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Abstract

The time in the history of the Universe when the first stars and galaxies formed
and ionized the gas in the intergalactic medium is known as the epoch of reion-
ization. This transformative time period, which took place within the first bil-
lion years after the Big Bang, is still relatively unexplored due to the significant
difficulties associated with observing so far back in time. The theme of this
thesis is tying together existing (mostly indirect) and upcoming observations
with simulations.

Papers I and II deal with Lyα emitting galaxies. The Lyα emission line
is very sensitive to neutral hydrogen, which was plentiful during the epoch
of reionization. Therefore, observations of distant Lyα galaxies may be used
to indirectly tell us something about when and how reionization took place.
Properly interpreting the observations is, however, far from straightforward. In
Paper I we develop a new method for combining large, low-resolution simu-
lations of the intergalactic medium with small, high-resolution simulations of
individual galaxies. We use this method to reproduce existing observations. In
Paper II we use the same method to make predictions for future observations.

Another observational probe of the EoR is the 21-cm emission line from
neutral hydrogen. This line is the most promising probe for directly studying
the neutral gas in the early Universe, and several radio telescopes are currently
gathering data to observe it. The 21-cm signal is affected by a multitude of cos-
mological and astrophysical effects, all of which need to be understood in or-
der to interpret the upcoming observations. One such effect is the non-random
shifts in redshifts caused by the peculiar velocity of matter flowing towards
higher-density regions. This effect, known as redshift space distortions, is the
topic of papers III and IV, while paper V deals with another observational ef-
fect called the lightcone effect.
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1. The epoch of reionization

1.1 Charting the history of the Universe

Because of the finite speed of light, as we observe more and more distant as-
tronomical objects, we are also looking further and further back in time. The
development of larger telescopes, better instrumentation and more powerful
observational techniques has given us an extensive view of the history of the
Universe, from the present almost all the way back to the Big Bang. Ground-
and space-based telescopes have given us views of increasingly distant galax-
ies, and when the cosmic microwave background (CMB) was discovered in
1965 (Penzias & Wilson, 1965), we got a glimpse of the Universe as it looked
a mere 380 000 years after the Big Bang. However, the charting of the history
of the Universe is not yet complete. The transition between the Universe at the
time of the CMB emission—an almost featureless expanse of neutral gas—
and the Universe we see today—filled with stars and galaxies in an ionized
intergalactic medium—still remains largely unexplored.

The later part of this transition is known as the epoch of reionization (EoR)
and is believed to have been a time filled with dramatic physical phenomena.
As the small primordial matter density fluctuations grew gravitationally, they
eventually formed the first stars. This was followed by the formation of the
first galaxies, where stars formed at rates up to 10 times higher than today
(Finlator, 2012). Meanwhile, supermassive black holes grew by swallowing
immense amounts of material. Eventually, these objects produced enough ion-
izing photons to transform the surrounding neutral medium into the ionized
plasma that we see in-between galaxies today.

Since the objects during the EoR are so distant, they are notoriously hard
to observe, and much is still unknown about the details of this eventful and
turbulent time period. However, this situation is rapidly changing. Already,
telescopes such as the Hubble Space Telescope (e.g. Ellis et al. 2013) and the
Subaru telescope (e.g. Shibuya et al. 2012) are pushing the observational lim-
its. In the near future, large ground-based telescopes such as the European
Extremely Large Telescope (E-ELT), the Thirty Meter Telescope (TMT) and
the Giant Magellan Telescopes (GMT) and the space-based James Webb Space
Telescope (JWST) will provide unprecedented views of distant galaxies. At
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the same time, a number of low frequency radio telescope arrays are being
constructed. These will not observe the ionizing sources themselves, but the
neutral hydrogen surrounding them.

Meanwhile, theorists are constructing models and simulations to under-
stand how and when reionization took place. In most models, the first stars
start forming around 50–100 million years after the Big Bang. They are then
followed by the first galaxies and quasars, which are believed to be the main
sources of ionizing radiation. The galaxies and quasars ionize the gas around
them, creating growing H II regions, that eventually start overlapping with each
other. In the end, only small, dense pockets of neutral gas remain. Most mod-
els put the end of reionization somewhere around redshift 8–61(e.g. Iliev et al.
2012a; Mesinger et al. 2011; Pritchard & Loeb 2008). A schematic view of
how this history is often imagined is shown in Fig. 1.1.

Figure 1.1: Schematic view of the history of the Universe, as it is most com-
monly envisioned. Figure from Robertson et al. (2010).

The outline of this thesis is as follows: the remainder of this chapter is
spent discussing what we currently know and think we know about reionization
from observational constraints and simulations. I will then spend one chapter
each on two observational probes that are central to my own work: Lyα emit-
ting galaxies—which can potentially tell us a lot about the latest stages of the
EoR—and the 21-cm line—which is often thought of as the ultimate observ-
able, representing our best chance of directly imaging what happened during
reionization.

1.2 Theoretical understanding

While observations relating to the EoR are scarce, analytical calculations com-
bined with numerical simulations are starting to converge on the big picture—

1The cosmological redshift, z, originating from the expansion of the Universe,
corresponds to size of the Universe when the emission originated. It is often used in
cosmology to denote a time in the history of the Universe.
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although many details of this picture are still debated, and most theoretical
predictions remain untested by observations. Structure formation began af-
ter recombination when matter condensed slowly into larger clumps. As these
clumps grew gravitationally, stars and galaxies eventually started forming. The
stars produced energetic photons that ionized the intergalactic medium (IGM)
around them, forming large ionized bubbles around groups of galaxies. Even-
tually the bubbles started overlapping, leaving only small, high-density, H I

regions (e.g. Ciardi & Ferrara 2005). This scenario is schematically illustrated
in Fig. 1.1.

While most mainstream models assume that galaxies were the dominant
source of ionizing photons—perhaps with some help from quasars (Dijkstra
et al., 2004)—other more exotic options have also been proposed, including
self-annihilating dark matter (e.g. Evoli et al. 2014; Furlanetto et al. 2006b),
accretion shocks from collapsing structures (Wyithe et al., 2011) and even
blackbody radiation from the IGM itself (Gunn & Peterson, 1965). For this
thesis, I will mostly focus on stars and galaxies.

To properly understand the evolution of the Universe up to and during the
EoR, we need to understand a range of physical processes including the fun-
damental cosmology that leads up to the formation of large-scale structure,
the physics of star formation, the feedback processes that regulate the forma-
tion of galaxies and of course the physics of ionizations and recombinations
in the IGM. Or, turning things around, one may say that empirical studies of
reionization have the potential to teach us a great deal about both fundamental
cosmology and the formation of the first stars and galaxies in the Universe.

1.2.1 Structure formation

Approximately 380 000 years after the Big Bang, at a redshift of z ≈ 1100,
the Universe had cooled enough for protons and electrons to combine into
neutral atoms. The time period between this event and the formation of the first
stars is often called the “dark ages”. During the dark ages, tiny fluctuations in
the matter density grew under the influence of gravity until they eventually
collapsed and formed the first stars and galaxies. The expansion rate of the
Universe is given by the Friedmann equation:

H2

H2
0
=

Ωr

a4 +
Ωm

a3 +ΩΛ, (1.1)

where H(t) is the Hubble parameter, a is the scale factor (H(t)≡ ȧ/a) and Ωr,
Ωm and ΩΛ are the energy densities of radiation, matter and dark energy re-
spectively, in units of the critical energy density. Assuming that Eq. (1.1) holds
true, we only need to know the values of the parameters in this equation, along
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with the statistics for the initial fluctuations, to model the growth of struc-
ture. The initial fluctuations are usually described by the parameters ns and
σ8, which give the slope and amplitude of the initial matter power spectrum.
These parameters together form the basis of the ΛCDM (Cold Dark Matter)
model, and can be determined from observations of several probes, including
the CMB (see e.g. Spergel et al. 2003).

Initially, the matter fluctuations were very small, but as time went on, they
grew in strength under the influence of gravity. By treating the dark matter as
a collisionless fluid it can be shown that an over-density δ (x) = ρ(x)/ρ̄ − 1
maintains its shape and grows in amplitude in proportion to a growth factor
D(t), which in turn can be derived from the ΛCDM model (e.g. Loeb 2010).
This only holds in the linear regime, up to δ ≈ 1. After this, over-densities
will start to collapse. It can be shown (see e.g. Loeb 2010), that for a redshift z,
densities inside some spherical region will collapse if the enclosed over-density
is above the critical density of collapse:

δcrit(z) =
1.686
D(z)

. (1.2)

In reality, a clump of matter will always have some angular momentum that
keeps it from collapsing to a point, instead forming an extended dark-matter
halo with a smaller baryonic component at the centre. If the initial density
field δM (smoothed to some mass scale M) is assumed to be a Gaussian random
variable, one can derive analytical estimates for the number density of halos
within a given mass range (Press & Schechter, 1974; Sheth & Tormen, 2002).

However, to get a better picture of structure formation, particularly in the
non-linear regime, one usually has to resort to N-body simulations, as is dis-
cussed more in Sec. 1.2.3. Simulations such as the Millenium Simulation
(Springel et al., 2005) have followed the evolution of the density in a large vol-
ume starting close to the recombination and going all the way to the present.
Such simulations have shown how structure grows into a sponge-like web with
high-density filaments and clumps surrounding large, almost empty voids.

For the halos to start forming stars, the baryons need a way to cool. In
the primordial Universe, there were no metals available, and cooling had to
take place via line-transitions in either atomic or molecular hydrogen. The
first halos to form were also the smallest, and thus had the lowest tempera-
tures (according to the virial theorem). At T < 104 K, cooling through atomic
hydrogen is very inefficient, and the first halos could only cool through the
trace amounts of molecular hydrogen present. However, since ultraviolet radia-
tion efficiently destroys H2, these proto-halos (sometimes called “mini-halos”)
could only form one or a few stars before eradicating their only source of cool-
ing (Ciardi & Ferrara, 2005; Loeb, 2010). Following the first generation of
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metal-free stars, the second generation would have been able to cool through
hydrogen deuteride (HD) (Greif et al., 2008).

