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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.



12 chapter 1: Introduction

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



14 chapter 1: Introduction

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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Chapter 2
Mapping the low surface brightness
Universe in the UV band with Lyα
emission from IGM filaments

– Marta B. Silva, Robin Kooistra & Saleem Zaroubi –
MNRAS, 2016, 462, 1961

”Never be cruel, never be cowardly, and never ever eat
pears! Remember, hate is always foolish, but love is always
wise. Always try to be nice, but never fail to be kind.”

The Doctor, 1986



24 chapter 2: Cosmic web filaments in Lyman Alpha emission

Abstract

A large fraction of the baryonic matter in the Universe is located in filaments

in the intergalactic medium (IGM). However, the low surface brightness of these

filaments has not yet allowed their direct detection except in very special regions

in the circum-galactic medium. Here we simulate the intensity and spatial fluctu-

ations in Lyman Alpha (Lyα) emission from filaments in the IGM and discuss the

prospects for the next generation of space based instruments to detect the low

surface brightness universe at ultraviolet (UV) wavelengths. Starting with a high

resolution N-body simulation, we obtain the dark matter density fluctuations and

associate baryons with the dark matter particles assuming that they follow the

same spatial distribution. The IGM thermal and ionization state is set by a model

of the UV background and by the relevant cooling processes for a hydrogen and

helium gas. The Lyα emissivity is then estimated, taking into account recombi-

nation and collisional excitation processes. We find that the detection of these

filaments through their Lyα emission is well in the reach of the next generation

of UV space based instruments and so it should be achieved in the next decade.

The density field is populated with halos and galaxies and their Lyα emission

is estimated. Galaxies are treated as foregrounds and so we discuss methods to

reduce their contamination from observational maps. Finally, we estimate the

UV continuum background as a function of the redshift of the Lyα emission line

and discuss how this continuum can affect observations.

2.1 Introduction

Galaxies and galaxy clusters are connected by filamentary structures known
as the cosmic web. A large fraction of the baryonic matter is located in these
low density filaments which are characterized by a very low surface bright-
ness. Observing and mapping these baryons is an important step in order
to complete our understanding of the mechanisms involved in galaxy forma-
tion and evolution at large scales as well as to correctly model interactions
and clustering of galaxies. Also, the cold gas in these filaments will eventu-
ally flow into galaxies and be involved in processes of stellar formation and
therefore its important to accurately model its thermal state.

While the circumgalactic medium (CGM) can be probed with metal lines
such as OVI and CIV (Furlanetto et al. 2004; Keating et al. 2014; Liang
et al. 2015), lower density regions of the intergalactic medium (IGM) have
a much smaller metallicity and can only be probed through hydrogen or
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helium transition lines. At high redshifts neutral gas in the IGM is of-
ten detected through observations of Lyα absorption features in the spectra
of quasars (Gunn & Peterson 1965) or through observations of Lyα blobs,
which are spatially extended Lyman α nebulae in the densest regions of the
Universe. At lower redshifts, the gas, however, is more ionized and so the
scattering of Lyα photons is reduced. Searches for Lyα blobs at z ∼ 0.8 with
GALEX (The Galaxy Evolution Explorer) have so far not been successful,
which might indicate that these structures are restricted to the high redshift
universe (Keel et al. 2009).

Also, Lyα emission originating at a redshift of z . 2.2 has to be detected
from space, because the Earth’s atmosphere is opaque to ultraviolet (UV)
radiation. At low redshifts, the neutral gas is therefore mostly probed by
radio observations of HI 21cm absorption features. Current radiotelescopes
can only probe this line at z . 0.6, although in the far future, the SKA-2
experiment will be able to go much higher in redshift.

The hydrogen Lyα line is usually the strongest emission line in galaxy spec-
tra with an intrinsic flux proportional to the ionizing photons emissivity.
This is also a promising line to probe the IGM, where it is usually the main
cooling mechanism.

Lyman α emission is usually associated with ionized recombining gas and
in the cold IGM, its intensity is mainly set by the thermal and ionization
state of the gas which are related to the UV and X-ray backgrounds. The
maximum Lyα intensity in regions powered by the UV/X-ray backgrounds
is about 50% of the intensity of this ionizing radiation and can therefore
be used to constrain it. In the overdense CGM, most of the gas, however,
is shock-heated and collisional excitation is the main mechanism leading to
Lyα emission (Furlanetto et al. 2003, 2005; Davé et al. 2010). The fraction
of the gas that is shock-heated increases towards lower redshift but should
be smaller than the cold gas fraction, even in the local universe Davé et al.
(2010). Currently, gas filaments in the IGM are mostly indirectly detected
through optical observations of the stars and galaxies they contain. A di-
rect detection of a large gas filament surrounding a quasar was recently
reported by Cantalupo et al. (2014) at z ∼ 2.3. The Lyα emission in this
filament is powered by UV emission from a local quasar. Thus, its intensity
is much larger than the expected UV background powered emission. Also,
it is likely that this filament is at a density peak which is further boosting
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its Lyα emission.

Here, we propose to use intensity mapping of the Lyα line from the local
universe to z∼3 as a probe of the IGM baryonic content and of the astro-
physical properties of IGM filaments. The main objective is to detect and
characterise the faint emission from UV/X-ray background powered fila-
ments. Additionally, with these maps we aim to probe the UV background
intensity, since the maximum Lyα emissivity from IGM filaments occurs in
optically thick regions and should therefore have roughly half of the inten-
sity of this background.

Intensity maps will mainly provide statistical quantities such as the inten-
sity and power spectrum of the signal, with the advantage that, for this, it
is not required for the signal to be above the instrumental noise, such as in
the case of galaxy surveys.

The possibility of mapping Lyα emission in the optical band at z = 3 has
already been discussed in Furlanetto et al. (2005) and Martin et al. (2014).
In the UV band, most studies of this transition are focused on the prospects
for mapping Lyman alpha absorbers identified by the mean flux decrement
along galaxy lines of sight (see e.g., Davé et al. 2010) and do not consider
the possibility of detecting Lyα emission in the IGM, since it was not seen
as an attainable possible goal in the foreseeable future. The problem re-
sides mainly in the technical difficulties in measuring UV radiation, while
successfully removing the galactic and extragalactic contamination. Fortu-
nately, new technological advances make Lyα intensity mapping in the UV
an achievable goal in the next decade. Therefore, in this study, we use up-
dated astrophysical and cosmological parameters to estimate the Lyα signal
from the IGM. In particular, estimates are shown for the required sensitiv-
ity, field-of-view and resolution to measure the bulk of the signal and to
detect the power spectra of Lyα emission fluctuations.

Our study shows that any high sensitivity galaxy survey in the UV band
will also be sensitive to emission from gas filaments. Even if the overall
Lyα emission from galaxies is much higher than the emission from filaments,
the effective escape fraction of Lyα photons from galaxies at z ' 3.0 is quite
small and so it will push towards increasing the new UV instruments sensi-
tity. Conversely, the Lyα escape fraction of filaments is close to unity, which
makes them easier to observe.
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This chapter is organized as follows. The model and the simulations used to
obtain maps of the ionization and thermal state of the IGM are presented
in Section 2.2. In Section 2.3, the processes leading to Lyα emission from
galaxies and from the IGM are discussed and predictions for the overall
intensities are presented. In Section 2.4, the main results are shown, in-
cluding several maps obtained from the simulation and the several relevant
Lyα emission power spectra. The experimental setup necessary for mea-
suring the target emission is presented in Section 2.5. In Section 2.6, the
modeling of the contaminants in Lyα emission intensity maps is introduced
and foreground removal techniques are discussed. Finally, the main results
and conclusions are presented in Section 2.7.

2.2 The thermal and ionization state of the

IGM

Direct detection of IGM filaments through observations of emission/absorption
by transition lines will make it possible to properly map the thermal and
ionization state of the IGM gas, which can be used to constrain the UV/X-
ray background originating in the overall emissivity from quasars and stars
through time. At the relevant redshifts for this study, this background is
dominated by emission from quasars and so the proposed observations will
mainly put constraints on the overall quasar luminosity density and, in par-
ticular, on the poorly constrained low energy end of the quasars emission
spectra.

We employ the Gadget 2 N-body code to obtain a dark matter (DM) only
simulation (Springel et al. 2001; Springel 2005) using the best fit cosmolog-
ical parameters from Planck + WMAP (Planck Collaboration et al. 2014)
(Ωbh2 = 0.022032, h = 0.6704, YP = 0.2477, ns = 0.9619 and σ8 = 0.8347) and
save the outputs correspondent to redshifts 0-3.

The simulated volume is 50Mpc3/h3 with a 107 M� mass resolution. The
cloud in cell (CIC) method is then used to distribute the particles in 3D
boxes with N = 8003 cells. In this study, we assume that the baryon spatial
distribution follows that of the dark matter particles.

The temperature and ionizing state of the gas in each cell of the simula-
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tion were modeled, assuming ionizing and thermal equilibrium set by the
ionizing background radiation, adiabatic cooling, and all the heating, re-
combination and collisional processes relevant for a hydrogen and helium
gas. The temperature of the gas was obtained with

dTgas

dt
= −2H(z)Tgas +

2
3
H −Λ

nkB
, (2.1)

where H and Λ are, respectively, the heating and cooling functions and n
is the baryon number density.

The adiabatic cooling was computed assuming only the average Hubble
expansion and neglecting peculiar velocities and we are therefore underes-
timating it. Peculiar velocities dominate the gas expansion at low scales.
However, at the large scales relevant for this study, these velocities are
smoothed enough that, for overdensities of 10 - 20 times the average gas
density, the peculiar velocity gradients are on average a few times lower
than the average Hubble expansion. For more details see Chapter 3. We
did not account for metal cooling given the expected low metallicity of IGM
filaments and the low temperatures involved.

We used the Haardt & Madau (2012) UV/X-ray background model, which
includes the integrated emissivity from star forming galaxies and active
galactic nuclei (AGN), as a source of heating and ionizing photons. This
model assumes a relatively small escape fraction of ionizing photons from
star forming galaxies and therefore there is a good chance that it is under-
estimating this emission. However, at z < 3, the predicted background is
dominated by AGN emission and so we will not discuss the uncertainties in
this part of the model further.

The AGN background radiation predicted by this model is based on the few
available observational results of AGN number counts and spectral emis-
sivities. Attenuation of this background by absorption in gas clouds in the
IGM is also taken into account, based on observations of Lyα forest features
in the spectra of background sources.

There is a large uncertainty in the modelling of the AGN background radi-
ation due to the poorly known number density of AGN as we go to higher
redshifts and due to the lack of measurements of AGN emissivity at UV
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wavelengths. The resulting uncertainty in the UV/X-ray background is
therefore of at least one order of magnitude and increases towards lower
redshifts. However, the impact of this uncertainty in the gas ionization and
thermal state, and therefore in the total Lyα emissivity from IGM filaments,
will be of a factor of 2 or 3 at most.

At z <3, and especially as we approach z=0, the attenuation length is high
enough that there are several sources contributing to the flux arriving at
each point of the IGM and so it is fair to assume a spatially homogeneous
UV background (Meiksin 2009). For the cold IGM, we can assume that the
heating and the ionization state of gas filaments is set by the UV/X-ray
background. However, in the vicinity of a young galaxy or an active galac-
tic nucleus, the gas will be hotter and more ionized and so the equilibrium
assumptions will not hold.

Also, shock-heating of gas during gravitational collapse of matter is increas-
ingly important towards lower redshifts. This code does not account for
shock-heating of gas, metal cooling or self-shielding of overdense gas. The
correct modeling of these processes requires very high resolution hydrody-
namical simulations which would restrict this study to low volumes, which is
not our objective since we mainly propose to probe the large scale structure
distribution of gas and the location of the baryons in the cold IGM. For that,
we need relatively large volumes and do not need to properly resolve the
complex processes involved in setting the temperature and ionization state
of the gas in the CGM. Nevertheless, even in the local Universe, most of the
IGM baryons are likely to be located in cold gas filaments (Davé et al. 2010).
For more precise hydrodynamic simulations of Lyα emission/absorption in
the IGM we refer the reader to the study of fluorescent Lyα emission by
Kollmeier et al. (2010) which mainly targets emission from z ∼ 2− 3. An-
other useful reference to which we compare some of our results is the study
by Davé et al. (2010), who simulated IGM Lyα absorbers in a volume of
48Mpc3/h3 from z ∼ 0−2 with the main objective of predicting the number
of Lyα absorbers detectable using the Hubble’s Cosmic Origins Spectro-
graph.

The distribution of hydrogen in galaxies and in the IGM as a function of
hydrogen density is shown in Fig. 2.1. This figure shows that a large fraction
of the baryonic matter is located in IGM filaments and so it illustrates the
importance of observing these filaments.
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Figure 2.1: Cumulative distribution of hydrogen baryons as a function of
matter overdensity at z = 0.65.

2.3 Modeling Lyman α emission

In this section, we describe the essential assumptions of our modeling of
Lyα emission from the IGM and from galaxies, and then in Section 2.4 we
present our simulation analysis and main results.

Lyman α photons are emitted by hydrogen during recombinations or due
to collisional excitations between neutral hydrogen and free electrons. Both
of these processes are usually powered by UV/X-ray emission from stars
or quasars. The additional Lyα emission, powered by the energy released
during gravitational collapse, is mostly relevant for studies of the CGM and
so it can be safely ignored in this study. On the other hand, an additional
source of Lyα photons would only increase the detectability of the proposed
target signal.
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2.3.1 Lyman α emission from the IGM

Lyman α emission naturally traces the more overdense regions of the gas
where the recombination and excitation rates for hydrogen are higher, which
in the IGM corresponds to the overdense gas filaments. The intensity of
Lyα emission in these filaments depends on their density, ionization and
thermal state. The luminosity density (per comoving volume) in Lyα emission
from hydrogen recombinations in the IGM, `IGM

rec is

`IGM
rec (z) = frecṅrecELyα, (2.2)

where the probability of emission of a Lyα photon per recombination of a
hydrogen atom is

f A
rec = 0.41−0.165log10(TK/104K)−0.015(TK/104K)−0.44. (2.3)

This relation is taken from Dijkstra (2014) and is appropriate for 100K <
TK < 105 K and for a case A recombination coefficient. The number density
of recombinations per second, ṅrec, is given by:

ṅrec(z) = αAne(z)nHII(z), (2.4)

where nHII = xi
nb(1−Yp)
1−3/4Yp

is the ionized hydrogen number density (xi is the mass

averaged ionized fraction, nb the baryon comoving number density) and the
free electron density can be approximated by ne = xinb. In the IGM, the gas
is mostly optically thin and so the recombination probability was modeled
with the case A recombination coefficient taken from Fukugita & Kawasaki
(1994)

αA ≈ 6.28×10−11T−0.5
K (TK/103K)−0.2× [1+ (TK/105K)0.7]−1 cm3 s−1. (2.5)

Using a case B recombination rate would result in a smaller number of
recombinations but a higher probability of Lyα photon emission per recom-
bination. Therefore, the overall emission rate of Lyα photons has a weak
dependence on the choice of recombination coefficient (Dijkstra 2014). The
luminosity density (per comoving volume) in Lyα emission from collisional
excitation of neutral hydrogen by free electrons in the IGM is

`IGM
exc (z) = nenHIqLyαELyα, (2.6)
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Figure 2.2: Theoretical intensity of Lyα emission from recombinations and
collisions in the IGM. Recombination emission was estimated assuming full
ionization of the gas, whereas collisional emission was estimated for different
values of xi. The intensities shown assume a clumping factor of 1 and can
be easily scaled to higher clumping factors just by multiplying the resulting
intensity by C.

where qLyα is the effective collisional excitation coefficient which is calcu-
lated as in Silva et al. (2013).

Fig. 2.2 shows the theoretical estimate of the Lyα intensity from the IGM
at z = 0.65, as a function of gas temperature. This figure shows that while
in cold IGM filaments Lyα emission mainly originates in recombinations in
the Warm-Hot Intergalactic Medium (WHIM), collisions will be the main
source of Lyα photons and the Lyα intensity will be higher by a few orders
of magnitude.
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Figure 2.3: Lyman alpha intensity from galaxies and the IGM as a function
of redshift obtained from the simulations.

Fig. 2.3 shows the same intensity taken from our simulations but as a func-
tion of redshift. From the simulations, the Lyα emission mainly originates
in recombinations from gas with a clumping factor of ∼ 5 and TK ∼ (1−
2)×104 K and has an intensity of νILyα(z = 0.65) ∼ 2×10−9 ergs−1 cm−2 sr−1.
Fig. 2.3 also shows that galaxies are likely to be the dominant source of
Lyα emission. Small variations in our estimates of the thermal and ioniza-
tion state of the gas might lead to an increase (by a factor of a few) of the
intensity of Lyα emission from collisional excitations, but will have little
impact on the Lyα recombination emission. By using simulations, we were
able to determine the ionization and thermal state of the gas for each cell of
the simulation. This is an improvement over the generalized use of a fixed
temperature or the use of a temperature parameterized by a power law with
a fixed exponent (the adiabatic index), which is only appropriate for low
density gas (δ < 10) cooling adiabatically. Also, the current uncertainty in
the adiabatic index is relatively high (1.3 > γ > 1.6; Schaye et al. 2000;
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Lidz et al. 2010; Becker et al. 2011), which results in a considerable change
in the intensity and spatial distribution of the Lyα emission.

2.3.2 Lyman alpha emission from Galaxies

In galaxies, the main process leading to Lyα emission is recombinations.
This Lyα emissivity can be roughly estimated as:

Ṅrec
Lyα = AHe Ṅion (1− fesc) frec f Lyα

esc . (2.7)

Here, Ṅion is the rate of emission of ionizing photons by the galaxy, AHe is
a correction factor that accounts for the photons spent in the ionization of
helium, frec accounts for the fraction of recombinations that result in the

emission of a Lyα photon; f Lyα
esc corresponds to the fraction of Lyα photons

that escape the galaxy into the IGM and fesc is the fraction of ionizing pho-
tons that escape the galaxy without being absorbed by dust.

We assume fesc to be around 20% as predicted by Yajima et al. (2014)
using cosmological hydrodynamical simulations and a state of the art radia-
tive transfer code. For low redshift studies, the Lyα luminosity is usually
estimated assuming fesc = 0, which is a reasonable approximation in most
cases, since the fraction of radiation escaping galaxies scales inversely with
the galaxy dust content and so on average decreases towards low redshifts
and high masses, which are the systems that are more easily observed. Also,
the uncertainty in fesc is very high given the very small number of direct
observational constraints and the large variation of the measured value for
different lines of sight.

The amount of Lyα photons emitted due to collisional excitation of neutral
hydrogen by free electrons is proportional to the leftover energy released
into the gas during hydrogen ionizations and thus depends on the hardness
of the stellar spectrum. The number of Lyα collisional excitations is

Ṅexc
Lyα = AHe Ṅion (1− fesc) fexc f Lyα

esc Eexc/ELyα , (2.8)

where following the formalism described in (Gould & Weinberg 1996) and
estimating the average energy of an ionizing photon using the spectral en-
ergy distribution of galaxies from the Maraston (2005) models, we obtained
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Eexc ∼ 2.14eV for the leftover energy per recombination in a galaxy powered
by star formation. The emission rate of ionizing photons from galaxies can
be estimated from the galaxy star formation rate (SFR) as:

Ṅion = Qion×SFR, (2.9)

where Qion is the average number of ionizing photons emitted per solar mass
in star formation, which, at solar metallicity and for a Salpeter mass func-
tion, is given by 2.36×1060 M−1

� (Shull et al. 2012). The resulting intensity
of Lyα emission from galaxies is

IGAL
Lyα = ELyαṄLyα (2.10)

≈ 1.55×1042 (1− fesc) f Lyα
esc

SFR
M� yr−1 ergs−1.

We assume that the fraction of Lyα photons which are not absorbed by dust

in the interstellar medium (ISM) is of the order of f Lyα
esc = 0.3, which is the

average value for z < 3 also obtained by (Yajima et al. 2014). This is the
appropriate value for intensity mapping studies, since it accounts for the
fraction of Lyα photons that escape from galaxies and does not account for
scattering or absorption of Lyα photons in the IGM, since these processes
conserve the number of photons and therefore the Lyα intensity signal as
measured by an intensity mapping experiment. The much smaller value
usually stated in observational studies refers to the effective escape fraction
of Lyα photons, which basically considers that Lyα photons are lost when
scattered out of the line of sight, since these photons will no longer be de-
tected by an observation with a small field of view aiming to resolve an
individual source (Hayes et al. 2011; Dijkstra & Jeeson-Daniel 2013).

We use the halo finder in the Simfast21 code described in (Santos et al.
2010; Silva et al. 2012) to extract the DM halos from the N-body simula-
tion. We then estimate their associated SFR and finally their Lyα emission.
The halos mass is converted into a SFR using the relation between these
quantities found in the Guo et al. (2011) and De Lucia & Blaizot (2007)
galaxy catalogs obtained by post processing, respectively, the outputs from
the Millennium II (Boylan-Kolchin et al. 2009) and Millennium I (Springel
et al. 2005) dark matter simulations. For the mass range available, the pa-
rameterizations of the SFR versus halo mass relations were adjusted to fit
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the observationally based constraints from Popping et al. (2015) and the
simulations from Behroozi et al. (2013). However, we note that this correc-
tion had a small impact in the final results.

2.4 Lyman alpha intensity maps and power

spectrum

In the first part of this section, the main results from the simulations, the
maps of Lyα emission, are presented assuming experimental setups with
different sensitivities. These maps can therefore be used to determine the
experimental setup required to successfully detect the IGM Lyα signal. We
also present a power spectrum analysis of the simulation results.

2.4.1 Lyman alpha intensity results

Fig. 2.4 shows the intensity fluctuations in Lyα emission from galaxies and
from the IGM, and how they correlate with the peaks in the HI density.
This figure illustrates how an intensity mapping experiment targeting IGM
emission would be able to trace many more structures than an instrument
targeting only galaxies. The bottom four panels in Fig. 2.4 show the struc-
tures observed by experiments with decreasing sensitivities. From these
panels we can predict that observing the main filamentary structures in the
IGM through their Lyα emission requires an experiment with a sensitivity
of the order of νILyα = 10−9 ergs−1 cm−2 sr−1. This intensity corresponds ap-
proximately to the intensity of Lyα emission from IGM filaments assuming
the (Haardt & Madau 2012) UV background model. Given the uncertainties
in this model, we multiplied this background by a factor of two and found
that the Lyα intensity would only increase by about 20%, which would have
a minimum impact on our results.

This intensity can be converted to relative magnitudes using the formula
from Oke & Gunn (1983) given by

m = −48.6 − 2.5log fν, (2.11)
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Figure 2.4: (Continued on the following page.)
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Figure 2.4: Simulated maps at z = 0.65. Left upper panel: HI fraction
in the IGM. Right upper panel: Lyman alpha intensity from galaxies. Ex-
cept in this panel, galaxies are presented as dark regions, since we start by
ignoring the properties from these regions. Middle and lower panels show
the intensity of Lyman alpha emission from recombinations and collisional
excitations in the IGM. These panels from top to bottom and from left to
right assume the full Lyα signal, and the Lyα signal above an intensity cut
of (0.58,1.46,3.66)×10−9 ergs−1 cm−2 sr−1, respectively. These intensity cuts
correspond to flux sensitivities of (39,38,37) mag/arcs2 in the UV band,
respectively.

where the magnitudes are in units of mag/arcsec2 and fluxes in units of
ergs−1 cm−2 Hz−1 arcsec−2. A surface brightness of 37mag/arcsec2 in the UV
band then corresponds to an intensity of νILyα = 3.66×10−9 ergs−1 cm−2 sr−1

of the Lyα line.

Fig. 2.5 shows that, at z = 0.65, the predicted power spectrum of Lyα emission
from galaxies is orders of magnitude higher than that of emission from
the IGM. Furthermore, Fig. 2.6 shows that this difference is maintained
throughout the relevant redshift range. Since the objective of this study is
the detection of Lyα emission from the IGM, we treat Lyα emission from
galaxies as a foreground and determined what fraction of the observational
maps needs to be masked in order to successfully extract the IGM signal.
From our simulations, we estimate that, for this to be possible, we need
to mask galaxies with Lyα fluxes above (10−20 − 10−21 Wm−2), which cor-
responds to a number density of masked galaxies of ∼ 0.11− 0.22Mpc−3,
assuming the experimental setup proposed in Section 2.5.1. In Fig. 2.5,
we show the contamination power spectra before and after the masking
technique is applied. As can be observed in this figure, the galaxy power
spectrum suffers from a large shot noise contribution at k & 0.06, which
makes it easy to distinguish from the power spectrum of IGM fluctuations.
The shape of the observed power spectra can therefore be used to confirm
if enough low luminosity galaxies were masked and thus if we are indeed
detecting the signal from the IGM.
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Figure 2.5: Power spectra of Lyα emission from galaxies and from the IGM
at z = 0.65. The black lines account only for dust absorption of Lyα photons
in the galaxies ISM while the magenta dashed line also accounts for scat-
tering/absorption of Lyα photons in the IGM. The black dotted lines as-
sume only emission from galaxies with Lyα fluxes below 10−20 Wm−2 and
10−21 Wm−2. The error bars correspond to the experimental setup of the
fiducial instrument described in Section 2.5.1.
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Figure 2.6: Power spectra of Lyα emission from galaxies and from the
IGM at k = 0.177h/Mpc.

