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Abstract

Only one billion years after the Big Bang, the neutral hydrogen in the intergalactic

medium had been completely ionised. This last phase transition of the Universe known

as the epoch of reionisation is one of the frontiers in astrophysics. Despite our growing

knowledge on the timing and topology of cosmic reionisation, the sources responsible for

emitting the necessary ionising photons have remained elusive. Speci�cally, the escape

fraction of ionising photons in reionisation-era galaxies and the role of quasars remain

open and debated questions. This Thesis aims to answer these questions in order to

understand the nature of the sources of reionisation.

Firstly, I present the discovery of a luminous galaxy whose double-peak Lyman-�

emission pro�le indicates an escape fraction close to 100%. I show how this galaxy is the

�rst evidence of an object self-ionising its own H II bubble deep into the reionisation era.

Secondly, I measure the cross-correlation of z � 5�6 galaxies and metal absorbers with the

IGM opacity to Lyman-� probed by high-redshift quasars. I extend the analytical model of

the galaxy-IGM cross-correlation to derive average escape fractions for faint galaxies in the

reionisation era. Thirdly, I investigate the evolution of quasars with redshift by measuring

the relative o�sets of broad emission lines in four hundred quasars at 1 < z < 7. I discuss

how quasar evolution and selection biases can explain the increased blueshift of the triply-

ionised carbon (C IV) quasar broad emission line in the �rst billion years. I then present

the �rst results of a programme to detect missing lensed z � 6 quasars. Finally, this

Thesis concludes on the combination of the di�erent results into a coherent picture of the

nature of the sources of reionisation and prospects for future instruments and surveys.



Impact statement

Since the dawn of humankind, individuals and societies alike have looked at the sky

in a bid to answer a most profound question: \Where do we come from?". With future

telescopes, we will be able to observe the light from the �rst ever galaxies in which all

elements heavier than helium were produced. Until then, we can study these �rst galaxies

by looking at the impact they had on the intergalactic medium. This Thesis used state-

of-the art deep spectroscopic data from the largest telescopes in the world to understand

the fundamental role of galaxies and quasars in ionising the intergalactic medium in the

�rst billion years of the Universe.

The evolution of quasars has been questioned for a long time due to scarce evidence and

di�ering methods between studies. By studying hundreds of quasar spectra over six billion

years of cosmic history, I demonstrate a signi�cant di�erence between samples of early and

late quasars. The escape fraction of high-redshift galaxies was deemed a fabled goal of

reionisation studies. This Thesis has demonstrated that such escape fractions can be

measured statistically, providing the �rst average measurement of the ionising properties

of faint galaxies in the �rst billion years of the Universe. Meanwhile, the discovery of a

galaxy with 100% escape fraction has con�rmed the longtime unveri�ed hypothesis that

early galaxies could have extreme fractions in contrast to that in the present Universe.

The fascination of the general public for this kind of fundamental research is exempli�ed

by a press release on the work presented in Chapter 2 during the EAS 2020 June meeting

that was reported on in various astronomy websites for the general audience.

This Thesis has achieved measurable academic impact through the publication of three
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papers in the Monthly Notices of the Royal Astronomical Society which have altogether

already been cited more than thirty times. A fourth paper is being peer-reviewed at

the time of writing. The work produced in this Thesis was presented to more than a

dozen scienti�c meetings with audiences ranging from forty to hundreds. Less than two

years after publication, the new cross-correlation method developed in this work has been

integrated as a core goal of large international observing programmes, and has inspired

theorists to improve simulations which did not reproduce the observed signal. The work

presented in Chapter 5 has been instrumental in preparing observations for a high-redshift

quasar survey with ALMA and probably prevented tens of hours being lost on one of the

most expensive ground-based telescope ever built.
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qui soit digne d’elle. Sans doute nous devons d’abord nous e�orcer de soulager les

sou�rances humaines, mais pourquoi ? Ne pas sou�rir, c’est un id�eal n�egatif et qui
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Chapter 1

Introduction

1.1 Prologue

A century ago the \Great Debate" between Shapley and Curtis took place in Wash-

ington, D.C., where both astronomers engaged in a heated exchange over the size

of the Milky Way, and whether spiral \nebulae" were located within or outside the

known \Universe" (Shapley & Curtis 1921). Indeed, the existence of other \island

universes" - galaxies outside our own - would only become an accepted fact a few

years later after the Cepheid distance measurements of Hubble (1926). Associated

velocity measurements (e.g. Slipher 1915, 1917) also revealed that our Universe was

expanding, providing the basis of modern cosmology. Meanwhile, the pioneering

works of Zwicky (1933) and Rubin & Ford (1970) revealed that most of the matter

in the Universe was so-called \Dark Matter" that only interacts gravitationally with

baryonic matter of which the Earth, the Sun and humans are formed. The discovery

of the Cosmic Microwave Background in 1964 consolidated the theory that our Uni-

verse was born in a \Big Bang" and expanding ever since (Penzias & Wilson 1965).

