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Abstract

Reionization is the process in which the universe’s intergalactic medium (IGM) went
from nearly completely neutral to nearly completely ionized, as it remains today. This
is the last major phase change of the universe and it is driven by, and in uences, the

rst galaxies’ formation, making it a focus of modern astrophysics. Recent years of e ort
have developed observational methods to constrain the timeline of reionization. Large
reionization simulations have also been developed to aid with interpreting the observations.

Lyman- (Ly ) is extremely sensitive to neutral hydrogen, even in trace amounts,
making it an ideal probe to determine the ionization state of the IGM. High-z (z & 7)
galaxies which emit Ly may have this emission completely scattered out of our line-of-
sight if there is residual neutral gas in their local intergalactic medium. Thus, if we observe
evolution in the number of Ly emitters (LAES) or the strength of their emission, it is likely
that we are beginning to see reionization occur.

However, these observations are complicated by the fact that bright LAEs are intrinsi-
cally rare objects and that reionization is expected to be a patchy process, both of which
make them prone to signi cant cosmic variance{that is, you may see drastically di erent
number counts or strength of emission owing to random chance, rather than as a signature
of reionization. We develop a LAE simulation built on a realistic reionization simulation to
determine the best survey strategies to mitigate the e ects of this stochasticity and obtain
the best constraints on the timeline of reionization with the observation of LAEs.

We also use our LAE simulation in tandem with recent James Webb Space Telescope
(JWST) observations to place one of the highest redshift constraints on the timeline of
reionization to date. JWST observed Ly emission from GN-z11 at z = 10:6 and we
use the simulation to determine the probability of observing such strong Ly emission at
such high redshift, accounting for stochasticity. Taking into account the newest JWST
observations of more-than-expected high-z UV bright galaxies, we nd that our inferred
upper limit on the global neutral fraction at z = 10:6 favors scenarios where many faint
galaxies drive reionization, rather than bright galaxies.

Recently launched space telescopes, like Euclid and JWST, o er the ability to directly



observe LAEs well into the epoch of reionization. As part of its survey, Euclid will observe
a total of 50 square degrees of deep elds split across three distinct areas. This deep area
will have 40x the exposure time of the wide 15,000 square degree survey, su cient depth
to detect the brightest high-z LAEs. We explore Euclid’s ability to study reionization by
detecting LAEs in its deep elds, but that rst requires de ning the deep elds. The exact
observational parameters for the deep elds were not set until recently, guided by work at
the end of this dissertation.

Designing a mission such as Euclid is a large collaborative e ort that requires a careful
orchestration of e orts. Often, it is useful to have methods to approximate the full analysis
to ensure that a given project is not ground to a halt by a problem upstream in the
analysis. These approximation methods are also signi cantly faster than the full analysis
code; they are known as bypasses. Pypelid and FastSpec are two bypass codes designed to
help predict the impact of systematic e ects on the dark energy constraints and produce
Euclid-like simulated spectra, respectively. As part of our work, both of these programs
have been extended to simulate the deep eld observations as well; this work is described
in the appendix.

With the extension to the deep observations, we use Pypelid and FastSpec to nd ob-
servation strategies that allow Euclid to meet its strict requirements for the deep elds.
Further, we use the programs to determine the optimal ratio of blue-to-red grism observa-
tions in the deep elds with respect to the mission requirements and legacy science, such
as studying reionization.
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Chapter 1

Introduction

Reionization is the last major phase change of the universe, when the intergalactic medium
(IGM) transitioned from being nearly fully neutral to nearly fully ionized. It is intimately
tied to the rst sources of light in the universe in that it is driven by the rst objects which
produce ionizing radiation, be that stars and/or quasars. Further, when it is complete,
ionizing radiation may propagate through the universe, heating gas in forming galaxies and
impeding galaxy formation in small dark matter halos. In the last two decades, we have
built telescopes with the ability to observe directly into the expected epoch of reionization.
This has driven an intense e ort to study reionization directly, particularly with the hopes
of understanding the formation of the rst galaxies, a fundamental question in astrophysics.

Lyman- (Ly ) is an excellent probe into the epoch of reionization{it is resonantly
scattered by neutral gas, making it sensitive to the ionization state of the IGM during
reionization. Galaxies with prominent Ly emission, known as Lyman- Emitters (LAES)
have been used to study reionization for this reason. However, the same resonant scattering
that makes LAEs useful for studying reionization makes it di cult to interpret{a neutral
interstellar medium (ISM) also scatters Ly , structures of hydrogen outside the galaxy
can impact its propagation, and so on. The end result is that not all galaxies show Ly
emission, and this lack of emission can be confused with an increasingly neutral IGM.
Using LAEs to study reionization therefore requires careful modeling and survey planning,
which this dissertation will explore.

It is a particularly exciting time to study reionization with the onset of the era of the
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James Webb Space Telescope (JWST) and Euclid. These space telescopes, while designed
to do very dierent jobs, both o er a view into the epoch of reionization. JWST, with
its extreme sensitivity, is capable of studying individual LAEs in the epoch of reionization
in great detail. Euclid, a cosmological survey mission, will have, as part of its primary
mission, 50 square degrees of deep eld observations that will be capable of discovering
the rarest and brightest high-z LAEs. These telescopes naturally complement each other,
and the dissertation will explore JWST's observations of a very high-z LAE and projects
to de ne and optimize Euclid's deep elds.

This dissertation comes to fruition nearly coincidentally with the onset of Euclid ob-
servations}! and much of our work has been on de ning how the deep eld observations
should be carried out. As such, our work does not only forecast with a set survey de nition,
but helps de ne the survey itself.

To begin, we must set the stage by introducing the current understanding of the evo-
lution of the universe, the process of reionization, and probes of reionization. We will then
introduce Euclid to contextualize our forecasts and set the stage for the work on the deep
elds.

1.1 A Primer on Cosmology

1.1.1 The Evolution of the Universe

The universe is not static, as was once believed. It is expanding, and its expansion can be
described by the Hubble parameter:

(= XY (1.1)

a(t)
wherea(t) is the scale factor, a function of time that relates the the size of the universe in the
past to the size of the universe now, and the dot denotes a time derivative. By de nition,
a(tp) = 1, where the O subscript indicates the present time. The Hubble parameter is
generally a function of time, but the present day Hubble parameter is de ned asHq and
has a value of approximately 70 knes=Mpc Riess et al. (1998); Planck Collaboration et al.
(2020); Abbott et al. (2017); Khetan et al. (2021).

1 At the time of writing this sentence, Euclid is scheduled to begin its wide survey in exactly one month!
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The recession of distant galaxies from an observer's point-of-view, caused by the expan-
sion of the universe, results in a Doppler shift of the observed wavelength of light received
from those galaxies. This allows us to de ne redshift,z, as

_ a(to)
z 7e 1= a(te)

where , is the observed wavelength of light, ¢ is the emitted wavelength of light, v is the

(1.2)

recessional velocity, andc is the speed of light.

The constituent components of the universe and their respective ratios determine the
rate of expansion. The components we will consider are matter, radiation, and dark energy,
the last of which is introduced to explain the observed expansion of the universe (Riess
et al., 1998; Perlmutter et al., 1999). Matter and radiation act to slow the expansion of
the universe, whereas dark energy increases the expansion. The relative densities of these
components will then determine the evolution and ultimate fate of the universe.

Let us put some guantitative analysis on these ideas. The expansion the universe is
described by the Friedmann equation:

H2
H(22)= m(l+2)°%+ (1+2)*+ ((1+2)°+
0

u (2)
u(z=0)

(1.3)

where 4 denotes the density parameters of various components of the universe and
denotes the energy density of a generic dark energy, (Weinberg et al., 2013). This equation
holds so long as the components of the universe can be approximated as a pressureless
matter component and a sea of relativistic particles, which is the case in all but the earliest

of times (Peebles, 2020). The components are matter (), radiation (r), curvature (k),

and dark energy ( ); they are de ned with respect to a critical energy density that results

in at curvature:
« (1) _ 3§

X = ) crit — g~
crit 8G

where G is the gravitational constant. The curvature component, , is de ned with

(1.4)

respect to the others
k 1 m r (1.5)

and if ¢ =0, the universe is at.



1.1.2 The Standard Cosmological Model

Two pertinent observational facts are necessary to appreciate the motivation for the current
cosmological model:

1. The universe's expansion is accelerating (Riess et al., 1998; Perlmutter et al., 1999;
Eisenstein et al., 2005).

2. The universe seems to be, on the largest scales, at (Hanany et al., 2000; Pryke et al.,
2002; Planck Collaboration et al., 2020).

