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INTRODUCTION

Since the dawn of time, we have tried to understand the world around us. What
lies beyond the trees, beyond the mountains, beyond the seas, beyond the stars.
Now, while we know more than ever before, we understand better than ever be-
fore how little we know. A clear example of this is the matter-energy content
of the Universe: the ordinary matter amounts only to ∼ 5%. Dark matter is ex-
pect to fill ∼ 26% of the Universe, yet its nature keeps eluding us. Even more
mysterious is the dark energy (∼ 69% of the matter-energy content), forcing
the Universe to expand at an ever-accelerating speed (as far as we currently
understand). But in addition to these enigmatic and unknown elements, in the
local Universe we are missing half of the ordinary matter as well. From all the
matter and energy content in the local Universe, we can directly observe less
than 2.5%!

Since the late 1990’s, this issue has been known as the missing baryons
problem. The fraction of baryons in the Universe is very well constrained
by Planck observations of the density fluctuations in the cosmic microwave
background (CMB). However, despite several attempts to ascertain the cosmic
baryon mass budget contained within different astrophysical structures, such
as stars, galaxies and gas, every census has fallen short by 30%− 50%.

The question of the missing baryons is the main problem tackled in this
thesis. Earlier works with simulations have suggested that the missing baryons
reside within cosmic filaments, in a state of warm-hot intergalactic medium
(WHIM). The diffuse nature of this WHIM makes observations challenging,
as it requires extremely sensitive instruments, at the very limit of our technical
capabilities. Moreover, WHIM observations are generally carried out in the
far ultra-violet (FUV) and X-ray bands. Since (luckily for life) our planet’s
atmosphere absorbs radiation in these wavelengths, instruments must be placed
onboard space telescopes. Naturally, the limits on size and weight for sending
instruments to space further hinder their ability to detect weak absorption or
emission systems. Given the difficulties, it is essential to devise methods to
optimise observational projects.

The main aims of this doctoral work were to first characterise the hot inter-
galactic medium, and subsequently study the feasibility of using the O VII ion
absorption to trace these missing baryons. The rationale for using O VII comes
from the temperatures of the hot WHIM. At log T (K) = 5.5 − 7 , elements
lighter than Oxygen are nearly completely ionised, rendering them virtually in-
visible. On the other hand, at these temperatures O VII is the dominant Oxygen
ion. Thus, assuming a spatial collocation of the missing baryons and the O VII

ions, it is possible to infer the amount of missing baryons within the cosmic
web by measuring the density of the intergalactic O VII.
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In order to circumvent the observational challenges, to achieve our goals
we used the modern hydrodynamic simulation EAGLE. Given that previous
works predicted that the WHIM is located within cosmic filaments, we applied
filament finding methods to the simulated data. These methods are algorithms
created to detect the filamentary pattern of the cosmic web. While the filaments
are often easily detectable by eye, a proper characterisation of the cosmic web
is not straightforward. Thus, a wide range of methods have been developed,
most commonly using galaxies or matter density fields to trace the large-scale
structure. While a number of methods are focused on the filaments alone, some
are designed to detect other features of the large-scale structure as well. These
are the nodes, dense concentrations of gas and galaxies, walls, tenuous planar
structures surrounding the voids, which are low-density regions almost devoid
of galaxies and gas.

The filament finding methods applied in this work were the Bisous and
NEXUS+. Whereas Bisous uses galaxies to trace the filamentary network,
we used NEXUS+ with the dark matter density field to detect all the different
components of the cosmic web. Since neither of the methods were designed to
trace the intergalactic medium, any result obtained using these filament finders
would be, to some extent, independent from the method. A positive correlation
between the filaments and the hot WHIM would, indeed, aid significantly in
the search of the missing baryons. Moreover, if the filaments are found to be
filled with O VII ions, the next generation of X-ray instruments ought to be
able to trace the hot gas within filaments via the ionised Oxygen.

This thesis is divided into four different chapters. Chapter 1 gives an
overview of the scientific background, describing the current observational
and theoretical status of both the missing baryons and the cosmic filaments.
Chapter 2 describes the simulation, observational data and different methods
used in the publications. Chapter 3 presents a comprehensive overview of the
key results obtained in the published papers. Finally, Chapter 4 states the main
conclusions and challenges, and takes a look into the future.