2.5 Experiments for detecting UV Lyman Al-

pha emission

Currently, there are few experiments probing Lyα emission/absorption in
the UV regime and these missions mainly target strong emission from galax-
ies or from the WHIM. The low surface brightness emission at UV wave-
lengths is, however, essential to probe galaxies at the epoch of peak SFR
activity (z ∼ 2) which is pushing the sensitivity of UV instruments to in-
creasingly lower fluxes and will bring them to the level necessary to also
probe Lyα emission from IGM filaments. Probing the low surface bright-
ness universe is limited by systematics, sky variability, straylight, flat field
accuracy and extended point spread function wings and only now, with the
advent of technological advances, is this goal becoming possible.

Examples of current or proposed experiments that propose to probe IGM
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emission include the following missions. The Faint Intergalactic Redshifted
Emission Ballon (FIREBall2) is able to measure Lyα , OVI and CIV emis-
sion from the WHIM at 205 nm (Tuttle et al. 2010), and its sucessor, the
proposed Imaging Space Telescope for Origins Survey (ISTOS) plans on tar-
geting Lyα emission from z ∼ 0.5−1.2. There are also several orbital sound-
ing rockets carrying integral field spectrometers able to detect Lyα emission
from galaxies and from the CGM in the redshift range z ∼ 0−1.5 (France
et al. 2015). The Cosmic Origins Spectrograph (COS) on board of the Hub-
ble Space Telescope also targets Lyα emission from galaxies and from the
CGM in the redshift range z ∼ 0−1.5 (Morse et al. 1998; Green et al. 2003).

These experiments will, however, not be able to detect the faint population
of Lyα emitters or the cold IGM. On the other hand, the recently proposed
Messier satellite plans to achieve unprecedented surface brightness levels
of 37mag/arcsec2 in the UV, which is enough to probe emission from faint
galaxies, from the WHIM and even from the cold IGM. This satellite will
carry a photometer with a very high spatial resolution but with mostly
broadband frequency filters. The main sensitivity of the satellite will be
at z ∼ 0.65, since it will have a narrow band filter centered at 200nm. The
proposed frequency band of ∆λ ∼ 50nm, however, is too large to identify
IGM filaments, although it will be sensitive to the overall emission from
several filaments. We note that the width of IGM filaments should be of
the order of 0.5Mpc/h (Tempel et al. 2014).

2.5.1 Experimental setup for Lyman Alpha emission
Intensity Mapping

In this section, we describe the experimental setup of a UV satellite capable
of detecting and mapping Lyα emission from IGM filaments and thus also
able to probe the low surface brightness universe. The setup of the described
detector is appropriate, not only to detect this signal, but also to study the
statistical properties and the spatial distribution of IGM filaments. If we
just aim to detect the filaments, an experiment with a smaller resolution
would suffice.

We take a UV sensitivity of 37mag/arcsec2 as the minimum surface bright-
ness level required to detect most (> 90%) of the emission from faint fil-
aments in the IGM at z = 0.65, as estimated in Section 2.4.1. This UV
magnitude corresponds to the detection of Lyα emission above an intesity
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of νILyα ∼ 3.7×10−9 ergs−1 cm−2 sr−1.

A lower sensitivity would still allow the detection of many IGM filaments.
However, since we propose to analyze these filaments at a statistical level,
using their intensity and power spectra, the more filaments we can detect,
the more we can say about their properties.

Given the length of up to 60Mpc/h of the filaments recently identified by
Tempel et al. (2014) in the Sloan Digital Sky Survey (SDSS) public galaxy
catalog, we assume the minimum area to be observed by the proposed ex-
periment to be of 60Mpc/h, which at z ∼ 0.65 requires at least a 2◦×2◦ ob-
servational field-of-view. The ideal spatial resolution necessary to identify
the filaments is of the order of 1Mpc. Lower resolutions would, however,
still allow for the statistical detection of this signal, but would make the
masking of foreground emission very difficult. This spatial resolution corre-
sponds to a frequency resolution of R = 1000 and an angular resolution of 85
arcsec. A telescope with an 80 cm aperture and 200 × 200 elements could
detect this signal, with high precision, in 3000 h, as shown in Fig. 2.5.

Since we only want to detect emission from the IGM, we will need to mask
pixels that contain emission from bright galaxies, which, for the previ-
ously referred resolution would result in 10 − 20 per cent of the pixels being
masked. This would not erase much of the information about the filamen-
tary structures (see Sections 2.4.1 and 2.6.1 for calculations of the number
density of pixels that need to be masked). A higher spatial resolution would,
however, easily reduce this masking percentage even more.

Due to the nature of the Lyα line, its full-width at half-maximum (FWHM)
will limit the maximum possible resolution of the experiment, or require
that galaxy emission is masked from several pixels.

We note that a masking of 20% of the pixels would still allow the recovery of
the intensity and power spectrum of Lyman α emission from the cold IGM,
since most of the masked intergalactic gas would correspond to warm/hot
gas in the CGM.

For the masking of bright galaxies, a complementary experiment would be
required. Ideally, this can be done with the same spectrometer required to
detect the map of the emission from IGM filaments. This is a reasonable
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assumption, since the only difference necessary for the same experimental
setup to be able to detect these galaxies would be a higher spatial resolution
of the order of 1 arcsec per pixel. This could be achieved with the planned
Messier experiment if it had a larger spectral resolution, or with the Multi-
Unit Spectroscopic Explorer (MUSE) at the VLT if it had a larger field of
view and could be extended to lower frequencies (Bacon et al. 2014). An-
other promising experiment is the World Space Observatory - Ultraviolet
(WSO-UV) space telescope, which should be launched in 2021 and aims to
detect UV emission in the frequency range corresponding to Lyα emission
from z ∼ 0− 1.5 (Boyarchuk et al. 2016). The proposed (WSO-UV) tele-
scope will have the required resolution and sensitivity for detecting both
Lyα emission from IGM filaments and from galaxies up to the required flux
cut. However, the field-of-view of this telescope is only 30 arcmin × 30 ar-
cmin and so not big enough to study IGM filaments at a statistical level.

The technology to detect Lyα emission from the contaminant galaxies thus
already exists, but currently none of the proposed experiments meets all the
requirements. Alternatively, these galaxies can be detected through their
Hα emission, since this is a good probe of the intrinsic Lyα emission from
galaxies. For the relevant frequency range, there are photometric and spec-
troscopic instruments that can detect galaxies through their Hα down to one
order of magnitude above the necessary flux limit, or down to 10−19 Wm−2

in Lyα emission (Sobral et al. 2013).

2.6 Foregrounds in Lyman α intensity maps

Lyman α intensity maps will be contaminated by both line and continuum
foregrounds. The contamination by line foregrounds can be considerably
reduced by masking the pixels contaminated by the most luminous fore-
ground sources, similarly to what was done in Gong et al. (2014) for high
redshift Lyα emission. We discuss the line contamination in Lyα intensity
maps at z < 2 in Section 2.6.1.

Continuum foregrounds include free-free, free-bound, 2-photon and UV emis-
sion from stars and AGN. Most continuum emission can be fitted out
of observational maps, since this continuum evolves with frequency more
smoothly than the target line emission, which varies according to the emit-
ting structures along the line of sight.
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In intensity mapping studies, another important source of radiation is the
UV background radiation, which redshifts into the Lyα frequency at the
target redshift (Silva et al. 2013; Pullen et al. 2014). Although the photons
in the UV background are also continuum emission, if they redshift into
the Lyα frequency in a region with a high density of neutral hydrogen, they
will scatter in the gas and get re-emitted in a random direction. Therefore,
this signal will correlate with the structures in the IGM and will no longer
evolve smoothly with frequency. At the low redshifts we are interested in,
the probability of a UV photon encountering a region with neutral hydrogen
as it redshifts into one of the Lyman-n lines is considerably small, taking
into account the highly ionized state of the gas and the small natural width
of the Lyα line. We estimate the intensity of this emission as

ILyα
diff cont(z) =

hνLyα

4π

∞∑
n=2

frec(n)
∫ ∞

z
dz′

c
(1 + z′) H(z′)

× SFRD(z′)ε(ν′n) Pabs(n,z)

×

nmax∏
n′=n+1

{1−Pabs[n′,zn′(z,n)]} , (2.12)

which is taken from Loeb et al. (2005) and modified by Pullen et al. (2014)
to account for the case where a fraction of the IGM is ionized. Here ε(νn) is
the emissivity rate of a Lyn photon and frec(n) accounts for the probability
of a Lyn photon to cascade down to a Lyα photon. By using appropriate
parameters for the absorption probability (Pabs) in the low redshift, highly
ionized gas, the resulting scattered emission is extremely low.

Our result differs from the high scattering probability found by Pullen et al.
(2014), since we determined the optical depth for Lyα absorption with a
high resolution simulation instead of using a simplified formula to estimate
the probability of neutral hydrogen clumps in the IGM which is not appro-
priate for the very ionized gas at z < 2, where the IGM gas is highly ionized
by the strong UV background. We found that, even at z = 0, where this
scattered Lyα emission should be the highest, our most optimistic values
for this emission are of the order of ILyα(z ∼ 0) = 10−29 ergs−1 cm−2 sr−1 Hz−1.
On the other hand, the continuum background at the Lyα frequency will
be several orders of magnitude above the proposed signal, see Section 2.6.2.
Therefore, we can consider the UV background as a continuum foreground
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that evolves smoothly with frequency.

The existence of a strong UV photon source, such as an AGN, in the back-
ground of a dense gas filament will also produce extended Lyα emission
which, depending on its strength, might leave a signature in Lyα intensity
maps. The number density of AGN is, however, relatively small. Therefore,
considering the size of the observational pixel proposed, they can be easily
masked without erasing a meaningful fraction of the Lyα signal from the
IGM.

An additional complication to the detection of IGM Lyα emission arises
from extended Lyα emission around galaxies, typically known as Lyα blobs.
The source of power for these large nebulae can vary between energy released
during gravitational collapse, starburst activity or AGN emission. The fail-
ure of GALEX to observe Lyα blobs at z = 0.8 indicates that these structures
are restricted to high redshifts and so they are not relevant foregrounds for
intensity mapping studies at low redshift.

Recent observations of Lyα blobs indicate that these phenomena occur in
high density regions and that they are mainly powered by star formation (Ao
et al. 2015; Alexander et al. 2016). Given their proximity to star forming
regions and AGN, most Lyα blobs will be removed from the observational
maps during the galaxy masking. We note that, although the spatial ex-
tension of these sources can reach up to 100 kpc, that size is well below the
proposed pixel resolution (Yajima et al. 2013). The Lyα blobs remaining in
the observational maps will therefore be subdominant compared to emission
from the IGM.

2.6.1 Line contamination

For the redshift range z ∼ 0−3, the major line contaminant in Lyα intensity
maps is the [OII]372.2nm line emission from redshifts z ∼ 0− 0.3, which is
observed at the same frequency as Lyα from redshifts z ∼ 2.07−3.

The OII line luminosity can be estimated with the relation

L[OII] (ergs−1) = 7.1×1040 SFR(M� yr−1) (2.13)

from Kennicutt (1998) and with the SFR parameterization described in
Section 2.3. The resulting OII intensity for z ∼ 0.046 that will contaminate
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Lyα intensity maps at z∼ 2.2 is ∼ 1.58×10−21 ergs−1 cm−2 sr−1. We estimated
the contamination power spectrum from OII emission scaled to the redshift
at which Lyα is emitted to be approximately two orders of magnitude above
the Lyα signal power spectrum at large scales. The required flux cut in the
OII emitting galaxies needed to decrease the contamination power spectrum
1 order of magnitude below the signal power spectrum is L[OII] ∼ 1.7ergs−1.
This flux cut corresponds to masking only around 0.09Mpc−3 galaxies. Note
that, in the redshift range 2.2. z. 2.06, where the projection of the contam-
ination power spectra to the redshift of Lyα emission will be particularly
high, it will be difficult to mask maps in this redshift range. According to
this study, the masking percentages required for maps at z > 2.2 are smaller
than the ones presented at z = 2.2.

When it is not possible to spectroscopically observe the contaminant OII
galaxies, they can be photometrically observed and distinguished from galax-
ies emitting Lyα due to the much smaller equivalent width (EW) of the OII
line (Acquaviva et al. 2014).

2.6.2 Continuum contamination

Continuum stellar photons emitted with frequencies within the Lyα EW
(∼ 1Å) should scatter within the ISM and eventually get re-emitted out of
the galaxy as Lyα photons (Jensen et al. 2013). This emission is very weak
compared to the nebular Lyα emission and can therefore be safely neglected.

However, continuum stellar emission below and above the Lyα frequency
will contaminate Lyα intensity maps. We estimate this contamination by
assuming that the number of photons emitted by a galaxy within the rele-
vant frequency range follows the spectrum of a black body with an average
temperature of ∼ 2.2× 104 K. We estimate the black body temperature at
each emitted frequency by averaging over a Salpeter stellar mass function,
the temperature of the stars weighted by the lifetime of their nuclear phase
and by their relative emissivity at the relevant frequency range.

The galaxy spectrum amplitude was set assuming that the average relation
between the galaxy SFR and its luminosity in the range 1500Å < λ < 2800Å
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follows the relation

SFRD(z)
[M� yr−1 Mpc−3]

= 1.05×10−28 ρUV

[ergs−1 Mpc−3 Hz−1]
, (2.14)

where ρUV is the galaxy luminosity density (Haardt & Madau 2012). The
continuum stellar intensity at the observed frequency is

Istellar
νo

(zLyα) = A
∫ νmax

νmin

dν
hν3

ehν/kBTK −1
×

SFRD(z)y(z)
4π(1 + z)2 f UV

esc , (2.15)

where A = 4.19× 109 sets the number of UV photons estimated with the
black body approximation to follow the relation presented in Equation 2.14.
Here, νo is the frequency at which the lyman α line is observed when emit-
ted from the redshift zLyα, ν = νo(1 + z) is the emitted frequency and f UV

esc
is the fraction of the emitted UV photons that escape the galaxy with-
out being absorbed by dust. We integrate the continuum emission from
νmin = νLyα/(1 + zLyα) to νmax = 7.4× 1015 Hz, which corresponds to photons
with energies of 30.6eV. For most stars, the radiation released above this
energy is very small, so our results are not very sensitive to the choice of νmax.

We parameterize the escape fraction of UV photons below the Lyman alpha
frequency as f UV

esc = 10−0.4A(ν,z)k(ν) and, following Haardt & Madau (2012), we
take the magnitude of the attenuation to be

A(ν,z) = AFUV
k(ν)

k(1500Å)
, (2.16)

where

AFUV(z) =

1 (0 ≤ z ≤ 2);
2.5log[(1 + 1.5/(z−1)] (z > 2).

(2.17)

To scale the attenuation with frequency, we use the starburst reddening
curve, k(ν), from Calzetti et al. (2000).

We take f UV
esc = 0.3 for emission between the Lyα and the Lyman limit fre-

quencies and f UV
esc = 0.2 for ionizing UV emission (following the study by
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Yajima et al. (2014)). Given the uncertainty in the escape fraction of pho-
tons above the Lyα frequency, a lower limit for this intensity can be obtained
by setting zmax = zLyα.

Additional free-free, free-bound and 2-photon radiation emitted from red-
shifts below the Lyα target redshift will also contribute to the UV back-
ground radiation. Free-free and free-bound emission, respectively, occurs
when free electrons scatter off ions with or without being captured. The
intensity of free-free and free-bound radiation can be modeled as

Ifree
νo

(zLyα) =

∫ νmax

νmin

dν fvolume(z)
εν

4π(1 + z)2 y(z), (2.18)

where εν is the total volume emissivity (which we estimated as in Dopita
& Sutherland 2003) and fvolume is the volume fraction of the Universe which
contains free electrons and ions.

At the relevant redshift range, most of the gas in the IGM is ionized. How-
ever, for estimating fvolume, it is useful to divide the IGM in three regions
which have very different astrophysical properties. The CGM, which is very
dense (δ > 100), has a temperature of TK ∼ 105 K and contains around 5 per
cent of the baryons. The IGM gas filaments, with overdensities in the range
1 > δ > 180, have a temperature of TK ∼ 104 K and contain more than 40 per
cent of the baryons. Finally, we consider the voids. These are characterized
by overdensities of δ < 1 and only contain a small fraction of the baryons
in the Universe. Given the low luminosities involved, it is safe to neglect
emission from voids. Therefore, we estimate the volume fraction of the IGM
emitting continuum radiation as the volume occupied by filaments, which is
around 5 per cent of the total volume in our simulations, in agreement with
the results from N-body simulations and from the SDSS detected filaments
analyzed by Tempel et al. (2014).

To estimate free-free and free-bound emission from filaments, it is a good
approximation to assume that all of the gas is ionized and that it has a
clumping factor of C ∼ 5 (value estimated from our simulations). The volume
emissivity estimated by Dopita & Sutherland (2003) is given by

εν = 108.1Cnenpγc
e−hν/kBTK

T 1/2
K

ergcm−3 s−1 Hz−1, (2.19)
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where γc is the continuum emission coefficient, including free-free and free-
bound emission given, in SI units by

γc = 5.44×10−46
[
ḡ f f +Σ∞n=n′

xnexn

n
g f b(n)

]
. (2.20)

Here, xn = Ry/(kBTKn2), where kB is the Boltzmann constant, n is the
level to which the electron recombines, Ry = 13.6eV and ḡ f f ≈ 1.1 − 1.2
and g f b(n) ≈ 1.05− 1.09 are the thermally average Gaunt factors for free-
free and free-bound emission, respectively, (Karzas & Latter 1961). The
initial level n′ is set by the condition cR∞/n′2 < ν < cR∞/(n′ − 1)2, where
R∞ = 1.1×107 m−1 is the Rydberg constant. In an ionized gas, the number
density of protons is np = nH + 2nHe and the number density of electrons is
ne = nH + 2nHe.

The average number densities in the filaments from the simulation are
therefore nH = 0.4

0.05 (1−Yp)n̄b ∼ 1.49×10−6 cm−3 and nHe = 0.4
0.05Ypn̄b/4 ∼ 1.23×

10−7 cm−3, where n̄b is the baryon number density. Similarly, during a re-
combination, there is a probability of two photons being emitted.

The observed intensity due to 2-photon emission is

I2−photon
νo (zLyα) =CnenpαA(1− fLyα)

×

∫ νLyα

νmin

dν
2hν
νLyα

P
(
ν/νLyα

)
4π

× (1 + z)y(z), (2.21)

where P(y)dy is the normalized probability that, in a two photon decay,
one of them is in the range dy = dν/νlyα. The factor 1− flyα ≈ 1/3 accounts
for the probability of 2-photon emission during a hydrogen recombination.
This probability was fitted by Fernandez & Komatsu (2006) using Table 4
of Brown & Mathews (1970) as:

P(y) = 1.307−2.627(y−0.5)2 + 2.563(y−0.5)4−51.69(y−0.5)6. (2.22)

The last missing contribution to the UV continuum background is emission
from AGN which we modeled using, as a lower limit, the quasar comoving
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emissivity at 1 ryd from Hopkins et al. (2007), fitted by Haardt & Madau
(2012) as

ε912(z)
(1 + z)3 =

(
1024.6 ergs−1 Mpc−3 Hz−1

)
× (1+ z)4.68 exp(−0.28z)

exp(1.77z) + 26.3
. (2.23)

The emissivity scales with ν−0.44 for (λ > 1300Å) and with ν−1.57 for (λ <
1300Å), as observed in the spectra of radio quiet sources (Vanden Berk
et al. 2001; Telfer et al. 2002). An upper limit to this emissivity can be ob-
tained with the Madau & Haardt (2015) model, derived from fits to several
observational data sets. This upper limit is given by

logε912(z) = 25.15e−0.0026z−1.5e−1.3z (2.24)

and scales with frequency as ν−0.61 Lusso et al. (2015).

The quasar luminosity density contributing to the UV background at the
observed Lyα frequency is

Iquasar
νo (zLyα) = 10−73.468

∫ νmax

νmin

dν
εν y(z)

4π(1 + z)5 , (2.25)

where νmax = 6.0×νo. Note that the bulk of this emission originates at red-
shifts very close to zLyα or at lower redshifts. Therefore, the result is not
very sensitive to the choice of νmax.

As observed in Fig. 2.7, the intensity of the continuum contamination in
Lyα intensity maps is higher than the intensity of Lyα emission from fil-
aments. The former intensity is, however, quite uncertain, with model
predictions differing by over one order of magnitude (Domı́nguez et al.
2011). Therefore, constraining this extragalactic background (continuum)
light (EBL) is one of the objectives of the proposed experiment. Since the
SFR model we take as referrence is well within current constraints, we be-
lieve that the difference in the predicted EBL originates in the uncertainty
in the quasar UV emissivity. This further supports the need to detect the
effects of this UV continuum in the IGM so that we can better constrain it.

The intensity of contamination found is compatible with the predicted evo-
lution of the EBL from Domı́nguez et al. (2011) if we assume that the escape
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Figure 2.7: Intensity of continuum background contamination in Lyman
α intensity maps as a function of the Lyman α emission redshift. The black
lines denote the predicted intensity from stellar UV emission. The upper
black solid line includes UV emission below 30.6eV, while the lower black
solid line only includes UV emission below 10.2eV. The blue lines account
for quasar emission according to the Hopkins et al. (2007) and the Madau &
Haardt (2015) models. The magenta line includes continuum contamination
from 2-photon, free-free and free-bound emission.
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fraction of photons with frequencies above the Lyα line is very small. This
would result in the contamination given by the black dashed dotted line in
Fig. 2.7. Our model can also easily fit the observational constraints from
Gardner et al. (2000) and from Xu et al. (2005) for different assumptions
about the photon escape fraction.

However, the smoothness of this foreground across frequency, compared to
the Lyα signal, should allow it to be fitted and removed from the observa-
tional maps in the same manner as the foregrounds for 21 cm line intensity
maps are removed (e.g. Wang et al. 2006). This fitted foreground can, in
principle, be used to probe the EBL.

2.7 Conclusions

Mapping gas filaments in the IGM is an essential step to complete our
picture of the spatial distribution of large scale structures throughout the
Universe. These maps can provide much more information about the spa-
tial distribution of baryonic matter than observing emission from galaxies,
which are just discrete point sources from the point of view of large-scale
studies.

Cold IGM filaments can only be directly detected through emission lines
from hydrogen or helium. Therefore, this study explores the prospects for
detecting and mapping hydrogen Lyα emission from IGM filaments at z < 3.

In this redshift range the Lyα line is mostly observed in the UV band
and, according to our conservative predictions, the Lyα signal from cold
IGM filaments can be detected by an experiment with a sensitivity of
3.7×10−9 ergs−1 cm−2 sr−1 (∼ 37mag/arcs2) in the UV band, which is in the
reach of the next generation satellites. The Lyα emission from these fila-
ments is powered by the UV background and, in most cases, will emit with
a maximum intensity of about half the intensity of the UV background. It
can therefore be used to probe and constrain this poorly constrained back-
ground.

Emission in the Lyα line from filaments can be used to probe the baryonic
content of the IGM, as well as the thermal and ionization state of these
baryons. Intensity mapping of IGM filaments with two emission lines, such
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as the HI Lyα and the HI 21cm line, will allow for even better constraints
to the astrophysical conditions in filaments. This is essential to properly
model the gas flow between galaxies and the IGM.

In this study, we consider the continuum foregrounds that will contaminate
Lyα intensity maps and find that a mission with the experimental setup that
we propose here has the required sensitivity to map the proposed signal and
enough angular and frequency resolution to be able to remove the main line
foregrounds and continuum foregrounds.
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Chapter 3
Filament Hunting: Integrated HI 21
cm Emission From Filaments Inferred
by Galaxy Surveys

– Robin Kooistra, Marta B. Silva & Saleem Zaroubi –
MNRAS, 2017, 468, 857

”It is the unknown that defines our existence. We are
constantly searching, not just for answers to our questions,
but for new questions. We are explorers. We explore our
lives day by day, and we explore the galaxy, trying to
expand the boundaries of our knowledge.”