The rst of these, that the universe's expansion is accelerating, implies that there is
some unknown force which is driving the acceleration. The second, that the universe is
at, in tandem with equation 1.5, tells us how much of the universe's energy budget is in
this unknown force, provided we can measure the energy density of radiation, matter, and
dark matter. The \standard model" of cosmology, the cold dark matter cosmological
model ( CDM), introduces a cosmological constant, , which explains these two facts.
drives the acceleration of the universe and its energy density, which can be measured in
the observed acceleration of the universe, is consistent with ,, + | + = 1 Planck
Collaboration et al. (2020).

Assuming a cosmological constant, equation 1.3 becomes

H%(2) _
g

m(l+2)°%+ (1+2)*+ «@1+2?%+ (1.6)

Using measurements of the cosmic microwave background and incorporating the at CDM
model, the components of the universe, at present time, have energy densities of approxi-
mately , 03, , 0, and 0:7 andHg 70 km/s/Mpc, and these are the values
we will adopt throughout this dissertation, unless otherwise noted (Planck Collaboration
et al., 2020).

1.2 Recombination

The early universe, up until about 300,000 years after the Big Bang, was a dense, hot
plasma. During this time, the universe was too hot for the existing protons and electrons
to bind to form hydrogen{it was not untii z 1100, about 300,000 years after the Big
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Bang, that the universe had cooled enough to permit what is called \recombination” (so
named despite the fact that it was the rst combination).

The process of recombination can proceed via two channels. In the rst, electrons
can be captured directly to the ground state of a proton, forming hydrogen and releasing a
photon with energy greater than the binding energy of the electron and proton in hydrogen,
13.6eV. In this case, this photon may photoionize another hydrogen atom{this leads to a net
zero formation of hydrogen. Therefore, this channel cannot contribute to recombination.

The second channel involves an electron being captured into an excited energy state,
which releases a photon with energy higher than that of then =2 to n = 1 energy level of
hydrogen, 10.2eV (Mo et al., 2010). The photon associated with the transition fromn = 2
to n = 1 is called Lyman- , and we will discuss it extensively in this dissertation. The
captured electron will then cascade downward, eventually making a transition fromn = x
to n = 1, producing what is called a Lyman series photon. For reasons we will explore
in more detail later, these Lyman series photons are easily absorbed by neutral hydrogen
in the ground state, exciting their electrons. Since these Lyman series photons will boost
the electrons in the newly formed neutral hydrogen back to an excited state, the photons
which were emitted in the original capture are capable of photoionizing the hydrogen once
again.

This presents a puzzle: how can recombination proceed if resonant emission lines are
constantly reionizing the hydrogen? One potential solution lies in the fact that the universe
is growing. The growth of space will redshift Ly line to lower longer wavelengths and
stop it interacting with hydrogen ions. However, this process is slow compared to another
solution.

Recombination is able to proceed because of the two-photon continuum emission, which
we will discuss more in Section 1.3.2. To put it brie y{some of the electron cascades lead
to a quantum state in the n = 2 energy level where the direct decay into then = 1 level
is forbidden to rst order (i.e. by emitting one photon). However, the decay may occur
if two photons are emitted simultaneously whose energy sums to 10.2eV. As it turns out,
this is the dominant mechanism that allows recombination to proceed, as it is faster than
waiting for the universe to expand enough to redshift Ly out of resonance (Peebles, 1968;
Mo et al., 2010).
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In the time before recombination, the free electrons interacted with photons in what is
called Thomson scattering. The Thomson scattering cross-section is not dependent on the
frequency of the photons, so the mean free path for all photons was small. This resulted
in a coupling between the matter and radiation. However, after recombination, with the
creation of hydrogen and helium atoms, the previously free electrons were suddenly bound
by quantum mechanics to interact with only speci ¢ wavelengths of light corresponding to
the energy levels in their host atoms. This resulted in the universe becoming transparent
to light for the rst time, which is to say that the mean free path for most photons became
very long.

With this, Thomson scattering decreased su ciently for matter and radiation to decou-
ple, and radiation began to free-stream through the universe{these are the photons that
we observe as the cosmic microwave background (CMB) today. After this, there were no
new sources of light for tens to hundreds of millions of years (untilz ' 20{30) when the
rst stars formed and began to drive reionization (Bromm & Larson, 2004).

1.3 Reionization

The epoch of reionization is kicked o by the rst sources of light in the universe forming
via gravitational collapse.

Historically, both stars and quasars were considered as sources of reionization, but the
spatial density of bright quasars Myy < 22) drops rapidly at high-z, which has allowed
them to be ruled out as a signi cant contributor of ionizing photons (Willott et al., 2010;
Banados et al., 2016; Jiang et al., 2016; Matsuoka et al., 2018). The discovery of a high
space density of faint active galactic nuclei (AGN) atz 4 led to renewed interest (e.g.
Boutsia et al. (2018); Giallongo et al. (2019)), but recent studies still nd that these faint
AGN are not su cient to drive reionization (Jiang et al., 2022). As such, we will focus on
stars and star forming galaxies as the drivers or reionization.

The rst generation of stars, known as Population Il stars, were nearly metal free,
since metals had not been formed in nuclear fusion within stellar interiors or through
supernovae. Without metals to seed gas fragmentation, these stars were more massive and
therefore hotter (Abel et al., 1998; Bromm & Larson, 2004). Population Il stars may
have been as hot as 100,000K (Bromm et al., 2001), which, according to Wien's law, would
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have their spectrum peak at 290A, corresponding to an energyh = 42.7eV. Thus, they
produce plenty of ionizing radiation, photons with energy h > 13:6 eV, which could go
into reionizing the surrounding gas and, eventually, the intergalactic medium (IGM).

The rst stars were not evenly distributed throughout the universe, but hosted in proto-
galaxies in dark matter halos, which are biased towards dense regions of the universe. This
leads to a clustering of sources producing ionizing radiation, making it an inhomogeneous
process. lonized regions of the universe, centered about the hosts of these rst stars, grow
and begin to overlap until, eventually, all of the universe is ionized. To give a sense of
scale, the clustering of the galaxies that hosted the ionizing stars is likely on order of tens
of comoving Mpc (cMpc) (Barkana & Loeb, 2004).

Of further interest to the topology of reionization is the question of whether the ionized
regions grew solely centered about the galaxies hosting ionizing stars, or whether these
photons could propagate some distance into the IGM and reionize patches of the universe
separated from the galaxies. A quick calculation of the mean free path for ionizing photons
in a neutral hydrogen medium of comoving number densityny is enlightening. Calculating
the mean free path, given by = 1= jonizing ( )NH a(t)®) at z  5{20 with the cross section
for ionizing radiation interacting with hydrogen (Mo et al., 2010)

3
ionizing = 63 10 18 70 sz (17)

for photons in the energy range 13%{100eV yields a mean free path of order a few kpc,
much smaller than distances relevant for a cosmological process (Choudhury, 2022). As
such, the approximation of reionization as a two-phase process is justi ed, so long as hot
stars drive reionization. The picture for reionization, then, is of ionization fronts expanding
outward from galaxies, growing to sizes of tens of cMpc before overlapping, marking the
end of reionization (Zahn et al., 2011).

As we have laid out, reionization is tied to the formation of the rst structures, and so
by learning about reionization we can learn about the rst stars and galaxies. But, there is
another complementary reason that studying reionization is prudent. Before reionization,
ionizing photons could not propagate through the universe. After, however, there was a
UV photon background, which could ionize neutral hydrogen in developing dwarf galaxies,
suppressing their formation (Dijkstra et al., 2004; Efstathiou, 1992; Quinn et al., 1996).
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Reionization is not just driven by the rst galaxies, but also impacts the formation of the
rst galaxies.
Let us now explore the framework for modeling reionization in depth.

Modeling Reionization

The process of reionization can be modeled by recognizing it as a process of photoionizations
and recombinations. The change in the neutral fraction over time can be written as

d(l  xpi) _ Nion (1 Xui),
dt - ny trec 9

(Madau et al., 1999; Robertson et al., 2013; Ishigaki et al., 2018) wherlo, is the ionizing
photon production rate, ny is the comoving gas number density, andec is the recombina-
tion time scale, which quanti es how quickly free electrons and protons recombine to make
hydrogen. ny and t,ec are de ned as

_ Xp be.
ny = -~ , (19)
trec = [Chii B(T)1+ Yp=#Xp)nu(1+ 2)3] 1 (1.10)

where X, Y, are the primordial mass fraction of hydrogen and helium, respectively, p is
the baryon energy density fraction, . is the critical density, Cyj h nHiizi/mHni2 is the

clumping factor, and g(T)=2:6 10 13 ﬁ %" cm3s 1is the case-B recombination
coe cient. The clumping factor is de ned as
C hnZi=myi? (1.11)

where the angle brackets denote volume averages. It accounts for the fact that the IGM
is not completely uniform, which, in addition to clustering of sources of ionizing radiation,
contributes to the inhomogeneity of reionization Miralda-Escucde (1998).

