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Chapter 1
Introduction

”If I take a lamp and shine it toward the wall, a bright spot
will appear on the wall. The lamp is our search for truth,
for understanding. Too often we assume that the light on
the wall is God. But the light is not the goal of the search;
it is the result of the search.”

Citizen G’Kar, 2262

The Universe is a magical place filled with wonders that are both already
extensively being studied and many that are still awaiting discovery. From
the brink of civilization, man has been pushing towards the final frontier
and has been longing to understand how everything around us works. Now,
in the 21st century, it is believed that the general picture is reasonably well
understood.

1.1 Cosmic web

In the currently accepted paradigm, the Universe started from the Big Bang
and follows the Λ cold dark matter (ΛCDM) cosmological model. The Uni-
verse starts out as an almost completely uniform and smooth medium, but
very small perturbations of order ∼ 10−5 from the mean density field, that
were present during the decoupling of matter and radiation, are clearly seen
in the Cosmic Microwave Background (CMB; e.g., Hinshaw et al. 2007;
Planck Collaboration et al. 2016). Gravitational instability drives the small
overdensities to become larger and larger as they contract and attract more
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and more matter from their surroundings. The increased gravitational po-
tential of these dark matter haloes eventually results in the birth of the
first stars, galaxies and clusters and shapes the large-scale structure in the
Universe (Peebles 1980; Frenk & White 2012).

Cosmological simulations of large volumes of the Universe have greatly
helped to unravel how matter evolves from the very early stages into what
we see today (e.g., Springel et al. 2005; Vogelsberger et al. 2014; Schaye
et al. 2015). They have shown that, in this picture, dark matter haloes
form within the highest density nodes which cluster together and connect
through a large network of filaments and walls that surround nearly empty
voids. These structures as a whole resemble a giant spider web and have
therefore become known as the cosmic web (Bond et al. 1996). It can be
clearly seen in the slice of the cosmological simulation shown in Fig. 1.1.
The filaments are the most striking features and exist on almost all scales,
even extending into the voids with smaller branches from the main struc-
tures. The haloes within them are also strongly affected by the filaments,
since haloes are mainly accreting matter through them, influencing both
their spin alignment and their shapes (Ganeshaiah Veena et al. 2018).

Besides the wealth of information coming from simulations, galaxy redshift
surveys have driven the exploration of the large-scale structure in the local
Universe (e.g., Jõeveer et al. 1978; Oort 1983; de Lapparent et al. 1986;
Geller & Huchra 1989; Shectman et al. 1996). The presence of the cosmic
web has since been confirmed in many larger and deeper galaxy redshift
surveys (e.g., Colless et al. 2003; Jones et al. 2004, 2009; Huchra et al. 2012).
The distribution of the galaxies in one of the largest such surveys, the Sloan
Digital Sky Survey (SDSS, York et al. 2000; Aihara et al. 2011), is shown
in Fig. 1.2. Many studies have tried to categorize the structures that can
be seen in this (e.g., Smith et al. 2012; Tempel et al. 2014) and it was found
to agree well with the predictions made from the ΛCDM model (Sousbie
et al. 2008). These observations have also allowed for the reconstruction of
the underlying dark matter density field (e.g., Zaroubi et al. 1995; Jasche
et al. 2010; Heß et al. 2013; Kitaura 2013; Leclercq et al. 2015). The large-
scale structure inferred from the observed galaxy distribution thus provides
a strong probe of the cosmology.
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Figure 1.1: The large-scale structure from a cosmological hydrodynamical
simulation. The green filaments and walls connect the red clusters of galax-
ies inside the nodes to form the cosmic web. High intensity in the image
denotes high density. The blowout shows an example of a galaxy embedded
within a filament. (Image credit: The EAGLE project, Schaye et al. 2015;
Crain et al. 2015; McAlpine et al. 2016)

Figure 1.2: The distribution of galaxies in the Sloan Digital Sky Survey
(SDSS). Large scale filaments are clearly visible. (Image credit: M. Blanton
and SDSS, SDSS.org)
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1.1.1 Intergalactic medium