10



CHAPTER 1
BACKGROUND

During the final decade of the last century it became increasingly obvious that
something was missing. Attempts to derive the baryon budget in the local Uni-
verse from different observations kept falling short of the total cosmic baryon
budget (e.g. Fukugita et al. 1998). Finally, the question of the missing baryons
gained traction with the consequential work of Cen & Ostriker (1999), titled
"Where are the baryons?". In their work, the authors ran a large-scale simula-
tion to obtain an understanding of where the missing baryons could be found.
They concluded that a significant fraction of the baryons reside in the inter-
galactic medium (IGM), in an ionised and diffuse state within cosmic filaments
(see Fig. 1.1). Understanding this warm-hot intergalactic medium (WHIM)
and producing predictions to aid in the search of it are the main goals of this
thesis.

1.1 Baryons

The term baryon is used as an umbrella expression to describe all of the ordi-
nary matter, from which stars, planets and ourselves are made of. Specifically,
in the standard model of particle physics, a baryon is a particle composed of
an odd number of quarks, such as protons and neutrons (three quarks each).
Thus, every atom in the Universe is composed of both baryons and electrons,
with neutral Hydrogen having one of each. However, when studying the mass
content of the Universe, it is convenient to consider only the baryons due to
their large mass: a proton is 10 000 times more massive than an electron. Ulti-
mately, the sum of all the baryons within atoms as well as free baryons equals
to the total mass of the ordinary matter in the Universe.

1.1.1 Observing baryons

In order to observe the baryons, they must interact with light. This is obvious
when looking around us. We see things (i.e. baryons) as they interact with light
in the visible part of the spectrum. In a similar way, different instruments can
be used to detect baryons interacting with light at different frequencies of the
spectrum, from radio up to gamma-rays. Ideally, one should be able to infer the
baryon content in the Universe by observing baryonic systems throughout the
spectrum. The total baryon content could then computed by summing together
the baryon fractions from individual contributions.

Several such baryon budgets have been calculated for different redshifts,
revealing the baryon distribution at different moments in the evolution of the
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Figure 1.1: Simulation output showing the distribution of the WHIM filling
the large-scale structure of the Universe. Source: Cen & Ostriker (1999).
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Universe (e.g. Persic & Salucci 1992; Fukugita et al. 1998; Shull et al. 2012,
and references therein). The baryonic matter in galaxies can be computed from
the luminosity of their stars, together with signatures of dust and gas in their
spectra. Gas around galaxies in groups and clusters is often dense enough to
emit radiation, thus being readily observable. Absorption signatures in bright
background sources can also reveal intervening structures (see Fig. 1.2 for an
example of X-ray absorption within filaments). At higher redshifts the IGM
is observed through Lyman α absorption, as Hydrogen clouds are ionised by
background radiation. This gives a baryon content in agreement with CMB
observations and theories of Big Bang Nucleosynthesis (BBN).

In the low redshift Universe, however, a significant fraction of the IGM has
been heated to very high temperatures, within the range of log T (K) = 5− 7
(see Section 1.2.2 for the heating of the WHIM). These extreme temperatures
have caused the baryons to be in a state of ionised plasma. Almost all of the
Hydrogen and Helium, the two most common elements in the Universe, have
lost their electrons, becoming virtually invisible or leaving only weak absorp-
tion signals in the spectra of bright background sources. However, heavier
elements are able to retain their electrons and can act as proxies to trace the
bulk of the baryons. For determining the baryon content through the observed
density of metal ions we must know what portion these ions take from the total
baryon density. For this, we need to estimate the ion fraction (i.e. what fraction
of the element is in the observed state of ionisation) as well as the metallicity,
that is, the ratio between the observed element and Hydrogen. Neither of these
requirements are easily met. In addition, the extremely low density of the in-
tergalactic medium makes it very challenging to detect the absorption signals.
The warm phase of the WHIM (log T (K) = 5 − 5.5), has been successfully
traced by ions in the UV range, such as C IV (three times ionised Carbon) or
O VI (five times ionised Oxygen), and thermally broadened Lyman α absorp-
tion (e.g. Danforth et al. 2016). The hot phase (log T (K) = 5.5−7 ), however,
has proven more challenging to detect, as the ions are on the X-ray range (see
Fig. 1.3 for an example of an O VII absorption signature). While background
active galactic nuclei (AGN’s) remain bright in X-rays, their intensity is much
lower than at the UV range, requiring the X-ray ions to have higher column
densities. Only a handful of detections have been reported, many of which
tentative (see Nevalainen et al. 2019; Nicastro et al. 2022, for reviews on re-
cent observations). This observational challenge has rendered the hot WHIM
mostly undetected, making it a good candidate for the missing baryons.

