
z

SandZ (2.11)

We present our values fogy,(2) in Table 2.2 as a function of redshift, also giving this in terms of
the critical mass densitW, = r 1,(2) = «it(2). We use a Monte Carlo analysis to calculate the
uncertainties for our values gsq resy Mu, andr y,(2), rstdrawing random values fog, from

a Gaussian distribution where the mean is the average ux density and width the uncertainty
on the average ux density, and then drawing values for a mass-weidhtgefrom a Gaussian
distribution with a mean of 25K (corresponding to the constpt: assumed by S16), and
width 3 K. Observations (e.g., Planck Collaboration 2011; S16) and simulations (e.g., Liang
et al., 2018, 2019) nd that a mass-weight&g,s; shows little variation with galaxy.gso or
redshift (cf. Behrens et al., 2018), and by utilising a temperature distributiorswith 3 K we
recognise this minimal variance in our uncertainty calculations. We use these values to estimate
Lesqress MH, andr y,(2) from equations 2.9, 2.8, and 2.11 respectively for 1000 runs, with the

uncertainty being taken as the standard deviation across these trials.

We note that the galaxy sample we use to derive the results in Tables 2.1 and 2.2 includes all
galaxies in the “good galaxy” subset of the UDS DR11 catalogue, regardless of the reliability of
photometric redshifts for individual sources. If we applg%cut to exclude galaxies with the

least reliable redshifts (omitting galaxies with a reducédvalue for the photometric redshift

of > 10) and repeat the process outlined in Sections 2.3 and 2.4 above we nd a less than 2%

variation in our results with estimates consistent with those in Table 2.2 within the uncertainties.

We plotr w,(2) in Figure 2.6, compared to direct CO line estimates from ASPECS (Decarli etal.,

2016a; Decarli et al., 2020), COLDZ (Riechers et al., 2019) and VLASPECS (Riechers et al.,
2020), as well as values derived using far-infrared and UV photometry (Berta et al., 2013). We
t a function of the same form as the star-formation rate density function presented in Madau

and Dickinson (2014) to the log of our results, and derive the best t parameters for our data
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usingemcee This yields:

.
000 e
(1+ 2)0:38 0:16
1+[(1+ =557 1:69]178 061

(6:59 0:30) (2.12)

which we plot in Figure 2.6. Our results show a peak(z) atz 2 mirroring existing con-

straints.

2.4.2 Deriving molecular gas mass density from the halo mass function.

Using an alternative approach we denivg(2) from rst principles using the halo mass function

from Murray et al. (2013) and assuming a constant halo mass range-o+-10'°M . We
estimate the molecular gas mass density as a function of halo mass (for redshifts @)

using the stellar-halo mass ratio from Moster et al. (2013) and the ISM-stellar mass relation from
Scoville et al. (2017). The ISM-stellar mass relation is calibrated using a sample of high mass
galaxies Msenar& 101°M ), therefore we adopt a halo mass range for which the corresponding
stellar masses are comparable with the Scoville et al. (2017) calibration sample. Integrating
these estimates with respect to halo mass gives the total molecular gas density as a function of

redshift, which we present in Figure 2.6.

2.4.3 Estimating molecular gas mass density using a “constant ef ciency” model

We also estimatey, (2) from the star-formation rate densityy,(2), assuming a corresponding
volume averaged star-formation “ef ciencyti,(z) = r n,(2)=y »(2). We use the functional t of
Wilkins et al. (2019), a recalibration of the well-known Madau and Dickinson (2014) cosmic
star formation history. We make the assumption thi@ is constant and that tttetal molecu-

lar gas mass per galaxy can be related to on-going star formatiddias= SFR=e (Geach and
Papadopoulos, 2012). Hexeis the ratio of dense, actively star-forming molecular gas to the
total molecular reservoir witk  0:04 for quiescent disks and> 0:5 for starbursts (e.g., Pa-
padopoulos and Geach, 2012), while the faetdescribes the rate at which the dense molecular
gas forms stars. Figure 2.6 shows the predictieqz) inferred from the Wilkins et al. (2019)

t, assuming a constant “averagé’(z) = 0:3 Gyr corresponding t& = 0:1 ande = 37 Gyr *

(e.g., Geach and Papadopoulos, 2012).
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This value forh (2) is similar to the typical values dfep (MH,=SFR) 1Gyr (e.g., Tacconietal.,
2018) for main-sequence galaxies. Tacconi et al. (2018) nd a relatively weak dependence of
taep With redshift,tgeplt (1+ 2) %7 to z< 2:5, consistent with our picture of a common mode

of star formation in normal galaxies, at least out to the peak epoch. We use this relation from
Tacconi et al. (2018) and the Wilkins et al. (2019) t to derive an estimateig{z) which
incorporates a weakly evolving star-formation ef ciency. We present our predigigd) in

Figure 2.6.

2.5 Discussion

Our results appear to be in reasonable agreement with existing empirical constraints, indicating
that the epoch of molecular gas coincided with the epoch of peak star formation 2t So

what does this mean in terms of the evolving molecular gas budget? We might ask what is the
completepicture ofr 1,(2), or rather, what galaxies host the majority of the cosmic molecular
gas budget across cosmic time? In the following discussion we interpret the overall evolution of
the cosmic molecular gas density, in the context of our results, within the established framework

of star formation in galaxies from the cosmic dawn to the present day.