Looking back at equation 1.8, the last term we need is,Njon, the production rate
number of ionizing photons. It can be parameterized as

N= fesc ion uv; (1.12)

wheref ¢5c is the fraction of ionizing photons that escape into the IGM, ion is the ionizing
photon production e ciency, and v is the UV luminosity density, usually measured at
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1500A. For some intuition, jon IS how many ionizing photons are produced for every photon
at 1500A multiplied by the number of 1500A photons and f g5 dictates how many of the
resulting ionizing photons escape the galaxy and can contribute to reionization.

fesco ion, @and yy are not all equally simple to constrain observationally. v is
relatively simple, in that the UV LF can be measured directly via imaging at all redshifts
with a combination of ground and space telescopes (Bouwens et al., 2015b; Finkelstein
et al., 2015; Livermore et al., 2017; Bouwens et al., 2021; Atek et al., 2018; Finkelstein
et al., 2022; Donnan et al., 2023; Harikane et al., 2023). It is then simply a matter of
integrating the UV LF.

ion IS trickier because it depends on a wealth of galaxy physics{the UV hardness of
the galaxy's spectrum, the initial mass function (IMF) for star formation, which describes
how many stars of a given mass are formed from a unit mass, and metallicity, to name a
few (Lin et al., 2024). Looking back to earlier times, jon is generally expected to increase
as metallicity decreases and IMFs get more top-heavy, a term which means that more
massive stars form in greater abundance for a given unit mass Matthee et al. (2017); Atek
et al. (2022). Typically, reionization models assume a value between 25 < log( jon) <
25:3erg s 1, referred to as the \canonical" range for on at high-z (Robertson et al., 2013;
Shivaei et al., 2018). This value is derived from indirect measurements, where the UV slope
of the spectrum, , is measured and a relation between , and o is derived from models of
stellar populations with a variety metallicities, ages, and dust content Shivaei et al. (2018).
However, this canonical value may be too low for the galaxies that drive reionization: Tang
et al. (2023) and Atek et al. (2023) nd log( ion) = 25:7; 258, respectively atz & 7.

To see a quick example of how logfon) is measured, let us follow the methods of
Atek et al. (2023). They make use of the formalism of Schaerer (2003), which relates the
measured H Balmer line luminosity to the ionizing photon ux, Qj,

L(H ) ergs?! =1:36 (1 fesc)10 2Q; s ! (1.13)

where the prefactor 136 10 !? is the H line emission coe cient assuming Case-B re-
combination and typical H ii region gas properties (i.e. the number density of free electrons
is 100 cn? and T = 10* K). Atek et al. (2023) assume fesc = 0, which e ectively makes
the inferred ion a lower limit, solve for Q;, and, nally, the ionizing photon production
eciency is given by ion = Qi= yv = 10%®8 Hzerg 1. Clearly, the measurements on
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log( ion) are evolving in the era of JWST, but log( ion) can be measured.

This is in contrast to f ggc, Which can never be measured at & 4. Sincef o5 is measuring
the escape fraction of ionizing radiation, photons which can be lost when they interact
with and photoionize hydrogen, they cannot be directly observed over large cosmological
distances. This is because of the high optical depth of the residual Hgas in the IGM after
reionization, which removes all of the LyC from our line of sight atz & 4 (Worseck et al.,
2014). As such, there have been considerable e orts to nd low-z ionizing radiation leakers
(e.g. Henry et al. (2015); Malkan et al. (2021); Flury et al. (2022), which can have their
f esc measured directly and correlated with other observables that are directly measurable
at high-z. For example, the UV continuum slope, , has recently been found to correlate
with fesc (Chisholm et al., 2022), which may o er a promising path forward since the
rest-frame UV continuum is readily observable with JWST, even for faint galaxies (e.g.
(Morales et al., 2023)).

Using Equations 1.8 and 1.12 and the constraints otiese, ion, and yv, itis possible to
construct reionization timeline models. Further, building a UV luminosity dependence into
f esc allows one to model scenarios which favor abundant but faint galaxies driving reioniza-
tion instead of rare and bright galaxies, or vice versa. There is ongoing debate about what
sources drove reionization, which JWST observations may nally be able to settle (see e.g.
Atek et al. (2023). There are arguments for faint galaxies driving reionization (Finkel-
stein et al., 2019), bright galaxies driving reionization (Naidu et al., 2020), quasars driving
reionization (Madau & Haardt, 2015), and quasars not driving reionization (Jiang et al.,
2022). Clearly, more robust constraints on the drivers of reionization are needed. Luckily,
the reionization equations laid out above result in very di erent timelines of reionization
depending on which sources drove reionization. This means that constraining the timeline
of reionization with the methods laid out in Sections 1.3.1 and 1.3.2 allows us to infer
information about the objects that drove reionization. Generally, faint galaxies produce a
long, drawn out reionization timeline because they form early and bright galaxies, taking
longer to build up but then producing lots of photons, lead to a late and short reionization
history (Lin et al., 2024).
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1.3.1 Constraining the Timeline of Reionization

There has been much work towards constraining the timeline of reionization in the past
two decades. To understand how these measurements are carried out, we must start by
covering a few fundamental concepts in the physics involved: optical depth and the Ly
line.

Optical Depth

Optical depth describes the absorption of light as it propagates through a medium. It is
expressed as 7
= ndl (1.14)

where n is the number density of particles, is the cross-section of interaction, and the
integration is over a path length, dl. The intensity of light is reduced by | = e
increases linearly with cross-section, and the intensity of light decreases exponentially with

, SO increasing the cross-section of interaction drastically decreases the amount of light
that propagates. As we will see, the Ly line center has a very large cross-section relative
to the wings, which will lead to interesting (and useful') observational phenomena when
the line is emitted from a galaxy embedded in a neutral IGM.

The Ly Line

The Ly emission line at vacuum wavelength 12154 (hereafter 1216A for simplicity) is
emitted when an electron transitions from the n=2 to n=1 energy level in hydrogen. It is
a resonant line, meaning that it is very easily absorbed and re-emitted by any neutral hy-
drogen it encounters (Dijkstra, 2014, 2017). This absorption/remission process is fast: the
electron stays in the excited state for only 10 ° seconds, and so the absorption/emission
process is often simply referred to as a \scattering”. To get a sense of just how easily
this scattering occurs, we must consider the Ly cross-section of interaction with neutral
hydrogen.

The velocity distribution of a collection of neutral hydrogen gas, whether it be in the
ISM or IGM, will generally follow a Maxwellian distribution de ned by its temperature.
When considering the cross-section of interaction for Ly from all of the atoms in this gas,
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we must account for the thermal motions, which will impart Doppler shifts on the rest-
frame line center for each of the atoms. The result is that the gas will have an e ective
Ly cross-section which is a convolution of the cross-section of a single atom with the
Maxwellian velocity distribution. Foregoing a full derivation here, which can be found in
Dijkstra (2017), the e ective cross section is given by

T 1=2

10K H(a ;x)) cm? (1.15)

3 2
«(GT)= SPZH@ )" 59 10
where ¢ is the central wavelength of Ly , a is the Voigt parameter, and H (a ;x) is the
Voigt function. The Voigt parameter is given by a 4A7, where s the frequency of
Ly and A is the Einstein coe cient for Ly . Finally, the Voigt function itself is given

by . 3
1 y2d <e **  central resonant core,
H@ux)= > = (1.16)
1y x)*+ag p&  damping wing.
r
2
wherey = % (v is the velocity component parallel to the photon propagation direc-

tion) and x is a dimensionless frequency: the o set from line center normalized by central
frequency. Such a cross-section is shown in Figure 1.1; note that the cross-section falls by
about ve orders of magnitude between the core and wing of the line (Dijkstra, 2014).

This cross section is very large, both in the line center and in the wing, especially when

considering that neutral hydrogen column densities in the ISM of galaxies are typically

ndl = 101%{10%%; note from Figure 1.1 that ndl  10'3 is all that is required to make
the optical depth 1 in the line core. At an optical depth =1, the attenuation is already
approximately 63%. This demonstrates just how sensitive the Ly is to neutral hydrogen
in its vicinity.

The large cross-section of interaction and abundance of neutral hydrogen in the universe
makes Ly a probe to learn about the spatial distribution, column density, and velocity
elds of hydrogen gas in and around galaxies. Observations of Ly freely propagating
through the IGM from a given galaxy is an indication that the gas within the neighborhood
of that galaxy is ionized.