As larger structures with higher virial temperatures formed, cooling through
atomic hydrogen became viable, and allowed for greater numbers of stars to
form. These atomic-cooling halos became the seeds of the galaxies that reion-
ized the IGM.

1.2.2 Basics of ionization

To understand how the IGM was ionized by the first galaxies (and perhaps
other sources), it is instructive to start by examining the simplest situation pos-
sible. Consider some source of ionizing photons embedded in a homogeneous
medium consisting of neutral hydrogen only. Each photon with an energy of
hνth ≥ 13.6 eV can ionize neutral hydrogen atoms. The probability of ioniza-
tion is determined by the ionization cross section of hydrogen, σν . If the source
has a (frequency-dependent) flux Lν and radiates isotropically, the number of
ionizations per time at a distance r from the source is:

Γ(r) =
1

4πr2

∫
∞

νth

Lνσνe−τν (r)

hν
dν , (1.3)

where τν = σνNHI is the optical depth for a column density NHI.
In addition to photo-ionizations, atoms will also undergo collisional ion-

izations at a rate set by the local density and the collisional ionization coeffi-
cient CH . There will also be recombinations back to the neutral state, set by
the recombination coefficient. The rate of change in the ionized fraction, xi,
due to recombinations is xineαH , where ne is the electron density and αH is the
recombination coefficient. It is common to use the on-the-spot approximation,
meaning that any photons emitted in recombinations to the ground state are
re-absorbed locally.

Putting everything together, the total rate of change of the ionized fraction
at some point is:

dxi

dt
= (1− xi)(Γ+neCH)− xineαH . (1.4)

For constant ne, Eq. (1.4) has the solution:

xi(t) = xeq +(x0− xeq)e−t/ti , (1.5)

with
ti = 1/(Γ+neCH +neαH), (1.6)
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and the equilibrium ionization fraction where ionizations and recombinations
are balanced:

xeq =
Γ+neCH

Γ+neCH +neαH
. (1.7)

At small distances from the source, where Γ� neαH , the ionizations will
dominate, and xeq ≈ 1. At large distances, recombinations dominate and xeq ≈
0. The transition radius between these two regimes is called the Strömgren
radius, and is given by:

rS =

(
3Ṅγ

4παHn2
H

)1/3

, (1.8)

where Ṅγ =
∫

∞

νth
Lν/hνdν is the rate of ionizing photons coming from the

source and nH is the number density of hydrogen. Under these simple con-
ditions, a source will ionize all the gas around it out to the Strömgren radius.

In reality, things are a little bit more complicated. The density around
galaxies is not constant, neither in space nor time, and both CH and αH de-
pend on temperature. Furthermore, ionizing photons do not in general escape
isotropically from galaxies. These complications makes the problem of reion-
ization best suited for numerical simulations, which can solve Eq. (1.5) in three
dimensions on an arbitrary density distribution while simultaneously keeping
track of the heating. For certain applications, it is also necessary to include
the ionization of helium, which makes up around 10% of the IGM (Friedrich
et al., 2012).

1.2.3 Simulations

Simulations of the EoR can be broken down into three sub-problems. First,
one needs a model for the growth of structure leading up to the formation of
the first stars and galaxies, as described in Sec. 1.2.1. Second, the collapsed
structures need to be connected to an ionizing flux, which involves simulating
or modelling the star formation and escape of radiation from galaxies. Finally,
once a density field and a list of ionizing sources have been generated, one can
study the actual ionization of the IGM.

The first step, simulating the growth of structure, is arguably the best un-
derstood from a physical viewpoint. On large scales (larger than typical galaxy
sizes), it is reasonable to assume that the baryonic matter follows the dark mat-
ter distribution. The problem is then simply a gravitational N-body problem
in an expanding coordinate system, with the initial boundary conditions com-
ing from the cosmological parameters that determine the initial fluctuations
in the matter distribution, the dark matter density, and the expansion rate of
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the Universe. Since the initial boundary conditions are known from observa-
tions, cosmological N-body simulations are able to reproduce the large-scale
structure of the Universe to good accuracy (e.g. Springel et al. 2006). On
smaller scales, the baryons can no longer be assumed to follow the dark mat-
ter particles, and pressure forces (hydrodynamics) must be taken into account.
Examples of cosmological N-body codes with hydrodynamics include ENZO

(O’Shea et al., 2004), FLASH (Fryxell et al., 2000) and GADGET (Springel,
2005), while pure dark matter codes include PMFAST (Merz et al., 2005) and
its successor CUBEP3M (Harnois-Déraps et al., 2013).

It is impossible with today’s computing power to self-consistently simulate
processes down to the level of star formation while simultaneously covering the
large scales required for accurate statistics regarding reionization. Most studies
therefore use some sort of simplified recipe to convert the dense structures
from the N-body simulations into sources of ionizing photons. Such recipes
can be as simple as multiplying the halo mass with a constant (e.g. Furlanetto
et al. 2004) or slightly more advanced, such as including the growth histories
of halos (e.g. Santos et al. 2008). Regardless, the physics of star and galaxy
formation and the escape of ionizing photons is complex and rather poorly
understood, and the recipes typically have to be tuned to reproduce constraints
from observations, such as the Thomson optical depth or the Gunn-Peterson
troughs of quasar spectra (see Sec. 1.3).

Having obtained the density field and the ionizing sources from the pre-
vious steps, the final step is to simulate the ionization of the IGM, which can
be done using several different approaches. Semi-numerical simulations use
some analytical method, typically an excursion set formalism (Bond et al.,
1991; Sheth & Tormen, 2002) for generating the ionization field given an
underlying density field (e.g. Choudhury et al. 2009; Mesinger et al. 2011;
Zahn et al. 2007). A similar method is employed by the BEARS code (Thomas
et al., 2009) which assigns pre-calculated ionization regions, similar to the
Strömgren sphere in Eq. (1.8), to sources from an N-body simulation. These
types of methods all sacrifice some accuracy, especially on small scales, in
return for speed.

On the opposite side of the spectrum, sacrificing speed for accuracy, are
ray tracing methods. These work by following photons from sources, either in
a deterministic or in a Monte Carlo fashion, mimicking the actual physical pro-
cesses that take place. Depending on the resolution, such methods can obtain
very accurate results, but can also be computationally intensive. An example
of a reionization simulation using the ray-tracing code C2-RAY (Mellema et al.,
2006) is shown in Fig. 1.2. Most of the results of the papers included in this
thesis are based on simulations carried out with C2-RAY .
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Figure 1.2: Example of a ray-tracing simulation of the IGM during reionization.
The figure shows a slice, approximately 0.6 Mpc thick, through a data volume 163
Mpc across. The orange regions are ionized, and the green regions are neutral.
Blue dots show the locations of galaxies. Figure from Iliev et al. (2012b).

1.3 Observational constraints

Little has been directly observed from the EoR, and the open questions are
many: when did the reionization of the IGM start? When did it finish? Which
sources were responsible? In this subsection, I will describe a few observa-
tional probes that can be used to put at least some constraints on this time
period.

1.3.1 The cosmic microwave background

The Cosmic Microwave Background (CMB) was emitted at z ≈ 1100, when
the Universe had cooled enough for protons and electrons to recombine into
atoms (e.g. Smoot et al. 1992). On their way to us, the CMB photons undergo
Thomson scattering with the free electrons present during and after the EoR,
introducing some polarization in the CMB signal.

By measuring the large-scale fluctuations in the polarization power spec-
trum of the CMB, it is possible to infer the optical depth to Thomson scattering,
τ . The optical depth is given by integrating the free electron density ne from
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the present up to the redshift of the CMB emission, zrec:

τ(z) = cσT

∫ t(zrec)

0
ne[z(t)]dt, (1.9)

where c is the speed of light and σT is the optical depth to Thomson scattering
(Page et al., 2007). From Eq. 1.9 it is clear that τ tells us something about the
history of reionization. An early reionization model, in which the IGM became
ionized already at high z, will give a high value of τ since ne(z) is high for a
larger range of redshifts, and vice versa. However, since it only tells us the
integrated electron density, it can only give limited information on the detailed
reionization history. For instance, a model in which the IGM is ionized late and
quickly can give the same τ as a model with an early but extended ionization.

The best published measurement of the optical depth comes from the polar-
ization power spectrum observed with the Planck satellite: τ = 0.066±0.016
(Planck Collaboration et al., 2015). Assuming a simple instantaneous model
in which the global mean ionized fraction, 〈x〉i, is 0 for z > zr and 〈x〉i = 1 for
z < zr, the best-fit value for the reionization redshift is zr = 8.8+1.7

−1.4. However,
such an instantaneous model is not very realistic, and many other reionization
scenarios can reproduce the same value of τ .

1.3.2 Quasars and Lyα emission

One of the best ways of indirectly studying the latest stages of the EoR is to
look at absorption features in the spectra of distant objects with strong Lyα

emission. The interesting part of the spectrum is mainly the region on the
blue side of the Lyα line. Due to the expansion of the Universe, photons from
a high-redshift object that were initially of shorter wavelength than λLyα =

1216 Å will eventually redshift into resonance. If there is a sufficient concen-
tration of neutral hydrogen at the point in space where this happens, the photon
will be absorbed1, and an absorption feature is created in the spectrum at the
photon’s rest-frame wavelength. A spectrum from a strong source (such as a
quasar) will thus show absorption lines at the positions of all neutral hydrogen
structures along a particular line-of-sight—an effect known as the Lyα forest.
If the IGM is dense and neutral enough, the narrow absorption features in the
Lyα forest meld together and form a so-called Gunn-Peterson trough (Gunn
& Peterson, 1965), i.e. the spectrum will have close to zero transmission at
λ < λLyα .