Baryonic matter in the Universe that resides everywhere outside the galaxies
is known as the intergalactic medium (IGM). At early times of the Universe,
this gas consisted primarily of neutral hydrogen (HI) and helium. Due to the
formation of the first stars, galaxies and quasars providing strong sources
of radiation, in the current epoch, most of the IGM has become almost
completely ionized. On the largest scales, the IGM traces the underlying
dark matter density distribution and, therefore, mapping the IGM would
provide one of the most direct probes of cosmology. Furthermore, the ioniza-
tion state of the IGM is directly affected by all sources of ionizing radiation.
As the number of sources increases towards lower redshifts, at z = 0, as a
whole, these sources together form an almost uniform background of ultra-
violet (UV) radiation, called the cosmic UV background (UVB). Because
of the diffuse nature of the IGM, outside the local influence of galaxies, the
ionization conditions are strongly affected by the UVB. Therefore, measur-
ing the conditions within the IGM can help to constrain the total ioniz-
ing photon budget from galaxies and quasars (e.g., Haardt & Madau 1996;
Faucher-Giguère et al. 2008; Puchwein et al. 2018).

Large-scale filaments are also fundamental for the formation and evolu-
tion of galaxies. They can accrete star forming gas from the filaments sur-
rounding them, and it has been found that spiral galaxies close to filaments
have higher stellar mass than more isolated ones (e.g. Alpaslan et al. 2016;
Malavasi et al. 2017). Furthermore, simulations have shown that interaction
with filaments can enhance or quench the star formation rate (Aragon-Calvo
et al. 2016). A study of the galaxies within the SDSS has also given insight
into other trends of galaxy properties with respect to their environment
(Kuutma et al. 2017). They found that early-type galaxies tend to be more
abundant close to filaments. The mean color of galaxies also seems to be
correlated with the environment, where galaxies near a filament spine are
more red. These results are consistent with trends found in other, smaller
samples of galaxies and show that galaxy properties can be strongly affected
by their environment (e.g., Kreckel et al. 2012; Alpaslan et al. 2015).

The IGM generally consists of multiple gas phases (e.g., Martin et al. 2009).
A sketch of this is shown in Fig. 1.3. In recent years, significant effort has
been made in the study of the circumgalactic medium (CGM), which is the
gas just outside a galaxy but within its virial radius. It consists of some of
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Figure 1.3: Sketch of the different components of the intergalactic medium.
(Image credit: Martin et al. 2009)

the denser material in this picture. This can be gas that is infalling onto
the galaxy from a connecting filament and can fuel active star formation. It
is heated and enriched with metals by material that is blown out of galaxies
and can be traced in absorption through metal lines (e.g., Prochaska et al.
2011; Stocke et al. 2013). Since this gas still resides close to the galaxies, it
is often not considered when discussing the IGM proper.

Outside virial radii of galaxies lies lower density gas. Its cold component
with temperatures of roughly ∼ 102 − 104 K contains most of the neutral
hydrogen (HI) gas. However, simulations show that the UVB keeps this
gas at neutral fractions of only ∼ 10−8 − 10−5 (e.g., Fukugita & Kawasaki
1994). Therefore, the HI column density in the IGM is very low, making it
incredibly hard to detect in emission. Absorption features in the spectra of
high redshift quasars have confirmed the existense of this component at z =
2, where the neutral fraction is higher than at z = 0 (e.g., D’Odorico et al.
2006). It provides one of the best probes of the ionization state of the gas
and is the focus of a major part of this thesis.

Although most of the baryons in the Universe are expected to reside within
the IGM, observations in the local Universe have thus far only been able
to account for approximately half of the amount predicted from cosmology
(e.g., Danforth 2009). This can possibly be due to low density of the gas or
its thermal and ionization state not allowing it to be detected with current
instruments. Simulations have shown that most of these ”missing” baryons
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reside within the Warm Hot Intergalactic Medium (WHIM) (Shull et al.
2012). This is the gas that is shock-heated to high temperatures (∼ 105−107

K) during the formation of the large-scale structure (Yoshida et al. 2005).
Recent advancements in telescopes are starting to help uncover more of the
gas within the WHIM, confirming that there is still a significant amount of
baryons awaiting detection (e.g., Eckert et al. 2015; de Graaff et al. 2017).