Commander Benjamin Lafayette Sisko, 2369
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Abstract

Large scale filaments, with lengths that can reach tens of Mpc, are the most

prominent features in the cosmic web. These filaments have only been observed

indirectly through the positions of galaxies in large galaxy surveys or through

absorption features in the spectra of high-redshift sources. In this study, we

propose to go one step further and directly detect intergalactic medium filaments

through their emission in the HI 21 cm line. We make use of high-resolution

cosmological simulations to estimate the intensity of this emission in low-redshift

filaments and use it to make predictions for the direct detectability of specific

filaments previously inferred from galaxy surveys, in particular the Sloan Digital

Sky Survey. Given the expected signal of these filaments, our study shows that

HI emission from large filaments can be observed by current and next-generation

radio telescopes. We estimate that gas in filaments of length l & 15 h−1Mpc

with relatively small inclinations to the line of sight (. 10◦) can be observed in

∼ 100 h with telescopes such as Giant Metrewave Telescope or Expanded Very

Large Array, potentially providing large improvements over our knowledge of

the astrophysical properties of these filaments. Due to their large field-of-view

and sufficiently long integration times, upcoming HI surveys with the Apertif

and Australian Square Kilometre Array Pathfinder instruments will be able to

detect the brightest filaments independently of their orientation and curvature.

Furthermore, our estimates indicate that a more powerful future radio telescope

like Square Kilometre Array can be used to detect even the faintest of these

filaments with integration times of ∼ 10−40 h.

3.1 Introduction

Observations of the local Universe have revealed that most galaxies reside in
a complex network of filamentary structures known as the cosmic web (Bond
et al. 1996). Within the Λ cold dark matter framework, these structures are
an expected result from nonlinear gravitational evolution. According to this
picture, the dark matter haloes within which galaxies reside are connected
to each other through a patchwork of filaments and sheets that constitute
the structure of the intergalactic medium (IGM; e.g., Cen & Ostriker 1999).
Whereas galaxies reside in high density regions, the diffuse gaseous compo-
nent, if observed, gives an alternative view into filaments and their baryonic
component. Furthermore, it potentially gives a more faithful tracer to the
spatial distribution of the IGM than galaxies by themselves, which in turn
allows for the study of the connection between galaxies and the filaments of
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gas.

Outside galaxies most baryons are expected to be in the relatively dense
circumgalactic medium, which is mostly ionized and warm to hot. The re-
maining gas is in a filamentary structure with gas heated and ionized due to
gravitational collapse and the UV and X-ray backgrounds. However, shield-
ing from ionizing radiation due to recombinations in the denser pockets of
gas still allows some of this gas to have a higher neutral fraction and emit
potentially observable HI 21 cm radiation. Generally, the neutral fraction
in these regions is well below a percent of the total gas content (Popping
& Braun 2011; Takeuchi et al. 2014). Nonetheless, its existence has been
proved observationally through Lyman alpha forest absorption in the spec-
tra of high redshift quasars (Gunn & Peterson 1965). However, meaningful
Lyman alpha absorption requires neutral gas above a given density thresh-
old. Moreover, the technique is limited by the lines of sight to the available
quasars and the matter content inferred from it depends on several assump-
tions about the gas conditions that are deduced from comparisons with
simulations (e.g., Borde et al. 2014).

Thus far, large scale filaments have mostly been detected through tracing
the spatial distribution of galaxies in large galaxy surveys, such as the Sloan
Digital Sky Survey (SDSS; York et al. 2000; Aihara et al. 2011), the 2-degree
Field (2dF) Galaxy Redshift Survey (Colless et al. 2001) and the Two Mi-
cron All-Sky Survey (2MASS; Skrutskie et al. 2006). In such surveys, the
larger structures of the cosmic web can be easily identified. Indeed, some
effort has been made to catalogue filaments traced by SDSS galaxies, and
many filaments with lengths ranging from a few to tens of h−1Mpc and di-
ameters of ∼0.5-2 h−1Mpc have been found (e.g., Tempel et al. 2014; Sousbie
et al. 2008; Jasche et al. 2010; Smith et al. 2012).

In recent years, some effort has been devoted to tracing the large scale struc-
ture of the cosmic web through the gas distribution. In a groundbreaking
work, Chang et al. (2010) used HI 21 cm intensity maps obtained from the
Green Bank Telescope (GBT), to constrain the large scale structure at a
redshift of z ∼ 0.8 by cross-correlating with data from galaxy surveys. The
same group followed this work up with a more significant detection using the
WiggleZ galaxy survey data together with GBT 21 cm data (Masui et al.
2013). At higher redshifts, evidence for filamentary structures was found in
the spectra of background sources due to scattering of Lyman alpha pho-
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tons by the neutral IGM along the line of sight (e.g., Rollinde et al. 2003;
D’Odorico et al. 2006; Cappetta et al. 2010; Finley et al. 2014). Recently, a
cosmic web filament at z ∼ 2-3 illuminated by a bright quasar was detected
due to its Lyman alpha fluorescent emission (Cantalupo et al. 2014). At
lower redshifts, however, the gas in the IGM is on average more ionized
and the Lyman alpha line is observed in the UV, and so it is much more
challenging to detect it in emission.

Takeuchi et al. (2014) explored the possibility of using the HI 21 cm line
to directly observe IGM filaments. By estimating the integrated HI 21 cm
line intensity from simulated filaments, they found that filaments with a
length of ∼ 100Mpc can be detected in a 100 h of integration by reasonably
sensitive telescopes, such as the Giant Metrewave Radio Telescope (GMRT)
or the Five hundred meter Aperture Spherical Telescope (FAST). They also
found that the signal from filaments aligned along the line of sight can be
more easily detected. Obviously, detection of such a signal would allow for
the study of both the baryonic content of the filament and the ionization
state of the gas. This would in turn help constrain the UV background,
since this radiation is the main agent responsible for the thermal and ion-
ization state of the gas.

Recently, Horii et al. (2017) performed a similar exercise, but then for the
warm hot intergalactic medium (WHIM). Their simulations include strong
feedback, resulting in very high temperature filaments. This in turn leads
to a large ionization fraction and an HI 21 cm signal that is more difficult
to observe.

In this work, we go one step further by directly linking the properties of
cosmic web filaments in our simulations to those that have previously been
identified from observational galaxy catalogues. Specifically, we use the fil-
ament catalogue by Tempel et al. (2014), obtained from SDSS data, to find
real filaments that are aligned along the line of sight and extract similar
filaments from the simulation. With this identification, we then employ the
simulations to calculate the neutral gas fraction in these specific filaments
and predict their observability by current and future radio telescopes. To do
this, we use a high resolution cosmological N-body simulation and apply a
semi-analytical prescription to the density field to estimate the temperature
and ionization state of the IGM, from which we determine the HI 21 cm
signal from these filaments.
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The content of the chapter is organized as follows. We begin by describing
the model that is used to determine the thermal and ionization states of the
IGM in Section 3.2. The method to calculate the 21 cm brightness temper-
ature signal is shown in Section 3.3. The simulation details are presented in
Section 3.4. We then describe how we selected the observed filaments and
how we estimated their integrated HI 21 cm signal in Section 3.5. In the
same section, we introduce the instruments that are considered for possible
observations and compare their sensitivity to the signals of the filaments.
We explore the advantages of survey instruments with large field of view
(FoV) in more detail in Section 3.6, and finally the removal of contami-
nation due to emission from galaxies in the HI 21 cm line is discussed in
Section 3.7.

Throughout this work, we assume the Planck Collaboration et al. (2016)
cosmological parameters (Ωm = 0.3089, ΩΛ = 0.6911, Ωbh2 = 0.02230, H0
= 67.74 kms−1Mpc−1 and YP = 0.249).

3.2 Model: Ionization and thermal state in

the IGM

The conditions in the IGM drive the observed HI signal. This depends on
the complex interplay between the different ionization, recombination, heat-
ing and cooling processes in the gas. The thermal and ionization state of
the cold IGM is mainly set by the strength of the UV/X-ray background
and can be estimated by assuming both thermal and ionization equilibrium.
The equilibrium assumptions are a good approximation for most of the gas
in filaments, given that the relevant timescales for ionization and recombi-
nation are relatively short. However, they break down in very low density
regions, where the gas cannot efficiently cool through recombination and
collisional emission, and in the vicinity of galaxies or active galactic nuclei,
where the ionizing radiation is much stronger and therefore the gas is highly
ionized. Here we describe the full details of the model used to determine
the ionization and thermal states of the IGM.

The ionization state of the intergalactic medium is governed by the balance
between ionization and recombination processes. Even at low redshift, the
gas in filaments far from local sources is expected to be very metal poor
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and so the cooling and heating processes in this medium are dominated by
reactions involving only hydrogen and helium. The fractions of the different
states of hydrogen and helium can be found by solving the following set of
balance equations (Fukugita & Kawasaki 1994):

dxHII

dt
= ΓHIxHI +βHInexHI−αHIInexHII, (3.1)

dxHeII

dt
= ΓHeIxHeI +βHeInexHeI

− (αHeII + ξHeII)nexHeII

−βHeIInexHeII−ΓHeIIxHeII

+αHeIIInexHeIII, (3.2)

dxHeIII

dt
= ΓHeIIxHeII +βHeIInexHeII

−αHeIIInexHeIII. (3.3)

Here ne is the electron number density, whereas xHI, xHII, xHeI, xHeII and
xHeIII denote the fractions of HI, HII, HeI, HeII and HeIII, respectively. Γi
is the photoionization rate, βi the collisional excitation rate and αi the re-
combination rate of species i. ξHeII is the dielectronic recombination rate
of HeII. For the photoionization rates, we interpolate the tables of the ion-
izing background from Haardt & Madau (2012). The recombination and
collisional rates were determined using known temperature-dependent pa-
rameterisations (see Appendix 3.A).

From energy conservation of the IGM in an expanding universe, the gas
temperature Tg follows

dTg

dt
= −2H(z)Tg +

2
3

(H −Λ)
nkB

, (3.4)

where H(z) denotes the Hubble parameter, H the heating rate, Λ the cool-
ing function and n the baryon number density defined as n ≡ nH + 4nHe.
The first term on the right-hand side accounts for the adiabatic cooling
due to the Hubble expansion of the Universe. For the heating function
we adopt the values corresponding to the Haardt & Madau (2012) ionizing
background. Our cooling function includes collisional ionization/excitation,
(dielectronic) recombination, free-free emission and Compton scattering of
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the cosmic microwave background (CMB) photons. A detailed description
of the adopted cooling rates can be found in Appendix 3.B.

As mentioned above, we solve these equations assuming ionization and ther-
mal equilibrium, namely that the LHS of the equations is zero. Due to the
dependence of Equations 3.1, 3.2 and 3.3 on the gas temperature, they
need to be solved together with Equation 3.4, which we do iteratively. Our
code solves for the ionization fractions and the gas temperature for a given
hydrogen density and redshift. The redshift evolution of the ionization frac-
tions of hydrogen and helium for different densities, relevant for filaments
(∆b ≡ ρb/ 〈ρb〉), are shown in Fig. 3.1 and the evolution of the gas temper-
ature in Fig. 3.2. The gas temperature will thus be ∼ 1− 3× 104 K for
most of the gas in a filament. At redshift z = 3.5, our temperature-density
distribution matches the median equilibrium solution in the hydrodynam-
ical simulations with radiative transfer by Puchwein et al. (2015). These
simulations also use the evolving Haardt & Madau (2012) UV background,
and were shown to reproduce the IGM temperature as predicted by Lyman
alpha forest observations. The computed neutral hydrogen fraction and gas
temperature are stable for small variations of the ionizing background. For
overdensities of 100 and higher, the HI fraction would be high enough to
make a significant contribution to the cosmological mass density of neutral
hydrogen ΩHI (e.g., Fig. 12 in Crighton et al. 2015).
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Figure 3.1: Evolution of the ionization fractions for hydrogen (left) and helium (right). The width of the line
denotes the density for which the calculation was performed.
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Figure 3.2: Redshift evolution of the gas temperature. The width of the
lines denotes the overdensity.

3.3 HI 21 cm Brightness temperature signal

Instead of directly measuring the intensity, radio telescopes measure the
contrast between the brightness of the observed object and that of the CMB.
This signal is expressed as the differential brightness temperature and is
given by

δT X
b (z) =T X

b (z)−Tγ(z)

=

[
T X

s (z)−Tγ(z)
]
·
(
1− e−τX(z)

)
1 + z

, (3.5)

where Tγ is the CMB temperature and T X
s and τX are the spin temperature

and the optical depth of species X (i.e. HI), respectively. So if the spin
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temperature is lower than that of the CMB, the signal will appear in ab-
sorption and if it is higher, it will be in emission. In general, the optical
depth is given by (Furlanetto et al. 2006)

τX(z) =
g1

g0 + g1

c3A10

8πν3
10

hpν10

kBTs

nX(z)
1 + z

1
dv‖/dr‖

, (3.6)

where hp is the Planck constant, A10 is the transition probability, kB the
Boltzmann constant, g0 and g1 are the statistical weights of the ground
and excited states, ν10 is the frequency at which the hyperfine transition
occurs (for neutral hydrogen A10 = 2.867× 10−15s−1, g1/g0 = 3/1 and ν10 =

1420.4MHz), nX(z) is the physical number density of species X and dv‖/dr‖ is
the comoving radial velocity gradient along the line of sight. When including
peculiar velocities, the latter is given by dv‖/dr‖ = 1/(1 + z) [H(z) + dvr/dr],
where dvr/dr is the comoving gradient of the line of sight component of the
comoving velocity. In the optically thin limit, the differential brightness
temperature becomes

δT X
b (z) =

g1

g0 + g1

c3hpA10

8πkBν
2
10

nX(z)
(1 + z) H(z)

×

(
1−

Tγ(z)
Ts

) [
1 + H(z)−1dvr/dr

]−1
. (3.7)

So the signal depends on the general properties of the line, the density of the
medium and the cosmology, but it is then modified by the peculiar velocity
term of order unity and by the spin temperature term. The latter becomes
important when the spin temperature is close to the CMB temperature. In
general, in studies of galaxies, the spin temperature is much higher than Tγ
and is therefore safe to ignore. However, for the lower density IGM that is
not always the case and so it needs to be properly estimated.

3.3.1 Spin temperature

The spin temperature Ts determines the relative abundance of the exited
state versus the ground state through the Boltzmann equation as

n1

n0
=

g1

g0
exp

(
−

hpν10

kBTs

)
, (3.8)

where n1 and n0 are the number of particles in the excited and ground
state, respectively. The spin temperature is governed by absorption of CMB
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photons, collisions with hydrogen atoms, free electrons and protons and by
scattering of UV photons (Wouthuysen-Field effect, Wouthuysen (1952);
Field (1958)), which couple the spin temperature to the CMB photons and
to the gas (Furlanetto et al. 2006). Therefore, the spin temperature can be
written as (Field 1958)

T−1
s =

T−1
γ + xcT−1

k + xαT−1
α

1 + xc + xα
, (3.9)

with Tk the kinetic temperature of the gas and Tα the colour temperature.
The collisional coupling factor xc and the Wouthuysen-Field coupling factor
xα are given by

xc =
C10

A10

T∗
Tγ
, xα =

P10

A10

T∗
Tγ
, (3.10)

where A10 is the spontaneous decay rate from state 1 to state 0, which
for neutral hydrogen has a value of 2.867× 10−15s−1, C10 is the collisional
de-excitation rate and P10 is the de-excitation rate due to absorption of a
Lyman alpha photon. The equivalent temperature T∗ is defined as T∗ ≡
hpν10/kB. When calculating the spin temperature, we assume that the ki-
netic and colour temperatures follow the gas temperature: Tα ∼ Tk ∼ Tg.
The collisional de-excitation rate for neutral hydrogen can be expressed as
a sum over the collisional processes with electrons, protons and other neutral
hydrogen atoms.

CHI
10 = κHH

10 (Tk)nH + κeH
10 (Tk)ne + κ

pH
10 (Tk)np (3.11)

Here κHH
10 , κeH

10 and κ
pH
10 denote the collision rates for each process. Expres-

sions for these can be found in Zygelman (2005), Sigurdson & Furlanetto
(2006) and Furlanetto & Furlanetto (2007a,b)

The de-excitation rate for the Wouthuysen-Field effect equals

PHI
10 =

16π2e2 f HI
α

27mec
JLyα,HI, (3.12)

where e is the electron charge, fα the oscillator length of the Lyman alpha
transition ( fα = 0.4162 for neutral hydrogen), me the electron mass and c the
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Figure 3.3: Spin temperature evolution of hydrogen compared to the CMB
temperature and kinetic temperature. The linewidth denotes the density.

speed of light. For the Lyman alpha photon angle-averaged specific inten-
sity JLyα,HI a model of the Lyman alpha emission that interacts locally with
the IGM is required. We assume three sources of Lyman alpha photons:
collisional excitations, recombinations and high energy background photons
that redshift into the the Lyman alpha line. The full details of our calcula-
tion can be found in Appendix 3.C and the resulting evolution of the spin
temperature is shown in Fig. 3.3, where we also show the evolution of the
gas temperature and the CMB temperature. For the high densities, the spin
temperature quickly couples to the kinetic temperature, but at low densities
and low redshift the spin temperature approaches the CMB temperature,
therefore suppressing the brightness temperature signal.
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.

3.3.2 Test: slab model

To test the effect of the spin temperature correction term on the result-
ing signal of a filament, we assume a simple constant density slab model.
The signal from such a slab is calculated through a small adjustment of
Equation 3.7, giving (Takeuchi et al. 2014)

δT X
b (z) =

g1

g0 + g1

c3hpA10

8πkBν
2
10

nX(z)
(1 + z)2

(
1−

Tγ(z)
Ts

)
∆r
∆v

(3.13)

with the width of the slab ∆r = 1 Mpc h−1 and its proper line of sight
velocity ∆v = 300 km s−1. The resulting differential brightness temperature
evolution of HI is given in Fig. 3.4. The red dashed lines show the signal
in the saturated limit

([
1−Tγ/Ts

]
∼ 1

)
and the blue solid lines show the

corrected signal. As can be seen, the spin temperature correction becomes
significant with a factor of a few for the lower density filaments at low
redshifts and therefore needs to be included in these calculations.
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3.4 Cosmological simulations

In order to predict the signal from more realistic filaments, we make use of
high-resolution simulations that make it possible to resolve different filament
morphologies and allow for differences in the gas properties along a fila-
ment. We start by running the parallel Tree-Particle Mesh code GADGET2
(Springel 2005) with 10243 particles and a volume of

(
200h−1Mpc

)3
. This

corresponds to a mass resolution of 6.514×108 M�h−1.

We then use cloud-in-cell interpolation to divide the simulation particles
into a grid of N = 6003 cells, corresponding to a spatial resolution of ∼
0.33h−1 Mpc. This is enough to properly resolve the filament morphology.
Then we determine the density contrast δ = ρ/ < ρ > −1 for each cell of the
simulation and, assuming that the spatial distribution of the baryons fol-
lows that of the dark matter, we compute the gas temperature, ionization
state and differential brightness temperature following the prescriptions de-
scribed in Sections 3.2 and 3.3.

Because we are interested in the emission of the IGM and not from galaxies,
we mask the cells that are above the virialized limit determined through the
scaling relations by Bryan & Norman (1998). For z = 0.1, this critical over-
density is ∆c ≈ 297. Fig. 3.5 shows a slice of the simulation at z = 0.1, with
a thickness of 0.33 h−1Mpc, where several large filaments can be visually
identified.

Additionally, we constructed a catalogue with the positions and masses
of dark matter haloes using the Amiga halo finder (Gill et al. 2004) on
the initial particle catalogue. At low redshift, the most massive haloes are
expected to have more than one galaxy. However most of the luminosity of a
halo usually originates in a single bright galaxy. This is also the only galaxy
that a modest galaxy survey would probably detect, so it is reasonable to
assume that each of these haloes would correspond to a single galaxy when
comparing with SDSS detected galaxies.
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Figure 3.5: Slice of the simulation box at z = 0.1 with a width of 0.33 h−1 Mpc. The left panel shows the
overdensity δ and the right panel shows the differential brightness temperature of HI. Cells with overdensities
∆b ≥ ∆c have been masked in the differential brightness temperature box.
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3.5 21cm emission from SDSS Filaments

In this section, we select gas filaments indirectly detected through the SDSS
galaxies and estimate their integrated HI intensity. Given that galaxy sur-
veys, such as the SDSS, do not probe the gas in filaments, we estimate the
properties of the filamentary gas from similar length filaments found in our
cosmological N-body simulations, which contain a similar number of galax-
ies. We start with a description of the catalogue and the criteria that were
used to select the filaments and follow with the estimation of the HI 21 cm
line intensity. The estimates are then used to determine the detectability of
these filaments by current and future telescopes.

3.5.1 Filament catalogue

Since we are interested in targeting filaments inferred from galaxy cata-
logues, a complete sample of galaxies, covering a relatively large volume
and down to a relatively low magnitude threshold is required to identify
large scale filaments, the largest of which, currently available, was obtained
by SDSS. The sample includes 499,340 galaxies and goes up to a redshift
of z = 0.155 with a lower limit of z = 0.009. The lower magnitude limit
of the sample of galaxies is set to mr = 17.77, imposed by the limits of the
spectroscopic sample (Strauss et al. 2002).

We therefore use the filament catalogue by Tempel et al. (2014). This cat-
alogue is obtained by statistically inferring the filamentary pattern in the
SDSS Data Release 8 sample through the Bisous model. The model as-
sumes a fixed maximum distance to which galaxies can be separated from
the filament spine and still belong to it, which in this case was chosen to be
1 h−1Mpc. In Fig. 3.6, we show the length distribution of the filaments from
the catalogue. Most filaments are short (less than 10 h−1Mpc) and would
therefore result in a low signal-to-noise in most observations. However, a
sample of ∼4000 long filaments, reaching lengths of ∼10 h−1Mpc to ∼50
h−1Mpc, is also found. Within this sample of longer filaments, we choose
the most suitable candidates to be targeted by observations, taking into
account not only their lengths, but also their galaxy densities. It should be
noted here that, given the spatial density of galaxies in the SDSS catalogue,
the Tempel et al. (2014) method tends to fragment the filaments and assign
smaller lengths to them than in reality.
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Figure 3.6: Distribution of the length of the filaments found in the Tempel
et al. (2014) catalogue.

The signal from a filament is highest when it can be observed directly along
the line of sight, because then a larger part of the filament can be integrated
over with a single pointing of the telescope. Therefore, we select the larger
filaments with the smaller alignment angles (θ) with the line of sight. For
simplicity we define the inclination by assuming a straight line between the
endpoints of the filaments. This method might exclude long filaments whose
endpoints are not aligned along the line of sight, but that in between do
have large parts that are aligned. However, we still find a number of useful
filaments. In Table 3.1, we give the properties of the seven selected filaments.

Filaments 4, 5 and 6 are the most aligned along the line of sight. They
have lengths of l ∼ 15 h−1Mpc, are all relatively straight spatially and are
therefore ideal candidates for observations.
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Table 3.1: Properties of SDSS filaments with small alignment angles. The
parameter l is the length of the filament, θ is the alignment angle and Ngal
is the number of galaxies associated with the filament.

ID z dcom (h−1Mpc) l (h−1Mpc) θ (◦) Ngal
1 0.05 175 23.5 5.02 44
2 0.04 130 13.9 5.70 32
3 0.07 227 16.3 4.27 40
4 0.11 333 16.8 1.02 44
5 0.12 356 14.1 2.05 55
6 0.10 282 16.6 2.21 42
7 0.06 180 19.2 5.42 21

3.5.2 Signal estimation

Ideally, one would like to directly link current observables (galaxies) to the
gas density in the filaments. Some work has been done to find a relation
between the luminosity density of galaxies and the WHIM using simulations
(Nevalainen et al. 2015). However, there are no similar relations between
galaxy luminosity and the properties of the cold gas in filaments. Here we do
a similar exercise in combining observations with simulations by looking for
similar filaments to the ones found by SDSS. From the simulated box, we vi-
sually identify a number of long filaments that, after a careful selection, can
be used to estimate the expected HI signal of the SDSS filaments. Although
most of the selected filaments in the Tempel et al. (2014) catalogue have
lengths of ∼ 15 h−1Mpc, the real gas filaments can be more extended, or the
catalogue model can identify smaller parts of a larger filament as separate
ones. Consequently, the observed signal can be higher than what would
be expected by assuming the length inferred from the galaxy distribution.
Therefore, in the simulations we search for filaments that are longer (∼ 50
h−1Mpc, similar to the maximum length found in the filament catalogue)
and, by comparing to the haloes in the simulation, determine what part of
the filament would be detected by the SDSS.

Although our simulation box is at a redshift of z = 0.1, the relevant prop-
erties of the gas in the filaments are not expected to vary by much for the
redshift range covered by the SDSS selected filaments.
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Figure 3.7: The density fields of the selection of filaments from the simula-
tion. The blue lines denote the observational skewer, whereas the magenta
line shows what part would be preferentially detected by SDSS. The colour-
bar denotes the mean overdensity over the slices in the z-direction.