With these basics laid out, we can review some of the methods used to constrain the
timeline of reionization.
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Figure 1.1: .
The Ly cross section for a hydrogen gas convolved with a Maxwellian velocity

distribution with temperature 10 4 K is shown with the solid black line, known as the
Voigt pro le. The lower x-axis is a dimensionless frequency, the o set from line center

normalized by central frequency. The upper x-axis is the velocity corresponding to
Doppler shift in frequency on the lower x-axis. The red dashed, and green dot-dashed
lines are approximations that work well in the core and wing regime, respectively. The

blue dotted line is the line pro le for a single atom. Image Credit: Dijkstra (2014)
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CMB Thomson Scattering

During the epoch of reionization, electrons are freed from the neutral hydrogen in the
IGM once again. The background of CMB photons interact with these freed electrons
via Thomson scattering. In CMB studies, the Thomson scattering optical depth is used
to parameterize the impact of reionization on the CMB signal. The Thomson scattering
optical depth is given by 7

(to)

1(2) = Ne Tcdt® (1.17)
t(2)

where ng is the electron number density, T is the Thomson cross-section, and the integral
is over time from tg, today, to t(z), the time at redshift z. Notice that this is integrated
over time{this is a natural consequence of the fact that the CMB is observed behind all of
the electrons released during reionization, and so it is an integrated e ect.

The electrons released during reionization imprint an additional polarization signal on
large angular scale (Planck Collaboration et al., 2016b). The amplitude of the additional
polarization signal is proportional to 2 and the size of the angular scale is determined by
the horizon size, which is redshift dependent. Therefore, the polarization signal imposed
on the CMB by reionization can be used to constrain when reionization took place.

The CMB analysis typically assumes a reionization model and then infers 1, along
with the rest of their cosmological parameters, from the measurements of the CMB. A
typical assumption for the reionization model is a tangent-hyperbolic model, where the free
parameters are the midpoint and width (in redshift) of reionization (Lewis, 2008). Lewis
(2008) note that the model is not physically motivated but show that is approximately
independent from the width of reionization. The most recent results from Planck measured

T to be 0.054 0:007, which corresponds to a midpoint of reionization ofz = 7:7 0.7
Planck Collaboration et al. (2020). The CMB inference anchors the approximate epoch of
reionization with high con dence and motivates searching for other independent signatures
at z & 6.

Gunn-Peterson Trough

As mentioned in Section 1.3.1, the Ly line experiences large optical depth when propagat-
ing through even a relatively small amount of neutral hydrogen. Gunn & Peterson (1965)
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pointed out that this fact could be exploited to learn about the ionization state of the
IGM using quasars. As quasars' spectral emissions propagate through the universe, they
are redshifted as a result of the universal expansion. The redshifting eventually brings all
hard-UV ux blueward of the Ly line into resonance with the line center. At this point,
residual neutral hydrogen in the IGM can interact with the radiation and scatter it out of
the line-of-sight.

Gunn & Peterson (1965) showed that even a tiny amount of residual neutral hydrogen,
one part in 10,000, would completely remove all of the radiation blueward of Ly because
of this e ect. To see how this arises, let us brie y summarize some of the key points from
their paper.

Since we are interested in the scattering over cosmological times, and the universe is
expanding, our optical depth must account for the expansion:

ep = n(t) (s)dl (1.18)

where n(t) is the number density of neutral hydrogen at timet and ( ¢) is the (frequency
dependent) cross-section for Ly . This is known as the Gunn-Peterson optical depth. The
Ly cross-section for a single hydrogen atom is given by

e?2
()= —fg( ) (1.19)
where e is the electron charge,m is the mass of the electron,f is oscillator strength for
the Ly transition (0.416), and g is the line pro le function. Plugging Equation 1.19 into
Equation 1.18, converting time to redshift, using the de nition of redshift = (1+ z),
and integrating over redshift, we get:
z

20

o= @) [ (L+2)] Sz (1.20)
0 z

At this last moment, we diverge from the derivation of Gunn & Peterson (1965) because
we must now relatedl=dz to cH ! and in 1965 the acceleration of the universe's expansion
had not yet been discovered, so the original paper neglects the cosmological constant.
Following instead Mo et al. (2010), we can writen(t), the number density at the time of
the absorption, as

nt)=2:4 10 *hE(z) gplcm 3 (1.21)
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where h is the reduced Hubble parameter)h = Ho=100 km s * Mpc ! and

1=2

E@)= m@+2)°%+ (1+2)*+ ((1+2)°+ (1.22)

that is, E(z) is the relation between the Hubble parameter and the Hubble constant in
equation 1.3 and is calculated at a given redshift from the energy densities of the compo-
nents of the universe at that redshift.

Rearranging Equation 1.21 to solve for and plugging in the values of  from (Planck
Collaboration et al., 2020), we nd gp = 7:0 10°(1-2)3%2 when the IGM is neutral
(Dijkstra, 2017). Since the attenuation of light is related to optical depth by e , an
optical depth of order 1 implies that you will see no emission blueward of Ly if the
IGM is neutral. In quasars at z. 4, we do, in fact, see emission blueward of Ly implying
that the IGM is virtually completely ionized below these redshifts (Songaila, 2004; Thomas
et al., 2021). In contrast, at redshifts & 5 there is a complete lack of ux blueward of Ly
in quasars, which is consistent with a neutral fraction> 0:1 (Becker et al., 2001; Fan et al.,
2006b; Mesinger, 2010; McGreer et al., 2011; Bosman et al., 2022).

In this way, the Gunn-Peterson Trough gives us a measurement to determine at ap-
proximately what redshift the IGM starts becoming neutral{but, the extreme optical depth
that the light blueward of Ly experiences means that this only probes when the IGM is
a tiny fraction neutral, not when the IGM is, say 50% neutral. That is, you will not see
ux blueward of Ly  whether the IGM is 10% neutral or 90% neutral. This fact limits this
technique to constraining the end of reionization only; but for this purpose, it is a very
powerful probe. The expected inhomogeneity of reionization implies that many quasars are
needed to build a statistical sample to get a good measure of when reionization was glob-
ally complete instead of the IGM state around any individual quasar; in fact, evidence of
inhomogeneous reionization has been detected in the form of excess variance in the optical
depths of high-z quasars (Becker et al., 2015).

Lyman- and Lyman-  Dark Pixel Fractions

This method also relies on spectroscopically observing high-redshift quasars. Mesinger
(2010); McGreer et al. (2011); Becker et al. (2015) and McGreer et al. (2015) pioneered
this method in which the fact that there are some residual neutral regions at the end
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of reionization, because of inhomogeneity, is exploited. Any residual hydrogen along the
line-of-sight to a high-redshift quasar will completely absorb the light associated with the
Lyman series transitions (typically, Ly and Lyman- at 1026A are considered) for the
same reasons outlined above in the Gunn-Peterson discussion (McGreer et al., 2015).

Recall that the resonant light is removed at a gas cloud's rest wavelength and the
absorbing gas is at a di erent redshift than the quasar. This will result in some pixels of the
gquasars UV spectrum having zero ux, corresponding to the redshift of the absorbing cloud.
The number of dark pixels is related to the upper limit of the global neutral fraction{an
upper limit, because the absorption can come from structures which have neutral hydrogen,
rather than residual neutral hydrogen in the IGM that reionization has not gotten to yet.

In quasar spectraatz . 6, long stretches of adjacent pixels, corresponding to sometimes
100s of cMpc are found to be completely devoid of ux. For example, Becker et al. (2015)
found dark pixels features stretch down toz = 5:5 for one quasar, beyond the commonly
accepted end of reionization. This is understood to be the result of complete absorption
by Ly , the same mechanism the produces the Gunn-Peterson trough (Fan et al., 2022).
This method allows one to account for, and quantify, the abundance of patches of neutral
hydrogen at the very tail end of reionization, at z. 6.

The Lyman- line can be used to probe higher redshifts than the Ly line. Lyman-
has an optical depth that is a factor of 6.2 lower than that of Ly for a given neutral
density, which means that it does not see saturation in absorption until higher neutral
fraction, and therefore redshift, compared to Ly (Fan et al., 2006a). This makes it a
useful probe further into reionization.

Dark pixel fractions provide only upper limits on the global neutral fraction and it is
expensive in terms of telescope time since convincingly saying that a pixel has zero ux,
rather than having a measurement error consistent with zero, takes a very high signal-to-
noise ratio. However, this measurement is independent of astrophysical modeling, which is
a signi cant bene t and gives robust upper limits on the global neutral fraction at the end
of reionization (McGreer et al., 2015).
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The Lyman- Damping Wing

A nal method we will consider relying on the observation of high-redshift quasars, this
method makes use of the fact that the cross-section of interaction for Ly falls o quickly
as you move out of the exact line center (see Section 1.3.1 for a discussion on the Ly
cross-section of interaction). A quasar which has ionized gas locally around it, but lies
within the epoch of reionization when the IGM as a whole is at least 1{10% neutral, will
experience attenuation of its light redward of the Ly line (Miralda-Escude, 1998). This
e ect comes about because the cross-section of interaction is smaller than on resonance but
still not zero redward of Ly line center. The residual chance of interaction, along with
the massive amounts of neutral hydrogen in the IGM when reionization is not complete,
combine to give a damping e ect on the spectrum redward of the rest-frame Ly line in
the quasars spectrum.