Taking into consideration all the aspects discussed above, the IGM thus
provides a wealth of information that is relevant accross a large variety
of fields ranging from cosmology to galaxy formation. Nonetheless, the
diffuse nature of the IGM is making direct detections in emission difficult.
With new techniques rapidly being developed, the prospects for making
such detections will be explored within this thesis.

1.1.2 Identifying large-scale structure

As was shown above, visually, the features of the cosmic web stand out
clearly in the distribution of matter in simulations and galaxy surveys. The
nodes are the structures that have fully collapsed along all three spatial
axes and can be identified as the highest density regions. The filaments are
the most striking features that have collapsed along two directions, forming
cyllindrical structures through which matter can be transported into the
nodes. The sheet-like walls have only contracted along a single direction
and are more tenuous than the filaments, making them harder to identy in
the distribution of galaxies. Systematically locating and extracting these
structures is a challenge. Part of the difficulty lies in the many different
ways in which each component can be defined, whereby a definition that
can be applied to one dataset, might not work for another. In the case of
simulations, the full six-dimensional information of all the particles in the
density field is available, which allows for a complete categorization of all
the structures within it. On the other hand, observations only provide the
properties of galaxies within a survey and thus require a different treatment
in order to infer the cosmic web pattern within its volume.

Multiple methods for tracing the large-scale structure have been developed.
One of the major categories of approaches is based on the density, tidal or
velocity fields of particles. These methods use the fact that the dynamics
of the particles are tied to the structures in which they reside. The infor-
mation contained within the Hessian of these fields can then be exploited in
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order to find all components of the cosmic web (e.g., Forero-Romero et al.
2009; Hoffman et al. 2012; Cautun et al. 2013). Most of these methods work
well on simulations, but they cannot be applied directly to observations. To
circumvent this problem, constrained simulations that are created to match
observations can be used to reconstruct the underlying phase space infor-
mation from a galaxy survey (Leclercq et al. 2017).

Techniques that do work on observations need to be able to function on a
field of points (galaxy positions). Some stochastic methods randomly apply
geometric configurations, such as cyllinders, around the points in the distri-
bution and use a Bayesian framework to identify connected structures (e.g.,
Tempel et al. 2014, 2016). These codes are specifically suited for identify-
ing filaments of a certain scale and do not require any information on the
density field. However, their statistical nature can also make them compu-
tationally expensive.

Another class of codes that have been developed use topology to define fea-
tures in a point or density field and use the topological properties of each
of the cosmic web components to extract them (e.g., Sousbie 2011). These
methods can be applied to a point field from galaxy surveys, as well as the
full density field from a simulation and are also mostly targetted towards
filaments.

A detailed overview of some of the available codes can be found in Libeskind
et al. (2018). The best choice for identifying the cosmic web from a given
dataset strongly depends on its properties and each method has its own
advantages and disadvantages.

1.2 Observing with hydrogen

Hydrogen is the simplest element that exists and, therefore, also the most
abundant in the Universe. It is present at every relevant astrophysical scale
and is the most important element for cosmology. This section discusses the
properties of some of the major emission lines of hydrogen and how they
can be used to study the large-scale structure.
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1.2.1 21 cm line

One of the most widely used emission lines in astronomy is the hyperfine
transition line of hydrogen at a wavelength of 21 cm, or a frequency of
1.42 GHz. It was first computed by van de Hulst (1945) and later on
detected in the Milky Way by Ewen & Purcell (1951), Muller & Oort
(1951) and Pawsey (1951). Despite its low transition probability (A10 =

2.867×10−15s−1), the sheer abundance of hydrogen has allowed for the de-
tailed study of local galaxies with the 21 cm emission line. The properties of
the line in a neutral IGM were determined by Field (1958, 1959a,b), which
began the interest in many radio observations trying to detect the neutral
hydrogen in the local Universe. With the current, more sensitive, telescopes
it is now starting to become feasible to probe the high redshift Universe out
to z ∼ 3-17. An extensive overview of the 21 cm line and its applications to
cosmology can be found in Furlanetto et al. (2006).