Fig. 3.7 shows the extracted filaments from the simulation box. They each
have a length of ∼ 50 h−1Mpc and a radius of ∼ 1 h−1Mpc and are thus
comparable to the filaments that can be detected by SDSS. We now analyse
in more detail three filaments that cover the diversity of the selected fila-
ments and the expected range in their intensities. Filament 2 is relatively
straight along the line of sight, compared to the other two, and is therefore
the optimistic case. Filament 3, on the other hand, is relatively faint at
the top and middle sections and therefore most of the signal arises from the
bottom part of the filament as shown in Fig. 3.7. This is our pessimistic
case. Filament 1 is somewhere in between the other two in terms of their
expected signal strengths.
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The signal of the simulated filaments is determined by taking a cylindrical
skewer centered on the filament, which represents the beam of the telescope
and then the signal of the filament is calculated as follows

δT fil
b =

∑
i, j δT

i, j
b

∆R ·πr2
S

, (3.14)

where δT i, j
b is the signal per cell within the skewer, ∆R is the length of the

skewer, which depends on the observed bandwidth, and rS is the radius
of the skewer, which is determined by the angular resolution. We set ∆R
= 50 h−1Mpc (corresponding to a frequency bandwidth of ∼15 MHz) and
the radius to rS = 1 h−1Mpc (or an angular resolution of 10 arcmin). The
blue lines in Fig. 3.7 indicate the observational skewer. By comparing to
the simulated halo map previously obtained with the Amiga halo finder, we
find that most of the massive haloes are located in the region between the
magenta lines and a galaxy survey like SDSS would therefore most likely
observe the regions between these lines.

3.5.3 Observability

In order to check the observability of these filaments, we compare the signal
we obtain with the sensitivity of multiple instruments for the same condi-
tions. In general, the noise in the measurement of a radio telescope can be
written as (Furlanetto et al. 2006)

δTN ≈
c2 (1 + z)2

ν2
0∆θ2εapAdish

Tsys
√

2∆νtobs
, (3.15)

where εap is the aperture efficiency, Adish the (illuminated) surface area of a
single dish of the array, ∆θ the size of the beam, ∆ν the frequency bandwidth
and tobs the observation time. The factor 2 in the last term follows from
observing two polarizations simultaneously and integrating them together.
The system temperature Tsys of a radio telescope has two components, one
due to the sky that dominates at low frequencies and another due to the
receiver, dominant at high frequencies. The brightness temperature uncer-
tainty (sensitivity) δTN is thus also a combination of the two contributions,
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where in the case of an interferometer the noise drops by the square root of
the number of baselines (NB = Ndish(Ndish−1)/2), giving

δTN =
(
δT sky

N +δT rec
N

)
×

1 (singledish)
1/
√

NB (interferometer).
. (3.16)

We note that this calculation assumes that the filaments contain structure
on all the scales for which the interferometers have baselines and there-
fore do not suffer from spatial filtering. This will be discussed in more
detail in Chapter 4. Ideal instruments would be those that have both a
large FoV and good sensitivity in order to be able to probe the extended
low-surface-brightness HI emission. We consider both single dish-telescopes
and interferometers. The single-dish telescopes are Arecibo and FAST. For
interferometers, we consider Apertif on the Westerbork Synthesis Radio
Telescope (WSRT), the Expanded Very Large Array (EVLA), GMRT, the
Australian Square Kilometre Array Pathfinder (ASKAP), the Karoo Array
Telescope (MeerKAT) and the second phase of the Square Kilometre Array
(SKA-2). The relevant parameters for each of them are given in Table 3.2.

In Fig. 3.8 we show the brightness temperature uncertainties for each of the
instruments as a function of the observation time. Each plot gives a com-
parison with the signal of one of the filaments, previously shown in Fig. 3.7,
where the blue shaded region gives the signal of the full simulated filament
and the white striated region denotes the signal from the filamentary region
that we expect to be detected from SDSS data. The minima and maxima
of these regions denote the minimum and maximum signal that arises when
rotating the observational skewer from -5◦ to +5◦ with respect to the fila-
ment spine. This uncertainty accounts for a possible misalignment of the
telescope beam and the filament spine, which we need to account for, given
that this spine has to be defined without information on the gas content of
the filament.
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Table 3.2: Telescope parameters. Arecibo and FAST are single dish instruments, whereas the others are
interferometers. The parameter Ddish Dish diameter, Ndish denotes the number of dishes, Atot is the total
(illuminated) surface area, εap gives the aperture efficiency, Tsys is the system temperature for the observed
frequency band, Dmax the maximum baseline length, θres the angular resolution and νres is the minimum possible
frequency resolution.

Telescope Ddish Ndish Atot εap Tsys Spectral range Dmax θres νres FoV
(m) (m2) (K) (GHz) (km) (’) (kHz) (deg2)

Arecibo 205 - 32,750 0.7 30 0.047 - 10 0.3 3.24 12.2 0.17
FAST 300 - 70,700 0.55 25 0.070 - 3 0.5 2.9 . 0.5 0.36
Apertif (WSRT) 25 12 5,890 0.75 55 1.13 - 1.75 2.7 0.36 12.2 8
EVLA 25 27 13,300 0.45 26 1 - 50 1 - 36 0.97 - 0.03 31 0.42
GMRT 45 30 47,720 0.4 75 0.05 - 1.5 25 0.04 31 0.13
ASKAP 12 36 4,072 0.8 50 0.7 - 1.8 6 0.5 18.3 30
MeerKAT 13.5 64 9,160 0.8 20 0.580 - 14.5 20 0.05 . 18 1.44
SKA-2 15 1,500 300,000 0.8 30 0.070 - 10 5 (core) 0.19 . 18 1.17
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Figure 3.8: The expected signal of the three filaments in this study (see
Fig. 3.7) together with the noise temperatures for the different instruments
being considered. The shaded blue area shows the signal for the full filament,
where the top and bottom denote the minimum and maximum signal when
rotating the observational skewer -5 to +5 degrees. The white striated
shaded area shows the same, but for the case where the filament is only
as long as expected from SDSS data. The coloured lines denote the noise
level of the instruments described in Table 3.2 for ∆θ = 10 arcmin, ∆ν =
15 MHz. The orange solid line shows the maximum signal of the filament
after increasing the heating and the photoionization by a factor of 4.

Depending on the morphology of the filament, the small rotation of ± 5
degrees can change the signal of the filament by more than an order of mag-
nitude. Since the regions corresponding to the SDSS filaments also contain
the brightest parts of the filaments, the difference between the signal from
either just that region or the full filaments is usually small. As can be
clearly seen in Fig. 3.8, a number of instruments should be able to observe
the HI signal within ∼ 100 hours. As can be seen, the SKA will be able
to detect the signal in all cases. Furthermore, single dish telescopes are
the best alternatives, where FAST can detect the signal in all but the worst
case scenario. The signal is also detectable for most instruments in the most
optimistic case, whereas for the lower signals from Filaments 1 and 3, the
signal would still be within reach of FAST, Arecibo and the SKA. Apertif
and ASKAP can only make a low signal-to-noise detection of the strongest
filament signal considered here.

There is some uncertainty in the amount of heating that goes into the IGM.
Since we do not include a prescription for shock heating in this medium,
we might be underestimating the amount of heating and as a consequence
also underestimate the ionization fractions. The amount of shock heating
predicted by simulations differs a lot, depending on the assumptions on the
feedback and on how it is implemented. According to the EAGLE simu-
lation (Schaye et al. 2015) this is, however, not a crucial effect in the gas
we target and so most of the gas in the EAGLE simulation follows the
same temperature density relation we use in our simulation (Crain et al.
2017). Nevertheless, we account for an extra source of heating by manually
increasing the heating and photoionization rates of the Haardt & Madau
(2012) background by a factor of 4. The resulting signal from the filaments
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reduces by a factor of ∼5, as shown by the orange lines denoting the maxi-
mum signal under these conditions in Fig. 3.8. Even in this pessimistic case
the maximum signal from the filaments would be detectable by the SKA.
For strong filaments, such as filament 2, it would be possible to get a good
detection with some of the other instruments as well.

3.6 The Apertif and ASKAP HI surveys

In the previous sections we studied the detectability of the HI gas in IGM
filaments for the case where the filaments are aligned along the line of sight
and so their signal can be integrated over a single pointing, even by instru-
ments with a small FoV. However, some of the considered instruments (i.e.
Apertif, ASKAP and SKA) have a very large FoV and so they can, with a
single pointing, also trace filaments with different alignments or even curved
filaments. Furthermore, Apertif and ASKAP have a number of planned deep
HI surveys in the near future.

For Apertif there will be a medium deep survey3 covering 450 deg2 with 84
hours integration for each pointing. ASKAP will have the Deep Investiga-
tion of Neutral Gas Origins (DINGO) survey4. DINGO will cover two fields
on the southern hemisphere, smaller but with longer integration times than
the full ASKAP field: the DINGO-Ultradeep field of 60 deg2 with pointings
of 2500 hours and the less deep, but larger DINGO-Deep field of 150 deg2

and 500 hour pointings. The areas covered by these surveys are larger than
the ones in our simulation and so they are likely to contain filaments at
least as bright in HI as the ones considered here.

In this section we present the feasibility of detecting curved filaments by
such surveys. We assume that the spatial location of the filament can be
inferred through the positions of the bright galaxies previously observed by
the same instrument or by other instruments. In that case it is possible to
follow the spine of the filament for the integration.

We extract a curved filament from our simulation, as can be seen in Fig. 3.9
and estimate its detectability. Filament 4 is similar in density and length as
the previously discussed aligned filaments. In order to calculate a curved fil-

3 http://www.astron.nl/radio-observatory/apertif-surveys
4 http://askap.org/dingo
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Figure 3.9: The density field of the selected curved filament from the
simulation. The magenta lines show the observational skewer over which
the integration was performed with an angular resolution of 10 arcmin and
a frequency bandwidth of 0.6 MHz, corresponding to a filament radius of ∼
1 h−1Mpc. The colourbar denotes the mean overdensity over the filament
in the z-direction.

ament signal, we consider that each small section of the filament is aligned
perpendicular to the line of sight and that the instantaneous FoV of the
survey encompasses the entire filament. This is a reasonable assumption for
the case of both Apertif and ASKAP observations at z = 0.1. Then we inte-
grate along the filament by again assuming an angular resolution element of
10 arcmin, but now the frequency bandwidth will only be 0.6 MHz for the
part along the line of sight (in the z-direction in Fig. 3.9). The section over
which we integrate the filament is shown by the magenta lines in Fig. 3.9.

In this case the noise of the telescope for the integration of a single segment
of the filament will be higher than for the case of the aligned filaments dis-
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Figure 3.10: Expected signal-to-noise of the simulated filaments with the
HI survey instruments Apertif and ASKAP. We assume an angular resolu-
tion of 10 arcmin and a frequency bandwith of 0.6 MHz. The colour of the
lines denotes the instrument and the linestyle shows for which filament it
is.

cussed in Section 3.4. Fortunately, the integration is done over multiple of
these 10 arcmin resolution segments and the noise drops as the square root
of this number. The resulting signal-to-noise of the four filaments for both
telescopes is shown in Fig. 3.10. Filament 2 is the brightest and is thus
the only one that can be detected both Apertif and ASKAP in 100 h. The
other filaments fall below the detection threshold and we note that when
the heating and photoionization rates are increased, the signal will become
hard to detect with these surveys. In all cases, the signal-to-noise is almost
the same as when the filament was aligned along the line of sight, showing
that the orientation of a filament matters little if the FoV of the survey is
large enough to cover the entire spine.
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With their wide FoV, survey instruments like Apertif and ASKAP might
thus be possible tools for detecting HI emission from the brightest IGM fil-
aments, provided that the HI gas in these filaments correlates well with the
positions of the strongest galaxies in the same field. The cross-correlation of
the HI signal with the galaxies could also possibly be used to confirm wether
the signal really corresponds to a filament. Furthermore, since the noise
from both quantities is not correlated, to first order, the noise terms would
cancel in the cross-correlation, which could render the cross-correlation it-
self another useful probe of the large scale filaments to be used for the
understanding of galaxy formation and evolution mechanisms.

3.7 Contamination from galaxies

Besides the IGM, another source of HI 21 cm emission in filaments is the
galaxies. These are brighter than the IGM itself and will thus contaminate
the integrated signal. Fortunately, the HI signal from galaxies is largely
dominated by a few bright galaxies, which can be directly observed by cur-
rent instruments, such as Arecibo or WSRT, and certainly by SKA-2. Also,
these galaxies are relatively small compared to the width of the filament,
given that typical sizes of HI disks are of the order of ∼30-60 kpc (e.g.,
Rao & Briggs 1993). In the above sections we have calculated the signals
by masking all cells in our simulation box with a density above the critical
density for collapse. This corresponds to 0.4%, 0.6%, 0.1% and 0.4% of the
pixels in the skewer for the proposed pixel size of (0.33h−1Mpc)3 for filament
1, 2, 3 and 4, respectively. We note that the resolution available from the
proposed instruments is usually even higher.

This means that, assuming that all dark matter haloes contain galaxies, the
emission from all galaxies in the filament could be masked, without losing
much of the IGM filamentary emission. In reality, it is only necessary to
know the positions of the brightest galaxies and mask the corresponding pix-
els in the observation. This requires deep galaxy surveys and instruments
that have high resolution, both spatially and in frequency. The instruments
that were considered in Section 3.5.3 all have the necessary resolution to be
able to mask the most luminous foreground galaxies, without erasing the
target signal. In most cases, these surveys can also detect the position and
the brightness of these galaxies. In the case of the filaments detected by
SDSS, the positions of the galaxies are already known from the survey itself
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and they only need to be masked.

To check the level of contamination to the signal by galaxies, we make a
conservative upper estimate of how much HI would be contained by them
and compare it to the HI content of the IGM in the filaments in the sim-
ulation. The halo finder provides the masses of the dark matter haloes.
We can convert these masses to HI masses by using the fitting function to
the HI mass-halo mass relation determined through abundance matching by
Padmanabhan & Kulkarni (2016):

MHI =1.978×10−2Mh

×

( Mh

4.58×1011 M�

)−0.90

+

(
Mh

4.58×1011 M�

)0.74−1

. (3.17)

Mh denotes the mass of the halo and MHI gives the mass of the HI expected
to be inside the halo. The total HI mass in galaxies in the simulated fila-
ments are 2.8×1011, 5.5×1011, 2.1×1011 and 4.0×1011 M� for filaments 1,
2, 3 and 4, respectively. Their total HI masses contained by the IGM are,
respectively, 3.5×1012, 5.2×1012, 1.7×1012 and 4.7×1012 M�.

Galaxy surveys can only find the locations of the brightest galaxies. The flux
limit of the survey constrains which fraction of the contaminating galaxies
can be masked from observations. In order to get an estimate of the amount
of HI mass that could be inferred from SDSS data, we convert the flux limit
of SDSS (mlim

r = 17.77) to a minimum galaxy HI mass (Mmin
HI ) in three steps.

We connect the SDSS magnitude limit to the typical colour of galaxies using
the colour-magnitude diagram of Jin et al. (2014). In this case the highest
limit (thus the least effective in removing the contamination by galaxies)
comes from assuming a blue galaxy, giving a colour of (u−r)0.1 ≈ 1.85. Using
this colour, we then find the appropriate mass-to-light ratio for these galax-
ies from Bell et al. (2003), corresponding to log(M∗/L) ≈ 0.33, which, for
the luminosity limit of SDSS, corresponds to a stellar mass of log M∗ ≈ 9.62.
Finally, we convert the stellar mass into an HI mass by applying the stellar
mass-to-gas mass relation found by Rodŕıguez-Puebla et al. (2011), which
results in a limiting HI mass for SDSS of Mlim

HI ≈ 2×109M�. By masking all
the haloes in our simulated filaments with HI masses above this threshold,
we then estimate the remaining contamination.
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Table 3.3: HI masses of the simulated filaments. MIGM
HI is the HI mass

in the IGM of the filament, Mgal
HI gives the total HI mass contained by the

haloes in the filaments and Mcut
HI gives the remaining HI contamination after

removing the haloes with masses above the SDSS flux limit. All masses are
given in M�.

Filament MIGM
HI Mgal

HI Mcut
HI

1 3.5×1012 2.8×1011 4.5×1010

2 5.2×1012 5.5×1011 5.9×1010

3 1.7×1012 2.1×1011 4.3×1010

4 4.7×1012 4.0×1011 5.1×1010

Table 3.3 gives a summary of the results for each of the four filaments. As
can be seen, the remaining contamination due to galaxies is two orders of
magnitude smaller than the HI content in the IGM of the filaments. A
survey like SDSS will thus be sufficient for dealing with the most severe
contamination due to galaxies.

3.8 Conclusions

In this work, we explored the possibility of observing the integrated HI 21
cm line emission from large-scale filaments in the IGM. Directly mapping
this emission is a potential new avenue to probe the spatial distribution of
the filaments, and their gas content, ionization state and temperature. The
properties of the filaments can be useful to construct more realistic models
of galaxy formation and evolution, given the constant exchange of gas be-
tween galaxies and their surrounding medium, which is usually a large-scale
IGM filament. Moreover, since the thermal and ionization state of the gas
far from strong local sources is dominated by the UV background, these
properties can be used to constrain this radiation field.

Our study has mainly focused on filaments at z = 0.1, primarily because
that is the average redshift at which good galaxy catalogues are available.
The new generation of surveys will, however, also provide good galaxy cat-
alogues at higher redshifts, and the proposed SKA-2 survey can be used to
probe their emission. This would make it possible to constrain the evolution
of the UV background even further.
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In this study, we took observed filaments inferred from SDSS data and es-
timated their integrated HI 21 cm signal and its detectability by current
and upcoming surveys. By selecting the largest filaments with the smallest
inclination to the line of sight, we determined the intensity of the easier to
observe filaments to be of the order of 10−6−10−5K. We check the observ-
ability of these signals for an integration time of up to 100 hours and found
that a number of the radio surveys considered could detect some of these
filaments in less than 50 hours. In particular FAST and the SKA are good
candidates to detect the signal.

Upcoming HI surveys for instruments with large fields of view, such as Aper-
tif and ASKAP, could furthermore remove the need for observing spatially
straight filaments aligned along the line of sight. We find that the integra-
tion times of the planned surveys for these two instruments will be sufficient
to make the detection of the IGM gas in the strongest filaments feasible and
opening up an interesting avenue to explore with these surveys, or large-area
surveys with more sensitive telescopes.

Contamination to the signal from galaxies has to be taken into account,
given that the bulk luminosity at the 21cm line emanates from galaxies
and not from the IGM gas we are targeting. We used the observational
luminosities of the galaxies obtained by SDSS and compared them to simu-
lated luminosities. This allowed us to safely conclude that this emission is
dominated by a small number of sources, whose position can be determined
by galaxy surveys and masked from observations before the signal is inte-
grated. We note that these filaments inferred from SDSS data are biased
towards the most luminous galaxies and should therefore have considerably
more galaxy contamination than most IGM filaments. Our estimates also
show that this masking procedure would bring the contamination down to a
negligible level compared to the total signal of the filament, without erasing
the target signal, even when attributing more HI mass to the remaining
galaxies than what they are expected to have.
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Appendix 3.A Recombination and collisional

ionization rates

The ionization states of hydrogen and helium depend on the detailed balance
between recombinations, ionizations and excitations. Below we list all the
rates we adopted following Fukugita & Kawasaki (1994).

• Collisional ionization rates:

• H I → H II:

βHI = 5.85×10−11T 1/2
(
1 + T 1/2

5

)−1
exp(−1.578/T5) cm3 · s−1

(3.18)

• He I → He II:

βHeI = 2.38×10−11T 1/2
(
1 + T 1/2

5

)−1
exp(−2.853/T5) cm3 · s−1

(3.19)

• He II → He III:

βHeII = 5.68×10−12T 1/2
(
1 + T 1/2

5

)−1
exp(−6.315/T5) cm3 · s−1

(3.20)
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• Recombination rates:

• H II → H I:

αHII = 3.96×10−13T−0.7
4

(
1 + T 0.7

6

)−1
cm3 · s−1 (3.21)

• He II → He I:

αHeII = 1.50×10−10T−0.6353 cm3 · s−1 (3.22)

• He III → He II:

αHeIII = 2.12×10−12T−0.7
4

(
1 + 0.379T 0.7

6

)−1
cm3 · s−1 (3.23)

• Dielectric recombination rate:

• He II → He I:

ξHeII = 6.0×10−10T−1.5
5 exp(−4.7/T5)

[
1 + 0.3exp(−0.94/T5)

]
cm3 · s−1

(3.24)

Appendix 3.B Cooling rates

In this appendix we list the cooling rates that were included in our model.

• Collisional ionization cooling:

• H I:

ζHI = 1.27×10−21T 1/2
(
1 + T 1/2

5

)−1
exp(−1.58/T5) erg · cm3 · s−1

(3.25)

• He I:

ζHeI = 9.38×10−22T 1/2
(
1 + T 1/2

5

)−1
exp(−2.85/T5) erg · cm3 · s−1

(3.26)

• He II (23S):

ζHeI,23S = 5.01×10−27T−0.1687
(
1 + T 1/2

5

)−1
exp(−5.53/T4)nenHeII/nHeI cm3 · s−1

(3.27)
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• He II:

ζHeII = 4.95×10−22T 1/2
(
1 + T 1/2

5

)−1
exp(−6.31/T5) erg · cm3 · s−1

(3.28)

• Collisional excitation cooling:

• H I:

ψHI = 7.5×10−19
(
1 + T 1/2

5

)−1
exp(−1.18/T5) erg · cm3 · s−1 (3.29)

• He I:

ψHeI = 9.10×10−27T−0.1687
(
1 + T 1/2

5

)−1
exp(−1.31/T4)nenHeII/nHeI erg · cm3 · s−1

(3.30)

• He II:

ψHeII = 5.54×10−17T−0.397
(
1 + T 1/2

5

)−1
exp(−4.73/T5) cm3 · s−1

(3.31)

• Recombination cooling:

• H II:

ηHII = 2.82×10−26T 0.3
3 (1 + 3.54T6)−1 erg · cm3 · s−1 (3.32)

• He II:

ηHeII = 1.55×10−26T 0.3647 erg · cm3 · s−1 (3.33)

• He III:

ηHeIII = 1.49×10−25T 0.3 (1 + 0.855T6)−1 erg · cm3 · s−1 (3.34)

• Dielectric recombination cooling:

• He II:

ωHeII = 1.24×10−13T−1.5
5

(
1 + 0.3exp(−9.4/T4)

)−1 exp(−4.7/T5) erg · cm3 · s−1

(3.35)
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• Free-free cooling:

θff = 1.42×10−27gffT 1/2, (3.36)

with g f f = 1.1

• Compton cooling:

λc = 4kB
(
T −Tγ

) π2

15

(
kBTγ

h̄c

)3 (
kBTγ
mec2

)
neσTc, (3.37)

where Tγ is the temperature of the cosmic microwave background (Tγ =

2.736(1 + z) K).

Appendix 3.C Lyman alpha

For the Wouthuysen-Field coupling, it is necessary to assume a model of
the Lyman alpha emission. We take into account three sources of Lyman
alpha: collional excitations, recombinations and high-energy photons from
the X-ray/UV-background that redshift into the Lyman alpha line and then
interact with the IGM. For the latter, we adopt the Haardt & Madau (2012)
model.

The Lyman alpha photon angle-averaged specific intensity, which has units
of s−1cm−2Hz−1sr−1, is calculated as follows:

JLyα,x =
NLyα,x(z)D2

A

4πD2
L

dr
dν

=
NLyα,x(z)

4π
λLyα,0

H(z)
(3.38)

where DA and DL are the angular and luminosity distances, respectively,
and λLyα,0 = 1215.76Å is the rest wavelength of the Lyman alpha transition.
NLyα,x is the number of Lyα photons that interact with the IGM per unit
volume per unit time. For recombinations, this number follows directly from
the recombination rate

NLyα,rec(z) = fLyααHII (Tk,z)nenHII cm−3s−1, (3.39)

where fLyα is the fraction of recombinations that result in a Lyman alpha
photon. This fraction depends on the temperature. We use the fitting
function obtained by Cantalupo et al. (2008)

f HI
Lyα = 0.686−0.106logT4−0.009T−0.44

4 , (3.40)
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which is accurate within 0.1 per cent at temperatures 100 K < T < 105 K.
The recombination rate is given by

αHII = 3.96×10−13T−0.7
4

(
1 + T 0.7

6

)−1
(1 + z)3 cm3s−1. (3.41)

Equations 3.40 and 3.41 are the rates for case B recombination. The case A
recombination rate is higher, but the corresponding probability of emitting
a Lyman alpha photon per recombination is lower, effectively negating the
difference (Dijkstra 2014). Similarly, the density of Lyman alpha photons
due to collisions that interact with the IGM follows from the collisional
excitation coefficient Qcol as

NLyα,col(z) = Qcol (Tk,z)nenHI cm−3s−1. (3.42)

The comoving collisional excitation coefficient for transitions from the ground
state to level n is given by (Cantalupo et al. 2008)

qHI
1,n = 8.629×10−6T−0.5 Ωn(T )

ω1
eEn/kBT (1 + z)3 cm3s−1, (3.43)

where En is the energy corresponding to the transition, ω1 is the statistical
weight of the ground state and the function Ωn is the effective collision
strength, given by (Giovanardi & Palla 1989)

Ωn(T ) =



3.44×10−1 +1.293×10−5T
+5.124×10−12T 2

+4.473×10−17T 3, n = 1
5.462×10−2 −1.099×10−6T

+2.457×10−11T 2

−1.528×10−16T 3, n = 2
4.838×10−2 +8.56×10−7T

−2.544×10−12T 2

+5.093×10−18T 3, n = 3.