This technique can be used deeper into the heart of reionization because the damping
wing's optical depth is about seven orders of magnitude smaller than the Gunn-Peterson
optical depth (Mortlock, 2016). However, it is complicated by the need to model the
intrinsic Ly  emission line of the target quasar. The spectra of low-z quasars, which are
una ected by (much) IGM, are observed with the goal of correlating their Ly emission
with spectral features in pixels redward of Ly pixels which will be observable in high-z
quasars (Bosman & Becker, 2015; Greig et al., 2022).

1.3.2 Lyman- Emitters as a Probe of Reionization

Chapters 3 and 4 of this dissertation make use of the LAE's ability to probe reionization,
so we will give them some extra attention.

Lyman-  Emitters

Lyman- emitters (LAEs) are galaxies which show strong Ly emission. This is often
quanti ed with the equivalent width (EW) given by
Fc Fs
I:C
where F¢ is the continuum ux and Fg is the continuum+line ux. That is, the equivalent

EW = d (1.23)

width relates the strength of the emission line to the underlying continuum{it e ectively
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tells you how easily the emission line can be seen. Sometimes LAEs are de ned as galaxies
which have EWy > 55A (Stark et al., 2010), although this de nition is not rigid; this
threshold is conventionally tied to detection limits, and, as observations have become more
sensitive, a lower threshold ofEWy > 20y A has emerged, where the subscript 0 indicates
the rest wavelength EW (Ouchi et al., 2020). The EW is a fundamental way to quickly
describe the strength of Ly emission and a key observable.

Identi cation of LAEsS

\LAEs" can actually be a somewhat ambiguous term in the literature, sometimes referring
to galaxies selected via their Ly emission line and sometimes referring to all galaxies with
Ly EW above a particular threshold. These dual de nitions arise from the two methods
of nding galaxies with Ly emission.

Lyman Break Galaxies

Lyman-break galaxies (LBGs) are galaxies which are found via the sudden decrease
in ux in their spectra blueward of 912 A. This wavelength corresponds to photons with
energy> 13:6 eV which are capable of ionizing hydrogen and known as Lyman-continuum
photons (LyC). These photons, on their way to the observer, are removed from the line of
sight when they interact with and ionize neutral hydrogen{the result is a \break" in the
observed spectrum corresponding to the rest-wavelength 922 This sudden break in the
ux can be capitalized on to identify high-z galaxy candidates.

The idea, introduced by Steidel et al. (1996), is to use successive photometric lters,
each progressively redder, to image galaxies. The high-z galaxies will appear in the red
Iters because of their continuum emission redward of 912, then suddenly \drop out" of
the blue lIters because of the Lyman-break. This technique has been used to identify high-
Z galaxies with ground based telescopes, Hubble, and, most recently, JWST (Treu et al.,
2013; Schenker et al., 2013; Bouwens et al., 2015b; Finkelstein et al., 2015; Bouwens et al.,
2021; Yan et al., 2022; Adams et al., 2023; Harikane et al., 2023). These drop-out galaxies
are often followed up with spectroscopy to con rm their redshift. In this spectroscopic
followup, LBGs are sometimes, but not always, found to have Ly emission. In fact, the
fraction of LBGs which show Ly can be a probe of the ionization state of the IGM itself,
as discussed in Section 1.3.2.
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Using LBGs as probes of reionization generally requires spectroscopic follow-up of a
substantial fraction of the candidate galaxies to get more accurate redshifts, remove con-
taminant galaxies, and quantify the contamination rate. For example, another character-
istic break in star forming galaxy spectra at 400A can be confused for the Lyman-break
in this technique, resulting in a population of lower-than-target redshift galaxies contami-
nating the sample. Other sources of contamination could be cool stars, galaxies with high
dust content, or galaxies with extremely strong emission lines (Stanway et al., 2008; Atek
et al., 2011; Bowler et al., 2012). Note that adding more lters can permit the rejection of
some low-z interlopers through color cuts (e.g. Ouchi et al. (2009); Bouwens et al. (2015b);
Finkelstein et al. (2015); Vulcani et al. (2017); Harikane et al. (2022), but spectroscopic
follow up, while expensive in terms of telescope time, remains the \gold standard".

Lyman-  Emission

The Ly emission line can also be targeted more directly in spectroscopy or narrow-
band (NB) imaging.

In NB imaging, speci ¢ narrow lters are manufactured to target Ly at a particular
redshift, given by 1216A (1 + z). The narrow lter, centered on the observed wavelength
of Ly at the target redshift, is complemented with broad band lters overlapping and near
the narrow band Iter. Through imaging in all of these lIters, objects which have high-EW
Ly can be identi ed by their excess brightness in the NB. Galaxies with bright emission
lines that are not Ly can contaminate the sample; for a given contaminating emission
line, the contaminants all come from the same redshift because the NB targets one very
speci ¢ wavelength. For example, a narrow-band survey targeting LAEs atz = 6.6 could
be contaminated by galaxies with bright [Olll] 5007A emission at z = 0:85, since the
observed wavelength ends up being the same (1226 (1+6:6) =5007A (1+0:85)).

Some notable NB surveys have been carried out with Keck, the 4m Mayall Telescope,
and Subaru (Cowie & Hu, 1998; Rhoads & Malhotra, 2001; Ouchi et al., 2003; Kashikawa
et al., 2006; Hu et al., 2010; Ouchi et al., 2018), identifying galaxies from redshift 3
z . 7:3. The upper end of this redshift range is complicated not just by the fact that
high-z sources have intrinsically low ux, but that, at above z & 5:8, Ly enters the
infrared wavelength range. The Earth's atmosphere is opaque to infrared photons except
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in speci ¢c windows, and the NB lIters are tuned to these windows{this permits ground-
based NB surveys to target high-z LAEs atz = 5:7;6:6;7:0 and 7.3. The Systematic
Identi cation of LAEs for Visible Exploration and Reionization Research Using Subaru
HSC (SILVERRUSH, Ouchi et al. (2018)) sample from the Subaru telescope has proven
particularly rich in recent years, utilizing the large (> 10ded) eld-of-view, 8 meter mirror,
and custom made NB lters to identify 20,567 LAEs from 2 <z < 7 (Kikuta et al., 2023).
At high-z, the SILVERRUSH contamination rates are found to be  14% and 8% for
the z = 6:6 and 57 samples, respectively; when restricting to only the brightest LAEs
(NB magnitude < 24), these contamination rates increase to 33% and 17% for the
z = 6:6 and 57 samples, respectively (Shibuya et al., 2018). This highlights the need for
spectroscopic follow-up, especially for rare, bright LAEs which, owing to small number
counts, seem to be more susceptible to large contamination fractions.

Beyond NB surveys, spectroscopy can be used to identify Ly emission. For LBGs
selected via the dropout technique, traditional slit spectroscopy can be an e cient manner
to verify the LBGs redshift and check if they exhibit Ly emission or not. However,
this requires a preselection of target galaxies for which we want to obtain spectra. This
is in contrast to NB searches, which are \blind" searches, meaning that one does not
preselect targets. Blind searches avoid some of the selection biases that come with selecting
galaxies on the Lyman-break, which can be bene cial when trying to get accurate statistical
properties of high-z LAEs.

Slitless spectroscopy o ers a method to perform blind searches for both LBGs and LAEs
simultaneously. Slitless spectroscopy can be performed with instruments called grisms,
which disperse all of the light in the eld-of-view at once, giving a spectrum of every object;
grisms are explained more in Section 2.1.1, where we discuss Euclid's instrumentation.
There are trade-o s for getting spectra for every object in the eld of view at once; spectral
confusion, where the spectra of di erent objects overlap, is an issue. Compared to slit
spectroscopy, background levels are also higher.

Deharveng et al. (2008) and Cowie et al. (2011) used GALEX (Martin et al. (2005);
Morrissey et al. (2005)) grism observations to study relatively low-z LAEs, up toz = 1:25.
More recently, the Hubble Space Telescope's grisms have been used to identify high-z LAES,
at redshifts z > 6:38 (Tilvi et al., 2016; Bagley et al., 2017; Larson et al., 2018). JWST's
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instrumentation includes a slitless spectrometer, the Near Infrared Imager and Slitless
Spectrograph, whose design was speci cally optimized to detect high-z LAEs. Finally, as
we will see, Euclid makes use of slitless spectroscopy. JWST and Euclid will allow us to
perform unbiased blind searches for Ly emission at high-z with great e ciency, opening
up a new window into reionization.