While absorption signals from individual absorbers remain scarce, Kovács
et al. (2019) obtained a statistically significant O VII absorption signal by
stacking the observed spectra with itself. This was achieved by assuming
co-existence of O VII with prior UV ion detections by Tripp et al. (1998). The
observed X-ray spectra was shifted according to the known redshifts given by

13
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Figure 1.2: Line of sight towards the blazar H2356-309 (red horizontal lines),
with the perpendicular purple lines indicating the locations of two Chandra
X-ray absorption lines (Zappacosta et al. 2010; Fang et al. 2010). The colour
scheme indicates the luminosity density field (LD, see Section 2.4.1 for a de-
scription) for 1.4 Mpc thick slices around the line of sight in two orthogo-
nal directions (x and y). The contours indicate a LD limit of LDbj ,min =
0.05×1010L⊙Mpc−3. Plus signs are filamentary galaxies. Source: Nevalainen
et al. (2015).

the UV systems, and subsequently stacked to reveal an absorption line
at the O VII wavelength.

In addition to detecting the IGM through absorption, it is possible to ob-
serve it via emission or the thermal Sunyaev-Zel’dovich (tSZ) effect. The tSZ
relies on the free electrons in the plasma. The CMB radiation passing through
a hot plasma experiences inverse Compton scattering, with photons receiv-
ing energy from the free electrons. The observed CMB spectra then shows a
displacement towards higher frequencies, revealing the direction of the inter-
vening plasma (the tSZ is redshift independent, it does not reveal the distance
to the gas). Assuming that the tSZ signal originates from filaments, Tanimura
et al. (2020a) compared the Compton y map from the Planck collaboration
(Planck Collaboration et al. 2016b) with the filament catalogue created by
Malavasi et al. (2020). By stacking the Compton y map at the positions of
the filaments they were able to detect a previously unobserved tSZ signal, in-
dicating that the filaments indeed are filled with hot plasma.

Emission, on the other hand, works in an opposite manner to absorption:
photons are emitted from the intergalactic metals. While it does not require a
background source, the WHIM densities are so low that for individual systems
the emission is more challenging to detect than the absorption. Indeed, by
stacking the same filaments as for the tSZ, Tanimura et al. (2020b) detected
a statistically significant signal of X-ray emission attributed to the WHIM.

14



Figure 1.3: Stacked spectra of H 1821+643 around the rest-frame wavelength
of O VII. The spectra was redshifted and stacked 17 times according to prior
absorption line detections of UV ions. Source: Kovács et al. (2019).
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Recently, Tanimura et al. (2022) used eROSITA data to detect the WHIM using
only a fraction of the filaments from previous works.

Thus, currently absorption, emission and tSZ require the stacking of spec-
tra or filaments to uncover the signal originating from the hot WHIM. This
inevitably results in obtaining a mean value for the metal or electron densi-
ties, which could be biased towards low or high densities. The aim of this
doctoral work was to provide observational tools and predictions to detect in-
dividual absorbing systems via X-ray detections. For this end we studied the
baryons within the cosmic web using a state-of-the-art hydrodynamical simu-
lation, EAGLE (described in Section 2.1.1).