2.5.1 Evolution of cosmic molecular gas mass density &t z 2.5
2.5.1.1 The impact of the mass-metallicity relation

The S16RJ luminosity-to-gas magsitio has been shown to provide molecular gas mass es-
timates accurate to within a factor of around 2 when compared with measurements made via
direct CO 0= 1! 0)line observations (e.g., Scoville et al., 2017; Kaasinen et al., 2019), with
variations in the dust emissivity index, temperature, and gas-to-dust ratios being accountable for
the deviations. This factor of 2 accuracy is based on samples of galaxies with high stellar masses
Mstellar= (2 40) 10'°M as the gas-to-dust mass ratio is typically constant in high stellar
mass galaxies (Tremonti et al., 2004). This avoids probing low metallicity sources for which the
dust-to-gas abundance ratio is likely to drop or the CO gas fraction is low (Bolatto et al., 2013).
However, we note that the mass-metallicity relation (MZR) evolves with redshift, so that for a
xed stellar mass the metallicity decreases towards higher redshifts. Therefore, whitS8ta 10

galaxy in the local Universe is likely to have near-solar metallicity (e.g., Tremonti et al., 2004),
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FIGURE 2.6: Values forr ,(z) (CMB corrected) derived using a 3D stacking method and the

RJ luminosity-to-gas masatio of S16. The upper x-axis shows the rest-frame wavelength of
observed 856m emission for the redshift range shown, illustrating the range at which rest-
frame emission traces the long-wavelength RJ tail [i;&:& 250mm) and the S16 calibration

can be reliably applied. Our estimates are represented by the red points (uncertainties shown
to 2s) with the solid red line showing the best- t function derived usieigceeand a func-

tion of the same form as the star-formation rate density function from Madau and Dickinson
(2014). We note that & & 2:5 our results should be considered speculative as the observed
850mm emission no longer traces the rest-frame RJ tail. Hence we only show an average of our
estimates after this point. We do not include any estimateg &6 as the UDS photometric
redshifts beyond this are untested and as such highly uncertain. Alongside our values we show
results from ASPECS (off white rectangles; Decarli et al., 2016a), ASPECS LP (blue rectan-
gles; Decarli et al., 2020), COLDz (green rectangles; Riechers et al., 2019) and VLASPECS
(green diamond; Riechers et al., 2020) which are derived from direct measurements of CO line
emission. The grey points show values from Berta et al. (2013), estimated using deep far-
infrared and UV data, and assuming either typical gas depletion times (Tacconi et al., 2013)
or from IR luminosity and obscuration properties (Nordon et al., 2013). We plot our “constant
ef ciency” models derived using the re-calibrated star formation history from Wilkins et al.
(2019) and assuming either a corresponding constant (e.g., Geach and Papadopoulos, 2012)
or weakly evolving (e.g., Tacconi et al., 2018) volume averaged star-formation “ef ciency” to
inferr p,(2). The former is shown as the dark blue dot dash line and the latter illustrated by the
dark blue circles. We also plot,(2) toz 7 derived from the halo mass function (Murray

et al., 2013), assuming the stellar-halo mass ratio from Moster et al. (2013) and ISM-stellar-
mass relation from Scoville et al. (2017). The dotted dark blue line corresponds to a halo mass
range 16Y5-10'°M , with the minimum stellar masses derived for this rangd@®°M )

being consistent with the lowest stellar masses probed in ASPECS LP (Boogaard et al., 2019).
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at the redshifts probed by SMGz ( 2) the metallicity of a 18PM galaxy is likely to be less
(e.g., Sanders et al., 2021; Zahid et al., 2013). Given that the S16 approach has been calibrated
using samples of galaxies upzo 2, we make the assumption that the estimated factor of 2

accuracy of this approach incorporates any deviation due to the evolution of the MZR relation.

In Figure 2.7 we show the marginalised stellar mass estimates for UDS galaxies (Almaini et al.
in prep.) and the corresponding 95% stellar mass completeness (derived using the method of
Pozzetti et al., 2010, Wilkinson et al. in prep.) for the UDS catalogue. As can be seen in Figure
2.7 our galaxy sample includes a proportion of galaxies with stellar masses lower than those
used to derive the SIRJ luminosity-to-gas masatio, with these sources being more abundant

in lower redshift bins.

The dust-to-gas relation has been found to be relatively consistent for nearby galaxies with
Mgteliar > 10°M  (e.g., Groves et al., 2015), but drops for galaxies with lower stellar masses
(hence lower metallicities). Cosmological galaxy formation simulations have shown that de-
viations from this relation become signi can& (0:5dex) atlLgso. 107%ergs 1Hz ! in the
redshift range & z< 9.5 (e.g., Privon et al., 2018). As shown in Figure 2.z &t 1 the ma-

jority of our sample are likely to havBlseiar> 10°M and Table 2.2 shows that the mean
rest-frame 85@m luminosity for our sample in all but the lowest redshift inten¢ € 0:25)

is Lgsom & 10?8 ergs 1Hz 1. Therefore, whilst thdRJ luminosity-to-gas masatio has been
calibrated on high stellar mass galaxi®sgia=(2 40) 10°°M ), we make the assumption
that applying this calibration to our sample at redshif€s 0:5 is likely to result in comparable
uncertainties (i.e. a factor of 2). However, in the redshift Da= 0:25 the mean rest-frame
luminosity ishLgsarmi = 1:6  10?“ergs *Hz 1, and as such our results are likely to be under-
predicted by& 0:5dex (e.g., Privon et al., 2018) due to the abundance of lower mass (low

metallicity) galaxies in this redshift interval.

2.5.1.2 Bright SMGs undetected in theK-band

We expect that approximately 20% of SMGs will be undetected ifkttend catalogue used to

de ne our sample (e.g., Dudzeiute et al., 2019). We can crudely infer which of the S2CLS-
UDS SMGs are not included in our sky model (see section 2.3) by matching the UKIDSS-UDS
K-band catalogue to the S2CLS-UDS SMG catalogue, to nd those SMGs witk-bhand
counterparts. We can also infer the molecular gas mass of these SMGs from tinen 850

densities using the S16 approach. However, in the absence of photometric redshift distributions
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FIGURE 2.7: Marginalised stellar mass estimates (Almaini et al. in prep.) for UDS galaxies

in our sample as a density plot, with darker colours corresponding to higher number densities

of galaxies. The red line corresponds to the UDS catalogue 95% stellar mass completeness

(derived using the method of Pozzetti et al., 2010, see Wilkinson et al. in prep.). This gure
demonstrates that at high redshifts we are only sensitive to the most massive galaxies.

for these sources, we cannot map this additional molecular gas mass back to the molecular gas
mass density in the different redshift bins. We note that these sources are in our observed map,
which we use to estimate a best t ux density for each redshift interval. Therefore, these sources
will act as noise in the MCMC sampling, and will likely boost the average ux density across all
redshift intervals. This means that whilst we are not directly including these undetected SMGs,

the ux from these sources is in included in some way (although not fully) in our results.