Origin of Ly in LAEs

Ly in galaxies is primarily produced in interstellar Hii regions (Dijkstra, 2017). These
are regions where hot stars, producing ionizing radiation, carve out a region of ionized
gas in the interstellar medium. The rate of ionizing photons is balanced out by the rate of
recombination of protons with electrons to form hydrogen in what is known as a Stemgren
sphere (Stmmgren, 1939).

In this sphere, protons and electrons recombine to form hydrogen, and the resulting
atom does not necessarily have its electron in the lowest energy state. The electron will
cascade down the energy levels, emitting photons at each step associated with the energy
transition. Because there are many quantum states available at high energy levels, and
fewer at lower energy levels, the ensemble of cascade paths that an electron can take as
it falls can be thought of as a funnel, with the narrow end of the funnel leading to the
ground state. A schematic diagram of this idea is shown in Figure 1.2, which shows the
possible ( rst order) radiative cascades up to n=4. Many, but not all, of the cascades lead
to Ly being emitted eventually; in 10* K gas and making the assumptions that electrons
cannot recombine into the ground state and that Lyman series emission can be ignored,
the probability that a given recombination will emit a Ly  photon is 0.68, larger than any
other hydrogen recombination emission line Mo et al. (2010); Dijkstra (2014).

Note that the assumptions

(i) electrons cannot recombine into the ground state
(i) Lyman series emission can be ignored

constitute what is called \Case-B" recombination and in astrophysical scenarios are usually
safe assumptions. To justify these assumptions, rst consider an electron which recombines
directly to the ground state. The resulting photon that is emitted will have at least the
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Figure 1.2: .

An electron captured into the n =1 ! 4 energy level will begin in one of the labelled
energy states, de ned by its energy level (n) and its orbital quantum number (I). It will
cascade downward through the quantum states towards then = 1 state. This gure only
presents those transitions withjl 19 = 1, which conserves angular momentum. It also
omits any direct decays to then = 1 state, which corresponds to one of the assumptions

of Case-B recombination (see text). Paths which result in Ly emission are shown in
green, while those that do not are dashed-red lines. The table in the lower right indicates

the probability that a given energy state n results in a Ly photon. Image Credit:
Dijkstra (2014)
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energy associated with the binding energy of the electron in hydrogeny 136 eV. If the
region is optically thick to ionizing radiation, the photon will almost immediately go into
reionizing a di erent hydrogen atom, and so the net change in the ionization state is zero
and no photon is emitted. The second assumption follows from a very similar argument,
wherein and transition from n > 1 to n = 1 will emit a photon that is easily absorbed by
a nearby hydrogen atom in the ground state.

For completeness, \Case-A" recombination describes a scenario where the medium is
optically thin to all photon frequencies, and so recombination to all energy levels is permit-
ted and considered. Mo et al. (2010) argues that Case-B is likely a better approximation
for Hii regions, but that the two cases likely bracket the reality of the situation in Hii
regions.

It is worth mentioning that the transition from the 2S ! 1S energy level in 1.2, while
forbidden by the selection rulejl 19 = 1, can occur by the simultaneous emission of
two photons. The sum of the two photons energy will be 10.2 eV, the energy di erence
between the n=2 and n=1 energy level, though the exact energy of each photon is not
further constrained. This leads to what is called \two-photon continuum emission”. As a
forbidden transition, it has a fairly long lifetime, 0.12 seconds. This is in contrast to the
typical lifetime for allowed transitions, which are of order 10 ° seconds.

The up-shot of this is that star-forming galaxies produce a lot of Ly intrinsically{it is
a very bright line, expected to be the brightest. Further, the simulations of Behroozi et al.
(2019) show that virtually all z & 6 galaxies are star forming. So, galaxies in the epoch of
reionization are expected to have a large amount of intrinsic Ly emission. Exactly how
much is largely an open and interesting question, especially since the escape of Lfrom a
galaxy is not a given, but this, combined with its sensitivity to neutral hydrogen, motivates
it as a probe for reionization.

Using LAEs as a Probe of Reionization

As we look to higher redshift the universe becomes more neutral as the the process of
reionization is not yet complete. With more neutral gas, we expect to see the number of
Ly emitters (LAEs) and the ux of their emission decrease as intervening neutral gas in
the IGM removes the Ly emission from our line-of-sight. This impacts the observables of
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Ly emitters in three ways:

1. The Ly emission of some galaxies goes below the detection limit, decreasing the
number of LAEs we see

2. The strength of Ly emission from LAES statistically decreases

3. The clustering of observed LAEs increases

Ly LF Evolution

The rst of these e ects shows up in the LAE luminosity function (LF), the number
density of LAEs at each luminosity. Rhoads & Malhotra (2001); Malhotra & Rhoads
(2004); Kashikawa et al. (2011); Konno et al. (2014); Itoh et al. (2018); Inoue et al. (2018);
Hu et al. (2019); Morales et al. (2021); Goto et al. (2021) and Wold et al. (2022) used the
decrease in the observed LAE LF (or lack thereof) to make inferences on the timeline of
reionization. However, putting a quantitative number on the global neutral fraction with
this method can be challenging and model dependent.

One method is to make complementary use of the UV LF to determine the transmission
fraction of the IGM. Ouchi et al. (2010); Konno et al. (2018) and Hu et al. (2019) integrate
both their measured LAE LF and a measurement of the UV LF to get luminosity densities
for both. Importantly, the UV LF is not impacted by an evolution of the IGM, so it is used
as an anchor to nd excess evolution in the LAE LF which can be attributed to the onset of
the epoch of reionization. Then, assuming that the Ly luminosity density is proportional
to the UV luminosity density, they write

ly = Tiom fesc uv (1.24)

where is the conversion factor from UV photons to Ly photons, fegc is the escape
fraction of Ly through the ISM, and T,gm is the transmission fraction of the IGM.

Further assuming that the galaxy properties of the LAEs between the two redshifts of
interest are the same, the ratio of the IGM transmissions between redshiftz = a and

z = b can be written

IGM Ly _ Ly
Ta — a b

TIGM — UV uv - (1.25)
b a b

This gives a method to quantify the relative ratio of IGM transmission between two red-
shifts, which can (as long as the assumptions hold) provide clear evidence for evolution in
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the ionization state of the IGM. However, taking it a step further and inferring a quanti-
tative number on the global neutral fraction requires modeling to connect the IGM trans-
mission to the global neutral fraction.

This statement, that modeling is necessary, is generally true for constraining the global
neutral fraction from the LAE LF. As such, there have been many e orts to model Ly
transmission through the IGM with varying global neutral fraction. Santos (2004) analyti-
cally modeled Ly transmission in the IGMs of varying neutral fraction, taking into account
IGM dynamics and galactic winds. Furlanetto et al. (2006) also use an analytic approach,
taking into account the clustering of galaxies to derive the average ionized bubble sizes at
a given global neutral fraction; they use these predicted bubble sizes and the clustering
of galaxies to predict the evolution of the LAE LF withx ;. Simulations also present a
promising path forward, since nding analytic models to account for the complexities of
Ly emission and transmission and the gas dynamics in the ISM and IGM can be very dif-
cult. McQuinn et al. (2007a) calculated the suppression of the LAE LF resulting from an
increasing global neutral fraction during reionization with radiative transfer simulations.
Mesinger & Furlanetto (2007); Mesinger et al. (2011) and Mesinger et al. (2016) describe
21cmFAST a semi-numeric simulation that, while focused on simulating the 21cm emission
from neutral hydrogen during reionization, can also predict the inhomogeneous damping
wing optical depths experienced by Ly from the IGM as a result of patchy reionization,
as a function of dark matter halo mass.

On top of the complexities of modeling the evolution of the LAE LF to infer a global
neutral fraction & 1), the situation is further complicated by the fact that observations of
the LAE LF are sometimes in tension with each other. This reveals itself in the di erence
in inferred x y; at the same redshift. For example, atz = 7, the observed LAE LF in
di erent surveys has been used to infer (in increasing order)

1. Xy < 0:33 (Wold et al., 2022),
2. Xy =0:25 0:25 (Itoh et al., 2018),
3.xy=0:28 0:05 (Morales et al., 2021),

4. Xy =0:2{0:4 (Hu et al., 2019),
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5.Xxp > 0:4 (Ota et al., 2017), and

6. Xy = 0:4{0:6 (Zheng et al., 2017).

Clearly, a range of 0O<x y; . 0:6 is not particularly constraining on a value whose domain
isxy 2 [0, 1]. This trend, that a wide variety of values are inferred forxy, at the same
redshift from di erent studies, generally holds true throughout the timeline of reionization.