1.2 The Cosmic Web

The baryons described above are not randomly distributed in the Universe. On
large scales, they follow a complex pattern of clusters, filaments, sheets and
voids, known as the cosmic web (e.g. Jõeveer & Einasto 1978; Bond et al.
1996). Clusters are dense concentrations of gas and galaxies, filaments are
elongated strands connecting clusters, sheets are tenuous walls of baryons di-
viding voids, which are large, empty regions that fill most of the volume of
the Universe (see Fig. 1.4). On the largest scales, this pattern is expected to
be homogeneous and isotropic, meaning that matter is distributed uniformly
and symmetrically across all directions. In other words, changing the posi-
tion of the observer would not change the geometry and matter distribution of
the observed Universe. These are the basic assumptions upon which rests the
standard cosmological model, the Lambda Cold Dark Matter (ΛCDM) model.
The model describes the observed Universe from soon after the Big Bang until
the present time (albeit with some caveats). At present time, the Universe is
dominated by dark energy (69.2% ± 1.2% of the energy content Universe), a
non-zero vacuum energy described with the cosmological constant Λ, and dark
matter (25.9% ± 1.2% of the Universe), an unknown substance that interacts
with baryons and radiation only through gravity (Planck Collaboration et al.
2016a). The remaining 4.84% ± 0.04% are the baryons we are (ideally) able
to directly observe. Notably, the small errors are an indication of how well
these values are constrained by the Planck observations.

As the evolution of the cosmic web is driven by the gravitational collapse
of initial density perturbations, it is dominated by the dark matter. Moreover,
as dark matter does not interact with radiation, it started immediately forming
structures. During the first ∼ 380 000 years the Universe was dominated by
radiation, and interactions with photons kept the baryons in a hot, ionising
plasma. Thus, when baryons finally decoupled from radiation, their structure
formation was enhanced by the pre-existing potential wells of the dark matter,
leading to the large-scale structures we observe today. At the same time, the
Universe became optically thin, allowing photons to travel freely. This last
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Figure 1.4: The cosmic web, as observed by the SDSS galaxy survey. Each dot
is a galaxy, showing the g − r colour of that galaxy. The two black areas are
shaded by the plane of our own galaxy. Image Credit: M. Blanton and SDSS
(https://www.sdss.org/).
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scattering surface is the cosmic microwave background (CMB) we observe
today.

Perturbations in the matter (both dark and baryonic) density field can be
described with a dimensionless density contrast δ:

δ(x) =
ρ(x)
ρ

− 1, (1.1)

where x are the co-moving coordinates of the perturbation with density ρ(x),
and ρ is the mean density of the Universe. At present time, the mean baryon
density of the Universe corresponds to ρb = 6.18 × 109M⊙/Mpc3 = 4.41 ×
10−31g/cm3, where M⊙ is the solar mass. The mean density is sometimes
expressed in terms of Hydrogen number density, nH = 1.88× 10−7 cm−3.

Given the assumptions on homogeneity and isotropy, at large scales the
structure formation can be described with a fluid approximation. Moreover,
the initial conditions of this fluid are well approximated by a Gaussian random
field, which can be characterised by its power spectrum:

P (t, k) ∝ kns , (1.2)

with t being time, k the wave number and ns the spectral index of the power
law. The effectiveness of the power spectrum is that, in the linear regime, the
power spectrum at any given time can be related to the initial power spectrum
via a (model dependent) transfer function. And the initial power spectrum, in
turn, can be derived from CMB observations, which give it a spectral index
of ns = 0.968 (Planck Collaboration et al. 2016a). What the power spectrum
represents, in essence, is the amount of structure within a given scale λ ≃
2π/k. This is explained by the fact that the power spectrum is the Fourier
transform of the two-point correlation function of the density field, defined as:

ξ(x) = ⟨δ1δ2⟩, where x = |x1 − x2|. (1.3)

As ξ is dependant only on the distance between two perturbations, it probes
the scales of the most prominent perturbations. These perturbations, imprinted
in the CMB, evolved to form the large-scale structures we observe today, dom-
inated by the dark matter (see Figure 1.5 for the dark matter distribution in
the EAGLE simulation). This evolution can also be described with the power
spectrum, using a model-dependant transfer function.

However, once the local density contrast approaches unity δ ∼ 1 (i.e ρ ∼
2ρ), the evolution of the perturbations begins to deviate from the linear regime.
At this point, analytical description of the structure formation is no longer
straightforward. Indeed, at present time clusters, filaments and sheets are all in
the non-linear regime.

