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ABSTRACT

The last major phase transition of the Universe occurred during the era of helium reionization,
when hard photons produced by quasars powered by supermassive black holes doubly ionized
the helium in the intergalactic medium. Furthermore, observations of the He II Lyman-� for-
est, a pattern of absorption lines in the spectra of these quasars, can provide insight into the
ionization state of the intergalactic medium at these redshifts. Additionally, the regions closest
to quasars have a higher degree of ionization caused by photons that come directly from them.
These regions are called “proximity zones” and their size is determined by the properties of the
intergalactic medium as well as the properties of the quasar itself. In this project, we aim to
model the proximity zones and analyze their impact on the He II Lyman-� forest. A combina-
tion of cosmological hydrodynamical simulations and 1D radiative transfer algorithm is used to
make mock observations of the He II Lyman-� forest, which is used to measure the sizes of the
quasar proximity zones and compare it with observations. Two different approaches were used
in this project. In the �rst approach, we consider constant sources, also called the “lightbulb
model”, in which the luminosity of the quasar remains constant at all times once the quasar be-
comes active. In the second approach, varying sources are assumed, known as the “�ickering
model”, where the quasar's luminosity varies, as expected from changes in accretion rates. Our
research demonstrates that a �ickering light curve model with a large duty cycle off duty = 0 :5
and an on-time episode of 5 Myrs can explain the larger proximity zone sizes for a long quasar
lifetime of 89 � tQ � 94 Myrs. In contrast, a small duty cycle off duty = 0 :1 and an on-time
episode of 1 Myr can explain the small proximity zones observed during the helium reionization
epoch for long quasar lifetimes of88 � tQ � 91 Myrs. Thus, according to this model, black
holes may grow for longer quasar lifetimes and small proximity zones may still be observed.
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CHAPTER 1

INTRODUCTION

One of the major changes in the ionization state of the Universe occurred in theEpoch of Reion-
ization, going from a neutral to a completely ionized state. The presence of redshifted hydrogen
lines observed in the spectra of quasars, discovered in 1963, shed new light on the understand-
ing of the primitive Universe, as well as on the ionization state of the hydrogen atom, leading
astronomers to conclude that these objects must be located at great cosmological distances. The
Ly� transition is a strong resonant transition, which occurs between the ground and the �rst
excited state of the hydrogen, and therefore when a photon of suitable energy encounters a hy-
drogen atom, it will be absorbed. In fact, quasars show a series of absorption lines at different
wavelengths in their spectra from intervening hydrogen at different distances and, together with
the quasar's continuum radiation form a very particular con�guration calledLyman� forest.
Hence, for a quasar very far away from us, along the line of sight, we would be sampling a sig-
ni�cant fraction of the Universe's history and, by studying the Lyman� forest we are essentially
reconstructing the history of structure formation.

Similar to hydrogen reionization, it is also possible to give some constraints to helium reion-
ization by direct observations of the intergalactic He II Ly� forest, which appears redshifted to
the far-ultraviolet (far UV) in the quasar spectra at z' 2 - 4. The steps in which neutral helium
is thought to be completely ionized have much in common with hydrogen, although there is one
fundamental difference: helium has a single and double ionization state. The change from He
I to He II is very similar to that of hydrogen since it occurs almost at the same redshift and
requires almost the same photon energy coming from the same sources, i.e, galaxies. However,
the transition from He II to He III requires much more energetic photons, and the best source
that can provide these photons are quasars, cosmological objects thought to be powered by su-
permassive black holes (SMBHs). In addition, a higher degree of ionization of hydrogen and
helium is expected to be found around these sources. This region is calledthe proximity zoneand
its size depends not only on the properties of the intergalactic medium but also on the properties
of the quasar itself.
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The early Universe 12

Observations and theoretical studies of proximity zones have been conducted in the last
two decades but because the spectral resolutions are limited, most studies have focused only on
measuring or modeling the `sizes' of the proximity zones. In observational work, the quasar
proximity zone is often de�ned as the distance from the quasar to the �rst point along the line
of sight where the transmitted �ux drops below 10 % in a Gaussian smoothed spectrum, accord-
ing to Fan et al. (2006). The proximity zone is therefore related to the quasar ionization front
(I-front), which is further in�uenced by the quasar age and the neutral fraction of the intergalac-
tic medium (IGM). Hence, these two physical quantities can be constrained by measuring the
proximity zone size distribution and evolution (Chen & Gnedin 2021). In general, the He II
proximity zones depend on the redshift. Some studies (Shull et al. 2010a; Zheng et al. 2015;
Worseck et al. 2021) suggest that some quasars show He II proximity zones spanning a wide
range of sizes from 2 pMpc <Rpz < 15 pMpc (proper Mpc). However, at higher redshifts, about
1 - 2% of old (30 million years) quasars were found to have extremely small H I proximity zone
sizes (< 1 pMpc) (Chen & Gnedin 2021).

