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Abstract

Molecular gas is the primary fuel for star formation in galaxies. Gas within giant molecular

clouds collapses to form the next generation of stars. This star formation is critical in determin-

ing both how galaxies appear, via their starlight, as well as their evolution. Nowhere is this

more evident than for the first generation of star-forming galaxies. These galaxies were fuelled

by pristine gas, driving intense star formation, giving rise to massive stars. The starlight from

these galaxies bathed the Universe with ultraviolet light, reionising the neutral hydrogen in

the intergalactic medium.

In this thesis we study analogues of the first galaxies, targeting Lyman continuum emission

in z ∼ 3 galaxies. We determine significant individual escape fractions of ionising photons

for a large sample of galaxies for the first time. However, a stack of non-detections provides a

stringent upper limit on the escape fraction of< 0.5%, with no clear difference in the properties

of detections and non-detections, suggesting a dichotomy in the way that Lyman continuum

photons escape their host galaxy.

We then use the xCOLD GASS survey to determine the molecular gas content of the local

Universe more accurately than before. We calculate the ratio of molecular to atomic gas and

investigate how this varies with stellar mass. Finally, we build a modular analytical model

based upon empirical scaling relations. We model the SFR-M∗ plane and scaling relations

between SFR and gas masses. We successfully use our model to predict the SFR distribution

function, matching empirically derived results. We also use our model to predict the molecular

and atomic gas mass functions, demonstrating the potential of this simple model based on

observations.

This thesis provides insight into the contribution of the first galaxies to reionisation, the

molecular gas content of the local Universe and how scaling relations can be used to predict

galaxy properties.
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Impact Statement
This thesis presents observational and analytical work that aims to understand both the first

galaxies as well as galaxies in the local Universe. The benefits of this thesis are mostly aca-

demic.

In Chapter 2 we aim to better understand the contribution of the first galaxies to reionisation.

We carried out observational studies, imaging high-redshift galaxies using the Hubble Space

Telescope and taking spectra of their emission lines using the Keck telescope. For the first

time we directly detected leaking ionising photons from these galaxies, finding significant

escape fractions in a large sample. This study provided a huge increase in the number of

galaxies detected with such emission. We also found a dichotomy within our results, which

may inform the picture of the physical mechanisms that allow these ionising photons to escape

their host galaxies. These findings are crucial to our understanding of the first galaxies and

their contribution to cosmic reionisation.

In Chapter 3 we focused on molecular gas, the fuel for star formation in galaxies. Using

the xCOLD GASS survey we determined the abundance of molecular gas in the local Universe,

more accurately than previous studies. This quantity is essential for our understanding of how

galaxies form and evolve and our study provides a local anchor for high redshift studies as well

as an important constraint for simulations and semi-analytical models of galaxy formation.

The third science Chapter of this thesis explored how tight correlations between observed

galaxy properties could be used to predict properties of the galaxy population. We used data

from the SDSS, xGASS and xCOLD GASS surveys and Bayesian inference to predict the con-

tribution of low mass galaxies to the total cosmic abundance of molecular gas. Our model

is simple, modular, analytical and based upon observations. We present a basic model that

could be improved and extended to complement rival approaches including simulations and

semi-analytic models.

The work in Chapter 2 has been published in the Astrophysical Journal and the work in

Chapter 3 has been accepted for publication in the Monthly Notices of the Royal Astronomical

Society. Furthermore, this work has been presented at numerous conferences and outreach
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1Introduction

Ever since the discovery by Hubble (1926) that galaxies are their own gravitationally-bound

systems of stars or “island universes”, rather than structures within the Milky Way, galaxies

have been at the centre of discoveries in astrophysics. As the fundamental building blocks of

the Universe, galaxies trace the large scale structure and evolution of the Universe. Looking in-

side galaxies has shown us how their stars form out of dense clouds of molecular gas. Studying

them has led to the discovery that the Universe is expanding (Hubble, 1929) and by measuring

their supernovae it has been inferred that this rate of expansion is accelerating (Riess et al.,

1998; Perlmutter et al., 1999).

Evidence of late-time accelerated expansion, advancedmeasurements of the CMB (e.g. Planck

Collaboration et al., 2018a) and large scale structure surveys in the last 20 years have led to

the development of the Standard Model of Cosmology (ΛCDM cosmology). In this picture

the Universe is comprised primarily of dark energy (Λ), followed by cold dark matter (CDM)

Fig. 1.1: The Hubble Extreme Deep Field Image. This image shows an area of the sky smaller than
1mm2 on a sheet of paper held 1m away. Remarkably there are ∼ 5500 galaxies contained within this
image, from faint galaxies that formed 13.2 billion years ago to red galaxies where star formation has
ceased. Within one image it provides a window to the history of galaxies from the local Universe up
to z ∼ 7. Image Credit: NASA, ESA, G. Illingworth, D. Magee, and P. Oesch (University of California,
Santa Cruz), R. Bouwens (Leiden University), and the HUDF09 Team.
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(e.g. Blumenthal et al., 1984) and baryonic matter. The Universe has expanded from a hot

Big Bang with initial density perturbations seeded by inflation. As the Universe cools and ex-

pands, these perturbations are amplified by gravity, leading to the formation of stars, galaxies

and large scale structure we observe today.

Extragalactic astronomy aims to understand how galaxies like our own formed and evolved.

It aims to understand the diversity of galaxies (see Figure 1.1), how their properties changewith

time, correlate with each other and the physics that underlies these correlations. The aims of

this thesis are two-fold. Firstly, this thesis aims to improve our understanding of a period in the

early Universe, the epoch of reionisation, when the first stars and galaxies reionised the inter-

galactic medium. Specifically, we aim to answer the questions: what were the properties of the

first galaxies, how ionising were they and what was their contribution to cosmic reionisation?

This is especially important as next-generation facilities such as JWST and the E-ELT will soon

provide insights into the population and properties of z ≳ 7 galaxies. Secondly, it is now well

understood that molecular hydrogen is the fuel for star formation and that galaxy formation

and evolution is regulated by the gas content of galaxies. If this gas-regulated picture is true,

it is important to determine how much molecular gas is in the Universe. In addition, we aim

to build an analytical model based upon observed scaling relations between the gas content of

galaxies and other key galaxy properties. Such a model can then be used to provide predictions

for gas mass functions and star formation rate distribution functions at low masses and star

formation rates, where observational data is incomplete. In this introduction we outline our

current understanding of how galaxies form and evolve within the ΛCDMmodel, the epoch of

reionisation and how galaxies properties correlate with each other and the physics underlying

these correlations.

1.1 Galaxy Formation Overview
1.1.1 The Friedmann-Robertson-Walker Metric
On large scales,> O(1) Gpc, the Universe is assumed to be spatially homogenous and isotropic.

This is the basis of the cosmological principle which assumes that there is no special position in

the Universe (homogeneity) and that there is no unique direction (isotropy)). This assumption

is supported by the Copernican principle coupled with observational evidence that the Cosmic

Microwave Background (CMB) is isotropic (e.g. Penzias and Wilson, 1965). The former states

that we are not privileged observers in the Universe and any observation made on Earth must

be the same as a measurement made elsewhere. Thus, from the CMB measurements we can
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imply that isotropy holds for all points in the Universe, mathematically this then implies ho-

mogeneity. In order for us to measure galaxies and chart their positions in space and time

within the Universe, we must first define the metric (ds2) which describes the spacetime of the

Universe. The corresponding spacetime metric for a homogeneous and isotropic Universe is

the Friedmann-Robertson-Walker (FRW) metric

ds2 = c2dt2 − a2(t)

[
dr2

1− κr2
+ r2(dθ2 + sin2 θdϕ2)

]
, (1.1)

where c is the speed of light, t is the cosmic time, the function a(t) is the scale factor and

(r, θ, ϕ) are the comoving coordinates. The constant κ represents the curvature of space which

could be flat (κ = 0), closed (κ > 0) or open (κ < 0). Measurements of the CMB using the

Planck satellite indicate that κ = 0 for our own Universe, which reduces the FRW metric

to flat Euclidean space. We note that the scale factor, a(t), is a dimensionless quantity that

parameterises the relative expansion of the Universe at different values of cosmic time.

As the vast majority of astronomical observations are made using light, it is important to

understand how light propagates through the Universe. The redshift (z) measures the change

in wavelength (λ) of a photon emitted at an earlier time, tem, that is stretched by the expansion

of the Universe and consequently observed at a longer wavelength (λobs) today (tobs):

z ≡ λobs − λem

λem
, (1.2)

where λem is the emitted wavelength of the photon. It can be shown that for photons, which

follow null geodesics, z can be related to the scale factor:

z ≡ λobs

λem
− 1 =

a(tobs)

a(tem)
− 1. (1.3)

The redshift of a galaxy provides us with a convenient marker of its time coordinate. In our

expanding Universe galaxies in the past (a(tobs) > a(tem)) are at z > 0 and galaxies today

(a(tobs) = a(tem)) are at z = 0. As astronomerswemeasure how light emitted from transitions

between energy levels within atoms is redshifted, this information allows us to chart the 3D

distribution of galaxies.
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In order for us to calculate the evolution of the Universe we need to describe the law of

gravity using the Einstein field equations, which links the geometry of spacetime to the energy

content of the Universe:

Gµν + Λgµν =
8πG

c4
Tµν . (1.4)

The Gµν term is the Einstein tensor, where Gµν = Rµν − 1
2gµνR and Rµν is Ricci tensor,

which depends on the metric and R is the Ricci scalar, which is the contraction of the Ricci

tensor. The term Tµν is the energy-momentum tensor which describes the constituents of the

Universe, Λ is the cosmological constant and G is the gravitational constant.

The FRWmetric can be used to solve the Einstein field equations, includingΛ, for a homoge-

nous and isotropic Universe. This leads to the Friedmann equations which link the evolution

of a(t) to p(t) and ρ(t):

H2 ≡
(
ȧ

a

)2

=
8πG

3
ρ− κc2

a2
+

Λ

3
, (1.5)

ä

a
= −4πG

3

(
ρ+

3p

c2

)
+

Λ

3
. (1.6)

The quantities ρ and p represent respectively the density and pressure of a perfect fluid with

equation of state p = wρc2 where the constant w is the equation of state parameter. The

cosmological constant Λ can be thought of as an energy density of space and can be rewritten

as a mass density ρΛ = Λc2/8πG. The expansion rate of a FRW Universe is characterised by

the Hubble parameter,

H(t) ≡ ȧ

a
, (1.7)

where the expansion rate at the present time is H(t0) which is known as the Hubble constant,

H0. The Hubble constant is determined by independently measuring the recession velocity

(v) and the luminosity distance (dL) of distant objects (H0 = v/dL). The luminosity distance

(dL) is calculated by knowing the intrinsic luminosity (L) of an object and using the observed

flux (F ) of the same object, dL =
√
L/4πF . At low redshifts the recession velocity is simply

measured from the redshift via spectroscopic observations, v = cz. Typically, Cephid vari-

able stars and Type Ia Supernova are used to calculate the Hubble constant in this manner,

as the intrinsic luminosity of each of these objects can be determined respectively from their
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pulsation period and the rate at which they fade away. A variety of measurements, for ex-

ample from the HST Key project (Freedman et al., 2001) and the WMAP (Bennett et al., 2013)

and Planck missions (Planck Collaboration et al., 2018a), among others, have led to the value

H0 ≃ 70 km s−1Mpc−1 = 100 · h km s−1Mpc−1 typically being used by astronomers with

h = 0.7 used as a short-hand for the Hubble constant in units of 100 km s−1Mpc−1. The Fried-

mann equations underpin much of cosmology, allowing us to understand the evolution of the

Universe through cosmic time and connect observables to physical quantities.

1.1.2 Contents of the Universe
In order for us to determine a(t) using Equation 1.5, we need to know κ and how ρ evolves with

time. We therefore need to know the different constituents that make up the Universe, their

equation of state and how their energy densities evolve with time. Modern cosmology assumes

that the Universe is comprised of matter (including baryons and dark matter), radiation and

dark energy (Λ). Using the equation of state, it can be shown for matter, radiation, curvature

and Λ that ρm ∝ a−3, ρr ∝ a−4, ρκ ∝ a−2 and ρΛ ∝ a0 respectively. Therefore, Equation 1.5

can be rewritten and solved in terms of the densities of each component at the present time:

H(z) = H0

[
ΩΛ,0 +Ωκ,0 (1 + z)2 +Ωm,0 (1 + z)3 +Ωr,0 (1 + z)4

] 1
2
. (1.8)

Where we have used the density parameter, Ω:

Ωi,0 =
ρi,0
ρcrit,0

, (1.9)

where ρi andΩi are respectively the density and density parameter for each component where

the subscript 0 indicates these quantities are measured at the present epoch. The term ρcrit is

the critical density, defined as follows:

ρcrit(t) =
3H2(t)

8πG
. (1.10)

We can also define Ωκ,0 by re-writing the Friedmann Equation at t = t0:

Ωκ,0 ≡ − κc2

H2
0a

2
0

= 1− Ω0, (1.11)
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where

Ω0 = Ωm,0 +ΩΛ,0 +Ωr,0. (1.12)

Constraints from the CMB (e.g. Planck Collaboration et al., 2018a) indicate that at the present

epoch, the Universe is dominated by dark energy (∼ 68.5%). Remarkably, only 15% of the total

matter content of the Universe is in the form of visible baryons, with baryonic matter and dark

matter contributing∼ 4.9% and∼ 26.4% of the total mass-energy budget respectively. Finally,

observations show that Ω0 = 1, and that the Universe is flat (Ωκ,0 = 0). We now outline the

properties and observational evidence for each of these components.

Baryons

Thevisible Universe is comprised of ordinary baryonicmatterwhich includes atoms, molecules,

protons and neutrons. Baryonic matter makes up the matter in our everyday lives as well

as the gas, metals, stars and galaxies we observe as astronomers. Measurements using the

power spectrum of the CMB (Planck Collaboration et al., 2018a) and the abundance of light

elements created in Big Bang nucleosynthesis (Cyburt et al., 2016) indicate that baryons make

up approximately 5% of the total matter-energy density of the Universe.

Remarkably, at the present epoch, just 9% of these baryons are found in galaxies (Persic and

Salucci, 1992; Fukugita and Peebles, 2004; Shull et al., 2012b), with the stellar component of

galaxies contributing 7% of this total and cold gas within galaxies contributing the remaining

2% (Zwaan et al., 2003; Keres et al., 2003; Zwaan et al., 2005a; Jones et al., 2018).

The remaining ∼ 90% of baryons reside in the circumgalactic medium (CGM) and the inter-

galactic medium (IGM).The IGM provides a supply of fresh fuel for star formation and receives

metals and radiation from galaxies. TheΛCDMmodel predicts that galaxies and galaxy clusters

are embedded in the large scale web-like structure of filaments and knots (see Section 1.1.3).

It is therefore expected that a significant fraction of baryons exist outside galaxies, tracing the

underlying dark matter distribution of this large-scale structure. Measurements using Lyα and

Ovi absorption lines, associated with galaxies, in the spectra of background quasars indicate

that approximately 5 ± 3% of baryons reside within the circumgalactic medium (Prochaska

et al., 2011). The rest of the baryons, termed as the “missing baryons”, are expected to be in

a diffuse “warm-hot” intergalactic medium (WHIM). Baryons in the intra-cluster medium of

massive clusters detected using X-ray emission account for a further 4± 1.5% of baryons (e.g.

Eckert et al., 2015). A further 53±13% of baryons are accounted for in the WHIM using broad
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Tab. 1.1: Summary of cosmological parameters from Planck Collaboration et al. (2018a).

Parameter Symbol Value
Baryon density Ωb Ωbh

2 = 0.0224± 0.0002

Cold dark matter density Ωc Ωch
2 = 0.1200± 0.0012

Matter density Ωm 0.3153± 0.0073

Radiation density Ωr (9.26± 0.23)× 10−5

Dark energy density ΩΛ 0.6847± 0.0073

Curvature density Ωκ 0.001± 0.002

Hubble constant [km s−1Mpc−1] H0 67.36± 0.54

Age [Mpc] t0 13.797± 0.023

Reionisation redshift zre 7.67± 0.73

Lyα and Ovi absorption lines in quasar spectra and an additional ∼ 11± 7% are detected us-

ing the Sunyaev-Zel’dovich (SZ) effect (de Graaff et al., 2019). However, a fraction (18± 16%)

of these missing baryons in the WHIM may still be unaccounted for. Still, the uncertainties

are large and more gas may be detected, for example, in filaments with deeper surveys com-

plemented by future lensing and X-ray surveys which will provide better constraints on the

temperature and density of the gas and thus the inferred baryon fraction.

Dark Matter

Dark matter contributes the remaining ∼ 85% of the matter content of the Universe (Planck

Collaboration et al., 2018a). As the dominant form of matter it is key to understanding the

formation and growth of galaxies over time as, in our understanding of modern cosmology,

galaxies reside within the gravitational wells of dark matter haloes. Unlike baryonic matter,

dark matter does not absorb or emit electromagnetic radiation, making it much harder to de-

tect.

The first observational evidence of dark matter came frommeasurements of the velocities of

galaxies in the Coma cluster. Zwicky (1937) inferred that the total mass within the cluster must

be much greater than the luminous mass in stars alone. Further evidence has been provided by

gravitational lensing as well as galaxy rotation curves which showed no sign of tailing off at

large radii, as expected if stars and gas were the only sources of mass within galaxies (Roberts

and Rots, 1973; Rubin et al., 1978; Rubin et al., 1980). Also, the dark matter content of clusters

has been inferred using the lensing of background objects (e.g. Jee et al., 2007). Additionally,

the total matter content of the Universe (Ωm,0 = 0.3153± 0.0073), including dark matter, has

been inferred using joint constraints from multiple cosmological probes, the most stringent
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constraints are found by combining primary CMB data and CMB lensing measurements with

data from Baryonic acoustic oscillations (Planck Collaboration et al., 2018a), or Ωm,0 has been

also been inferred with weak lensing (e.g. Hildebrandt et al., 2017; Abbott et al., 2018). Under-

standing the nature of dark matter is one of the main aims of modern cosmology and particle

physics. Weakly interacting massive particles (WIMPs), which are hypothetical massive par-

ticles that would interact with other matter via gravity but only weakly via other forces, are

one of the proposed candidates for dark matter and although many experiments are searching

for such particles they have not yet been detected.

Radiation

In the present-day Universe the contribution of radiation to the total mass-energy density is

negligible. Electromagnetic radiation or light is the main way in which astronomers observe

the Universe. However, starlight contributes very little to the total radiation density. Instead,

the radiation density of the Universe is dominated by primordial radiation, the remnant radi-

ation left over from the CMB which has the spectrum of a blackbody with TCMB = 2.7255K,

corresponding to Ωγ,0 ∼ 5 × 10−5. However, we also group relativistic matter together with

photons within this “radiation” component. We must therefore include neutrinos which are

light enough that they move with v ≈ c. It can be shown that neutrinos contribute a further

0.68 times the energy density of photons (see Mukhanov, 2005, for a full derivation). This

means Ωr,0 = (9.26±0.23)×10−5 (e.g. Planck Collaboration et al., 2018a). Finally, the contri-

bution of radiation to the total mass-energy density of the Universe has not always been neg-

ligible. As ρr ∝ a−4, the early Universe would have been radiation dominated, for zeq > 3402

(Planck Collaboration et al., 2018a).

Dark Energy

The final component is dark energy with ΩΛ = 0.68 (Planck Collaboration et al., 2018a). Ev-

idence for dark energy first came from large scale structure in the Universe (Efstathiou et al.,

1990). Confirmation was provided by Riess et al. (1998) and Perlmutter et al. (1999), using

the observed redshift-distance relation of high-redshift Type Ia supernovae, they showed the

expansion of the Universe is accelerating. Dark energy is the likely culprit for this late-time

accelerated expansion since z ∼ 1. Furthermore, measurements of temperature fluctuations of

the CMB show the Universe is nearly flat at present (Ωk,0 = 0) and its density must be∼ ρcrit.

This is determined by plotting the temperature anisotropies as a function of angular scale and
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Fig. 1.2: A map of the anisotropies in the CMB, showing temperature fluctuations ∆T/T ≈ 10−5

corresponding to regions of slightly different densities resulting from inflation. These are the seeds of
the structure we observe today in the form of stars, galaxies and large-scale structure. Image credit:
Planck collaboration.

comparing the position of the peak at the largest scales to predictions (see Jungman et al., 1996,

for a review), which gives Ω0 = 1. As Ωm,0 ∼ 0.3, this implies the majority of the remaining

matter-energy density in the Universe is dark. The nature of dark energy is unknown but its

distribution must be homogeneous, not tracing the distribution of matter and it must have an

equation of state with either w = −1 (cosmological constant) or a scalar field with w < −1/3

(quintessence), driving accelerated expansion.

1.1.3 Structure Formation in a ΛCDM Universe
For structure such as stars, galaxies and clusters to form, the cosmological principle must break

down at some scales. Otherwise, the Universe would still be perfectly uniform today. These

perturbationsmust have occurred early on in the Universe and grownwith time. To explain the

Universe we observe today we would require the initial conditions within the Big Bang picture

to be very finely tuned, which leads to a series of problems with the Big Bang model. The

flatness problem arises as the flat Universe we observe today implies the Universe was initially

fine-tuned to be extremely flat as any departure from flatness would be amplified over time.

The horizon problem results from the fact that the CMB shows different parts of the sky, which

appear as if they could not have been in causal contact, with the same temperature. Finally

the initial condition problem states that small perturbations departing from homogeneity and

isotropy, of the order dρ/ρ ∼ 10−5, are required as initial conditions to seed the large scale

structure in the Universe observed today.

The theory of inflation (Guth, 1981; Linde, 1982; Albrecht and Steinhardt, 1982) was intro-

duced partly to solve the horizon problem. Inflation suggests the Universe underwent an early

period of exponential expansion driven by a cosmological constant. It solves the horizon, flat-
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Fig. 1.3: A map of the Universe from SDSS. Each dot represents a galaxy. The image shows the large
scale structure of galaxies in our Universe. Image credit: SDSS Collaboration.

ness and initial condition problems but it also predicts that primordial quantumfluctuations are

amplified and freeze out at cosmic sizes. It was soon realised that these fluctuations could pro-

vide the perturbations to seed structure growth (e.g. Mukhanov and Chibisov, 1981; Starobin-

sky, 1982; Guth and Pi, 1982; Hawking, 1982; Guth and Pi, 1985). In almost all models of infla-

tion the predicted primordial perturbations have a power-law spectrum, P (k) ∝ kns−1 (Lid-

dle and Lyth, 2000), where ns is the spectral index which has the measured value ns = 0.965

(Planck Collaboration et al., 2018b). This is approximately a scale-invariant spectrum (ns = 1)

or a Harrison-Zel’dovich spectrum (Harrison, 1970; Zel’Dovich, 1970).

Due to the fact that the vast majority of matter in the Universe is in the form of dark mat-

ter (Planck Collaboration et al., 2018a), the formation of structure in the Universe must be

dominated by the gravitational collapse of dark matter in over-dense regions resulting from

primordial fluctuations. This gravitational collapse occurs on small scales, whereby dark mat-

ter haloes form, dragging along baryonic matter including gas and dust to then form stars and

galaxies. Collapse also occurs on large scales, where clusters and filaments form. The growth

of structure occurs in a hierarchical manner, with small dark matter haloes forming first. Satel-

lite haloes then merge onto a central host halo to formmore and more massive haloes. Isolated

groups of dwarf galaxies at z = 0 provide evidence to support this picture, as given time, hi-

erarchical merging will likely mean these systems form intermediate-mass galaxies that are

commonly seen in the present epoch (Stierwalt et al., 2017).
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1.1.4 The Physical Processes Within Galaxies
In this section we outline the physical processes that determine the formation and evolution of

galaxies within the wider cosmological context of the ΛCDM Universe. This involves the cool-

ing and gravitational collapse of gas within dark matter haloes, star formation and feedback

from stars and AGN (see Benson, 2010; Silk and Mamon, 2012, for reviews).

Accretion and Gas cooling

Baryonic matter is initially distributed uniformly. In order for galaxies to form, baryons must

be concentrated by gravity, which is dominated by the distribution of darkmatter. It is expected

that baryonic matter is then concentrated within the centre of the potential well of the host

dark matter halo (see Benson, 2010, for a review). Baryons are accreted via smooth accretion

into dark matter haloes through two modes: (1) “‘hot mode accretion” (e.g. Rees and Ostriker,

1977; White and Rees, 1978) where accretion is quasi-spherical and gas is shock heated to the

virial temperature and (2) “cold mode accretion” (e.g. Kereš et al., 2005) where cold dense gas

from intergalactic filaments flows directly into the galaxy without being shock heated. Cold

mode accretion is thought to dominate for low-mass haloes and at high redshift, allowing gas

to cool and form stars rapidly, whereas, hot-mode accretion is thought to dominate at low

redshift and for more massive haloes (see Benson, 2010, and references therein). Galaxies can

also accrete gas through mergers which can lead to gas concentrating onto the central disk

giving rise to violent starburst events (e.g. Barnes and Hernquist, 1991).

Once gas is accreted within dark matter haloes it must collapse and become sufficiently

dense for stars to form. Gas must cool enough such that the gravitational force acting on

the gas exceeds the thermal pressure supporting it. When gas falls into a dark matter halo

via hot-mode accretion it is first shock-heated to the virial temperature of the galaxy poten-

tial well (Tvir ∼ 106 K for a Milky Way sized galaxy). Gas can then cool by emitting radia-

tion, allowing kinetic energy to be radiated away. This occurs through different mechanisms

depending on its temperature and chemical composition (see Mo et al., 2010, for further de-

tails). For Tvir > 107 K, gas is fully collisionally ionised and cooling occurs mainly through

bremsstrahlung emission from free electrons. For 104 K < Tvir < 106 K atomic cooling can

occur with electrons recombining with ions, releasing photons or atoms can be collisionally

excited and drop down to a ground state, emitting photons. When Tvir < 104 K gas is expected

to be neutral. This suppresses cooling but gas can still cool through collisional excitation and

de-excitation with heavier elements or through molecular cooling, for example through rota-
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tional or vibrational lines. Lastly, inverse Compton scattering of CMB photons by electrons in

hot gas at z > 6 can be an effective way for gas to radiate away kinetic energy.

With the exception of inverse Compton scattering these processes all involve two particles.

As a result, cooling is more effective in denser regions. This has a runaway effect, whereby

regions of gas condense via radiative cooling, these regions are then more dense which allows

them to cool more efficiently, further accelerating their collapse.

Star Formation

As this runaway collapse of gas occurs, gas clouds begin to collapse under their own self-

gravity and they can fragment into many smaller clouds. Eventually, regions of dense molecu-

lar gas form, distributed over giant molecular clouds (GMCs) which have masses 105−106 M⊙

and densities of approximately nH2 ∼ 102 cm−3. These clouds can have significant substruc-

ture, ranging fromdense clumpswith densitiesnH2 ∼ 102−105 cm−3 andmasses 102−104 M⊙,

to even denser cores with densities nH2 > 105cm−3 and masses 0.1− 10M⊙.

Protostars form in the densest of these regions within GMCs, with physical processes such

as self-gravity, turbulence and magnetic fields playing a role in their formation (e.g. McKee

and Ostriker, 2007). Clumps are thought to be the birthplace of clusters and denser cores the

birthplace of individual stars.

Looking at star formation on a larger scale, the star formation in galaxies appears to occur

in two main modes: (1) at a steady rate, known as the main sequence, characterised by a tight

relation between stellar mass (M∗) and the star formation rate (SFR) and (2) starburst, outliers

above the main sequence relation where stars form at a much faster rate due to mergers or

tidal interactions. In addition, a global star formation law appears to hold for different types

of galaxies and molecular clouds, with the star formation rate per unit area (ΣSFR) scaling with

surface density of gas (Σgas). This relation (ΣSFR ∝ Σn
gas) is known as the Kennicutt-Schmidt

law (Schmidt, 1959; Kennicutt, 1998).

Feedback

However, there is a flaw in the simple picture of gas cooling in dark matter haloes and subse-

quent star formation (e.g. White and Rees, 1978) that does not tally with observations. Using

this simple model and combining the dark matter halo mass function with a mass-dependent

cooling efficiency results in a rough estimate of the stellar mass and luminosity functions. This

prediction does not agree with observations, over-estimating the number of galaxies at low and
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high masses (see Figure 1.4 as well, which shows the mismatch in the shape and normalisation

of the observed galaxy stellar mass function and dark matter halo mass function scaled by the

baryonic fraction). This is known as the “overcooling problem”. Some physical processes, that

affect galaxies at the low and high mass end, must be acting to either prevent gas from cooling

or to reheat it once it has already cooled, thus inhibiting star formation. Feedback mechanisms

including stellar feedback and feedback from super-massive black holes in the centres of galax-

ies or Active Galactic Nuclei (AGN), have been introduced and inhibit star formation in these

regimes.

Stellar feedback processes suppress star formation in a number of different ways. Young,

massive stars suppress star formation in dense regions of the ISM via ionising radiation, pro-

tostellar jets, stellar winds (O and AGB stars) and radiation pressure (Hopkins et al., 2012).

Supernovae, occurring during the last evolutionary stages of massive stars, can suppress star

formation via heating, imparting momentum, and causing mass loss in the ISM. These process

lead to quasi-static GMCs that cool and form stars but feedback causes structure and turbu-

lence within the clouds, eventually dispersing them after they have only converted a small

fraction of their baryonic mass to stars (e.g Hopkins et al., 2011; Hopkins et al., 2012). Stellar

feedback dominates the suppression of star formation in low-mass galaxies.
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Fig. 1.4: Comparison of the global dark matter halo mass function from Sheth et al. (2001) (thick black
line), the dark matter halo mass fraction shifted to the left by the baryon fraction (black dotted line) and
the galaxy stellar mass function from Bernardi et al. (2013) (magenta stars) andWright et al. (2017) (cyan
squares). The mismatch between the shape and normalisation of the two mass functions is understood
to arise due to feedback regulating galaxy formation and evolution. Supernovae inhibit star formation
at low masses while AGN suppress star formation at the high-mass end. Figure taken from Bullock and
Boylan-Kolchin (2017).
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A further important source of feedback comes from AGN, which are supermassive black

holes (SMBH) at the centre of galaxies that are actively accreting gas. The importance of AGN

and their effect on the evolution of their host galaxy via feedback was first realised when Silk

and Rees (1998) developed a model for quasar winds in order to explain the MBH − σ relation.

AGN provide feedback via ionising radiation emitted from their accretion disks, relativistic jets

and fast winds. Together, these mechanisms heat up the ISM preventing gas cooling and star

formation, suppress cooling flows limiting further growth, and eject gas out of the galaxy. AGN

are responsible for the exponential cut-off of the observed stellar mass function at high masses,

where SMBHs and the subsequent feedback from AGN has the greatest effect in inhibiting

further star formation.

1.2 Galaxy Scaling Relations
The physics governing galaxy formation and evolution is complex with a wide range of pro-

cesses involved over different scales, as we have seen in Sections 1.1.3 and 1.1.4. Despite this,

the global properties of galaxies are found to be related through an intricate network of tight

correlations or “scaling relations”. These relations can give us an insight into the internal

physics underlying galaxy formation and evolution.

These scaling relations include the Tully-Fisher relation (Tully and Fisher, 1977), which re-

lates the luminosity and rotational velocity of spiral galaxies (L ∝ V 4
rot). The MBH − σ re-

lation describes the correlation between the central SMBH mass and the velocity dispersion

(Ferrarese and Merritt, 2000; Gebhardt et al., 2000). Finally, the Kennicutt-Schmidt relation

describes the tight correlation between the surface density of gas and star formation rate

(ΣSFR ∝ Σn
gas) (Schmidt, 1959; Kennicutt, 1998).

More recently, tight correlations between the stellar mass and SFR of star-forming galaxies

(Main Sequence) as well as metallicity (Fundamental Metallicity Relation) have been observed.

Scaling laws relating atomic and molecular gas to galaxy properties such as the SFR (Saintonge

et al., 2011; Santini et al., 2014; Catinella et al., 2018) have also been introduced, connecting the

gas content of galaxies to fundamental properties such as SFR and M∗, further highlighting the

important role that gas plays in galaxy evolution. We now describe these important scaling

relations in more detail.
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The Star Formation Main Sequence

The Star Formation Main Sequence (MS or SFMS) at z ≈ 0 is a tight correlation (∼ 0.3 dex

scatter) between the SFR and stellar mass of star-forming galaxies (SFGs) (Brinchmann et al.,

2004; Noeske et al., 2007; Daddi et al., 2007; Elbaz et al., 2007; Pannella et al., 2009; Peng et

al., 2010; Speagle et al., 2014; Rodighiero et al., 2014; Rodighiero et al., 2010; Schreiber et al.,

2015; Whitaker et al., 2015; Schreiber et al., 2015). This SFR-M∗ relation shows that the SFR

of SFGs increases smoothly with M∗. The MS is important because ∼ 85% of star formation

is expected to occur in MS SFGs (Rodighiero et al., 2011; Sargent et al., 2012). The relation

also appears to hold at high redshifts, up to at least z ∼ 4, with the scatter remaining roughly

constant (Schreiber et al., 2015; Ilbert et al., 2015), the normalisation of the relation increasing

with redshift (more star formation) and the turnover at high masses becoming steeper (e.g.

Schreiber et al., 2015). More generally the MS can be written as a power law with a redshift

dependence:

SFR ∝ Mα
∗ · (1 + z)β. (1.13)

Where α ≃ 0.8 and β ≃ 2.7 for z = 0-2 (Bouché et al., 2010).