(3.44)

The total collisional excitation coefficient is then the sum over all the colli-
sional excitation coefficients, where we only consider transitions that go up
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to n = 3

QHI
col =

3∑
n=1

qHI
1,n. (3.45)

Finally, for the background Lyman alpha emission, there are two main con-
tributions. At high redshift, quasars are dominant, whereas at low redshift
the main contribution of Lyman alpha photons comes from the galaxies. For
the quasars, the comoving emissivity at 1 Ryd is (Haardt & Madau 2012)

ε912(z) =
(
1024.6ergs−1Mpc−3Hz−1

)
× (1 + z)4.68 exp(−0.28z)

26.3 + exp(1.77z)
, (3.46)

which is a fit to the Hopkins et al. (2007) results. This is then integrated
over frequency to get the quasar Lyman alpha photon density

NLyα,qso =

∫ ν(zmax)

ν(zLyα)

ε912(z(ν))
hν

(
ν

ν912

)−1.57

dν, (3.47)

where zLyα is the redshift at which the emission couples to the local IGM as

Lyman alpha, ν912 is the frequency corresponding to 912 Å, ν(z) = νLyα(1 +

z)/(1 + zLyα) and the exponent -1.57 comes from the quasar UV Spectral

Energy Distribution for wavelengths below 1300 Å. The galactic contribu-
tion to the background Lyman alpha photons follows from a fit to the star
formation rate density (SFRD) by Haardt & Madau (2012)

S FRD(z) =
6.9×10−3 + 0.14(z/2.2)1.5

1 + (z/2.7)4.1 M�yr−1Mpc−3 (3.48)

To convert the observed luminosity densities ρ
1500Å

to ongoing SFRDs,

Haardt & Madau (2012) adopted a conversion factor κ = 1.05×10−28

S FRD(t) = κ×ρ
1500Å

(t), (3.49)

where ρ
1500Å

is in units of erg s−1Mpc−3Hz−1. We adopt the same conversion

factor to go from the fitted star formation rate density back to a luminosity
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density. The galactic Lyman alpha photon density is then the integral over
the SFRD

NLyα,gal =

∫ ν(zmax)

ν(zLyα)

S FRD(z(ν))/κ
hν

Bν(Tgal)
B1500(Tgal)

dν, (3.50)

where Bν is the Planck function at frequency ν and B1500 is the same at
1500 Å. The Planck functions depend on the temperature of the IGM in
the galaxies, for which we adopt Tgal = 6000 K.

One more effect that needs to be taken into account is that photons can
scatter multiple times before they redshift out of the Lyman alpha line. Each
additional scattering adds to the Wouthuysen-Field coupling and so the
Wouthuysen-Field coupling factor xc needs to be multiplied by the number
of scatterings(Field 1959). This is given by the Gunn-Peterson optical depth
(Gunn & Peterson 1965)

τGP =
nxλLyα

H(z)
fαπe2

mec
, (3.51)

with nx either the HI density. Because Lyman alpha photons created through
recombinations originate close to the line centre, their Lyman alpha specific
intensity gets an additional factor of 1.5 (Field 1959).

The evolution of the Lyman alpha intensity is shown in Fig. 3.11. At low red-
shift, for the higher densities, recombination and collisions are the dominant
source of Lyman alpha, whereas for the lower densities it is the background
emission.
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Abstract

The intergalactic medium (IGM) plays an important role in the formation and

evolution of galaxies. Recent developments in upcoming radio telescopes are

starting to open up the possibility of making a first direct detection of the 21 cm

signal of neutral hydrogen (HI) from the warm gas of the IGM in large-scale fila-

ments. Using the cosmological hydrodynamical EAGLE simulation, we estimate

the typical IGM filament signal and predict the detectability of such a signal with

the upcoming mid-frequency array of the Square Kilometer Array (SKA1-mid) or

the future upgrade to SKA2. With filament spines inferred from existing galaxy

surveys as a proxy for typical real filaments, we find ten to hundreds of filaments

in the region of the sky accessible to the SKA that can be detected. Once the

various phases of the SKA telescope become operational, their own surveys will

be able to find the galaxies required to infer the position of even more filaments

within the survey area. We find that in 120 h, SKA1-mid/SKA2 will detect HI

emission from the strongest filaments in the field with a S/N of the order of a few

to ∼ 20 for the most pessimistic model considered here. Some of the promising

filaments would only require an integration time of a few hours with SKA1-mid

and a few minutes with SKA2 to make a detection.

4.1 Introduction

In the standard picture, the structure in the Universe forms through non-
linear gravitational collapse to create galaxies, filaments and voids, a pattern
known as the cosmic web. Such structures are clearly seen in simulations
based on the Λ-Cold Dark Matter (ΛCDM) cosmological model. Whereas
simulations can provide information on both the dark matter and the bary-
onic gas particles, on the observational side, the main probe of the large-
scale structure has been through the three-dimensional distribution of the
observed galaxies, such as in the Sloan Digital Sky Survey (SDSS, York
et al. 2000; Aihara et al. 2011), the 6-degree Field (6dF) Galaxy Redshift
Survey (Jones et al. 2004, 2009) and the Two Micron All-Sky Redshift Sur-
vey (2MRS, Huchra et al. 2012). Specifically, a significant effort has been
made in inferring and characterizing large-scale filaments from galaxy sur-
veys and they seem to match the predictions made by the ΛCDM model
(e.g., Sousbie et al. 2008; Jasche et al. 2010; Smith et al. 2012; Tempel et al.
2014). Unfortunately however, galaxy surveys provide a biased tracer of the
underlying cosmic web and give little information on the gas content in the
filaments themselves.



4.1: Introduction 101

Recent observations have begun to probe the hydrogen gas from the inter-
galactic medium (IGM). In particular, cross-correlation of neutral hydrogen
(HI) 21 cm intensity maps, together with galaxy surveys at z∼ 0.8 have given
strong evidence for the existence of HI gas in galaxies below the detection
limit in the cosmic web (Chang et al. 2010; Masui et al. 2013). Further-
more, at higher redshift, signs of filamentary structure in the gas have been
detected in absorption in the spectra of background sources (e.g., Rollinde
et al. 2003; D’Odorico et al. 2006; Cappetta et al. 2010; Finley et al. 2014).
Nonetheless, the number of direct detections of the IGM in filaments is still
limited to a few in the vicinity of galaxies in the circumgalactic medium
and the size of the detected filaments is relatively small at a few ∼ 100 kpc
(e.g., Lockman et al. 2012; Cantalupo et al. 2014).

The IGM can be divided into two main components: the Warm-Hot Inter-
galactic Medium (WHIM) with temperatures of ∼ 105−107 K and a cooler
component with temperatures up to ∼ 105 K (Cen et al. 1993; Evrard et al.
1994). The WHIM consists of highly ionized gas that is heated by local
galaxies, but predominantly shock-heated during structure formation, and
is expected to contain a large fraction of the baryonic matter in the IGM
(e.g., Yoshida et al. 2005). The existence of significant amounts of hot gas in
large-scale filaments has been confirmed through X-ray observations (e.g.,
Eckert et al. 2015), by tracing the galaxy luminosity density (Nevalainen
et al. 2015) and through the thermal Sunyaev-Zel’dovich effect (de Graaff
et al. 2017). The cooler component of the IGM, on the other hand, is mostly
kept ionized and heated by the cosmic UV background (UVB). It can be
traced through Lyman alpha absorption (e.g., D’Odorico et al. 2006), Ly-
man alpha emission (see Chapter 2) or through HI 21 cm emission (see
Chapter 3; Takeuchi et al. 2014) if the neutral fraction is high enough.

In Chapter 3, using a simple model based on the dark matter density field,
it was shown that multiple current and upcoming radio telescopes have the
sensitivity to possibly detect the HI 21 cm signal from the cold component in
strong large-scale filaments at z = 0.1 within ∼ 100 h integrations and with
a signal-to-noise ratio (S/N) of ∼ 1−10 for phase 2 of the Square Kilometre
Array (SKA2). Such an observation could have the potential to provide an
unbiased tracer of the underlying dark matter distribution (Cui et al. 2018).

The differential brightness temperature signal is proportional to the neutral
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hydrogen number density nHI in cgs units following (Furlanetto et al. 2006)

δT HI
b (z) =5.48×10−14×

nHI(z)
(1 + z) H(z)

(4.1)

×

(
1−

TCMB(z)
Ts

) [
1 + H(z)−1dvr/dr

]−1
K,

where H(z) is the Hubble parameter, TCMB the temperature of the Cos-
mic Microwave Background (CMB), Ts the spin temperature of the gas and
dvr/dr is the comoving gradient of the comoving velocity along the line of
sight. The signal can be inferred from the gas density (including clumping)
and the temperature, assuming an ionizing background radiation model.
In Chapter 3, these quantities were determined from the density field of a
dark matter (DM) only simulation by assuming that the baryonic matter
follows the DM density field perfectly. From there, the ionization and neu-
tral fractions and the temperature were derived in thermal and ionization
equilibrium. The HI emission in that case is completely governed by the
UVB, the density field and the cosmology.

However, we know from observations that filaments contain galaxies and
quasars that provide an extra local source of heating and ionization. This,
together with shock-heating negatively impacts the HI 21 cm signal. There-
fore, for this study, we adopt a more sophisticated hydrodynamical simula-
tion that includes both these effects, resulting in more realistic conditions in
the IGM. This will allow us to better estimate the strength of the filament
signal. We furthermore apply a strategy to find filaments that is applicable
to both the simulations and the observations. We focus on the most sensi-
tive of the upcoming radio telescopes and carry out a detailed calculation of
the prospects for making a detection using either the upcoming first phase
of the SKA (SKA1-mid) or the future upgrade to SKA2.

We begin this chapter by describing the simulation and the framework we
use to obtain a realistic filament signal in Section 4.2. The strategy that
will be adopted for observations is laid out in Section 4.3. Then estimates
for observations with SKA1-mid and SKA2 will be made in Section 4.4. Fi-
nally, some additional observational effects will be discussed in Section 4.5.
Throughout the chapter we adopt the Planck Collaboration et al. (2014)
cosmological parameters, which are consistent with the latest Planck Col-
laboration et al. (2018) parameters within the errors.
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4.2 The HI 21 cm signal from simulations

In this section we provide a description of the simulation that is used to
determine a realistic filament signal and the method that was adopted to
extract filaments from the box. We then discuss the major sources of un-
certainty for such an estimate.

4.2.1 The EAGLE simulation box

The Evolution and Assembly of GaLaxies and their Environments (EAGLE)
suite of simulations includes heating due to shocks as well as radiative trans-
fer calculations to realistically propagate the photons from local galaxies
into their surrounding environment (Schaye et al. 2015; Crain et al. 2015).
We make use of the largest box that is available in the public data release
(The EAGLE team 2017). The box contains 15043 dark matter particles
with masses of 6.57×106h−1M� and initially the same amount of baryonic
particles with masses of 1.23×106 h−1M�. The volume of the simulation is
100Mpc3.

The dataset provides us with the particle data from which we can cre-
ate a baryon density field by gridding the simulation volume into 5123 cells
through cloud-in-cell interpolation with a corresponding spatial resolution of
0.13h−1 Mpc. Additionally, it gives access to the IGM gas temperature and
the properties of the galaxies inside the simulation. In order to estimate the
hydrogen neutral fraction in each cell, we assume ionization-recombination
equilibrium. The temperature is taken directly from the gridded simulation
while the ionization fraction additionally depends on the electron density
and the strength of the photo-ionizing background. The HI 21 cm signal can
then further be determined following the prescription outlined in Chapter 3,
where we now use the case A hydrogen recombination rate and the corre-
sponding fraction of Lyman α photons per recombination. Case A is more
likely for the gas considered here, since the IGM is optically thin (Draine
2011).

The photo-ionization rate is one of the main uncertainties in this estima-
tion. Here, we consider three different models for the UVB: The Haardt
& Madau (2001, HM01 after this) UVB gives the highest photo-ionization
rate at z=0, whereas the Haardt & Madau (2012, HM12 hereupon) results
in the lowest photo-ionization rate. These models adopt the same method-
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Figure 4.1: Distribution of the HI 21 cm differential brightness tempera-
ture signal as a function of overdensity for cells in the EAGLE simulation,
assuming the HM12 UV background. The green line shows the upper limit
obtained when calculating the signal based only on the dark matter density
field for the same UVB model. The colorbar shows the number of cells.
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ology, but the HM12 uses an updated description of the ionizing sources
to adress the observational constraints available at the time. This includes
X-ray emission from AGN and UV emission from starforming galaxies at
all redshifts, as well as a more detailed treatment of absorption. The most
recent continuation of this set of models is given by Puchwein et al. (2018,
henceforth P18) with an intermediate photo-ionization rate and includes
new constraints on the column density distribution of HI absorbers and a
new treatment of the opacity for ionizing photons in the IGM. Each of these
backgrounds will result in a different filament signal strength and this un-
certainty in the intensity of the UVB and its implications will be discussed
in more detail in Section 4.2.5.

Fig. 4.1 shows the distribution of HI 21 cm differential brightness temper-
ature as a function of the overdensity of the cells in the simulation box,
assuming the HM12 UVB. When the ionization fractions and gas tempera-
ture are obtained from a simulation without heating from shocks and local
sources, the distribution would follow the green line. The previous estimate
for the 21 cm signal in the IGM in Chapter 3 has therefore given an upper
limit. The extra baryonic physics included in EAGLE yield a wider dis-
tribution of signals for a given density that can go down by two orders of
magnitude.

4.2.2 Filament extraction

Although filaments can be easily identified by eye in slices of the simulation
box, fully extracting these three-dimensional structures is difficult. For this
study, we chose to use the Bisous model code by Tempel et al. (2014, 2016)
to find filaments in the EAGLE simulation. It has also been widely applied
to observations. The Bisous algorithm models the three-dimensional struc-
tures in the distribution of the galaxies through a marked point process and
only requires the galaxy positions as input. The statistical nature of the
inferred filaments means that there is a significant probability that some
of the identified filaments are not real, since chance alignments of galax-
ies could be inferred by the code as a connected filament. To minimize
this effect in our sample, we only consider filaments that are longer than
5 h−1Mpc. Moreover, the spatial distribution of the filaments should be
closely connected to large galaxies. Therefore, we limit the sample to galax-
ies with masses above 108M� in order to trace the stronger filaments, as
well as those having non-zero starformation rate in EAGLE since filament
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Figure 4.2: Mean HI 21 cm brightness temperature in a slice of 5.3 h−1Mpc
of the EAGLE simulation for HI fractions based on the HM12 UVB. The
blue lines denote the filament spines that were determined through the
Bisous model code with a length of l ≥ 5 h−1Mpc. The filaments are deter-
mined, based on the sample of star forming galaxies in the simulation with
Mgal ≥ 108M�.

galaxies can accrete gas from the filament and can thus be expected to have
some ongoing starformation. The mean brightness temperature of HI 21 cm
emission in a slice of the N=5123 simulation box of width 5.3 h−1Mpc can
be seen in Fig. 4.2, where the blue lines denote the inferred filament spines.
Most of the structures in the box are traced well by the Bisous filaments.

The Bisous model code only provides the three-dimensional positions of the
points defining the filament spine. Along the spine in the simulation, the
width of a filament can vary. However, when dealing with observations,
this information from the underlying density field is not available and so
an assumption for the width needs to be made a priori. In this case we
assume the filaments to have a radius of 0.5 h−1Mpc, as was used in Tempel
et al. (2014), and mask all the cells that are at a distance greater than this
radius away from the filament points to extract the cells in filaments. The
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signal of the complete filament is then given by the mean of all the cells
that fall within the filament radius. Choosing a slightly smaller radius (i.e.,
0.25 h−1Mpc) did not significantly affect our mean signal estimates, but it
gives more scatter in the signal, since some of the inferred spines can be
misaligned with parts of the underlying density field. A filament radius of
1 h−1Mpc does result in a slightly lower mean signal (i.e. ∼10-50%), since
some filaments are less wide and thus empty regions around the filaments
will be included in the integration. The scatter for this large radius does
decrease, since then most of the underlying density field of the filaments will
be encapsulated by the cylinders around the filament spines, even if there
is a slight misalignment. Because a larger physical radius also results in a
larger area on the sky, we take the radius of 0.5 h−1Mpc to avoid having to
integrate over too large angular scales.

The distribution of the mean filament signal as a function of the filament
length is shown in Fig. 4.3. The plot shows that the length of the filament
has very little effect on its mean signal strength. The mean signals from
almost all the filaments in the sample are of the same order, which shows
that the filaments trace similar conditions of the IGM. It can also be seen
in Fig. 4.4, where we show a zoomed in region of the EAGLE simulation
box. The emission from most cells belonging to filaments is fairly constant
at a differential brightness temperature around ∼ 5×10−8 K, corresponding
to an HI column density of ∼ 9×1012 cm−2 for a 100 km s−1 velocity width.
These figures also signify that it is possible to assume roughly the same
average signal for all filaments when making predictions for observations.

We note that many other methods have been developed to identify the
large-scale structure components in simulations (see e.g., Libeskind et al.
2018, for an overview of a number of different available codes). For ob-
servations, the large-scale structure is only traced by the positions of the
galaxies. Recovering the filaments requires a method that can properly infer
the structures based solely on the limited data from galaxy surveys. This
makes the Bisous model a good choice for this study, since it can be applied
directly to both the simulations and real data from galaxy redshift surveys.
The same model will therefore come back in our observational strategy in
Section 4.3.

Another thing to note is that observations do not measure distances in
physical distances. Instead, galaxy surveys observe in redshift-space, where
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Figure 4.3: Distribution of the mean signal per cell in filaments as a func-
tion of their length for Bisous filaments longer than 5 h−1Mpc in the EAGLE
simulation box. A filament radius of 1 h−1Mpc was adopted together with
the HM12 UVB.

the peculiar velocities of galaxies can add Doppler shifts to the measured
redshifts (e.g., Davis & Peebles 1983; Kaiser 1987). This effect can result
in errors in the inferred spatial positions of galaxies, whereby certain large-
scale structures can appear to be more elongated along the line of sight
than they are in reality. Therefore, before a filament finder can be applied
to a sample of galaxies from a galaxy redshift survey, a correction for the
redshift-space distortions needs to be made. The majority of the effects
of velocities on redshift measurents can be supressed (e.g., Tegmark et al.
2004; Tempel et al. 2014), but for some filaments errors in the locations of
the inferred spines can remain.
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Figure 4.4: Mean HI 21 cm brightness temperature in a slice with a thick-
ness of 5.3 h−1Mpc in a subregion of the EAGLE simulation box. The
brightness temperature remains roughly constant along the filaments at a
few times 10−8 K. Filament spines with l ≥ 5 h−1Mpc derived from the sam-
ple of star forming galaxies in the simulation with masses Mgal ≥ 108M� are
given by the blue lines.

4.2.3 Stacking filament signals

Since the filaments first need to be found through a statistical method, such
as the Bisous model, based on the galaxy positions, the number of detec-
tions depends on how well the inferred filament spines trace the actual gas
density field. As was mentioned above, redshift-space distortions can also
yield errors in the exact spatial positions of galaxies and as such in the fila-
ment spines inferred from them. Once multiple detections have been made,
we propose to stack the remaining filaments in the survey to assess the re-
liability of the spines. If the S/N increases significantly after stacking the
signals, then the spines properly trace the density field. Moreover, if there
is no significant increase in the signal, it could be a sign that many of the
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inferred spines miss the high density regions of the cosmic web, which could
help to adjust the parameters of the Bisous model or point to significant
errors in the galaxy positions. This would especially be useful for the highly
sensitive surveys that will be performed with the SKA itself, since the de-
tections of low-mass galaxies will make it possible to trace smaller filaments
as well.

4.2.4 Clumping of the IGM

One of the caveats of a simulation is its limited resolution. Therefore, the
smallest scales in the IGM cannot be fully resolved. Within the DM fila-
ments, the HI gas clumping on the smallest scales is considerably different
from that of DM. Since baryons can interact with each other, the clumping
at each location in the simulation depends on the integral of the full history
of the material. The local density, temperature and the ionization field at
any time during the lifetime of a patch of gas all affect its morphology, and
thus the amount of clumping is not a global property of the medium that
can easily be derived. The baryonic gas pressure supports the gas on scales
of the order of ∼100 kpc (Kulkarni et al. 2015). This size is similar to the
voxel scale of our simulation and so on average it should be able to resolve
the most relevant scales for the IGM in these filaments. This results in a
volume averaged clumping factor of C ≡< n2

H > / < nH >
2∼3 in the box, where

nH is the hydrogen number density.

Since the recombination rate is proportional to the density squared, there
will be multiple small regions of neutral gas that cannot be resolved by the
simulation, but that can significantly add to the overall HI 21 cm signal.
Although at low redshift there should be few, the existence of Lyman limit
systems (LLS) shows that there can be some reservoirs of additional neutral
gas in the IGM that are not resolved by the simulation (e.g., Sargent et al.
1989). Any additional small pocket of neutral gas will help to increase the
integrated HI 21 cm signal.

4.2.5 UV background uncertainty

As was briefly touched upon in Section 4.2.1, another large uncertainty to
the expected signal strength is the intensity of the UVB. For this reason, we
considered three observationally driven models for the UVB. In Table 4.1,
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Table 4.1: Estimated mean filament signals < δT HI
b >fil of the Bisous fila-

ments for the three different UVB models. The values are given in order of
increasing HI photo-ionization rate (ΓHI) at z=0. The error on the signal
denotes the standard deviation of the distribution of filament signals. The
HI column densities Nall

HI have been determined from the mean filament sig-

nals over a 100 km s−1 velocity width, corresponding to twice the filament
radius of 0.5h−1 Mpc at z = 0.01. N10%

HI denotes the column density based
on the mean filament signal in the brightest 10 per cent of the cells within
filaments in the simulation.

UVB model ΓHI at z=0 < δT HI
b >fil Nall

HI N10%
HI

(10−14 s−1) (10−8 K) (cm−2) (cm−2)

HM12 2.3 6±4 1×1013 9×1013

P18 6.1 3±2 5×1012 4×1013

HM01 8.4 2±2 4×1012 3×1013

the mean filament signals for each of them are shown, together with the
standard deviation of the distribution. For reference, we also give the corre-
sponding HI column density over a 100 km s−1 velocity width. These values
are consistent with the lower-density gas found through HI absorption mea-
surements at low redshift (e.g., Tepper-Garćıa et al. 2012). The last column
in Table 4.1 presents the column density based on the mean signal in the
brightest 10 per cent of the cells in filaments in the simulation box. This
shows that a significant fraction of the IGM gas in the filaments has densi-
ties an order of magnitude higher than the mean and can thus also result
in a stronger signal.

Due to its high photo-ionization rate, the HM01 model also gives the lowest
signal limit. However, the photo-ionization rate of this model lies above
the limits derived from observations of Hα emission in a nearby galaxy
(Fumagalli et al. 2017). The HM12 model on the other hand, results in the
highest signal, but its photo-ionization rate lies below the observed limits.
The UVB model by P18 is fully consistent with those limits and results in a
filament signal that is a factor ∼2 lower than the one derived using HM12.
These three models therefore represent a reasonable range of possibilities,
but we note that the difference in the resulting filament signal strengths for
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the two extreme models is only a factor of 3. For further estimates of the
detectability, we consider both extreme cases: δTb = 2×10−8 K from HM01
as the lower limit and δTb = 6×10−8 K assuming HM12 as the upper limit.
If the true UVB is more similar to that of P18, as observations suggest, then
the true signal would lie in between these two limits.

4.3 Observational strategy

In order to maximize the chance of a detection, it is essential to first deter-
mine where on the sky the best candidate filaments can be found. The only
resource available to find target filaments are the positions of the galaxies
detected beforehand. In the same way that we determined filament signals
from the galaxy catalogue of the simulation in Section 4.2.2, we propose to
use galaxy surveys to first determine the locations of the filament spines
and then integrate the emission around these spines to obtain a signal.