The main goal of this thesis is to model the proximity zones around quasars at redshift z =
3 and analyze its impact on the He II Ly� forest by post-processing sightlines extracted from
a cosmological hydrodynamic simulation with a 1D radiative transfer code. The results are
expected to provide a better understanding of the physical processes governing the growth of
supermassive black holes through the study of the lifetime of quasars. This thesis is divided
as follows: section 1 provides a brief theoretical introduction to the history and evolution of
the early Universe, as well as the thermal history of the intergalactic medium (IGM) and the
properties of quasar spectra. The cosmological hydrodynamic simulation as well as the radiative
transfer used in this project are discussed in the section 2. We present the results of our �rst
attempt to model proximity zones using the lightbulb model in section 3. Additionally, the
analysis of proximity zones under variability can be found in section 4. In the �nal section 5, the
conclusions are presented along with future prospects. Throughout this work, we assume a �at
� CDM cosmology with the following set of cosmological parameters (
 m , 
 bh2, 
 � , h, � 8, n)
= (0.26, 0.024, 0.74, 0.72, 0.85, 0.95) respectively.

1.1 The early Universe

Cosmology has always pursued a deep understanding of the physical laws that govern the Uni-
verse. Explaining its origin, tracing the most important events that have occurred during its evo-
lution, and determining its content are the most fundamental and ambitious goals of this �eld.
Today, the standard cosmological theory that has managed to accurately describe the Big Bang
and the abundance of primordial elements, the large-scale structure in the distribution of galax-
ies, and the accelerated expansion of the Universe, is theLambda Cold Dark Matter(� CDM)
model. In the� CDM model, the Universe consists ofdark energy, which is described with the
cosmological constant� . This constant is responsible for inducing what is commonly called
“gravitational repulsion”, a negative pressure that causes accelerated expansion and contributes
about� 68.3% (Ade et al. 2016) of the total mass-energy composition of the Universe at redshift
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0. Subsequently, thecold dark matteris known for being non-baryonic, cold, collisionless, and
dissipationless and its only way of interaction is via gravity, providing the 26.8% (Ade et al.
2016) of the total energy density. This form of matter has been supported by observations be-
cause it might explain some features found primarily in clusters and galaxies, e.g. �at rotation
curves. Lastly, the visible baryonic matter accounts for the remaining 4.9% (Ade et al. 2016) and
is made of leptons and hadrons. To explain the physical properties of the Universe, cosmology
also relies on thecosmological principle, which states that the Universe is homogeneous, i.e. the
same at every point, and isotropic, i.e., the same in all directions at suf�ciently large scales.

According to the� CDM model, the history of the Universe began� 13.8 Gyr ago, when
space-time itself emerged from an initial phase of singularity, this event is known as theBig
Bang. In � 10� 35 seconds after the Big Bang,cosmic in�ation, driven by the cosmological con-
stant� , caused a very hot, dense Universe to grow exponentially and cool down adiabatically
(Tsujikawa 2003). During the in�ation phase, the change of state of thein�ation �eld generated
a strongly accelerated expansion that led the Universe to become homogeneous, isotropic, and
�at. Each point in space experiencesquantum �uctuationsin the amount of energy, caused by
the constant creation and destruction of virtual particles as explained by Werner Heisenberg's
Uncertainty Principle (Heisenberg 1927). During in�ation, the exponential growth of the scale
factor caused these quantum �uctuations to expand on macroscopic scales, producing near-scale
invariant, Gaussian perturbations in the cosmic energy density. At later epochs, under the gravi-
tational force, these �uctuations would become sites of structure formation.

Immediately after the cosmic in�ation, the Universe consisted of a uniform bath of fun-
damental particles, such as quarks, electrons, their anti-particles, neutrinos, photons, and dark
matter particles. Quarks tied each other together in trios, forming protons and neutrons, which
are the basic constituents of atomic nuclei. About three minutes after the Big Bang, those pro-
tons and neutrons combined to form mainly hydrogen and helium. Up to this point, the density
and the temperature of the Universe were extremely high, and these particles were tightly cou-
pled to photons in a very hot photon-baryonic plasma. The interaction between particles was so
frequent that photons could not travel freely, driving the Universe to be opaque. The decoupling
between baryonic matter and photons could not occur until the Universe had expanded further
and cooled down to a temperature of� 3000 K, at approximatelyz � 1100 (Ryden 2003), a
phase known as theRecombination epoch. At that point, protons and electrons could �nally
combine to form atoms of neutral hydrogen marking the beginning of a new period known as
theDark ages, where the vast Universe was cold and neutral.