Green Valley

Main Sequence

Starbursts

Red Sequence

Fig. 1.5: Left: The SFR-M∗ plane using SDSS galaxies in the redshift range 0.01 < z < 0.05. The
figure shows the main sequence (blue and star-forming), the red sequence (red and quiescent), as well as
starburst (highly star forming) and green valley (between the main and red sequence). Right: Evolution
of the average SFR of star-forming galaxies with M∗ and z, showing the evolution of the main sequence
with redshift. Coloured points show stacked data from observations and grey lines show the best fits
to this data for each redshift bin. Figure taken from (Schreiber et al., 2015).
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Galaxies falling on the MS are typically young, disk-like, blue and actively star-forming

and mainly contribute to the low-mass end of the stellar mass function. “Starburst” galaxies

are scattered above the MS with higher specific star formation rates (sSFR = SFR/M∗) due to

extreme events such as mergers decoupling their instantaneous SFR from their star formation

histories. It is also clear from Figure 1.5 that there is a distinct population of galaxies in the SFR-

M∗ plane, below the MS, with higher masses but much lower sSFR than their main sequence

counterparts. These more massive, passive galaxies form the “red sequence” or “red cloud” as

they are comprised of older stellar populations where star formation has been quenched. These

galaxies mainly contribute to the high-mass end of the stellar mass function where feedback

is responsible for quenching star formation. Finally, “green valley” galaxies are thought to be

transitioning from the MS to the red cloud because of quenching due to feedback, mergers or

a cut-off in their gas supply.

The small scatter around the MS suggests that star formation in SFGs is driven by a contin-

uous mass-dependent process that slowly decreases with time and may also turnover at high

masses. The origin of this relation is still unclear: why should the current SFR be related to the

integrated SFR from the past (M∗)? It appears the underlying cause of the MS may be due to

the correlation between SFR andMH2 (star formation is driven by molecular gas) and the corre-

lation between M∗ andMH2 (molecular gas and therefore SFR trace the gravitational potential

well created by the stellar mass), suggesting molecular gas plays a key role (Lin et al., 2019).

Indeed, the position of galaxies on the SFR-M∗ plane at z ∼ 0 can be explained by their total

cold gas reservoirs and the turnover of the MS at high masses can be explained by a decrease

in atomic and molecular gas fractions with increasing stellar mass (Saintonge et al., 2016). Fur-

thermore, studies have shown that the evolution at high redshifts of the MS to higher sSFRs

at constant M∗ is driven by increasing gas fractions and decreasing gas depletion timescales

(Tacconi et al., 2010; Magdis et al., 2012b; Magdis et al., 2012a; Tacconi et al., 2013; Saintonge

et al., 2013; Genzel et al., 2015).

The Mass-Metallicity Relation and the Fundamental Metallicity Relation

The gas-phase metallicity (Z) is one of the most important properties of galaxies, reflecting

their evolutionary stages. It is an integrated quantity; metals are produced in stars and are

deposited in the ISM, so Z mainly traces the star formation history. Metals are also ejected to

the IGM by outflows and diluted by inflows of cold pristine gas.
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The Mass-Metallicity (M − Z) relation (shown in Figure 1.6) describes the correlation be-

tween the stellar mass and metallicity of galaxies (e.g. Tremonti et al., 2004; Erb et al., 2006;

Maier et al., 2014; Salim et al., 2015). This relation shows that the metallicity of galaxies in-

creases with stellar mass. This correlation holds over at least 3 orders of magnitude in stellar

mass and is remarkably tight with only 0.10 dex scatter (Tremonti et al., 2004). The M − Z

relation also evolves with redshift, with the metallicity at a given stellar mass decreasing with

increasing redshift up to z ∼ 3.5 (e.g Maiolino et al., 2008; Mannucci et al., 2009).

As star formation and hence metal enhancement is dependent upon the amount of inflowing

gas (via the Kennicutt-Schmidt law) and subsequent supernovae are responsible for outflows, it

has been suggested that a correlation exists between SFR and metallicity. Combining this with

the MS and M − Z relation leads to a M − Z − SFR relation, or the Fundamental Metallicity

Relation (FMR) (e.g. Mannucci et al., 2010). Crucially, explanations of the FMR suggest baryon

cycling and gas regulation drive galaxy evolution, whilst the M − Z relation suggests high-

redshift low-mass galaxies will be metal poor, providing the conditions for massive, ionising

stars to form.
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Fig. 1.6: The Mass-Metallicity relation at z ∼ 0.1 using SDSS data. The plot shows a tight correlation
with metallicity increasing with stellar mass over 3 orders of magnitude in stellar mass. The black filled
diamonds show the median taken in bins of 0.1 dex width in stellar mass. The black lines enclose 68%
and 95% of data points respectively and the red line shows a polynomial fit to the data. The inset shows
the residuals of the fits, showing 0.10 dex scatter. Figure taken from (Tremonti et al., 2004).
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Molecular and Atomic Gas Scaling Relations

One of the most important galaxy scaling relations is the Kennicutt-Schmidt (KS) law (Schmidt,

1959; Kennicutt, 1998), a tight correlation (∼ 0.3 dex scatter) between the surface density of

molecular gas (ΣH2 ) and the star formation rate surface density (ΣSFR):

ΣSFR ∝ Σn
gas. (1.14)

The original work by Kennicutt (1998) suggested n ∼ 1.4 (see de los Reyes and Kennicutt, 2019,

as well). Other studies have found n ∼ 1 (Schruba et al., 2011; Leroy et al., 2013; Tacconi et al.,

2013; Genzel et al., 2015) meaning the KS law may be near-linear (see Figure 1.7).

Remarkably, the KS law appears to hold across different types of galaxies, up to z ∼ 2, and

holds when using integrated measures from galaxies as well as for resolved studies down to

at least ∼ 100 pc, below which the relation begins to breakdown (Onodera et al., 2010). The

KS law can also be expressed in terms of total (atomic plus molecular) gas and the atomic gas

surface density individually. Crucially, the KS relation isolates molecular gas as themain driver

of star formation, with the ΣSFR −ΣH2 correlation being much tighter than the ΣSFR −ΣHi+H2

Fig. 1.7: Left: Molecular gas surface density to SFR surface density relation (Kennicutt-Schmidt relation)
for star forming galaxies from Genzel et al. (2010), showing a tight correlation between molecular gas
and SFR up to z ∼ 3 across different types of galaxy. The different points show galaxies from z = 0 to
z ∼ 2 while the grey and coloured shaded regions show spatially-resolved data from M51 and normal
galaxies. Right: Scaling relation between molecular gas fraction and stellar mass, showing that as M∗
increases fH2 decreases. There is a shallow dependence for M∗ < 1010.5M⊙ and a steeper drop off
at higher masses. Mean scaling relations derived by stacking all galaxies (red circles) and MS galaxies
(orange circles) are shown as well as binned data for all galaxies (dark purple open squares) and MS
galaxies (pale purple open squares). Figures taken from Genzel et al. (2010) and Saintonge et al. (2017).
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correlation. This is also shown by a knee in theΣSFR−ΣHi+H2 relation for spiral galaxies where

Hi densities become saturated at the transition point from an atomic to a molecular dominated

ISM (e.g. Bigiel et al., 2008), showing dense molecular gas must be primarily responsible for

star formation.

There are also numerous scaling relations between the atomic and molecular gas con-

tent of galaxies and other key galaxy properties. For example, the atomic gas fraction

(fHi = MHi/M∗) decreases steadily with increasing stellar mass from 81% at M∗ ∼ 109.1M⊙

to∼ 2% atM∗ ∼ 1011.2M⊙ (Catinella et al., 2018). Saintonge et al. (2017) show that the molec-

ular gas fraction (fH2 = MH2/M∗) also decreases with increasing stellar mass with a shallow

negative correlation for M∗ < 1010.5M⊙ and a steeper drop off at higher masses (see Figure

1.7).

1.3 The Equilibrium Model
Motivated by the results from hydrodynamical simulations, simple models known as “equi-

librium models” (Davé et al., 2012), “bathtub models” (Bouché et al., 2010; Dekel et al., 2013)

or “gas-regulated” models (Lilly et al., 2013; Peng and Maiolino, 2014) posit gas is central to

regulating galaxies and their evolution. Equilibrium models are based upon a simple mass

balance equation of gas in the ISM, with inflows and outflows balancing on a timescale much

shorter than theHubble time. As suggested by hydrodynamical simulations, inflows are fuelled

by smooth accretion of cold gas (e.g. Kereš et al., 2005), outflows are continuous and eject gas

from the ISM and a fraction of gas from star formation is recycled back into the galaxy (Oppen-

heimer and Davé, 2008; Oppenheimer et al., 2010). In this section we outline the equilibrium

model presented in Lilly et al. (2013).

The fundamental principle behind the gas-regulated equilibrium model in Lilly et al. (2013)

is that a galaxy’s behaviour is controlled by its gas reservoir. The model assumes that gas

mixedwith darkmatter is constantly accreted along cosmic filaments from the IGM, outside the

galaxy halo. This is a reasonable assumption as the gas depletion timescale of galaxies at z ≈ 0

is∼ 1− 2 Gyr, which is much smaller than their typical age (∼ 10 Gyr), so gas accretion must

be replenishing their gas reservoirs. Some fraction (fgal) of the accreted baryonic matter cools

and is able to reach the galaxy disk as baryonic gas, entering the interstellar medium of the

galaxy at a rate Φ, adding to the gas reservoir with total massMgas. Some gas is expelled from

the galaxy due to galactic winds or outflows (Mout) and some gas is used up for star formation,

building up the stellar mass (M∗). The basic equation underlying equilibrium models is simply
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an expression of the conservation of gas mass between the reservoir, sources and sinks of gas

mass (Lilly et al., 2013):

Φ = Ṁgas + (1−R)Ṁ∗ + Ṁout, (1.15)

where (1−R)Ṁ∗ is the net amount of gas converted to long-lived stars accounting for some

recycling. The constantR is the recycled fraction of mass that is converted into stars and later

returned to the ISM through stellar processes.

In equilibriummodels the instantaneous star formation rate (SFR = Ṁ∗) is set by the amount

of gas in the reservoir at that time,

SFR = ϵ ·Mgas, (1.16)

where ϵ is the star formation efficiency. Equation 1.16 is similar to the Kennicutt-Schmidt

relation (Schmidt, 1959; Kennicutt, 1998) (see Section 1.2). For simple equilibrium models the

SFR would depend only on Mgas with a fixed value for ϵ for all galaxies. In reality ϵ varies

with stellar mass and the dynamical timescale. More generally we assume it takes the form

ϵ(M∗, t). The inverse of ϵ is the gas consumption timescale τgas (sometimes referred to as the

gas depletion timescale). We can define the ratio of gas to stellar mass µ = Mgas/M∗ and

rewrite Equation 1.16 in terms of the specific star formation rate (sSFR = SFR/M∗):

µ = ϵ−1 · sSFR. (1.17)

Gas is also expelled from the galaxy to the IGM in outflows due to star formation processes,

namely stellar-driven winds and supernovae. We note that outflows driven by AGN-driven

winds are not considered in this simple model. The rate of mass loss Ṁout is therefore propor-

tional to the SFR, weighted by the mass-loading factor λ:

Ṁout = λ · SFR. (1.18)

Similar to ϵ, the mass-loading factor will likely be a function of the mass of the galaxy (due

to the depth of the potential well) and the epoch. Additionally Ṁout may not be strictly linear

with respect to the SFR, however, we keep the form in equation 1.18 in order to keep the

model as simple as possible. To create the simplest possible model we can keep ϵ and λ fixed
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Fig. 1.8: Schematic of the simple gas-regulated equilibrium model presented in Lilly et al. (2013). The
black arrows display the net flows of gas through the system. The incoming flow of gas Φ is split into
three streams determined by ϵ, λ and the sSFR.

as constants. This type of model is called an “Ideal Regulator”, it provides a good starting point

with a simple model from which physical intuition can be gained.

We can see from Equations 1.15, 1.16 and 1.18 that this simple model acts to regulate the SFR

of the system due to any changes in the gas accretion rate, ϵ or λ. Applying mass conservation

(Equation 1.15) we can show that:

Φ = (1−R+ λ) · SFR+ Ṁgas, (1.19)

which is the “Equilibrium condition”. The last term in Equation 1.19 can be re-written by taking

the derivative of µ = Mgas/M∗ and rearranging to give the following expression for Ṁgas,

Ṁgas = M∗
dµ

dt
+

Mgas
M∗

Ṁ∗. (1.20)

This equation can then be rearranged using the definitions M∗ = Mgas/µ, Mgas = SFR/ϵ and

Ṁ∗ = (1−R)SFR to express Equation 1.20 as,

Ṁgas =

[
µ(1−R) + ϵ−1dlnµ

dt

]
· SFR. (1.21)
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This expression can then be substituted into Equation 1.19 to show that all of the flows of gas

within the system scale with the SFR:

Φ =

[
(1−R)(1 + µ) + λ+ ϵ−1dlnµ

dt

]
· SFR. (1.22)

Crucially, observational evidence supports the equilibrium model. At z ∼ 0 the location of

galaxies within the SFR-M∗ plane can be explained primarily by their molecular gas reservoirs,

with star formation efficiency playing a secondary role (Saintonge et al., 2012; Saintonge et

al., 2016). Furthermore, observations of CO at high redshifts show that the decline in sSFR

since z ∼ 2 is primarily driven by decreasing gas fractions with time and a slowly evolving

depletion timescale has a secondary effect (Saintonge et al., 2013; Tacconi et al., 2013; Genzel

et al., 2015; Tacconi et al., 2018), in agreement with equilibrium model predictions (Davé et al.,

2012; Lilly et al., 2013). Outflows of molecular gas, crucial in regulating the SFRs of galaxies in

equilibrium models, have also been confirmed in ultraluminous infrared galaxies (Sturm et al.,

2011) and normal star-forming galaxies (Weiner et al., 2009; Chen et al., 2010; Roberts-Borsani

and Saintonge, 2019).

The successes of the simple gas-regulated equilibrium model, despite the apparent complex

underlying physics involved in galaxy formation and evolution, underline the importance of

molecular gas. These results indicate that the evolution of normal galaxies is really driven by

their molecular gas reservoirs. Therefore, it is important to understand the amount of molecu-

lar gas present in the Universe that drives galaxy evolution at a given epoch. This significance

of molecular gas also further highlights the importance of molecular gas scaling relations and

allows us to explore how these can be used to derive and understand global galaxy proper-

ties.

1.4 Reionisation
One of the goals of extragalactic astronomy is to build a complete picture of the history of the

Universe, from the first galaxies to the present day. The first observational evidence we have is

from the CMB, just after recombination ended, ∼ 370, 000 years after the Big Bang. The CMB

marks the beginning of the “dark ages”, before dark matter haloes formed, gas collapsed within

these haloes and the first stars were born. Theoretical work suggests the first stars formed in

rare regions at z ≳ 40 (Naoz et al., 2006; Trenti and Stiavelli, 2007) when the Universe was

≈ 60 Myr old and more commonly by z ≈ 30 (Bromm and Larson, 2004; Trenti and Stiavelli,

2009) when the Universe was ≈ 100 Myr old. Modern telescopes have allowed us to observe
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some of the first galaxies at z > 8 (Zitrin et al., 2015; Laporte et al., 2017b; Hashimoto et al.,

2018), just ∼ 600 Myr after the Big Bang.

Once the first stars formed, the ionising photons produced by their host galaxies contributed

towards a cosmological phase-transition in the early Universe known as reionisation, whereby

the IGM became ionised. As time progressed galaxies continued to grow in number and size.

The ultraviolet radiation emitted from the first stars would have ionised the surrounding neu-

tral hydrogen, forming ionised bubbles or Strömgen spheres. With time, as galaxy formation

accelerated and the mean free path of ionising photons increased due to the now porous IGM,

these ionised bubbles forming at first in overdensities would have become more numerous

and they would start to “overlap” or “percolate”. The final stage of reionisation would have

seen the most dense regions of neutral hydrogen being bathed in ionising photons. By the

end of the first billion years at z ∼ 6 the Universe had undergone a phase change, with the

neutral hydrogen in the IGM being reionised. This phase change is important, the growth of

structure in the Universe impacts all baryonic matter in the IGM. It appears that 6 ≲ z ≲ 12

star-forming galaxies, accreting pristine low-metallicity cold gas and forming massive young

stars, were likely the primary contributors to cosmic reionisation.

1.4.1 When Did Reionisation Occur?
Evidence for reionisation first came from observations of quasi-stellar objects (QSOs or

quasars). Schmidt (1965) discovered a quasar at z = 2.01 with no absorption in its spectrum

blueward of Lyman-α (Lyα) at 1216 Å due to Lyα resonance absorption. This observation led

Gunn and Peterson (1965) to realise that either the IGM from z = 2 to z = 0 must have a

very low density of neutral hydrogen or that instead, all of the hydrogen in the IGM has been

reionised by z = 2.

Current constraints on the timing of the epoch of reionisation (EoR) come from three main

sources. The first is the Gunn-Peterson effect (Gunn and Peterson, 1965). For quasars emitting

light before reionisation has fully completed the IGM causes large Gunn-Peterson troughs in

their spectra blueward of Lyα. Even a tiny neutral fraction (xHi = nHi/nH ∼ 10−4) results in

complete Gunn-Peterson absorption (Gunn and Peterson, 1965; Fan et al., 2006). Applying this

methodology to quasar spectra at z > 5.5 suggests reionisation hadmostly completed by z ∼ 6

(Fan et al., 2006). However, as this method is very sensitive to the fraction of neutral hydrogen

(xHi) and only small changes are required to cause Gunn-Peterson troughs, this method is most

useful for determining the timing of the end of reionisation. In addition, recent work analysing

the spectra of 62 z > 5.7 quasars finds a large variance in opacity along different lines of sight,
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Fig. 1.9: Timeline showing the history of the Universe from the CMB to the present-day. The stages of
reionisation can be seen with the first stars making small bubbles in the neutral hydrogen, these bubbles
begin to overlap with the formation of the first galaxies, until eventually the Universe becomes fully
reionised by z ∼ 6. The image of the galaxy field and individual galaxies are taken from the Hubble
Ultra Deep Field and the images tracing the gas are taken from The Eagle Project.

suggesting inhomogeneity in the ultraviolet background even towards the end of reionisation

(Bosman et al., 2018).

The second constraint comes from declining Lyα emission from star-forming galaxies. Lyα

that is readily emitted by young star-forming galaxies is resonantly scattered by neutral hy-

drogen. Therefore, by probing star-forming galaxies at different redshifts, we would expect

the fraction that show Lyα emission to decrease as the IGM becomes more neutral, beyond

reionisation (e.g. Miralda-Escudé, 1998; Santos, 2004; McQuinn et al., 2007). Thus, this decline

can be used to measure the timing of reionisation. Early measurements of Lyman-α luminosity

functions (LF) using narrow-band selected Lyman alpha emitters (LAEs) showed an increase

in the number of LAEs from z ∼ 0 to z ∼ 3, with a slight plateau between z ∼ 3 and z ∼ 6,

followed by a significant decline between z = 5.7 and z = 6.6, a short period of just ∼ 200

Myr (e.g. Kashikawa et al., 2006; Ouchi et al., 2010). More recent work using a large sample of

1266 LAEs confirms this decline at z = 6.6, and provides an estimate for the neutral fraction of

xHI = 0.3± 0.2 at z = 6.6 (Konno et al., 2018). Indeed, there is a further significant decrease

in the LAE LF especially at z ≳ 7 (Konno et al., 2014).

However, this method is not only sensitive to the increasingly neutral IGM but also the

declining number of star-forming galaxies at high redshifts. An improvement to this method

is to measure the fraction of Lyα emission observed in a well-defined sample of colour-selected

Lyman break galaxies (LBGs). This method shows a significant decline in Lyα emission with

the fraction of galaxies showing Lyα emission with equivalent widths > 25 Å falling from

∼ 50% at z ∼ 6 to < 10% at z ≳ 7 (Stark et al., 2010; Pentericci et al., 2011; Ono et al., 2012;

Schenker et al., 2012; Treu et al., 2013; Schenker et al., 2014; Pentericci et al., 2014; Tilvi et al.,

2014).
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The third constraint comes from Thomson scattering of photons from the CMB. Thomson

scattering due to free electrons both during reionisation (partially ionised) and after reionisa-

tion (fully ionised) polarises the CMB on large angular scales. This leads to a Thomson scatter-

ing optical depth (τe) that is directly related to the column depth of free electrons which acts

as an integrated measure of the timing of reionisation. For example, a fully ionised IGM up to

z = 6 contributes τe = 0.039 (Wise, 2019) with the remaining portion of the integrated optical

depth depending on the reionisation history at z > 6. Initially, measurements from theWMAP

satellite suggested τe = 0.089± 0.014 meaning reionisation occurred at z = 10.6± 1.1. This

would suggest early structure formation and that ionising radiation from early star-forming

galaxies would be complemented by radiation from extreme sources. However, the most re-

cent measurements from Planck Collaboration et al. (2018a) calculate τe = 0.0561 ± 0.0071,

placing reionisation at z = 7.82 ± 0.71, when 50% of the neutral hydrogen would have been

ionised.

Finally, an additional and perhaps more direct route is to statistically trace the evolution

of neutral hydrogen as a function of redshift directly through the hydrogen 21-cm emission

line. This will allow measurements of the reionisation process, its history and morphology

and will allow us to directly measure the connection between the first galaxies and the IGM.

Promising observations from the EDGES experiment detected an absorption trough at 78 MHz,

corresponding to 21-cm radiation redshifted to z ≃ 18. This redshift indicates it was caused

by star formation in the first rare massive galaxies at z ∼ 15− 20 (Bowman et al., 2018). How-

ever, further follow-up observations are required to independently confirm this detection as

the signal suggests the gas was much colder than expected by theory and the analysis is sen-

sitive to the removal of foreground emission which is model dependent (e.g. Hills et al., 2018).

In addition, further observations charting 21-cm tomography will come from interferometers

such as LOFAR, HERA, and the SKA in the near future.

1.4.2 What Were the Main Sources Contributing to
Reionisation?

Many sources have been proposed as contributors to reionisation including the first star-

forming galaxies, quasars and AGN, primordial black holes and faint AGN. The accretion pro-

cess onto AGN generates a hard radiation spectrum with the potential for a large escape frac-

tion. In addition, quasars do emit copious amounts of ionising photons after reionisation has

completed. Despite this, quasars decline rapidly in abundance at z > 3 and beyond (e.g. Mas-

ters et al., 2012; Fontanot et al., 2012; McGreer et al., 2013; Akiyama et al., 2018) and it seems
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unlikely they can contribute enough ionising photons during the EoR (Parsa et al., 2018). In

contrast, star-forming galaxies are abundant during reionisation; they can produce many ion-

ising photons through star formation and their UV luminosity functions have steep faint-end

slopes (McLure et al., 2013; Atek et al., 2015; Finkelstein et al., 2015; Bouwens et al., 2015; Liv-

ermore et al., 2017; Ishigaki et al., 2018). This suggests the few galaxies we have observed at

high redshift are the bright-end of a much larger population, where an abundance of fainter

galaxies may contribute significant amounts of ionising photons. These observations lead us

to believe that galaxies, which were first assembling during the EoR, were likely the primary

contributors to reionisation (Robertson et al., 2015). However, further work is needed to quan-

tify howmuch ionising radiation they contributed towards the overall photon budget required

for reionisation.

1.4.3 The Contribution of Galaxies to the Reionisation Photon
Budget

The reionisation process is a balance between the ionisation of neutral hydrogen by Lyman

continuum (LyC) photons from ionising sources, such as star-forming galaxies, and the recom-

bination of free electrons and protons back into neutral hydrogen (H+ γ ↔ H+ + e−). Even

in a strong ionising radiation field recombinations can still occur, so on average > 1 LyC pho-

ton is needed for each hydrogen atom. This balance can be expressed as a differential equation

for the IGM ionised fraction (QHii) as a function of redshift and can be calculated using the

following differential equation,

Q̇Hii =
ṅion
⟨nH⟩

− QHii
trec

, (1.23)

where ṅion is the ionising photon rate, ⟨nH⟩ is the mean comoving hydrogen number

density and trec is the IGM recombination time. The recombination time is defined as

trec = [CHiiαB(T )(1 + Y
4X )⟨nH⟩(1 + z)3]−1. It is proportional to the baryon density

(⟨nH⟩), the case B recombination coefficient (αB) which is the limiting case for optically

thick nebulae where all ionising photons are absorbed by nearby hydrogen atoms (where

αB = 2.6 × 10−13 cm3 s−1 at a temperature of 104 K (Osterbrock, 1974; Barkana and Loeb,

2001)), the primordial mass fraction of hydrogen (where X = 0.76 and Y = 1 − X are the

number fraction of hydrogen and helium respectively) and the clumping factor (CHii). The

clumping factor is defined as CHii ≡ ⟨n2
H⟩/⟨nH⟩2 and accounts for IGM inhomogeneities and

an increase in recombinations at higher densities. Typically, calculations estimate CHii ≃ 3

during the EoR (Pawlik et al., 2009; Shull et al., 2012a), although this may evolve with redshift.
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It should be noted that ⟨nH⟩ declines with time∝ a−3 where a is the cosmic scale factor. Thus,

the recombination time depends on atomic physics, cosmological expansion and structure for-

mation.

If we assume galaxies are the primary drivers of cosmic reionisation, the main uncertainty

in modelling reionisation (Equation 1.23) arises due to uncertainties in calculating the rate of

ionising (LyC) photons emitted by the first galaxies. This quantity can be parameterised as

follows:

ṅion = fescξionρUV, (1.24)

where fesc is the escape fraction of LyC photons, the fraction of ionising photons produced

by stellar populations that escape into the IGM, ξion is the spectral hardness or the number

of LyC photons produced per second divided by the UV luminosity at 1500 Å and ρUV is the

far UV luminosity density. Inferring these quantities during the reionisation era is difficult

as LyC photons emitted by galaxies are absorbed by the partially or fully neutral IGM. We

therefore have to rely on measurements from lower-redshift analogues or extrapolations to

higher redshifts.

The most directly observable quantity is ρUV, which is calculated by integrating the UV

luminosity function of galaxies at a rest-frame wavelength of ≃ 1500 Å. Recent deep surveys

in theHubble Ultra Deep Field (Schenker et al., 2013b; Robertson et al., 2013; McLure et al., 2013;

Bouwens et al., 2015; Finkelstein et al., 2015) and the Frontier Fields (Atek et al., 2015; Ishigaki

et al., 2018; Livermore et al., 2017) have enabled the measurement of the UV LF up to z ∼ 10.

At high redshift the UV LF has a steep faint-end slope, while ρUV faces a constant decline for

z ≳ 2 (Robertson et al., 2015).

The spectral hardness or ionising photon production efficiency ξion is much more poorly

constrained. Ideally this quantity can be constrained by measuring Hα (Bouwens et al., 2016)

which, using recombination physics, can provide an estimate for the LyC photon production

rate. This can then be compared to observed UV-continuum luminosities to calculate ξion.

However, Bouwens et al. (2016) observed galaxies at z = 4 − 5 and this Balmer emission

cannot be measured in the EoR by current ground-based telescopes. In addition, LyC photons

cannot be observed directly in the EoR as they will be absorbed by neutral hydrogen and

used up in the reionisation process (Madau, 1995; Inoue and Iwata, 2008; Inoue et al., 2014).

Instead, work has focused on measuring ξion in galaxies that are suitable analogues to those

expected in the reionisation era both at low and intermediate redshifts. By measuring UV
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metal emission lines and using photoionisation codes Nakajima et al. (2018) studied a large

sample of LAEs, analogues to galaxies in the EoR, and found ξion increases for fainter galaxies.

For the faintest LAEs log ξion = 25.68 ± 0.13, higher than the typical value (log ξion ≃ 25.2)

used for calculations of reionisation history (e.g. Robertson et al., 2015). Using similar methods,

observations of high redshift galaxies have also confirmed elevated ξion (Stark et al., 2015; Stark

et al., 2017; Matthee et al., 2017a; Harikane et al., 2018), albeit in small samples.

The escape fraction is the most poorly understood of these three quantities. LyC photons

emitted during the EoR are absorbed by the still partially neutral IGM and LyC photons emitted

at z ≳ 3 are obscured by neutral hydrogen along the line of sight. This makes direct measures

of fesc challenging. Studies focus on low or intermediate redshift analogues to galaxies in

the reionisation era. Prior to work described later in this thesis, these studies provided non-

detections or meagre estimates fesc ≲ 5% (Siana et al., 2015; Mostardi et al., 2015), too low

to meet the fesc ∼ 20% required to sustain reionisation (e.g. Robertson et al., 2015). The first

part of this thesis shows results from a Hubble Space Telescope programme, directly targeting

the rest-frame LyC emission in a large sample of z ≃ 3.1 LAEs. We provide measurements

showing significant fesc, on average 20%, for galaxies that are thought to be analogues of those

in the reionisation era.

1.5 Thesis Overview
This thesis uses spectroscopic, photometric and survey data as well as Bayesian inference to

understand both the contribution of the first star-forming galaxies to cosmic reionisation and

the abundance of molecular gas driving star formation in the local Universe.

In Chapter 2, we use Hubble Space Telescope F336W data to directly target the rest-frame

LyC in a large sample of z ≃ 3.1 LAEs in the SSA22 field. We previously spectroscopically

confirmed these LAEs at z ≃ 3.1 andmeasured theirmean ξion (Nakajima et al., 2018). LAEs are

thought to be valuable lower-redshift analogues to reionisation-era galaxies as their extreme

[O iii]/[O ii] ratios indicate a hard ionising spectrum and LyC leakage (Nakajima and Ouchi,

2014) and intense nebular emission (e.g. [O iii]) appears to increase with redshift (Schenker

et al., 2013a; Labbé et al., 2013; Smit et al., 2014; Smit et al., 2015). The main aim of this

work is to measure the escape fraction for these analogues. We observe 61 sources, measuring

their fesc using individual and composite spectral energy distribution fitting by combining

HST data with ground-based imaging. We check for any correlations between LyC leakage

and other source properties and as a side effect our results allow us to make predictions about

the mechanisms through which LyC photons escape.
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In Chapter 3 we use the xCOLD GASS survey, a CO(1-0) survey undertaken with the IRAM-

30m telescope which targeted 532 M∗ > 109M⊙ galaxies (Saintonge et al., 2017). Using this

data we determine the z = 0 H2 mass function and the cosmic abundance of molecular gas

(ΩH2 ). We also combine the MH2 data from xCOLD GASS with MHi data from the xGASS

survey (Catinella et al., 2018) to determine the total (Hi + H2) gas mass function. Finally, we

use results from these two surveys to compare the cumulative fraction of ΩH2 and ΩHi coming

from galaxies above a given stellar mass.

Chapter 4 extends the work presented in Chapter 3. We use data from GAMA, SDSS, xGASS

and xCOLD GASS to infer galaxy scaling relations using Bayesian inference. We construct a

simple model composed of conditional probabilities for each scaling relation, allowing us to

chain them together to infer the SFR distribution function and gas mass functions, using the

galaxy stellar mass function as our initial input. This method allows us to estimate gas mass

(H2 and Hi) functions, especially at the low-mass end whilst incorporating observational un-

certainties and intrinsic scatter in empirical scaling relations into our estimatedmass functions.

We successfully predict the SFR distribution function, especially at high SFRs where the data

is complete. However, our model does not accurately predict the gas mass functions, possibly

due to the fact that we do not model the full M∗-SFR-MH2 and M∗-SFR-MHi planes.

Finally, In Chapter 5 we summarise the work presented in this thesis and discuss novel ideas

for how this work could be extended in the future.
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2The Ionising Output of Early

Star-Forming Galaxies

Work shown in this chapter is presented in Fletcher et al. 2019, ApJ, 878 and builds upon work

presented in Nakajima et al. 2018, MNRAS, 477

2.1 Introduction
Deep imaging with theWFC3/IR camera on-board HST has dramatically expanded our redshift

horizon, making it practical to address two long-standing cosmological questions: (i) when did

the Universe transition from a neutral to an ionised state, and (ii) were early star-forming galax-

ies responsible for this cosmic reionisation? Multi-Colour HST/Spitzer imaging in the Ultra

Deep Field (UDF; Beckwith et al., 2006; Ellis et al., 2013; Koekemoer et al., 2013; Illingworth et

al., 2013) and the CANDELS fields (Grogin et al., 2011; Koekemoer et al., 2011; Oesch et al., 2013;

Bouwens et al., 2015), together with complementary studies undertaken through the CLASH

(Bradley et al., 2014) and Frontier Field (McLeod et al., 2015; Lotz et al., 2017) lensing clusters,

have delivered several hundred z > 7 Lyman break galaxy (LBG) candidates providing the

first convincing description of the abundance and luminosity distribution (McLure et al., 2013;

Atek et al., 2015; Finkelstein et al., 2015; Bouwens et al., 2015; Livermore et al., 2017; Ishigaki

et al., 2018) of early star-forming galaxies to z ≃ 10 (see Stark 2016 for a review).