1Technically, the photons are not absorbed, but rather re-emitted in a random di-
rection. In a low-density medium, this is effectively the same thing, since scatterings
into the line-of-sight are rare.
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Fan et al. (2006) studied a sample of spectra from 19 quasars from the
Sloan Digital Sky Survey, at redshifts up to z≈ 6.5. Looking at the amount of
Lyα absorption, they found that the global neutral hydrogen fraction increased
from around 10−3 at z = 5.5 to around 10−2 at z = 6.1, with indications of
an accelerating trend of more neutral gas beyond this redshift. Recent high-
resolution spectroscopic studies have found a strong limit of ≤ 0.06±0.05 for
the global neutral hydrogen fraction at z = 6 (McGreer et al., 2015).

Figure 1.3: The spectrum of ULAS J1120+0641 (black) compared to a compos-
ite of lower-redshift quasar spectra (red line). Note the complete absorption on
the blue side of the Lyα line. Figure from Mortlock et al. (2011).

The current redshift record for a quasar is ULAS J1120+0641, at z = 7.085
(Mortlock et al., 2011). The spectrum of this object (Fig. 1.3) shows a complete
Gunn-Peterson trough, and even signs of absorption at the red side of the Lyα

line. This latter effect is known as a damping wing, and occurs at high neutral
densities due to the natural line width of Lyα . Bolton et al. (2011) compared
the observed spectrum of ULAS J1120+0641 to simulations, and found a best-
fit value of 10 % neutral fraction at z= 7. However, this value is not necessarily
representative of the global mean value, since reionization is expected to be a
patchy process.

The absorption lines in the Lyα forest also contain information about the
temperature of the IGM, as hot gas will produce wider lines due to Doppler
broadening. This information can be used to put constraints on the timing of
reionization. The idea is that the IGM would have been photo-heated as it was
ionized, and since it can only cool slowly (mainly due to the expansion of the
Universe), it will retain a “memory” of when it was ionized for some time.

Studies by Theuns et al. (2002), Hui & Haiman (2003) and Raskutti et al.
(2012) indicate that reionization must have finished somewhere between red-
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shifts 10 and 6.5. However, these calculations are subject to several model un-
certainties regarding the intrinsic shapes of the quasar spectra and the clumpi-
ness of the IGM.

Lyα emission can come not only from quasars, but also from galaxies. Lyα

emitting galaxies typically have much weaker lines than quasars and are harder
to study spectroscopically. On the other hand, they are much more numerous,
and can be studied statistically. There is a growing observational evidence of
a rapid change in the population of Lyα emitters that coincides with the end
of the EoR. This is the subject of Papers I and III, and is discussed in detail in
chapter 2.

1.3.3 High-redshift galaxies

While a number of possible sources of reionization have been proposed (see
Sec. 1.2), it is generally thought that galaxies provided the dominant part of
the ionizing radiation, and observing high-redshift galaxies represents one of
the best opportunities of seeing the actual sources of reionization.

The most common way of finding high-redshift galaxies is the so-called
drop-out, or Lyman-break technique (Steidel et al., 1995). This method makes
use of the fact that a galaxy containing or surrounded by a non-negligible
amount of neutral hydrogen will have a sharp break in its spectrum at 912 Å,
since photons at higher frequencies will tend to ionize hydrogen atoms. This
is similar to the Gunn-Peterson troughs discussed in the previous section, and
shown in Fig. 1.3. Thus, one may image a large area of the sky in a number
of filters centred at consecutively bluer wavelengths and look for sources that
“drop out”, i.e. disappear from one filter to the next. The filter wavelength at
which a galaxy drops out will correspond to the Lyman-break at 912 Å in the
galaxy’s rest frame (at higher redshifts, the break comes instead at the Gunn-
Peterson trough at 1216 Å). This can then be converted into a redshift for the
galaxy. Using this technique, large samples of galaxies have been found up
to redshift ∼8 (e.g. Atek et al. 2015; Bouwens et al. 2011; Oesch et al. 2010;
Robertson et al. 2013) and recently up to z ∼ 10 (Ishigaki et al., 2015) with
certain candidates at redshifts as high as 12 (Ellis et al., 2013; Zheng et al.,
2012).

By measuring the number density of galaxies at high redshifts, one can
infer the global star formation rate, which in turn gives a rough handle on
the production of photons that contribute to the reionization of the IGM. The
production rate of ionizing photons, dnion/dt can be written as:

dnion

dt
= fescζQρSFR, (1.10)

where ρSFR is the global star formation rate, ζQ is the efficiency with which
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star formation produces ionizing photons and fesc is the escape fraction, i.e.
the fraction of ionizing photons that manage to leave the galaxy to ionize the
IGM (Robertson et al., 2010).

Figure 1.4: Volume-averaged ionized fraction as a function of redshift derived
from ultraviolet luminosity functions. The three lines show different extrapola-
tions of the shape of the luminosity function. From Bouwens et al. (2012b).

Using this relation and certain assumptions regarding the escape fraction
and the clumpiness of the IGM (which affects recombinations), Bouwens et al.
(2012a) derive the ionization histories shown in Fig. 1.4. The three lines rep-
resent different methods of extrapolating the shape of the faint end of the lu-
minosity function to higher redshifts. These histories are highly uncertain due
to the many assumptions involved, not the least of which is the escape fraction,
which is poorly constrained, especially at high redshifts (see e.g. Fernandez &
Shull (2011) and references therein).

1.4 Future outlook

The open questions regarding the EoR can be summarized as “when?” and
“what?”: when did reionization happen and which sources were responsible?
The absence of Gunn-Peterson troughs in quasar spectra at z . 6 give fairly
strong constraints for the end of reionization, and CMB measurements give
some constraints on the time extent of the period. However, the exact reion-
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Figure 1.5: Constraints on the reionization history, i.e. the evolution of the global
fraction of neutral hydrogen as a function of redshift. The red points come
from measurements of quasar spectra and Lyα emitter luminosity functions. The
shaded area shows the constraints on the reionization history obtained by com-
bining these measurements with the CMB optical depth. Figure from Mitra et al.
(2012).

ization history for z & 6 is highly uncertain with Lyα emitter observations and
IGM temperature measurements giving seemingly contradictory information.
This uncertainty can be seen in Fig. 1.5 which is an attempt to combine con-
straints from quasars and the CMB to obtain the history of the global ionized
fraction. The nature of the sources of ionizing photons is also unknown. While
it is commonly assumed that galaxies were the main contributor, the nature of
the first galaxies may be very different from the galaxies in the present Uni-
verse. There is also a possibility that exotic objects such as self-annihilating
dark matter may have played a role.

To answer these open questions we will need more observations. As was
mentioned in Sec. 1.3.2, Lyα emitting galaxies can give some insight into the
later stages of reionization. In the future, observations of the redshifted 21-cm
line originating from the neutral hydrogen in the IGM will hopefully shed more
light on the events that took place. However, interpreting these observations
is not straightforward. To learn anything about the physics of reionization,
we will need simulations to compare them to. Connecting observations with
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theory is the theme of this thesis. Chapter 2 deals with Lyα galaxies, which is
the topic of papers I and II, Chapter 3 deals with the 21-cm line, the topic of
papers III, IV and V.
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2. Lyα emitters

The term “Lyα emitter” refers to a galaxy with strong observed emission in the
Lyα line. In the context of reionization, Lyα emitters are interesting because
Lyα photons interact strongly with neutral hydrogen. This means that we ex-
pect to observe a change in the population of Lyα emitters at high redshifts
when the IGM becomes increasingly neutral, as was discussed briefly in the
first chapter. In this chapter, I cover some basic physics of the Lyα line and
Lyα emitters and discuss more in detail how observations of these objects can
be used to constrain the EoR.

2.1 Physics of the Lyα line and Lyα emitters

2.1.1 Production of Lyα in galaxies

Lyα photons are produced when hydrogen atoms transition from the n = 2 to
the n = 1 energy level, corresponding to a wavelength of λLyα = 1216 Å. In
galaxies, most of the Lyα radiation is produced in the ionized regions around
hot, new-born stars, as ionized atoms recombine and de-excite to the ground
state. At temperatures typical for an H II region, around 68 % of the ionizing
UV photons eventually produce a Lyα photon (Spitzer, 1978).

In addition to the Lyα radiation from stellar sources, a significant part of
the Lyα emission from young galaxies can come from gravitational cooling.
As galaxies form, baryonic matter falls into the deep potential well of the dark
matter haloes. The heat produced in this process is later converted to radiation
as the gas cools. Fardal et al. (2001) found that roughly 50 % of this cooling
radiation escapes via the Lyα line, emanating primarily from the outskirts of
the galaxy.

A small contribution to the Lyα production also comes from the UV back-
ground radiation, i.e. the ionizing radiation that escapes its host galaxy and fills
the IGM. In galaxies with a low H I density, the UV background may penetrate
and ionize the gas in the galaxy, eventually leading to Lyα emission following
the same processes as for internal stellar sources (Furlanetto et al., 2005).
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2.1.2 The Lyα line shape

The line profile of the Lyα emission from a galaxy is broadened by two fac-
tors: the natural line width ∆νL (originating from the Heisenberg uncertainty
principle) and the Doppler shifts caused by the random motions of atoms at the
temperature T of the gas. The total line shape is a convolution of the natural
line shape (a Lorentzian) and the thermal broadening (a Gaussian). The result
is called a Voigt profile:

V(x) =
a

π3/2∆νD

∫
∞

−∞

e−x′2

(x− x′)2 +a2 dx′ ≡ 1√
π∆νD

H(a,x). (2.1)

Here, ∆νD =
√

2kBT
mH

ν0
c is the Doppler broadening with ν0 being the central

frequency, a ≡ ∆νL/2∆νD is the damping parameter, and the frequency is
parametrized as x≡ (ν−ν0)/∆νD (Laursen, 2010).

In most cases, the Doppler broadening ∆νD dominates over the natural line
width ∆νL, and the Voigt profile looks very similar to a Gaussian. However,
the Lorentzian extends farther from the line centre than the Gaussian, giving
rise to so-called “damping wings”, which will turn out to be important in using
Lyα lines to probe the IGM.