1.2.2 Lyman alpha line

Another important emission line of hydrogen is the Lyman alpha (Lyα)
line, originating from the transition of the electron from the n = 2 to the
n = 1 orbital. It has a restframe wavelength of 1215.67 Å and is one of the
brightest emission lines in the spectrum of galaxies. Furthermore, it is the
main cooling mechanism for hydrogen gas, which also makes it an excellent
candidate to examine the cold IGM.

The Lyα line has been very succesful in probing the HI content of the IGM
through absorption features in the spectrum of high redshift quasars (Gunn
& Peterson 1965). When light travels from a distant source towards us, it
passes through clouds of HI along its way. These clouds can scatter the
incident radiation out of the line of sight of galaxy surveys, causing a Lyα
absorption feature in the spectrum of the source. Since each patch of neu-
tral hydrogen along the line of sight resides at a different redshift, this will
give rise to many absorption features in the observed spectrum. This has
become known as the Lyα forrest and can be used to trace the large-scale
structure if enough sightlines are available (e.g., Croft et al. 1998). When
the density of the intervening gas clouds is large enough to become optically
thick, they produce absorption features known as Lyman Limit Systems
(e.g., Sargent et al. 1989). Even higher column density clouds along the line
of sight, such as HI disks of galaxies, can produce Lyα absorption lines that
manifest strong damping wings (e.g., Wolfe et al. 1995). With the onset
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of new observations of high redshift sources, it is becoming possible to re-
construct the three-dimensional large-scale structure of HI at z ∼ 2 through
Lyα tomography techniques (e.g., Lee et al. 2018). At lower redshifts, the
expansion of the Universe has made the occurance of the absorption feature
less frequent. Moreover, the wavelength at z = 0 falls within the UV regime,
where the atmosphere of the Earth is opaque to radiation and thus requires
a space-based observatory.

The Lyα line is also relevant for radio observations. If a hydrogen atom
absorbs a Lyα photon, it can re-emit another Lyα photon, where dipole se-
lection allows the hydrogen atom to return to either of the two possible spin
states. The level populations are thus redistributed, which couples the spin
temperature of the neutral hydrogen to the gas temperature. This effect is
known as Wouthuysen-Field coupling (Wouthuysen 1952; Field 1959a).

1.3 Radio interferometry

Radio telescopes have a long history and single dish telescopes have been
used extensively to probe the radio sky. In order to find fainter sources and
reach higher resolution, the size of the dish needs to become increasingly
larger. At some point the size of the dishes reached ∼ 100 m diameters,
whereupon the support systems are no longer capable of holding a dish
larger than that. Some telescopes, such as the 305 m diameter Arecibo Ob-
servatory and the Five hundred meter Aperture Spherical Telescope (FAST)
could be so large by building the dish into a valley of the right shape. This
results in stationary dishes with a large collecting area, yielding high angu-
lar resolution, but limited pointing capabilities. The only way to gain more
collecting area is thus to combine multiple separate dishes together. This
has led to the development of interferometric telescopes.

Radio interferometers work by combining the signals from an array of mul-
tiple dishes or antennae (See Taylor et al. 1999, for an extensive overview).
Each antenna receives an incident electromagnetic wave originating from a
source in the sky at a slightly different time. These delayed signals can be
combined to form a beam with the same resolution a telescope would have
with a diameter of the largest separation between two antennae in the array.
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Figure 1.4: Performance of the Square Kilometre Array (SKA). On the left
the distribution of the dishes of the telescope is given by the blue dots. The
middle plot shows the corresponding visibilities that would be measured by
it and the resulting point spread function is visualized on the right. (Image
adopted from Popping et al. 2015)

Instead of directly producing an image, interferometers measure scales in
Fourier space. Every pair of dishes in the array is linked with a baseline as
the distance in between them. All the possible combinations of the dishes in
the array give all the baselines that are sampled and a measurement of the
signal with such a baseline yields a visibility in Fourier space, also known
as the u-v plane. The u-v plane can be filled further through the rotation
of the Earth, which consequently turns the sky around the array. An image
is then synthesized from the visibilities through a Fourier transform.