The optical depth, τ , of electron scattering to the cosmic microwave background measured

by the Planck consortium (Planck 2015) constrains the redshift window over which reionisa-

tion occurred. Robertson et al. (2015) demonstrated how the demographics of star-forming

galaxies determined by HST can be reconciled with this value in terms of a reionisation his-

tory over the redshift range 6 ≲ z ≲ 12 given some significant assumptions about the ionising

capability of the typical, most abundant, low luminosity sources. The key assumptions relate to

(i) the UV radiation emerging from their stellar populations, defined by Robertson et al. (2013)

in terms of ξion, the number of Lyman continuum (LyC) photons produced per UV (1500 Å)

luminosity, and (ii) the fraction fesc of such LyC photons that can escape absorption within the

galaxy and its immediate vicinity. The quantity ξion cannot be determined from broad-band

photometry alone (Robertson et al., 2013) and is best constrained from Balmer line emission us-

ing recombination physics with a weak dependence on fesc (Bouwens et al., 2016). Until JWST
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is launched, the relevant lines are beyond reach of ground-based spectrographs at high red-

shift. Likewise the opacity of the intergalactic medium at UV wavelengths becomes too great

beyond z ≃ 4 to determine fesc from deep HST imaging below the Lyman limit (e.g., Shap-

ley et al. 2006). Therefore, neither of these quantities can be constrained for galaxies in the

reionisation era with current facilities, yet they collectively comprise the primary uncertainty

in claims that reionisation is driven by star-forming galaxies. The situation is particularly crit-

ical for fesc since Robertson et al. (2013) and Robertson et al. (2015) argued a mean value of

10− 20% is required for galaxies to reionise the Universe, whereas studies at redshifts where

LyC photons can be directly detected frequently yield upper limits of fesc ≲ 5% (e.g., Siana

et al. 2015; Mostardi et al. 2015).

In promoting the view that early star-forming galaxies reionised the Universe, many work-

ers have speculated that both the intensity of the ionising radiation (effectively ξion) and the

porosity of neutral gas in the circumgalactic medium (i.e. fesc) increase with redshift, partic-

ularly for compact, intensely star-forming systems (Inoue et al., 2006; Kuhlen and Faucher-

Giguère, 2012; Robertson et al., 2013; Finkelstein et al., 2015). Indeed, the strength of nebu-

lar emission (e.g., [O III] 5007 Å), whether measured directly from near-infrared spectroscopy

(Schenker et al., 2013a), or inferred indirectly from the excess flux in Spitzer photometry (Labbé

et al., 2013; Smit et al., 2014; Smit et al., 2015), does apparently increase with redshift. Surpris-

ingly, some of the most luminous LBGs with large EW[O iii] at z > 7 (Roberts-Borsani et al.,

2016) also reveal Lyα in emission (Oesch et al., 2015; Zitrin et al., 2015; Laporte et al., 2017a;

Stark et al., 2017), ‘bucking the trend’ established for less luminous systems. This correlation

may imply that sources with large EW[O iii] also have a high value of fesc, thereby creating

early ionised bubbles that permit Lyα photons to emerge (Stark et al., 2017).

The inter-dependence of large EW[O iii], a higher than average value of ξion, and the leakage

of LyC photons was first evaluated in the context of photoionisation models by Nakajima and

Ouchi (2014). Compiling literature data, they found an interesting correlation between the

emission line ratio [O iii]/[O ii] (hereafter O32) and fesc, which they claimed arises when Hii

regions are “density-bound” and some LyC leakage occurs. This picture contrasts with typical

“ionisation-bound” Hii regions where LyC photons are fully absorbed within the radius of the

associated Stromgren sphere. The conjecture has received further support by the recent de-

tections of significant LyC radiation from nearby intense [O iii] emitters (Izotov et al., 2016b;

Izotov et al., 2016a; Izotov et al., 2018). The most extreme O32 sources in the Nakajima and

Ouchi (2014) study were narrow-band selected Lyman alpha emitters (LAEs) whose observed

properties are in many respects very similar to the dominant population of star-forming galax-
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ies during reionisation. Subsequently, through near-infrared and optical spectroscopy, Naka-

jima et al. (2016) and Nakajima et al. (2018) provided further evidence that such LAEs have

higher values of ξion than continuum-selected LBGs (Shivaei et al., 2018), and Tang et al. (2019)

showed that ξion scales with [O iii] EW, reaching very large values in the most intense line

emitters.

The most practical route to determine whether early galaxies reionised the IGM is to un-

dertake a detailed study of analogues of this population at the highest redshift where direct

measures of ξion and fesc are possible. With a representative sample of such analogues it may

be possible to verify the inferred correlation between the [O iii] emission and fesc, as well as

to determine the fraction of sources whose ionising output (as defined by ξion and fesc) would

be sufficient if projected, into the z > 7 population, to sustain reionisation. Intermediate red-

shift LAEs possibly represent the most valuable low redshift analogues of the population of

compact, low mass, intensely-star forming galaxies that dominate the reionisation era. Taking

advantage of a large area narrow-band selected sample of spectroscopically-confirmed LAEs

in the SSA22 field (Hayashino et al., 2004; Matsuda et al., 2005; Yamada et al., 2012a; Nakajima

et al., 2016; Nakajima et al., 2018), the LACES project (the LymAn Continuum Escape Survey)

aims to study these sources in detail and in particular to examine their LyC leakage via Hub-

ble Space Telescope (HST) broad-band imaging below the Lyman limit. A key question our

survey can address is whether intense [O iii] emission seen in many LAEs is associated with

an increased fesc as conjectured originally by Nakajima and Ouchi (2014). Deep UV imaging

(and hence measures of fesc) is presented for a unique and representative sample of z ≃ 3.1

LAE analogues for which the associated measures of Lyα and [O iii] are already available from

Keck and VLT spectroscopy.

A plan of the Chapter follows. In Section 2.2 we introduce our sample which is based on

HST imaging in 3 WFC3 fields spanning the area for which we have extensive ground-based

optical and near-infrared spectroscopy. In this section we discuss the relevant imaging and

spectroscopic data and their processing. In Section 2.3 we examine the new deep F336W im-

ages and devise a procedure for determining the presence of LyC leakage on a case by case

basis in our sample, as well as the combined flux from those sources without individual detec-

tions. In Section 2.4 we define a path for deriving the measured fesc or limits on its value from

the individual F336W fluxes, noting the dependences on the assumed form of the UV contin-

uum as probed by independent spectroscopic measures of ξion. In Section 2.5 we then correlate

thesemeasureswith various source propertiesmeasured either observationally or derived from
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our model-dependent analyses. In Section 2.6, we discuss these correlations in the context of

whether such [O iii]-intense sources are likely prominent agents of cosmic reionisation.

Throughout this chapter, we adopt a concordance cosmology with ΩΛ = 0.7, Ωm = 0.3 and

H0 = 70 km s−1 Mpc−1. All magnitudes are given in the AB system (Oke and Gunn, 1983).

When we refer to fesc we mean the absolute escape fraction of LyC photons unless specified

otherwise.

2.2 Overview of the Data
As discussed inNakajima et al. (2016), our target sample is drawn from a Subaru imaging survey

that identified z ≃ 3.1 Lyman alpha emitters (LAEs) in the SSA22 field (Hayashino et al., 2004;

Matsuda et al., 2005; Yamada et al., 2012a) via their photometric excess in a narrow band filter

at 497 nm. In addition to initial spectroscopy to confirm their identity, we have undertaken

a systematic campaign using optical spectrographs on Keck and the VLT to study their rest-

frame UV emission lines (Nakajima et al., 2018) and near-infrared spectroscopy with Keck’s

MOSFIRE to examine their rest-frame optical emission, particularly the diagnostic lines of

[O iii] λ5007 Å and [O ii] λ3727 Å. Initial results from MOSFIRE were presented in Nakajima

et al., 2016 but those data have been enlarged in the present paper to take account of the

associated imaging data taken with HST.

2.2.1 Hubble Space Telescope Data
TheHST campaign (GO 14747, PI: Robertson) was conducted between UT 14thMay 2017 - 20th

December 2017 comprising four F160W pointings with WFC3/IR of 1 orbit each (0.7 hrs) and

three WFC3/UVIS F336W pointings of 20 orbits each in five exposures per pointing (16 hrs,

see Table 2.1). Together with the narrow band images taken with Subaru, this strategy allows

us to compare prospective Lyman continuum leakage in the F336W filter with associated

signals in Lyα and the rest-frame optical continuum.

Tab. 2.1: HST Imaging Observations

Filter Pointing λeff
(Å)

PSFa
(′′)

Pixel Scale
(′′/pixel)

Exposure
(s)

Depthb

(AB)
F336W 1 3355 0.081 0.040 57845 30.24
F336W 2 3355 0.081 0.040 57845 30.32
F336W 3 3355 0.081 0.040 57845 29.41
F160W All 15369 0.151 0.128 2612 27.61
a The FWHM of the PSF.
b The 3σ limitingmagnitude using an aperturewith a diameter 1.5 times the size of the PSF FWHM
(e.g. 0.12′′ for the F336W images).
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Fig. 2.1: NB497 image showing the coverage of target Lyman alpha emitters and Lyman break galaxies
from the full Subaru narrow-band selected sample within the threeWFC3/UVIS F336W pointings. The
area covered by the smaller WFC3/IR F160W pointings are delineated with overlapping black squares.
The targets are colour-coded according to their information content as follows: (red) Lyα spectroscopic
redshift and [O iii] line flux, (blue) Lyα spectroscopic redshift only, (green) [O iii] spectroscopic redshift
only, (white) photometric data only. For detailed statistics see Table 2.3.

Within the coverage of the F336W imaging, there are 61 sources from the original Sub-

aru sample of which 54 are LAEs and 7 are LBGs. Although only 41 of the 54 LAEs have

spectroscopic redshifts, we can exploit the remaining 13 narrow-band selected sources given

contamination from foreground emitters has been shown to be negligible in practice (Matsuda

et al., 2005; Matsuda et al., 2006; Yamada et al., 2012b; Yamada et al., 2012a). A summary of the

statistical sample is given in Table 2.3 and their distribution in the 3 WFC3 fields is shown in

Figure 2.1.

2.2.2 WFC3/UVIS Reduction
As described by Rafelski et al. (2015), the standard HST pipelines may not result in science im-

ages appropriate for the analysis of faint detections in WFC3/UVIS images. Correlated noise

and other residual structure in the images can lead to the misidentification of artefacts as low

signal-to-noise sources, which must be carefully addressed in any rigorous analysis. For the

Hubble Deep UV Legacy Survey, Oesch et al. (2018) developed an approach to address the

WFC3/UVIS data quality issue, described in their Section 4.4 which we emulate here. The goal
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is to construct a sky dark frame from the dark-corrected F336W science exposures reduced

using the STScI pipeline, and then subtract the sky dark from each exposure to ameliorate the

correlated noise and residual structure. First, sources were identified in the original science

images resulting from the STScI pipeline by running Source Extractor (Bertin and Arnouts,

1996) with a detection threshold of 1.5σ designed to capture genuine faint sources above typi-

cal noise fluctuations in the images. Based on the segmentation map of each pointing, all the

pixels containing sources weremasked and replaced by simulated noise computed using the av-

erage and standard deviation of background measured from nearby pixels around the sources.

A background frame was thereby extracted from each of the 15 science exposures and then

combined via median stacking to create the sky dark frame. The sky dark was subtracted from

each of the 15 exposures, and these sky dark-subtracted frames were then combined into our

final science images by creating median stacks for each of the three pointings using SWarp

(Bertin, 2010).

As an indication of the importance of our implementation of the additional sky dark sub-

traction, we compared our subsequent source identification and analysis with respect to one

originally made using the STScI pipeline products. In addition to a significantly improved im-

age quality, we find that our brightest F336W sources (≥4σ significance) are robust to the

choice of reduction, but the flux associated with these sources can vary substantially between

reductions (from decreasing by 50% to increasing by 20%). We further note that after the origi-

nal submission of this work, updated versions of the STScI science products became available

(in January 2019) correcting an issue whereby incorrect calibration products had been applied

during the processing of WFC3/UVIS data for our program GO 14747. The final sky darks

and science images used herein have been corrected for this issue, which also influenced the

noise properties of the STScI products and the flux of objects measured in uncorrected data.

We mention these issues to highlight the challenging systematics associated with analysing

WFC3/UVIS images at faint flux levels, and to motivate our conservative sample definition

where we restrict our Lyman continuum candidate designation to ≥4σ F336W sources.

To accurately compare F336W detections with signals in other bands, all HST images were

astrometrically aligned with the most appropriate Subaru images using custom software and

verified with visual inspection of hundreds of sources in each image. Sources were then ex-

tracted in the F336W , Subaru NB497 (Lyα) and F160W images using a Python script based

on the SEP tool1 (Bertin and Arnouts, 1996; Barbary, 2018).

1https://github.com/kbarbary/sep/tree/v1.0.x
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2.2.3 Additional Ground-Based Photometric Data
All the LACES targets are covered with the plentiful, deep multi-wavelength photometric data

in the SSA22 field. We utilise the photometric data including Subaru, CFHT, UKIRT and

Spitzer/IRAC imaging data in addition to the HST/F160W photometry to constrain the na-

ture of the stellar populations of the LACES objects via an SED fitting analysis (Section 2.4.2).

Table 2.2 gives the details of the additional photometric data.

We perform photometry of the bands listed in Table 2.2 on the LACES sources using TPHOT

(v2.0; Merlin et al. 2015; Merlin et al. 2016). Briefly, we use the HST/F160W image as a high

resolution reference image and extract the spatial and morphological information of objects

within a radius of∼ 25′′ from each of the LACES sources. Using this information and a kernel

carefully created to convolve the high resolution image to have the PSF of the lower resolution

ground-based images, TPHOT produces templates of the objects in the low resolution image.

TPHOT then varies the brightness of each of the templates to match the global observed flux

in the low resolution image. In this way we can accurately measure total fluxes from the

low resolution images in Table 2.2 by removing light from nearby contaminating sources. For

sources not detected or not covered by the HST/F160W image, we adopt aperture photometry

with a 2′′ diameter aperture for the Subaru, CFHT and UKIRT images and 3′′ for the IRAC

data and fix the position of the aperture determined using the NB497 detection. The aperture

Tab. 2.2: Summary of Optical and NIR Imaging Data

Filter Observatory PSF Depth Reference
(′′)a (mag)b c

u⋆ CFHT 1.0 26.0 (1)
B Subaru 1.0 26.5 (2), (3), (4)
NB497 Subaru 1.0 26.2 (2), (3), (4)
V Subaru 1.0 26.6 (2), (3), (4)
R Subaru 1.1 26.7 (2), (4)
i′ Subaru 1.0 26.4 (2)
z′ Subaru 1.0 25.7 (2)
J UKIRT 0.9 23.5 (5)
K UKIRT 0.8 23.1 (5)
[3.6] Spitzer 2.0 22.2–24.7 (6)
[4.5] Spitzer 2.0 22.2–24.4 (6)
a The FWHM of the PSF.
b The 5σ limiting magnitude using an aperture with a diameter of 3′′ for the IRAC 3.6 and
4.5µm bands and 2′′ for the other bands.
c (1) Hayashino et al. 2019; (2) Hayashino et al. 2004; (3) Yamada et al. 2012a; (4) Matsuda et
al. 2005; (5) http://wsa.roe.ac.uk/; (6) http://sha.ipac.caltech.edu/applications/Spitzer/SHA/
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magnitudes are then converted into total magnitudes using aperture correction values, which

are estimated from differences between aperture and total magnitudes for point sources. We

have confirmed that the two methods return a consistent SED within the 1σ uncertainties for

isolated objects.

2.2.4 Near-Infrared Spectroscopy
In addition to the initial 2015 campaign reported in Nakajima et al., 2016 which targeted only

one MOSFIRE pointing (referred to here as mask 1) in SSA22, we have now completed spec-

troscopy of three further pointings (masks 2-4) within the HST covered area (Figure 2.1). The

new observations were taken on UT July 31, August 1 and October 10 2017 in photometric

conditions with seeing ranging from 0.5-0.9 arcsec in the summer months to 0.3-0.5 arcsec on

the more recent run. Spectra were obtained in both the K band (sampling [O iii] and Hβ at a

spectral resolutionR ≃ 3600) and H band (sampling [O ii] atR ≃ 3700) for the masks 1 and 2,

while only in the K band for the masks 3 and 4. Individual exposures of 180 sec (120 sec) were

taken in K (H) with a AB nod sequence of 3.0 arcsec separation. The total on-source exposure

times ranged from 2 to 3 hours with some sources included on both mask 2 and mask 4.

Data reduction was performed using the MOSFIRE DRP2 in the manner described in Naka-

jima et al., 2016. Briefly, the processing includes flat fielding, wavelength calibration, back-

ground subtraction and combining the nod positions. Wavelength calibration in H was per-

formed using OH sky lines and in K a combination of OH lines and Neon arcs were used. Flux

calibration and telluric absorption corrections were obtained from A0V Hipparcos stars ob-

served at similar air masses as well as via relatively bright stars (KVega = 15.5–16.5) included

on each of mask.

In Figure 2.2 we show results from the completedMOSFIRE campaign (Nakajima et al., 2020).

Despite our significant integration times we only detect [O ii] in individual spectra in a subset

of the full LACES sample. Therefore, we show composite rest-frame optical spectra normalised

by their [O iii] fluxes (Figure taken fromNakajima et al., 2020), which also contain results from

a further mask (mask 5) which is detailed in Nakajima et al. (2020). We show composite spectra

for LAEs, for both the LyC detections and non-detections, which we present later in Section

2.3 and we clearly identify the key diagnostic lines [O iii], [O ii] and Hβ as illustrated in Figure

2.2.

2https://keck-datareductionpipelines.github.io/MosfireDRP/
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Fig. 2.2: Composite rest-frame optical spectra using Keck MOSFIRE for the LyC detections (top) and
LAE LyC non-detections (bottom) from Nakajima et al. (2020). The spectra were generated with [O iii]-
normalised individual spectra. The grey shaded error regions show the standard deviation of the flux
density at each wavelength, calculated using bootstrap resampling (see Nakajima et al., 2020, for further
details). The red lines illustrate the location of key diagnostic optical emission lines. Figure taken from
Nakajima et al. (2020).

In this work, we measured the individual [O ii] and [O iii] line fluxes by fitting a Gaussian

profile3 to each line using the IRAF task spec fit. In deriving the rest-frame equivalent width

(EW) of [O iii], we used the measured F160W in conjunction with a mean spectral energy

distribution of z ≃ 3.1 LAEs (Ono et al., 2010) to determine the continuum flux in the vicinity

of the line near 2.05 µm. We investigated the effect of dust corrections using individually

derived E(B − V ) values for each object (see Section 2.4) but as our LAEs are mostly dust-

free the corrections were small. Table 2.3 summarises the statistics of the [O ii] and [O iii]

detections. The full catalog of line fluxes and equivalent widths will be reported later as the

spectroscopic campaign continues.

In total, 51 of the 61 sources in the 3 WFC3 fields have [O iii] detections or upper limits. The

coverage of [O ii] is less complete at present, with roughly half of the [O iii] sample containing

[O ii] data or upper limits (see Table 2.3).

3In the fitting process we use two Gaussian profiles for both the [O ii] and [O iii] doublets (for example, one
Gaussian is fitted to the [O iii]λ4959 line and a second to the [O iii]λ5007 line).
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Tab. 2.3: Summary of the LACES Sample.

No of objects LAEs LBGs Total
Within the HST area 54 7 61

Spectroscopic redshift 41 6 47

F160W coverage or limits 45 7 52

[O iii] or limits 46 7 53

[O ii] or limits (with [O iii] identified) 23 4 27

F160W coverage & both [O iii]+[O ii] data 23 4 27

2.3 The Lyman Continuum Candidates
We now discuss the procedure adopted to decide which SSA22 sources show promising ev-

idence of Lyman continuum leakage in the HST F336W filter. The key issues include the

optimum aperture for measuring the F336W flux, the photometric significance of any de-

tection, the spatial coincidence with signals in other bands and the possibility of foreground

contamination. We also discuss the nature of those sources where no significant F336W flux

is seen and examine the possibility of providing a statistical detection on the basis of a stacking

analysis.

2.3.1 Detections
We first constructed a mosaic of all 61 targets with HST F336W coverage, comparing the lo-

cation and morphology of possible F336W detections with images in Subaru NB497 (Lyα), R

and HST F160W . Five authors (Thomas Fletcher, Mengtao Tang, Brant Robertson, Richard

Ellis, Daniel Stark) examined this mosaic for potential F336W detections. Although the Sub-

aru Lyα image offers a natural astrometric reference point, as a ground-based image with 1

arcsecond seeing it is less useful than the HST F160W image which samples the rest-frame

optical light and can reveal complex source morphology. In practice we found it helpful to

overlay a F160W contour over the F336W image to evaluate spatial coincidence.

The photometric significance of possible F336W detections was also taken into account

on the assumption that LyC signals would be mostly unresolved with HST. Fluxes were mea-

sured in an aperture whose diameter is 1.5 times the F336W point spread function (i.e. 3

WFC3/UVIS pixels, 0.12 arcsec, 0.91 kpc at z = 3.1). This aperture is more sensitive in discov-

ering candidates than adopting a (larger) matched aperture across all the photometric bands

that would introduce unnecessary noise. For the few sources that show extended emission in

theF336W image we only measure a signal from the brightest peak, possibly underestimating

the true F336W flux and fesc.
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To evaluate the completeness of our search and provide useful upper limits for the non-

detections, we masked all the detected sources above a threshold of 1.5σ of the background

noise. Fake sources with a Gaussian profile corresponding to the PSF of the images and known

magnitudes were inserted into the unmasked regions and the detection algorithm re-run. In

this manner we determined a 75% completeness limit of F336W (AB) = 29.90. We verified

this noise limit with that determined from aperture measures in the vicinity of each target.

For each LyC candidate the noise level was measured locally in a 4 × 4 arcsecond region

around the target. The targets, neighbouring objects and any signal 5σ above the noise level

were masked in the postage stamps. Using these segmentation maps, apertures 1.5 times the

PSF, the same size used to measure the flux, were randomly distributed and the 1σ noise level

calculated from the random placement of apertures on the image.

2.3.2 Gold and Silver Subsamples
We have conservatively divided our detections into Gold and Silver subsamples in order to

distinguish between cases with different levels of supporting evidence that the detected LyC

flux is associated with the target galaxy, namely spectroscopic redshift information, spatial co-

incidence and SNR4. In our subsequent analysis it will be helpful to examine trends separately

between the Gold and Silver subsamples as well as with those for the non-detections. We show

in Figures 2.3 and 2.4 postage stamps of 4 × 4 arcsec for our Gold and Silver subsamples, de-

fined according to the criteria below. Together they comprise 12 sources for which reasonably

convincing F336W detections were found by the procedure outlined in Section 2.3.1. To assist

in recognising the detections, we also show the F336W images smoothed with a 2D Gaussian

with 1σ equal to 1 pixel. We also show an overlay of the F160W and Lyα narrow band con-

tours on the F336W images to illustrate the spatial coincidence of the optical continuum and

LyC flux. Table 2.4 summarises the Gold and Silver subsamples alongside their photometric

and spectroscopic properties.

To qualify for the Gold sample, targets must satisfy three criteria:

1. Availability of a spectroscopic redshift for the target or no evidence that the target may

be an interloper. A redshift may seem an essential requirement but the probability a

NB497 excess which leads to a selected z = 3.1 LAE is contaminated by a foreground

emission line is very low (Matsuda et al., 2005; Matsuda et al., 2006; Yamada et al., 2012b;

Yamada et al., 2012a) so only if there is some spectroscopic evidence for an interloper

would the candidate be rejected.

4Although we take this conservative approach we must note that all our detections have a SNR ≥ 4
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86861

SNRF336W = 12.8

d✓F336W = 0.07

F336W SmoothedF336W

EWLy↵ = 81.3Å
zspec = 3.105

NB497 (Ly↵)
mF160W = 24.2 (AB)
MUV = -21.4 (AB)

F160W

92863

SNRF336W = 4.0

d✓F336W = 0.28 EWLy↵ = 33.8Å
zNB = 3.09

mF160W = 25.3 (AB)
MUV = -19.7 (AB)

92616

SNRF336W = 17.3

d✓F336W = 0.49 EWLy↵ = 48.9Å
zspec = 3.078

MUV = -19.5 (AB)

90675

SNRF336W = 5.9

d✓F336W = 0.32 EWLy↵ = 61.3Å
zspec = 3.111

mF160W = 25.5 (AB)
MUV > -18.7 (AB)

93564

SNRF336W = 6.8

d✓F336W = 0.28 EWLy↵ = 58.6Å
zspec = 3.686

mF160W = 24.5 (AB)
MUV = -21.4 (AB)

84986

SNRF336W = 4.4

d✓F336W = 0.15 EWLy↵ = 27.9Å
zNB = 3.09

mF160W = 25.8 (AB)
MUV = -19.0 (AB)

90340

SNRF336W = 4.3

d✓F336W = 0.13 EWLy↵ = 20.4Å
zNB = 3.09

mF160W = 25.4 (AB)
MUV = -20.1 (AB)

Fig. 2.3: Mosaic of astrometrically aligned 4 × 4 arcsec images for the Gold sample, sources with high
signal to noise F336W detections (see text for discussion of the detection procedure) comprising the
Gold subsample. From left to right each panel displays (i) the background-subtracted F336W image
overlaid with contours from the narrow band 497nm (blue) and F160W (red) images and the location
of the corresponding F336W source (indicated by the vertical and horizontal lines), (ii) the former
smoothed, (iii) the Subaru narrow band 497 nm image, and (iv) the F160W image (where available),
along with a summary of physical properties where the SNR refers to the F336W detection. All of our
objects are LAEs except for 86861 which is an LAE-AGN.
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101846

SNRF336W = 5.9

d✓F336W = 0.45 EWLy↵ = 147.5Å
zspec = 3.057

mF160W = 26.4 (AB)
MUV > -18.7 (AB)

100871

SNRF336W = 5.4

d✓F336W = 0.55 EWLy↵ = 80.9Å
zNB = 3.09

MUV > -18.7 (AB)

104037

SNRF336W = 5.8

d✓F336W = 0.44 EWLy↵ = 35.6Å
zspec = 3.067

mF160W = 24.1 (AB)
MUV = -21.3 (AB)

105937

SNRF336W = 6.8

d✓F336W = 0.41 EWLy↵ = 31.1Å
zspec = 3.069

mF160W = 25.0 (AB)
MUV = -20.2 (AB)

94460

SNRF336W = 16.6

d✓F336W = 0.19

F336W SmoothedF336W

EWLy↵ = 51.3Å
zspec = 3.072

NB497 (Ly↵)
mF160W = 25.2 (AB)
MUV = -19.9 (AB)

F160W

Fig. 2.4: Mosaic of astrometrically aligned 4× 4 arcsec images for the Silver sample, the same as Figure
2.3.
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2. The F336W flux must be spatially coincident (to within 0.6 arcsec) with the core of the

F160W flux or the Lyα centroid. In cases where theF160W image reveals substructure,

there is a danger the F336W detection is coincident with an interloper. Although we

will show this possible contamination is unlikely, such a configuration merits demotion

to the Silver subsample.

3. The F336W detection has a signal to noise ≥4 as evaluated by the process discussed in

the next subsection.

Using these criteria we select 7 Gold candidates shown in Figure 2.3. Target IDs 86861,

93564, 90675 and 92616 are all spectroscopically confirmed at z ≳ 3.07 and are coincident

with compact F160W regions, except for 92616 where there is no F160W imaging. In the

latter case, theF336W centroid is coincident with the ground-based Subaru optical broad band

counterpart and inside the more extended Lyα emission. IDs 84986 and 90340 are considered

worthy of inclusion because for both, no other lines were detected in their MOSFIRE spectrum

suggesting an interloper is unlikely. ID 92863 was not targeted with IR spectroscopy.

We show the Silver subsample in Figure 2.4. These Silver sources (all≥4σ) havemore compli-

cated morphologies or less conclusive spectroscopic information, but otherwise would qualify

for the Gold subsample. ID 94460 is placed in the Silver sample because, in addition to Lyα,

[O iii] and Hβ all at z = 3.07, a spatially-offset emission line inconsistent with this redshift

was found which may indicate a contaminating source. IDs 104037 and 105937 fall into the

Silver sample due to their extended F160W regions. Although 100871 also has no F160W

imaging and 101846 has only a faint F160W source, their F336W signals are coincident with

the peak of Lyα emission.

2.3.3 Spatial Offsets
In considering the validity of our sample we now examine two further criteria. The first is the

distribution of separations between the F336W centroid and that for F160W and Subaru Lyα.

Although a precise spatial coincidence of LyC leakage and UV/optical continuum and/or Lyα

emission is desirable, previous studies have already found the LyC emission is occasionally

offset from that of Lyα (Iwata et al., 2009; Mostardi et al., 2013; Mostardi et al., 2015; Micheva

et al., 2017b) with a median separation of ∼ 5 proper kpc reported in Mostardi et al., 2015.

Figures 2.3 and 2.4 indicate that, for the majority of our targets, the F336W centroid falls

perfectly within the contours from the rest-frame optical (F160W ) continuumwhere available.

Figure 2.5 shows the distribution of spatial offsets between F336W and both the Lyα and

F160W centroids. For 75% of the candidates, the separation between the LyC and F160W
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Fig. 2.5: Distribution of separations between the peak of the LyC emission and the peak of both the
Lyα (12 cases) and F160W emission (when available, 9 cases).

centroid is less than 0.4 arcseconds (3 proper kpc at z = 3.1). For reference 1′′ at z = 3.1

corresponds to 7.6 proper kpc. The angular resolution of the ground-based NB497 images is

naturally worse. However for all of our candidates the F336W emission lies within 0.6′′ (4.6

proper kpc) of the Lyα centroid which we consider satisfactory given the seeing in the Subaru

image is ≃1.0 arcsec.

In fact, targets with larger LyC - F160W separations tend to have extended F160W or Lyα

emission. In these cases the LyC emission is still coincident but, due to the extended nature

of the source, it can fall further from the centroid in the NB497 or F160W bands. If LyC

photons are emitted from regions occupied by young stars, then LyC may reasonably lie closer

to the rest-frame optical compared with Lyα that may be resonantly scattered. These small

separations are encouraging and lead us to believe the putative F336W detections are due to

LyC photons emitted from LAEs at z ≃ 3.1.

2.3.4 Foreground Contamination
Although we have attempted to isolate candidates whose F336W detections may arise from

foreground contaminants, we can estimate statistically the likelihood of interlopers from lu-

minosity functions of lower redshift galaxies. The relevant calculation requires, as input, the

aperture within which LyC flux is searched. As a result, estimates of contamination must ac-

count for the possibility that the most active star-formating regions from which LyC photons

are emitted could be spatially offset from the bulk of the stars and gas in the galaxy. This effect

has been discussed in both ground-based studies (Iwata et al., 2009; Inoue et al., 2011; Nestor
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et al., 2011; Nestor et al., 2013) and those using HST (Mostardi et al., 2015). Allowing for spa-

tial offsets increases the effective aperture and hence increases the likelihood of foreground

contamination. In addition, the likelihood of contamination decreases with the depth and

resolution of the imaging data. Fortunately, in our case, deep WFC3 UVIS/F336W imaging

provides the best angular resolution possible and probes to depths of 30.2 AB magnitudes.

Following the method of Vanzella et al., 2010, we now calculate the probability a single

source is contaminated and the probabilityN of our 12≥4σ detections suffer from foreground

contamination. We use the number counts per deg2 in Vanzella et al., 2010 derived from the

ultra-deep VIMOS U band imaging taken in the GOODS-S field (Nonino et al., 2009). As our

F336W measurements are very deep we use the 3σ upper limits for the faintest U band magni-

tudes extrapolated to 30.5 AB (Vanzella et al., 2010). We adopt the distribution of offsets shown

in Figure 2.5, for all our≥4σ detections, our Gold subsample, and our Silver subsample as aper-

tures for considering possible contamination from the foreground U band sources. In Figure

2.6 we combine these individual estimates for contamination and run Monte Carlo simulations

to show the probability thatN of the candidates could be contaminated. The probability that 0,

1, 2 or 3 of our 12 candidates could be contaminated is 80%, 18%, 1.6% and<0.01% respectively.

Indeed, in 98% of cases we estimate that ≤ 2 of our LyC detections could be contaminated.
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Number of Contaminated LAE Detections
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Fig. 2.6: Probability distribution of contamination in our sample of 12 detected objects (blue), and our
Gold and Silver subsamples. In 98% of cases ≤ 2 of the 12 LyC detections are predicted to be affected
by contamination. For the Gold subsample, we expect no contamination in 92% of cases. For the Silver
subsample, we expect no contamination in 87.5% of cases. We also plot the number of contaminates
expected in a sample of 54 LAEs, assuming the same LyC offset distribution as our detected sources
(red). Even in this much larger sample, 99% of cases have three or fewer possible contaminates.
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Considering the Gold and Silver samples separately, we expect that these samples would be

pure in 92% and 87.5% of cases, respectively.

We cannot rigorously perform the same analysis on the non-detections as we cannot mea-

sure the possible offsets between LyC and Lyα andF160W centroids. However, if we assumed

a similar distribution of offsets, applying the same analysis to all 54 LAEs would still predict far

fewer potential contaminants than the number of detections we report for the LACES sample.

Quantitatively, we would expect that out of a possible 54 LAEs we would expect 0, 1, 2, 3, or

4 contaminates in 40.5%, 37.1%, 16.5%, 4.72%, or 0.98% of cases. We can also use the observed

distribution of candidates to estimate the maximum offset of contaminants. One can show that

the maximum expected offset of contaminants in the Vanzella et al. (2010) model is related to

their mean offset by a geometrical factor of ∼ 1.5. If we adopt a maximum offset equal to

1.5× the mean offset of the Gold sample, we would expect 0, 1, 2, 3, or 4 contaminates in 33.8%,

37.0%, 19.9%, 6.99%, or 1.8% of cases assuming 54 possible LAEs. We therefore have identified

a robust sample of galaxies displaying Lyman continuum emission.