Cosmic variance, statistical variance, and inhomogeneous reionization could be driving
the di erences between these studies. Cosmic variance refers to the variance in the number
of LAEs one observes in one part of the sky compared to another due to large scale
structure{one survey may happen to center on an overdense region of the universe, while
another targets a low dense region, leading to very di erent number counts of galaxies and
LAEs. The statistical variance arises from the fact that at high-z, the number of LAEs
is often quite low{the largest contemporary NB surveys typically detect tens of LAEs at
Zz =7 and single digit (often zero) numbers of LAEs at z = 7:3. These small humbers are
sensitive to Poisson noise. Finally, inhomogeneous reionization imposes extra variance on
the number of LAEs observed by di erent surveys for similar reasons to cosmic variance{
one survey may happen to observe a region of the universe that is mostly ionized at=7,
while another observes a region that is still mostly neutral atz = 7; the ionized region will,
statistically, show more LAES.

For a speci c example of this variance, let us consider the so-call \bright-end bump".
This refers to an overdensity of bright LAEs (L, & 10*“4erg s 1) observed in some sur-
veys (Zheng et al., 2017; Bagley et al., 2017; Hu et al., 2019; Wold et al., 2022). However,
the bright-end bump is not observed in every survey, or even the same sub- elds within a
given survey, raising the question of the origin of the bright-end bump (Hu et al., 2019).
While Hu et al. (2019) argue that it results from a reionized bubble, permitting the ob-
servation of bright LAES, this interpretation is complicated by the prospect of cosmic or
statistical variance. Of note, though, Bagley et al. (2017) nd a similar bright-end excess
in a survey composed of pure parallel elds scattered about the sky, which, as we show in
Chapter 3, should be robust against cosmic variance. Still, the number of LAEs that go
into this bright-end bump are typically low single digits, indicating that Poisson variance
is important to consider.

All in all, this presents a compelling need to quantify the impact of cosmic variance on
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the inferredx ; from LAE LFs, which has been neglected to now. Owing to their historic
utility, an analogous analysis already exists for quasars: Mesinger & Furlanetto (2008b)
demonstrated that there is a systematic uncertainty of Q1{0:3 when inferringx , from the
damping wings of quasars in reionization. However, no such analysis has been conducted
on LAE LFs, likely owing to the fact that only recently has the number of studies making
use of the LAEs LFs at high-z reached a su cient number to reveal the tension between
their measurements (Ouchi et al., 2010; Itoh et al., 2018; Hu et al., 2019; Morales et al.,
2021). In Chapter 3, we quantify the impact of cosmic variance and explore strategies to
mitigate its impact.

Ly EWs

The statistical strength of the Ly EW in high-z galaxies also encodes information
about reionization. One method to measure this is with the number of Lyman-break
selected galaxies (LBGs) which show Ly emission,X  ag . The relative di erence in X ag
between redshifts can permit an inference on the global neutral fraction. This method is
used in Stark et al. (2011); Pentericci et al. (2011); Ono et al. (2012); Mesinger et al. (2015);
De Barros et al. (2017); Ouchi et al. (2018); Yoshioka et al. (2022); a modest increase in
X ae upto z = 6 is followed by a precipitous drop at z > 6, which can be interpreted as a
sign of increasingxy; . However, it is di cult to rule out galaxy evolution as an alternative
source of this observed drop.

Beyond a binary comparison of LBGs with or without Ly emission to getX ag, one
can consider the statistical properties of strength of the Ly emission at a given redshift,
quanti ed by the EW. The increasingly neutral IGM attenuates the Ly  emission from
galaxies resulting in a statistical decrease in the observed EWs as we look into a more
neutral universe. Mason et al. (2018a); Hoag et al. (2019); Mason et al. (2019); Whitler
et al. (2020); Jung et al. (2020) make use of this method, ndingxy = 0:59"%11 at z =7,
Xu=088%% atz=76 06,xy> 076 at z = 8,x y= 0:55%1 at z = 7, and
Xn=0:49 +0:19 at z = 7:55, respectively.

Critically, as with the LAE LF, the observed statistical decrease in the EWs of Ly
emitters and the decrease inX _.ag must be compared against models to tie the observations
to a value ofxy . Again, a favorite is semi-numerical simulations, such as 21cmFAST
(Mesinger et al., 2016). In Chapter 4, we compare the statistical distribution of LAES'
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EWs, derived from a post-processed 21cmFAST simulation, to make an inference on the
global neutral fraction of the universe atz = 10:6 in light of JWST observations.

LAE Clustering

The third e ect arises from the fact that reionization is inhomogeneous. When patrtic-
ular regions of the universe become ionized, we begin to see Lyrom galaxies within that
region (provided they have intrinsic Ly emission). This imparts a clustering signature
on the LAEs which can be observed and measured; the observed LAEs in the epoch of
reionization will be more heavily clustered together as global neutral fraction increases.
This is in addition to the intrinsic clustering galaxies experience. The strength of this in-
trinsic clustering is called bias and it increases for larger dark matter halo masses. So, the
average dark matter halo mass that hosts LAEs is degenerate with a clustering signature
from reionization (Sobacchi & Mesinger, 2015). However, this method is likely more robust
against systematic uncertainties than methods which require modelling the evolution of in-
trinsic Ly emission over redshift, since the evolution of dark matter correlation functions
over redshift is signi cantly less uncertain than the evolution of baryonic physics (Sobacchi
& Mesinger, 2015). Ouchi et al. (2010) and Ouchi et al. (2018) make use of this method
using NB observations, which have been the only way to cover su ciently large areas to
measure this clustering. This method is, as yet, somewhat underutilized, owing primarily
to the historical di culties in identifying a large number of LAES; Jensen et al. (2013)
nd that several thousand LAEs are required to measure the clustering signal. This has
largely left only the SILVERRUSH survey capable of performing LAE clustering analysis.
However, upcoming space-based slitless spectroscopy surveys conducted with Euclid, the
Nancy Roman Space Telescope, and JWST, with their unprecedented sensitivity and area
coverage, may bring the science of LAE clustering into a proper maturity.

It will be useful to discuss in detail how clustering is measured and quanti ed, but we
will delay it to Section 2.1.5, as it is relevant not just to LAESs, but also to galaxy clustering
as a whole, which is a pillar of Euclid's core science.

All in all, these three methods highlight LAEs importance in the modern study of
constraining reionization.
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Figure 1.3:

The timeline of reionization, neutral fraction vs redshift. The points are constraints on
the timeline of reionization and the blue and green lines are di erent models of
reionization; the green line is a faint-galaxy driven reionization model from Finkelstein
et al. (2019) and the blue line is a bright-galaxy driven reionization model from Naidu
et al. (2020). The constraints are: Ly LFs (lled circles, Inoue et al. (2018); Morales

et al. (2021)), LAE cluster (open circle, Ouchi et al. (2018)), Ly EW distributions ( lled
squares, Hoag et al. (2019); Mason et al. (2019); Jung et al. (2020); Whitler et al. (2020),
LAE fraction (open square, Mesinger et al. (2015), Ly damping wing e ects on
Gamma-Ray Bursts (lled diamonds, Totani et al. (2006, 2014)), Ly damping wing
e ects on quasars (open diamonds, Schroeder et al. (2013); Davies et al. (2018); Greig
et al. (2019); Wang et al. (2020)), Ly and Lyman- dark pixel fractions ( lled triangles,
McGreer et al. (2015)), Gunn-Peterson troughs of quasars (open triangles, Fan et al.
(2006b), and the CMB Thomson scattering (open pentagon, Planck Collaboration et al.
(2020). Image Credit: Goto et al. (2021)
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Bringing It All Together For Reionization

The discussions in Section 1.3 culminate in Figure 1.3, which shows measurements on the
timeline of reionization and reionization models (Goto et al., 2021). Although there are
contradictory measurements in the timeline of reionization, some have argued that the
evidence points to a late and rapid reionization Mason et al. (2018a); Naidu et al. (2020);
Morales et al. (2021) (though note that Quasar spectra show evidence that islands of
neutral hydrogen persist belowz . 6 (Fan et al., 2022)). However, looking at Figure 1.3,
the tension in the measurements, as mentioned in Section 1.3.2, is palpable, particularly
at z & 7, where several measurements have error bars that are, by eye, at least a few
standard deviations apart. Further, the range of inferred xy, abovez & 7 is virtually
the entire domain, [0,1]. As we outlined above, this wide dispersion in the inferred values
of x yy may be attributable to cosmic variance. Motivated by this, a large part of this
dissertation is dedicated to investigating the impact of cosmic variance onxy inferred
from LAE LFs. The goal is to quantify this e ect and develop mitigation strategies, such
that a more self-consistent picture of the timeline of reionization may emerge. Further,
the mitigation techniques we develop may be used to optimize the surveys of upcoming
space-based telescopes which can observe high-z LAEs, such as JWST and Euclid.