2.5.2 Comparison of the evolution of molecular gas mass density to other studies

in the literature

In Figure 2.6 we compare our results, which are revised to account for the in uence of the CMB,

to those from direct CO line surveys (e.g., Decarli et al., 2016a; Decarli et al., 2020; Riechers
et al., 2019; Riechers et al., 2020). We limit our discussion to the results from these surveys
atz. 2:5 as we are restricted to this redshift range due to the wavelength of our observations

(I obs= 850nmm). Whilst the results from ASPECS/ASPECS LP (Decarli et al., 2016a; Decarli
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et al., 2020) and COLDz (Riechers et al., 2019; Riechers et al., 2020) were not corrected for
the in uence of the CMB, we note that this is not necessaiy.at4:5 as the effect of the CMB
on measurements of molecular gas mass density from direct CO line observations is minimal

(- 15%, e.g., Decarli et al., 2019) and as such this does not impact on our analysis here.

We nd that our results are broadly consistent with the estimates from direct CO line surveys
within uncertainties and show notably good agreement with results obtained through observa-
tions of the ground state CO line (ASPECS LAbat 0:25 and COLDZ aDz' 2:25). Albeit,

we caution that our results Bz’ 0:25 are likely under estimated due to the abundance of low

stellar mass galaxies in this redshift bin.

When compared with the ASPECS LP survey (Decarli et al., 2020) our results generally trace
the lower boundaries of their estimates betweefb0 z. 1.75. The S16RJ luminosity-to-

gas massatio is calibrated using the ground state G&(1! 0) line, whereas a> 0:75 the
ASPECS LP results are derived from observations of higher state excitation CO lines. Therefore,
this offset could be explained by the uncertainties associated with translating higher excitation
CO lines observations to ground state Q&(1! 0) luminosities. However, in the redshift
intervalDz= 1.:25, even if the extreme case of thermalised gas is assumed, our upper estimate
(taking into account 4 uncertainties) falls a factor of.42 below the lower boundary of the
ASPECS LP survey (e.g., 3 10°M Mpc 3, Table A3. Decarli et al., 2019). As such the

uncertainties in CO line ratios do not fully account for the offset we see.

Building on previous studies Liu et al. (2019a) derive the molecular gas mass density using a
dataset comprised of 700 ALMA continuum detected galaxies and.000 galaxies with CO
observations (taken from the literature). To derive molecular gas masses for the continuum
detected galaxies Liu et al. (2019a) employ the Hughes et al. (20&hosity-to-gas mass
calibration. Liu et al. (2019a) estimate a SMF (stellar mass function) integrated molecular gas
mass density based on the SMF integratelld@u,,= 10°M and using a gas fraction function
derived from their composite sample ol 700 galaxies. Their results trace the upper boundaries

of the molecular gas mass density derived from the most recent blank eld CO line surveys (e.g.,
Decarli et al., 2019; Riechers et al., 2019) and afadex higher than our estimates. This offset
with our estimates of molecular gas mass density could be in part due to assumptions made in
Liu et al. (2019a) to derive an SMF integrated molecular gas mass density (i.e. that all star-
forming galaxies are on the main-sequence) or potentially differences in sample selection. The

majority ( 800) of the CO detected sources in the Liu et al. (2019a) composite sample are in
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the Local Universe (i.e< 0:3), so atz> 0:3 their dataset is dominated by ALMA continuum
detected galaxies which are preferentially massive and dust-rich (and hence, using a dust-to-
gas mass conversion, gas-rich). In contrast our galaxy sample is near-infrared selected and as
such our selection is less likely to sample these luminous dust-rich SMGs, with previous studies
nding that 20% of SMGs are missed in optical/new-infrared surveys (e.g. Ducizéviet al.,

2019).

Magnelli et al. (2020) use a stacking approach to measure the comoving gas mass density of
a sample of 555 near-infrared selected galaxies, with galaxies split into binarafMstejar-

Their stacking method accounts for the metallicity of galaxies in these bins (inferred using the
stellar mass-metallicity from Tacconi et al., 2018) and is equivalent to the S16 calibration at solar
metallicity. Our results trace the lower boundaries of their estimates, but are inconsistent (within
1s uncertainties) ar> 1. This discrepancy may be in part due to our method not accounting
for the metallicity of low mass galaxies, resulting in an under-estimation of the molecular gas
mass for galaxies witMsear< 10°M . However, if this was the sole reason for the difference

in our results we would expect this to have more of an impaz&at where this effect will be

more prominent.

We caution that our results also rely solely on photometric redshifts, which despite the high
quality 12 band photometry of the UDS catalogue, cannot compete with the accuracy of redshifts
derived via spectroscopic surveys. By utilising the redshift probability distributions in our 3D

stacking approach we aim to provide mitigation against these uncertainties. However, whilst
our estimates rely exclusively on the use of photometric redshifts, the results obtained in both
ASPECS LP (Decarli et al., 2020; Magnelli et al., 2020) and Liu et al. (2019a) bene t from the

inclusion of sources with more reliable spectroscopic redshifts. This may also play a part in

deviations seen when we compare our estimates with these previous surveys.

2.5.3 Contribution of the brightest submillimetre sources to the cosmic evolution

of the molecular gas mass density

In order to present the most complete view of the evolution of the molecular gas mass density we
stack all sources in our near-infrared selected sample, including counterparts to the bright sub-
millimetre sources in the SCUBA-2 UDS map. To test the contribution of these galaxies to our

results we repeat our stacking analysis with the SCUBA2 UDS source subtracted map. As ex-

pected excluding the 1000 UDS submillimetre sources reduces the average observedr850
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ux in our redshift intervals, which propagates to our estimate of the comoving molecular gas
mass density. Ax< 1:5 the exclusion of the UDS submillimetre sources has a minimal impact
on our estimates afy,(2) and these remain consistent within the @ncertainties. However,
atz> 1:5 our estimates of y,(z) drop by a factor of D5 and 233 in the redshift intervals

Dz= 1.75 andDz = 2:25 respectively. This coincides with the peak number density of SMGs at
z 2. This indicates that approximately 50% of the molecular gas mass density at the peak of
the star formation rate density is locked in dust-rich SMGs. We note that our inferred contribu-
tion of SMGs is also likely under-estimated as we expect that approximately 20% of SMGs are
undetected in our near-infrared selected sample (e.g., Dwilatevet al., 2019). Our nding is

in keeping with Zavala et al. (2021) who nd that bright SMGISK> 10%L ) dominate the
obscured star formation rate densityzat 2 and also Magnelli et al. (2020) who nd that the

bulk of dust and gas in galaxies is locked in massive star-forming galaxies.