2.3.5 Non-Detections
The majority (42 of 54) of our LAEs have no clear F336W detections above a signal to noise

ratio of 4. To determine if these non-detections simply represent a tail of fainter signals, we

can stack the non-detections to derive a statistical estimate of their mean F336W flux. In

this case, we must first consider how to register the images, recognising that the LyC flux

may not always precisely coincide with either the F160W or Lyα signals (Figure 2.5). We

can evaluate the impact of such spatial offsets by conducting the same stacking experiment

on those sources for which we see individual detections. By comparing the stack for the Gold

and Silver subsamples based on different registrations (F160W and Lyα), we can compare the

loss in stacked signal compared to a direct sum of the registered F336W detections.

For the following stacking procedure, we used custom software based onAstroPy to perform

a median stack centered on the position of either the F336W peak (for the Gold and Silver

subsamples), the Subaru NB497 Lyα peak and the HST F160W peak. The F336W frames

were smoothedwith a 1-pixel RMSwidth Gaussian before stacking to account for small relative

offsets or astrometric uncertainties.

The results for the detected (Gold and Silver) subsamples are shown in Figure 2.7. As ex-

pected using the F160W centroid generally gives a better S/N ratio in the final stack and

there is little degradation in signal compared to a direct summation of the F336W signals,

especially for the Gold subsample. This correspondence simply reflects the small spatial off-
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Fig. 2.7: Mosaic of 4× 4 arcsec images showing stacked F336W images for the Gold (top row), Silver
(middle row) and non-detections (bottom row) samples using different methods to centre on the candi-
date galaxies. From left to right each panel displays the detections stacked using (i) F336W centroid,
(ii) Lyα centroid, (iii) F160W centroid or Lyα centroid for cases where F160W is unavailable.

sets involved. The signal-to-noise ratio of the Gold (Silver) F336W stacks are SNR = 31.8

(26.7) when using the F336W centroid, SNR = 9.8 (9.8) when using the Lyα centroid, and

SNR = 19.0 (14.5) when using the F160W centroid. Strong stacked detections remain even

without smoothing, with the Gold sample stacks showing SNR = 24.0, 6.9, and 13.8 for when

centroiding on F336W , Lyα, and F160W , respectively, and the Silver sample stacks showing

similar significance.

Applying the same procedure now to z ≃ 3.1 LAEs not detected individually in F336W ,

we can only register using the Lyα (N = 42) and F160W centroids (N = 36). Surprisingly

however, no stacked signal is detected regardless of the centroiding or smoothing method. In

Section 2.6.1 we later eliminate the hypothesis that the non-detected sources are drawn from a

different population to the 12 detections presented in Figures 2.3 and 2.4, since they sample the

same range of MUV, EWLyα, EW[O iii] and∆vLyα, as shown in Figure 2.16. Likewise the issue of

spatial offsets e.g. LyC - F160W inherent in any sample should not preclude a faint F336W

detection since the stacked F336W signal is well-detected for the Gold and Silver subsamples

(Figure 2.7). The inevitable and remarkable conclusion, therefore, is that the mean F336W

signal in the non-detected samplemust be uniformlymuch fainter than for the detected sample.

The 3σ upper limits for individual objects are typically 30.2AB, and quantitatively we can say

that the 3σ upper limit we measure for the F336W stack of 42 non-detections is 31.8AB. In

addition to median stacks, we have also performed mean stacks of the images and they also
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show non-detections to a comparable 3σ upper limit. Thus it appears the F336W flux in our

total sample is either detected individually or not at all. We defer discussion of this important

result to Section 2.6.

2.3.6 Charge Transfer Efficiency and Stacked Non-Detections
An important consideration for interpreting the lack of F336W flux in the stack of non-

detections concerns the possible role of degraded Charge Transfer Efficiency (CTE) in arti-

ficially suppressing flux from faint objects. If charge was lost in the readout of the data owing

to traps in the detector, then one might expect suppression of very faint signals. Indeed, this

physical behaviour is known to exist for the WFC3/UVIS detector and is actively mitigated by

the STScI pipeline, provided the electron background for the observations is ≳ 12 e- per pixel

or charge packet5. Our program used post-flashing of the detector to reach this background

level, which should allow for the CTE corrections in the STScI pipeline to recover efficiently the

flux lost during readout. These CTE correction tools are documented on the STScI website6.

However, the nominal flux limits reached by the stacks of individually non-detected objects

reaches to extremely faint limits (∼ 32AB). Given the gain of the WFC3/UVIS detector and

the exposure time of our individual frames, we estimate that 1σ sources in the F336W stack

of non-detections would have a charge of only ∼ 9e- in an individual exposure. According

to the WFC3/UVIS CTE tools documentation, charge packets of this size in a background of

12e- would lose ∼ 20% of their charge during readout. To verify this expectation, we used the

wfc3uv_cteforward code by Jay Anderson to simulate the CTE effects on charge packets

of different amounts (1-1000e-) in differing backgrounds (0-15e-). We distribute fake sources

across a model of the WFC3/UVIS detectors and simulate the charge transfer and readout pro-

cess. We correct the expected flux in each simulated pixel for geometric distortion applying

relative exposure maps of the WFC3/UVIS detector provided by STScI. We use SEP to iden-

tify sources in the CTE-affected simulated images using the same effective apertures used in

our analysis, and then compute the fraction of original charge lost during readout. We find

that for 9-12e- sources, the CTE loss is 16-20% for 12e- backgrounds. The CTE loss becomes

extremely severe for ≲ 5e- backgrounds, but such backgrounds are much lower than those in

our observations.

For our stack of non-detections, this loss of charge could then reduce a 1.25σ (11e- in a

single exposure) source below 1σ (9e- in a single exposure) flux levels. We verified this in

further simulations where we treated the loss of electrons from 9 − 15e- sources owing to
5http://www.stsci.edu/hst/wfc3/ins_performance/CTE/
6See http://www.stsci.edu/hst/wfc3/tools/cte_tools/
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CTE as a binomial process where the probability of survival for each electron was 80-84%,

using 106 realisations of their fluxes to determine how many sources could be pushed below

1σ in the final stack of non-detections. Importantly, no sources with charge packets ≥12e-

in a single exposure are expected to be suppressed below 1σ flux levels in the final stack of

non-detections, although individual (uncorrected for CTE) fluxes would be affected at the 20%

level. We therefore conclude that for the backgrounds in our observations, CTE should not

strongly influence the stringent F336W flux limits from our stack of non-detections.

2.4 Analysis
We now turn to using ourF336W detections and upper limits to derive the escape fraction fesc
of ionising photons, both on a galaxy-by-galaxy basis for our sample and for the population

as a whole. We likewise seek to correlate the escape fractions with our infrared spectroscopic

measures of [O iii] emission, primarily to test the hypothesis that a high escape fraction is

connected with the intense [O iii] emission that seems commonplace for star-forming sources

in the reionisation era.

2.4.1 Relative Escape Fractions
Estimating the escape fraction of Lyman continuum photons requires knowledge about the

intrinsic source spectrum before attenuation by interstellar dust in the rest-ultraviolet or by

the intergalactic medium blueward of Lyman-α. We can use SED modelling to constrain the

escape fraction while simultaneously fitting for other galaxy parameters on a source-by-source

basis, and we perform that analysis below. However, given the additional uncertainties and

model dependencies associated with SED fitting, we now consider estimates of the escape

fraction derived directly from the source photometry.

The relative escape fraction of Lyman continuum photons, fesc,rel(LyC), is often defined

in terms of the source flux f900 at λrest = 900 Å and the rest-ultraviolet flux f1500 at

λrest = 1500 Å as

fesc,rel(LyC) =
(f900/f1500)

(L900/L1500)tIGM
, (2.1)

where (L900/L1500) is the ratio of the intrinsic spectrum at λrest = 900 Å and λrest = 1500 Å

and tIGM is the transmission fraction in the Lyman continuum through the IGM (e.g., Steidel et

al., 2001; Inoue et al., 2005; Shapley et al., 2006). Clearly both (L900/L1500) and tIGM are model-
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dependent quantities, and reflect assumptions about the intrinsic stellar population spectrum

and the range of IGM absorption properties.

Here, we aim to provide an estimate of the relative escape fraction that is easily interpreted

before turning to a more sophisticated estimate derived from the full set of photometric data.

We therefore define the estimated relative escape fraction

f̃esc,rel(LyC) =
(fF336W /fR)

min(L900/L1500)⟨tIGM⟩
. (2.2)

Here we replace the measured flux ratio (f900/f1500) with our closest photometric flux ratio

measure (fF336W /fR) using the F336W and R bands. The quantity ⟨tIGM⟩ is the mean IGM

transmission fraction and, using the Inoue et al. (2014) IGM absorption model, we find that for

our z ∼ 3.1 emitters ⟨tIGM⟩ ≈ 0.28 averaged over the F336W band. We then need to define

the quantity min(L900/L1500), the minimum intrinsic luminosity density ratio expected for

the source stellar populations. We choose to use the minimum luminosity density ratio in

Equation 2.2 to provide upper limits on f̃esc,rel(LyC) for our choice of ⟨tIGM⟩. As we will see

the estimated relative escape fraction can be f̃esc,rel(LyC) > 1, which physically requires stellar

populations with ages t < 109 yr and/or a low opacity sight line through the IGM.

Figure 2.8 shows the intrinsic ratio of the Lyman continuum and rest-UV luminosity densi-

ties for constant star formation rate binary stellar population models computing using Version

2.1 of the Binary Population and Spectral Synthesis (BPASS) code (Eldridge and Stanway, 2009;

Eldridge and Stanway, 2012; Stanway et al., 2016; Eldridge et al., 2017). BPASS is a collection of

6 7 8 9 10 11
log10 Age [yr]

0.1

0.2

0.3

0.4

0.5

0.6

0.7

L
90

0
/L

15
00

[B
P

A
S
S

B
in

a
ry

S
P

S
]

min(L900/L1500) = 0.14

Z= 10−5Z¯
Z= 0.5Z¯
Z= 2Z¯

Fig. 2.8: The ratioL900/L1500 of the luminosity density at 900 Å and 1500 Å for constant star formation
rate BPASS binary stellar population models as a function of age, for metallicities of Z = 10−5Z⊙
(red), Z = 0.5Z⊙ (blue), and Z = 2Z⊙ (purple). For typical ages and metallicities of real galaxies,
the luminosity density ratio falls in the range 0.15 ≲ L900/L1500 ≲ 0.3. For the estimated relative
escape fractions inferred directly from the observed source flux ratios, we will adopt a minimum ratio
of min(L900/L1500) = 0.14 (dashed grey line).
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stellar population synthesis models which are formulated by combining stellar evolution mod-

els with synthetic stellar spectra (Stanway et al., 2016). Stellar population synthesis models

provide predictions of the light emitted by distant stellar populations. By finding the best fit-

ting model to the light detected from a distant galaxy and assuming the total integrated light

emitted from the galaxy is emitted by its stars, we can infer the underlying properties of a

given galaxy and its stellar population such as the production rate of ionising photons. We use

BPASS models in the following work as they incorporate the evolution of interacting binary

stars. This is important as young starburst galaxies responsible for reionisation will contain

a large proportion of young, hot massive stars and the fraction of stars in binaries or with

higher numbers of companions approaches unity for massive stars (Stanway, 2020). Including

binaries in stellar population synthesis models results in both a 60% increase in the produc-

tion rate of ionising photons as well as prolonging the period over which ionising photons

are produced compared to single-star evolution models for sub-solar metallicities (0.1-0.2Z⊙)

(Stanway et al., 2016). Therefore, we adopt the BPASS models in the following work as they

allow us to calculate the most conservative estimates for the escape fraction compared to other

stellar population synthesis models.

In Figure 2.8 we use BPASS to compute the intrinsic ratio of the Lyman continuum and rest-

UV luminosity densities as a function of stellar population age in the BPASS models, and plot

the quantity for metallicities Z = [10−5Z⊙, 0.5Z⊙, 2Z⊙] assuming an upper stellar mass limit

of M = 100M⊙. For galaxies with stellar population ages older than 108 years, the typical

ratio will be 0.15 ≲ L900/L1500 ≲ 0.3. Motivated by the behaviour of these models, for our

estimated relative escape fraction f̃esc,rel we adopt the value min(L900/L1500) = 0.14.

With concrete values for the quantities in the denominator of Equation 2.2, we can use

the measured F336W and R band fluxes to estimate f̃esc,rel. Figure 2.9 shows the estimated

relative escape fraction for our LAE sources as determined by the F336W and R band flux

ratios, assuming min(L900/L1500) = 0.14 and ⟨tIGM⟩ ≈ 0.28. The uncertainties on the esti-

mated relative escape fractions are computed by propagating the uncertainties on themeasured

fluxes, and we include only sources with R band detections. The f̃esc,rel values for individual

sources are listed in Table 2.5, and fall in the range f̃esc,rel ≈ 0.18 − 2.7. We again note

that the values for f̃esc,rel presented here are intended to be upper limits due to the choice of

min(L900/L1500). Even thoughwe find f̃esc,rel > 1 for a few of our sources, none of these galax-

ies have fF336W /fR > 1, these large relative escape fractions are purely due to our choice of a

minimum intrinsic ratio for L900/L1500 or our fixed value for tIGM. Instead, these high relative

escape fractions motivate us to derive fesc using individual SED fits for each galaxy as it is
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clear from the results for f̃esc,rel that many of these galaxies likely have lower metallicities or

younger ages (for example< 108 years, see Figure 2.8), which act to increase min(L900/L1500)

and thus decrease f̃esc,rel below 1. Indeed, in Section 2.4.2 we find using SED fitting that the

two galaxies with the largest values of f̃esc,rel in Figure 2.9 have inferred ages < 107 years. It

could also be possible to further constrain the age of each galaxy with our spectroscopic data,

for example using emission lines or P Cygni profiles. However, our spectroscopy is not deep

enough to detect the latter and we can more easily estimate the intrinsic SED of each galaxy

using our extensive multi-band photometry which is available for all of our targets.
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Fig. 2.9: Estimated relative escape fractions f̃esc,rel for our LAE samplewithR band detections, as a func-
tion of the detectedF336W flux. Shown are the flux ratios fF336W /fR (black points) normalised by the
minimum intrinsic luminosity density ratio min(L900/L1500) = 0.14 and the mean IGM transmission
fraction ⟨tIGM⟩ ≈ 0.28. The vertical error bars indicate the uncertainty on the estimated relative escape
fractions owing to the individual uncertainties on the measured F336W and R band fluxes, while the
horizontal error bars correspond to the uncertainties on the F336W flux. For objects above f̃esc,rel = 1
(gray dashed line), young stellar populations (t ≲ 109 yr), lower-than-average IGM absorption or lower
metallicities are required.

2.4.2 SED Model Fits
The absolute escape fraction is conventionally defined as the ratio of those LyC photons emerg-

ing compared to those intrinsic to the stellar population. A first necessary step, therefore, is

to determine the most likely stellar population and dust extinction for each source from which

the intrinsic LyC radiation can be predicted. Fortunately, the SSA22 sample has extensive

multi-band photometry, and so the SEDs of many galaxies are well-constrained and provide

the basis for this important step. A second requirement is to correct the detected F336W flux

upward to allow for line of sight absorption in the IGM. The mean IGM opacity increases as

a function of redshift, and may vary between sources owing to fluctuations in the number of

absorbers along the line of sight.
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Webegin by fitting the SEDs of all the sources in our sample, regardless of whether they have

F336W detections. The SED data comprises U -band data from the Canada-France-Hawaii

telescope, B, V , R, i′ and z′ from Subaru, J and K from UKIRT as well as F160W from

HST and Channel 3 and 4 coverage from IRAC on-board the Spitzer Space Telescope. These

precursor datasets are summarised in Table 2.2 and the individual photometry is shown in

Table 2.7.

We use BPASS v2.1 to generate synthetic spectral energy distributions that we fit to the data7.

Assuming a constant star formation history, Z = 0.1Z⊙ metallicities, and stellar masses in

the range M ∈ [0.1, 100]M⊙
8, we couple the BPASS models with the MULTINEST (Feroz and

Hobson, 2008; Feroz et al., 2009) nested sampler to perform Bayesian parameter estimation on

each galaxy’s star formation rate (ASFR ∈ [0, 100]M⊙/yr), stellar age (tage ∈ [0, tmax(z)]),

dust extinction assuming the Gordon et al. (2003) Small Magellanic Cloud reddening law

(E(B − V ) ∈ [0, 1]), and the escape fraction (fesc ∈ [0, 1]). When performing parameter

estimation, we use flat priors for all parameters. When fitting the BPASS SEDs to the photom-

etry we have examined both single and binary star stellar populations, and report results for

binary population models since these fits produce conservatively lower inferred fesc.

Nebular continuum and line emission is included following the precepts of Robertson et al.

(2010), with the strength of the nebular emission scaling with the Lyman continuum photon

production rate and moderated by the escape fraction. Attenuation from the intergalactic

medium owing to neutral hydrogen absorption is included following Inoue et al. (2014), and

is applied according to the spectroscopic redshift of each source (or the narrow band Lyα

redshift if spectroscopy was unavailable). When fit, the escape fraction simply adjusts the

modelF336W flux by a multiplicative factor and we incorporate any possible dust attenuation

of the Lyman continuum into the value of fesc. However, we do limit fesc to be less or equal

to the transmission permitted by the dust attenuation expected for a given E(B − V ). Model

photometry is calculated from the model spectra following Papovich et al. (2001).

Figures 2.10 and 2.11 show model SED fits to the individual Gold and Silver subsample ob-

jects. For each object, the maximum likelihood model parameters for star formation rate, stel-

lar age, E(B − V ), and escape fraction are indicated. Inset panels in the figures indicate the

marginal distribution for fesc determined from each model fit. The SED parameter constraints

7Although one of our Gold subsample objects (86861) is a weak LAE-AGN, from here onwards we proceed in
using the BPASS models for consistency with the rest of our LAEs.

8Models with a 300M⊙ cut-off increase the ionising flux by∼ 5% (Eldridge et al., 2017) given the same rest-frame
UV luminosity. The choice of model will therefore introduce a ∼ 10% uncertainty in fesc.

2.4 Analysis 73



are recorded in Table 2.5, which lists the mean and 1σ width of the posterior distributions9.

The quality of the fits vary depending on the photometric constraints available for each ob-

ject, and the constraints on fesc vary correspondingly. The typical escape fractions inferred

from individual SED fits are fesc ≈ 0.4 for the Gold and Silver subsamples, with substantial

spread.

2.4.3 SED Model Tests
The SEDmodelling provides stellar population constraints on the objects, and enables a model-

dependent inference of the escape fraction fesc. While the details of the model do not change

whether Lyman continuum flux is detected in our sample and could not permit a conclusion

that fesc ∼ 0, assessing the influence of our model assumptions on our derived parameters is

important. We consider some important potential issues below.

Rest-Frame UV and Optical Photometry: The rest-frame optical photometry provides con-

straints on the presence of evolved stellar populations and, for some combinations of redshifts

and photometric bands, the possible influence of nebular line emission. Without constraints on

the escaping Lyman continuum flux, the permitted contribution of internally absorbed Lyman

continuum photons to the nebular emission can vary widely. Whether the F336W or IRAC

fluxes influence the stellar population parameters therefore depend on the detailed shape of the

object SED. For instance, Gold Object 86861 has a model escape fraction of fesc = 0.46± 0.05

when including all the photometric data. The rest-frame UV, F160W , and IRAC data for this

object provide reasonably tight constraints on the object parameters, such that if the F336W

data is removed from the fit, the star formation rate and age of the object only change less

than 10% to ASFR = 8.3 M⊙/yr and log
10
tage = 8.9. However, the IRAC data for this object

does help resolve the age-SFR degeneracy and removing the IRAC data decreases the age to

log
10
tage = 8.3, increases the star formation rate to ASFR = 9.6 M⊙/yr, and decreases the in-

ferred escape fraction to fesc = 0.38. For other objects with good photometric constraints in

the rest frame UV and at F160W , such as Silver Object 104037, the escape fraction constraints

can change by less than 20% when the IRAC photometry is ignored.

IGM Absorption: Without considering additional possible constraints on the ionising emis-

sivity of the LAEs, the escape fraction inferred by the SEDmodellingwill directly anti-correlate

with the IGM attenuation along the line of sight to any object. Models of the IGM absorption

by Madau (1995) or Inoue et al. (2014) connect the IGM absorption with the occurrence of neu-

tral hydrogen systems along the line of sight, and variations in the absorption to the statistical
9The error reported here is inferred from the posterior distribution, but does not include systematic effects asso-
ciated with model uncertainties.
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Fig. 2.10: SED fits to Gold subsample z ≃ 3.1 LAEs. The photometric data (blue points with error
bars) for each source across 12 bands (coloured regions) is used to constrain the SED model fit (grey
line, maximum likelihood fit), resulting in the model photometry (open red circles). The maximum
likelihood parameters for the star formation rate, the age of the constant star formation rate stellar
population, the extinction, and the Lyman continuum escape fraction are reported. We report values
for marginal constraints for each parameter and their uncertainties in Table 2.5. The insets show the
marginal constraint on the escape fraction fesc for each object.
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Fig. 2.11: SED fits to Silver subsample z ≃ 3.1 LAEs. The photometric data (blue points with error
bars) for each source across 12 bands (coloured regions) is used to constrain the SED model fit (grey
line, maximum likelihood fit), resulting in the model photometry (open red circles). The maximum
likelihood parameters for the star formation rate, the age of the constant star formation rate stellar
population, the extinction, and the Lyman continuum escape fraction are reported. We report values
for marginal constraints for each parameter and their uncertainties in Table 2.5. The insets show the
marginal constraint on the escape fraction fesc for each object.
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variance of these absorbers (e.g., Inoue and Iwata, 2008). Since the escape fraction is bounded

in the range fesc ∈ [0, 1] and the IGM absorption depends exponentially on the line-of-sight

opacity, the detection of the Lyman continuum in multiple objects may suggest that our SSA22

line-of-sight has lower than average opacity. If the IGM transmissivity is higher than the av-

erage ⟨tIGM⟩ ≈ 0.3 we assume, then our inferred escape fractions could go down by a factor

of two at most. Given that we find a substantial spread in the inferred fesc for our objects, we

can only conclude that the IGM transmissivity is not uniformly low.

Stellar Population Binarity: We assume binary stellar populations in the BPASS models. For

a constant star formation rate population with an age tage > 100 Myr, the difference in

the Lyman continuum flux per unit UV luminosity density is only ∆ log
10
ξion,0 ∼ 0.05 for

Z = Z⊙/10 and the difference in the overall production rate of Lyman continuum photons

is ∆ log
10
Nion ∼ 0.1. The differences in fesc inferred from changing between single and bi-

nary stellar populations therefore vary less than the typical uncertainties associated with star

formation history, dust, and age.

Dust Model: Variations in the dust model can influence the escape fraction inferred from

SED modelling, as the absorption in the rest-frame UV for a given E(B − V ) can differ and

result in different ratios between the intrinsic model and observed Lyman continuum fluxes.

Many of our objects are very blue and permit only very small values ofE(B−V ). For instance,

our Gold subsample object 92863 has an inferred SMCE(B−V ) = 0.07. Using a Calzetti et al.

(1994) dust law results in anE(B−V ) = 0.07, but the best-fit star formation rate has declined

by 40% toASFR = 3.1M⊙/yr, the age has increased to log
10
tage = 9.3, and the inferred escape

fraction increases substantially to fesc = 0.39. However, these changes represent only ∼ 2σ

changes compared to the SMC dust-based model parameter constraints, and while objects with

non-negligible dust may have a systematic uncertainty associated with the dust model their

SED fits tend to be less constrained anyway. Fortunately, our sample of intrinsically blue LAEs

will suffer less from the systematic uncertainties associated with dust than Lyman continuum

surveys of more evolved LBG samples.

2.4.4 Measured vs. Model Line Fluxes
The SED models are fit to the observed photometric fluxes for each source, but our spectro-

scopic campaign has also provided independent measures of the fluxes of Hβ, and [O iii]

that can be used to assess the validity of the model line emission that we incorporate in

the rest-frame optical source SED. In the case of Hβ, examining the ratio of the model line

flux to that observed for a range of the Lyman continuum photon production rate, we find
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⟨fmod/fobs⟩ = 1.44 ± 1.81. Since the model line fluxes depend on (1 − fesc,SED) determined

from the SED fit, this illustrates the degree of self-consistency between the observed and mod-

elled Lyman continuum flux, the inferred escape fractions (fesc,SED), and the method for com-

puting the model line strengths that contribute to the photometric data.

2.4.5 Composite SEDs
Thephotometry of our sources derives from a combination of ground and space-based imaging,

with a range of sensitivity and spatial resolution. Excepting F336W , the rest-frame UV mea-

surements all come from ground-based data. While this data is of high quality, for some objects

it permits a range of stellar population parameters that provide statistically similar model fits.

Various combinations of star formation rate and age can produce the same rest-UV flux given

these uncertainties, but would lead to a range of inferred fesc as illustrated by the marginal

distributions shown in Figures 2.10 and 2.11. Given the homogeneity of our sample objects

and their comparable redshifts, we have constructed composite photometry for the Gold, Sil-

ver, and F336W Non-Detection subsamples and performed SED model fits to the composite

data.

The composite SEDs were generated by first cutting out 6 × 6 arcsecond postage stamps,

centered on the Subaru positions for each of the LACES LAEs, for all of the available photo-

metric bands. The composites were generated by stacking these cutout images for each band

for the Gold, Silver and non-detected subsamples using the IRAF task imcombine. Only LAEs

within the SSA22 protocluster at approximately z ≃ 3.1were included and LAEs with z > 3.1,

such as ID 93564 were excluded from the composites.

The errors for the composite SEDs were calculated by first masking all objects with SNR > 3

in each image. Regions were then selected from the remaining noise, ensuring no overlap with

masked areas of the image. These regions were then used to make stacked images of the noise,

stacking the same number of images used in the Gold, Silver, and non-detection composites

(N = 6, 5, 42 respectively). This process was repeated across every photometric band for 500

stacks of the noisy regions and the 1σ upper limits were calculated.

Table 2.6 provides the flux density and associated 1σ uncertainty measured in each band

for the composite stacks for our Gold, Silver, and non-detection subsamples. Using the higher-

precision composite SEDs, we again perform our SED model fits to explore possible inferred

differences between the composite properties of our subsamples.
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Tab. 2.6: Flux Measurements for Composite SEDs

Gold Sample Silver Sample Non-detection Sample
Band Flux [nJy] Flux [nJy] Flux [nJy]
F336W 5.29± 0.25 5.86± 0.25 < 0.24

u 99.7± 15.7 107.7± 17.2 26.2± 7.1

B 85.9± 9.2 130.9± 8.5 67.4± 6.0

NB497 226.8± 14.6 370.4± 10.6 259.3± 6.4

V 135.2± 10.2 217.8± 8.1 110.3± 6.4

R 162.8± 7.8 205.5± 9.6 110.2± 5.3

i′ 194.0± 11.3 257.0± 12.0 112.6± 6.6

z′ 216.9± 20.5 196.6± 23.2 120.1± 11.3

J 381.2± 189.4 292.2± 197.8 175.3± 78.9

F160W 267.6± 16.3 306.2± 16.0 111.9± 6.9

K 248.2± 301.8 809.6± 326.2 123.8± 120.4

[3.6µm] 654.8± 150.5 591.3± 60.6 340.3± 72.1

[4.5µm] 764.0± 213.6 462.5± 130.1 286.1± 50.8

2.4.6 Gold Subsample SED
Figure 2.12 shows the maximum likelihood model fit to the stacked photometry of the Gold

sample. This composite at z ≈ 3.1 appears to be consistent with a very young star-forming

population, a reddening of E(B − V ) ≈ 0.06, and an escape fraction of fesc ≈ 0.2. This SED-

inferred escape fraction is lower than the relative escape fraction suggested by the ratio of the

900 Å and 1500 Å rest-frame flux densities and the typical fesc suggested by the individual Gold

subsample object fits. This discrepancy results from improved constraints on the rest-frame

UV portion of the spectrum gained by stacking. Compared to the other composites discussed

below, the mean age is younger although less certain. This reflects the wider range of inferred

ages in the individual objects in the Gold sample as listed in Table 2.5. If the mean age were

increased, making it more consistent with that for the other composites, the inferred escape

fraction for the Gold sample would be larger. We note that the SEDmodel does not fit the IRAC

data particularly well, but for the composite Gold sample photometry ignoring the IRAC data

entirely changes the maximum likelihood parameters by < 10% fractionally. For the escape

fraction, fitting the composite Gold sample with or without including the IRAC data changes

the maximum likelihood fit by only ∆fesc = 0.01.
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Fig. 2.12: SEDmodel fit to photometry of stacked Gold sample detections. The plot has the same format
as Figures 2.10 and 2.11, presented for individual galaxies. We show the maximum likelihood fit and
parameters in the plot and present marginal constraints for each individual parameter in Table 2.5. The
escape fraction for the Gold sample is inferred as fesc ≈ 0.2.

2.4.7 Silver Subsample SED
Figure 2.13 shows the maximum likelihood model fit to the stacked photometry of the Sil-

ver subsample. Relative to the Gold subsample composite, the Silver subsample composite at

z ≈ 3.09 is consistent with being older and forming stars at a lower rate and with a lower
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Fig. 2.13: SED model fit to photometry of stacked Silver sample detections. The plot has the same
format as Figures 2.10 and 2.11, presented for individual galaxies. We show the maximum likelihood fit
and parameters in the plot and present marginal constraints for each individual parameter in Table 2.5.
The escape fraction for the Silver sample is inferred as fesc ≈ 0.5.
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reddening E(B − V ) ≈ 0.01. The inferred Silver composite escape fraction is higher than for

the Gold composite, with fesc ≈ 0.5. How representative the escape fraction inferred for this

composite Silver SED is for the Silver sample objects individually is questionable, as the pho-

tometry for the individual objects varies widely. The stacked Lyman continuum flux is heavily

influenced by 94460, but this object is faint in IRAC and individually has a very young inferred

age with moderate escape fraction. The objects 104037 and 105397 contribute greatly to the

rest-frame optical emission of the composite Silver SED, but these objects are fairly bright and

one is inferred to be old. The combination of these SEDs leads to an old composite age with a

necessarily large escape fraction. Clearly some caution is warranted in generalising the results

of the composite Silver SED fit to all LAEs in our sample.

2.4.8 Non-Detections SED
Figure 2.14 shows the maximum likelihood model fit to the stacked photometry of the F336W

Non-Detection subsample. This composite at z ∼ 3.1 is consistent with a 500 Myr-old stellar

population forming stars at ASFR ≲ 2M⊙/yr, lightly reddened, and with a Lyman escape

fraction close to zero (i.e., fesc < 0.005). In ourmodels, the low escape fraction results in strong

nebular continuum and line emission in the rest-frame optical, and the model photometry

agrees well with the stacked photometric data at these wavelengths.
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Fig. 2.14: SED model fit to photometry of stacked Non-Detections. The plot has the same format
as Figures 2.10 and 2.11, presented for individual galaxies. We show the maximum likelihood fit and
parameters in the plot and present marginal constraints for each individual parameter in Table 2.5. The
escape fraction for Non-Detections is inferred as fesc < 0.005.
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2.5 Results
We can now take full advantage of our large sample with individually determined fesc values

and investigate possible trends with other galaxy properties so we may better understand the

mechanisms through which LyC photons escape.

2.5.1 Dependence on the Strength of Lyα
Themechanisms through which LyC and Lyα photons escape may be very similar if geometry

plays a dominant role in the escape of ionising photons. Low-density channels created by a

burst of star-formation may enable LyC and Lyα photons to leak out in a specific direction.

However, the radiative transfer of LyC and Lyα differ, which may influence their relative vis-

ibility. Lyα is absorbed by dust and is a resonant line and can thus be scattered back into the

line of sight by neutral hydrogen, whereas LyC photons can only be absorbed by dust and

neutral hydrogen. Therefore it may be possible to have significant Lyα escape whilst that of

Lyman continuum photons is suppressed.

Contrary to this picture, extreme Lyα emission would imply that most of the ionising pho-

tons have been reprocessed as Lyα photons, allowing few LyC photons to escape. How-

ever, Nakajima and Ouchi, 2014 predict that significant fesc and large EWLyα are possible for

fesc < 0.8 and it is only for very extreme escape fractions that Lyα will be suppressed.

Many authors have reported a positive correlation between the EWLyα and escaping LyC

photons. Verhamme et al., 2017 reported this empirical relation using the small number of

confirmed LyC-leaking low-redshift sources. At intermediate redshifts the trend has also been

observed using stacked spectroscopy (Marchi et al., 2017) and ground-based imaging (Micheva

et al., 2017b), the latter of which may be affected by foreground-contamination.

For the LACES sample deep imaging in the Subaru narrow-band covering all our targets al-

lows us to determine accurate estimates for the EWLyα. We use the Subaru photometry instead

of our spectroscopic data because the extended Lyα flux can be included without slit losses and

we can easily compare the flux measured in the narrow band to the continuum measured in

the broad bands. We show our individually-determined escape fractions against EWLyα in the

top-left panel of Figure 2.15. There does appear to be a positive correlation albeit with large

scatter. Uncertainty in the likelihood of fesc arises due to degeneracies in choosing slightly

different models to fit the SED of each galaxy. It should be noted previous work exploring this

correlation at intermediate redshifts did not include such model-dependencies as the observed

flux density ratio of LyC to rest-frame UV photons was used instead of fesc.
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We also calculate the escape fraction of Lyα (fLyα
esc ) by taking the ratio of the observed Lyα

flux to the predicted intrinsic Lyα flux derived from the observed Hβ flux using recombination

physics,

fLyα
esc =

F (Lyα)
8.7× 2.86× F (Hβ) , (2.3)

where we use the ratios Lyα/Hα = 8.7 and Hα/Hβ = 2.86 (Hayes, 2015).