2.1.3 Lyα radiative transfer through the ISM

If all Lyα photons escaped their host galaxies without any interactions with
the interstellar medium (ISM), the observed line shapes in Lyα galaxies would
look like Eq. (2.1). In reality, however, Lyα photons interact strongly with the
ISM. Using the line shape from Eq. (2.1), the Lyα cross section for neutral
hydrogen can be written as:

σx = f12

√
πe2

mec∆νD
H(a,x), (2.2)

where f12 is the oscillator strength and me is the electron mass. Evaluating Eq.
(2.2) for some typical values reveals it to be about four orders of magnitude
larger at the line centre than the H I cross section at the Lyman limit (Laursen,
2010).

The large cross section means that a Lyα photon is very likely to be imme-
diately absorbed if it is located in an environment where there is any neutral
hydrogen present. Following the absorption, it will then be re-emitted in some
random direction with an additional frequency shift corresponding to the ab-
sorbing atom’s velocity along the direction of the re-emission. One can think
of the photons as going through random walks in both space and frequency.
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Typically, they can only escape their host galaxy once they have obtained a fre-
quency shift large enough to make the optical depth sufficiently small. Because
of this, Lyα photons tend to spread out and emerge from their host galaxies
from an extended halo (e.g. Östlin et al. 2009). They also typically have broad-
ened line profiles with very little emission at the line centre.

The problem of Lyα radiative transfer through the ISM has been treated
analytically for a few very idealized cases. Harrington (1973) first formulated
the differential equation governing the diffusion of Lyα photons, and solved it
for some idealized cases. Neufeld (1990) later solved the equation for the case
of central source embedded in an optically thick medium with finite extent
along one axis and infinite extent along the other axes (a “slab” configuration).
Dijkstra et al. (2006) derived the emerging line shape from a uniform, static,
spherically symmetric sphere of gas. This solution, which gives the flux J as a
function of frequency x (as parametrized in the previous section) has the form:

J(x) =
√

π√
24aτ0

(
x2

1+ cosh(
√

2π3/27|x3|/aτ0)

)
, (2.3)

where τ0 is the optical depth to the surface of the sphere. This line shape is
symmetric with one peak at each side of the line centre. Note that it is exactly
zero at x = 0, meaning that no photons can escape without first changing their
frequency.

The underlying assumptions for solutions such as Eq. (2.3) are highly ide-
alized, but nevertheless reveal some interesting features about Lyα emitters.
Spectroscopic observations do indeed show that most real line shapes have
very little emission directly at the line centre, and some also have double-
peaked line shapes (e.g. Tapken et al. 2007). However, observed line shapes
rarely show the symmetry predicted by Eq. (2.3)—typically the red peak is
significantly stronger than the blue peak.

To explain the observed line shapes, it is necessary to turn to numerical
simulations (e.g. Dijkstra et al. 2006; Hansen & Oh 2006; Laursen et al. 2009;
Verhamme et al. 2006; Zheng & Miralda-Escudé 2002). Such simulations can
solve the radiative transfer equations for Lyα for an inhomogeneous and non-
static medium. This way, the observed asymmetries in the line profiles can
be explained by assuming that gas inside galaxies is expanding outwards (Ver-
hamme et al., 2008), for instance due to winds driven by supernovae. The
problem of Lyα radiative transfer is very complex and computationally de-
manding, however, and many unanswered questions remain. These include the
origin of the extremely high Lyα equivalent widths (i.e. Lyα emission com-
pared to continuum emission) observed in some galaxies, and the role of dust
in Lyα radiative transfer (Duval et al., 2014; Laursen et al., 2013; Neufeld,
1991).
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2.1.4 Lyα transfer through the IGM

Having escaped their host galaxies, the Lyα photons enter the intergalactic
medium (IGM), where the H I density can be more than five orders of magni-
tude lower than in the interstellar medium (Laursen et al., 2011). In this regime,
it becomes justified to treat photons that are scattered out of the line-of-sight
as being lost forever, since it is very unlikely to have any scattering into the
line-of-sight (Laursen et al., 2011). This means that the radiative transfer of
Lyα through the IGM is simply a matter of counting the optical depth τ at each
wavelength. The optical depth along a line-of-sight can be calculated as:

τ(λ ) =
∫

sightline
nH I (r)σ(λ +λv‖/c)dr, (2.4)

where nH I is the number density of neutral hydrogen, v‖ is the gas velocity
component along the line-of-sight and σ is the cross section from Eq. (2.2).
The transmitted fraction of Lyα photons is then:

F(λ ) = e−τ(λ ). (2.5)

Note that the cross section in Eq. (2.4) should be evaluated at the wave-
length transformed to the rest-frame of the gas, as indicated by the v‖/c term.

At small scales, v‖ is simply the peculiar velocity of the gas, but when
considering distant objects the photons will travel over cosmological distances,
and v‖ becomes dominated by the Hubble flow. Photons that were emitted with
a wavelength λ < λLyα will eventually be redshifted into the line centre due to
the expansion of the Universe. If there is enough neutral hydrogen at the point
along the sightline where this happens, the photon will be absorbed (or, rather,
scattered out of the line-of-sight). If the H I density is really high, there is also
a chance for photons that are not directly in the line centre of being scattered
by the damping wings.

As discussed already in Sec. 1.3.2, a spectrum from a high-redshift source
of light will thus contain a Lyα forest, with absorption lines corresponding
to neutral regions along the line-of-sight. At higher redshifts, when the IGM
becomes more and more neutral, the “trees” of the Lyα forest grow in number
and eventually merge into a Gunn-Peterson trough (Gunn & Peterson, 1965).
Fig. 2.1 shows the fraction of bluer-than-Lyα photons that make it through the
IGM for a large number of quasar observations as a function of redshift. At
z & 6, the Lyα forest has completely transitioned into a Gunn-Peterson trough.

At redshifts around 6, the Lyα transmission function F(λ ) looks similar
to a step function, i.e. it is zero for λ . λLya and one for λ > λLya. At even
higher redshifts, the large H I density will make scatterings in the line wings
likely, and so even photons on the red side of the line centre will be absorbed.
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This makes the Lyα line a sensitive probe of neutral hydrogen even when the
Lyα forest has completely transitioned into a Gunn-Peterson trough.

Figure 2.1: Fraction of photons in the Lyα forest that are transmitted through
the IGM, as a function of redshift, calculated from sample of 6065 quasars. The
transmission is measured relative to z = 2. Figure from Becker et al. (2013).

2.2 Lyα emitters as probes of reionization

2.2.1 Finding Lyα emitters

Already in the 1960’s, it was realized that the Lyα line would be the most
promising feature to look for when searching for the first galaxies in the Uni-
verse. Using simple models for galaxy and star formation, Partridge & Peebles
(1967) argued that young galaxies would emit around 10% of their total lu-
minosity in the Lyα line. However, it was not until several decades later that
technology had progressed enough to make these objects observable.

Today a large number of surveys have searched for Lyα emitters at the
redshifts on the edge of the EoR (e.g. Caruana et al. 2012; Hu et al. 2002;
Kashikawa et al. 2006, 2011; Malhotra & Rhoads 2004; Ota et al. 2008; Ouchi
et al. 2010; Pentericci et al. 2014; Stark et al. 2010; Tilvi et al. 2014; Treu et al.
2013). These surveys typically use the narrowband technique and/or spec-
troscopy. Narrow-band searches work by imaging a region of the sky with a
broadband filter and a narrowband filter with a central wavelength that corre-
sponds to the Lyα line at the redshift of interest. By looking for objects that
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show a significantly higher flux density in the narrow band image than in the
broadband image, it is possible to identify Lyα emitter candidates in a large
region on the sky. The downside is that detections are somewhat uncertain—
mainly due to contamination from lower-redshift interlopers—and that only a
small redshift range can be probed at a time. Candidate galaxies can later be
followed up with spectroscopic observations. These are much more reliable
than narrowband detections, and can also give a lot of additional information
about the galaxy along with a more certain redshift.

All ground-based observations have to deal with absorption in the Earth’s
atmosphere. Observations can only be carried out at redshifts where there is
a corresponding window in the atmosphere’s transmission. Because of this
limitation, most Lyα surveys of interest to reionization studies are centred at
redshifts 5.7 and 6.6.

Observations have found that most Lyα emitters are galaxies with young
stellar populations, on the order of a few tens or hundreds of Myr since the
onset of star formation (Lai et al., 2007). They are also typically rather small,
with stellar masses around 109 M� (Nilsson et al., 2007), and very high specific
star formation rates (Castro Cerón et al., 2006; Gawiser et al., 2006), although
there are large variations within the population.

2.2.2 Trends at high redshift

There is now a rather sizeable number of Lyα emitters detected at z & 6, when
reionization is still thought to be ongoing. Since the Lyα line is so sensitive to
neutral hydrogen, we would expect the Lyα emission of high-redshift galaxies
to be attenuated compared to lower redshifts.

Luminosity functions

Currently, the two largest samples of z > 6 Lyα emitters both come from
Japanese groups using the Suprime-Cam on the Subaru telescope. Ouchi et al.
(2010) used the narrowband technique to observe the Subaru/XMM-Newton
Deep Survey (SXDS) field. Within their 1 deg2 survey area, they detected
207 Lyα emitters at z = 6.6, with 19 of these objects confirmed spectroscopi-
cally. Kashikawa et al. (2011) studied the Subaru Deep Field (SDS), which is
separate from the SXDS field, and found 45 spectroscopically confirmed Lyα

emitters at z = 6.5 and 54 at z = 5.7.
Both of these groups compare their observations to those at lower redshifts

by studying the luminosity functions, i.e. the number density of Lyα emitters
binned in different luminosity bins. The luminosity function thus contains
information both on the number density of objects and on the distribution of
their luminosities. In a more neutral IGM, it is natural to assume that the
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luminosity function would drop in amplitude, since fewer objects are visible.
It is also plausible that the low-luminosity end would be more suppressed, since
smaller galaxies would not have been able to ionize the IGM around them to
the same extent as higher-mass galaxies.