It would take another few decades to discover that the expansion of the Universe

was in fact accelerating (Perlmutter et al. 1998; Schmidt et al. 1998), leading to

renewed research in what might be powering it - the mysterious \Dark Energy".

27
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Extragalactic astronomy also grew exponentially over the past century. The �eld

has moved from speculations about faint and distant \nebulaes" to the general pub-

lic staring in wonder at the latest spectacular images of distant and nearby galaxies

taken with the Hubble Space Telescope. Starting from the 1960s, astronomers have

discovered more and more distant galaxies. Photometric and spectroscopic surveys

have mapped large-scale structure in the Universe, revealing sheets, �laments and

knots known as the Cosmic Web, and the evolution of galaxy properties through

cosmic times. Even as these large datasets give us an ever more detailed under-

standing of the relatively nearby Universe, some astronomers are eagerly looking

ahead and trying to push the high-redshift frontier.

The question of the birth and properties of the �rst galaxies is indeed fundamen-

tal. These very �rst \island universes" are key to understanding how the very �rst

stars and black holes formed, how the circumgalactic medium (CGM) was enriched

with the �rst metals and how the intergalactic medium (IGM) was ionised and re-

heated. These questions form the basis of early galaxy evolution, and, ultimately,

are linked to the origin of the stars, planets and galaxies that surrounds us today,

as well as the elements we are made of. Hence, the quest for the �rst billion years of

the Universe - the so-called \last missing chapter" of cosmic history - is undoubtedly

also the quest for our own origins.

1.2 Cosmic Reionisation: a brief overview

A few minutes after the Big Bang, the Universe had cooled to� 109 K and the high-

energy physics processes responsible for baryonic and non-baryonic matter genesis

had ended. What remained was a hot, primordial plasma of protons, neutrons and

electrons interacting via Coulomb and Compton scattering. The photons remained

tightly coupled to the baryons for much longer, until the temperature of the Universe

dropped to � 104 K and recombination of electrons and protons into hydrogen could

proceed. As the free electron fraction declined precipitously, the Compton scattering

rate became smaller than the expansion rate of the Universe, and photons decoupled
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from the baryons. Although helium recombination slightly lagged hydrogen recom-

bination, all these events took place atz � 1000� 1100 (t � 400 kyr). Immediately

after, baryonic matter only consisted of neutral hydrogen, helium and a trace of

light elements, and was bathed in the light of the decoupled photons - the Cosmic

Microwave Background (CMB).

The growth of early quantum 
uctuations into primordial density perturbations

during the in
ation phase is a standard prediction of in
ation theory, con�rmed by

anisotropies observed in the CMB. As the Universe continued to expand at a slower

rate, the gravitational collapse of these early overdensities led to the birth of the

�rst stars, galaxies and larger structures. For the �rst time in the Universe, stars

shone, ending the so-called Dark Ages atz � 15� 30. The �rst galaxies and clusters

grew on a Cosmic Web backbone of Dark Matter, until, half a billion years after

recombination, the radiation of the �rst stars and quasars would reionise the di�use

intergalactic neutral gas. The bulk of this cosmic hydrogen reionisation occurred

betweenz � 6� 12, as will become clear in the coming sections. Helium reionisation

would have to wait until z � 3 when the density of quasars peaks, and only hydrogen

reionisation will be discussed in this thesis. In the pre-overlap phase, ionised bub-

bles around particularly e�cient ionising sources or large overdensities grew in the

neutral IGM. The reionisation process accelerated when the bubbles touched and

merged, because the longer mean free path of photons means that isolated sources

can contribute to ionising distant patches of neutral gas. We now live in the never-

ending post-overlap phase which started atz � 6 where an overwhelming majority

of the IGM is ionised, except for patches of self-shielded gas, called Lyman-Limit

Systems (LLS).