18



Figure 1.5: Projection of the dark matter density within the EAGLE simula-
tion, in a 5 Mpc thick slice. The colour scale is presented in terms of density
contrast ∆ = δ + 1 = ρ/ρ.
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Structures like galaxies, groups and clusters can be characterised by the
virial theorem: gravitation-driven spherical collapse is halted by internal pres-
sure, resulting in hydrostatic equilibrium. Collapsed structures can be iden-
tified by their virial radius, defined as the boundary within which the density
is 200 times the critical density, i.e. ρvirial = 200ρc. The critical density
is given by ρc = 3H2/8πG, the density of a flat, matter-dominated universe
(Einstein-de Sitter model).

Still, most of the baryons reside in the intergalactic medium, beyond the
virial radius of collapsed structures. While densities within groups and clus-
ters of galaxies are high, observational evidence suggests that the intra-cluster
medium (ICM) contains only approximately 4% of the baryon budget (Shull
et al. 2012). This can be explained by the very small volumes they cover,
< 1% of the total volume (computed from cosmological simulations, Cautun
et al. 2014; Ganeshaiah Veena et al. 2019). On the other extreme, Ganeshaiah
Veena et al. (2019) found that voids and sheets cover ≈ 94% of the volume,
but only ≈ 45% of the baryon gas. While some of this gas is contained within
isolated galaxies, the bulk of it is in the form of very diffuse and cool gas, ob-
servable via photoionised and broadened Lyα absorption (Shull et al. 2012).
The remaining half of the baryons are located in the filaments, in the form of
warm-hot intergalactic medium. Since the observational status of the WHIM,
especially the hot phase, is unresolved, focusing on filaments is essential in the
search for the missing baryons.

1.2.1 Filaments

Filaments are some of the most prominent features of the Universe, criss-
crossing through space for lengths of up to a hundred Megaparsecs. While
visually identifiable from the spatial distribution of galaxies (that trace the
underlying dark matter density field), they are challenging to quantify ana-
lytically. The well-defined linear perturbation theory is only applicable to the
isotropic growth of structures for a density contrast of δ ≪ 1. Filaments, be-
ing overdense, are a natural outcome of the non-linear anisotropic evolution of
the cosmic web, driven by gravitational collapse. But they are not virialised
structures such as clusters are. Thus, they cannot be explained by the spher-
ical collapse model, and large-scale tidal fields have to be taken into account
(Zel’dovich 1970; Cautun et al. 2014). The original seeds of the cosmic web
can be detected in the CMB as small density fluctuations, which are subse-
quently amplified by gravitational processes as the Universe evolves. Follow-
ing the Zel’dovich approximation (Zel’dovich 1970), the structures of the cos-
mic web can be described by the eigenvalues of the deformation tensor in the
tidal field. While collapse occurs simultaneously in all directions, the pace of
the collapse is different. Thus, the following simplification is valid to describe
the evolution of the large-scale structure. First, structures collapse unilaterally
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(along one dimension) to form a sheet, with one positive eigenvalue. Then,
collapse occurs along a second dimension to form a filament, with two pos-
itive eigenvalues. Finally, collapse along the third dimension will result in a
spherical structure, with three positive eigenvalues.

However, proper identification and description of the filaments remains
challenging, despite the reliable idea of perturbation growths in the cosmic
web given by the Zel’dovich approximation. This difficulty arises from the
filament’s fractal, multi-scale nature, as well as the complex interaction of the
different environments of the cosmic web. Some thick and short filaments
(or bridges) connect nearby clusters, while long filaments reach lengths of
100 Mpc, and small tenuous tendrils transport gas from the filaments into the
haloes. Thus, in practice, filaments are detected in a wide variety of methods.
For a comparison of a wide range of properties obtained with several filament
finding tools, see Libeskind et al. (2018). The filament finding methods used
in this work are the Bisous (Stoica et al. 2007, 2010; Tempel et al. 2016b) and
MMF/NEXUS+ (Aragón-Calvo et al. 2007; Cautun et al. 2013), described in
detail in Section 2.3.