A positive correlation between fLyC
esc and fLyα

esc has been reported for the small number of low-

redshift LyC leaking galaxies (Verhamme et al., 2017). The fact that Lyα appears to escape pref-
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Fig. 2.15: Correlations between fesc and other observed and derived properties for the LACES Gold
and Silver samples. Top-left: dependence of fesc on EWLyα. Top-right: dependence of fesc on UV
luminosity. Bottom-left: dependence of fesc on stellar mass. Bottom-right: Dependence of fesc on
the equivalent width of [O iii]. In the bottom-left panel both fesc and stellar mass are inferred model-
dependent parameters where the stellar mass is the product of the age and SFR derived from SED
fitting. Indeed, at fixed age it is expected that the SFR and fesc would covary to match the F336W
measurements and could produce this trend.
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erentially to LyC may imply LyC escapes through channels in a ‘riddled ionisation-bounded

nebula’ (Zackrisson et al., 2013; Behrens et al., 2014; Verhamme et al., 2015), whereas Lyα can

escape additionally due to resonant scattering. Radiative transfer simulations (Dijkstra et al.,

2016) reproduce these trends albeit with much scatter for fLyα
esc > 0.1 due to the effects of dust,

outflow kinematics and covering factor. For the present sample, no clear correlation between

f
LyC
esc and f

Lyα
esc is seen, but uncertainties arising from our faint Hβ detections and a lack of

coverage of our MOSFIRE campaign for all the LyC detections may mask a genuine trend. We

list the calculated values of fLyα
esc and their errors for the LyC detections in Table 2.4.

At first sight, it is puzzling to find a relatively strong correlation between f
LyC
esc and EWLyα

but not between f
LyC
esc and f

Lyα
esc when EWLyα ∝ f

Lyα
esc × (1− f

LyC
esc )× ξion. However, the fLyC

esc -

EWLyα correlation may have a marginal dependence on MUV. UV-fainter LACES objects tend

to have larger EWLyα, as seen for many samples in the literature (Stark et al., 2010; Schenker

et al., 2012; Ono et al., 2012). This may be due in part to increased ξion (Nakajima et al., 2018).

In Section 2.5.2 we show that fLyC
esc is anti-correlated with UV luminosity and stellar mass.

Therefore, it is not surprising that LAEs with the most extreme fesc and EWLyα are intrinsically

faint in MUV. Thus fesc correlates with EWLyα because the fainter objects are more compact

with a harder ξion which boosts EWLyα.

2.5.2 Dependence of the Escape Fraction on Luminosity and
Stellar Mass

Understanding the typical ξion, fesc and MUV of galaxies at z > 6 is crucial in determining

whether galaxies were the primary driver of cosmic reionisation. Current estimates assume an

average fesc and ξion and extrapolate the UV luminosity function down to a limiting magnitude,

fainter than current observations (Robertson et al., 2013). It has been suggested that fainter

galaxies may have higher fesc or ξion, contributing enough ionising photons such that galax-

ies alone are capable of reionising the universe (e.g., Inoue et al., 2006; Kuhlen and Faucher-

Giguère, 2012; Bouwens et al., 2012a; Finkelstein et al., 2012; Fontanot et al., 2012; Fontanot

et al., 2014; Robertson et al., 2013; Faisst, 2016).

In Nakajima et al., 2018 we have shown for a similar sample of LAEs in the SSA22 proto-

cluster that the production efficiency of ionising photons, ξion, increases towards lower UV

luminosities. Grazian et al., 2017 found tentative evidence suggesting a trend between UV lu-

minosity and escape fraction usingmostly limits on fesc,rel derived from ground-based imaging.

However, all but 3 of their points were upper limits for fesc,rel, therefore this result may simply

be due to the U-band imaging depth of their observations. It has been suggested that such a
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correlation could arise from the fact that galaxies with a lower luminosity will tend to also be

lower mass and there is an anti-correlation between stellar mass and the O32 ratio (Nakajima

and Ouchi, 2014; Faisst, 2016; Dijkstra et al., 2016) which itself is expected to correlate with

fesc (Jaskot and Oey, 2013; Nakajima and Ouchi, 2014; Nakajima et al., 2016; Faisst, 2016; Izo-

tov et al., 2018). Although, in the bottom-left panel of Figure 2.15, we confirm that the stellar

mass is anti-correlated with fesc for the same objects, this figure is based on two SED-derived

parameters, both of which are model-dependent.

The top-right plot in Figure 2.15 shows the distribution between MUV and fesc for the in-

dividual objects in the LACES Gold and Silver samples. Among these sources, there appears

to be no clear correlation between UV luminosities and fesc despite the correlation between

stellar mass and fesc. All the LACES objects presented here are detected LyC leakers. There

are a few outliers at the bright end of our sample for which fesc ∼ 0.5 although one of these

is an LAE-AGN.

2.5.3 Dependence of the Escape Fraction on the Strength of
[OIII]

There is growing evidence that the O32 ratio correlates with fesc (Nakajima and Ouchi, 2014;

Nakajima et al., 2016; Faisst, 2016; Izotov et al., 2018). Characterising the mean fesc of z ∼ 3.1

LAEs with extreme O32 will be useful in understanding the role similar z > 6 LAEs, where

LyC emission is not directly observable due to a partially neutral IGM, have in contributing to

reionisation. Unfortunately, due to observational constraints, we did not obtain deep enough

[O ii] measurements to properly correlate O32 with fesc for a statistically meaningful sample.

In the absence of [O ii] measurements we instead use the equivalent width of [O iii] as a

large EW[O iii] may imply a large O32 ratio. This appears to be a reasonable assumption and

Tang et al. (2019) find that galaxies with large EW[O iii] almost always have large O32 and large

ξion. Moreover, it appears that galaxies in the reionisation-era differ in that they have more

extreme [O iii] as the strength of the [O iii] line appears to increase with redshift (Schenker

et al., 2013a; Smit et al., 2014; Smit et al., 2015). The discovery that LBGs at z > 7with extreme

[O iii] have been detected with Lyα emission also implies a large fesc as these objects may have

ionised bubbles of hydrogen early so that their Lyα emission could redshift out of resonance

with neutral hydrogen and escape (Roberts-Borsani et al., 2016; Zitrin et al., 2015; Oesch et al.,

2015; Laporte et al., 2017a; Stark et al., 2017).

We use the equivalent width instead of the flux, as our objects span a wide range of magni-

tudes. Therefore, in order to accurately calculate the EW[O iii] we require that our LAEs were
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targeted and detected in our MOSFIRE campaign but also that our targets were covered by the

deep HST F160W photometry so we can accurately estimate the continuum at the [O iii] line

(see section 2.2.4).

We show the results for the LACES sample in the bottom-right panel of Figure 2.15. There

is no clear correlation between EW[O iii] and fesc although the scatter is large. Accordingly, we

cannot test the physically-motivated hypothesis that density-bounded nebulae result in LyC

leakage. Further [O ii] measurements would enable us to correlate fesc directly with O32 for

the LACES Gold and Silver subsamples.

2.6 Discussion
The robust detection of Lyman continuumphotons from a substantial subset of our LAE sample,

combined with stringent limits on Lyman continuum escape in our non-detected objects, may

provide clues as to how galaxies physically release hydrogen ionising photons as required if

they drove cosmic reionisation. Below, we examine possible differences between our detected

and non-detected samples, discuss possible physical mechanisms for the escape of Lyman con-

tinuum photons that may explain our results, and compare with previous searches for Lyman

continuum emission in galaxies.

2.6.1 Understanding the Non-Detections
We now discuss the puzzling dichotomy between our LyC detections and non-detections. The

12 LyC-leaking LAEs are all individually detected with SNR > 4 in the F336W images and

have fesc ∼ 15 − 60%, whereas even in a mean composite spectrum of 38 non-detections we

estimate fesc < 0.5%.

We first investigate whether there are any differences between these two populations in

terms of their luminosity (MUV), strength of Lyα emission (EWLyα), EW[O iii] and velocity off-

set of Lyα (∆vLyα). In Figure 2.16 we show how the detections, including Gold and Silver

subsamples, and the non-detections (N = 42) are distributed across these parameters with

reference to the full sample of 54 LAEs. It appears that the population of detections and non-

detections are almost indistinguishable from one another. LyC-detected objects span the full

range of UV luminosities as do the non-detections. However, it should be noted that there is an

observational bias at fainter luminosities as we will not be able to detect small escape fractions

in individual cases for the faintest LAEs and it remains possible that some of the faint LAEs

in the LyC non-detections are weak to moderate LyC-leakers but below our detection limit.
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Nevertheless, if this were the case we would still expect to detect this faint signal in the deep

F336W stack, yet we recover on average fesc < 0.5%.

Additionally, LyC-detected LAEs have a similar distribution in EWLyα with respect to non-

detections. However, our LyC detections are almost all at EWLyα < 100 , as is the case for most

of the LAEs in the LACES sample. Of the 6 LAEs with EWLyα > 100 only 1 is a LyC leaker.

This trend may be expected if LAEs with very large EWLyα have reprocessed almost all of their

ionising photons into Lyα, resulting in galaxies with fesc ∼ 0 (e.g., Nakajima and Ouchi 2014).

These LAEs are also the faintest objects discussed above, so even if they have a non-zero fesc
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Fig. 2.16: Distributions of EWLyα (top-left), MUV (top-right), EW[O iii] (bottom-left) and∆vLyα (bottom-
right) for the LACES sample. Red hatched histograms show the numbers of LAEs with detectedF336W
emission and blue histograms show non-detected LAEs. The black outline shows the total number of
LAEs in the detections and non-detections. The [O iii] line and both a Lyα and systemic redshift were
not always targeted or detected in our extensive optical and near-infrared spectroscopy. Therefore, in
the two lower panels showing the distributions of EW[O iii] and ∆vLyα we only show LAEs for which
the relevant data is complete.
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it will most likely be below our detection limit. Regardless, the bulk of the non-leaking LAEs

contributing to the composite spectrum have moderate EWLyα and MUV and fall in the same

space in a EWLyα-MUV plot as the bulk of the detections. Therefore, given the evidence from

the detections (Section 2.5.1 and 2.5.2) we would have expected these LyC non-detections to

have moderate fesc that would be detectable in our deep F336W stack. Yet, we detect no

signal when stacking these objects and find fesc < 0.5%. This could be due to differences in the

covering factor of these LAEs, however we do not probe this property in our observations.

We also examine the distribution of EW[O iii] in Figure 2.16. Once again, the detections cover

the full range of EW[O iii] as do the non-detections. If LyC leakage arises due to density-bound

nebulae with extreme O32 ratios this may imply extreme EW[O iii] (Tang et al., 2019). We may

therefore expect the LyC detections to be preferentially clustered at large EW[O iii] compared to

the non-detections, but the detections fall at EW[O iii]≲ 1400Å. Again, it may be the case that

if galaxies are leaking a significant fraction of their ionising photons there are few > 35 eV

photons remaining to doubly ionise oxygen. This could perhaps explain why some of our LyC

leakers have smaller EW[O iii]. It is important to note that EW[O iii] measurements have not

been obtained for all the LAEs as [O iii] was not targeted or detected for every object and we

do not have full F160W coverage for the LACES sample in order to estimate the continuum

at ∼ 5000 Å in the rest-frame.

Finally we examine the distributions of∆vLyα, which should be< 150 km s−1 for LyC leak-

ers that require a low column density of neutral gas for LyC escape (Verhamme et al., 2015).

We find no significant difference between detections and non-detections. We will discuss this

result in more detail below in Section 2.6.2.

To summarise ∼ 20% of the LAEs in the LACES sample have individual F336W detections

with inferred escape fractions ranging from 15% to 60%. Using composite SEDs we find the

average fesc = 0.20± 0.02% and fesc = 0.51± 0.08% for the Gold and Silver samples respec-

tively. Even when using a stack of 32 LAEs that are not detected as LyC-leakers in individual

F336W images we find on average fesc < 0.5% despite these LAEs having an almost identical

distribution of luminosities, EWLyα, EW[O iii] and ∆vLyα as the LyC-leakers. We now turn to

possible explanations for this dichotomy.

2.6.2 Anisotropic LyC Escape
Previous analyses have proposed (Zackrisson et al., 2013; Behrens et al., 2014; Nakajima and

Ouchi, 2014) that there exist at least two mechanisms through which LyC photons can escape.

The first involves an ionisation-bounded nebula where Hii and Hi shells surround the central

90 Chapter 2 The Ionising Output of Early Star-Forming Galaxies



stars. LyC photons can escape from such a system if stellar winds or supernovae from a burst of

star-formation produce low-density holes through the neutral hydrogen in the ISM. LyC pho-

tons can then easily escape through these channels without being absorbed. Alternatively if

the stellar population has a very hard spectrum or there is a significant burst of star-formation,

the resulting ionisation of the gas may enable LyC photons to readily escape in all directions

(Zackrisson et al., 2013; Behrens et al., 2014; Nakajima and Ouchi, 2014).

If LAEs are ionisation-bound with holes then it will only be possible to detect LyC leakage

if our line of sight is coincident with the opening angle of these channels. All LAEs in a

given sample could be leaking LyC radiation but only a fraction of them, corresponding to

the average covering fraction of Hi and dust, would be detected as LyC leakers through direct

observations. The angular dependence of the escape fraction is found to be highly anisotropic

in simulations, with galaxies with smaller fesc having a smaller solid angle through which LyC

photons can escape (Paardekooper et al., 2015). Therefore, if the escape of LyC photons occurs

anisotropically through channels, it seems likely that our non-detections would have small fesc,

with the photons escaping out of small channels directed away from our line of sight. However,

we do not probe the covering fraction of our LAEs and we cannot be certain that geometric

effects are the main cause for the dichotomy between our detections and non-detections.

Using Lyα transfer calculations in Hi regions, Verhamme et al. (2015) showed that if LyC

escapes due to an optically thin (NHi ≤ 1018 cm−2) density-bounded regime then the Lyα

profile will be narrow with a small velocity offset (∆vLyα < 150 km s−1). However, if the

LyC-leakers are ionisation-bounded and riddled with low-density channels∆vLyα ∼ 0 km s−1,

with a small red peak due to additional scattered Lyα light that then escapes through the

channel. If the dichotomy between our detections and non-detections is caused by geometry

wemight expect the LyC-leakers to be preferentially clustered around∆vLyα ∼ 0 km s−1 when

compared to the non-detections.

In Figure 2.16 we show the distribution of ∆vLyα for the detections and non-detections

where both a Lyα and systemic redshift are available. The LyC detections cover the full range

of velocity offsets and are not centered only around small velocity offsets. Therefore it is not

clear that the non-detections are ionisation-bounded whereas detections are riddled or density-

bounded. Indeed, the Lyα profile is most likelymore complex than this simple picture. Velocity

offsets could be caused by outflows. Also, if LyC escapes through small offset channels, this

geometry could have little implication for the Lyα profile, which may still be dominated by

resonant scattering. More detailed analysis of Lyα spectra at higher spectral resolution are

most likely needed before ruling out the geometric picture of Lyα escape.
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2.6.3 Stochastic LyC Escape
Star formation at these redshifts may be highly time-dependent. Galaxies accrete gas from

the IGM and through mergers. They undergo bursts of star-formation, as a result of which

feedback in the form of stellar winds and supernovae can ionise their ISM. During the relatively

quiescent periods, the ionised gas will recombine. LyC leakage may therefore be stochastic

with bursts of star-formation ionising all the neutral hydrogen within the virial radius creating

channels throughwhich LyC photons can escape. This has beenwidely reported in simulations

of leaking LyC radiation where fesc has traced bursty star formation with a time delay of∼ 10

Myr (Kimm and Cen, 2013; Wise et al., 2014; Ma et al., 2016; Kimm et al., 2017; Trebitsch et al.,

2017) and with smaller, lower mass galaxies expected to be more stochastic.

We would therefore expect that the LACES LAEs with no leaking LyC radiation are being

observed in these quiescent periods where the ISM has had time to recombine. However, this

picture is difficult to reconcile due to large EW[O iii] we observe for the non-detections, imply-

ing very recent star-formation. These galaxies may be recently star-forming but feedback may

not have been effective in creating pathways for the radiation to escape. This ineffectiveness

may trace an additional factor such as the covering fraction which could be varying between

individual galaxies. Thus, galaxies with lower covering fractions are more able to leak LyC,

given the same burst of star-formation and feedback.

In this scenario, only a fraction of LAEs at any time would be at a point where they had

recently undergone a burst of star-formation ∼ 10 Myr ago and only these LAEs would be

detectable as having a non-zero fesc. If it were possible to observe these LAEs over hundreds

of Myr perhaps we would see the LAEs flash “on” and “off” in LyC emission.

2.6.4 Spatially Varying Intergalactic Medium
As our study takes place within the SSA22 protocluster, a further possibility is that the IGM

is spatially varying on scales of tens to a few hundred Mpc within our area of study and the

field of view of the F336W images. This density variation would result in LyC leakage from

LAEs in regions with a higher column density of Hi being more strongly absorbed and thus

we would measure a reduced or zero fesc for these objects.

Evidence for spatial variation of Hi in the IGM and CGM within the SSA22 protocluster has

been investigated in the literature. Using bright galaxies behind the protocluster, Mawatari

et al. (2017) measured Lyα absorption in the spectrum of these galaxies due to absorption by

Hi within SSA22. They found that SSA22 has an excess of Hi compared to similar indepen-

dent control fields. They also found that there is a large scale diffuse Hi component which

92 Chapter 2 The Ionising Output of Early Star-Forming Galaxies



is independent of the CGM of individual galaxies, Lyα absorption increased on < 100 Mpc

scales possibly due to the CGM of nearby galaxies and that stronger LAEs had weaker Hi

absorption.

Mawatari et al. (2017) focused on the centre of SSA22 and the LACES sample is drawn from

the edge of the region considered in their study. It is therefore possible that there is large scale

diffuse Hi unconnected to individual LAEs within our field and that a particularly dense CGM

of a nearby galaxy or an ionising neighbour with a large fesc may respectively inhibit or boost

the chances of leaking LyC radiation reaching us as observers. Figure 2.17 shows the spatial

distribution of LAE-LyC detections (blue circles) and LyC-non-detections for LAEs and LBGs

(white circles and squares respectively).

Indeed, it does seem that the LyC detections and non-detections appear clustered on small

scales which could be due to spatially varying Hi in the IGM and CGM. We cannot directly

measure the Hi in the LACES field but future detections of leaking LyC radiation in clusters

with lower Hi density or in blank fields may help us understand if LyC non-detections in

extreme LAEs owes to Hi absorption. It should be noted that this effect would only change the

fraction of leaking LyC radiation that is absorbed along the line of sight. We have still detected

LyC escape in a significant fraction of our LAEs but it is possible more IGM absorption results

in non-detections for the remaining LAEs.

LAE Detections

LAE Non−Detections

LBG Non−Detections

F336W footprints

Fig. 2.17: Spatial distribution of LyC detections (blue) and non-detections (white) for all LAEs and
LBGs (circles and squares respectively) in the LACES sample. Detections and non-detections appear to
be spatially clustered which could be due to spatial variations of Hi gas in the SSA22 protocluster.
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2.6.5 Comparison to Other Studies
Through the LACES program, we have provided a significant number of individual LyC mea-

surements for a homogeneous sample of star-forming galaxies in a narrow redshift interval at

z ≃ 3.1, corresponding to escape fractions of fesc ≃ 15 − 60%. Of particular significance is

the high success rate (≃ 20%) within our sample, one considered to be potential analogues of

[O iii]-strong metal-poor sources in the reionisation era.

Early efforts to directly measure significant escape fractions in galaxies at intermediate red-

shifts have largely been unproductive apart from a few exceptional cases (Shapley et al., 2016;

de Barros et al., 2016; Vanzella et al., 2016; Bian et al., 2017; Vanzella et al., 2018). Without a size-

able number of detections drawn from a homogeneous sample, it has therefore been difficult

to make progress in understanding under what conditions LyC photons can escape.

An alternative approach when no individual detections can be found, for example due to the

limited sensitivity of the data, is to stack the LyC signal from a large sample either with suitable

photometry (Rutkowski et al., 2017; Matthee et al., 2017b; Grazian et al., 2017; Japelj et al., 2017;

Naidu et al., 2018) or spectroscopic data (Marchi et al., 2017; Steidel et al., 2018). However, with

the exception of the recent campaign by Steidel et al. (2018), this has resulted primarily in upper

limits of fesc < 10% below the canonical value of 10 − 20% required to sustain reionisation

(Robertson et al., 2013). The results of these programs has led to speculation that reionisation

may not be driven by star-forming galaxies e.g. Madau and Haardt (2015).

An important conclusion from our work, which would not be easily seen in early stacking

programs, is the distinction between the 12 LACES LAEs which show convincing individual

detections in the range fesc ≃ 15−60% and 42 LAEs which, even when stacked, show no signif-

icant leakage consistent with an individual average fesc < 0.5%. If, as we surmise, LyC leakage

is either “on” or “off” due to anisotropic or time-varying factors, then achieving adequate depth

for an individual target is crucial to making the distinction. If z > 7 sources had the same in-

ferred escape fraction as our LyC detections, they could maintain reionisation. Yet shallower

surveys of sources less analogous to z > 7 objects would have concluded the opposite.

As an illustrative example, stacking F275W photometry Rutkowski et al. (2017) found 1σ

upper limits of fesc < 14.0% for 13 ‘extreme emission line galaxies’ (EELGs) at z ∼ 2.3 with

O32 > 5. Although 3σ upper limits derived from their measurements could still be consistent

with significant fesc this result casts doubt on whether galaxies with extreme O32 are LyC

leakers. Similarly Naidu et al. (2018) find fesc < 16.7% for fainter EELGs and fesc < 8.5% for

their brighter EELGs using stacked ground-based U band imaging. However, if only a fraction
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of the LyC photons are escaping in our direction, then they will remain undetected in the

relatively shallow images used by Rutkowski et al. (2017) (3σ depth ranging 26.5 − 28.2 AB)

whose depth was optimised for a composite stack.

The Steidel et al. (2018) spectroscopic campaign is the only comparative study which reaches

a depth adequate for individual LyC detections comparable to escape fractions of≃10 percent.

Individual detections were seen for 15/124 sources. The approach is highly complementary to

the present study in several respects. It focuses on Lyman break galaxies (LBGs) over a wider

redshift range with LyC signals inferred optimally from spectra in a narrow wavelength win-

dow (880-910 nm) where IGM absorption is reduced and samples multiple sight-lines to reduce

cosmic variance. The LACES program avoids some of the limitations of earlier HST imaging

campaigns which targeted LBGs with a range of redshifts. LACES exploits a narrow-band se-

lected sample of LAEs at z ≃ 3.1 optimally matched to the F336W filter and the improved

depth of the HST imaging (a 3σ limiting magnitude of ≃ 30.2) to provide exquisite limits on

individual sources with the necessary resolution to mitigate issues of foreground contamina-

tion.

Comparing the two approaches, the success rate of detecting LyC emission in the LACES

sample (SNR ≥ 4 detections for 20% of the total sample and 21% for LAEs only) is higher than

that seen for individual LBGs (≃10% to broadly comparable escape fractions in the Steidel et al.

2018 survey). Indeed, none of the 7 LBGs in our LACES control sample have detectable LyC

emission. Our earlier work has shown LAEs have a harder ξion than LBGs (Nakajima et al.,

2016; Nakajima et al., 2018). With more ionising photons, significant LyC leakage is more

likely for LAEs and also results in larger O32 ratios and more extreme [O iii] equivalent widths.

LAEs can more readily leak LyC photons in riddled ionisation-bounded or density-bounded

nebulae, physical conditions more easily met for younger, low mass and metal-poor galaxies

with important implications for comparable sources in the reionisation era.

Despite the different approaches, many of the conclusions of the present paper are sup-

ported by the Steidel et al. (2018) results including the absence of any demographic differences

between the sample of individual detections and those non-detected and similar correlations

between fesc and EWLyα and MUV. The primary difference remains the higher success rate of

detecting LyC leakages in LAEs and the possible association with [O iii] emission.

2.6.6 Implications for Cosmic Reionisation
Our interest in the LACES sample and this study is motivated, in part, by the likelihood that

our z ≃ 3.1 LAEs are promising analogues of sources in the reionisation era and thus that
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inferences on the physical conditions that permit LyC photons to escape will have important

implications for the assumption that cosmic reionisation is largely driven by similar systems.

It is reasonable to assume that LAEs at intermediate redshifts, that are metal-poor, low mass

star-forming galaxies are similar to those at higher redshift. However, further similarities

between our sample and typical z > 7 galaxies are based on meagre data at high redshifts.

These include promising indications that z > 7 galaxies have hard ionising spectra (Stark et al.,

2015; Stark et al., 2017; Laporte et al., 2017a; Mainali et al., 2018) as seen in the LACES sample

(Nakajima et al., 2016; Nakajima et al., 2018), as well as intense [O iii] emission characteristic

of many high redshift IRAC-excess sources (Smit et al., 2014; Smit et al., 2015; Roberts-Borsani

et al., 2016). Assuming this is the case, what can be deduced from the fact that approximately

≃ 20% of our LACES LAEs meet the canonical criterion for an escape fraction fesc ≥ 10%

required to drive reionisation (Robertson et al., 2013; Robertson et al., 2015)?

At face value, the average escape fraction for our LACES sample is substantially diminished

by the dominant population for which no significant LyC leakage was detected to quite im-

pressive limits. Nominally the average fesc would be reduced from 20% (the mean of the Gold

and Silver samples) to only 5% - a figure in reasonable agreement with the value determined

for LBGs by Steidel et al. (2018).

However if, as seems possible, the dichotomy between our detections and non-detections

is largely due to anisotropic LyC leakage, it is likely the majority of the LACES LAE are sig-

nificantly influencing their local IGM. If a similar behaviour is present in the reionisation era,

then such a coarse average would underestimate the role that early equivalents of the LACES

population would play in governing reionisation. Less luminous versions of our LAEs at high

redshift could well have even higher escape fractions, as hinted by the trends in Figure 2.15.

Additionally, the intrinsic fraction of LAEs is observed to increase with redshift (Stark et al.,

2010; Schenker et al., 2012) and so we expect that an increasingly large fraction of high-redshift

star-forming galaxies will look more and more like the LACES sample. Clearly, then, it is cru-

cial to understand physically the dichotomy discussed in Section 6.1.

With this in mind, follow-up work will explore the dependence of fesc on the ratio of

[O iii]/[O ii] to test the density-bound concept first promoted by Nakajima and Ouchi (2014).

The present MOSFIRE spectroscopic data has inadequate coverage of [O ii] emission so such

correlations cannot yet be examined. In addition, if the dichotomy discussed above originates

via anisotropic LyC leakage, numerical simulations suggest that such high escape fractions

may arise when feedback creates a turbulent interstellar gas enabling leakage through porous
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low density channels (Kimm and Cen, 2013; Wise et al., 2014). This can be readily tested via

IFU spectroscopy which aims to correlate our HST-determined escape fractions with spatially

resolved ISM kinematics.

2.7 Conclusions
We present the first results from the LymAn Continuum Escape Survey (LACES), where we

obtained ultra-deep HST WFC3 UVIS/F336W imaging of a sample of 61 faint z ≃ 3.1 LAEs

and LBGs in the SSA22 field. The extreme depth of the F336W images enabled individual

direct detection of escaping Lyman continuum emission (SNR ≥ 4) in 12 LAEs (20%) in our

homogeneous sample. Our program provides a huge increase in the number of individually

detected LyC leakers at intermediate redshift and represents the first time a large sample of

LAEs with a significant fraction of individual leakers has been presented. We make use of

extensive multi-band photometry, including newly obtained HST WFC3 IR/F160W imaging,

to fit the SED of each galaxy to obtain accurate individual estimates of the escape fraction fesc.

We further use our SED fitting method to infer typical escape fractions from composites of

various subsamples. For individual objects we obtain fesc ≈ 15 − 60% and for composites of

our Gold and Silver subsamples of Lyman continuum detected objects we find fesc ≥ 20%. For

our composite of the Lyman continuum non-detection subsample, we infer fesc ≲ 0.5%.

We expect the rate of contamination to be low (98% probability ≤ 2 of our detections could

be contaminants) and we ensure against foreground interlopers using the high spatial reso-

lution provided by the F336W and F160W images. We find that the escape fraction may

increase for low stellar-mass galaxies with larger EWLyα.

We discuss the dichotomy between our detections with significant fesc and our non-

detections, seemingly drawn from the same sample, covering the same range of UV luminosi-

ties, EWLyα, EW[O iii] and∆vLyα. We suggest the reason for this dichotomy could owe to three

factors: anisotropic escape where LyC photons escape through channels and the opening an-

gle of these channels is only aligned with our line of sight for the detections, a time varying

fesc due to the bursty nature of star-formation in these low-mass systems, or spatially varying

Hi in the IGM of the SSA22 protocluster which appears to have a higher Hi density compared

to similar control fields (Mawatari et al., 2017).

The large fesc detected by the LACES program, the fraction of LAEs which leak LyC photons,

and the large difference in Lyman continuum flux between detected and non-detected objects

may hold significant implications for understanding the mechanisms through which hydrogen
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ionising radiation escapes from galaxies. Coupledwith our observations that suggest low-mass

LAEs with strong Lyα have the most extreme fesc, our results provide exciting hints for how to

answer the question ofwhether galaxies served as the primary driver of cosmic reionisation.
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3The Cosmic Abundance of Cold Gas in

the Local Universe

Work shown in this chapter is presented in Fletcher et al. 2020, MNRAS, and has been accepted for

publication.

3.1 Introduction
Cold, dense molecular gas is the fuel for star formation in galaxies. The total molecular gas

content of a galaxy and its surface density are the main drivers of its star formation and thus

evolution (Kennicutt, 1998). The interplay between gas inflows and outflows, star formation

and galaxy evolution is one of the remaining open issues in astrophysics. Large surveys in the

optical, ultraviolet and infrared have clearly established that the overall star formation rate

(SFR) of the Universe was significantly higher in the past (e.g. Lilly et al., 1996; Schiminovich

et al., 2005; Le Floc’h et al., 2005; Madau and Dickinson, 2014). The star formation rate per unit

volume was at its highest 8-10 Gyr ago, and has since declined by an order of magnitude to

the present day. Extensive work is now going into studying the onset of star formation in the

Universe, and tracking the evolution of the cosmic star formation budget during the first 3 Gyr

(e.g. Reddy and Steidel, 2009; Bouwens et al., 2012b; Bouwens et al., 2015; Coe et al., 2013; Ellis

et al., 2013; Finkelstein et al., 2013; Finkelstein et al., 2015; Schenker et al., 2013b; Oesch et al.,

2013).

Given that star formation depends on the availability of cold gas, a natural explanation for

this observed variation of SFR density with time is that it tracks changes in the amount of

cold gas in galaxies that can participate in the star formation process. An alternative explana-

tion would be that the gas contents of galaxies remain roughly unchanged over time, but that

the star formation efficiency varies strongly. Observations of molecular gas in galaxies from

the local Universe to z ∼ 3 support the first picture; the cold gas contents of galaxies was

significantly higher at the peak of cosmic star formation history (Daddi et al., 2010b; Tacconi

et al., 2010; Tacconi et al., 2013; Genzel et al., 2015; Schinnerer et al., 2016; Scoville et al., 2016;

Scoville et al., 2017; Tacconi et al., 2018; Freundlich et al., 2019; Aravena et al., 2019) and traces

the redshift evolution of the star formation rate, modulo a weak evolution of star formation

efficiency (Saintonge et al., 2013). These results are also reproduced by simple analytical “equi-
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librium” models where the SFR is regulated by the mass of the gas reservoir, which is depleted

by outflows and replenished by inflowing gas (White and Frenk, 1991; Bouché et al., 2010; Davé

et al., 2011; Davé et al., 2012; Dekel et al., 2013; Lilly et al., 2013).

The implication is that understanding the cosmic star formation history relies on under-

standing how the cold gas reservoirs of galaxies evolve, both in terms of their total mass, and

in the balance between the different phases (cold, warm and hot). In this study, we focus our

attention on the cold atomic and molecular gas phases, given their direct link with star forma-

tion. In particular, we use the state-of-the art molecular gas survey, xCOLD GASS (Saintonge

et al., 2017), to accurately calculate the mass function and cosmic abundance of molecular

hydrogen.

In the local Universe, the interstellar medium of galaxies is dominated by the cold atomic

phase; the atomic-to-molecular mass ratio (MHi/MH2 ) is on average a factor of ∼ 3 − 4 in

massive galaxies and increases to ∼ 10 in lower mass galaxies (M∗= 109M⊙) (Catinella et al.,

2018). Despite this dominance of the atomic phase, it is nonetheless crucial to accurately de-

termine ΩH2 : (1) Star formation is triggered in cold, dense molecular clouds and therefore ΩH2

tells us about the abundance of star-forming gas, unlikeΩHi which traces large extended reser-

voirs of atomic gas that are one step removed from the star formation process. For example,

galaxies with Hi excesses are found to have very low star formation rates (Geréb et al., 2018).

(2)There are indications that theΩH2/ΩHi ratio may be changing with redshift, withΩH2 rising

quickly with redshift (Decarli et al., 2016; Decarli et al., 2019; Riechers et al., 2019) whilst ΩHi

rises more gradually (Zafar et al., 2013; Rhee et al., 2018). This picture is also supported by

simulations and semi-analytic models (SAMs) (Obreschkow and Rawlings, 2009a; Power et al.,

2010; Lagos et al., 2011; Popping et al., 2015), making the calibration of the local value critical

to anchor other studies.