Both Ouchi et al. (2010) and Kashikawa et al. (2011) do see a significant
drop in the amplitude of the luminosity function between z ∼ 6 and z ∼ 6.5.
This is particularly interesting, since the Lyα luminosity function has long
been established to be close to constant in time up to redshifts around 6 (e.g.
Ota et al. (2008) and references therein). Recently, observers have started push-
ing to even higher redshifts. For example, Konno et al. (2014) measured the
luminosity function at z = 7.3 and found that the amplitude had dropped sig-
nificantly compared to lower redshifts (see Fig. 2.2). Very recently, there have
also been observations supporting the idea that the bright end of the luminosity
function evolves slower than the faint end (Matthee et al., 2015).

Figure 2.2: The Lyα emitter luminosity function at three different redshifts. The
cyan line is from Ouchi et al. (2008), the blue one is from Ouchi et al. (2010) and
the red one from Konno et al. (2014), where the figure is taken from.

Lyα emitter fraction

A slightly different approach was taken in the studies by Stark et al. (2010),
Pentericci et al. (2011), Treu et al. (2013), Caruana et al. (2012) and Faisst
et al. (2014) who studied instead the Lyα emitter fraction as a function of
redshift. Their approach was to start with a sample of galaxies selected with
a technique that is insensitive to the IGM, such as the drop-out technique, and
then perform a spectroscopic search for Lyα emission in these galaxies. If the
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IGM does indeed become more neutral at higher redshifts, one would expect
that the fraction of drop-out selected galaxies that show Lyα emission should
decrease at high redshifts.

The situation is complicated somewhat by the small spectroscopic samples
available at the highest redshifts, and the fact that the Lyα emitter fraction
appears to vary not only with redshift, but also with galaxy magnitude. Never-
theless, all studies find very similar results: the Lyα emitter fraction increases
with redshift up until z≈ 6.5 (probably due to the lower dust-content of high-
redshift galaxies), and then drops very suddenly.

Figure 2.3: The “volumetric escape fraction” of Lyα photons as a function of
redshift. Figure from Hayes et al. (2011).

It has also been shown that the shape of the Lyα equivalent width distri-
bution changes between redshifts 6 and 7 (Pentericci et al., 2014; Tilvi et al.,
2014). The distribution appears to change to a shallower slope at z = 7—
meaning relatively more high-equivalent width objects than at z = 6.

Hayes et al. (2011) compiled several studies to derive the “volumetric es-
cape fraction” of Lyα—defined as the ratio between observed and intrinsic
Lyα luminosity density—as a function of redshift. The intrinsic Lyα lumi-
nosity of a galaxy can be calculated from measurements of the Hα luminosity,
since the ratio of these two luminosities is known (after correcting for dust
extinction). The results of Hayes et al. (2011) are shown in Fig. 2.3. Again,
we see a sudden change in the Lyα emitter population at the redshifts where
reionization is thought to occur.

2.2.3 Interpreting the observations

Although sample sizes are still rather small for the most part, the majority
of high-redshift surveys seem to indicate that a rapid change in the proper-
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ties of the Lyα emitter population occurred at redshifts & 6. Since it is well-
established from studies of quasar spectra that this is right at the edge of the
EoR, it is tempting to interpret the change in luminosity function and Lyα

emitter fraction as being due to an increasingly neutral IGM.
To translate the observed changes in the luminosity function and the Lyα

emitter fraction to a change in the neutral fraction of the IGM, we need sim-
ulations that can reproduce the observations. Unfortunately, this is far from
straightforward. A core difficulty lies in the fact that the radiative transfer
inside and close to the galaxies requires high resolution and detailed assump-
tions about various factors such as kinematics and dust buildup (see Sec. 2.1.3),
whereas studying the effects of the IGM requires a large simulation volume.
Because of limitations in computing power, all such studies inevitably end up
having to make some compromises.

Different authors have tackled this problem using various approaches. Some
studies, such as McQuinn et al. (2007a) and Iliev et al. (2008) focus on accu-
rately simulating the IGM by doing full radiative transfer simulations of the
ionizing radiation in order to obtain a realistic ionization topology, but then
end up having to make simplistic assumptions about the Lyα emitters them-
selves. In both of these studies they are assumed to have simple Gaussian
line-shapes, with Lyα luminosities proportional to the halo mass.

Other authors, such as Dijkstra et al. (2011) have tried to include more
advanced models for the Lyα galaxies by separately modelling the radiative
transfer in a way similar to Eq. (2.3), which permits studies of the effects of
galaxy kinematics on the observability of Lyα emitters.

Another approach is to try to self-consistently simulate formation of stars
and galaxies and the production of Lyα photons in a cosmological simulation
including both gravity and hydrodynamics, as was done by Dayal et al. (2011).
This method can give more physically motivated predictions for the intrinsic
properties of the Lyα emitters, but the lack of resolution at galactic scales can
be problematic. An in-between approach is taken by Zheng et al. (2010) who
use a simplistic model for the intrinsic properties of Lyα emitters, but carry
out full Lyα radiative transfer throughout the entire simulation volume. Newer
studies have also explored the possibility that small-scale neutral structures—
unresolved by many simulations—may play an important part in obscuring
Lyα emitters even in a relatively ionized environment (Bolton & Haehnelt,
2013; Choudhury et al., 2014; Mesinger et al., 2015).

However, a major issue is that evolution in the intrinsic properties of Lyα

emitters could mimic the effects of a neutral IGM. Simulations have so far
struggled to tell these effects apart. Attempts to model intrinsic galaxy evo-
lution from basic physics typically fail to reproduce observations (e.g. Zheng
et al. 2010) and models with many free parameters run into problems with de-
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generacies. For example, Dayal et al. (2011) and Dijkstra et al. (2014) argue
that the effects seen in observations at z > 6 can be explained to a large degree
by changes in the escape fraction of the galaxies.

Still, when attempts are made to explain the observed changes in the Lyα

population by assuming that they are completely due to a neutral IGM, it is
typically found that a (perhaps unrealistically) late and rapid reionization his-
tory is required (e.g. Choudhury et al. 2014; Dijkstra et al. 2011; Ouchi et al.
2010; Pentericci et al. 2011). It remains fully possible that a combination of
evolution in the intrinsic properties of the galaxies and in the ionization state
of the IGM is required to explain the observations.

These problems are likely to be solved at least to some extent with the
arrival of the next generation of Lyα emitter surveys. The Hyper Suprime-
Cam on the Subaru telescope will be able to increase the survey sizes of Lyα

emitters at redshifts around 6.5 by more than an order of magnitude, which
will enable new types of statistical studies. Likewise, the James Webb Space
Telescope will be able to obtain spectra of galaxies at high redshifts at un-
precedented detail. This should provide new insight into the physical nature of
galaxies during reionization. These future prospects are the topic of Paper II.
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3. The 21-cm line

Perhaps the most promising probe of the epoch of reionization is the redshifted
21-cm line, originating from a spin-flip transition in neutral hydrogen atoms.
By measuring the 21-cm radiation from the IGM as it is being reionized, it
will be possible to directly study the progression and topology of reionization.
Today, a number of radio telescopes are competing to be the first to make such
a detection. In this chapter, I summarize the physics of the 21-cm line and
discuss what we expect the signal from the EoR to look like. I also give an
overview of the ongoing efforts to detect this signal.

3.1 21-cm radiation from the epoch of reionization

3.1.1 21-cm physics

Since approximately 95 % of the gas in the IGM consists of hydrogen, it seems
reasonable to look for hydrogen atomic lines when studying the history of the
IGM. One of the most well-known lines is the 21-cm (1420 MHz) line, which
originates from a spin-flip transition between the two 1S hyperfine states (see
Fig. 3.1). Its existence was predicted by Hendrik van de Hulst, who proposed
using the line to study the interstellar hydrogen in the Milky Way (van de Hulst,
1945).

Figure 3.1: 21 cm photons are emitted when a hydrogen atom transitions from a
state where the electron and proton have parallel spins to a state where the spins
are anti-parallel.
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The 21-cm signal from the EoR is usually measured in contrast with the
CMB background, as the differential brightness temperature, δTb, which is
determined by the local density of neutral hydrogen, the optical depth τ and the
so-called spin temperature, TS, which is a measure of the relative occupancy of
the two 1S hyperfine states:

n1

n0
≡ g1

g0
e−T?/TS , (3.1)

where g1/g0 = 3 are the spin degeneracy factors of the two levels and T? =
0.068 K is the temperature corresponding to the energy difference between the
two levels.

The 21-cm emission from the IGM will be visible either in emission or in
absorption against the CMB background temperature Typically, τ is small, and
the observed brightness temperature can be written as (e.g. Furlanetto et al.
2006a; Pritchard & Loeb 2008):

δTb ≈
TS−TCMB

1+ z
(1− e−τ)≈ TS−TCMB
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3

δb

)(
Ωbh2
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)
×
(

0.15
Ωmh2
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10

)1/2(TS−TCMB

TS

)
mK, (3.2)

where δb is the fractional over-density of baryons, xi is the ionized fraction
and Ωb and Ωm are the baryon and mass density parameters. We see that Eq.
(3.2) contains one part that depends on the density of neutral hydrogen in the
expanding Universe, and one part that contains the contrast between the spin
temperature and the CMB background. The spin temperature is determined by
three factors: background radiation, collisional coupling and Lyα coupling.

The background radiation can be quantified by some temperature Tγ , which
is normally dominated by the CMB, so that Tγ = TCMB. In the case where there
is little collisional or Lyα coupling, the spin temperature will simply follow
Tγ .

When the gas density is high, collisions can induce spin-flips in hydrogen
atoms and increase the spin temperature. The collisional coupling is set by
the gas kinetic temperature TK and the collisional coupling constant xc. The
collisional coupling constant can in turn be divided into one term for collisions
between hydrogen atoms, one term for collisions between hydrogen atoms and
electrons and one term for collisions between hydrogen atoms and protons.
Each of these terms depends on the densities of the respective species.
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Finally, Lyα photons emitted by stars also affect the spin temperature
through a process called the Wouthuysen-Field effect (Field, 1958; Wouthuy-
sen, 1952). In short, an atom in the 1S singlet state may absorb a Lyα photon,
which will bring it up to the 2P level. Once the atom re-emits the Lyα pho-
ton and relaxes to the ground state, it may end up in either one of the two 1S
states. This means that some of the atoms that were initially in the singlet state
will be brought to the triplet state through mediation of a Lyα photon. The
exact efficiency depends on the Lyα coupling constant xα and the Lyα colour
temperature Tα , which is a measure of the shape of the background radiation
spectrum at the Lyα wavelength.