1.2.2 Heating mechanisms in filaments

The missing baryons reside in cosmic filaments in a state of warm-hot inter-
galactic medium, at temperatures of log T (K) = 5 − 7 . But how did the
IGM get heated to such high temperatures? This heating is mainly driven by
shocks formed by the infall of baryons from sheets and voids into filaments
(e.g Cen & Ostriker 1999; Ryu et al. 2003; Kang et al. 2005). As gas ex-
periences the gravitational pull of the underlying dark matter distribution, it
accretes towards regions of higher densities. As the density increases, the ac-
cretion becomes supersonic and creates a shock with very high Mach numbers,
M ∼ 10− 100. Furthermore, within filaments this gas experiences additional
shocks by further accretion of the shocked gas, mergers and chaotic super-
sonic flow motions. While these inner shocks have low Mach numbers, the
mean shock speed is larger than for external shocks. The energy of both inter-
nal and external shocks is dissipated into the IGM, increasing its temperature.
At the very low densities of the WHIM, the cooling times exceed the Hubble
time, thus retaining the energy generated by the shocks.

In addition to shocks, the filament gas is heated by supernova and AGN
feedbacks. While both feedback effects play a secondary role compared to the
shock heating, AGN feedback may induce extra heating of the WHIM as well
as displace gas from haloes back to the IGM. Using the SIMBA simulation,
Bradley et al. (2022) compared the effects of AGN feedback in the thermody-
namic properties of the IGM. They found that by turning on the AGN feedback,
the fraction of WHIM of the total baryon content increased from ∼ 30% to
∼ 70%. This, however, did not result in higher column densities for the metal
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1.2.3 Ions of the cosmic web

Given that the filamentary gas is shock-heated to temperatures of log T (K) =
5 − 7 , most of the neutral Hydrogen and Helium are completely ionised. As
described in Section 1.1.1, highly ionised metals can be used as proxies for
tracing the bulk of the baryons. In particular, O VII is the dominant ion at the
hot WHIM temperatures, log T (K) = 5.5 − 7 , assuming collisional ionisa-
tion equilibrium (CIE, Mazzotta et al. 1998). In purely CIE conditions and
temperatures around log T (K) ∼ 6, almost all of the Oxygen is ionised to
O VII. However, the low densities in filaments allow for photoionisation by the
background UV and X-ray radiation to affect the ion fraction distributions (see
Fig. 1.6). Thus, the fractions of O VI-VIII in filaments are a combination of
CIE and photoionisation equilibrium, determined both by the temperature and
density of the filamentary medium.

Given that the problem of the missing baryons is the result of a complex
interplay between the formation and evolution of the filamentary large-scale
structure, the thermodynamics of the hot ionised plasma within the filaments,
as well as the chemistry and physics of Hydrogen, Helium and metals, this
work relies on a wide range of tools and methods to bring everything together.
These methods are described in detail in the following chapter.
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Figure 1.6: Ionisation fractions of Oxygen as a function of temperature for
different baryon densities, given by the Hydrogen number density log nH .
Source: Kang et al. (2005).
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CHAPTER 2
DATA AND METHODS

The reason a significant fraction of the baryons has been missing is most likely
of an observational nature: our instruments are not sensitive enough to detect
the hot and diffuse intergalactic medium. However, simulations can be used
to circumvent the observational challenges and infer some properties of the
WHIM. While limited by their mass resolution, they are a powerful tool to
build a theoretical base of the thermodynamic properties of the IGM. In sim-
ulating the large-scale structure they cover such a range of astrophysical pro-
cesses, that it would be impossible to model analytically. Simulations also pro-
vide valuable predictions for future instruments and observations, especially
as the computing power increases and they achieve larger cosmological scales
with high resolution.