The cosmic abundance of cold atomic gas, ΩHi, and the Hi mass function (HiMF) have been

measured locally with high accuracy through large blind surveys (e.g. Rosenberg and Schnei-

der, 2002; Zwaan et al., 2005b), sometimes exploring the specific environments of groups and

clusters (Kilborn et al., 2009; Kovač et al., 2009). The state-of-the art Hi mass function has been

produced by the ALFALFA survey; with a final catalog of ∼ 31500 HI-detected galaxies with

z < 0.06 (Haynes et al., 2018), it has the combination of depth and surface area that allows

for the accurate determination of both the low-mass and high-mass ends of the HiMF (Martin

et al., 2010; Jones et al., 2018).
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A large flux-limited blind survey such as ALFALFA is ideal to build a robust and represen-

tative gas mass function. The unavailability of a dataset with all these characteristics probing

the molecular gas contents of galaxies explains why there have been comparatively fewer

measurements of the H2 mass function (H2MF) and ΩH2 . The molecular gas mass of galaxies

is most commonly measured from the luminosity of emission lines of the CO molecule, assum-

ing a specific function for the conversion to total molecular gas mass (the so-called CO-to-H2

conversion function, αCO). Consequently, the H2 mass function is most often derived from

targeted surveys for CO.

For example, Keres et al. (2003) used the FCRAO (Five College Radio Astronomy Observa-

tory) Extragalactic CO survey (300 observations including 236 CO detections) (Young et al.,

1995) to construct a CO luminosity function (COLF) and calculate the value of ΩH2 often used

as the reference for the local Universe. From the full FCRAO sample, Keres et al. (2003) se-

lected galaxies with S60 > 5.24 Jy for inclusion in their COLF. This relatively high flux cut-off

reduced the sample down to 200 galaxies, with a bias towards infrared-bright and/or nearby

galaxies. The consequence of this is an over-representation of starbursting and merging galax-

ies in the sample, while in fact these rare objects contribute< 15% of the star formation budget

of the Universe (Rodighiero et al., 2011; Sargent et al., 2012).

To circumvent such selection biases in the determination of the H2MF, a solution is to use

a blind, flux-limited sample. With facilities such as NOEMA, ALMA and the JVLA, relatively

small (but deep) fields can be blindly searched for CO emission, making this a viable option

only for high redshift studies (e.g. Walter et al., 2014; Walter et al., 2016; Pavesi et al., 2018;

Decarli et al., 2019). Measuring the H2MF through a flux-limited survey is also possible if one

chooses to infer the molecular gas mass of galaxies through their far infrared dust emission

rather than CO emission lines (e.g. Berta et al., 2013; Vallini et al., 2016).

In this paper, we make use of a volume-limited CO survey, xCOLD GASS (Saintonge et al.,

2017), to accurately determine the mass function and cosmic abundance of molecular gas at

z ∼ 0. The idea of using a local volume-limited survey to determine the H2MF has previously

been explored by Andreani et al. (2018) for the case of the Herschel Reference Survey. The

method we adopt here takes advantage on the strengths of the xCOLD GASS sample selection

and observing strategy. First, the sample is stellar-mass selected, and therefore representative

of the entire galaxy population with M∗> 109M⊙. With over 500 galaxies, it also has the re-

quired statistics to robustly determine the H2MF above the survey’s completeness limit. With

H2 masses derived fromCO(1-0), it provides an independent measure from the dust-based stud-
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ies, where inferred gas masses are sensitive to the dust emissivity, the dust-to-gas abundance

ratio and contamination along the line of sight.

Throughout this work we assume a cosmology with H0 = 70km s−1Mpc−1, Ωm = 0.3,

Ωk = 0 and ΩΛ = 0.7.

3.2 Data and Methods
3.2.1 Sample and Measurements
xCOLD GASS is a CO(1-0) survey undertaken with the IRAM-30m telescope, targeting 532

mass-selected SDSS galaxies with M∗ > 109M⊙. Details about the survey, observations and

data products are in Saintonge et al. (2011) and Saintonge et al. (2017), with basic properties of

the sample summarised in Table 3.1.

The survey meets key requirements for building a mass/luminosity function. First, the

xCOLD GASS sample is large and homogeneous, as all the measurements were carried out

with the same instrument and a precise observing strategy; all galaxies were observed until

the CO(1-0) line was detected, or until a sensitivity to a gas fraction MH2/M∗ of ∼ 2% was

reached (Saintonge et al., 2011). This means that even for non-detections, we are able to place

stringent upper limits on the molecular gas mass which can be included in our derivation of

the H2MF.

Second, the sample is representative of the z ∼ 0 galaxy population with stellar masses

larger than 109M⊙. The 532 galaxies were selected randomly out of the larger parent sample

of all SDSS galaxies in the mass and redshift range of the survey (see Tab. 3.1). Therefore

unlike in the case of Keres et al. (2003), our sample is not biased towards particularly gas-rich

and star-forming galaxies. While the xCOLD GASS observations are still targeted, unlike in

an ideal scenario of a very deep, flux-limited blind survey, the sample selection and observing

strategy allow us to probe a large range of MH2/M∗ values and correct for incompleteness

issues. In addition, when selecting the sample, we only required it to have a flat distribution in

Tab. 3.1: Details of the High and Low Mass xCOLD GASS Samples.

Catalogue Low Mass High Mass
Stellar Mass 9.0 < M∗ < 10.0 10.0 < M∗ < 11.5

Redshift 0.01 < z < 0.02 0.025 < z < 0.05

Total galaxies 166 366
CO Detections 117 216
CO Non-Detections 49 150
Details of the high and low mass xCOLD GASS samples. In total 532
galaxies were observed for the xCOLD GASS survey.
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stellar mass, allowing us to study with similar statistics the galaxy population over more than

two orders of magnitude in M∗. This has the advantage of allowing us to constrain the high

mass end of the H2MF with better statistics, and we can account for the resulting selection

bias using the stellar mass function of the SDSS parent sample. Further details on the survey

design can be found in (Saintonge et al., 2011).

For each of the 532 xCOLD GASS galaxies we calculate a total molecular gas mass,MH2 . For

the 333 galaxies where the CO(1-0) line was detected with S/N > 3, we calculate MH2 via the

CO line luminosity, L′
CO(1−0), using the CO-to-H2 conversion factor (αCO),

MH2 = αCOL
′
CO(1−0). (3.1)

Where we use the conversion function of Accurso et al. (2017),

logαCO(±0.165dex) = 14.752− 1.623[12 + log(O/H)] + 0.062 log∆(MS), (3.2)

and αCO is in units of M⊙(Kkm s−1 pc2)−1, 12 + log(O/H) is the metallicity calculated using

the prescription outlined in Pettini and Pagel (2004), and ∆(MS) is the offset from the main

sequence. The error on the predicted value of αCO is ±0.165 dex. We adopt the metallicity-

dependent conversion function of Accurso et al. (2017) as their approach considers the depen-

dence of the conversion factor on ∆(MS), due to stronger radiation fields, meaning some of

the scatter found in metallicity-only dependent relations (e.g. Schruba et al., 2012; Genzel et

al., 2012) can be attributed to ∆(MS). Additionally, we adopt this conversion function for self-

consistency as Accurso et al. (2017) infer the parameters for Equation 3.2 using xCOLD GASS

galaxies in their sample and the Accurso et al. (2017) conversion function is adopted by the

xCOLD GASS survey (Saintonge et al., 2017).

The non-detections are treated in three different ways. They are assigned (1)MH2= 0, which

is the most conservative choice, (2) the MH2 value corresponding to the 5σ upper limit, the

most optimistic option, and (3) the MH2 value expected for the galaxy given its SFR. The third

option is motivated by the very well known close relation between molecular gas and star

formation, which we parameterise here using the xCOLD GASS sample as shown in Figure

3.1. We fit the relation between log
10

MH2 and log
10

SFR as a first order polynomial, with

Gaussian intrinsic scatter around this linewith standard deviationΛ in the log
10

MH2 direction.

This is accomplished using the Markov Chain Monte Carlo (MCMC) affine-invariant ensemble

sampler emcee (Goodman and Weare, 2010; Foreman-Mackey et al., 2013). Unless otherwise

3.2 Data and Methods 103



−3 −2 −1 0 1 2
log10 SFR [M� yr−1]

7.0

7.5

8.0

8.5

9.0

9.5

10.0

10.5

11.0

lo
g

1
0

M
H

2
[M
�

]

Best fit (MCMC)

xCOLD GASS detections

xCOLD GASS non− detections

Fig. 3.1: Linear trend between SFR andMH2 for xCOLD GASS, with detections as blue circles and non-
detections as red circles. The black line is the line of best fit, and the shading represents the uncertainty
around this fit.

stated, throughout this work emcee is run using 100 walkers and 1000 steps. The chain for all

the parameters is inspected to check for convergence, a burn-in of 500 steps is discarded and

the final 100 steps are used. Once the chain has converged, the best-fit relation is:

log
10

MH2 = (0.85± 0.03) log
10

SFR+ (8.92± 0.02), (3.3)

with an intrinsic scatter of Λ = 0.26 ± 0.02. In the case of upper limits, the probability

distribution functionwas integrated from−∞ to the value of the upper limit (see the Appendix

of Sawicki, 2012 who use the samemethod). We also use this relation combinedwith individual

metallicity-dependent conversion factors (αCO) to calculate the expected L′
CO(1−0) for each

galaxy for case (3). Using the detections, we have verified that this relation holds for galaxies

with low MH2 , SFR and gas fractions. We note that for 87% of non-detections the estimated

H2 mass calculated using equation 3.3 results in a MH2/M∗ gas fraction of < 2%, in agreement

with the observing strategy outlined in Saintonge et al. (2011).

3.2.2 Building the Mass Function
Since xCOLD GASS is not a flux-limited survey, nor a purely volume-limited sample, we

must use an appropriate method to build any luminosity or mass function. First, we assign
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to each xCOLD GASS galaxy a weight to correct for the flat stellar mass distribution of the

sample (which is used in order to properly sample the full stellar mass parameter space). As

the stellarmass distribution of the parent SDSS sample is verywell characterisedwe can correct

for this “mass bias” by constructing a mass function for a purely volume limited sample of the

same number of galaxies (N = 532) using the stellar mass function from Baldry et al. (2012).

Galaxies are then placed into bins 0.1 dex wide and assigned a statistical weight that is the

ratio of the number of galaxies expected in that bin according to the Baldry et al. (2012) mass

function and the number in that bin from the xCOLD GASS sample (see Sec.2.2 and Figure 3

in Saintonge et al., 2017, for further details).

We then compute the effective volume of the survey using the stellar mass function of Baldry

et al. (2012). This stellar mass function is integrated over the mass range of xCOLD GASS (i.e.

M∗> 109M⊙), giving a total number density with units Mpc−3 for galaxies in this range.

Finally, to get the total effective volume probed by xCOLD GASS, the total number of galaxies

in the survey (532) is divided by this integral (a number density), giving an effective volume

of 42431 Mpc−3 . We then construct a mass function by binning the measured values of MH2

(orMHi), whilst treating non-detections in one of the three ways outlined in Section 3.2.1. We

calculate the value for each bin by summing the statistical weight for each galaxy divided by

the effective volume, for all galaxies falling in that bin. This produces a well calibrated mass

function (with the correct units of Mpc−3 dex−1) that is representative of the entire galaxy

population with M∗> 109M⊙.

The uncertainty on each point of the luminosity or mass function is calculated using boot-

strapping with replacement. For a given sample ofN galaxies, we resampleN times, allowing

for repetitions in the new sample. We also resample each selected galaxy using its measure-

ment error to include the effect of observational errors. Each time we resample the original

sample with replacement we also calculate the number density of galaxies in each mass bin

and record these values. This procedure is repeated 1000 times and we use the 1σ standard

deviation of the resamples in each mass bin as the error. Once the mass function is built and

errors are determined, the best-fitting Schechter function (Schechter, 1976) parameters are in-

ferred using emcee. Themedian of the posterior from the converged emcee chain is taken as the

best fit for each parameter, and the 1σ error is calculated from the 16th and 84th percentiles.

We use the median rather than the mean as the mean can be outside of the 1σ confidence

interval if there is large skewness (Hogg and Foreman-Mackey, 2018). It should be noted that

the median of the posterior probability density function for each parameter, if taken together

as a ‘best-fit’ result (MH2 , ϕ∗, α), does not necessarily result in a best-fit. This is because the
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median for each parameter is a marginalisation of the posterior probability density function

in one dimension. In cases where there is curvature in the parameter space, as is true with

Schechter function fits, taking the medians for each parameter collectively can result in a fit

that falls in a low-probability region of the posterior probability density function (see Hogg

and Foreman-Mackey, 2018, for a more detailed discussion).

For each luminosity/mass function we build, we determine two completeness limits, which

are the consequence of the xCOLD GASS sample selection and observing strategy. First,

there is a “stellar mass completeness” limit, because xCOLD GASS only targeted galaxies with

M∗ > 109M⊙. Given the positive correlation between M∗ and MH2 (and L′
CO), this complete-

ness limit is set at the highest value ofMH2 found in xCOLD GASS for galaxies near the stellar

mass cutoff of > 109M⊙. Galaxies with lower stellar masses, which are not present in the

xCOLD GASS sample, contribute insignificantly to the luminosity/mass function above that

limit. Secondly, the “integration completeness” limit marks the value of MH2 (and L′
CO) above

which all the galaxies are guaranteed to have a 5σ detection of the CO(1-0) line, based on the

observing strategy of the survey. This is set to MH2= 0.02M∗ for M∗= 1011M⊙, the mass of

the most massive galaxies in the xCOLD GASS sample.

3.3 Results
3.3.1 The CO(1-0) Luminosity Function and Molecular Gas Mass

Function at z ∼ 0

The CO luminosity function from xCOLD GASS, computed using the method described above,

is presented in Figure 3.2 (top panel). The three different treatments of the non-detections

are used, and the two completeness limits are represented as vertical lines. Above the in-

tegration completeness limit, the three versions of the COLF are in agreement, as expected.

Below this limit, they begin to clearly diverge. The effect of the stellar mass selection can

be clearly seen in the incompleteness below the mass completeness limit. The “blue” COLF,

which has the non-detections all set to L′
CO(1−0)= 0, represents a lower limit on the mass func-

tion, while the “red” version is a slight overestimation since it puts all the non-detections at

their 5σ upper limits. We adopt as our best COLF the “green” version from Figure 3.2, where

we use empirical predictions of L′
CO(1−0) for the non-detections. The best-fitting1 Schechter

function above the mass completeness limit is determined with emcee and has parameters:

log10 L′CO/Kkms−1 pc2 = 9.29+0.14
−0.12, α = −1.25+0.10

−0.10 and ϕ∗/10−3Mpc−3 = 1.26+0.45
−0.38.

1The converged chains for this and all other inferred Schechter function parameters can be found at https:
//github.com/tomjf/Omega_H2_chains.
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Fig. 3.2: The xCOLD GASS CO luminosity function (COLF, top) and H2 mass function (H2MF, bottom).
The CO(1-0) non-detections are treated in three different ways: they are set to zero (blue hexagons),
they are set to the 5σ upper limit (red triangles), or an estimated value of L′

CO(1−0) and MH2 based on
the empirical relation shown in Figure 3.1 (green circles). The latter is considered our best and default
version. The H2 mass for each galaxy was calculated from the xCOLD GASS L′

CO measurements using
the conversion factor (αCO) in Equation 3.2 from Accurso et al. (2017). The solid coloured lines and
shaded regions show the best fit Schechter function and associated 1σ error respectively, for each case.
For comparison the Obreschkow and Rawlings (2009b) H2 Schechter functions using both constant
and variable conversion factors are shown (solid black and dashed black lines respectively). A COLF
empirically derived from the infrared LF is shown (black dash-dotted line) (Vallini et al., 2016), as well
as H2 mass functions predicted from a semi-empirical model Popping et al. (2015) (black dotted line)
and from a semi-analytic model (Lagos et al., 2018) (black densely dash-dotted line). The stellar mass
and integration completeness limits are shown as vertical dot-dashed and dotted lines, respectively.
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For comparison, Figure 3.2 shows the COLF from the FCRAO survey derived from the H2MF

presented in Obreschkow and Rawlings, 2009b which uses the same sample as Keres et al.

(2003), as well as a COLF derived from the infrared luminosity function (Vallini et al., 2016).

These COLFs only appear to agree for the highest luminosities. The xCOLD GASS result sug-

gests a much lower abundance of intermediate luminosity objects (7.5 < log
10

L′
CO < 9) yet

a steeper faint end slope compared to the results from Obreschkow and Rawlings (2009b) and

Vallini et al. (2016).

Similarly, the H2 mass function from xCOLD GASS is shown in Figure 3.2 (bottom panel).

If we were using a constant value of αCO for all galaxies, then the COLF and H2MF would be

identical in shape; in particular they would have the same Schechter slope and normalisation

parameters α and ϕ respectively. Indeed, in Figure 3.2, we can see that the mass function using

a constant conversion factor from Obreschkow and Rawlings (2009b) has the same shape as

the COLF from Obreschkow and Rawlings (2009b). However, we must take into account that

galaxies with sub-solar metallicities are under-luminous in CO, which we accomplish by using

the variable αCO prescription of Accurso et al. (2017) to convert fromL′
CO(1−0) toMH2 . We also

compare our mass function to a H2MF derived using a semi-analytic model (Lagos et al., 2018)

and one derived using a semi-empirical method from Popping et al. (2015) which combines a

sub-halo abundance matching model with a model to indirectly estimate the Hi and H2 masses

of each galaxy. The z = 0 mass function data for this model is available for download2. The

Popping et al. (2015) mass function does not agree with our results or the Obreschkow and

Rawlings (2009b) results around both the knee and the high-mass end. However, this serves

to illustrate the range of H2 mass functions in the literature.

Using this method and again using the “green” mass function where non-detections are

estimated, the best-fitting Schechter function above the mass completeness limit is deter-

mined with emcee and has parameters: log10MH2/M⊙ = 9.59+0.11
−0.10, α = −1.18+0.11

−0.11 and

ϕ∗/10−3Mpc−3 = 2.34+0.72
−0.61.

Comparing our best-fitting Schechter function to the mass function determined using a con-

stant conversion factor fromObreschkow and Rawlings (2009b) which uses the FCRAO sample

(Young et al., 1995), we see that the high-mass end tails off sooner, despite the fact the two

bright-ends of the COLFs were in good agreement. This is because the variable conversion fac-

tor prescription decreases with increasing metallicity, giving (αCO < 4.36M⊙(Kkm s−1)−1)

for galaxies with 12+ log(O/H) ≳ 8.6 (Accurso et al., 2017), which are typically more mas-

2http://www.mpia.de/homes/popping/data/gas_sham.data.tar.gz
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sive due to the mass-metallicity relation. Conversely, all galaxies in Obreschkow and Rawlings

(2009b) were given a much higher conversion factor of (αCO = 6.5M⊙ (K km s−1 pc2)−1).

3.3.2 The Total Cold Gas Mass Function
Having both Hi and H2 mass measurements for the xCOLD GASS galaxies allows us to deter-

mine the mass function of cold gas (Hi + H2) in the local Universe. Additionally, by building

an Hi mass function from the xCOLD GASS sample and comparing it to the HiMF from the

ALFALFA survey (Jones et al., 2018), we can validate our methodology (as presented in Section

3.3.2).

The Hi data are retrieved from the xGASS catalog (Catinella et al., 2018), which

contains Arecibo Hi observations for 1179 SDSS-selected galaxies in the mass range

9.0 < log
10

M∗/M⊙ < 11.5. Of these galaxies, 477 are also in the xCOLD GASS sample.

This is the sub-sample of xCOLD GASS that we use in this section to derive the total Hi + H2

mass function.

In Figure 3.3 we show both the HiMF and total Hi + H2 mass functions derived from xCOLD

GASS. In both cases, we give the mass functions for two different treatments of the non-
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only are shown as triangles. The Hi mass function derived by Zwaan et al., 2005b and the ALFALFA
HiMF (Jones et al., 2018) are shown for comparison.
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detections: (1) setting them to zero for the HiMF and excluding galaxies where at least one

of the Hi or H2 measurements is a non-detection for the Hi + H2 mass function, or (2) assign-

ing them the gas mass equivalent to the 5σ upper limit. The completeness limits arising from

the stellar mass cutoff and the depth of the observations are shown as before. We fit both mass

functions above the stellar mass completion limit with a Schechter function using emcee. The

best-fit parameters are summarised in Table 3.2.

The agreement between the xCOLD GASS and ALFALFA HiMF of Jones et al. (2018) above

our completeness limit is excellent, despite our HiMF being built from a far smaller sample

that is mass-limited rather than flux-limited. This further confirms that our methodology for

building mass functions from a volume-limited sample (Section 3.3.2) is valid, and that our

H2MF is accurate in both shape and normalisation. Additionally, it indicates that it is possible

to use the ALFALFA Hi estimate for ΩHi to calculate the total ΩHi+H2 cold gas abundance in

the local Universe, since it is compatible with the xCOLD GASS survey above the integration

completion limit.

3.3.3 The Abundance of Cold Gas at a Redshift of Zero
The mass functions shown in Figure 3.3 make it very clear that most of the cold gas in the

nearby Universe is in atomic rather than molecular form; we quantify this here by calculating

the overall abundance of gas in the different phases. First, in Figure 3.4, we look at the distri-

bution of ρH2 , which is the product of ϕ(MH2 ) andMH2 . The uncertainties and best fit relations

from Figure 3.2 are translated over. The total value of ρH2 (and thus ΩH2 , after dividing by the

critical density) can be found by integrating the area underneath the curve in Figure 3.4. For

our best treatment of the non-detections, using the empirical scaling relation in Equation 3.3 to

predict the true H2 masses of non-detections, we find a value ofΩH2 = (5.34±0.47)×10−5 h−1

(the values for the other two cases are given in Table 3.2). For comparison, summing the bin

values derived from xCOLD GASS, which are affected by mass incompleteness, results in a

value for ΩH2 which is approximately 95% of the value quoted above. The dependence of ΩH2

on h arises due to the h−3 dependence on the number density which is then calculated per dex

in stellar mass, the h2 dependence on the measured mass and finally the dependence of ρcrit
on h.

In Figure 3.5, we compare our new value of ΩH2 with a range of results for the literature.

Our results are within the (large) uncertainties of the early FCRAO work (Obreschkow and

Rawlings (2009b)) but lower by a factor of up to 2. This difference comes down to an over-
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Fig. 3.4: The distribution of ρH2 with MH2 for the xCOLD GASS sample. Blue hexagons represent the
xCOLD GASS sample of CO(1-0) detections only, red triangles represent xCOLD GASS data with both
detections and non-detections, and green circles use the xCOLD GASS detections and estimated masses
for the non-detections. The solid coloured lines and shaded regions show the best fit Schechter function
and associated 1σ error respectively, for each case. The shading around the lines represents the error
on the fit. For comparison the Obreschkow and Rawlings (2009b) Schechter functions with constant
and variable conversion factors are also shown (solid black and dashed black lines respectively) as well
as a results derived from a a semi-analytical model (Lagos et al. (2018), black, densely dash-dotted line)
and a semi-empirical model (Popping et al. (2015), black dotted line).

estimation in the previous study of the number density of galaxies with MH2≲ 109M⊙, and

different assumptions for the CO-to-H2 conversion factor.

Similarly, we calculate the abundance of Hi from our mass function in Figure 3.3, and

find ΩHi = 3.51+3.41
−1.06 × 10−4 h−1

70 . For the ALFALFA survey, Jones et al. (2018) find

ΩHi = (3.9 ± 0.1 ± 0.6) × 10−4 h−1
70 when correcting for Hi self-absorption, where the first

and second quoted errors are the random and systematic errors respectively. When Hi self-

absorption is not accounted for ΩHi−uncorr = (3.5± 0.1± 0.5) × 10−4 h−1
70 (Jones et al., 2018).

Our result, albeit with significantly larger uncertainties, is consistent with this value as well

as with the HIPASS result (Zwaan et al., 2005b). Given the higher precision and accuracy of

the ALFALFA result, we adopt the Jones et al. (2018) value of ΩHi and combine it with our

determination of ΩH2 to arrive at our best estimate of the total cold gas abundance in the local

Universe: ΩHi+H2 = (4.66± 0.70)× 10−4 h−1
70 .
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3.3.4 The Balance Between Atomic and Molecular Gas
The results above show that overall the molecular-to-atomic gas ratio in the local Universe is

19.6%± 3.9%. An analysis of the xCOLD GASS data has shown howMH2/MHi is a function of

stellar mass, with the most massive galaxies (1011M⊙) having on average a ∼ 30% molecular-

to-atomic ratio, with the value dropping to ∼ 10% for galaxies with stellar masses of 109M⊙

(Catinella et al., 2018). To add to this picture, we show in Figure 3.6 the cumulative distribution

of the fractional abundance of both Hi and H2, normalised by the total cosmic abundance of

each gas phase (using our best estimate from xCOLD GASS for ΩH2 and the ALFALFA value

for ΩHi). The galaxy population with M∗> 109M⊙ accounts for∼ 89% of the molecular gas in

the local Universe, but only ∼ 73% of the atomic gas as traced by Hi. The two lines showing

the cumulative distribution of the fractional abundance of both gas phases show different be-

haviour, with the Hi curve growing constantly whilst the H2 curve is much steeper than the

Hi curve for M∗> 1010M⊙ before becoming shallower than the Hi curve at lower masses. This

highlights how the ISM of low mass galaxies is atomic gas-dominated. Indeed, while galaxies
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with M∗> 1010M⊙ account for∼ 64% of all the molecular gas at z ∼ 0, we need to push down

to M∗∼ 109.3M⊙ to reach the same level of completeness for the abundance of atomic gas.

The balance between atomic and molecular gas not only varies with stellar mass but may

also vary with redshift. Beyond z = 0 there is growing observational evidence from both

CO observations (Decarli et al., 2016; Decarli et al., 2019; Riechers et al., 2019) and dust-mass

tracers (Scoville et al., 2017) that ΩH2 evolves with redshift. Rising to ∼ 6.5 times the present

day value at z ≈ 1 − 2 and then either flattening or declining at higher redshifts, mirroring

the star-formation history of the Universe. Meanwhile observational evidence (Zafar et al.,

2013; Rhee et al., 2018) and simulations (Davé et al., 2017) suggest a more gradual evolution

of ΩHi with redshift. Therefore, there is a picture building that at late times ΩH2/ΩHi declines,

which is also supported by SAMs (Lagos et al., 2011). Molecular gas is depleted faster than it

is being replenished by Hi reservoirs, which could then explain the sudden downturn in SFR

since z ≈ 2. Our determinations for ΩH2 and ΩH2/ΩHi in this paper can help to provide an

anchor at z = 0 for future studies into the evolution of ΩH2 and ΩH2/ΩHi.
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Fig. 3.6: The cumulative fraction of ΩH2 and ΩHi coming from galaxies above a given stellar mass. The
blue line shows the result for ΩH2 derived from the xCOLD GASS survey and the red line shows the
trend for ΩHi using the xGASS survey. The 1σ error, derived by propagating the bootstrap errors for
each H2MF at each step in stellar mass, is shown by the shaded regions.

114 Chapter 3 The Cosmic Abundance of Cold Gas in the Local Universe



3.4 Discussion
We present new determinations of the cosmic abundance of molecular gas (ΩH2 ) and cold gas

(ΩHi+H2) using the xCOLD GASS survey. The homogeneity, depth of the observations and the

stellar-mass selected representative sample from the xCOLD GASS survey allow us to deter-

mine the H2 mass function well below the knee, more accurately than before. In addition we

account for the fact that galaxies with sub-solar metallicities are under-luminous in CO by ap-

plying a metallicity-dependent conversion factor. Non-detections were treated in three differ-

ent ways, set to zero, estimated based upon their SFR using a scaling relation between SFR and

observed gas mass or set at their 5σ upper limits. Best-fitting Schechter functions parameters

were then inferred using emcee, these parameters are then used to calculate the density param-

eters for H2 and cold gas. Using this method our best estimate for the cosmic abundance of H2

is ΩH2 = (5.34± 0.47)× 10−5h−1. For cold gas we find ΩHi+H2 = (4.66± 0.70)× 10−4 h−1
70 .

Therefore, we find the ratio of molecular-to-atomic gas as ΩH2/ΩHi = 19.6%± 3.9%.

Our results provide more stringent constraints on the functional form of the H2 mass at

z = 0. This is important for cosmological simulations and SAMs which already accurately

reproduce the galaxy stellar mass function and its redshift evolution (see Somerville and Davé,

2015, for a review). However, to do so they must incorporate heuristic models for feedback,

which are not well understood and can vary considerably between simulations. As molecular

gas studies push to higher redshifts, increasingly, simulations and SAMs must also predict the

gas content of galaxies, which is the fuel of star formation thought to drive galaxy evolution

(Davé et al., 2017; Popping et al., 2019). We can therefore begin to disseminate between the

different heuristic models for feedback, which would not be possible by comparing to the ob-

served galaxy stellar mass function alone. Our best-fitting result: logMH2/M⊙ = 9.59+0.11
−0.10,

α = −1.18+0.11
−0.11 and ϕ∗/10−3Mpc−3 = 2.34+0.72

−0.61, for the H2 mass function and our inferred

parameters for the COLF can be used as comparison against predictions made by simulations

and SAMs. And this z = 0 result can be used alongside ΩH2 determinations derived using H2

mass functions at higher redshifts from CO observations (Decarli et al., 2019) or using infrared

luminosity as a proxy (Vallini et al., 2016). Furthermore, we have also provided constraints on

the total cold gas mass function.

In addition, our results provide determinations of ΩH2 and ΩH2/ΩHi at z = 0, giving more

precise observational anchors for blind ALMA and NOEMA studies investigating the evolution

of H2 at higher redshifts and how this compares to the evolution of Hi and SFR. We have

also shown the cumulative fractional abundance of atomic and molecular gas, normalised by
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their respective total cosmic abundances. The two curves of growth for each gas phase show

different behaviour, showing that high-mass galaxies tend to be dominated by molecular gas

whereas low mass galaxies tend to be dominated by Hi.
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4The Cosmic Abundance of Molecular

Gas Using Bayesian Statistics

The work shown in this chapter is currently work in progress.

4.1 Introduction
As we have already discussed in Chapter 3, cold, dense molecular gas is the fuel for star forma-

tion in galaxies. It is therefore critical to accurately determine ΩH2 to understand how much

molecular gas is available for star formation and to anchor studies investigating how ΩH2 and

ΩH2/ΩHi evolve with redshift. In addition, observational studies have shown that the surface

densities of molecular gas and SFR tightly correlate with each other (Schmidt, 1959; Kennicutt,

1998; Kennicutt and Evans, 2012). The evolution of the molecular gas content of galaxies ap-

pears to explain the redshift evolution of the SFR density (e.g. Daddi et al., 2010b; Tacconi et al.,

2010; Tacconi et al., 2013; Genzel et al., 2015; Schinnerer et al., 2016; Scoville et al., 2016; Scov-

ille et al., 2017; Tacconi et al., 2018; Freundlich et al., 2019; Aravena et al., 2019). Furthermore,

the successes of the gas-regulated equilibrium model (Davé et al., 2011; Davé et al., 2012; Lilly

et al., 2013; Dekel et al., 2013) demonstrate the importance of molecular gas in determining

galaxy evolution and observed properties. Finally, despite the variety of physical processes in-

volved (see Section 1.1.4), many tight scaling relations exist between galaxy properties (Section

1.2), suggesting some underlying uniformity across the galaxy population. Motivated by this

picture, where galaxies fall along tight scaling relations and H2 is central to galaxy evolution,

we aim to explore whether these empirical relations can be used to infer the H2MF and thus

ΩH2 . If galaxies sit on tight scaling relations such as the main sequence, that appear to extend

down to low stellar masses, can we exploit these relations to better predict the H2MF at low

masses where the observational data is incomplete?

We now briefly review other methods used to model galaxies and predict the gas mass func-

tions. Hydrodynamic simulations explicitly model the physics relevant to galaxy formation and

evolution. They solve the equations of gravity, hydrodynamics and thermodynamics for par-

ticles or grids within the simulation that trace gas, stars and dark matter. Dependent on the

resolution used, these simulations can produce very detailed predictions of the density and

structure of these components as well as the temperature of gas. However, the simulations
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do not simulate the separate Hi and H2 phases of gas, instead they only simulate cold gas

(T ≲ 104 K), calculating individual gas fractions for each particle using “sub-grid” prescrip-

tions. This method can provide detailed simulations of individual galaxies, galaxy populations

and their distribution in the Universe. However, these models are computationally expensive,

which limits the resolution of the simulations and sub-grid models are often used for pro-

cesses such as star formation and feedback that are not resolved. These processes are poorly

understood and free parameters for these sub-grid models are often introduced in order for

the simulation to match observations. However, hydrodynamic simulations using sub-grid

prescriptions for gas masses have been used to predict the HiMF and H2MF (e.g. Davé et al.,

2016; Davé et al., 2017; Davé et al., 2020). In fact, at z = 0, Davé et al. (2020) find a good level

of agreement with the results presented in Chapter 3.

Semi-analytic models (SAMs) are typically used to “paint” galaxies into dark matter only

N -body simulations. This is achieved by defining a series of simplified models for physical

processes that determine observable galaxy properties. As a result SAMs are computationally

inexpensive compared to hydrodynamical simulations. However, the drawback is that they

model galaxies at a much coarser level and often do not model the internal structures of galax-

ies, which can be achieved with hydrodynamical simulations. Again, SAMs have been used to

accurately predict gas mass functions and we have already shown the prediction from Lagos

et al. (2018) agrees with the observed H2MF presented in Chapter 3.