In this Section we apply this strategy to existing galaxy surveys to deter-
mine how many filaments are accesible to the SKA. We then use the average
filament signals obtained in Section 4.2.2 to estimate the S/N for the inte-
grated signal per filament with the SKA, where the S/N then depends on
the three-dimensional orientation of the filament. Here, we outline which
steps will be required to make a detection and how we estimate the noise
that can be expected for such an observation with the SKA.

In this case we consider the two phases of the telescope separately. The first
phase of the SKA will consist of the 64 13.5m dishes currently operating
as the Karoo Array Telescope (MeerKAT) together with 133 dishes of 15m
diameter that will be added to it5. For its second phase, this system will
be significantly expanded to a total of 1500 dishes, which will result in an
unprecedented sensitivity at these frequencies. The relevant properties of
these two arrays that will be used in this study are summarized in Table 4.2.

5 See Baseline Design Document version 2 at: https://www.skatelescope.org/key-
documents/
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Table 4.2: Properties of the two phases of the SKA (see footnote 5).

Parameter SKA1-Mid SKA-2

Number of dishes, Ndish 197 1500

Dish diameter, Ddish (m) 64×13.5 + 133×15 15

Total collecting area, Atot (m2) 32,664 265,071

System temperature, Tsys (K) 20 30

Aperture efficiency, εap 0.8 0.8

Field of View (deg2) ∼1 ∼1

Angular resolution (arcsec) ∼0.3 ∼0.1

System Equivalent

Flux Density, SEFD (Jy) 2.1 0.4

4.3.1 Filament catalogues from SDSS, 2MRS and 6dF

Given their high sensitivity, both SKA1-mid and SKA2 will be able to detect
extremely faint galaxies and therefore it would be possible to trace almost
the complete cosmic web within their surveys. However, until data from
such surveys becomes available, it is necessary to resort to existing galaxy
surveys in order to determine the location of filament spines on the sky. In
this case, we use the galaxy catalogues from three large-area galaxy redshift
surveys to identify realistic filaments as a proxy for what the SKA should
be able to detect in its survey volumes.

One of the largest and most dense samples of galaxy redshifts was obtained
by SDSS. We adopt the filament catalogue that was described in Tempel
et al. (2014), whose data is publicly available. The catalogue uses a sample
of 499340 galaxies in the redshift range 0.009 ≤ z ≤ 0.155 and is limited in
magnitude by the spectroscopic sample (Strauss et al. 2002).

Additionally, we applied the Bisous model to the galaxy sample of the 2MRS
survey and to a combined sample of 2MRS and 6dF galaxies. The 6dF sam-
ple of 126754 sources is limited in magnitudes by mK ≤ 12.65, mH ≤ 12.95,
mJ ≤ 13.75, mrF ≤ 15.60 and mbJ ≤ 16.75, and has a median redshift of 0.053
(Jones et al. 2009). In the case of 2MRS, the sample contains 44599 galaxies
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and is limited in magnitude by mKs ≤ 11.75. The survey only probes out to
redshifts of z ≈ 0.05, but it covers a larger area of the sky than the other
two surveys (Huchra et al. 2012). Because the 2MRS galaxies are used in
both filament catalogues, there will be some overlap between the filament
spines derived from them.

4.3.2 Contamination by galaxies

One thing to take into account for the observations is that emission from
galaxies will contaminate the IGM signal. The voxels in the datacube con-
taining the galaxies can be masked and the SKA has sufficient resolution to
do this without losing significant fractions of the volume of a filament. The
difficulty lies in finding the positions of the galaxies. Surveys, such as SDSS
can provide the positions of the most massive galaxies, but that still leaves
contamination by the weaker ones. In Chapter 3, this remaining contamina-
tion was estimated to be of the order of ∼ 10% after masking SDSS galaxies.
Since the IGM signal estimates obtained from the EAGLE simulation used
in this work are lower, signifying a lower neutral fraction and thus less HI
gass, the contamination due to the faint galaxies not detected by SDSS will
also be higher. However, SKA itself will be more much more sensitive than
SDSS, allowing the localisation and masking of faint galaxies well into the
dwarf regime (see Chapter 3). Additionally, even if it will not be possible
to mask all of the faint galaxies, the integrated signal would still contain
emission from gas that has not been detected before and will therefore still
be worth studying.

4.3.3 Noise estimation

The signal-to-noise ratio of a filament depends on both the signal itself and
on the noise originating from the instrument and the survey characteris-
tics. We assume every filament has the same signal, so that the S/N only
varies depending on the filament size on the sky and the telescope sensitivity.

For the integration of the signal in real data, the filament would be split
up into resolution elements, whose angular size corresponds to the filament
diameter of 0.5 h−1Mpc. However, since the resolution of the observation
itself is higher, the noise will add together depending on the size of such
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Figure 4.5: Sketch of the filament noise integration scheme. The blue
line shows the spine of the filament in the sky plane, where the yellow dots
denote the filament points from the filament catalogue. The black lines
denote the angular size of the 1 h−1Mpc filament diameter at each point,
Θi. The cyan shaded trapezoid areas (Apatch) between every point are added
together in a weighted sum, according to Equation 4.4.

an integration element. The depth of the filament within that element then
sets the frequency range for the integration. In order to estimate the noise
for each filament, we take every point of the spine given by the filament
catalogue, then use its redshift to determine the angular size of the fila-
ment diameter and add together the trapezoid shaped patches set by two
neighboring spine points. The parallel sides of the trapezoid are set by the
angular size by going up and down 0.5 h−1Mpc in declination, whereas
the other two sides of the trapezoid are formed by connecting the tops and
bottoms of the parallel sides. Fig. 4.5 gives a sketch of how a filament is
divided up into the trapezoid patches along the sky for the integration.

The area Apatch on the sky of a single patch is set by the angular size Θ as:

Apatch =
Θi +Θi+1

2
×∆RA, (4.2)

where Θi is the angular size at point i, Θi+1 the angular size at the adjacent
point and ∆RA is the difference in right ascension between the two points.
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The noise of a radio telescope is given by

∆T N =
λ2

0(1 + z)2

∆θ2εapAtot

Tsys
√

∆νtobs
, (4.3)

where the rest frame wavelength of the observed line is denoted by λ0 and
∆θ is the angular resolution. As an approximation, we set ∆θ2 = Apatch. The
parameter εap denotes the aperture efficiency, Atot is the total collecting area
of the telescope, Tsys the system temperature, δν the frequency bandwidth
over which is integrated for the observations and tobs is the integration time
(see Chapter 3 Furlanetto et al. 2006). Equation 4.3 implies that the sen-
sitivity will be higher when the filament is orientated perpendicular to the
line-of-sight. This results in a noise level of 5.2×10−6 K (9.6×10−7 K) for
SKA1-mid (SKA2) for an angular resolution of 10 arcmin, and frequency
resolution of 20 kHz with an integration time of 120 h at z = 0.01.

All the elements along the filament spine are then added together in the
following manner to obtain the total noise per filament:

σfil =
1

npatch

√∑
i

σ2
patch,i, (4.4)

with npatch denoting the number of patches.

The angular size of very local filaments can be quite large. If the scales of
the fluctuations in the IGM become too large, the spatial filtering of the
telescope would cause a reduction in the S/N and a deviation from Equa-
tion 4.3. Therefore, we limit the filaments considered here to a minimum
redshift of z = 0.01. The effect of the large angular scale of the nearby
filaments will be discussed in more detail in Section 4.5.1.

4.4 SKA signal-to-noise predictions

Applying the methods described in Section 4.3.3 to all the filaments in
the filament catalogues described in Section 4.3.1 and dividing the signal
estimate by the total noise then yields the expected S/N. Because of the
large variety in HI photo-ionization rates for the UVB models discussed
in Section 4.4, we determine the S/N for the two limits derived there:
δTb = 2 × 10−8 K (lower) and δTb = 6 × 10−8 K (upper). We assume an
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integration time of 120 h for the observations.

The galaxy catalogues also cover areas of the sky that are not accesible
to the SKA. Given its latitude of ∼-30◦, we remove all filaments from the
sample that fall outside the declination range of +60◦ to -90◦. Out of the
9477, 6778 and 2602 filaments of length equal to or greater than 5 h−1Mpc
at z ≥0.01 for the SDSS, 2MRS+6dF and 2MRS filament catalogues, re-
spectively, 2, 5 and 5 filaments can be detected with SKA1-mid at S/N≥1,
assuming the lower limit signal. In the case of the upper limit signal, the
number of filaments increases to 34, 90 and 73, respectively. For SKA2, the
S/N is ∼ 5.5 times higher, following from the difference in the collective ar-
eas using Equation 4.3, and thus many more filaments become available for
individual detections. The ten highest S/N filaments from each catalogue
and their properties are summarized in Table 4.3. The maximum integrated
S/N value of a filament we estimate for SKA1-mid is 9.0, whereas the same
filament would have a S/N value of 50 with SKA2. Therefore, although
SKA1-mid can make initial detections of some of the filaments, an instru-
ment as sensitive as SKA2 is really required to do a large statistical survey
of a sample of filaments. Looking at the highest S/N filament with SKA2
in the most optimistic case (filament 11 in Table 4.3), the signal would
reach S/N = 1 with an integration time of only ∼3-26m, depending on the
strength of the UVB. The S/N = 1 integration time for the same filament
with SKA1-mid would be ∼1.5-13.3h.

We point out again that there is some scatter in the filament signals, as
shown in Fig. 4.3. Therefore, there will be filaments presented here that
will be detected with an even higher S/N. Small patches of higher density
that are not resolved by the simulation can also exist in the IGM that could
contribute to a higher signal (see discussion in Section 4.2.4). Overall it can
therefore be expected that a significant number of robust detections will be
made already with SKA1-mid. The advantage of the integration method
presented here is that, in principle, the integration can be performed with
data from any galaxy survey with the same instruments, as long as the
integration time per pointing of the survey is long enough.
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Table 4.3: Properties and predicted SKA1-mid and SKA2 signal-to-noise values of the ten best filaments
in each of the three galaxy catalogues with an integration time of 120 h for the HM12 upper limit signal of
δTb = 6×10−8 K and the HM01 lower limit of δTb = 2×10−8 K. The first column in the table shows catalogue the
filaments belong to, the second gives the ID number of the filament and third shows the redshift of the filament.
The angular size corresponding to the filament diameter at redshift z is given by Θ(z) and its length by l. The
remaining columns give the upper and lower S/N values for both SKA phases.

Filament ID z Θ(z) l S/N S/N S/N S/N

Catalogue (deg) (h−1Mpc) SKA1-mid SKA2 SKA1-mid SKA2

HM12 HM12 HM01 HM01

SDSS 1 0.01 1.9 10.6 3.3 18.2 1.1 6.1

2 0.011 1.7 10.1 2.9 15.8 1.0 5.3

3 0.011 1.7 7.3 2.6 14.0 0.9 4.7

4 0.013 1.5 20.6 2.5 13.3 0.8 4.4

5 0.012 1.6 15.6 2.4 13.0 0.8 4.3

6 0.012 1.6 7 2.0 10.9 0.7 3.6

7 0.014 1.4 18.6 1.9 10.0 0.6 3.3

8 0.012 1.6 15.7 1.7 9.1 0.6 3.0

9 0.013 1.5 15.6 1.7 9.1 0.6 3.0

10 0.014 1.4 9.7 1.6 9.0 0.5 3.0

2MRS 11 0.011 1.7 11.5 9.0 50.0 3.0 16.7

+ 12 0.012 1.6 7 4.0 21.4 1.3 7.1

6dF 13 0.012 1.6 19.5 4.0 21.4 1.3 7.1

14 0.01 1.9 13 3.8 20.0 1.3 6.7

15 0.014 1.4 8.5 3.8 20.0 1.3 6.7
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Table 4.3: . . . continued.

Filament ID z Θ(z) l S/N S/N S/N S/N

Catalogue (deg) (h−1Mpc) SKA1-mid SKA2 SKA1-mid SKA2

HM12 HM12 HM01 HM01

2MRS 16 0.012 1.6 25.5 2.6 14.0 0.9 4.7

+ 17 0.017 1.1 19 2.3 12.8 0.8 4.3

6dF 18 0.014 1.4 35 2.2 12.0 0.7 4.0

19 0.013 1.5 24 2.1 11.3 0.7 3.8

20 0.015 1.3 27.5 2.1 11.1 0.7 3.6

2MRS 21 0.01 1.9 16 8.0 42.9 2.7 14.3

22 0.014 1.4 9.5 3.5 19.4 1.2 6.5

23 0.01 1.9 9 3.5 18.8 1.2 6.3

24 0.019 1.0 17 3.0 16.7 1.0 5.6

25 0.025 0.8 9 2.9 15.8 1.0 5.3

26 0.012 1.6 22 2.6 14.3 0.9 4.8

27 0.011 1.7 18.5 2.5 13.3 0.8 4.4

28 0.013 1.5 6.5 2.4 12.8 0.8 4.3

29 0.014 1.4 40 2.4 12.8 0.8 4.3

30 0.022 0.9 11.5 2.2 12.0 0.7 4.0
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4.5 Effects of interferometers

Radio interferometers, such as the SKA, are limited by their baselines in
which scales they are sensitive to. For a point source, the sensitivity of the
telescope corresponds to the value presented in Equation 4.3. For diffuse
emission, the situation becomes more complicated due to spatial filtering,
which could cause additional loss of signal on the larger scales. In the next
section, we therefore make a rough estimate of the magnitude of this effect
by considering two-dimensional images of a filament from the simulation.

4.5.1 Spatial filtering

The S/N estimates presented so far have assumed that the telescope can
perfectly probe the complete filaments. However, due to the nature of an
interferometer, only scales smaller than the scale corresponding to the short-
est baseline will be resolved. For the SKA, the minimum baseline will be
∼ 20 m, corresponding to an angular scale of ∼36 arcmin. Also, since the
UV-plane is not fully sampled, there will be significant spatial filtering that
will cause a signal loss on the more diffuse structures. Given the high spa-
tial resolution of the SKA, we regridded the box to 10243 cells to resolve as
much structure as possible, corresponding to 0.066 h−1Mpc per cell, or 7.6
arcmin at z = 0.01. In order to estimate this loss, we manually extracted
a ∼10 h−1Mpc filament from the simulation box in a single slice. We then
convolved the image of the filament with a point spread function (PSF) of
SKA1-mid, where the angular scale of the pixels in the PSF image changes
as a function of redshift. This way, we can directly compare between each
redshift, since the same filament is imaged in all cases. The baseline design
for SKA2 is not yet known, but since it will have more dishes than SKA1-
mid, as well as include the dishes already in SKA1-mid, we only perform the
calculation for SKA1-mid and expect that the performance of SKA2 will be
even better.

The PSF is calculated in two steps. First, a measurement set is created
using the publicly available SIMMS package6. Here we adopt the antennae
positions of SKA1-mid and choose a pointing to -30◦ in declination and
0h00m RA, at the frequency corresponding to the required redshift and for
a single frequency channel of 20 kHz. In reality, one would have to integrate
over multiple frequency channels to cover an entire filament, but here we

6 Written by Sphesihle Makhathini: https://github.com/radio-astro/simms
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treat it as if the filament was entirely in the plane of the sky to allow us to
estimate the spatial filtering in the angular directions.

In the next, step we created an image of the PSF from the measurement set
using the w-stacking clean imager (WSClean; Offringa et al. 2014), which
allows us to sample the PSF in any size and scale. We calculate a separate
PSF for each redshift. Here, we used images with a size of 2048× 2048
pixels, where the angular pixel scale depends on the redshift. We apply
uniform weighting to the visibilities. This gives the noise level that was
estimated with Equation 4.3, but it also results in the highest resolution.
Other weighting schemes, such as robust or natural weighting will result in
better surface brightness sensitivity. We note that the pixel scales of our
simulations are larger than the resolution of the SKA and, therefore, we are
under-sampling the PSF. To minimize this effect, we regrid the slice of the
simulation containing the filament of interest with a size of 100×100×1 cells
through linear interpolation to produce a 2048×2048 pixel image. This is
shown in the furthest left panel of Fig. 4.6. The angular scale of a pixel
in this 2048×2048 pixel image then becomes 22.276′′, 11.164′′, 4.497′′ and
2.276′′ at z = 0.01, 0.02, 0.05 and 0.1, respectively. The corresponding max-
imum baselines probed by this simulated image respectively are 2.0, 4.0, 10
and 21 km. This resolution is still much lower than the ∼0.3′′ resolution of
the SKA and thus does not allow for a good sampling of the PSF, but this
is the limit that could be reached with these simulation, given the amount
of memory required to calculate the PSF with such a large FoV that en-
compasses an entire filament. In order to check the robustness of the PSF
estimate, we recalculated the PSF by excluding all baselines that are longer
than the scale equivalent to the size of a pixel. This resulted in PSFs iden-
tical to the ones without a baseline cut and therefore we believe that the
estimates presented here are reasonable. Doing a more detailed calculation
would require multiple pointings, but that falls outside of the scope of this
study, given the already large uncertainties in the strength of the filament
signal.
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Figure 4.6: Convolution and cleaning result of a simulated filament. The most left image shows the filament
directly from the simulation as it looks from 100×100×1 cells and then linearly interpolated to an 2048×2048
image. The four other images show how the filaments would appear observed at different redshifts by convolving
the simulated image with the corresponding PSF of the beam and then cleaning it. In all images, the black
lines highlight an area with a width of 1 h−1Mpc around the interpolated spine of the filament. The ratio of
the signals within the black curves of the simulated image and the cleaned images is ∼3, 1.2, 1.0 and 1.0 for the
images at z = 0.01, 0.02, 0.05 and 0.10, respectively.
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Finally, we convolved the simulated image with the PSFs at different red-
shifts to generate dirty images of the filament and cleaned them using the
deconvolve task in the Common Astronomy Software Applications package
(CASA; McMullin et al. 2007). For the deconvolutions, we used the mul-
tiscale algorithm with a gain of 0.7 and 30,000 iterations. In reality, the
data would be cleaned more thoroughly with different parameters for each
image, but we found that with the parameters adopted here we deconvolve
the images well enough to obtain a rough estimate of the signal loss. Since
the exercise here is meant to quantify the effect of the spatial filtering on
the filamentary structure, no noise was added to the images. The resulting
cleaned images are given in the second and following panels of Fig. 4.6. As
can be expected, some of the diffuse emission is filtered away by the tele-
scope in all cases. For the lowest redshift, the effect is strongest, since there
the physical size of the fluctuations corresponds to the largest angular scale
on the sky. We determine the signal loss by adding all the cells in between
the two black lines and dividing the value of the signal in the non-convolved
image with that of the convolved images. This gives signals lower by a fac-
tor of ∼3 and ∼1.2 for z = 0.01 and 0.02, respectively. For the z = 0.05 and
z = 0.1, the signal loss is less than ∼ 1%. Therefore, only for the nearest
filaments does the spatial filtering become problematic, but with a limit of
z = 0.01, it should still be possible to detect the HI 21 cm signal. Further-
more, if the IGM in reality is more clumpy than what these simulations can
resolve, the signal loss would become smaller, since the small and neutral
regions would be less affected by the PSF than large diffuse patches.

4.6 Conclusion

Detecting the 21 cm signal from the neutral hydrogen gas in the IGM is
very challenging. It requires sensitive telescopes to reach noise levels below
the 21 cm signal from the small amount of neutral gas. Therefore, in this
study, we determined the prospects for the detection of the integrated HI
21 cm signal of large-scale filaments with the most powerful upcoming radio
telescopes, SKA1-mid and SKA2.

We made use of the density field and gas temperature from the EAGLE
simulation in order to realistically estimate the HI 21 cm brightness tem-
perature signal in the IGM. The Bisous filament finder code was then used
to extract filaments from the simulation. We find that, independent of the
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length of the filaments, the signal is of the same order of magnitude for
almost all the filaments. This resulted in a conservative estimate of the
integrated mean filament signal of 2−6×10−8 K, depending on the strength
of the UVB.

We then took filaments from catalogues inferred from existing galaxy sur-
veys to identify realistic filaments within the sky accessible to the SKA to
estimate the S/N that can be expected with both SKA1-mid and SKA2.
The signal was determined for three different estimates of the UVB. This
study yields ∼12-197 filaments that lie within the detection threshold of
SKA1-mid with 120h integrations, where the strongest results in a S/N
value of 3 (17) for SKA1-mid (SKA2), assuming the most pessimistic UVB
and ignoring spatial filtering due to the array. The noise for this filament
would already result in S/N = 1 with with integration times of ∼1.5-13.3h
with SKA1-mid and ∼3-26m for SKA2.

In order to estimate the effect on this signal of observing with an interfer-
ometer, we made an estimation of the magnitude of the signal loss due to
the spatial filtering. This showed that, for the closest filaments, the signal
can decrease up to a factor of ∼ 3, still allowing a detection of the strongest
filaments.

Therefore, SKA1-mid will be able to make initial detections of a handful of
filaments, whereas SKA2 will open up the possibility for statistical studies
of the filament signals, which could help constrain the ionization conditions
within the IGM in the local Universe.
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Abstract

The connection between large-scale filaments and the galaxies that they house is

an essential aspect of galaxy formation and evolution. The upcoming medium

deep HI survey with Apertif will allow for a study of a large enough volume to

gather statistical properties of these filaments at low redshift. We make a com-

parison of the ability of Apertif to trace the cosmic web to that of the Sloan

Digital Sky survey (SDSS) and categorize the properties of the filaments and the

galaxies that surround them. We adopt the 100 Mpc3 volume EAGLE hydro-

dynamic cosmological simulation to obtain realistic filaments and estimate the

properties of the galaxies. With this simulation, we were able to create a sample

of galaxies based on the sensitivity of each survey. This allows us to infer and

extract filament spines at z = 0.05. We find that an optical survey, in this case

SDSS, traces the same major structures of the cosmic web as well as an HI sur-

vey with Apertif would. Our conclusions are limited by the use of a simulation

instead of observational data, but we find no significant difference between the

distributions of the properties of the filaments. Apertif-based filaments are able

to trace more blue and thus younger galaxies. Furthermore, Apertif is able to

trace almost twice as many filaments longer than 5 h−1 Mpc and its galaxy survey

is therefore the most ideal of the two for tracing most of the large-scale structures

in a survey. We also estimate the total HI mass contained in the galaxies sur-

rounding a filament spine that lie between the 4σ and 1σ detection thresholds of

the Apertif medium deep survey. On average, this yields an HI mass of ∼ 109M�
that would normally not be identified in a galaxy survey due to the 4σ detection

requirement, but is still present within the data.

5.1 Introduction

Large galaxy surveys provide a treasure trove for studying the large-scale
structure in the Universe. Both the three-dimensional distribution of galax-
ies and the neutral hydrogen (HI) within galaxies and the intergalactic
medium (IGM) are essential for understanding how large-scale filaments
can feed galaxies with gas and affect their formation and evolution. Fila-
mentary structure clearly stand out in galaxy redshift surveys, such as the
Sloan Digital Sky Survey (SDSS, York et al. 2000; Aihara et al. 2011), the
2-degree Field (2dF) Galaxy Redshift Survey (Colless 1999) and the Two
Micron All-Sky Redshift Survey (2MRS; Huchra et al. 2012) and their dis-
tributions have been analyzed in detail (e.g., Tegmark et al. 2004; Tempel
et al. 2014).
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Direct detections of the HI gas inside these structures in emission is more
challenging and will require the sensitivity of upcoming radio telescopes like
the Square Kilometer Array (SKA) to reach the required sensitivity (see
Chapters 3 and 4; Takeuchi et al. 2014; Popping et al. 2015). However,
faint galaxies that lie below the detection limit are instead more accesible
to study with current radio observatories. Despite their relatively low HI
content, these galaxies are more numerous than their high mass counter-
parts due to the shape of the HI mass function (e.g., Jones et al. 2018) and
can therefore collectively encompass a large amount of HI gas.

Recently, the intensity mapping technique (Madau et al. 1997) has become
a popular probe for faint emission beyond the capability of standard galaxy
surveys, since it does not require the source of the emission to be fully re-
solved. This technique has been succesful in constraining the large-scale
structure through HI 21 cm emission at z ∼ 0.8 (Chang et al. 2010; Ma-
sui et al. 2013). In Takeuchi et al. (2014), a similar method to detect the
emission from the IGM in filaments was proposed and further worked out
in Chapter 3. Like intensity mapping, the idea proposed there is not to
fully resolve the faint IGM in filaments, but instead to add together all the
emission and get a single integrated detection per filament.