2.1 Hydrodynamical simulations

A hydrodynamical simulation follows both the evolution of the dark matter as
well as the baryons. The key difference between the two matter components is
that the dark matter only interacts gravitationally, both with itself and baryons.
Baryons, in addition to gravity, experience self interaction, with a wide range
of thermodynamic processes changing the nature of the gas, and how it further
interacts with its environment. Moreover, baryons interact with photons, and
for a hydrodynamical simulation to be successful it has to account for different
radiative and photoionising processes. These mechanisms, in addition to being
arduous to model, are computationally expensive, and for a long time failed to
reproduce many key properties of galaxies we observe. Thus, until the middle
of the last decade, most cosmological simulations contained only dark matter.
Simulations such as the Millenium Simulation (Springel et al. 2005) would
follow the interaction of a large number of simulation particles representing
the distribution of the dark matter. After the simulation had ran its course, dark
matter haloes would be identified from the dark matter distribution. Finally,
galaxies were included in the simulation with semi-analytical models and halo
occupation distributions (e.g. Guo et al. 2013).

However, semi-analytical models rely on simplifications and approxima-
tions. In addition, and more importantly for the work presented in this thesis,
dark matter only simulations with semi-analytical models do not reproduce the
intergalactic medium. Thus, with increasing computational power and refined
baryonic models, hydrodynamical simulations have gained more significance.
Indeed, modern hydrodynamical simulations are able to reproduce the observ-
able galaxy properties to a high degree.
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2.1.1 EAGLE

The Evolution and Assembly of GaLaxies and their Environments (EAGLE) is
a suite of several cosmological simulations (Schaye et al. 2015). All the simu-
lations are hydrodynamical, following both dark matter and baryons within pe-
riodic volumes of different sizes ranging between 25 to 100 comoving Mpc on
a side. All simulations started from an initial redshift z = 20 and evolved until
redshift z = 0. The largest simulation, REFL0100N1504, has a cubic size of
1003 Mpc3 and contains a total of 15043 dark matter and baryon particles. The
initial mass of the dark matter and baryon particles was mDM = 9.7× 106M⊙
and mb = 1.81× 106 M⊙, respectively. While individual dark matter particles
maintained their mass throughout the simulation runs, the baryon gas particles
were allowed to transfer mass from one particle to another, as well as to col-
lapse into stellar and black hole particles. Via stellar feedback, some of the
mass in stellar particles would return to gas particles. With this dynamic in-
teraction, EAGLE was able to follow the formation of galaxies as well as their
environments in the large-scale structure of the universe.

The suite of the EAGLE simulations were run assuming the standard model
of cosmology, with a cosmological constant Λ and cold dark matter (ΛCDM
model). The fractions of dark energy, dark matter and baryons used in the
simulation were given by Planck observations as ΩΛ = 0.69, Ωdm = 0.26
and Ωb = 0.048, respectively (Planck Collaboration et al. 2014).

EAGLE was run as an N -Body simulation. In essence, in N -Body simula-
tions a continuous field is represented by discrete simulation particles. In this
way, each particle carries a wide range of properties of the volume they de-
scribe, such as temperature, density and mass. To achieve this, the simulation
runs a TreePM algorithm, a combination of a hierarchical multipole expansion
with a Fourier transform particle mesh (PM). The PM reduces the number of
operations computed, while the hierarchical tree algorithm divides the particles
into cubic shells. The resolution within each cell can then be adjusted based
on the particle density, to optimise the computational resources. In addition, to
model the subgrid physics for the baryon particles, EAGLE applied smoothed
particle hydrodynamics (SPH). Each SPH particle was thus able to interact
with its surroundings to better model the hydrodynamic effects moulding the
cosmic web.

2.1.2 Metals and ions in simulations

In addition to thermodynamic properties, each SPH particle carries informa-
tion on H and He fractions as well as metallicity. These metals are produced
in stars within galaxies, using the subgrid physics modelled within each SPH.
The metals are spread to the IGM with feedback models computing the galac-
tic superwinds caused by supernovae. The main species of metals followed in
the simulation are C, N, O, Ne, Mg, Si, S, Ca, and Fe, with an implementation
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of radiative cooling and photoheating. Each SPH particle also stores the mass
fraction of these elements, with particle interactions distributing metals at each
simulation step. In particular, in the present work we used the smoothed metal-
licity abundances. Namely, the spread of metals is improved by allowing more
neighbours to be contaminated. Otherwise, the spread of metals is truncated
by the discrete nature of the simulation particles.