The decoupling had two important effects: the �rst one is that photons experienced the last
scattering and were able to propagate freely in the cosmos, imprinted in the Cosmic Microwave
Background (CMB) which can be seen today (Ade et al. 2016). This radiation isthe �rst light
of the Universeand has been studied in depth using space-based experiments such as COBE,
WMAP, or Planck. At scales smaller than about one degree, the CMB shows an oscillation
pattern of sound waves due to the interplay between gravity, which pulled together the photon
baryonic plasma, and radiation pressure, which pushed it away, causing a series of compressions
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Figure 1.1: This diagram represents the main stages in the evolution of the Universe since the Big Bang,
about 13.8 Gyrs ago. Credit: National Astronomical Observatory of Japan (NAOJ)https://www.
nao.ac.jp/en/

everywhere in the �uid. This results in the pattern of sound waves that is visible in the central part
of the power spectrum. From the shape of the oscillations, we can obtain information about the
amount of baryonic matter relative to the amount of dark matter. Another effect is that baryons
and dark matter began to undergo gravitational collapse. Denser concentrations of both types of
matter grew denser and more massive, and since the dark matter had already created a network
of dense and empty structures, the ordinary matter could fall into those denser concentrations of
dark matter. Besides, baryonic matter heated up and emitted radiation, causing an even further
sink into that highly dense regions. These gave rise to a substructure network of sheets (along
one axis), �laments (along two axes), and subsequently halos (along three axes) of dark matter
known as thecosmic web. This constitutes the skeleton for the later birth of stars, and galaxies,
leading to the end of the Dark Ages and the beginning of theEpoch of Reionization(EoR). The
process of ionization plays a fundamental role in the physical processes that shaped the galaxies
of different luminosities and masses today, as the �rst sources provide seeds for the subsequent
formation of larger galaxies due to the hierarchical structure formation of the Universe.1

1.2 Formation of the large-scale structures in the Universe

The CDM theory and, subsequently, the observations of the CMB led to the creation of the theory
of the Hierarchical structure Formation (Press & Schechter 1974). The growth of perturbations
can be divided into linear and non-linear regimes. In the linear regime, we can describe the
Universe as an ideal pressureless �uid of particles, since in this regime there are no dark matter
particle stream crossings or baryonic shocks. Solving the continuity and the Euler equations for
a �uid, two solutions for the evolution of the perturbations are obtained, of which the growing
one dominates. Over time, these small density perturbations grew becoming signi�cantly denser

1https://pages.aip.de/pfrommer/Lectures/cosmology.pdf



Intergalactic medium 15

than the mean density of the Universe, and the structure formation entered the nonlinear regime.
In this regime, the clumps of dark matter experienced a gravitational collapse, giving rise to
halos and voids. Up to this point, the baryonic matter, decoupled from radiation, started to
feel the gravitational attraction from the dark matter haloes and sank into these potential wells
until their density was suf�cient that collapse under gravitational force. In this scenario, dark
matter continued orbiting the halo meanwhile the baryonic matter was collapsing to the center
of the systems, losing energy in the collision processes. Since the angular momentum must be
conserved, the baryons evolved to a rotational con�guration leading the gas to be distributed in
a rotation disk system, commonly calledprotogalaxies. The gas in these con�gurations cool
down and became denser, giving rise to the birth of the �rst stars. At later times, these structures
would evolve due to internal and external processes such as gas accretion or different types
of merging, and eventually, the gravitational force would put galaxies together in groups and
clusters, forming a hierarchical structure (White & Rees 1978; Press & Schechter 1974).

1.3 Intergalactic medium

The Universe has evolved from smooth conditions at z=1100 when the CMB was emitted, to the
complex structures we see today. The baryonic matter that has not collapsed into objects such
as stars, black holes, or galaxies is called the Intergalactic Medium (IGM) and its understanding
is fundamental for many �elds of astrophysics. For example, the IGM is used to measure the
total ionizing photon production of galaxies (Nanayakkara et al. 2020) or to study the galaxies'
stellar nucleosynthesis (Ferrara et al. 2000). Furthermore, it is thought that the IGM is the source
of building blocks for galaxy formation and a gas reservoir from which galaxies can obtain gas
for star formation. Galaxies and quasars, on the other hand, emit a huge number of ionizing
photons that, if they escape into the intergalactic medium, can alter the state of the gas and,
as a result, impact their own evolution. We can easily conclude that almost all the baryons
in the IGM are placed in between galaxies, but this idea is observationally supported. From
CMB �uctuations and the primordial abundance of deuterium, the cosmic density of baryons
was calculated with a value of
 b;0h2 = 0 :0224� 0:0002(Inomata et al. 2018). On the other
hand, large-scale studies of galaxies in the nearby Universe have allowed us to create the galaxy
luminosityfunction in different wavelength bands. The latter may be converted into a galaxy
massfunction using the mass-to-light ratio. The further integration of the mass function yields
a result of
 stars; 0h2 = 0 :0027� 0:0005(Fukugita & Peebles 2004). When both results are
compared, it is clear that stars account for only 6% of the total baryon density today. Because
planets are meaningless in this context and interstellar gas boosts the proportion of baryons
within the galaxy by less than a factor of 1.3, we may deduce that the vast majority of baryons
must live in the space between galaxies.