2.5.4 Additional constraints on the evolution of molecular gas mass density

We have added further valuable constraints to this picture of cosmic molecular gas evolution

using two alternative approaches.

We estimate y,(2) from the halo mass function (Murray et al., 2013) assuming a constant halo
mass range of #4°-10°M , and using the stellar-halo mass ratio from Moster et al. (2013)
and the ISM-stellar mass relation from Scoville et al. (2017). For the latter relation we make the
assumption that all galaxies are on the star-forming main sequence (e.g=sS5Hgs = 1).

The evolution of our halo mass derived,(z)(shown in Figure 2.6) follows a similar shape to
the star-formation rate density, rising to a peak at2. 3 and decreasing to the present day.
The minimum halo mass we assume corresponds to stellar massd®%tM  (e.g., Moster

et al., 2013), equivalent to the lowest stellar masses probed in the ASPECS LP survey (Decarli
etal., 2020). Our ,(2) estimates show good agreement with the ASPECs/ASPECS LP surveys
(Decarli et al., 2016a; Decarli et al., 2020& 0:6. However, as shown in Figure 2.6zat 0:6

our estimate of ,(2) lies above the lowest redshift bins from the ASPECS LP survey (Decarli
et al., 2020) and is 1dex higher than our estimate ofi,(2) derived from measurements of
observed 858m ux. To obtain an estimate of4,(2) from the halo mass function we make

the assumption that all galaxies are star-forming. As such our estimaig (@ derived from

the halo mass function can be seen as an uppertfig(tz) for the stellar mass range sampled.
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It follows that we see a more signi cant deviation between our estimate and observationally

derived results at lower redshifts as the fraction of passive galaxies is higher at later epochs.

We also estimate,(2) from the star-formation rate density (Wilkins et al., 2019), assuming

a constant (Geach and Papadopoulos, 2012) and weakly evolving (Tacconi et al., 2018) star-
formation ef ciency. These “constant ef ciency” models predict a co-moving molecular gas
mass density in good agreement with both measurements of molecular gas mass via observations
of direct CO line emission (Decarli et al., 2016a; Decarli et al., 2020; Riechers et al., 2019;
Riechers et al., 2020) and our results derived from measurements of the long-wavelength dust
emission, out to a peak at 2. A simple conclusion is that the epoch of peak star formation at

Z 2 is not driven by signi cantly more ef cient (or starburst-like) star formation in galaxies,

but by a higher abundance of molecular fuel in galaxies. We note that the estimate derived from
weakly evolving star-formation is 1dex higher than our results Bz' 0:25. This is likely

a consequence of the latter being under estimated due to the abundance of low stellar mass

galaxies in this redshift bin.

We recognise that our assumption of a “constant ef ciency” model is at odds with Scoville et al.
(2017), who argue that whilst cold molecular gas reservoirs increasezvih (1+ 2)18%),

the star-formation rate increases more rapidly ((8$ 2)%°), indicating that the peak of star
formation is a consequence of both increased molecular gas content in galaxies and higher star-
formation ef ciency. We also note that a& 1 early-type galaxies have been shown to be more
compact for a given stellar mass than their local counterparts (e.g., Daddi et al., 2005; Cappellari
et al., 2009), which taken in combination with the “Kennicutt-Schmidt” relation (a power-law
relation between star-formation rate and gas surface densities, Kennicutt, 1998; Schmidt, 1959)

implies that star formation may be more ef cientz% 1.

The 3D stacking approach we use derivesaherageproperties for galaxies in our sample as a
function of redshift, and thus we do not measure the molecular gas mass and star-formation rates
for individual sources. Whilst the UDS DR11 catalogue does includgMestimates (which

are evaluated at the peak maximum likelihood redshift) for individual galaxies, our 3D stacking
method bins galaxies according to the discretized redshift probability distribuRiGr))( and

as such each galaxy in our sample effectively contributes to the ux in all redshift intervals.
Hence, using this 3D stacking method precludessg i selection relative to our redshift bins.
Therefore, we are not able to repeat the analysis from Scoville et al. (2017) to test their assertion

of an evolving star-formation ef ciency.
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2.5.5 The epoch of molecular gas

Although we cannot quantify the contribution of higher star-formation ef ciencies to the peak
of star-formation rate density at 2, the symmetry between our “constant ef ciency” models
with our statistically derived ,(2) indicates a star formation history which is predominantly
driven by an increased supply of molecular gas in galaxies, rather than a signi cant evolution
in star-formation ef ciency (consistent with the ndings of Decarli et al., 2020; Magnelli et al.,

2020). With this in mind we now turn to the formation o Hself.

Cazaux and Spaans (2004) combine a microscopic model for the relative rates of gas-phase and
dust H production with a cosmological model to show the more ef cient dust-phase production
becomes the dominant route t@ Fbrmation atz  3-6 for reasonable assumptions about the
conditions of the interstellar medium of early galaxies. Therefore, there is a perfect storm for
massive galaxy growth @ 2: not only is the cosmic accretion rate at its peak, massive halos
have had time to grow, galaxies have increased gas densities, and previous generations of stars
in the progenitors of these systems have provided the metal enrichment that accelerates the
formation of H, which, as the fuel for star formation, drives galaxy growth; this could be

described as the epoch of molecular gas.

