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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



6.2: Future work 159

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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