The scenario presented above is mostly a working hypothesis guided by our cur-

rent knowledge of physics. The main questions in cosmic reionisation are therefore

i) when did reionisation start and end, and at what pace did it proceed? ii) what is

the topology of reionisation (and its evolution)? iii) what are the sources of ionising

photons? These questions are still largely open. In the following Section (1.3), I

discuss the timing of reionisation, where most progress has been made in the past




	Table of Contents
	List of Figures
	List of Tables
	Introduction
	Prologue
	Cosmic Reionisation: a brief overview
	The evolution of the neutral fraction in the first billion years
	The Gunn-Peterson Trough
	The CMB Thomson optical depth
	Additional observational probes of the neutral fraction
	Analytical modelling of the neutral fraction history

	The sources of ionising photons
	The role of quasars in cosmic reionisation
	Pushing the high-redshift frontier
	UV luminosity function and cosmic star formation rate density
	Ionising photon production efficiency of galaxies
	The escape fraction of ionising photons of galaxies

	Linking the sources of ionising photons and the topology of reionisation
	Modelling cosmic reionisation
	The patchy reionisation of hydrogen
	The cross-correlation of high-redshift galaxies with the IGM opacity to Lyman-

	Goals of this thesis

	A reionisation-era galaxy self-ionising its local HII bubble
	Introduction
	Physics of double-peaked Lyman- emission line profiles
	Observations
	Results
	The nature of A370p_z1
	Did A370p_z1 self-ionise its local H II bubble?

	Discussion
	Differences and similarities between NEPLA4, COLA1 and A370p_z1
	Implications for reionisation


	The cross-correlation of metal absorbers with the reionising IGM
	Introduction
	Methods
	Observations
	Quasar Broad Emission Lines and continuum fitting
	C IV identification
	Comparison with previous C IV searches

	Results
	Cosmic mass density of C IV
	The observed 1D correlation of C IV with the IGM transmission

	Modelling the C IV-IGM correlation
	Physical implications
	The properties of C IV hosts, faint galaxies and feedback
	Escape fraction, spectral hardness and UV background 
	Alternative interpretations and caveats

	Conclusion and future work

	The cross-correlation of z6 galaxies with the reionising IGM
	Introduction
	Observations
	Quasar spectroscopic observations
	DEIMOS spectroscopy of LBGs in 3 quasar fields
	Archival MUSE quasar fields  
	Correcting the Lyman–based redshifts

	The apparent clustering of galaxies and Lyman- transmission spikes from 8 quasar fields
	The correlation of galaxies with the surrounding IGM transmission
	The cross-correlation of the IGM transmission with field galaxies
	The 2-point correlation of galaxies with selected transmission spikes

	Modelling the galaxy-Lyman- transmission and 2-point cross-correlations 
	From the cross-correlation of galaxies with the transmitted flux to the 2PCCF
	Extending our UVB model with varying mean free path and gas overdensities
	Peculiar velocities and the observed 2PCCF

	Constraints on the ionising capabilities of z6 contributors clustered around LAEs and LBGs 
	Discussion
	Relative contribution of sub-luminous sources
	Comparison to low-redshift measurements of the escape fraction
	Impact of noise on the detection of transmission spikes and the non-detection of a transmission cross-correlation

	Summary

	Evolving and missing quasars at the end of reionisation
	Introduction
	Methods
	Observational samples
	Continuum fitting and line-derived redshifts
	Instrument and resolution biases
	Comparing QUICFit with PCA and Gaussian template fitting methods

	Relative velocity shifts of broad UV emission lines
	Single species broad lines: O I, C II, C IV and Mg II
	Broad lines complexes: Si IV and C III]
	Comparison to previous works

	Interpreting the high-redshift increased mean C IV blueshift
	Orientation selection bias
	Increased obscuration

	A search for high-redshift lensed quasars
	Selecting lensed quasar candidates
	Two confirmed z>6 quasars selected with machine learning
	DESJ0200-1737: A lensed quasar at z6.09?


	Conclusion and future prospects
	Combining individual and statistical measurements of the escape fraction in reionisation-era galaxies
	Evolution of high-redshift quasars and the neutral fraction history
	Future work
	Looking forward to the James Webb Space Telescope
	Final thoughts

	Appendices to Chapter 3
	Properties of all retrieved C IVsystems
	Velocity plots of C IVabsorbers used in the correlation measurement
	Relaxing the bias parameters of the Lyman- forest

	Appendices to Chapter 4
	Summary of all LBG spectroscopic confirmation with DEIMOS
	Individual LAE detections with MUSE in the Lyman- forest of our quasars
	The mean transmission in the Lyman- forest around LBGs and LAEs
	Impact of the redshift correction on the 2PCCF signal
	IllustrisTNG gas overdensity PDF
	Dependence of the cross-correlation on the escape fraction

	Appendices to Chapter 5
	Line-derived redshifts for all quasars
	Catastrophic redshift errors between our method and DR12Q tabulated values
	Relative velocity shifts including Si IV and C III]
	Selecting lensed quasar candidates with deep neural networks
	Full list of observed candidates in the lensed quasar search observing run

	Bibliography