To complement the above approaches we aim in this Chapter to infer the z ∼ 0 gas mass

functions using amuch simplermethodmotivated by the tight scaling relations between galaxy

properties. We construct a modular analytical model based upon galaxy scaling relations to

connect the observed galaxy stellar mass function to predicted gas mass functions. Individual

galaxy scaling relations are modelled as conditional probability distributions and the parame-

ters of these models are determined using Bayesian inference. Using the galaxy stellar mass

function as an input, a chain of these conditional probabilities is then used to estimate the

gas mass functions. In this way, ΩH2 and ΩHi can be estimated, whilst fully propagating all

model and measurement uncertainties into the final estimates. By leveraging galaxy scaling

relations with this method, we aim to build a much simpler model that is physically motivated,

based upon observations and modular such that it could be varied to infer other properties at

different redshifts. We also aim to better understand the contribution of low-mass galaxies to

ΩH2 and ΩHi, where the observational data is incomplete.

118 Chapter 4 The Cosmic Abundance of Molecular Gas Using Bayesian Statistics



4.1.1 Bayes’ Theorem
Wewill use Bayesian inference to infer model parameters for each scaling relation in ourmodel.

Bayesian inference provides a framework for estimating unknown parameters θ of a modelM

by updating any prior knowledge of the parameters using the observed data D. Parameters

are inferred using the posterior distribution of θ which is expressed using Bayes’ theorem:

P (θ|D,M) =
P (D|θ,M)P (θ|M)

P (D|M)
, (4.1)

where M represents the model assumptions, P (θ|D,M) = P(θ) is the posterior probability,

P (D|θ,M) = L(θ) is the likelihood, P (θ|M) = π(θ) is the prior and P (D|M) = Z is

the evidence or marginal likelihood. The evidence is a constant representing the likelihood

averaged over the prior, where every possible choice of θ has been considered. As a constant,

it can be ignored for the purposes of estimating the posterior and the model parameters θ,

leaving P(θ) ∝ L(θ)π(θ).

4.2 Model Definition, Calibration and Parameter
Inference

In this section, we detail the components that make up our model to obtain estimates for ΩH2

and ΩHi. We break the problem down by modelling empirical relations or scaling relations

(see Section 1.2) between pairs of galaxy properties as conditional probabilities. For example,

we model the main and red sequence (RS) in the SFR-M∗ plane and the tight scaling relation

between SFR and MH2 . Using a chain of these conditional probabilities we can then calculate

the probability of a galaxy having a given molecular gas mass as follows,

p(MH2) =

∫
dM∗

∫
dSFR× p(MH2 | SFR)p(SFR |M∗)p(M∗). (4.2)

Similarly, we can use the galaxy stellar mass function ϕ(M∗) instead of p(M∗) in order to

calculate the H2 mass function, the integral of which gives ΩH2 . A similar approach was taken

by Bull (2017) to link the halo mass function to observed luminosities in various bands. A

graph showing the full probabilistic model for this work is shown in Figure 4.1. In this work

we aim to keep the model as simple as possible, using the galaxy stellar mass function as input

and obtaining ϕ(MH2) using just two univariate conditional probabilities.

Despite this, the methodology we use here is not unique. For example, we could model

the plane between MH2 , SFR and M∗ and use p(MH2 |SFR,M∗) instead of p(MH2 |SFR), as the
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Fig. 4.1: Graph of the probabilistic model that links the input galaxy stellar mass function, ϕ(M∗), to
ΩH2 and ΩHi via conditional probabilities for scaling relations between galaxy properties.

position of a galaxy in the SFR−MH2 plane correlates with stellar mass. We could also include

the distance from our predicted Hi mass function to the observed Hi mass function from Jones

et al. (2018) as an additional constraint on the inferred parameters. However, we will show

that even with this very simple model we can predict a molecular gas mass function that is

broadly similar to the observed H2 mass function.

4.2.1 The Galaxy Stellar Mass Function
The initial input for the model is the galaxy stellar mass function (GSMF) which describes the

number of galaxies within a given stellar mass range per unit volume. This can be represented

as,

ϕ(M) =
dN

dMdV
, (4.3)

where N is the number of galaxies in a given interval, M is the mass and V is the comoving

volume. This can be analytically represented as a double Schechter (1976) function,

ϕ(M)dM = e−M/M∗

[
ϕ∗
1

(
M

M∗

)α1

+ ϕ∗
2

(
M

M∗

)α2
]
dM

M∗ , (4.4)

as in Baldry et al. (2012). We use a double Schechter function as several studies were motivated

to do so due to a plateau in the observed GSMF at 109.5−10.2 M⊙, with a steepening faint end

below ∼ 1010 M⊙ (Baldry et al., 2008; Li and White, 2009; Drory et al., 2009; Peng et al., 2010).

This plateau is clearly visible in Figure 4.2, which shows observationally derived GSMFs from

recent literature.
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Fig. 4.2: A comparison of galaxy stellar mass functions from recent literature (Peng et al., 2010; Baldry
et al., 2012; Moffett et al., 2016; Weigel et al., 2016; Wright et al., 2017) showing the level of agreement
between different galaxy surveys (SDSS and GAMA) and different analyses. All of the GSMFs presented
here take the form of a double Schechter function (Equation 4.4). In this work we use the Baldry et al.
(2012) GSMF (blue line) as the initial input into our model.

The advantage of using the observed GSMF as an initial input for our model is that it already

has the correct normalisation built in, as it is a probability distribution function multiplied by

a physical number density. The GSMF can then set the overall abundance and normalisation of

the gas mass functions we will derive later. For this work we use the z < 0.06 GSMF parame-

ters derived using the Galaxy andMass Assembly (GAMA) survey fromBaldry et al. (2012). The

best fit parameters are: logM∗ = 10.66± 0.05M⊙, ϕ∗
1 = (3.96± 0.34)× 10−3 dex−1Mpc−3,

α1 = −0.35± 0.18, ϕ∗
2 = (0.79± 0.23)× 10−3 dex−1Mpc−3 and α2 = −1.47± 0.05. These

parameters are also listed below in Table 4.1 below. We use the GSMF from Baldry et al. (2012)

as it is derived using data in the same redshift range as the xCOLD GASS (H2) and xGASS (Hi)

data we will use later in Section 4.2.3 (0.01 < z < 0.05) and it is compatible with the SDSS data

we use in Section 4.2.2 to infer the model parameters in the SFR-M∗ plane. We also note that

there is little variation between different studies determining the GSMF from observational

data, see Figure 4.2 for a comparison. Therefore, which set of GSMF parameters we choose

should have little impact on our final result.

4.2 Model Definition, Calibration and Parameter Inference 121



The double Schechter mass function can also be rewritten in terms of

[M∗] = log
10
M∗/M⊙:

ϕ([M ]) = ln(10)e10[M∗]−[M∗]
[
ϕ∗
110

(α1+1)([M∗]−[M∗]) + ϕ∗
210

(α2+1)([M∗]−[M∗])
]
, (4.5)

which we will use instead of Equation 4.2 as we will define each scaling relation within our

model using logarithmic quantities. We use the notation [X] = log
10
X to refer to the loga-

rithm of any quantity X in the definitions of likelihood functions and the model below.

4.2.2 The Star Formation Rate - Stellar Mass Plane
The star-formation rate (SFR) is one of the key descriptors of a galaxy and it correlates strongly

with many galaxy properties. It depends on the amount of cold molecular gas, as well as the

recent merger history, as tidal interactions during mergers are thought to disturb cold gas, trig-

gering star formation. The SFR also depends on feedback from supernovae and quenching from

AGN which can both heat and eject cold gas from a galaxy, thus preventing star formation.

We are interested in the SFR due to its strong correlation with molecular gas mass (see

Section 1.2), allowing us to predict the molecular gas mass function. These scaling relations

will be discussed in more detail in Section 4.2.3 and 4.2.4. We can use the well-established

star-formation main sequence (MS) introduced in Section 1.2, a tight correlation in the SFR-M∗

plane, to infer p([SFR] | [M∗]). This will allow us to link the GSMF to the SFR distribution

function and eventually the atomic and molecular gas mass functions. This relation appears to

hold over 4− 5 orders of magnitude in mass from z ∼ 0 up to at least z ∼ 4 (e.g Brinchmann

et al., 2004; Noeske et al., 2007; Pannella et al., 2009; Peng et al., 2010; Rodighiero et al., 2010;

Schreiber et al., 2015). Typically, the MS takes the form:

[SFR]([M∗]) = α[M∗] + β, (4.6)

where α, the slope, is usually measured between ∼ 0.6-1 and β is the normalisation (see

Speagle et al., 2014, and references within for a full summary). The relation appears to be quite

tight with observations indicating the 1σ dispersion (intrinsic scatter) around the best-fit MS

relation is only∼ 0.20-0.35 dex (Noeske et al., 2007; Daddi et al., 2007; Whitaker et al., 2015).
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In addition to the MS, a second population of passive or quiescent galaxies lies around ∼ 1

dex below the MS in the SFR-M∗ plane. This population of galaxies contains older, redder stars

where star formation has been quenched.

We now begin to outline our model and the likelihood for each scaling relation. Much of

what follows uses the framework for inferring model parameters for different relations includ-

ing intrinsic scatter and uncertainties presented by Foreman-Mackey (2017) (see Hogg et al.,

2010, as well). We first start by defining the mean relation for the MS, [SFRMS]([M∗]), as a

second-order polynomial as it has been suggested the MS does not follow a simple power law

(Equation 4.6) but instead flattens at higher masses (e.g. Schreiber et al., 2015; Whitaker et al.,

2014). The RS forms a cloud of galaxies with low SFRs and masses. In this region SFR estimates

are dominated by uncertainties. Therefore, for simplicity, we assume the red sequence follows

a simple power law:

[SFRMS]([M∗]) = b1[M∗]
2 + b2[M∗] + b3, (4.7)

[SFRRS]([M∗]) = r1[M∗] + r2, (4.8)

where b1, b2, b3 and r1, r2 are coefficients to be inferred from the observational data. We

model the scatter around these mean relations as a Gaussian in logarithmic space in the SFR-

direction which is equivalent to log-normal scatter in SFR. The likelihoods for the MS and RS

are as follows:

p([SFRMS] | [M∗]) =
1√
2πΣ2

n

exp
(
−([SFR]− [SFRMS])

2

2Σ2
n

)
, (4.9)

p([SFRRS] | [M∗]) =
1√
2πΣ2

n

exp
(
−([SFR]− [SFRRS])

2

2Σ2
n

)
, (4.10)

where [SFRMS] and [SFRRS] are defined in Equations 4.7 and 4.8 respectively. The termΣ2
n arises

due to both the observational uncertainties and the intrinsic scatter around the mean relation

which we model to be in the SFR-direction. Intrinsic scatter most likely arises due to physical

processes such as different star formation histories due to fluctuations in gas inflow and halo

accretion rates (e.g Mitra et al., 2017). Previous studies have found that intrinsic scatter and

observational uncertainties contribute approximately 0.2 dex and 0.1 dex respectively towards

the total ∼ 0.3 dex scatter of the MS (see Speagle et al., 2014, for a comprehensive review of
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different observational studies). Observations suggest that the scatter remains constant with

redshift and for galaxies with masses log
10

M∗ > 109M⊙ (Kurczynski et al., 2016; Schreiber

et al., 2015; Whitaker et al., 2012). We define Σ2
n as follows:

Σ2
n = #„ν T (Sn + Λ) #„ν , (4.11)

where #„ν is the vector orthogonal to the mean relation and #„ν = (−m, 1) in the case of a

straight line (y = mx + b). The tensor Sn is the uncertainty tensor for the n-th data point

and Λ represents the intrinsic scatter tensor. If we assume intrinsic scatter is in the y or SFR-

direction, these tensors are defined as follows:

Sn =

 σ2
x,n σxy,n

σxy,n σ2
y,n

 (4.12)

Λ = λ2

0 0

0 1

 (4.13)

where σx,n and σy,n are the observational uncertainties measured for the n-th data point in the

x and y planes, in this case forM∗ and SFR respectively. The term λ2 represents the variance of

the intrinsic scatter in the SFR-direction, which we assume is constant as a function of stellar

mass. We also note that we assume σxy,n = 0 as M∗ and SFR are independently measured. In

the simple case where the mean relation is a straight line, as is the case for the red sequence,

we can use #„ν = (−b1, 1) and Equation 4.11 reduces to Σ2
n = (b1σM∗,n)

2 + σ2
SFR,n + λ2.

At a fixed stellar mass our two models with Gaussian scatter for the MS and RS will over-

lap. As there is no way to separate galaxies belonging to either sequence individually we

would like to infer the model parameters for these two populations at the same time us-

ing data from the entire SFR-M∗ plane. Therefore, we need to determine the relative ampli-

tude of the MS and RS at a fixed stellar mass. However, this relative amplitude must be a

function of M∗ as MS galaxies dominate for log
10

M∗ ≲ 1010.5M⊙ while RS galaxies dom-

inate at high masses, log
10

M∗ ≳ 1010.5M⊙ (see Figure 1.5 in Section 1.2). We can com-

bine Equations 4.9 and 4.10 and determine the likelihood function for the total SFR-M∗ plane,

p([SFR] | [M∗]), by defining the number of MS and RS galaxies as a function of stellar mass
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(NMS([M∗]) and NRS([M∗])) as well as the total number of galaxies as a function of stellar

mass (NT([M∗]) = NMS([M∗]) +NRS([M∗])).

p([SFR] | [M∗]) =
NMS([M∗])

NT([M∗])
p([SFRMS] | [M∗]) +

NRS([M∗])

NT([M∗])
p([SFRRS] | [M∗]). (4.14)

By using these amplitudes, p([SFR] | [M∗]) remains normalised. We define the passive fraction,

fp([M∗]), as the fraction of galaxies in the red sequence at a given stellar mass:

fp([M∗]) ≡
NRS([M∗])

NT ([M∗])
=

NRS([M∗])

NMS([M∗]) +NRS([M∗])
. (4.15)

We use the same model for fp as in Bull (2017) which is a modified version of the equation

used by Behroozi et al. (2013) who credit Brammer et al. (2011):

fp = c+
1− c

1 +
(

M∗
10αM⊙

)β , (4.16)

where c ≡ 1
2(1 + tanh ζ). The constant α determines the mass scale at which there is a transi-

tion from star-forming to passive galaxies, β sets the width of the transition and ζ determines

fp at low masses. We can then write the number of RS and MS galaxies as a function of stellar

mass in terms of fp and NT :

NRS = NT fp, (4.17)

NMS = NT (1− fp). (4.18)

This then allows us to re-write Equation 4.14 in terms of fp:

p([SFR] | [M∗]) = (1− fp) · p([SFRMS] | [M∗]) + fp · p([SFRRS] | [M∗]), (4.19)

which we use as our normalised likelihood function for the SFR-M∗ plane.

We use SDSS data in the redshift range 0.005 < z < 0.06 as the input data for the SFR-

M∗ plane. This dataset comprises measurements for 131,628 galaxies with estimates and 1σ

uncertainties for SFR and M∗, with the SFR estimates and uncertainties calculated using the

prescription from Salim et al. (2007). We use the MCMC affine-invariant ensemble sampler
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Fig. 4.3: The inferred model for the SFR-M∗ plane (left) and the passive fraction as a function of M∗
(right). The red shaded contours show the distribution of galaxies in the SFR-M∗ plane taken from SDSS
data with 0.005 < z < 0.06. The blue and red lines show the inferred relations for the main sequence
and red sequence. The orange line shows the main sequence relation from Saintonge et al. (2016) for
M∗ < 1011M⊙. The green lines show the inferred model for fp as a function of M∗.

emcee (Goodman and Weare, 2010; Foreman-Mackey et al., 2013) run using 100 walkers and

1000 steps to infer model parameters. The chain for all the parameters is inspected to check

for convergence, a burn-in of 800 steps is discarded and the final 200 steps are used.

The best-fit parameters for the SFR-M∗ plane are presented in Table 4.1 and a corner plot for

the parameters from the converged chain is shown in Figure 4.4. Figure 4.3 shows the distribu-

tion of the SDSS data using a bivariate kernel density estimate (dark red and purple contours)

alongside 100 posterior samples from the converged chain showing the mean relations for the

MS and RS. We also show the passive fraction as a function of stellar mass. The inferred MS

parameters are promising and trace the mean relation provided by Saintonge et al. (2016) up

to M∗ ∼ 1011M⊙ which marks the the upper limit in stellar mass for which their relation

was derived. The inferred intrinsic scatter of the MS and RS is 0.35 dex and 0.54 dex respec-

tively, which for the MS is∼ 0.1 dex higher compared to previous studies (Speagle et al., 2014).

The fraction of passive galaxies transitions gradually at log
10

M∗ ∼ 1010.5M⊙ with ∼ 20%

of galaxies being passive even at low masses. The real test for these inferred model parame-

ters will be using them combined with the GSMF to predict the SFR distribution function and

comparing this to observations which we cover in Section 4.3.1.

In Figure 4.5 we also show a graphical posterior predictive check for our model using the pa-

rameters in the converged chain. For each draw of parameters from the posterior distribution

we generate “replicated” SFR data using the observed “predictor” data (SDSSM∗ and associated

uncertainty data) (see Gelman et al., 2013, for further details). For 5 slices in M∗ of the SFR-M∗
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Fig. 4.4: Corner plot for the SFR-M∗ plane parameters using the corner package (Foreman-Mackey,
2016).

plane, we compare the observed distribution of SFRs from SDSS to the predicted data using the

best-fit parameters (listed in Table 4.1) and 1000 random draws from the converged chain.

Overall, the relative amplitudes, mean relations and intrinsic scatter for both the main and

red sequence, predicted for the model, provide a good approximation to the observed SFR-

M∗ plane. The predicted distribution roughly follows the observed distribution of galaxies for

9 ≲ log
10

M∗ ≲ 11. However, the model smooths out the distribution of galaxies with respect

to SFR at all masses. In addition, the mean relation for the red sequence is too high at high

masses and the use of a fixed intrinsic scatter as a function of stellar mass leads to a broader

predicted distribution for the red sequence at log
10

M∗ ≳ 10.5. Although we could add more

model parameters to model, for example intrinsic scatter that varies as a function of stellar
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Fig. 4.5: Posterior predictive check for the SFR-M∗ plane model. Each plot shows data within a 0.1 dex
wide bin in M∗ for the SFR-M∗ plane. The solid black line shows observed data from SDSS, the solid
blue line shows the posterior prediction using the best-fit parameters for our model (listed in Table
4.1) and the light blue lines represent posterior predictions using parameters drawn randomly from the
converged chain.

mass, we use this model as it provides a good approximation to the SFR-M∗ plane and so as to

keep our overall model as simple as possible.

4.2.3 The Molecular Gas Mass - Star Formation Rate Relation
The next step in our model is to infer parameters for the SFR − MH2 relationship. This can

be assumed to be a linear relation in logarithmic space as it is equivalent to the integrated

Kennicutt-Schmidt law, ΣSFR ∝ Σn
gas, (see Section 1.2). Indeed, Santini et al. (2014), Genzel et
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al. (2010), and Daddi et al. (2010a) all report linear relations in log space. Therefore, we model

the mean of this relation, [MH2 ](SFR), as a straight line:

[MH2 ] = mH2 [SFR] + cH2 , (4.20)

where mH2 is the slope and cH2 is the intercept on the [MH2 ] axis. We assume there is intrin-

sic scatter (σH2 ) around this mean relation. Again we assume a Gaussian likelihood, taking

the same form as Equation 4.10, albeit with the mean relation provided by Equation 4.20 and

the relevant observational uncertainties, intrinsic scatter and data relating to the SFR −MH2

plane:

p([MH2] | [SFR]) =
1√
2πΣ2

n

exp
(
−([MH2]− [MH2 ])

2

2Σ2
n

)
. (4.21)

We use data from the xCOLD GASS survey, which is a representative CO(1-0) survey of

galaxies at 0.025 < z < 0.05 (Saintonge et al., 2017) to infer our model parameters (mH2 , cH2

and σH2 ). This is the same survey we used in Chapter 3. We use MH2 values derived using the

αCO prescription from Accurso et al. (2017) (Equation 3.2) and total SFR estimates that include
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Fig. 4.6: The inferred scaling relation for the SFR-MH2 plane. Each galaxy is coloured by its position
relative to the mean relation for the main sequence (∆MS) at its stellar mass. Circles represent detec-
tions and triangles show the non-detections. The xCOLD GASS survey was designed to have a flat
distribution in stellar mass, we remove some higher mass, high SFR galaxies that are > 0.8 dex (> 2σ)
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relation from Santini et al. (2014), derived at 0.05 < z < 0.20 using gas measurements derived from
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both UV and IR contributions, following the “SFR ladder” technique from Janowiecki et al.

(2017). The 1σ errors for SFR and MH2 are used in the Sn component of Σ2
n and we assume

σxy,n = 0 as the SFRs and MH2 values are measured independently.

The xCOLDGASS survey was designed to have a flat distribution in stellar mass. This allows

the population of galaxies to be studied with similar statistics over the full stellar mass range

of the survey. As a result there are a small number of galaxies at log
10
M∗/M⊙ > 10 that

are well above the mean relation for the MS inferred in Section 4.2.2. These galaxies are likely

starburst galaxies and have very high SFRs for their stellar and molecular gas mass. As such

they appear as outliers (highlighted as red circles) within the plot of the SFR −MH2 plane in

Figure 4.6, where each galaxy in the survey is coloured by its position relative to the mean

MS relation (∆MS). As the xCOLD GASS survey was designed to have a flat distribution in

stellar mass and so as not to bias our fit, we exclude some high mass galaxies that are well

above the MS with elevated SFRs. Using visual inspection of the xCOLD GASS galaxies in the

SFR-M∗ plane, we exclude all galaxies that are> 0.8 dex (> 2σ) above the inferred relation for

the MS from Section 4.2.2 (red circles) in the data used to infer the parameters for our model

for the SFR−MH2 plane. We note that at low SFRs and gas masses, the data is dominated by

non-detections in MH2 (triangles). These upper limits are accounted for in the same way as in
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Fig. 4.7: Corner plot for the SFR-MH2 plane parameters.
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Chapter 3, the probability distribution function was integrated from −∞ to the value of the

upper limit (see the Appendix of Sawicki, 2012 who use the same method).

We use emcee with 200 walkers, run for 500 steps. For the case of upper limits (non-

detections) in MH2 , the probability distribution function was integrated from −∞ to the

value of the upper limit, and the log likelihoods for detections and non-detections could

then be added together and used with emcee. The chain is then inspected and checked for

convergence. The first 250 steps are discarded as burn-in and the last 250 steps, where

the chain has converged are used. Using this method we infer the mean relation to be

[MH2 ] = 0.95+0.04
−0.04[SFR] + 8.95+0.02

−0.02 with 0.25+0.02
−0.01 dex intrinsic scatter. The black line in

Figure 4.6 shows this mean relation with associated uncertainty from themH2 and cH2 parame-

ters represented by the grey shaded region. A corner plot for the converged chain is also shown

in Figure 4.7 and a graphical posterior predictive check is shown in the left-hand column of

Figure 4.8.

We can see that the inferred parameters are in good agreement with the data in Figure 4.6

once outliers have been removed. In addition, the predicted data shown in Figure 4.8 for the

posterior predictive check is in excellent agreement with the observed data, with the mean

relation and intrinsic scatter providing a very good approximation to the distribution of ob-

served data. At lower SFRs it appears that the line of best-fit under-shoots many of the points.

However, the vast majority of these galaxies are upper limits in MH2 , which the likelihood

accounts for. The same effect can be seen in Figure 4.8 for the −1.0 < log
10
(SFR) ≤ −0.8 bin

(top-left), where the black line shows the distribution of data where non-detections have been

set at the value of their upper limit and the purple solid and shaded lines show respectively

the predicted distribution for best-fit parameters and random draws from the converged chain.

We can see the effect of how our model has treated these upper limits, with the predicted dis-

tribution centered at lower values of MH2 compared to the observed distribution. In addition,

we note that the inferred mean relation is very similar, albeit slightly steeper, when compared

to the relationship found by Santini et al. (2014) (∼ 0.15 dex scatter) at 0.05 < z < 0.20, us-

ing gas measurements derived from dust masses. This result is also similar to the relationship

found by Genzel et al. (2010) (∼ 0.47 dex scatter in theirMH2-SFR-τdyn relationship) using CO

data from z ∼ 1 − 3 galaxies (where we assume the dynamical timescale in their Equation 8

is τdyn ∼ 107).
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Fig. 4.8: Posterior predictive check for the SFR-MH2 and SFR-MHi models. Each plot shows data within
a 0.2 dex wide bin in SFR for the SFR-MH2 relation (left-hand column) or the SFR-MHi relation (right-
hand column). In both columns the solid black line shows the density of galaxies as function of gas
mass for each bin, with the left-hand column showing results forMH2 using xCOLD GASS data and the
right-hand column showing results for MHi using xGASS data. The solid purple and green lines show
the posterior prediction using the best-fit parameters (listed in Table 4.1) for our SFR-MH2 and SFR-MHi
models respectively. The light purple and green lines represent posterior predictions using parameters
drawn randomly from each respective converged chain.

4.2.4 The Atomic Gas Mass - Star Formation Rate Plane
The final ingredient needed in setting up our model is p([MHi] | [SFR]). Again, motivated by

the Schmidt-Kennicutt relation for total gas mass, we assume the mean relation for this scal-

ing relation between MHi and SFR will be a straight line in log-space (e.g. Bigiel et al., 2008).

Indeed, Catinella et al. (2018) show for integrated quantities that SFR/M∗ increases asMHi/M∗
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increases, with a Spearman’s correlation coefficient of 0.78 and 0.51 dex scatter. Similar to the

method in Section 4.2.3 we assume the mean relation, [MHi](SFR), takes the form:

[MHi] = mHi[SFR] + cHi, (4.22)

where mHi and cHi are the slope and MHi-intercept of the mean relation respectively. The

likelihood function takes the form of aGaussian around thismean relationwith intrinsic scatter

σHi:

p([MHi] | [SFR]) =
1√
2πΣ2

n

exp
(−([MHi]− [MHi])

2

2Σ2
n

)
. (4.23)

We use data from the xGASS survey, a twin survey of xCOLD GASS, which measured the

the Hi content of 1179 0.01 < z < 0.05 galaxies (Catinella et al., 2010; Catinella et al., 2012;

Catinella et al., 2013; Catinella et al., 2018) to infer the model parametersmHi, cHi and σHi. The

publicly available xGASS dataset1 was combined with a dataset received via private communi-

cation that includes errors of the integrated line flux for each galaxy, enabling us to calculate

1https://xgass.icrar.org/assets/data/xGASS_representative_sample.fits
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Fig. 4.9: The inferred scaling relation for the SFR-MHi plane. The mean relation has much greater
scatter than the SFR − MH2 relation (∼ 0.47 dex for this relation compared to ∼ 0.25 dex scatter for
the SFR−MH2 relation).
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Tab. 4.1: Table of inferred parameters from the models in this work and the parameters of the double
Schechter function defining the galaxy stellar mass function given in Baldry et al., 2012.

Galaxy Stellar Mass Function, ϕ(M∗), from Baldry et al. (2012)

[M∗] Knee of the mass function 10.66± 0.05

ϕ∗
1/10

−3 Normalisation for the first component 3.96± 0.34

α1 Faint end slope for the first component −0.35± 0.18

ϕ∗
2/10

−3 Normalisation for the second component 0.79± 0.23

α2 Faint end slope for the second component −1.47± 0.05

Passive Fraction, fpassive([M∗])

α Mass scale of transition 10.53+0.02
−0.02

β Determines width of transition −1.13+0.05
−0.05

ζ Determines fpassive at low mass −1.02+0.04
−0.05

SFR−M∗ Plane, Main Sequence, p([SFRMS]|[M∗])

b1 Coefficient of the degree two term −0.03+0.01
−0.01

b2 Coefficient of the degree one term 1.22+0.14
−0.13

b3 [SFR] intercept −9.11+0.57
−0.64

σb Intrinsic scatter around Main Sequence 0.35+0.01
−0.01

SFR−M∗ plane, Red Sequence, p([SFRRS]|[M∗])

r1 Slope of the Red Sequence line 0.46+0.02
−0.02

r2 SFR intercept of the Red Sequence line −6.25+0.21
−0.20

σr Intrinsic scatter around Red Sequence 0.54+0.01
−0.01

MHi − SFR Scaling Relation, p([MHi]|[SFR])

mHi Slope of MHi − SFR scaling relation 0.81+0.03
−0.03

cHi Intercept of MHi − SFR scaling relation 9.50+0.02
−0.02

σHi Intrinsic scatter of MHi − SFR scaling relation 0.47+0.01
−0.01

SFR−MH2 Scaling Relation, p([MH2 ]|[SFR])

mH2 Slope of SFR−MH2 scaling relation 0.95+0.04
−0.04

cH2 Intercept of SFR−MH2 scaling relation 8.95+0.02
−0.02

σH2 Intrinsic scatter of SFR−MH2 scaling relation 0.25+0.02
−0.01

errors forMHi. As a twin survey of xCOLD GASS this survey uses the same SFR estimates. We

use the same procedure for processing the data as outlined in Section 4.2.3, removing galax-

ies > 0.8 dex above the MS, emcee is then run for 500 steps, the chain is inspected for con-
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vergence and the first 250 steps are discarded as burn-in. The mean relation is found to be

[MHi] = 0.81+0.03
−0.03[SFR]+9.50+0.02

−0.02 with much larger scatter of 0.47+0.01
−0.01 dex when compared

to the mean relation found in Section 4.2.3. A corner plot showing the parameters from the

converged chain is shown in Figure 4.10.

The inferred mean relation is shown in Figure 4.9 as a black line alongside the xGASS de-

tections (blue points) and non-detections (red points). The uncertainties in the mHi and cHi

parameters are represented by the grey shaded region. We can see that the inferred relation is

in good agreement with the data. However, at highMHi there is a clear cut-off in the data and

it appears as if the mean relation under-shoots many of the high-mass data points. This could

be due to the fact that the points with the highest SFRs andMHi values have very small errors

when compared to the rest of the data and the likelihood function will penalise parameters that

do not come close these data points. To account for this, models with in-built exponential or

step-function cut-offs at high-masses were also considered but these models did not converge,

so they are not presented here. In the right-hand column of Figure 4.8 we also show a graph-

ical posterior predictive check for the inferred model and parameters, where the distribution

of observed data from xGASS (black line) is compared to predicted data using the posterior

and xGASS data. Again, we see the model and inferred parameters provide a good approxima-

tion to the distribution of observed data. We note that in this Figure, for the observed data,
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Fig. 4.10: Corner plot for the SFR-MHi plane parameters.
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we set non-detections at the value of their upper limits. As a result we can see the predicted

distribution under-shoots the observed distribution at low SFRs, where non-detections make

up most of the data, due to our treatment of upper limits in the likelihood. While the model

and parameters provide a good approximation to the observed data, the fixed intrinsic scatter

leads to too broad a distribution at high SFRs, with an over-prediction of high MHi galaxies.

The fixed intrinsic scatter is also combined with very large uncertainties for the “predictor”

SFRs at low SFRs, leading to too broad a distribution at low SFRs which results in a moderate

over-prediction of higher MHi galaxies.

We note thatMHi also scales withM∗ and at fixed SFR, asMHi increases, so doesM∗ (see also

Catinella et al., 2018). Therefore, some of the large scatter inferred in this relation correlates

with M∗. An improvement to this SFR-MHi relation would be to infer the SFR-MHi-M∗ plane.

By accounting for the dependence of SFR and MHi on M∗, the intrinsic scatter in the model

would then be closer to the true intrinsic scatter.

4.3 Results
4.3.1 The Inferred SFR Distribution Function
Before proceeding to the next step, constructing the gas mass functions, we first perform an

initial test to see if this Bayesian method and our inferred model parameters for the SFR-M∗

plane produce reasonable results. By combining p([SFR] | [M∗])with the GSMF and integrating

over [M∗] we can determine ϕ([SFR]), the SFR distribution function (SFRDF):

ϕ([SFR]) =
∫

p([SFR] | [M∗])ϕ([M∗])d[M∗], (4.24)

this can then be compared to ϕ([SFR]) derived from observations.

The predicted SFRDFs using the results from Section 4.2.2 are shown in Figure 4.11, where

black lines represent the total SFRDF and the contribution by the RS and MS are shown as

red and blue lines respectively. Each of these lines show ϕ([SFR]) calculated using a randomly

selected row of parameters in the converged chain for the SFR-M∗ plane. For comparison we

show the SFRDFs for the xGASS and xCOLD GASS surveys. These SFRDFs are derived by

binning the SFR for each galaxy and accounting for the weights of each galaxy, using the same

method as outlined in Section 3.2.2. Galaxies > 0.8 dex above the inferred MS relation are

also removed from the input data used to make the two SFRDFs. Errors are calculated using

bootstrapping with replacement (see Section 3.2.2 for details).
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We also show the SFRDF from Bothwell et al. (2011) (black dashed line) with the associ-

ated 1σ error region in Figure 4.11. Bothwell et al. (2011) construct their SFRDF by combin-

ing infrared SFR estimates from the Imperial IRAS Faint Source Catalogue redshift database,

dust-corrected UV SFR estimates from the GALEX All-Sky Imaging Survey and SFR estimates

derived from deep imaging data from the Local Volume Survey, the latter allowing them to ex-

tend their SFRDF down to lower SFRs. The main source of uncertainty for their SFRDF arises

due to distance estimates with both random uncertainties from direct distance estimates and

systematic uncertainties arising from using the Hubble velocity when direct distance measure-

ments are not available contributing 7-15% error. Distance and photometric flux uncertainties

have the effect of shifting galaxies into neighbouring bins but the authors deal with this issue

by using Monte Carlo resampling with replacement when inferring their SFRDF parameters.