In the u-v plane, a long baseline corresponds to a small angular scale and
vice versa. Therefore, the larger the array, the higher the resolution of the
telescope. The shortest baseline in an interferometer is given by the size of
a single dish, which also defines its field-of-view (FoV). By manually chang-
ing the delay times between dishes, the telescope can digitally form a beam
pointed towards any desired direction, but the array as a whole is sensitive
to all emission arriving from the entire sky. Since a baseline with zero length
cannot be measured, an interferometer is not able to determine the mean
amplitude of a signal. Instead, such an array measures the contrast of the
desired signal with respect to some background, such as the CMB. If the
fluctations are not strong enough compared to the background, the signal
cannot be measured by the telescope.

A drawback of an interferometer is that the limited number of baselines
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results in a sparse sampling of the u-v plane. It is only sensitive to the
angular scales which the baselines measure. All other scales are filtered out.
An interferometer therefore does not have the full sensitivity of a single
dish with the size of the largest baseline. Because of the gaps in the u-
v plane coverage, the point-spread function (PSF), how the telescope sees
a point source, also gets multiple sidelobes. Fig. 1.4 shows how a typical
interferometer sees the sky. The separate dishes placed in the configuration
given on the left, result in the u-v coverage in the plot in the middle. A
Fourier transform then yields the PSF shown on the right. Although the
central region of the PSF has a roughly Gaussian shape, around it there
are strong positive and negative sidelobes that are the consequence of the
sparse sampling in the u-v plane. Therefore, any strong source inside or just
outside the FoV can dominate fainter sources, which is especially a challenge
when imaging diffuse emission.

1.3.1 Apertif

In order to effectively survey a large part of the sky with high sensitivity, a
large FoV is required. The single feeds in radio telescopes have started to
be replaced with multi-beam systems, known as phased feed arrays. These
are tiles with multiple antennae that are placed in the focal plane of the
dishes of the telescope and can be used to form more than a single beam,
which together build up a larger FoV.

Using this same technology, 12 25 m dishes of the Westerbork Synthesis
Radio Telecope (WSRT) have received an upgrade. The APERture Tile In
Focus (Apertif) system is a phased feed array that allows for simultaneous
pointing of 37 beams on the sky (Oosterloo et al. 2009). This increases the
WSRT instantaneous FoV to 8 deg2, which opens up the way for very large
surveys of the sky in HI emission.

Currently, two major HI surveys with Apertif are scheduled to begin col-
lecting data in 20191. A shallow survey with 12 hour pointings will cover a
massive area of 3500 deg2. A sub region of 450 deg2 of the shallow survey
will be devoted to the medium-deep survey that will integrate for 84-120
hours per pointing.

1 See the Apertif Survey Plan on https://www.astron.nl/radio-observatory/apertif-
surveys for an overview.
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These large surveys will make Apertif an ideal instrument to study galaxies
in many different environments. By covering large parts of the cosmic web,
it allows for the investigation of the connection between the gas in the IGM
and the properties of the galaxies. The deeper survey also makes it possible
to probe many relatively faint galaxies and so Apertif will be invaluable for
understanding their formation and evolution and pave the way for upcoming
radio telescopes.

1.3.2 Square Kilometre Array

The most ambitious radio telescope that will become available within the
coming decade is the Square Kilometre Array (SKA, Lazio 2009). This tele-
scope will be a global effort with the array spread across locations in South
Africa and Australia and will be instrumental for the study of both the early
Universe at low frequencies, as well as faint HI emission at low redshift.

The telescope will become available in two phases. For the first phase, its
mid-frequency array (SKA1-mid) will consist of 197 dishes2. The already
completed Karoo Array Telescope (MeerKAT Booth et al. 2009) with 64
dishes of 13.5m diameter will be combined with 133 15m dishes to form
SKA1-mid. The large amount of collecting area from this array will allow the
SKA to go down to higher sensitivity for HI science than any other current
instrument. Its 1500 km baselines will also allow it to reach ∼ 30 milli-
arcsec resolution at 1.4 GHz frequencies. This makes it an ideal telescope for
detecting and resolving low surface brightness galaxies and to probe the HI
content of the IGM (Popping et al. 2015). The distribution of its baselines
is shown in Fig. 1.4. In the more distant future, the SKA is scheduled to
be updated to a system with 1500 dishes to reach its maximum potential
as SKA2 and become the largest and most sensitive radio telescope in the
world.