Chapter 2

Euclid Overview

Euclid, a 1.2m diameter space telescope, was successfully launched on July 1st, 2023, to a
halo orbit around the Sun-Earth L21 In the course of its mission, it will survey 15,000
square degrees of extragalactic sky, taking both photometric and spectroscopic data in the
optical and near-infrared. For its core science, it will make two measurements which are
tied to dark energy and dark matter: a weak lensing measurement and a Baryon Acoustic
Oscillation (BAO) measurement.

2.1 Euclid Overview

The discovery of the accelerating expansion of the universe and, with it, some form of dark
energy to drive it, is a truly remarkable discovery. The nature of this dark energy is one
of the most important open questions in physics. Determining if it is truly a cosmological
constant, which ts many observations, or if it evolves with time has been one of the major
thrusts of experiments in the last two decades. New experiments are coming online meant
to test exactly this, such as the Dark Energy Spectroscopic Instrument (DESI, ongoing),
the Vera C. Rubin Observatory (2025), and the Nancy Grace Roman Space Telescope
(2027), and Euclid.

1 L2 is Lagrange Point 2, where the summation of the gravitational pull of Earth and Sun is su cient
to have an object orbit the Sun-Earth system at the same velocity as Earth orbits the Sun. This keeps the
satellite synced with Earth's orbit, ensuring the communications between Earth and the satellite are not
disrupted. Further, there exist quasi-stable orbits about L2, meaning that not too much fuel is needed for
keeping a satellite at L2.

32
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2.1.1 Euclid's Instruments

Euclid has two instruments: the visible instrument (VIS) (Cropper et al., 2016) and the
Near-Infrared Spectrometer and Photometer (NISP) (Maciaszek et al., 2014, 2016, 2022).
The incoming light is split between the two instruments with a dichroic, an optical com-
ponent that transmits infrared light to NISP and re ects visible light to VIS. This setup
allows simultaneous observation in the infrared and visible wavelengths.

The visible instrument (VIS) has a single broad lter covering 550 to 900 nm. The broad
Iter allows lots of light to be collected in a short amount of time, which, in conjunction
withthe  0:2 arcsecond resolution, permits shape measurements of 30 galaxies per arcfnin
across the wide survey (Laureijs et al., 2011; Massey et al., 2013).

The Near-Infrared Spectrometer and Photometer (NISP) has three additional near-
infrared lters: the Y (950 - 1212nm), J (1168 - 1567nm), and H (1522 - 2021nm) bands
(Euclid Collaboration: Schirmer et al.,, 2022). Additionally, the NISP instrument has
four grisms. A grism is a combination of a prism and a grating, wherein the incoming
collimated light is dispersed as a function of its wavelength by the di raction grating and
then recollimated by the prism. A grism then, permits the light from all objects within a
eld to be dispersed at once on the detector. The downside is that multiple objects' light
can spatially overlap on the detector, an e ect called spectral confusion. Disentangling
spectral confusion is usually done by observing the same eld multiple times with di erent
dispersion directions. This can be accomplished by physically rotating the telescope, or,
in Euclid's case, by having identical grisms installed with di erent dispersion directions,
changing grisms between observations. The di erent orientations allows one to determine
which light belongs to which objects.

Among Euclid's four grisms, there is one \blue grism" and three \red grisms". Despite
the names, they actually all operate in the infrared{the naming scheme is only relative
to each other. The blue grism covers 920 - 1250nm and all of the red grisms cover 1250
- 1850nm (Costille et al., 2016). The wavelength coverage of red grisms is chosen to
optimize the detection of hydrogen's H emission line with a vacuum wavelength 656Ain
the redshift range 09 < z < 1:8. The dierence between the three red grisms lies in
their orientations{they disperse the light at at three distinct angles, separated by 90,
which allows decontamination from spectral confusion. One of the grisms was installed
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incorrectly and will not be used in the surveys, but the remaining two red grisms allow
su cient decontamination with a slight modi cation to the observing strategy (Laureijs
et al., 2020). The blue grism will be used in the deep survey only; its extra spectral coverage
allows more emission lines from the galaxies to be observed, reducing the probability of an
incorrect redshift measurement.

The total transmission for the Iters and grisms can be calculated with (Euclid Collab-
oration: Schirmer et al., 2022):

T(;t)= Tre( )Tni-oa( ) Triter ( )Toe( )Teval (1) (2.1)

whereTrg is the transmission fraction after re ecting o of the mirrors and passing through
the dichroic, Tnj-oa is the transmission through the NISP Optical Assembly (NI-OA),
which consists of the four lenses inside the telescope that focus the incoming light onto the
NISP focal plane, Toe( ) is the pixel-averaged quantum e ciency (QE), the probability
that an incoming photon will register on a given pixel, and Tgyo ( ;t ) describes the time
evolution of the transmission over the course of the mission and is taken to be a constant
0.95 across wavelength, consistent with the requirements. The transmission functions for
the NISP Iters and grisms, calculated with this equation, are shown in Figure 2.1.
Between VIS, Y, J, and H band measurements, Euclid will be able to measure the shapes
and photometric redshifts for billions of galaxies, permitting the weak lensing measurement.
The slitless spectroscopy from the red grisms allows the BAO measurement, which
requires more accurate redshifts than photometric redshifts permit (, < 0:001(1 + z) for
spectroscopy vs ; < 0:05(1 + z) for photometric redshifts, Laureijs et al. (2011); Euclid
will measure spectroscopic redshifts for about thirty million galaxies down to a line ux of
2 10 ®ergcm ?2s 1 at 1.6 m to measure galaxy clustering.

2.1.2 Euclid's Surveys

Euclid has two primary surveys, the Euclid Wide Survey (EWS) and Euclid Deep Survey
(EDF).
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Figure 2.1: The Euclid transmission functions are show for the Y (blue line), J (green line),

and H (brick red) bands as well as the blue (teal line) and red (purple line) grisms. The

components that are not inherent to the passbands or grisms but which contribute to the

total transmission are the NISP Optical Assembly (NI-OA, dashed orange), \telescope”

(green dashed), and quantum e ciency (QE) (purple dashed). The NI-OA consists of the

four lenses inside the telescope that focus the incoming light onto the NISP focal plane.
\Telescope" transmission, in this context, consists of the mirrors of the telescope and
the dichroic{all components that are shared between VIS and NISP. Finally, QE is the

probability that an incoming photon will register on a given pixel; QE is measured at each

pixel, but for this calculation we take the average QE across the detector.
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Euclid Wide Survey

The EWS will cover 15,000 square degrees of extragalactic sky. The survey avoids the
galactic plane and ecliptic, favoring regions with lower noise and dust extinction levels
instead, as shown in Figure 2.2. The median 5 point source limiting magnitudes in the
VIS, Y, J, and H bands are 26.2, 24.3, 24.5, and 24.4, respectively (Scaramella et al., 2021).
The NISP spectroscopic line ux limitis 2 10 % ergecm 2s ! at 1.6 m (Scaramella
et al., 2021). This survey is the primary goal of Euclid, as the data gathered in this survey
will allow the weak lensing and BAO analysis.

The spectroscopy component of the EWS is required to have 80% purity, where purity
is de ned as

P = Ncorrect =Nmeasured: (2.2)

Further, there is a requirement that Euclid measures 1700 spectroscopic redshifts per square
degree, driven by the need to minimize Poisson variance in the clustering measurement
(Scaramella et al., 2021). The intrinsic number of target galaxies, those with H> 2

10 %ergs 1cm 2in 0:9<z < 1:8, is not yet well constrained from observations{Pozzetti
et al. (2016) make an e ort to model the H LF in the relevant redshift range, nding
between 3370< N target < 1220 target galaxies per square degree, depending on which of
their models is most re ective of reality. More recently, Bagley et al. (2020) forecast 3270
target galaxies per square degree using two slittess HST HST datasets. This last estimate
implies the wide survey needs to recover 50% of target galaxies to reach its 1700 deg
number density goal.

Euclid Deep Survey

The Euclid Deep surveys will cover a total of 53 square degrees across three elds, the
Euclid Deep Fields North (EDFN), South (EDFS), and Fornax (EDFF). The EDFN and
EDFF have a circular geometry and cover 20 and 10 square degrees, respectively; the EDFS
has a \stadium" geometry and covers 23 square degrees. True to their names, the EDFN
is very close to the Northern Ecliptic Pole, the EDFS is close to the Southern Ecliptic
Pole, and the EDFF is in the constellation Fornax, in the Southern part of the sky. The
positions of the elds on the sky is shown in Figure 2.2.
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