We also note that both the SFR estimates and method deriving the SFRDF (combining separate

datasets using the incoherent combination of domain-independent samples method (Avni and

Bahcall, 1980)) used in Bothwell et al. (2011) differ from the xGASS and xCOLD GASS esti-

mates, which combine UV and IR SFR indications to create a total SFR indicator (Janowiecki

et al., 2017; Saintonge et al., 2017). The SFRDFs predicted by our model are derived from the

inferred SFR-M∗ relation, which uses SDSS SFRs following the prescription from Salim et al.

(2007). It has been shown that different SFR prescriptions can yield different SFR-M∗ relations

and scatter (Davies et al., 2016). Therefore, these differences in both SFR prescriptions and

methods for deriving the SFRDF could potentially cause small differences when comparing

these SFRDFs.

Despite these concerns, the predicted SFRDF agrees remarkably well with the xGASS and

xCOLD GASS surveys where the data is not affected by incompleteness ([SFR] ≳ −0.5). This

is reassuring as the SFRDF is calculated using the Baldry et al. (2012) GSMF and the inferred

model for the SFR-M∗ plane, which use GAMA and SDSS data, both of which are independent

from the xGASS and xCOLD GASS survey data. We can also see that within our model, the MS

is the primary contributor to ϕ([SFR]) for ([SFR] ≳ −3.0). This is to be expected as fp ∼ 0.2

for M∗< 10.5 in our model. For M∗> 10.5, even though RS galaxies begin to dominate the

SFR-M∗ plane, the offset in SFR between the MS and RS at fixed stellar mass, combined with

the exponential cut-off in the GSMF ensures that MS is still the primary contributor to ϕ([SFR]).

Finally, themodel predicts the SFRDF for low SFRs and the faint end slope appears to be in good

agreementwith the SFRDF fromBothwell et al. (2011), predictingϕ([SFR]) down to [SFR] ∼ −2,

which corresponds to MS galaxies at [M∗] ∼ 7. This is an encouraging result for the potential
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Fig. 4.11: The predicted SFR distribution function using the (Baldry et al., 2012) GSMF as input com-
binedwith the inferred parameters modelling the SFR-M∗ plane (Table 4.1). Red and blue lines represent
the contribution by red sequence and main sequence galaxies respectively and the black line shows the
total predicted SFRDF. For comparison the SFRDFs for xCOLD GASS and xGASS (respectively green
hexagons and purple squares) and the SFRDF derived by (Bothwell et al., 2011) (black dashed line and
grey shaded 1σ error region) are shown. The dotted black line represents the incompleteness limit of
the Bothwell et al. (2011) SFRDF.

of this model to predict the gas mass functions at low masses, where data is incomplete, as

only one further scaling relation is required to calculate these mass functions.

4.3.2 The Inferred HI Gas Mass Function and Cosmic Abundance
of HI

We can compute the Hi mass function from our model in a similar manner to the SFRDF.

The inferred probability distribution function for the MHi-SFR plane, p([MHi] | [SFR]), can be

combined with the probability distribution function for the SFR-M∗ plane and the GSMF. The

HiMF, ϕ([MHi]), is then calculated by integrating over stellar mass and SFR:

ϕ([MHi]) =

∫
d[M∗]

∫
d[SFR]× p([MHi] | [SFR])p([SFR] | [M∗])ϕ([M∗]). (4.25)

A range of predicted HiMFs are shown in Figure 4.12 (purple lines), where each line is cal-

culated using random draws from the converged chains for the SFR-M∗ and SFR-MHi planes

using Equation 4.25. For comparison we show HiMFs from the ALFALFA survey, a blind Hi
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Fig. 4.12: The Hi mass function predicted by the model (purple lines). Each line represents the HiMF
derived using Equation 4.25 and random draws from the converged chains for the SFR-M∗ and SFR-MHi
planes. For comparison the HiMFs from Jones et al. (2018) using the ALFALFA 100 per cent catalogue
(grey dashed line) and from Martin et al. (2010) using the ALFALFA 40 per cent catalogue (grey points)
are shown. The inset violin plot shows the prediction of ΩHi= 6.52+0.56

−0.47 × 10−4, which does not agree
with the ALFALFA measurement, ΩHi= (3.9± 0.1± 0.6)× 10−4h−1

70 .

survey of∼ 31, 500 extragalactic Hi sources at z < 0.06 (Haynes et al., 2018). Jones et al. (2018)

use the ALFALFA 100 per cent catalogue, including 25437 sources down to MHi ∼ 106M⊙,

calculating the most precise HiMF to date (black dashed line in Figure 4.12). We also show the

binned data points from the ALFALFA 40 per cent catalogue (grey points) (Martin et al., 2010).

We can see from Figure 4.12 that the predicted HiMF does not agree with the ALFALFA HiMF,

only meeting near the knee of the mass function. The model predicts ΩHi= 6.52+0.56
−0.47 × 10−4

which is not in agreement with the ΩHi= (3.9 ± 0.1 ± 0.6) × 10−4h−1
70 found by Jones et al.

(2018) where the first and second quoted errors are the random and systematic errors respec-

tively. This disagreement likely arises due to the simple nature of our model.

One of the reasons for this could be the intrinsic scatter in our model. Firstly, molecular

gas is the fuel for star formation rather than Hi, thus we expect the MHi-SFR relation to have

much more scatter, providing poorer constraints on the HiMF. The effect of larger intrinsic

scatter is to increase the probability a galaxy at a given stellar mass can deviate from the SFR

and Hi mass predicted purely by each of the mean scaling relations, both to higher and lower

SFRs and Hi masses. For example, despite the exponential cut-off in the GSMF, a galaxy with a
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large stellar mass can be “up-scattered” to an Hi mass well above the limit seen in the observed

data (see Figure 4.9). With such a large intrinsic scatter, this could give rise to an over-estimate

in ϕ([MHi]) at high masses. In essence, the intrinsic scatter in both the SFR-M∗ and SFR-MHi

planes has the effect of smearing out ϕ([MHi]). While much of the scatter in the SFR-M∗ plane

is likely intrinsic the fact some of the large scatter inferred in the SFR-MHi plane correlates

with M∗ likely weakens the predictive power of our model. An improvement to this method

would infer p([MHi] | [SFR], [M∗]) and include a cut-off in MHi at high gas masses where the

cut-off is a parameter to be inferred from the data.

Alternatively, the HiMF of Jones et al. (2018) can be used as a constraint for our model.

An additional likelihood measuring the difference between the ALFALFA HiMF and the HiMF

predicted for a given set of model parameters can be constructed (L∆ϕ(MHi)). As the overall

likelihood for our model can be written as the product of the individual likelihoods for each

relation, this constraint can then feedback into the inference of the scaling relations, calibrating

our model to better predict ΩHi and thus ΩH2 :

L = LSFR−M∗LMHi−SFRLMH2−SFRL∆ϕ(MHi). (4.26)

However, this resulted in the predicted HiMF pivoting about the knee, becoming less steep

below the knee and increasing ϕ([MHi]) above the knee. This is likely due to the fact that the

model was more heavily weighted by the points below the knee, which have smaller errors

and for which there are more data points. This has the effect of preferentially constraining the

model on the faint-end slope to the detriment of the exponential cut-off. We do not plot this

result here but it further highlights the simplicity of the model and its resultant inability to be

flexible enough to predict the HiMF. This suggests a more complex model of correlations may

need to be added to properly capture the behaviour of galaxies.

4.3.3 The Inferred Molecular Gas Mass Function and Cosmic
Abundance of Molecular Hydrogen

The H2 mass function is calculated in the same way as the HiMF, by integrating the product of

the GSMF and the probability distribution functions for the SFR-M∗ and SFR-MH2 planes over

both stellar mass and SFR:

ϕ([MH2 ]) =

∫
d[M∗]

∫
d[SFR]× p([MH2 ] | [SFR])p([SFR] | [M∗])ϕ([M∗]). (4.27)
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Fig. 4.13: The H2 mass function predicted by the model (black lines) derived using Equation 4.27 and
random draws from the converged chains for the SFR-M∗ and SFR-MH2 planes. For comparison the
H2 mass functions derived directly from the xCOLD GASS CO measurements, presented in Section
3.3.1, are also shown. The inset plot shows ΩH2 predicted using the Bayesian network (black violin
plot) compared to the values calculated directly from the observed H2 mass functions using the three
different treatments of non-detections: setting them to zero, estimating the masses using Equation 3.3
and setting them to the 5σ upper limits are shown as blue, green and red points respectively.

Draws from the converged chains for the scaling relations are used to calculate the range of

predictedH2MFs, which are shown in Figure 4.13 (black lines). For comparison, theH2MFs and

their associated uncertainty regions fromChapter 3 using only the observed xCOLDGASS data

are shown, with the blue, green and red points representing the three different treatments of

non-detections detailed in Section 3.2.1. We can see that the predicted H2MF does fall within

the shaded 1σ uncertainty regions of the observationally derived mass functions. The pre-

dicted mass function is broadly comparable to the binned data points but does not match the

knee and high-mass cut-off of the observed mass functions, where the xCOLD GASS data

is complete. Despite this, the model predicts ΩH2 = (5.99+0.66
−0.62) × 10−5h−1 compared to

ΩH2 = (5.34± 0.47)× 10−5h−1 derived in Chapter 3.

It is somewhat puzzling that the predicted H2MF does not match the empirical mass function

at high masses where the data is complete, especially as the predicted SFRDF was in good

agreement with observations at the high SFR end and the inferred SFR-MH2 relation is a good

fit to the data with only 0.25 dex intrinsic scatter. Although the intrinsic scatter is smaller than

for the SFR-MHi relation, it still appears to smear out the shape of ϕ([MH2 ]) when compared
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to ϕ([SFR]), smoothing the knee, steepening the faint-end slope and reducing the sharpness of

the exponential cut-off. This is due to the combined effect of the intrinsic scatter and Equation

4.27 preserving the total area under the curve, meaning a smoothing of the knee must result

in, for example, a steepening of the faint-end slope. Perhaps a ceiling in molecular gas mass

in the SFR-MH2 relation (see the cut-off in observed galaxies with MH2 > 1010M⊙ in Figure

4.6) combined with improved constraints on the predicted HiMF (Equation 4.26) are required

to better model the galaxy trends. Or instead, this simple model fails to properly capture the

behaviour of galaxies and the full M∗-SFR-MH2 plane needs to be modelled as scatter in the

MS correlates with MH2 (e.g. Saintonge et al., 2016; Lin et al., 2019).

4.4 Summary and Discussion
We present a modular analytic model based on empirical scaling relations that links the GSMF

to the Hi and H2 mass functions as well as the SFR distribution function at z ∼ 0. This model

was motivated by the numerous tight scaling relations between different observed galaxy prop-

erties, which suggest there is some underlying uniformity across the galaxy population despite

the different physical processes involved. The model was also motivated by the successes of

the gas-regulated equilibrium model, which suggests the molecular gas content of galaxies is

the main driver of their evolution and thus observed properties. This then makes it feasible

to attempt to predict the H2 mass function, especially at the important low-mass end where

observational data is incomplete, using a simple model based upon scaling relations.

We modelled the scaling relations in the SFR-M∗, SFR-MHi and SFR-MH2 planes, infer-

ring model parameters using Bayesian inference. For the SFR-M∗ plane, we used measure-

ments of ∼ 130, 000 galaxies from the SDSS survey to the model parameters. We found

a mean MS relation of the form [SFRMS] = −0.03[M∗]
2 + 1.22[M∗]

2 − 9.11 with 0.35 dex

scatter around the mean relation. This relation agrees with the MS relation found in Sain-

tonge et al. (2016) for log
10

M∗/M⊙ ≲ 10.7 and the ∼ 0.3 dex scatter is similar to the scatter

found in other studies (e.g Schreiber et al., 2015). The mean relation of the RS is inferred

as [SFRRS] = −0.46[M∗] − 6.25 with 0.54 dex scatter. Our model predicts a passive frac-

tion of fp ∼ 0.2 at low masses with the transition from MS to RS galaxies occurring at

log
10

M∗/M⊙ ∼ 10.5. The model was used to predict the SFRDF by integrating the prod-

uct of the GSMF and the inferred probability distribution function for the SFR-M∗ plane. We

showed that the model prediction for the SFRDF agreed with SFRDFs derived from galaxy sur-

veys, particularly at the high-mass end where the observational data is complete. This check

validates our model and the parameter inference for the SFR-M∗ plane.
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We then extended our model to predict the Hi and H2 mass functions. This was achieved by

inferring model parameters for the SFR-MHi and SFR-MH2 relations. To calculate the gas mass

functions the product of the GSMF and the inferred probability distribution functions for the

SFR-M∗ plane and SFR-MHx planes were integrated over both stellar mass and SFR.

The predicted HiMF did not agree with the ALFALFA HiMF, only meeting it at the knee

but over-estimating ϕ([MHi]) at both the low and high-mass end. Our model predicted

ΩHi= 6.52+0.56
−0.47 × 10−4 compared to ΩHi= (3.9 ± 0.7) × 10−4 derived by Jones et al. (2018)

for the ALFALFA survey. This discrepancy likely arises due to the simplicity of our model.

Although the inferred parameters for the SFR-M∗ plane accurately reproduce the observed

SFRDF, our model assumes that only the SFR determines the Hi mass. However, observations

show thatMHi also depends on M∗ and the scatter in the SFR-MHi relation correlates with M∗.

As a result the large inferred intrinsic scatter in our model smears out the mass function to

both high and low masses.

The result for the H2MF was slightly better, with the predicted H2MF falling within the 1σ

error regions for the H2MF derived directly from the xCOLD GASS survey. The model pre-

dicted ΩH2 = (5.99+0.66
−0.62)× 10−5h−1 compared to our best result using the observational data

alone ofΩH2 = (5.34±0.47)×10−5h−1. The intrinsic scatter in the SFR-MH2 relation appears

to smear out the mass function to high and lowmasses when compared to the predicted SFRDF

and the model does not capture the knee in the observed data. Once again, the model assumes

that the SFR is the only property that determines MH2 . While this is a better assumption than

for the case of MHi, there are other factors such as M∗ that also correlate with the molecular

gas mass and SFR.

Our model could be improved to better predict the gas mass functions at z ∼ 0. Firstly, this

could be achieved by including a cut-off mass at high masses in both of the gas mass scaling

relations with SFR. This cut-off could either be a step function or a transition where the cut-off

mass and width of any transition would be included in the likelihood and the relevant model

parameters inferred from the xGASS or xCOLD GASS data. This cut-off would compensate

against the effect of the intrinsic scatter leading to an over-prediction of the number of galaxies

at very large gas masses, in contrast with observations.

Secondly, the likelihood constraining the model to match the observed ALFALFA HiMF

(L∆ϕ(MHi)) could be improved so that it effectively constrains the model to match the HiMF

at both the low and high-mass ends simultaneously. The data points in the ALFALFA HiMF

could be given different weightings so more weight is given to the points at the high-mass end,

4.4 Summary and Discussion 143



which are more scarce and trace the curvature and exponential cut-off of the mass function.

Alternatively, our model could be constrained to the inferred Schechter function parameters

from Jones et al. (2018).

A third improvement would be to account for the correlation of the intrinsic scatter in the

gas scaling relations with M∗ as well as the correlation of the scatter in the MS with MH2

(Saintonge et al., 2016; Lin et al., 2019). This could be achieved by modelling the full M∗-SFR-

MH2 and M∗-SFR-MHi planes. As the xCOLD GASS (n = 532) and xGASS (n = 1179) surveys

are not large enough for a model to properly capture the detail of these 3D relations, the full

3D relations could be jointly inferred using the existing likelihood for the SFR-M∗ plane using

SDSS (n ∼ 130, 000) data. The parameters for the MS, RS and passive fraction as a function

of M∗ would be shared between the two likelihoods while they are jointly inferred (extending

Equation 4.26).

Finally, if the above improvements result in a better prediction for the H2MF especially at

high masses where the observational data is complete, the model could be extended to predict

the H2MF at higher redshifts. Each component of the model could be inferred using the appro-

priate data at different redshifts. For example, the GSMF has been inferred up to z ∼ 7 (e.g.

Grazian et al., 2017), the SFR-M∗ has been measured up to z ∼ 5 (e.g Schreiber et al., 2015)

and the molecular gas scaling relation with SFR appears to be roughly constant with redshift

(See Figure 1.7). Furthermore, surveys at high redshift using ALMA are now characterising

the molecular gas content of galaxies (Pavesi et al., 2018; Aravena et al., 2019) and providing

constraints on the total CO LF (e.g Walter et al., 2014; Decarli et al., 2019; Riechers et al., 2019),

providing observed H2MFs for our model to compare to. The model could also be calibrated to

these observations and then extended to predict the H2MF and ΩH2 as a function of redshift.
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5Conclusions and Future Work

Understanding how galaxies form, evolve and affect the surrounding intergalactic medium is

one of the outstanding issues in modern astrophysics. In recent years, the equilibrium model

(White and Frenk, 1991; Bouché et al., 2010; Davé et al., 2011; Davé et al., 2012; Dekel et

al., 2013; Lilly et al., 2013), which postulates galaxies are regulated by their molecular gas

reservoirs, has highlighted the importance of molecular gas in determining galaxy evolution

and galaxy properties. Detailed observations of molecular gas have supported this model, for

example, showing that the decline in sSFR since z ∼ 2 is primarily driven by decreasing gas

fractions with time. However, an accurate determination of the cosmic abundance of molecular

gas in the local Universe, providing a low-redshift anchor for simulations and studies on the

evolution of this quantity, has been missing. This quantity has previously been measured with

surveys using CO as a tracer of molecular gas. However, they have been biased by an over-

representation of starbursting and merging galaxies (e.g. Young et al., 1995; Keres et al., 2003;

Obreschkow and Rawlings, 2009b), which in fact contribute< 15% of the star formation budget

of the Universe. A robust constraint on this key quantity, instead using a representative sample

of galaxies, is required.

Alongside our improved understanding of the importance of molecular gas, tight scaling

relations between key galaxy properties have been observed, suggesting some underlying uni-

formity across the galaxy population despite the range of physical processes involved. While

simulations (e.g. Davé et al., 2016; Davé et al., 2017; Davé et al., 2020) and semi-analytical mod-

els (e.g. Lagos et al., 2018) do provide predictions of gas mass functions, they rely on heuris-

tic models for important physical processes such as feedback which are not well understood.

Scaling relations between key galaxy properties and gas masses offer a simple and empirically

motivated alternative to model the galaxy population, that is yet to be fully exploited.

Finally, the first galaxies fuelled by pristine gas were intensely star-forming, bathing the

intergalactic medium with ionising photons. In order to understand their contribution to cos-

mic reionisation we must determine the escape fraction of ionising LyC photons from these

galaxies, with fesc ∼ 10− 20% required for galaxies to reionise the Universe (Robertson et al.,

2013). However, studies at redshifts where LyC photons can be directly observed have focused

on relatively small samples and direct detections have been elusive, finding upper limits of
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fesc ≲ 5% (Siana et al., 2015; Mostardi et al., 2015). Ultra-deep studies targeting large samples

of reionisation era analogues are required to constrain the escape fraction and improve our

understanding of the physics within the first galaxies.

This work has tackled these issues by determining the abundance of molecular gas in the

local Universe, building a simple modular analytical model based on empirical scaling relations

to determine galaxy properties and detecting significant leaking radiation in a large sample of

galaxies for the first time.

5.1 The Ionising Output of Early Star-Forming Galaxies
In order to understand the contribution of the first galaxies to reionisation, in Chapter 2 we

targeted a sample of 61 z ≃ 3.1 LAEs and LBGs using ultra-deep HST WFC3 UVIS/F336W

imaging for the LymAn Continuum Escape Survey (LACES).These intermediate-redshift LAEs

are compact, low mass, and intensely star-forming with extreme [O iii] emission, similar to

galaxies in the reionisation era. Hence, these LAEs are useful lower-redshift analogues of

reionisation era galaxies and at z ≃ 3.1 it is possible to directly measure their fesc.

The UVIS/F336W filter allowed us to directly image the leaking LyC at z ≃ 3.1. The

extreme depth of the F336W imaging allowed us to detect escaping LyC emission (S/N ≥ 4)

for 12 LAEs in our sample (20%). Crucially, LACES provides a huge increase in the number of

individually detected LyC leaking galaxies at intermediate redshift and represents the first time

a significant number of LyC leaking galaxies have been identified within a large sample.

We used extensive multi-band photometry from Subaru, UKIRT, CFHT, Spitzer and HST to

fit the SED for individual galaxies, allowing us to infer fesc for each galaxy. We also used this

method on composite stacks of galaxies to infer the mean fesc in subsamples of our survey.

Using this method we inferred individual escape fractions fesc ≈ 15− 60% and fesc ≥ 20% for

our Gold and Silver subsamples of detected LyC leakers. One of the most intriguing results

was that we found fesc ≲ 0.5% for the composite stack of LyC non-detections.

We explored the possibility that some of our detections may be due to contamination by

lower-redshift interlopers. Using the high spatial resolution of the F336W and F160W im-

ages we demonstrated that the spatial offsets of the LyC detections from the centroids detected

in the F160W imaging (rest-frame optical) and the Subaru NB497 imaging (Lyα) were< 0.6′′.

This suggests the detected F336W flux is due to LyC photons emitted by galaxies in our sam-

ple at z ≃ 3.1 rather than due to contamination. We also found the expected contamination

rate to be low, with a 98% chance that ≤ 2 of our detections could be affected by contami-
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nation. Furthermore, our spectroscopic studies and the spectroscopic redshifts we obtained

using the Lyα, Hβ, [O iii] and [O ii] lines also suggest that our sample appears to be free of

contamination.

We investigated the correlation of fesc with EWLyα, EW[O iii], M∗ and MUV. We found ten-

tative evidence that the escape fraction may increase for low stellar mass galaxies with large

EWLyα.

Finally, we discussed the implications of the apparent dichotomy between our detections

and non-detections which are seemingly drawn from the same sample and cover the same

range of UV luminosities, EWLyα, EW[O iii] and ∆vLyα. We suggest this dichotomy could arise

due to three factors: anisotropic escape of LyC photons through channels where the channels

of detected leakers align with our line of sight, a stochastic fesc due to the bursty nature of star-

formation in these low mass systems and a spatially varying Hi IGM in the SSA22 protocluster

(see Mawatari et al., 2017).

The large values of fesc, the fraction of leakers within our sample as well as the interpreta-

tions arising from the dichotomy between LyC leakers and non-leakers all have implications

for understanding how ionising radiation escapes from galaxies and their contribution to reion-

isation.

5.2 The Cosmic Abundance of Molecular Gas in the Local
Universe

In Chapter 3 we turned our attention to molecular gas, the fuel that drives star formation in

all galaxies, including the intensely star-forming, ionising LAEs we studied in Chapter 2. We

used the xCOLDGASS survey (Saintonge et al., 2017), a representative volume-limited CO(1-0)

survey of 532 galaxies at z ∼ 0 to determine the H2MF and ΩH2 in the local Universe.

We determined the H2MF for the xCOLD GASS survey well below the knee and more ac-

curately than previous studies (e.g. Keres et al., 2003; Obreschkow and Rawlings, 2009b). We

also accounted for the fact that galaxies with lower metallicities are under-luminous in CO by

applying the metallicity-dependent conversion factor from Accurso et al. (2017) to our results.

We applied three different treatments for non-detections in the survey: setting them to zero,

estimating them based upon their SFR using a scaling relation between SFR andMH2 calibrated

using the survey, or setting them to their 5σ upper limits. We then inferred Schechter func-

tions using Bayesian inference above the stellar mass completeness limit of the survey for these
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three different treatments of the non-detections. Our best estimate for the cosmic abundance

of molecular gas is ΩH2 = (5.34± 0.47)× 10−5h−1.

By using the overlapping Hi xGASS survey we determined the Hi and Hi+H2 mass func-

tions for the xCOLD GASS survey. The estimated HiMF above the mass completeness limit

agreed with the ALFALFA HiMF from Jones et al. (2018), validating our method. The Hi+H2

mass function resulted in an increase in ϕ at high masses when compared to the HiMF but was

highly uncertain at low masses due to the high mass completeness limit in the combined sam-

ple. We inferredΩHi+H2 = 4.11+3.30
−1.14×10−4 h−1

70 from theHi+H2 mass function. By combining

our best estimate for ΩH2 with ΩHi determined by Jones et al. (2018) we provided a more ac-

curate determination of the total abundance of cold gas, ΩHi+H2 = (4.66± 0.70)× 10−4 h−1
70 ,

meaning ΩH2/ΩHi= 19.6%± 3.9% at z ∼ 0.

In addition, we compared the cumulative fractional abundances of atomic and molecular

gas as a function of M∗, normalised by the total cosmic abundances of each gas phase. We

showed that the two curves of growth for each gas phase have different behaviour and that

high-mass galaxies are dominated by molecular gas whereas low-mass galaxies are more likely

to be dominated by atomic gas.

The work presented in Chapter 3 provides stringent constraints on ΩH2 as well as ΩHi+H2

at z ∼ 0. This provides a useful anchor at z ∼ 0 for comparisons with ΩH2 at high redshifts

(e.g. Decarli et al., 2019) and the evolution of ΩH2/ΩHi. The H2MF and COLF determined in

this work can also be compared against predictions from simulations and SAMs. As molecular

gas is central to star formation and galaxy evolution these results are important and allow us

to distinguish between different heuristic models for feedback within these models that would

not be possible by comparing to the observed galaxy stellar mass function alone.

5.3 Predicting Cosmic Abundance of Molecular Gas using
Scaling Relations

Motivated by the importance of molecular gas, as demonstrated by the equilibrium model, and

tight scaling relations between observed galaxy properties, in Chapter 4 we used a modular

analytical model based upon galaxy scaling relations to estimate the Hi and H2 mass functions

and the SFR distribution function. By leveraging galaxy scaling relations that appear to con-

tinue to low masses we aim to predict the H2MF at low masses where observational data is

incomplete.
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We modelled the SFR-M∗ plane with mean MS and RS relations with Gaussian intrinsic

scatter. We also included a passive fraction, weighting the ratio of the amplitude of the RS to the

combined amplitude of the RS andMS as a function ofM∗. We inferredmodel parameters using

Bayesian inference and data from 130, 000 SDSS galaxies. These parameters were combined

with the GSMF from Baldry et al. (2012) to predict the SFR distribution function. The predicted

SFRDF agreed with the SFRDF derived directly from observational studies where the data was

complete, thus validating our method and model for the SFR-M∗ plane.

We then inferred scaling relations between SFR and atomic and molecular gas masses, mod-

elling each as a linear relation in log-space with Gaussian intrinsic scatter. We found a mean

relation for the SFR-MH2 plane of [MH2 ] = 0.95+0.04
−0.04[SFR] + 8.95+0.02

−0.02 with 0.25+0.02
−0.01 dex

intrinsic scatter, which is similar to the relations determined in previous studies (e.g. Genzel

et al., 2010; Santini et al., 2014). The predicted H2MF fell within the 1σ error regions from

Chapter 3 but did not capture the high-mass end or the knee, where the observational data is

complete. Our model predicted ΩH2 = (5.99+0.66
−0.62)× 10−5h−1 compared to our best result us-

ing the observational data alone (Chapter 3) of ΩH2 = (5.34± 0.47)× 10−5h−1. However, the

predicted HiMF did not agree with the ALFALFAHiMF from Jones et al. (2018), overestimating

ϕ([MHi]) at both high and low masses. The model predictedΩHi= 6.52+0.56
−0.47×10−4 compared

to ΩHi= (3.9± 0.7)× 10−4 derived by Jones et al. (2018) for the ALFALFA survey.

Ourmodel is purely based on scaling relations and the observedGSMF,we have intentionally

constructed the simplest possible model. Despite this our model produces an accurate estimate

for the SFRDF and encouraging results for the Hi and H2 mass functions. However, the model

does not accurately reproduce the observed gas mass functions at high masses, where the

data is complete. Introducing a ceiling gas mass in the SFR-MH2 and SFR-MHi relations, as

model parameters to be inferred, would enable us to better model the observed relations and

the apparent cut-off in observed galaxies with MH2 > 1010M⊙ and MHi > 1010.5M⊙ (see

Figures 4.6 and 4.9 respectively). If such cut-offs are introduced it could have the effect of

steepening the high-mass exponential cut-off in the final gas mass functions. In addition, the

full M∗-SFR-MH2 plane could be modelled, for example to account for the fact that the scatter

around the MS correlates with MH2 . Furthermore, the modular analytical framework is easily

adaptable, could be applied at different redshifts and has the advantage of being grounded in

observations compared to SAMs and simulations which assume heuristic models for processes

such as feedback.
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5.4 Future Work and Outlook
We have shown in this thesis the direct detection of escaping LyC photons from a large sample

of intermediate-redshift LAEs, a more accurate determination of ΩH2 at z ∼ 0 and outlined a

modular analytical model based on scaling relations that can be used to infer galaxy properties.

We now focus on ideas for how this work could be extended.

While we provided 12 detections, directly imaging the leaking LyC from intermediate-

redshift LAEs, our sample of detected leakers in Chapter 2 is still quite small. A larger sample

would allow us to better understand the average fesc and put more stringent constraints on the

contribution of galaxies to reionisation. It would also enable us to better understand the corre-

lation of fesc with other galaxy properties. Such a study could be carried out in other areas of

thewell studied SSA22 field, the SXDS fieldwhich has a similar coverage ofmulti-band photom-

etry, or at lower redshifts where the IGM opacity and its variation are less important (Inoue et

al., 2014). These studies could also be accompanied by detailed spectroscopy of the rest-frame

UV emission lines so that a large sample of galaxies with independently determined individ-

ual ξion (following the methods presented in Nakajima et al., 2018) and fesc could be found. It

would also be interesting to trace the H2 content of LyC leaking galaxies, at low redshift or us-

ing ALMA at the intermediate redshifts of the SSA22 and SXDS fields either through CO or Ci,

to understand if LyC-leaking galaxies have excessive gas fractions compared to non-leakers.

One of the most interesting results in Chapter 2 was the dichotomy between LyC leakers

and non-leakers. This apparent dichotomy has remained after Nakajima et al. (2020) studied

spectral diagnostics and the ionising radiation field for the LACES sample, finding no distinc-

tion between leakers and non-leakers. The explanation of a spatially varying Hi IGM in the

SSA22 field (Mawatari et al., 2017; Hayashino et al., 2019) could be explored if the study were

extended to the SXDS field or ideally lower-redshifts. The anisotropic escape of LyC could be

further explored using high-resolution spectroscopy of the Lyα profile. A narrow peak at the

systemic redshift would indicate Lyα is not resonantly scattered but instead escaping directly

through an ionised channel.

Finally, themodular analytical model based on scaling relations presented in Chapter 4 could

be improved by modelling the full relationships between the M∗-SFR-MH2 and M∗-SFR-MHi

planes, for example modelling MH2 as a function of both SFR and M∗. This could improve our

model as scatter in the MS correlates withMH2 and the scatter in the SFR to gas mass relations

correlates with M∗. In addition, a high-mass cut off could be introduced in the SFR to gas mass

scaling relations to better model the observed distribution of galaxies for these correlations.
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We hypothesise that such cut-offs could reduce the over-prediction of high mass galaxies in

the final gas mass functions. If these adjustments result in a significant improvement for the

predictions for the gas mass functions at z ∼ 0, the model could be used to infer scaling

relations and thus gas mass functions at higher redshifts or as a function of redshift. Thus,

the model could be used to understand the evolution of ΩH2 and ρ(SFR). Lastly, investigations

into where model predictions do not match observations could expose the limitations of simple

assumptions and scaling relations used in this work.

The model could also easily be adapted to determine relevant quantities during the epoch of

reionisation. The modular nature of the model allows additional scaling relations to be added,

either to further constrain the model or extend its predictive power. For example, the model

could be used to predict the Lyα LF by exploiting the dependence of the Lyα luminosity on

SFR, metallicity and age, for a given galaxy. Alternatively, the inter-dependence built into the

modular model could be exploited and the observed Lyα LF could be used to constrain the

model and thus its predictions for gas mass functions at high redshift.

Furthermore, during the epoch of reionisation the escape fraction cannot be measured di-

rectly as ionising photons are absorbed by the neutral or partially neutral IGM. Methods to

indirectly infer the escape fraction of high redshift galaxies will be required to fully under-

stand whether galaxies were responsible for reionising the Universe. JWST and the E-ELT

will be able to access the rest-frame UV, Hα, [O iii] and [O ii] lines for z = 6 − 8 galaxies,

which will enable the prediction of fesc via absorption lines, fLyα
esc , or the [O iii]/[O ii] ratio

(e.g. Chisholm et al., 2018). If more data is gathered for LyC-leakers at low and intermediate

redshifts, a model already calibrated and constrained using scaling relations for M∗, SFR and

MH2 could be combined with correlations between fesc and other galaxy properties to predict

fesc and ξion at high redshifts. This method could provide additional predictions, alongside

those presented by Chisholm et al. (2018), to predict the total fesc and ξion across the galaxy

population during the epoch of reionisation.

Our understanding of galaxies, the importance of their gas and the impact the first galaxies

had on reionisation has vastly improved in recent years. However, there are still many unan-

swered questions. More observational data is required to chart the population of galaxies, their

gas and their evolution from the first galaxies to the present day. We look forward to future

observations carried out by current and next-generation facilities such as ALMA, JWST, E-ELT

and the TMT.
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