1.4 Intensity mapping

As mentioned above, large galaxy surveys can make it possible to infer the
major filaments in the cosmic web. However, the amount of information
that can be gained from it is limited, since the surveys need to resolve and

2 Baseline Design Document version 2: https://www.skatelescope.org/key-
documents/
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Figure 1.5: The left panel shows a simulated 2.5 deg2 field of galaxies in
which the galaxies that can be detected by a radio telescope consisting of 27
dishes are marked in red dots. On the other side it shows the corresponding
intensity map in the CO line obtained for a single dish experiment. The
intensity map does not resolve individual sources of emission, but it is able
to trace much more of the actual underlying structure than a galaxy survey
would. (Image credit: Patrick Breysse, Kovetz et al. 2017)

identify each galaxy separately. The selection is thus biased towards the
brightest galaxies to line up the large-scale structure. A quickly emerging
resolution to this problem is the intensity mapping technique (Madau et al.
1997).

The main idea is to target a specific emission line and integrate the inten-
sity of it without resolving all the individual sources. This way, an intensity
mapping survey is not flux limited, since every pixel in a map contains all
the emission present. This makes it ideal for targetting emission from both
faint galaxies, but also the faint emission coming from the IGM. It addi-
tionally provides a less biased probe of the underlying large-scale structure.
The frequency dependance of the emission line makes it possible to create
a full three-dimensional picture.

One of the major advantages of this technique is that it can be performed
with relatively inexpensive single dish instruments. The power of intensity
mapping is illustrated in Fig. 1.5. The left hand side of the figure shows a
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simulated 2.5 deg2 field, where the red dots denote the galaxies that would
be individually detected by a powerful radio telescope. The right side shows
the same field, but now mapped by a single dish in the CO line. In this case
the galaxy survey only manages to detect ∼ 1% of all the galaxies that emit
in CO and the intensity mapping experiment would only require about a
third of the observation time to fully cover the same field. Intensity map-
ping can thus provide a more complete picture of the underlying large-scale
structure.

Not having to fully resolve the sources of emission is a strength, as well as
a drawback, of intensity mapping. Other emission lines from foreground
sources can contaminate the signal and therefore interpreting the maps can
be complicated. They are generally analyzed by creating a power spectrum
of the observed fluctations. In the power spectrum, the contribution from
the noise and that from the signal behave differently, which allows them
to be disentangled. For continuum foregrounds, their smoothness with fre-
quency makes it possible remove them by fitting their spectrum. Point
sources require more detailed knowledge of the sources of the emission them-
selves and their location is required in order to mask them from the signal.
Contamination due to interloping lines can be avoided by cross-correlating
the intensity maps with other available observations.

The first detections using intensity maps were made by cross-correlating
the 21 cm signal with a galaxy redshift survey at z ∼0.8 (Chang et al. 2010;
Masui et al. 2013). At higher redshifts, a detection was also made in cross-
correlation by using the Lyα line together with quasars in SDSS (Croft et al.
2016). Observations of a CO line have resulted in a 3σ detection of the bulk
power spectrum at z ∼ 2− 3 (Keating et al. 2015). The most recent detec-
tions involved cross-correlations of galaxies and quasars with maps of a CII
line (Pullen et al. 2018) or the Lyα line (Croft et al. 2018). These observa-
tions are starting to provide constraints on cosmological models and many
experiments are being planned in the coming years that will certainly help
to accelerate this field. At the same time the possibility of using multiple
other emission lines is also being studied, as well as the prospects for map-
ping emission during the Epoch of Reionization at z ∼ 5−8 (e.g., Silva et al.
2013, 2015). A review of the current status and developments of intensity
mapping can be found in Kovetz et al. (2017).
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1.5 Contents of this thesis

This thesis is dedicated to the exploration of the faint emission of the low
redshift Universe of cosmic web filaments, both in the IGM and in faint
galaxies. Thus far, a direct detection of the HI gas in the cold IGM of large-
scale filaments has not been made. Such an observation would be invaluable
for determining the ionization and thermal conditions of the IGM in gen-
eral, constraining the UVB and studying the connection between galaxies
and the filaments that house them. Therefore, the main objective of the
thesis is to determine the prospects for detecting the HI gas in the IGM in
large-scale filaments.