These three coupling mechanisms combine to give the spin temperature:

T−1
S =

T−1
γ + xαT−1

α + xcT−1
K

1+ xα + xc
. (3.3)

For a more detailed review of the physics of the 21-cm line and the calculations
that go into determining xc and xα , see e.g. Pritchard & Loeb (2012).

3.1.2 The evolution of the IGM

Figure 3.2: Schematic illustration of the evolution of the 21-cm brightness tem-
perature, from Pritchard & Loeb (2012).

So far, no observations have been able to detect the 21-cm signal from
the EoR and the Dark Ages. However, by making reasonable assumptions
about the physical quantities that are involved—the gas temperature, gas den-
sity, ionized fraction and Lyα flux—one can make a rough sketch of the differ-
ent phases that the brightness temperature must have gone through as various
coupling mechanisms became efficient, albeit with fairly large uncertainties
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regarding the duration and even order of some of the phases. A good descrip-
tion of the commonly imagined scenario can be found in Pritchard & Loeb
(2012). Here, I briefly summarize their version, which is shown schematically
in Fig. 3.2.

The first phase is during the Dark Ages, directly after recombination at
z & 40. Here, there is no Lyα flux, but a high gas density, which means that
the spin temperature is coupled to the gas kinetic temperature. As the Universe
expands, the gas cools adiabatically as TK ∝ (1+ z)2, and the 21-cm signal is
visible in absorption against the CMB. Local fluctuations in δTb will come
primarily from density fluctuations.

Somewhere around z ∼ 40 the Universe will have expanded to a point
where the density is low enough that collisional coupling becomes inefficient.
At this point the spin temperature instead starts to follow the background tem-
perature so that TS ≈ TCMB. Thus, there is no observable 21-cm signal during
this phase (c.f. Eq. 3.2).

At some redshift, probably around z ≈ 30–20, the first luminous sources
will start to appear. These will produce Lyα photons, making TS follow Tα .
In this relatively high-density environment, the Lyα colour temperature will
closely follow the gas temperature, meaning that the spin temperature is effec-
tively again coupled to the gas temperature, which by this time is significantly
lower than the CMB temperature, producing a strong absorption signal.

Once the luminous sources grow in number, they start heating the IGM.
It is believed that the most efficient sources of heating are shocks and X-rays
from sources such as accreting black holes or supernova remnants. At this
point, the Lyα coupling saturates, and the spin temperature increases with the
IGM temperature until TS� TCMB, and the signal is seen in emission. At this
point, reionization has started and fluctuations in the ionized fraction will start
becoming important for δTb, with growing ionized regions being visible as
“holes” in the signal. As reionization continues, less and less neutral hydrogen
remains, until eventually the only signal comes from regions of neutral gas left
in-between the galaxies.

It is this last phase, following the onset of reionization—when the spin
temperature is much higher than the CMB temperature—that is the target of
the upcoming generation of radio telescopes currently under construction or
in early operations. The 21-cm signal from this time period contains a great
amount of information about both cosmology and astrophysics.
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3.2 Observations of 21-cm radiation

3.2.1 Radio interferometers

Observing the 21-cm signal from the EoR requires high resolution and sensi-
tivity at wavelengths of around 2 metres. This is not achievable with single-
dish telescopes; instead one has to use interferometry. An interferometer works
by connecting several telescopes over large distances. This way, much higher
resolutions can be obtained.

While interferometry is not a new technique, the technology required to
produce antennas sensitive enough for EoR observations, and the computing
power to store and correlate the immense amounts of data that such observa-
tions will generate, have just started to become available in recent years. Today,
a number of radio interferometers are competing to be the first to observe the
21-cm signal from the EoR.

One such interferometer is LOFAR (LOw Frequency ARray; van Haarlem
et al. 2013). LOFAR is a multi-purpose radio interferometer consisting of tens
of thousands of antennas, spread out over north-western Europe. It is oper-
ated as a Dutch-led European collaboration. The antennas are organized into a
number of stations: 24 core stations located outside Exloo in the Netherlands,
9 remote stations spread out over the Netherlands, and 8 international stations
in the United Kingdom, France, Germany and Sweden. Each station consists
of a number of low-band antennas (LBAs), sensitive to 30-80 MHz radiation,
and a number of high-band antennas (HBAs) that operate in the 120-240 MHz
range. LOFAR can be said to be a software telescope, with no steerable an-
tennas. “Pointing” the telescope towards a target on the sky is done by adding
delays in software to the signals from different antennas.

Studying the epoch of reionizaion (EoR) is one of the Key Science Projects
of LOFAR. The current plan is to acquire a few hundred hours of observations
in each of five different observing windows located in regions on the sky where
the galactic foreground emission is low (e.g. Yatawatta et al. 2013). These
observations have already started, and it is possible that LOFAR will provide
the first-ever detection of the 21-cm emission from the EoR within the next
year or so.

Other similar instruments include the Giant Metrewave Telescope (GMRT)
in India, the Donald C. Backer Precision Array to Probe epoch of reionization
(PAPER) and the Murchison Widefield Array (MWA) in Australia. MWA and
LOFAR are constructed as precursors for the upcoming mega-project SKA
(Square Kilometre Array), which will be able to obtain signal-to-noise ratios
an order of magnitude better than LOFAR.
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3.2.2 Foregrounds

Figure 3.3: Schematic illustration of the foregrounds that contaminate the EoR
signal. Figure credit: V. Jelić.

One of the most challenging aspects of EoR 21-cm observations is the re-
moval of foreground sources. The relevant foregrounds are localized emission
from radio galaxies and clusters, and extended sources such as Galactic syn-
chrotron emission and Galactic free–free emission (Jelić et al., 2010, 2008).
The fluctuations of the extended foregrounds are around three orders of mag-
nitude larger than the fluctuations of the expected 21-cm signal. Luckily, there
exist methods for removing the foregrounds.

Bright, localized sources can be removed by directional calibration, at least
for an instrument with sufficient resolution, such as LOFAR (Kazemi et al.,
2011). The extended sources are more problematic, but can still be dealt with
since they are expected to vary smoothly with frequency. In other words, if two
observations are made at some frequencies ν1 and ν2 at sufficient separation,
then the signal at those two frequencies would look completely different, while
the foreground contribution at ν2 would be essentially the same as that at ν1
multiplied by some frequency dependent factor.

The simplest method of removing the foregrounds is to simply fit a polyno-
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mial in frequency to the observed data (e.g. Ali et al. 2008; Bowman & Rogers
2010; Ghosh et al. 2012; Jelić et al. 2008; McQuinn et al. 2006). When re-
moving the (smooth) polynomial from the data, only the little wiggles from
the signal will be left. However, this type of method comes with the risk of
over-fitting the data (thus removing also some of the signal), or under-fitting
the data (leaving some of the foregrounds in the data). To deal with these is-
sues, several non-parametric methods, that make only minimal assumptions
about the spectral shape of the foregrounds, have been proposed and shown
to perform well in simulations. Such methods include Wp smoothing (Harker
et al., 2009), Independent Component Analysis (Chapman et al., 2012b), and
Generalized Morphological Component Analysis (Chapman et al., 2012a).

3.2.3 Noise removal

The RMS noise, ∆V N , of an interferometer for a single visibility measurement
with an integration time of t is given by (McQuinn et al., 2006):

∆V N =

√
2kBTsys

εAeff
√

∆νt
, (3.4)

where Tsys is the system temperature of the telescope, Aeff is the effective area,
∆ν is the frequency channel width and ε is the antenna efficiency. This equa-
tion applies for a single measurement in the visibility (Fourier) plane—to get
to the image plane one has to take into account the placement of the telescopes
in relation to the target of study since this is what determines the sampling of
the visibility plane.

Inserting values appropriate for LOFAR into Eq. (3.4), it turns out that for
an observation of a few hundred hours, the noise level is around a factor 10
higher than the signal (Harker et al. 2010). This means that imaging will be
very difficult (although it may be feasible in some situations). Instead, most
focus will initially be on statistical detection of the 21-cm signal. One of the
most promising statistical probes is the brightness temperature power spectrum
(see Sec. 3.3.1). The (foreground-cleaned) power spectrum will simply be the
sum of the signal power spectrum and a noise contribution, where the latter
can be measured and removed (to within some uncertainty). It is also possi-
ble to extract the signal power spectrum from noisy data by cross-correlating
two time-separated observations of the same region, since the noise will be
uncorrelated between two observations (Harker et al., 2010).

3.2.4 Other observational challenges

In addition to system noise and foreground emission, an interferometer at-
tempting to measure the redshifted 21-cm emission from the EoR will face sev-
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eral other challenges. One problem is that of radio interference. Wavelengths
of & 2 metres correspond to frequencies on the order of 100 MHz, putting the
target signal right in the FM broadcast band. To avoid problems with radio-
frequency interference (RFI), projects such as MWA and PAPER have sought
out remote and radio-quiet desert locations for their measurements.

LOFAR, however, is located primarily in the Netherlands, one of the most
radio-loud areas on the planet. This presents problems with RFI from both
radio and TV broadcasts and sources such as cars, electric fences, power lines
and wind turbines (Offringa et al., 2013). Since this type of interference is
generally localized in time and frequency, it can be removed to a great extent
by automated algorithms (Offringa et al., 2010, 2013).

Another obstacle is the Earth’s ionosphere—a layer of charged particles in
the atmosphere at 100 kilometres altitude and upwards. The charged particles
introduce phase changes to incoming light, which cause changes in observed
source positions, varying on time scales on the order of tens of seconds up to
a minute. For an instrument such as LOFAR, with long distances between sta-
tions, different stations will “see” completely different, un-correlated, parts of
the ionosphere, which makes calibration challenging (van Bemmel, 2007). A
method to calibrate observations by using bright sources to construct a phys-
ical model of the ionosphere has been incorporated into the LOFAR pipeline
and shown to work on real data (Yatawatta et al., 2013). However, this method
is still unproven for the very long integration times required for EoR observa-
tions.