In general, knowing the temperature of IGM has become quite an interesting task, as it may
restrict the processes that occur in IGM, speci�cally the reionization history. When an ioniza-
tion front swept and reionized intergalactic hydrogen, this ionization photo-heated the cold IGM.
This heat injection was around 17 - 25� 103 K but may vary depending on the hardness of the
incident spectrum and the speed of the ionization front (McQuinn 2016). The helium reion-
ization epoch marks another important heating event, driven by the harder emission of quasars.
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Figure 1.2: An illustration of the cosmic web obtained from dark matter-only simulations. The inter-
galactic gas follows the same pattern. It consists of �laments of galaxies and empty desolate voids, which
occupy the vast majority of the volume of the Universe (Springel et al. 2005).

During this era, He III bubbles are blown around quasars and the IGM is additionally heated by
5-10 � 103 K (McQuinn et al. 2009). After these events, the IGM cooled, mainly through the
adiabatic cosmic expansion and through Compton cooling off of the CMB. In general, the tem-
perature measurements rely on the width of Ly� absorption features from the low-density IGM
being broader with higher temperatures, because of both thermal broadening and the broaden-
ing owing to pressure effects. This is one of the reasons why studying the Ly� forest is very
important to constrain the properties of the IGM.

Figure 1.3: This �gure shows the temperature variation with redshift as the duration of He II reionization
varies. The peak temperature in the models (and probably also in the data) is related to the reionization
of He II (Sanderbeck et al. 2016).

1.3.1 The reionization epoch

As seen in the section 1.1, the epoch of reionization corresponds to a phase transition that hap-
pened in the Universe when the ionization state of the intergalactic gas changed from neutral to
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highly ionized plasma. During this epoch, ionized regions spread around the sources, combine,
and expand until the IGM is completely ionized. The velocity of the ionization fronts depends
on the optical depth: ionization fronts expand slowly in dense regions and they spread more
quickly in less dense regions. In order to describe speci�cally how the ionization takes place
in the IGM, many numerical simulations have been carried out and one of the most interesting
scenarios is described in Gnedin (2000). According to the latter, the ionization process may have
happened in three different stages:

• Pre-overlap phase: where the individual ionizing sources turn on and start to ionize their
surrounding. Because of the hierarchical structure formation, the high-density regions
host star-forming galaxies, where very high recombination rates mediate the propagation
of the ionization fronts. After emerging from these high-density regions, photons start to
ionize the low-density voids meanwhile those underdense areas which do not have sources
remain neutral and unchanged. This leads to a two-phase medium made up of highly ion-
ized and neutral regions. In this stage, the photon density in the ionized regions presents
a high level of inhomogeneity and depends on the distance to neighboring sources. When
these neighboring ionized regions start to merge, the reionization process moves to the
next phase.

• Overlap phase: since each point in the ionized region is exposed to all ionizing sources,
the ionizing intensity increases rapidly, resulting in the expansion of the ionized region
into a previously neutral, low-density gas. As the ionized regions merge, the intensity
of the ionizing radiation increases, and the ionization gradually becomes more homoge-
neous. The hierarchical structure formation accelerates this phase transition because, at
the respective redshift range, the rate of galaxy formation increases rapidly with time, in-
creasing the ionizing intensity. Due to this process, the low-density regions of the IGM
become highly ionized, while the ionizing radiation spreads to all regions except the self-
shielded high-density areas. At this point, the reionization has taken place.

• Post-overlap phase: neutral, self-shielded high-density regions are associated with Ly-
man Limit systems, also called damped Lyman� systems. The mean ionizing inten-
sity increases as galaxy formation proceeds, gradually ionizing these previously shielded
high-density regions, and becoming more uniform. The process of reionization can be
visualized in �gure 1.4 below.

Furthermore, since hydrogen and helium atoms in the IGM have different ionization po-
tentials, the reionization process can also be divided into two steps: hydrogen reionization and
helium reionization.

1.3.2 Hydrogen reionization epoch

As described above, at the end of the Age of Recombination the Universe moved into the Dark
Age epoch. It is estimated that this period lasted about 400 million years, followed by the cre-
ation of the �rst stars and galaxies. The hydrogen and singly helium reionization began (H I!
H II; He I ! He II) when these stellar populations of newborn galaxies started emitting ionizing
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