The intensity mapping technique described in Section 1.4 provides the basis
for the work presented here. Galaxies that belong to the filaments will also
contribute to the detected signals. The brightest of these galaxies can easily
be located and masked. However, this will be more difficult for unresolved
faint galaxies that can still dominate the signal from the IGM. Nonetheless,
even if these galaxies cannot be sufficiently masked, these experiments will
still provide new information on the HI content of the low-surface brightness
universe.

Currently, there is no mission available to measure the Lyα line in a large
and continous volume through intensity mapping. The first part of the
thesis determines which specifications will be required to make such an ex-
periment possible and investigates wether it will be possible to extract the
signal of the IGM from the total signal.

The onset of the new, more sensitive, generation of radio telescopes has also
motivated the search for HI 21 cm emission from the IGM. Given the low
column density of the HI gas in the IGM, fully resolving its structure will
be challenging. Instead, the rest of this thesis focusses on making predic-
tions for the detection of the integrated 21 cm emission signal of the IGM
in individual cosmic web filaments. The positions of galaxies within galaxy
redshift surveys can be used to first infer the location of filament spines, af-
ter which an overlapping HI survey can be used to find the 21 cm emission
around the spines.

The work presented in this thesis provides an important step for exploiting
the maximum potential of HI surveys. By using cosmological simulations,
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the possibility of using a variety of radio telescopes to measure the integrated
HI 21 cm emission is studied in detail. Once the data from these instruments
becomes available, the predictions presented in this thesis will help to put
constraints on the properties of the HI gas in the cosmic web of the local
Universe.

1.5.1 Outline

The thesis is organized as follows: Chapter 2 makes predictions for intensity
mapping of the Lyα line at z < 3. Employing a cosmological N-body simu-
lation, the intensity of the Lyα emission from both the IGM and galaxies
is estimated. The requirements for future space-based UV observatories to
make a detection are determined and this chapter then explores the possibil-
ity of masking the contribution from galaxies in order to identify the signal
from the IGM. Furthermore, a discussion is provided on how contamination
from the UV continuum background and other interloping emission lines
can be removed.

Chapter 3 switches to the HI 21 cm line in the local Universe and explores
the possibility of detecting this emission from individual large-scale fila-
ments. To achieve such a detection, it is proposed to integrate all the IGM
emission around a filament to be able to reach the required sensitivity. From
the dark-matter density field in a cosmological N-body simulation, together
with a simple model for the thermal and ionization state of the IGM, an
estimate for the HI 21 cm signal is obtained. A comparison is then made to
filaments inferred from SDSS in order to extract realistic filaments from the
simulation. Finally, predictions are made for the detectability of the inte-
grated signal of these filaments with multiple existing and upcoming radio
telescopes.

The most sensitive of the instruments, the SKA, and its ability to detect
the integrated HI 21 cm signal of IGM filaments is then further highlighted
in Chapter 4. For these calculations, a more realistic cosmological hydro-
dynamical simulation is adopted that takes into account the relevant astro-
physical processes, such as heating due to shocks and local sources that can
decrease the ionization fraction of the IGM beyond the photoionizing radi-
ation from the UVB. By using filament spines inferred from existing galaxy
redshift surveys as a proxy, predictions are made for the signal-to-noise of
the filament signal with SKA1-mid and SKA2.
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The final chapter explores the capabilities of the Apertif medium deep sur-
vey for tracing the cosmic web and compares it to how well an optical survey,
such as SDSS, can trace the filaments. To do this, galaxy catalogues based
on the sensitivity of each survey are made, from which filament spines are
then inferred. Predictions are also made for the amount of HI gas that is
contained within the galaxies in filaments that can be detected by Aper-
tif. This will help to constrain the contamination due to faint galaxies just
below the detection limit for the experiments targeting IGM emission.
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