In this work, we use the same technique presented in Chapter 3, but instead
switch focus from the IGM to the low-surface brightness galaxies within the
filaments. We explore different methods to find filaments from galaxy sur-
veys. Additionally, a comparison is made between the properties of filaments
inferred from either optical and infrared galaxy surveys or their HI coun-
terparts. Since the galaxies that are detectable or bright at optical/infrared
wavelenghts can be different from those strong in HI 21 cm emission, the
structures they trace are also not necesarrily all the same. We make use of a
cosmological hydrodynamic simulation to realistically estimate the proper-
ties of both galaxies and the IGM within a volume large enough to contain
many large-scale filaments. We then infer the locations of the filaments by
creating mock galaxy catalogues and selecting galaxies in them based on
the properties that can be detected using the surveys.

From the simulated filaments, predictions are then made for the upcoming
HI surveys with the Apertif instrument on the Westerbork Synthesis Radio
Telescope (WSRT; Oosterloo et al. 2009) for filaments at z = 0.05. The
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large 8 deg2 field of view of Apertif makes it possible to obtain deep inte-
grations of large areas on the sky and will therefore open up the possibility
for targetting multiple large-scale filaments within a survey. Furthermore,
we perform estimates for the amount of HI gas that is hidden in galaxies
fainter than the Apertif detection limit, assuming a 4σ detection threshold,
but that could be probed by integrating along the filaments.

This chapter is built up as follows. In Section 5.2, we describe the simu-
lation and introduce codes that can be used to infer filament spines from
the positions of the galaxies. The Apertif medium deep survey area is then
examined for the filaments this survey can find in Section 5.3. Section 5.4
describes the selections we make in the simulated galaxies, in order to infer
filament spines based on optical and HI-based galaxy samples. The re-
sulting properties of the filaments and their galaxies are then presented in
Section 5.5. The chapter concludes in Section 5.6 with a discussion. For all
the cosmological parameters used here, we refer to the Planck Collaboration
et al. (2014) results.

5.2 Simulation

Given the lack of observations, simulations are required to make realistic
estimates for the properties of large-scale filaments and the galaxies within
them. In particular, the emission from the IGM is highly uncertain (see
Chapter 4). In the following section, we describe which simulation was used
here and how we find the large-scale filaments within it. We explore two
methods to find filaments and make a comparison between them.

5.2.1 EAGLE

In order to obtain good statistics of the filaments, we require a simulation
with a large volume that contains many filaments, as well as a simulation
that takes into account all the relevant astrophysical processes. Therefore,
we use the biggest simulation in the Evolution and Assembly of GaLax-
ies and their Environments (EAGLE) suite: Ref-L0100N1504 (Schaye et al.
2015; Crain et al. 2015; McAlpine et al. 2016). This box has a volume of 100
Mpc3 with 15043 dark matter particles and the same amount of baryonic
particles. The dark matter particles have masses of 9.70× 106 M� and the
gas particles 1.81×106 M� (The EAGLE team 2017). The z = 0 snapshot of
this box is placed on a grid of 5123 cells through cloud-in-cell interpolation.
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We then mask cells with overdensities above the virial limit and determine
the HI fraction and 21 cm brightness temperature in the remaining cells
through the algorithm presented in Chapter 3 and Chapter 4 of this thesis.
This then gives us the HI content in the IGM, where we assume that it is
affected by the ultraviolet (UV) background given by Puchwein et al. (2018).

From the publicly released EAGLE galaxy catalogue (McAlpine et al. 2016),
we obtain the properties of the individual galaxies in the volume. This
includes their spatial positions, as well as their star formation rates, stellar
masses and their absolute magnitudes at specific wavelenghts. To make sure
that the properties of each galaxy are based on at least a few particles of the
simulation, we limit ourselves to galaxies with stellar masses greater than
M? ≥ 107M� for this study. The resulting 142,343 galaxies considered here
span 5 orders of magnitude in stellar mass. Galaxies of even lower mass are
more numerous, but they cannot be resolved in this simulation and their
HI masses would also be lower and would thus not add significantly to the
total HI content inside a filament.

5.2.2 Bisous filament finder

Multiple methods to derive filamentary structures from simulations exist
(e.g., Libeskind et al. 2017). However, where most codes require a density
field to find structures, when dealing with observations they need to be able
to trace filaments from the positions of galaxies alone. One of the codes
that is able to do this is the Bisous filament finder (Tempel et al. 2014,
2016). This code determines the spines of filaments by statistically check-
ing if galaxies are aligned. It does this by randomly connecting cyllinders
around the galaxies of a certain length and radius using a marked point
process. This method can find filaments of a particular scale and therefore
can be applied particularly well to sparse samples of galaxies that are typi-
cally obtained in galaxy surveys. On the other hand, it also requires fixing
multiple parameters before a run, which makes it relatively complex to use
and it can be time consuming for large samples of galaxies.

5.2.3 Filament with DisPerSE

Another code that can easily be applied to observations is DisPerSE (Sous-
bie 2011; Sousbie et al. 2011). This code is not just limited to filaments and
can also be used to find walls and voids within a simulation. The method
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is based on discrete Morse theory that makes it possible to infer different
structures from topological principles. It does this on any scale and there-
fore also traces the weak filaments inside voids. The structures it infers
depend on their so called persistence value.

Persistence is a measure of how significant a structure stands out. The Pois-
son noise dominating the positions of galaxies typically have low persistence,
whereas a large structure, such as a filament, would be measured with high
persistence. The DisPerSE code therefore makes it possible to robustly find
any structures in the data and it only requires a choice in the cut-off value
of the persistence of the determined structures, making it very user friendly
and fast to run. For the filament catalogues derived using DisPerSE here,
we adopt a persistence value of 4σ above the noise.

5.2.4 Bisous vs DisPerSE

Given the very different methods used by both filament finding algorithms,
it can be expected that the structures they find are also not the same. To
test how well they work, we apply them both to a sample of galaxies in
EAGLE with non-zero star formation rates and M? ≥ 108M�.

In Fig. 5.1, a small cut-out of the HI 21 cm differential brightness temper-
ature distribution in the simulation is given, where we show the filaments
found by the Bisous code in light blue and the DisPerSE filaments as ma-
genta lines. Overall, both codes trace most of the major structures well.
The Bisous code tends to break the longer filaments up into smaller pieces,
whereas DisPerSE keeps those together more. Both methods also infer fil-
aments in positions where there visibly are none in the density field of the
simulation. This is due to chance alignments of the galaxies that are inter-
preted as a real connection by the codes. Their integrated HI 21 cm signal
would thus also be low. We therefore only consider filaments longer than
5 h−1Mpc. Although the details in the filament spines from each code are
different, they result in filaments of similar strenghts of IGM emission and
can thus be considered equally appropriate for finding filaments from obser-
vations. Given that DisPerSE is faster to run, we use this code in most of
the remainder of this work.
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Figure 5.1: A slice of the HI 21 cm differential brightness tempera-
ture in the EAGLE simulation, assuming the Puchwein et al. (2018) UV
background. Filaments are shown that have been inferred from a galaxy
catalogue based on the star forming EAGLE galaxies with stellar masses
M? ≥ 108M�. The Bisous filaments are given by the light blue lines, whereas
DisPerSE filaments are shown in magenta.



136 chapter 5: Faint HI emission in filaments with Apertif

5.3 Filaments in the Apertif Medium-Deep

survey

The upcoming medium deep survey7 of Apertif will cover an area of 450
deg2 with 84-120 hour integrations per pointing of 8 deg2. We present some
characteristic numbers of the telescope and the survey in Table 5.1. The
sensitivity of the telescope is too low to detect the IGM in HI emission (see
Chapter 3) and in Section 5.A of the Appendix, we show how spatial filter-
ing by the Apertif point spread function further affects the diffuse emission
from the IGM. Given the scope of this survey, Apertif will, however, be able
to detect HI emission from many galaxies over a large area on the sky. This
makes it an ideal survey to study the connection between the cosmic web
and galaxies. Furthermore, the survey area will have overlap with multiple
galaxy redshift surveys that have been performed on the northern sky before
and, therefore, it is already possible to infer the positions of filaments that
lie within the survey area. Apertif will find more galaxies than an optical
survey, such as SDSS. This can help improve the reliability of inferred fila-
ments. A larger sample of galaxies would also help to find more filaments
and, as such, trace the cosmic web in more detail. Nevertheless, the cur-
rently available data is expected to be enough to identify the location of the
major structures.

To give the reader a feeling for the sheer number of filaments that can be
traced with the medium deep survey, we plot the spines of several large fila-
ments on top of the red shaded survey area in Fig. 5.2. The blue lines show
filament spines going out to z = 0.1 and with lenghts l ≥ 10 h−1Mpc inferred
through the positions of SDSS galaxies. These spines were found using the
Bisous code and are publically available as the filament catalogue by Tem-
pel et al. (2014). Aditionally, we show Bisous filament spines determined
using galaxies detected in 2MRS as green lines and from a combined sam-
ple of 2MRS and the 6-degree Field (6dF) Galaxy Redshift Survey (Jones
et al. 2004, 2009) as black lines. Even though the galaxies of 2MRS are also
used by the sample of galaxies for the black spines, the additional infor-
mation from the 6dF galaxies makes it possible to find more filaments and
also slightly affects the exact geometry of each filament. This can be most
clearly seen in the right panel of Fig. 5.2, where some of the black lines lie
close to the green ones, but they are slightly different.

7 http://www.astron.nl/radio-observatory/apertif-surveys
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Table 5.1: Properties of the Apertif instrument on the WSRT and its
medium deep survey.

Parameter Value

Number of dishes 12

Collecting area 5890 m2

System temperature 70 K

Aperture efficiency 0.7

Field of View 8 deg2

Beamsize 15′′×15′′/sin(δ)
Frequency resolution 36.6 kHz

Survey area 300 deg2

Integration time per pointing 84-120 h

Column density sensitivity (4σ) 1×1020 cm−2

Also, the most dense sample of galaxies comes from SDSS and that thus
also results in the largest amount of filaments that can be found from it.
Since Apertif will be more sensitive than SDSS, it will clearly find even
more filaments and make it possible to do a larger statistical study of the
galaxies and their environment. How well a catalogue of filaments from an
optical survey, such as SDSS, compares to one that can be inferred from
galaxies detected through HI emission by Apertif will be examined further
in Section 5.5.

5.4 Tracing filaments with different galaxy

surveys

Since large-scale filaments provide the dense environments in which most
of the galaxies form, following the filaments is a good way to find emission
from faint galaxies that fall below the detection limit. In order to find
the filaments inside an HI survey, it is possible to either use the positions
of galaxies detected in the survey itself, or those from pre-existing galaxy
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Figure 5.2: Bisous filaments with l≥ 10 h−1Mpc and z≤ 0.1 in the medium
deep survey area of Apertif denoted by the shaded areas in red. The blue
lines denote the filament spines from SDSS, the green ones the spines from
2MRS and the black spines are from the combined sample of 2MRS and
6dF galaxies. The two plots show the target fields on opposite sides of the
Galactic plane.

redshift surveys. In this section, we explore the properties of the filaments
that are inferred from a galaxy sample in the EAGLE simulation based on
the sensitivity of Apertif and a sample based on the sensitivity of SDSS.
In both cases, we apply the DisPerSE filament finder with a persistence
threshold of 4σ and also determine the HI content in both the faint galaxies
below the Apertif detection threshold and the HI content in the IGM around
the filament spine. This will be helpful to estimate how much HI mass can
still be found inside the filaments by integrating all the faint emission.
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5.4.1 SDSS-based galaxy catalog from EAGLE

For the EAGLE simulation, the brightness of the galaxies with stellar masses
above 108.26M� has been calculated in multiple bands and is available in the
public database (Trayford et al. 2015; McAlpine et al. 2016). For a subsam-
ple of this, galaxies that have more than 250 dust particles, the fluxes have
been recalculated to include dust attenuation (Camps et al. 2018). Since the
apparent brightness depends on the geometry of the dust inside the galaxy
and, consequently, the angle at which the galaxy is observed, an assumption
for the viewing orientation needs to be made. In this case, we adopt the ran-
dom viewing orientation given in the catalogue for the dust-corrected fluxes.

The absolute magnitudes can be converted to apparent magnitudes at a
given redshift through the distance modulus

mz = M + 5 · log
(
dc(z)(1 + z)

10pc

)
, (5.1)

where dc(z) is the comoving distance to redshift z and M is the absolute
magnitude given in the catalogue. The r-band magnitudes as a function of
stellar mass are shown in Fig. 5.3.

The spectroscopic sample of SDSS was limited in r-band magnitude by
mr ≤17.77 (Strauss et al. 2002) and we apply the same limit to the sample
of EAGLE galaxies. This results in a total of 6,083 galaxies that SDSS
would be able to detect within the volume of the simulation. From this
sample, we infer a total of 262 filament spines longer than 5 h−1Mpc.

5.4.2 Apertif-based galaxy catalogue from EAGLE

In a similar manner, we create a catalogue of filaments traced by galaxies
that can be detected by Apertif. However, in this case the selection becomes
more complicated because the EAGLE simulation itself does not provide
information on the HI content of the galaxies, only the total gas content.
A radio telescope, such as Apertif, is sensitive to surface brightness, or
HI column density. For high-mass galaxies, the size of the HI disk can
be larger than the size of the synthesized beam. In this case, the surface
brightness distribution of the galaxy becomes important for a detection of
its HI gas, since the telescope can then resolve the structures inside the disk.
For example, spiral arm features can result in significantly higher surface
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Figure 5.3: The r-band apparent magnitude at z = 0.05 of the galaxies in
the EAGLE simulation as a function of their stellar mass.

brightness in certain areas of the galactic disk. Therefore, we assume that
all galaxies larger than the size of the synthesized beam (corresponding to
∼16 kpc at z = 0.05) can be detected. Using the observationally derived HI
mass-size relation from Wang et al. (2016), this limit would correspond to
galaxies with an HI mass of log MHI ∼ 8.92. Galaxies that are smaller than
the size of the beam, on the other hand, can be treated as point sources. In
that case, the column density of the galaxy is given by

Ngal
HI ≈

MHI

D2
res
, (5.2)

where Dres is the physical size corresponding to the angular size of the resolu-
tion of the telescope. By inverting this relation, the corresponding HI mass
limit for galaxies that can be detected by Apertif becomes MHI ≥ 108.3 M�
for 4σ and MHI ≥ 107.7 M� for 1σ.

To select galaxies based on the sensitivity of Apertif, we need to derive
the HI masses of the galaxies in the EAGLE simulation. For galaxies with
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M? ≥ 109 M�, we adopt HI masses calculated by Marasco et al. (2016) that
are based on the methods described in Bahé et al. (2016) and Crain et al.
(2017). We take the HI masses derived within a sphere with a radius of 150
kpc around the galaxies. For some of these galaxies, the derived HI mass
falls below the mass of a single particle in the simulation. For these cases
we assume that these galaxies do not contain any HI mass, since any mass
lower than that cannot be resolved.

Crain et al. (2017) found that, for galaxies with stellar masses below 109M�,
EAGLE poorly reproduces the volumetric HI mass function and, in general,
the stellar mass to HI mass relation is underestimated. This is a consequence
of the limited resolution of this simulation and is a trade-off we make to ob-
tain a large enough volume to find as many filaments as possible. For the
higher-stellar mass galaxies, the derived properties are reasonable.

Therefore, for the lower-stellar mass end, we assume that they are all late-
type galaxies and adopt the double power-law fit to the observed HI mass-
stellar mass relation from (Calette et al. 2018):

MHI =
M?C(

M?

Mtr
?

)a
+

(
M?

Mtr
?

)b . (5.3)

Here C, a and b are constants and Mtr
? is the mass at which the function

transitions to the second power-law. The best-fit values for the constants
are: C = 0.98± 0.06, a = 0.21± 0.04, b = 0.67± 0.03, log Mtr

? = 9.24± 0.04.
This relation has a natural scatter of 0.52 dex. We mimic this variation by
adding normally distributed random numbers to the logarithm of the HI
mass of these low-end stellar mass galaxies. This results in the distribution
of HI mass vs stellar mass shown in Fig. 5.4. There is a discrepancy of ∼0.2
dex between the distribution of HI masses at stellar masses below 109M�
and those above it. This follows from the poor reproduction of the HI mass
function by this simulation, as discussed above (Marasco et al. 2016; Crain
et al. 2017). When using HI masses determined by halo membership for the
high-mass end, the discrepancy increases to ∼ 0.5 dex.

To determine the filaments that can be found with galaxies detected by
Apertif, we adopt the 4σ limit in HI mass derived above and exclude all
galaxies below this limit, resulting in a sample of 36,855 galaxies and 574
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Figure 5.4: HI mass - stellar mass relation from the galaxies in the EAGLE
simulation. The green dots show the galaxies whose HI mass has been
determined by Crain et al. (2016). The red line shows the observationally
determined relation given by Equation 5.3. The blue dots then show the
HI mass from galaxies at the lower stellar mass end which are randomly
distributed around the red line with a scatter of 0.52 dex.

filaments longer than 5 h−1Mpc that can be inferred from it. We will refer
to this sample of filaments as Apertif filaments and the sample described in
Section 5.4.1 as SDSS filaments.

5.5 Results and Discusion

Using the two filament catalogues from Section 5.4, we make a comparison
of the properties of the galaxies around the filaments and of the average
properties per filament. Finally, we determine the HI mass in galaxies below
the detection limit of Apertif to estimate how much HI mass can still be
detected with the same instrument by integrating along the filaments.
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5.5.1 Properties of filament galaxies

Since optical telescopes are sensitive to different galaxy properties than ra-
dio telescopes, they can in principle also trace different regions of the large-
scale structure. Here, we check if this also means that the cosmic web they
trace as a whole has different properties by selecting all the galaxies in the
EAGLE simulation within a radius of 0.5h−1Mpc from any of the filament
spines. The sample of SDSS filaments contains 17,932 galaxies in the sim-
ulation, whereas the Apertif filaments contain a total of 21,351 around the
spines longer than 5 h−1Mpc. This radius results in the probing of a volume
of 1954 and 3334 (h−1Mpc)3 for SDSS and Apertif filaments, respectively.
The distributions of the properties of these galaxies can be found in Fig. 5.5.

As can be seen, the filaments from both samples as a whole trace roughly
the same kind of galaxies. The distribution of stellar mass increases to-
wards lower masses, as expected. Interestingly, the distribution of HI mass
decreases from 108M� to lower mass. One possible explanation could be
that the filaments are feeding the HI content of the galaxies, preventing
lower HI mass galaxies from forming there. However, the limited resolution
in the simulation does not allow us to analyze this in more detail.

Most galaxies inside the simulation have zero star formation rate, or very
low star formation rate set to zero in the simulation, which is shown as the
sharp peak at the 0-1 M�/yr bin on the left side of the plot. However, the
filaments in the simulation do still contain hundreds of star forming galaxies,
where Apertif would find a bit more because it can trace more filaments.
The color of the galaxies found by looking around Apertif filaments also
tends to be a bit more blue, although the difference in the distribution
is small. Apertif filaments thus seem to be able to trace slightly younger
galaxies, as expected.

5.5.2 Average properties of filaments

While the difference in the properties of the complete sample of galaxies
around the two samples of filaments is negligible, Apertif and SDSS are
able to find different filaments. Therefore, we also show the properties of
the filaments themselves in Fig 5.6.

The filaments traced by galaxies that SDSS can detect might be longer. This
is a consequence of the more detailed information on the structure in the
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Figure 5.5: Distributions of the properties of galaxies traced by the fila-
ments based on the Apertif sensitivity (blue) and the SDSS sensitivity (red).
The stellar mass of all the galaxies within 0.5 h−1Mpc of the filament spines
is shown top left. The top right plot shows their HI masses. The middle
row shows the distribution of star formation rates and r-band magnitudes
for the galaxies and the bottom plot displays the distribution of their g-r
colors.
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larger sample of galaxies that define the Apertif filaments. Since the Apertif
sample contains more galaxies in the branches of the main filaments, the
filament finder tends to break up the longer filaments into slightly shorter
pieces. These might also be more recently formed filaments that contain
younger galaxies, whereas the bigger structures are likely to be older, con-
taining older and thus more red galaxies. A similar effect to that of the
different filament lengths can also be seen when looking at the mean over-
density inside the filaments, where the SDSS filaments are able to slightly
better trace the very high overdensities δ > 10. However, when considering
filaments with overdensities 0 > δ ≤ 10, Apertif is able to find significantly
more.

A small number of filaments in both samples are misaligned with the den-
sity field, or trace very weak filaments. Apertif finds a few more of these
because its filaments are inferred from more galaxies or because the galax-
ies and filaments it traces can be younger. This effect can be most clearly
seen in the distribution of the mean HI 21 cm brightness temperature sig-
nal, where Apertif finds more filaments with low signal, but overall it also
manages to find more strong filaments than SDSS would. Therefore, when
one is interested in detecting the emission from the IGM, it is best to infer
filaments from HI selected galaxies. This will mainly be useful for SKA.

The difference between the distribution of color of the galaxies found in
the filaments in Section 5.5.1 is more pronounced in the mean color of the
galaxies per filament. The Apertif filaments clearly find more blue, and thus
younger, galaxies within them. Do note, however, that most of the redder
galaxies found by SDSS filaments are also encompassed in the sample of
Apertif filaments, so the difference is mainly a consequence of the extra
filaments that an Apertif-based sample of galaxies is able to trace.

5.5.3 HI content of filaments

The HI content of the filaments can vary significantly from filament to fil-
ament. However, on average there is hardly any difference between the HI
contents found in filaments traced by SDSS and those traced by Apertif,
as far as this limited study can tell. Surveys that are sensitive to only the
brighter galaxies might show stronger differences than the ones considered
here. With the Apertif medium deep survey it will be possible to detect a
total HI mass in the galaxies per filament of log(MGal

HI /M�) = 10.3±0.5 with
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Figure 5.6: Distributions of the average properties of the filaments inferred
from the sample of galaxies from Apertif (blue) and those from SDSS (red).
The length of the filaments and the mean overdensities of the filaments are
shown in the top row. The second row gives the distribution of the mean
HI 21 cm signal of the filaments on the left and the mean r-band magnitude
per filament on the right. The bottom plot gives the mean g-r color.
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4σ or more significance for filaments traced by Apertif itself. This num-
ber becomes log(MGal

HI /M�) = 10.6±0.4 for filaments inferred from SDSS. As
was seen before, the difference between both filament samples is small, but
since the smaller sample from SDSS is more focused on the major struc-
tures of the cosmic web, the mean is also slightly larger. The distribution of
the total HI mass in galaxies per filament is shown in the left plot of Fig. 5.7.

Faint emission might not be detected by Apertif directly, but by tracing a
filament and integrating all the emission around it, it will still be possible
to detect a significant amount of hidden HI gas. The galaxies that Apertif
will be able to observe with a significance of 4σ to 1σ will contain an av-
erage HI mass per filament of log(MGal

HI /M�) = 9.2±0.4 in Apertif filaments

and log(MGal
HI /M�) = 9.5±0.4 in the filaments from SDSS. If it is possible to

go even deeper, there will still be HI contents of log(MGal
HI /M�) = 8.6± 0.4

(Apertif filaments) and log(MGal
HI /M�) = 9.0±0.5 (SDSS filaments) inside the

galaxies traced per filament below the 1σ detection threshold for individual
galaxies with Apertif.

For both samples, the IGM traced by the filaments contains an average HI
mass of log(MIGM

HI /M�) = 8.6± 0.5, as shown in the right panel of Fig. 5.7.
Since this is lower than the HI mass from galaxies that can be directly de-
tected by Apertif, it would not be able to distinguish between the integrated
emission from faint galaxies and that of the IGM. However, a more sensitive
telescope, such as the SKA, would be able to find enough faint galaxies to
bring their contribution down to below that of the IGM.

5.6 Conclusion

The large-scale structure of the Universe plays an important role in the for-
mation and evolution of galaxies. In this work, we used various methods to
study what kind of information can be obtained on the HI content of cosmic
web filaments. The 100 Mpc3 EAGLE simulation was used to obtain realis-
tic properties of filaments and their IGM, and we checked multiple ways of
inferring the location of filaments from the distributions of galaxies that are
representative of how this can be applied to observations with the Apertif
instrument at z = 0.05.
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Figure 5.7: Distributions of the average HI properties of the filaments
inferred from the sample of galaxies from Apertif in blue and those from
SDSS in red. The left panel gives the total HI content per filament of all
its galaxies within a distance of 0.5h−1Mpc from the spine. On the right, it
shows the distribution of the total IGM HI content of the filaments.

By applying the Bisous filament finder and the DisPerSE code to the same
sample of galaxies, we find that both codes manage to trace most of the
major structures in the simulation in a similar manner.

We then specifically focus on the Apertif medium deep survey. Within its
proposed survey area, it is already possible to find hundreds of filaments
based on the sample of SDSS galaxies alone. Apertif itself will be able to
detect more galaxies and thus more filaments.