2.5.6 Estimating the evolution of cosmic molecular gas mass density a& 2:5

S16 intentionally restrict their calibration sample to galaxies aB3 to ensure observed 85t
emission is from the rest-frame long wavelength RJ tail, where dust is optically thin and emission
is dominated by the contribution of cold dust (which is well represented by a mass-weighted
Taust= 25K). In Figure 2.6 we have shown an average ofrqu(z) estimates at:3. z. 6 (the

UDS redshifts are untested at earlier epochs as there are no UDS galaxies with spectroscopic
redshifts atz & 6:5), but note that at these redshifts estimates are less reliable due to large
uncertainties in the RJ correction (see equation 2.10) as rest-frame emission approaches the

peak of the SED.

In the optically thick regime (as rest-frame dust emission moves off the long-wavelength RJ
tail) the rest-frame emission no longer correlates with the total dust mass of a galaxy and probes
only the surface dust, which using the approach of S16 would result in under-estimaltigyg of

and hence the molecular gas mass. However, as the rest-frame emission approaches the peak of

the SED we are increasingly sensitive to the dense, warm dust component, which signi cantly
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boosts the luminosity (with only a small mass fraction) and dominates the emission close to
the SED peak. Consequently rest-frame dust emission atziigimot well represented by a

mass-weightedyysi= 25 K, which would result in a over-estimate of the dust and gas mass.

In addition to these competing effects, we are also likely to be missing a signi cant population
of lower mass galaxies at> 2:5. As shown in Figure 2.7 the 95% stellar mass completeness at

z 2:5is predicted to be 10°°M , so we are are simply not sensitive to the majority of low
mass galaxies at the highest redshifts. In addition, although relatively rare (with number counts
N(> 3:5mJy " 3000 degz; Geach et al., 2017) SMGs are dust-ribhy(ss 10°M ;e.g., Da
Cunha et al., 2015; Magnelli et al., 2019) and about 20% are undetected in optical/near-infrared
surveys (e.g., Dudzesiute et al., 2019). This non-detection of SMGs is unlikely to have a
signi cant impact on our estimates at loav However, atz & 2:5 since we are signi cantly
under-sampling the galaxy population and as the number of galaxies in our redshift bins fall the
non-detection of dust-rich SMGs becomes more statistically signi cant, further contributing to

an under-estimation of the molecular gas mass densig&t.5.

The overall impact of the above is dif cult to quantify. However, as shown by Figure 2.6 our
results az & 2:5 are systematically lower than the estimates obtained via direct CO line emis-
sion, which suggests that the use of this method pas®:5 (whenl ops= 850Mm no longer
probes the rest-frame RJ tail) results in an under-estimation of the molecular gas mass density.
In consequence, whilst our results are highly uncertazra®:5 we suggest that to. 6 these

can be seen as providing a lower-limit to the molecular gas mass density.

2.6 Conclusions

We employ a 3-dimensional stacking method (Viero et al., 2013) and an empirically calibrated
RJ luminosity-to-gas masatio (S16) to derive the average molecular gas mass as a function of
redshift utilising a sample of 150,000 galaxies in the UKIDSS-UDS eld. By combining these
techniques we are able to reduce the statistical uncertainties on the evolution of the molecular

gas mass densityn,(2), within the redshift range:6. z. 2:5. We nd that:

* I 4,(2) shows a clear evolution over cosmic time which traces that of the star-formation rate

density with apeak 2 10'M Mpc 3atz 2.
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« Our results are consistent with those of blank eld CO line surveys, albeit our estimates are sys-
tematically lower than those derived using observations of higher excitation CO lines. This may
in part be a consequence of the line ratios used to translate higher excitation CO line luminosity

to ground state CO line luminosity.

 Our results are an order of magnitude lower than those derived by Liu et al. (2019a) who use
the Hughes et al. (201 Tyminosity-to-gas massalibration to estimate molecular gas masses

for the ALMA continuum detected galaxies in their sample. This difference in these results is
likely due to the different sample selections. The ALMA-selected sample of Liu et al. (2019a)
selects dust-rich (and consequently gas-rich), sources, whereas by using a NIR selection we are
sampling a more general population of galaxies and are likely to mi&3% of these dust-rich
SMGs. Therefore, the Liu et al. (2019a) results may be biased towards higher values, whilst our

results are more conservative.

* I 1,(2) can be broadly modelled by inverting the star-formation rate density (Wilkins et al.,
2019) with a constant (Geach and Papadopoulos, 2012) or weakly evolving (Tacconi et al., 2018)
volume averaged star-formation ef ciency. Our “constant ef ciency” models closely align to our

statistically derived n,(2).

* I'1,(2) can be derived from rst principles from the halo mass function (Murray et al., 2013)

in conjunction with stellar-halo mass (Moster et al., 2013) and ISM-stellar mass ratios (Scoville
et al., 2017). To obtain this estimate we make the assumption that all galaxies are star-forming
and hence this can be seen as an upper limit fg{z) with respect to the stellar mass range

sampled.

We have demonstrated that by applying a statistical method and the approach of Scoville et al.
(2016) we can provide robust, statistically signi cant constraints to the cosmological gas mass
density toz. 2:5. Our results show an evolution that mirrors that of the star-formation rate
density indicating that the peak of the star formation history is primarily driven by an increased
supply of molecular gas rather than a signi cantly increased star-formation ef ciency. We have
shown that az & 2:5 we detect dust emission from high mass galaxies, even with our near-
infrared selected sample. Hence, in the future there is potential for this approach to be extended
to provide improved constraints at highethrough 1 mm/3 mm wide- eld surveys with facili-

ties such as the Large Millimeter Telescope.