3.3 Interpreting 21-cm observations

The 21-cm signal is a rich probe of astrophysics and cosmology. Looking at
Eq. (3.2), we see that it contains information about density fluctuations (which
in turn depend on the cosmological parameters), the global ionization fraction
(which depends on many factors related to star and galaxy formation) and the
spin temperature (which is a probe of the temperature of the gas). Most of the
currently planned observations will focus on redshifts where reionization is
already thought to be under way, which means that TS� TCMB. In this regime,
the fluctuations in brightness temperature can be written simply as:

δTb = δ̂Tb(1+δHI) (3.5)

where δHI is the local neutral hydrogen over-density and δ̂Tb is the global mean
21-cm brightness temperature.

In principle, if the noise is low enough, an interferometer such as LOFAR
is able to image the neutral hydrogen distribution (Datta et al., 2012; Malloy
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& Lidz, 2012; Zaroubi et al., 2012). Since the observable is an emission line,
observations at a specific frequency corresponds to a single redshift, and so
by imaging at many different frequencies one can build up a three-dimensional
tomographic image of the hydrogen distribution. Such an image would provide
a unique map of the early history of the Universe, showing the evolution of the
ionized regions around galaxy clusters in both time and space. However, as we
saw earlier, the noise levels of the first generation of instruments will probably
be too high for tomography to be feasible to any greater extent. Instead, early
measurements will focus on reducing the noisy data to some statistic. The
statistic used in most theoretical studies to date is the 21-cm power spectrum.

3.3.1 The 21-cm power spectrum

The 21-cm power spectrum, P21(k), is defined as the square of the magnitude
of the Fourier transform of δTb:

〈δ̃T ∗b (k)δ̃Tb(k′)〉 ≡ (2π)3P21(k)δ 3
D(k−k′), (3.6)

where k is the spatial wave vector, δ 3
D is the three-dimensional Dirac delta

function, and δ̃Tb indicates the Fourier transform of δTb. To reduce the noise in
the data, it is common to use the spherically averaged power spectrum, P21(k),
where the value at k is the average of P21(k) over a spherical shell in k space
centred around k. If the signal is isotropic, no information is lost this way. In
many situations, it is convenient to scale the power spectrum with the k space
volume to get the dimensionless power spectrum:

∆
2
21 ≡

k3

2π2 P21(k), (3.7)

∆2(k) is only truly dimensionless if the signal is dimensionless. In this context,
it has the units of mK2. The value of ∆2

21(k) can be interpreted as an indicator
of the magnitude of the 21-cm fluctuations at a scale k.

The 21-cm power spectrum is a useful statistic since it encodes a lot of
information about the topology of the H I distribution at a high signal-to-noise
ratio. As we have seen, reionization is expected to have been a patchy process
where ionized bubbles formed around the ionizing sources and subsequently
grew until they overlapped. However, ultimately, we are not interested in the
power spectrum itself, but in the physics of reionization. When did it happen,
and what were the properties of the sources of the ionizing photons?

In the very earliest stages of reionization, the brightness temperature dis-
tribution was approximately a Gaussian field. In this regime, the signal is
described fully in a statistical sense by the spherically-averaged power spec-
trum. As ionized bubbles start forming, however, the signal becomes highly
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Figure 3.4: The 21-cm power spectrum calculated from semi-numerical simula-
tions by Barkana (2009). Each line shows the power spectrum at an instance in
time, for 〈xi〉= 10, 30, 50, 70, 90 and 98 percent (starting with the top line at the
right of the figure).

non-Gaussian (e.g. Mondal et al. 2015) and can no longer be described fully
by the spherically-averaged power spectrum. The only way to connect a mea-
surement of the 21-cm power spectrum with the underlying physics is then to
simulate the reionization of the IGM under the assumption of some different
source models (see Sec. 1.2.3) and construct mock observations of the power
spectrum and other statistics to see how these differ.

Barkana (2009) devised an analytical model to study how the power spec-
trum is affected if various source parameters are varied, and found some gen-
eral trends in the power spectrum as a function of redshift, see Fig. 3.4. At early
times, the 21-cm power spectrum closely follows the density power spectrum
(which is approximately power-law shaped), since density fluctuations are the
only source of 21-cm fluctuations. As reionization progresses, the shape of
the 21-cm power spectrum starts to deviate from the density power spectrum.
For small scales (high values of k), the biggest source of fluctuations is density
fluctuations in the neutral regions, and so the power spectrum at these scales
follows the shape of the density power spectrum, but drops in amplitude as the
amount of neutral hydrogen decreases. On the largest scales, the 21-cm power
spectrum is also proportional to the matter power spectrum, but with a differ-
ent proportionality constant, since the fluctuations here are driven mostly by
ionized bubbles. Between these two regimes, there is a plateau-like feature that
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corresponds to a characteristic size of the ionized bubbles.
Similar studies were performed by other groups, such as McQuinn et al.

(2007b), Lidz et al. (2008), Iliev et al. (2012b) and Greig & Mesinger (2015),
using different types of simulations and incorporating different physics. These
studies all more or less agree with Barkana (2009) regarding the general shape
of the power spectrum, although the plateau on the intermediate scales tends to
become less pronounced in numerical simulations where the ionized regions
are typically less spherical.

A commonly found result is that it is difficult to separate different source
models (e.g. was reionization driven by a few massive sources or did smaller
galaxies also play a role?) by analysing the 21-cm power spectrum. While
varying the source efficiencies can give very different reionization histories,
it turns out that comparing the power spectra of different two source models
at the same global ionized fraction, they will look very similar (Iliev et al.,
2012b; Lidz et al., 2008; McQuinn et al., 2007b). However, Lidz et al. (2008)
argue that it may nevertheless be possible to say something about the sources of
reionization using first-generation radio telescopes by looking at the maximum
amplitude of the 21-cm power spectrum.

Likely, the easiest information to extract from the first measurements of
the 21-cm power spectrum is the reionization history. All of the studies men-
tioned above agree that the amplitude of the 21-cm power spectrum reaches its
peak value somewhere close to 50% global ionized fraction for spatial scales
around k∼ 0.3 Mpc−1, where both LOFAR and MWA are sensitive. A natural
first step once 21-cm data becomes available would then be to construct the
power spectrum at different frequencies and look for the maximum in ampli-
tude. Determining the timing of reionization may in turn be used to put indirect
constraints on the sources (Iliev et al., 2012b).

3.3.2 Line-of-sight effects

Simulations of the EoR are normally carried out in a fixed, cubic volume. The
evolution of the density and ionization fields are simulated within this volume,
and saved at regular time intervals. The output from a simulation run thus
consists of a number of cubes, each representing the state of the IGM at some
redshift. Because of the cosmological principle, these cubes are homogeneous
and isotropic on large enough scales. The raw output from simulations in some
sense represent the true signal, but they do not accurately represent what an
observer on Earth will actually see.

The first reason for this is the lightcone effect. A 21-cm observation at
some specific frequency will see the signal as it looked at the corresponding
redshift. Change the frequency a little, and the evolutionary state of the signal
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also changes. An observation spanning a range of frequencies will therefore
see a continually evolving signal (c.f. Fig. 1.1 or the cover of this thesis).

The lightcone effect has implications for measurements of statistics of
the 21-cm signal. For example, it is impossible to measure, the true three-
dimensional 21-cm power spectrum, since every measurement of the signal
will be an average over a range of epochs. In contrast to raw simulation output,
the lightcone signal is also anisotropic, since it evolves along the line-of-sight.
In paper V, we calculate the impact that the lightcone effect will have on mea-
surements of the 21-cm power spectrum.

A second reason for why the observed signal will differ from the simulated
one is an effect known as redshift space distortions. Cosmological distances
are measured by translating redshifts to distances, and so the line-of-sight com-
ponent of the peculiar velocity of an emitter will give rise to an error in the
measured distance. Since matter tends to flow towards high-density regions,
emitters on the far side of an over-density will appear closer to the observer
than they really are. This increases the contrast of the signal, since over- and
under-densities are exaggerated. Furthermore, since the signal is only affected
along the line-of-sight, the redshift-space signal that an observer will see—in
contrast to the real-space signal—is anisotropic.

The flows of matter trace the underlying matter distribution, and thus the
anisotropy in the redshift-space 21-cm power spectrum carries information
about the cosmic density field. Barkana & Loeb (2005) proposed that the
anisotropy could be used as a tool to separate the cosmological part from the
astrophysical part in the 21-cm signal. However, the power spectrum anisotropy
also contains information about the cross-correlation between the density and
the ionization field, which will depend on the sources of reionization. In papers
III and IV, we investigate the effect of redshift space distortions on the 21-cm
signal that will be seen by LOFAR. We also investigate how the power spec-
trum anisotropy due to redshift space distortions will depend on the properties
of the sources of reionization.
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4. Summary of papers

Here, I summarize the papers included in the thesis. The papers are grouped
by subject, rather than by chronological order. Papers I and II both deal with
Lyα emitters as probes of reionization, while papers III, IV and V are about
the 21-cm line.

4.1 Papers I and II

As discussed in chapter 2, there is growing observational evidence of a change
in the Lyα emitter population at z& 6. This could be explained by the presence
of neutral hydrogen at redshifts around 6.5 or 7, but in order to know how much
neutral hydrogen, we need simulations that try to replicate the observations.
A key difficulty when simulating Lyα emitters during the EoR is that high
resolution is required for the dense environments around galaxies, where Lyα

photons undergo many scatterings, while large scales are needed to properly
sample the statistics of the H II regions in the IGM.

In Paper I, we develop a technique that tries to get around this difficulty,
by performing the simulations in two separate steps. For the large scales, we
use an N-body simulation performed with the CUBEP3M code which is post-
processed with the radiative transfer code C2-RAY . This way we get an evolv-
ing distribution of dark matter, galaxies and neutral hydrogen in a simulation
cube of volume (163 Mpc)3. To cover the smaller scales, we construct a library
of galaxies, simulated at much higher resolution. We then use this library to
construct an empirical fit to the Lyα line shape as it looks when exiting the
galaxies. This line shape is a double-peaked profile (a narrow Gaussian sub-
tracted from a wider Gaussian), that increases in width with galaxy mass.