We then applied the sensitivity of SDSS and Apertif to the galaxies in the
simulation to check for a difference in the properties of the filaments that
can be inferred with an optical/infrared survey versus an HI survey using the
HI 21 cm line. With these galaxy samples, we can infer ∼300 filaments with
SDSS and almost twice as many using Apertif. The properties of the galax-
ies inside the filaments follow roughly the same distribution between both
samples. The SDSS filaments find most of the major filamentary structures
in the simulation, but as a whole, the properties of the filaments that can
be found are similar to those that Apertif would be able to trace from the
galaxies it can detect. Apertif filaments can trace a population of slightly
more blue, or younger galaxies.

Within each filament, we find that there will be a significant amount of HI
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gas hiding below the detection limit of individual galaxies with the Apertif
medium deep survey. The faint galaxies between the 4σ and 1σ detection
thresholds of Apertif together contain an HI mass of ∼ 109M� per filament,
which is more than the HI gas that can be found in their IGM. By tracing
the filaments in the survey and integrating all the HI 21 cm emission around
their spines, the Apertif medium deep survey will thus be able to detect a
large amount of HI gas in the faint galaxies, even if it cannot detect the
galaxies separately.

This work can also be extended to higher redshift (e.g., z = 2-3), where
the star formation rate density of the Universe peaks. Since filaments can
provide galaxies with the fuel for star formation, it can be expected that
the difference in properties of filaments traced by infrared galaxies and HI
galaxies will be larger. These estimates can then be applied to existing
surveys that trace Lyman alpha emission or absorption to see what kind of
filaments can be traced from them. We plan to apply the methods described
here to studies using the Lyman alpha forrest to examine their ability to
trace the hydrogen content in the IGM and faint galaxies.
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Appendix 5.A Spatial filtering of IGM Emis-

sion with Apertif

Although point sources can be detected by the sensitivity of the full array
for a radio interferometer, the sparse sampling of the u,v-plane by a tele-
scope as Apertif causes some spatial filtering of diffuse emission. The main
loss in signal would occur on diffuse structures with scales larger than the
scale corresponding to the shortest baseline of the array. It therefore affects
both emission from the IGM and galaxies that cover an area on the sky
larger than the primary beam. The farther away the source, the smaller it
becomes on the sky and thus the smaller will be the signal loss.

To study this effect, we created dirty images of three of the filaments in
the simulation by convolving them with the point spread function (PSF)
of the WSRT, where we project the images to multiple redshifts (z = 0.02
and 0.05). We then clean them with the deconvolve task in the Common
Astronomy Software Applications package (CASA; McMullin et al. 2007)
using the Hogbom algorithm with a gain of 0.7 and 30,000 iterations. In
the top row of Fig. 5.8, the non-convolved images of the filaments are given,
whereas the bottom row shows the results after convolution and cleaning.
By integrating all the emission in between the black lines and dividing the
cleaned images by the value obtained in the original images, we find that
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the signal is decreased by a factor of ∼3-4 and ∼2 for z = 0.02 and 0.05,
respectively.

We note that the sidelobes in the Apertif point spread function cause the
bright spots in the images to completely dominate the fainter emission.
Therefore, even if there is some IGM emission just below the detection
threshold, it would be dominated completely by the brighter galaxies that
reside within the filaments. However, the resolution of the simulation is
limited and, therefore, some of the large structures in these images could in
reality be built up of smaller clumps of gas that cannot be resolved here.
We also performed the same calculation on a filament found in the higher
resolution 25 Mpc3 simulation box from the EAGLE suite. This filament
is shown in the most right column of Fig. 5.8 and in this case, the signal
loss at z = 0.02 decreases to a factor of ∼2. The exact effect of the spatial
filtering depends on the geometry of the diffuse emission, but clearly for the
larger scales in the IGM it cannot be ignored. With a telescope with more
and shorter baselines, the effect will be smaller, as was shown in Chapter 4.
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Figure 5.8: Deconvolution of simulated filaments. The top row shows the images directly from the simulation.
The bottom row shows the signal that is recovered after the images have been convolved with the WSRT beam
and after cleaning. The titles above the figures denotes the redshift to which the simulation was rescaled. The
final column shows a filament extracted from the 25 Mpc3 EAGLE simulation, which has higher resolution. In
all images, the black lines highlight an area with a width of 1 h−1Mpc around the interpolated spine of the
filament in order to help guide the eye.
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Chapter 6
Summary and future prospects

”There is a way out of every box, a solution to every puzzle;
it’s just a matter of finding it.”

Captain Jean-Luc Picard, 2370

Matter in the Universe is not distributed uniformly. Instead it has formed
an intricate pattern of nodes, sheet-like walls, filaments connecting it all
together and empty voids in between, collectively forming a characteristic
pattern known as the cosmic web. The diffuse gas outside of galaxies, con-
sisting mostly of hydrogen and helium, is referred to as the intergalactic
medium (IGM) and is most dense inside the filaments and nodes. The IGM
provides the environment in which most galaxies form and it can thus af-
fect their evolution. At the current epoch, the Universe is highly ionized
and only small reservoirs of neutral gas exist either in galaxies, or spread
throughout the tenuous IGM. This makes studying this gas very challeng-
ing and most detections thus far have been indirect ones. However, new
technological advancements are making it possible for telescopes to become
increasingly sensitive and new observational techniques are starting to allow
for experiments to measure the faint emission from the IGM in the large-
scale structures directly.

Intensity mapping is one such techniques. Instead of resolving all individ-
ual sources of emission, such as galaxies, an intensity mapping experiment
looks at all the emission in each resolution element. A dataset then con-
tains emission from any given source and by analyzing it statistically, it is
often possible to disentangle the different contributions to the total signal.
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This way, it makes it possible to reach very faint sources, such as low-mass
galaxies that would normally fall below the detection limit and also emis-
sion from the diffuse IGM. This thesis utilized intensity mapping and similar
techniques using either the Lyman alpha line or the 21 cm line of neutral
hydrogen (HI) in order to explore the capabilities of current and upcoming
instruments to measure and constrain the HI content of the IGM and faint
galaxies within large-scale filaments. Such a detection will be invaluable for
the understanding of the conditions within the IGM and its connection to
the formation and evolution of galaxies.

6.1 Conclusions

In this section, the main results and conclusions from each chapter are sum-
marized.

In Chapter 2, an experimental setup is proposed for mapping the Lyman
alpha line at redshift z < 3. Such maps can provide more information on
the large-scale spatial distribution of hydrogen gas in the Universe than a
galaxy survey would be able to. Using a cosmological N-body simulation
and assuming that the baryons follow the same distribution as the dark
matter density field, the emissivity of all sources of Lyman alpha emission
is determined. The objective of this work is to ascertain the requirements
of an instrument to be able to detect emission from galaxies and the IGM,
as well as the necessary resolution to separate these two components. The
separation would be achieved by masking all the pixels that contain bright
galaxies. Therefore, a complementary survey needs to be able to resolve
these bright sources. It is found that the next generation of space based
instruments in the ultraviolet (UV) regime can achieve the required sensi-
tivity to perform such an experiment.

The foundation for the rest of the thesis is laid out in Chapter 3. This
chapter provides a detailed description of the model of the relevant ioniza-
tion, heating and cooling processes for hydrogen and helium gas, in order to
determine the strength of the HI 21 cm signal in the IGM from an N-body
simulation, assuming that the baryon density follows the density of dark
matter. The same model is also used in Chapter 2. This chapter also con-
tains a description of how the simulation is used to look for filaments similar
to those that can be inferred from optical galaxy surveys and it is proposed
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to integrate all the HI 21 cm emission within single filaments in order to
achieve a detection at z = 0.1. It is shown that the strongest filament signals
can be detected within reasonable integration times for a number of current
and upcoming radio telescopes when the filament is aligned along the line
of sight. Furthermore, telescopes that have large fields-of-view or large-area
surveys can be used to trace many filaments, removing the need for them
to be aligned. Based on the model presented here, it is found that optical
galaxy surveys can help locate and mask a sufficient amount of galaxies from
the data in order to bring the contamination due to faint galaxies down to
the ∼10 per cent level.

Chapter 4 focused on the most sensitive of the telescopes considered in
Chapter 3, the Square Kilometre Array (SKA). In this case, a more realistic
simulation was used that includes the relevant astrophysical processes, such
as heating due to shocks and local sources, the uncertainty in the cosmic UV
background emission, as well as an estimation for the effects of spatial fil-
tering from the telescope on the signal of a filament. The result was a mean
filament signal ∼ 10−100 times lower than that found in Chapter 3. How-
ever, by using inferred filaments from existing galaxy redshift surveys, it was
found that a small sample of filaments in the redshift range z ≈ 0.01−0.03
can still be detected by a telescope as powerful as the SKA. Once its second
phase becomes operational, it will become possible to probe many more fil-
aments, allowing for a statistical study of the conditions within the IGM in
filaments.

Finally, Chapter 5 investigates the possibility of probing the emission from
faint galaxies by tracing filaments in the same way used for the IGM in
Chapters 2 and 3. Here, a comparison was made between a radio HI survey,
such as the Apertif medium deep survey and an optical/infrared galaxy sur-
vey, such as the Sloan Digital Sky Survey (SDSS) in their ability to trace
the cosmic web at z = 0.05. The work in this chapter shows that SDSS is
able to trace the major features, whereas Apertif can find almost twice the
amount of filaments and also traces a larger population of relatively young
galaxies. No significant differences in the properties of the inferred filaments
were found, however. Furthermore, when integrating the emission from faint
galaxies just below the detection limit of Apertif, such a survey can probe
an HI content of the same order of the HI mass in the IGM. Therefore, even
if an HI survey does not have the required sensitivity to detect the signal
from the IGM, it will still be able to measure a considerable amount of gas
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by integrating the emission along filaments using the methods described in
this thesis.

6.2 Future work

The work presented in this thesis still leaves open various other avenues to
explore or improve upon the estimates presented here.

In the first chapter, the model that was used to determine the Lyman alpha
emissivity assumes that the baryons follow the dark matter density field
directly in order to calculate the neutral fractions and gas temperature. As
discussed in Chapter 4, there are many astrophysical processes that affect
the HI density and gas temperature within the IGM that were not included.
The extra sources of heating would increase the gas temperature and conse-
quently decrease the hydrogen recombination rate, resulting in the emission
of fewer Lyman alpha photons. At the same time, the number of emitted
Lyman alpha photons due to collisional excitations increases with the tem-
perature. Any local increase in the density will also result in the emission of
more Lyman alpha photons. A more advanced hydrodynamical simulation
would help to obtain better estimates for the additional processes affecting
the emissivity of Lyman alpha photons.

Similarly, the limited resolution of the simulations also affects the estimates
made in this thesis for the intensity of the HI 21 cm line. Higher resolution
simulations that include the same, or more, detailed astrophysical effects
are required to get a more accurate representation of reality. However, a
significantly large volume, such as the 100 Mpc3 simulation box used in
Chapters 4 and 5, is necessary in order to still find a large enough sam-
ple of filaments. Increasing the resolution to the required level in such a
large volume is computationally very expensive. The simulations adopted
in Chapters 4 and 5 therefore represent the limit of what can currently be
performed on the theoretical side.

The biggest source of advancement for constraining the properties of the
IGM will be the onset of the large-volume surveys with high sensitivity.
In the coming years, many surveys, such as the Apertif medium deep sur-
vey and new space-based UV telescopes, will start observing and provide a
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wealth of new data to be exploited. The methods described in this thesis
will have to be applied to the data from each survey. If a detection is made,
this will provide the most direct constraints on the conditions within the
IGM, or of the faint galaxies dominating the signal for the less sensitive
telescopes. A non-detection will also provide new constraints, and make it
necessary to adjust the adopted models. The Five hundred meter Aperture
Spherical Telescope (FAST) could potentially be used to obtain an early
detection of the integrated HI 21 cm signal from large-scale filaments in
the local Universe. The SKA will start operation within the next decade
and will be the most likely telescope to allow for a more significant detection.

The work presented here can furthermore be applied to surveys targeting
higher redshifts, z∼ 2−3. At these redshifts, the Universe is less ionized and
therefore filaments should be able to trace more HI emission from the IGM.
The signal of the IGM in filaments will be more difficult to probe in this
case, since the telescope noise increases more rapidly than the neutral frac-
tion would. However, the integrated emission from faint galaxies will still
provide new information to be studied, as was shown in Chapter 5. Addi-
tionally, the global star formation rate at these redshifts is at its highest and
it can therefore be expected that the properterties of filaments traced by
optical/infrared or HI 21 cm line selected galaxies will be different. A com-
parison in the ability to trace the HI content in filaments between HI surveys
and surveys measuring absorption features of the Lyman alpha forrest in the
spectra of quasars can then also be made. Furthermore, cross-correlations
between surveys targeting the cold IGM and those aiming to detect the
warm hot intergalactic medium could be explored to potentially help pro-
vide additional constraints on the large-scale structure and the conditions
in the IGM.
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Samenvatting

Wanneer we de verdeling van materie in het huidige universum op de groot-
ste schalen bekijken, zien we een ingewikkeld patroon van knooppunten, aan
elkaar verbonden door draadvormige filamenten, met grote leegtes er tuss-
enin, zie figuur 1. De filamenten en hun knooppunten zijn de gebieden met
de grootste dichtheden in het universum. In het geheel lijkt hun patroon op
een spinnenweb en het wordt daarom ook wel het kosmische web genoemd.
De meeste sterrenstelsels worden gevormd in filamenten. Al het gas buiten
de sterrenstelsels wordt het intergalactische medium genoemd (IGM). Gas
in het IGM bestaat voornamelijk uit waterstof en helium. Het IGM in de
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Figuur 1: Het kosmische web in een simulatie. De dichtheid in het IGM
is hoger in de donkere pixels.
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filamenten kan de evolutie en formatie van de sterrenstelsels bëınvloeden.
Via de filamenten kan een nieuwe voorraad gas naar de sterrenstelsels wor-
den getransporteerd. Met dit gas kunnen sterren worden gevormd. Om
de formatieprocessen van sterren en sterrenstelsels beter te begrijpen is het
belangrijk om de eigenschappen van het gas te bestuderen.

Door de hoeveelheid van het neutrale gas te meten wordt het mogelijk om
de temperatuur en de ionisatietoestand in het IGM te bepalen. Echter, het
hedendaagse universum is sterk geioniseerd. De voorraad met neutraal gas
bevindt zich voornamelijk in sterrenstelsels, maar is ook verspreid door het
diffuse IGM in de filamenten. Door de hoge ionisatiegraad is de dichtheid
van het neutrale gas laag, wat het moeilijk maakt dit gas te vinden. De
meeste observaties van het IGM zijn dan ook indirecte geweest of waren
gericht op het geionizeerde gas. In de afgelopen jaren zijn er gevoeligere
telescopen beschikbaar gekomen en door gebruik te maken van nieuw on-
twikkelde technieken begint het nu mogelijk te worden om het IGM recht-
streeks te detecteren.

Het doel van dit proefschrift is om te bepalen of huidige en aankomende in-
strumenten de temperatuur- en ionisatietoestand in het IGM kunnen meten.
Bovendien wordt er gekeken naar de mogelijkheid om het neutrale water-
stofgas in de sterrenstelsels met lage massa in filamenten waar te nemen
die normaal gesproken te zwak zouden zijn voor een individuele detectie.
Experimenten waarmee dit zou kunnen worden gedaan maken gebruik van
sterke emissielijnen in het spectrum van neutraal waterstof.

De Lyman alpha emissielijn van neutraal waterstof wordt uitgestraald op
ultraviolette (UV) golflengtes en wordt besproken in hoofdstuk 2 van dit
proefschrift. In dit hoofdstuk worden de benodigdheden gepresenteerd voor
een experiment waarmee Lyman alpha-emissie van het IGM en sterrens-
telsels in kaart kan worden gebracht. Hiermee kan de grote schaal structuur
beter worden bestudeerd dan mogelijk is met conventionele observaties van
sterrenstelsels. Ook wordt bepaald wat de benodigde gevoeligheid en resolu-
tie is voor een experiment om de signalen van het IGM en de sterrenstelsels
te scheiden. Het werk in dit hoofdstuk laat zien dat de aankomende gener-
atie van UV ruimtetelescopen een dergelijke observatie mogelijk zal maken.

Voor de emissielijn van neutraal waterstof met een golflengte van 21 cm is
een radiotelescoop nodig. In de resterende hoofdstukken van dit proefschrift
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wordt een methode toegepast waarbij de positie aan de hemel van de fila-
menten eerst wordt bepaald met behulp van de al vooraf gemeten posities
van sterrenstelsels, waarna het 21 cm signaal van het IGM en de zwakke
sterrenstelsels kan worden gemeten door alle emissie in een filament samen
te integreren. In hoofdstuk 3 wordt een model beschreven waarmee het
signaal van een filament met behulp van simulaties kan worden berekend.
Er wordt aangetoond dat een aantal radiotelescopen in staat zullen zijn om
de filamenten op deze manier te detecteren. Als het zichtsveld van de tele-
scoop groot genoeg is wordt het zelfs mogelijk om het signaal van meerdere
filamenten te detecteren, ongeacht hun oriëntatie.

In hoofdstuk 4 worden de methodes uit hoofdstuk 3 in meer detail toegepast
op de Square Kilometre Array (SKA). Dit is een toekomstige radiotelescoop
en de meest gevoelige van de telescopen die zijn besproken in hoofdstuk 3.
Hierbij wordt gebruik gemaakt van een realistische simulatie die belangrijke
astrofysische processen toepast, zoals verhitting van het gas door schokken
en lokale verhitting door de straling van sterrenstelsels. Daarnaast wordt
de onzekerheid in de intensiteit van de kosmische UV achtergrondstraling
besproken. Dit resulteert in een 21 cm signaal wat een factor ∼10 - 100 lager
is dan de waarde die wordt gevonden in hoofdstuk 3. Desondanks zal een
telescoop met de gevoeligheid van de eerste fase van de SKA het mogelijk
maken om een handvol nabije filamenten te detecteren met behulp van gein-
tegreerde 21 cm straling. Als de tweede fase van de SKA beschikbaar komt,
zal het mogelijk zijn om de condities in het IGM in filamenten statistisch
nauwkeuriger vast te stellen.

Tot slot worden in hoofdstuk 5 dezelfde methodes toegepast om te bepalen
hoeveel emissie van zwakke sterrenstelsels kan worden gevonden door de fil-
amenten te volgen. In dit hoofdstuk wordt een vergelijking gemaakt tussen
radio observaties met de ”Apertif medium deep survey” en observaties op
optische/infrarode golflengtes met de Sloan Digital Sky Survey (SDSS) in
hun vermogen om het kosmische web op te sporen. Dit laat zien dat SDSS
voornamelijk de meest duidelijke structuren weet te vinden, maar met Aper-
tif kunnen bijna twee keer zoveel filamenten worden gevolgd en daarmee
ook een grotere populatie van relatief jonge sterrenstelsels. Door de 21 cm
emissie van alle zwakke sterrenstelsels in deze filamenten te integreren wordt
het mogelijk om een grote hoeveelheid gas te vinden die anders verborgen
zou zijn in de ruis.
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博士論文概要

観測可能な宇宙全体において、そこにある銀河やガスなどの物質は様々
な形状を取っていることが明らかになってきた。それは塊 (銀河団な
ど)であったり、比較的薄くかつ広い面積を占める「壁」であったり、
それらを繋げる繊維(フィラメント)のようなものであったりする。そし
て、それらの合間には、ほぼ何も存在しない ”void”と呼ばれる空間も
また存在する。銀河などを結ぶ「コズミックウェブ」は、フィラメン
トの形成する広域な形が蜘蛛の巣に似ているため、そう呼ばれている
(Fig. 2)。銀河はこうしたフィラメント内に誕生することが多い。銀河
外に放出されたガスは銀河間物質(IGM)と呼ばれる。大きなフィラメン
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Fig. 2: シミュレーション内のコズミックウェブ。濃色のピクセルによ
り、IGM内の高密度が示されている。
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トが含むIGMはほとんどが水素とヘリウムで形成されており、ガスの
交換を通して銀河の進化に影響を与える。さらに、フィラメントから銀
河に流入するガスは銀河内の星形成を引き起こすこともある。現在、宇
宙全体は高度にイオン化されており、イオン化されていないガスの貯蔵
は銀河内、あるいは希薄なIGM内にあるのみである。イオン化されて
いないIGMは密度が低く、測定するのは容易ではない。しかし、技術
の進歩により望遠鏡の感度は上がりつつあり、新しい観測方法を用いる
ことで中性ガスで構成されたIGMからの微弱な輝線の観測も可能にな
りつつある。

この論文では現在行われているサーベイと近い将来行われる予定のサー
ベイが、IGMの温度とイオン化状態をどこまで明らかにし、広域フィ
ラメント内に存在する低質量銀河の含む水素量とそれらの紫外線放射率
をどこまで測定できるかを推定する。このような検出はIGM内部の物
理状態や、それらの銀河の誕生と進化との関係を把握するのに非常に貴
重な知識となる。これらの観測では水素ガスの紫外線波長でのLyman-
alpha線や、水素ガスの電波波長での21cmの輝線を利用したフィラメン
トのマッピングが用いられる。微弱な放射をどうやって測定するかに
ついて、この章では21cm の輝線を利用した方法を提示する。既存観測
データを用い、明るい銀河が存在することが確認されている場所をた
どってフィラメントの存在をまず把握し、そこから微弱な光を放つ銀河
やIGMからの微弱な放射を、推測されたフィラメントに沿って統合し
て測定する、という方法である。

第 2 章では intensity mapping と呼ばれるLyman-alpha線をマッピングす
るための観測セットアップを提案する。このようなマップを使用するこ
とで、宇宙の含む水素ガスの広域な分布に関して、銀河サーベイを使用
するより多くの情報を得ることができる。ここでの目標は、銀河からの
放射IGMからの放射を共に検出するためにはどのような装置が必要な
のかを把握し、さらにこの二つの成分を区別するために必要な感度と分
解能を計算することである。銀河からの放射とIGMからの放射を区別
するためにはデータ中の明るい銀河を含むピクセルを全てマスクする必
要があり、そのため、これらの明るい銀河を計測するための補足的な
サーベイが必要となってくる。この章では、次世代の紫外線望遠鏡が有
すると期待される感度によりこのような測定が可能になることを示す。

第 3 章ではこの論文の後半の基盤となる部分をまとめてある。IGMが
含む水素の「21cmのシグナル」のモデルを紹介し、シミュレーション
を使って現実的な大規模フィラメントを探す方法を紹介する。z = 0.1
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での検出を可能にするため、各フィラメント内の21cmの放射を重ね合
わせることを提案する。フィラメントが視線方向を向いた場合に限られ
るが、近い将来建設される望遠鏡や既存望遠鏡のいくつかは、フィラメ
ント内の21cm放射強度が最も強い場合には妥当な時間内にそれが検出
可能であるということを示した。さらに、視野の広い望遠鏡や広域サー
ベイを用いれば多数のフィラメントをトレースできることから、先の
フィラメントと視線方向が一致するという仮定を置かなくても、検出可
能であることを明らかにした。

第 4 章では第 3 章で取り上げた望遠鏡の中で一番感度の高いSquare
Kilometer Array (SKA)に焦点を当てた。ショックやローカルな熱源
（AGNや銀河）による加熱など、現実的な天体物理的プロセスを含ん
だシミュレーションを利用し、宇宙紫外線背景放射の輝度の不確実性も
考慮した。これにより、フィラメントからの平均シグナルが第 3 章で
提示したものより十分の一から百分の一程度となった。しかし、既存銀
河赤方偏移観測から想定されるフィラメントのデータを利用すること
で、SKA のような強力な望遠鏡なら付近に存在する少数のフィラメン
トでも観測が可能なことを明らかにした。SKA の次段階が利用可能に
なればさらに多くのフィラメントをプローブできるようになり、フィラ
メント内のIGMの環境を統計的に調査することも可能になる。

第 5 章では第 2 章や第 3 章でIGMに使われた方法を用い、微弱な光を
放つ銀河からの放射を、フィラメントを追跡する形で観測できるかを評
価した。ここで比較したのは、Apertif medium deep survey のように電
波望遠鏡を使ったサーベイと、Sloan Digital Sky Survey (SDSS)のよう
に光学／赤外線望遠鏡を使ったサーベイが、どのように、どこまでコ
ズミックウェブを追跡できるかである。結果、SDSSは大まかな形をト
レースすることができるが、Apertif はその倍ものフィラメントを見つ
けることができ、比較的若い銀河も多くトレースできることが分かっ
た。さらに、通常であればノイズが隠してしまう微量な水素ガスも、検
出限界を少々下回る微弱な光を放つ銀河からの放射を重ね合わせること
でApertifでは測定できることを示した。

最終章では、全体のまとめと、将来の展望について述べた。
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