Chapter 3

The SCUBA-2 Large eXtragalactic
Survey: 850nm map, catalogue and

the bright-end number counts of the
XMM-LSS eld

3.1 Introduction

The SCUBA-2 Large eXtragalactic Survey (S2LXS) is a JCMT Large Program (PI: J. E. Geach
and Y. Tamura, Program ID M17BL001) and covers an area of 1Dsplif over two elds

- the X-ray Multi-Mirror Large Scale Structure Survey eld (XMM-LSS; Pierre et al., 2004)
and the Extended Cosmic Evolution Survey eld (E-COSMOS; Scoville et al., 2007). In the
context of other JCMT Large Programs S2LXS can be seen as a wide, moderately deep tier,
complementing the SCUBA-2 Cosmology Legacy Survey (S2CLS; Geach et al., 2017), the
SCUBA-2 COSMOS survey (S2COSMOS; Simpson et al., 2019) and the SCUBA-2 Ultra Deep
Imaging East Asian Observatory Survey (STUDIES; Wang et al., 2017), which map smaller
areas to higher sensitivity. S2LXS covers an areal&rger than S2CLS, is effectively 2
deeper than SPT-SZ (Vieira et al., 2010; Mocanu et al., 2013) and at a wavelengthnoh850

is more sensitive to dust emission from high redstif&(4) SMGs than far-infrared surveys
(i.e., H-ATLAS, HerMES; Eales et al., 2010; Oliver et al., 2012). The primary aim of S2LXS

is to detect the most luminous and highest redshift submillimetre sources, thus providing robust
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constraints on the bright-end of the single-dish 86® number counts and unveiling a new

distant population of SMGs.

In this thesis we present the results of the S2LXS XMM-LSS eld and provide the map and
source catalogue for public UseThis chapter is organised as follows: in section 3.2 we de ne

the survey and describe the data reduction; in section 3.3 we present the maps and describe the
cataloguing procedure; in section 3.4 we use these data to measure the bright-end ofrilme 850
number counts and compare to recent results from model predictions; and in section 3.5 we

summarise the chapter.

3.2 The SCUBA-2 Large eXtragalactic Survey

The SCUBA-2 Large eXtragalactic Survey (S2LXS) is a wide arek0(ded) survey at 856m

split over two elds: XMM-LSS (9ded); and E-COSMOS (3déy These elds were selected

to take advantage of the wealth of legacy multi-wavelength data available (this data is essential
for identifying SMG counterparts) and for the accessibility to key submillimetre/millimetre in-
terferometers for follow-up observations. The S2LXS observations of the E-COSMOS eld are
currently less than 50 per cent complete and continue under programme ID M20AL026 (PI: J. E.
Geach and Y. Tamura). The S2LXS map, catalogue and results for the E-COSMOS eld will be
the subject of a future paper. Therefore the focus of this chapter is the S2LXS XMM-LSS eld,
which is mapped at 850m to a median depth ofsl' 4mJybeam?. Although SCUBA-2
simultaneously collects data at both 8&@® and 450 we do not process the complementary
450mm data. At 450mm the estimated sensitivity iss1' 50mJybeam! and so these data

are not expected to have suf cient depth to reliably detect(&bs ) even the most luminous

submillimetre sources in the S2LXS XMM-LSS eld.

XMM-LSS bene ts from being a well-studied deep eld in the Hyper Suprime-Cam (HSC)
Subaru Strategic Program (HSC-SSP). The HSC-SSP is multi-lgaiagt{narrow-band) imag-
ing survey (Aihara et al., 2018) conducted using the HSC digital imaging camera or2tine 8
Subaru Telescope. This survey comprises three tiers; a Wide tier (14)0ggy 26), a Deep
tier (28ded, rag ' 27) and an Ultra-Deep tier (13ded, rag ' 28). The XMM-LSS eld is

also covered by legacy datasets at X-ray, ultra-violet, infrared and radio wavelengths (see Table

1The data are available at the DBxtps://doi.org/10.5281/zenodo.7371860
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3.1 for a summary of the multi-wavelength imaging available). Multi-wavelength data is essen-
tial for identifying counterparts and companions (e.g., satellite galaxies that are not dusty) to

sources detected at 86tn.

3.2.1 Observations

The S2LXS XMM-LSS observations were conducted with SCUBA-2 (Holland et al., 2013)
on the James Clerk Maxwell telescope (JCMT) over 3 years from July 2017 to January 2020,
totalling 170 hours. The XMM-LSS eld was mapped using the SCUBA-2 PONG mapping
strategy (Holland et al., 2013) for large elds in which the telescope array tracks across a target
multiple times bouncing off the edges of a de ned rectangular map area. Once the PONG
pattern lls the map area the map is rotated and the pattern is repeated at the new angle. In
Figure 3.1 we show an example of the telescope track to illustrate the rotating PONG pattern.
Observations were conducted for S2LXS XMM-LSS using the SCUBA-2 PONG 1800 arcsec
diameter map pattern, which has a telescope scanning speed of 400 atasith 8 rotations

of the map during each observation to ensure a uniform coverage of the eld. The nal S2LXS
XMM-LSS eld map is a mosaic of 42 hexagonally arranged 1800 arcsec diameter PONG tiles
with each tile overlapping with its neighbours. We show the layout of the PONG tiles in Figure
3.1. There is a gap in the observations centred an 34 :4542,d = 5 :0986. This absence

of data re ects the area of the deepes (¢ 1mJybeam?) S2CLS observations of the UKIRT
Infrared Deep Sky Survey-Ultra Deep Survey eld (S2CLS UKIDSS-UDS; Geach et al., 2017).
This region was not observed again in S2LXS XMM-LSS.

The original objective of S2LXS was to map the XMM-LSS eld to a depth®f 1 2mJybeam?

at 850mm. Progress of the survey was slow due to ongoing bad weather conditions on Mauna
Kea and S2LXS XMM-LSS was consequently scaled back with the revised aim to map the
S2LXS XMM-LSS eld to a target sensitivity of4 ' 4mJybeam?. At this depth the primary
objective of S2LXS, to uncover the intrinsically rare, bright-end of the SMG population, is still
realised. The individual PONG observations were limited to an integration time of 40 minutes
to allow for accurate monitoring of variations in the observing conditions with regular point-
ing observations being made throughout the night. Each of the 42 PONG tiles were observed
over a minimum of 5 scans (a minimum combined observing time of 3 hours) to achieve the
target sensitivity of § *  4mJybeam?®. The majority of observations (97 per cent) were con-

ducted in band 1, 2 or 3 weather conditions (ite;scH; 0:12). The remaining 3 per cent of
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FIGURE 3.1: Layout of the S2LXS map showing the 42 hexagonally arranged PONG tiles. An
exposure time crop is applied to each individual PONG tile (see section 3.2.2 for details) before
these are mosaicked. The colour map shows the number of PONG tiles that overlap across the
map. The absence of data aroumd= 34 :4542,d = 5 :0986 corresponds to the area of
the deeperd = 1mJybeam?! S2CLS UKIDSS-UDS eld observations (Geach et al., 2017).
This region was not observed again in S2LXS. In the lower left of the gure we also show an
example of the telescope track for a PONG observation to illustrate the rotating PONG pattern
(Holland et al., 2013). The blue line shows the telescope track for a single rotation of the map,
and the red line shows the complete PONG pattern (i.e., 8 rotations of the map).

observations were taken in band 4 conditions in which the opacity at 225GHz is in the range
0:12< torscHz< 0:16 (see Figure 3.2) . In the following section we describe the process used

to produce the S2LXS XMM-LSS maps.