We assign intrinsic line shapes using our fit to the galaxies in the large vol-
ume and calculate the optical depth to Lyα for a large number of sightlines per
galaxy. This approach allows us to do two things: first, we can easily use other
intrinsic line shapes to compare our model to previous similar studies. Second,
we can construct mock observations that can be compared to real observations.

We find that our intrinsic line shape makes neutral hydrogen in the IGM
less effective in blocking Lyα . This is because our line does not have any
emission right at the line centre, and so the Lyα photons on the red side of
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the line centre can only be scattered if there is a strong damping wing. This
means that in order to reproduce observations of the Lyα luminosity function
at z = 6.5 and the equivalent width distribution at z = 7, we require a very late
reionization with as much as 60 per cent neutral hydrogen at z = 7. Such a
late reionization is probably unrealistic, and conflicts with other observations.
This suggests that something other than neutral hydrogen alone is required to
explain the change in the Lyα emitter population at z > 6.

In Paper II, we use the methods developed in Paper I to study how future
observations may put stronger constraints on the later stages of reionization.
We use the same model for the intrinsic Lyα line shape as in Paper I, but a
much larger, (607 Mpc)3, simulation of the IGM to construct mock observa-
tions for the upcoming Subaru Hyper Suprime-Cam (HSC) and for the James
Webb Space Telescope (JWST).

The HSC is expected to find several thousand Lyα emitters at z = 6.5—
an order of magnitude more than the largest surveys available today. With
such huge samples, new statistical tests become possible. One such test is to
compare the correlation function of Lyα emitters at z = 6 and some higher
redshift. If there is some neutral hydrogen present, the patchiness of the H II

distribution will cause the Lyα emitters to appear more clustered, since they
are more visible close to the centre of large ionized regions. We find that the
HSC should see a change in the Lyα correlation function between z = 6 and
z = 6.5 if there is a change of at least 20 per cent in the global neutral hydrogen
fraction. This can not be mimicked by intrinsic galaxy evolution, so finding
such a clustering would be a “smoking-gun” detection of reionization.

We also explore other observations that may become possible if the HSC
can detect not only Lyα but also UV luminosities. Since the UV is unaffected
by neutral hydrogen in the IGM, the ratio between Lyα and UV can tell us
something about the amount of neutral hydrogen in front of a galaxy. We
find that combining this information with the correlation function, the HSC
should be able to see a change in global neutral fraction as small as 10 per cent
between z = 6 and z = 6.5. If reionization should turn out to be very late, it
may even be possible to use the Lyα/UV ratio to construct a crude “image” of
the ionization state of the IGM.

Finally, we make mock spectroscopic observations for the JWST. These ob-
servations have a small field-of-view, but span a large range of redshifts. We
find that these types of observations are much less useful for directly constrain-
ing reionization (although they may be useful in an indirect way by providing
information about the sources of reionization). However, there is a possibility
that such a survey would detect a large group of galaxies strongly clustered
together, which would be an indicator that they are located inside an ionized
region surrounded by neutral gas.
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4.2 Papers III and IV

Interpreting observations of 21-cm emission from the EoR will always involve
translating redshifts to line-of-sight distance. This relies on the assumption
that the redshift comes only from the expansion of the Universe. If the gas
also has some peculiar velocity component along the line-of-sight, this will
introduce an error to the distance estimation. Gas moving towards the observer
will appear closer than it really is and vice-versa.

The signal reconstructed from the observed redshifts is known as the redshift-
space signal, and the distortions due to gas peculiar velocities are known as
redshift-space distortions. Since the gas in the IGM will tend to flow towards
high-density regions and away from low-density regions, the statistics of the
redshift-space signal will be different from the real-space signal. The redshift-
space 21-cm signal has higher contrast and is no longer isotropic.

21-cm redshift-space distortions are interesting to study for a number of
reasons. First, they change the signal significantly, so understanding their ef-
fects is essential for interpreting future observations. Second, the anisotropy in
the signal contains information about both cosmology and astrophysics. The
redshift-space 21-cm power spectrum can be written as a polynomial in the
parameter µ , which is the cosine of the angle between a Fourier mode and
the line-of-sight. In the linear regime, this polynomial has four terms, each of
which depends on various cosmological and astrophysical quantities.

In Paper III, we study the effects of redshift-space distortions on upcoming
LOFAR observations. We begin by shifting the 21-cm signal from a large cos-
mological radiative transfer simulation according to the gas peculiar velocities
to construct the redshift-space signal. We then simulate LOFAR noise for a
number of different integration times, and extract the 21-cm power spectrum
from the noisy signal. We find that after around 1000 hours of observation,
LOFAR should be able to observe the anisotropy in the power spectrum. Sim-
ply detecting some anisotropy in the signal will be useful as a sanity check to
verify that the observed signal is indeed the signal from the EoR.

With longer observing time, LOFAR should be able to observe the power
spectrum anisotropy as a function of redshift. We find that the anisotropy is in-
fluenced mostly by the cross-power spectrum of the neutral hydrogen and total
density fields, which in turn depends on the nature of the sources of reioniza-
tion. It has previously been suggested that the power spectrum anisotropy can
be used to extract the purely cosmological matter power spectrum, but this is
unrealistic for the signal-to-noise ratios achievable with LOFAR. However, we
propose that measuring the power spectrum anisotropy might nevertheless give
interesting astrophysical information.

In Paper IV, we further explore how the 21-cm redshift space distortions
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depend on the nature of the sources of reionization. We run a collection of
reionization simulations assuming different types of sources of ionizing pho-
tons to produce a wide range reionization topologies. We then calculate the
power spectrum anisotropy due to redshift space distortions for all of the reion-
ization simulations.

Since the power spectrum anisotropy depends on the cross-correlation be-
tween the density and ionization fields, it should work as a probe of the reion-
ization topology, and it may be possible to infer the source properties from
the anisotropy. However, we find that the anisotropy as a function of neutral
fraction only depends weakly on the source properties. Especially in the early
stages of reionization, the anisotropy evolves almost exactly the same, regard-
less of the reionization topology.

This means that redshift space distortions are not very useful for distin-
guishing between different source types. However, the upside is that, since we
can treat the anisotropy as a function of neutral fraction as being known, we
can use it to map redshifts to neutral fractions. We present a method for recon-
structing the reionization history from a measurement of the power spectrum
anisotropy. Such a measurement will be challenging with LOFAR even with
several thousand hours of observations, although certain reionization histories
could be excluded. With the SKA however, the reionization history can be
measured to great accuracy.

4.3 Paper V

Another effect that makes observed 21-cm data different from the output of
simulations is the lightcone effect. An observation of the 21-cm signal will
look at a range of redshifts. Each redshift corresponds not only to a different
distance from the observer, but also to a different point in time. Therefore, the
observer will see the signal as evolving along the line-of-sight. Any measure-
ment of some statistic, such as the power spectrum, will thus typically be made
from a mix of different epochs.

In this paper, we study how this effect changes the 21-cm power spec-
trum, specifically when it comes to the anisotropy. Since it makes the signal
anisotropic, one may think that the lightcone effect could have a similar effect
on the power spectrum as redshift-space distortions. However, surprisingly,
we find that this is not the case. While the lightcone effect does make the
power spectrum anisotropic, this anisotropy is only present in Fourier modes
that cannot be measured by interferometers.
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Sammanfattning

Några hundra tusen år efter Big Bang bestod universum till största delen av
mörk materia, neutral vätgas, och små mängder helium. Inga stjärnor, galaxer
eller planeter existerade. Med tiden gjorde gravitationen att små klumpar av
materia växte sig större, och efter några hundra miljoner år bildades de första
stjärnorna och galaxerna. Ultraviolett strålning från de första ljuskällorna jo-
niserade sedan den omgivande vätgasen i det intergalaktiska mediet. Den här
tidsperioden kallas för universums återjonisering.

I dagsläget har vi en ganska detaljerad bild över hur universum utveckla-
des från Big Bang fram till i dag, men just tiden runt återjoniseringen utgör en
lucka i den här bilden. Vi vet inte exakt när återjoniseringen inträffade, eller
hur lång tid det tog. Vi vet heller inte vilka astronomiska objekt som spelade
viktiga roller. Var det bara stjärnor och galaxer liknande dem vi ser i det loka-
la universum, eller kanske gigantiska s.k. population III-stjärnor? Vilken roll
spelade tidiga supermassiva svarta hål i galaxers centrum?

Den här avhandlingen handlar om två typer av observationer som kan
hjälpa oss att få svar på dessa frågor, och hur datorsimuleringar kan användas
för att tolka existerande och framtida observationer. De första två artiklar-
na i avhandlingen handlar om Lyman-alfa-galaxer. Sådana galaxer har stora
mängder heta, nybildade stjärnor som producerar strålning i den s.k. Lyman-
alfa-linjen. Eftersom Lyman-alfa-strålning blockeras effektivt av neutral vätgas
bör man kunna se att galaxer i det tidiga universum lyser svagare i Lyman-alfa,
och på så sätt kunna avgöra när gasen runt galaxerna joniserades. Detta kom-
pliceras dock av att Lyman-alfa-strålningen växelverkar på ett komplext sätt
med gasen både i och runtomkring galaxerna, vilket ställer höga krav på de
teoretiska modellerna.

De resterande tre artiklarna i avhandlingen handlar om en annan emissions-
linje: 21-cm-linjen. Strålning med en våglängd på 21 cm bildades i de stora
mängder neutral vätgas som fanns mellan galaxerna under återjoniseringen. På
grund av universums expansion rödförskjuts strålningen till omrking 2 meters
våglängd, och stora radioteleskop krävs för att observera den. Genom att ob-
servera på flera olika frekvenser hoppas man kunna se 21-cm-strålning från
alla stadier av rejoniseringen.
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