3.2.2 Data reduction

The SCUBA-2 bolometers each record a time-varying signal containing contributions from as-
tronomical signal, atmospheric extinction and noise. We reduce the S2LXS time-series data
using the Dynamical Iterative Map-Makebi(um) tool, part of the Submillimetre Common
User Reduction Facility software packagavURF, Chapin et al., 2013). The primary purpose

of this data reduction is to extract the astronomical signal from the SCUBA-2 bolometer time

streams and to bin the resulting data into a two-dimensional celestial projentiom. includes
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FIGURE 3.2: Zenith opacity at 225GHz. The opacity is recorded at the beginning and end
of each PONG scan. We show the distribution of the average of these measurements (i.e.,
t225= (tstartt tend=2). For clarity we also show the boundaries of the JCMT weather bands.

a specialised “blank- eld' con guration with parameters tuned for data reduction in extragalac-
tic surveys. These parameters were optimised in the SCUBA-2 Cosmology Legacy Survey
(S2CLS; Geach et al., 2017). Taking this optimised con guration as the starting point we run
several test data reductions using the S2LXS XMM-LSS raw data, varyirgthe parameters

and analysing the output (the reduced data). Our aim is to nd the combination of parameters
that best reduce residual noise in the S2LXS XMM-LSS map without overly compromising the
astronomical signal. For full details ofimm see Chapin et al. (2013). Here we provide a short
description of the main stages bfMM data reduction (illustrated in the ow chart in Figure

3.3) and describe the speci ¢ parameters we use to reduce the S2LXS XMM-LSS data.

The rst step inDIMM data reduction is the pre-processing stage in which the time-stream data
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FIGURE 3.3: Flowchart illustrating the main stagesmfum data reduction

are down-sampled and cleaned. The response of each bolometer to changing sky power is mea-
sured at the beginning and end of each observation ( at- eld scans). In the pre-processing stage
the raw data are rst multiplied by a at- eld correction (estimated using the at- eld scans)

to calibrate the bolometers. The time-streams are then down-sampled to a rate that matches the
pixel scale of the nal map (2 arcsec). Next the time-stream data are cleaned for short-duration
and high-amplitude spikes. In this step the signal from bright point sources can be mistaken for
high-amplitude noise spikes and erroneously excluded. To avoid this we adopt a conservative
threshold of § and a box width of 50 time slices. At each time slice the median value of sam-
ples within a box centred on the time slice is measured. A time slice is agged as a spike if the
residual between the time slice value and this median value is greater th#re3ocal noise

(the standard deviation of values in the neighbouring "down-stream' box). Next any sudden

steps in the time series are identi ed and removed. Gaps are lled using a linear interpolation of
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the 50 time slices preceding and the 50 time slices following the excluded data. An order 1 poly-
nomial (i.e., linear) estimate of the base-line is then removed from each bolometer. In the nal
step of theDiIMM pre-processing stage each bolometer time stream is independently Itered. A
high pass lter is used to remove frequencies that correspond to spatial scgles 150 arcsec

(to suppress large scale structures) and a low pass Iter used to exclude data corresponding to

angular scales af < 2 arcsec (so that the beam is fully sampled).

NextDIMM begins an iterative process. First the common-mode signal (the average signal seen
by all bolometers) is independently modelled for each SCUBA-2 sub-array and subtracted from
the cleaned time-stream data. A multiplicative extinction correction (derived from atmospheric
opacity measurements from the JCMT water vapour monitor) is then applied. In the second and
any subsequent iterations the model of the astronomical signal estimated in the previous iteration
is added back into the time series data at this stage. The next step is to model the astronomical
signal. To do this the time series data are rst binned onto a two-dimensional celestial projection.
Each pixel in this two-dimensional grid is sampled many times by independent bolometers ow-
ing to the PONG scanning pattern and so, assuming that previous steps have removed all other
sources of emission, the astronomical signal can be accurately estimated for a given pixel by
taking the weighted average of the bolometer values that contribute to that pixel. The astronom-
ical signal model is inverted back to the time stream and subtracted from the data, leaving just
residual noise (made up of instrumental noise and atmospheric effects). This step in the iterative
process can also be used to perform map-based despiking in which the scatter in the samples of
a given map pixel is used to exclude outliers in the time-stream data. Since real astronomical
sources have a xed spatial location, bright point sources are unlikely to be falsely identi ed as
spikes in this approach and so we can use a more stringent threshold here. Time-series residuals
that differ by more than 8 from the mean value in a map pixel are agged and these are not
used in following iterations. Finally a noise model is estimated for each bolometer by measuring
the residual. This noise model is only estimated on the rst iteration and is used to weight the
data during the mapping process in subsequent iterations. This iterative process continues until
either 20 iterations have completed or the normalised mean change between consecutive maps
is less than @5. If further iterations are needed then all models (except the astronomical signal

which is added back in later) are added back into the time-stream residuals.

To convert the map from units of pW to Jybeahwe apply a ux conversion factor (FCF) to
the reduced map. We use the recently revised values for the standard FCF from Mairs et al.

(2021), and for observations taken before 30 June 2018 we adopt the standard FCF value of
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516Jybeam!pW ! and for observations taken after this date we use the standard FCF value of
495 Jybeam!pW . We also apply an upwards correction of 10 per cent (estimated in S2CLS,

see Geach et al., 2017) to account for the loss of ux density due to the lItering steps of the
data reduction. The absolute ux calibration is estimated to be accurate to within 15 per cent

(e.g., Geach et al., 2017).

Each of the approximately 40 minute PONG observations (PONG scans) are reduced indepen-
dently to produce a set of individual maps for each of the 42 PONG regions. We combine
all scans for each PONG region using theARD package withirsMURF and the recipaio-
SAIC_JCMT_IMAGES. This recipe combines the maps using inverse-variance weighting with the
variance of the nal map calculated from the input variances. This gives us the 42 PONG tiles

which will make up the nal S2LXS XMM-LSS map.

The PONG mapping strategy provides uniform coverage within the PONG diameter (i.e., within

a 1800 arcsec diameter). However, outside the PONG diameter (the over-scan region) each map
pixel in the PONG scan is sampled less frequently. As the map pixels are sparsely sampled
at the edges of the over-scan region the steps taken imithe reduction to remove high
amplitude spikes perform poorly. Consequently, at the edges of this over-scan region we see a
multitude of very high (low) value pixels. The paucity of the sampling also results in variance
estimates which are not robust. This is problematic as a very high pixel value combined with
an inaccurate variance estimate can masquerade as a bright point source in the outskirts of a
PONG tile (see Figure 3.4). To mitigate this we apply an exposure time crop to the PONG tiles
with the aim of eliminating these (obviously) spurious sources, whilst preserving as much of
the data as possible. We iterate through increasingly stringent exposure time cuts until we nd
the minimum exposure time limit that effectively excludes these high (low) value pixels in the

over-scan regions. In Figure 3.4 we highlight the optimum exposure time limi7af. 1

We use the software package &8¢ (Bertin et al., 2002) to individually resample the PONG
tiles (using nearest neighbour interpolation) to match the astrometric projection and pixel grid
of the nal science map. The resampled PONG tiles are then combined using inverse variance
weighting to produce a map of the S2LXS XMM-LSS eld (see Figure 3.1 for the layout of the
PONG tiles).

To optimise the detection of point sources we apply a matched Iter to the nal mosaic using the
PICARD recipeSCUBA2_MATCHED_FILTER. Matched ltering consists of two stages. First the

S2LXS map is smoothed with a Gaussian of full-width-half-maximum (FWHM) 30 arcsec and






	Abstract
	Acknowledgements
	Contents
	List of Figures
	List of Tables
	List of Abbreviations
	1 Introduction
	1.1 Galaxy Formation and Evolution
	1.1.1  Cold Dark Matter Model
	1.1.2 Galaxy structure

	1.2 Far-infrared and Submillimetre Astronomy
	1.3 Identifying multi-wavelength counterparts to Submillimetre Galaxies
	1.3.1 Radio interferometry
	1.3.2 Optical and near-infrared colour selection
	1.3.3 Submillimetre interferometry

	1.4 Tracing Molecular Gas Mass Density
	1.5 Overview

	2 Cosmic evolution of the H2 mass density and the epoch of molecular gas
	2.1 Introduction
	2.2 Data
	2.2.1 SCUBA-2 Cosmology Legacy Survey
	2.2.2 UKIDSS-UDS ultraviolet–optical–mid-infrared imaging and catalogue

	2.3 Methods
	2.4 Results
	2.4.1 Estimating molecular gas mass: Rayleigh-Jeans luminosity-to-gas mass relation
	2.4.2 Deriving molecular gas mass density from the halo mass function.
	2.4.3 Estimating molecular gas mass density using a ``constant efficiency'' model

	2.5 Discussion
	2.5.1 Evolution of cosmic molecular gas mass density at 0< z < 2.5
	2.5.1.1 The impact of the mass-metallicity relation
	2.5.1.2 Bright SMGs undetected in the K-band

	2.5.2 Comparison of the evolution of molecular gas mass density to other studies in the literature
	2.5.3 Contribution of the brightest submillimetre sources to the cosmic evolution of the molecular gas mass density
	2.5.4 Additional constraints on the evolution of molecular gas mass density
	2.5.5 The epoch of molecular gas
	2.5.6 Estimating the evolution of cosmic molecular gas mass density at z<6

	2.6 Conclusions

	3 The SCUBA-2 Large eXtragalactic Survey: 850m map, catalogue and the bright-end number counts of the XMM-LSS field
	3.1 Introduction
	3.2 The SCUBA-2 Large eXtragalactic Survey
	3.2.1 Observations
	3.2.2 Data reduction
	3.2.3 Astrometric refinement and registration

	3.3 Analysis
	3.3.1 Area Coverage
	3.3.2 Source extraction
	3.3.3 Simulated SCUBA-2 maps
	3.3.4 Flux boosting
	3.3.5 Completeness
	3.3.6 Positional uncertainty
	3.3.7 False detection rate

	3.4 Discussion
	3.4.1 Bright-end number counts of the 850m population
	3.4.2 Comparison to models

	3.5 Summary

	4 ALMA follow-up of the SCUBA-2 Large eXtragalactic Survey XMM-LSS field: Source catalogue and first results
	4.1 Introduction
	4.2 Pinpointing the position of 850m selected sources from S2LXS XMM-LSS with ALMA
	4.2.1 ALMA observations and data reduction
	4.2.2 Source extraction
	4.2.3 Multiplicity Fraction
	4.2.4 Redshift distribution
	4.2.5 Summary


	5 Conclusions
	5.1 Evolution of the molecular gas mass density
	5.2 The bright-end of the single-dish 850m selected submillimetre population

	6 The future of submillimetre astronomy
	6.1 Future Infrared/Submillimetre Instruments
	6.1.1 Atacama Large Aperture Submillimetre Telescope
	6.1.2 James Webb Space Telescope
	6.1.3 Third generation 850m camera on the JCMT
	6.1.4 Origins
	6.1.5 TolTEC camera for the Large Millimeter-wave Telescope
	6.1.6 Large Latin American Millimeter Array
	6.1.7 Cerro Chajnantor Atacama Telescope - prime

	6.2 Summary

	A Multi-wavelength imaging for sources in the SCUBA-2 Large eXtragalactic Survey main catalogue
	Bibliography