The fraction of ions within each SPH particle is computed separately. We
used ionisation tables obtained with CLOUDY (Ferland et al. 1998), an algo-
rithm to compute synthetic spectra and ionisation fractions. It combines a host
of astrophysical processes to calculate for a given atom its different ionisation
states for different environmental conditions (see upper panels in Fig. 2.1 for
CLOUDY outputs of O VI, O VII and O VIII). Then, combining the ionisa-
tion data with the local temperature and density, it is possible to obtain the
fraction of the desired ions within each SPH particle. For Paper III, we used
the same CLOUDY tables computed by Wijers et al. (2019), with a UV/X-ray
background described by Haardt & Madau (2001).

As described in Section 1.2.3, the fraction of O VII within filaments is a
combination of collisional ionisation and photoionisation. This is visible in
the upper panels of 2.1. At higher densities CIE dominates, and in the case
where CIE dominates at hot WHIM temperatures (log T (K) = 5.5 − 7 ),
almost all of the Oxygen is ionised to O VII. At lower densities, on the other
hand, photoionisation dominates, and the fraction of O VIII becomes larger
for the hot WHIM temperatures (see also Figure 1.6 for the effect of density
on the ion fractions). At the typical densities within cosmic filaments, δ ∼
10 − 100 ( log nH ∼ −6 − −5), the ionisation is a result of the combination
of collisional ionisation and photoionisation. As O VII dominates towards the
higher densities, which are more readily detectable via absorption, in Paper III
we focused solely on this ion.

Column densities
While in space the Oxygen ions are distributed in three-dimensional volumes,
what is observed is the two-dimensional projection of these volumes on the
plane of sky. This turns the number densities (cm−3) into column densities
(cm−2). In essence, the column densities are integrated ion densities along the
path of the line of sight. A given value for the detected column density can
thus be the result of a smaller but denser structure, such as a galaxy group, or
a diffuse but larger structure, such as a filament aligned along the line of sight.

The current limit for O VII absorption detections is given by instrument
sensitivity and systematics. Currently, the best instrument is the RGS on board
the XMM-Newton space telescope. In order to detect faint absorption sys-
tems, the instrument has to gather enough photons revealing a dip at the ab-
sorption wavelength. With exceptionally long exposure times, of the order of
megaseconds (≈ 280 hours or 11 days), RGS reached column densities close
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Figure 2.1: Top panels: Simulation independent output of CLOUDY, indicat-
ing the ionization fractions of O VI-VIII as a function of density and tempera-
ture. The horizontal regions describe the regime of predominantly collisional
ionisation, while the largely vertical bands at low hydrogen number densities
arise from photoionisation. Bottom panels: Phase diagrams of O VI - VIII mass
fractions in density-temperature space for the Illustris TNG100 simulation at
z = 0. The colour map indicates relative ion mass fractions (dark purple values
at 4.0 have 10000 times less ion mass per pixel than peak pixels in yellow).
The three black contours enclose relative mass log fractions of 1.0, 2.0, and
3.0, from innermost to outermost. Source: Nelson et al. (2017).
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to logNO VII(cm
−2) ≈ 15 (Nevalainen et al. 2017). On the side of the instru-

ment systematics, the effective area of the instrument was calibrated with an
accuracy of ≈ 2% (Kaastra 2017; Nevalainen et al. 2017). Thus, a 2% spuri-
ous effect on the continuum flux could be misinterpreted as an astrophysical
line with an equivalent width of a few mÅ. This, too, corresponds to a column
density of logNO VII(cm

−2) ≈ 15. Thus, in Paper III we adopted this as the
observational limit.

With logNO VII(cm
−2) ≈ 15 as the observational limit, we derived two

limits for the three-dimensional O VII number densities. Considering a fila-
ment of thickness ∼ 1 Mpc crossing the line of sight, to be observable the
O VII density ought to be larger than log nO VII(cm

−3) > −9. On the other
hand, if the line of sight to a background source travels ∼ 10 Mpc within a
filament, a density of log nO VII(cm

−3) ∼ −10 is enough for a detection.
In order to derive observational predictions from EAGLE, we computed

a set of column densities from the simulated O VII densities. As with the ion
fractions, we used the same methods described in Wijers et al. (2019). In short,
we divided the EAGLE box into thin and elongated columns. To compute the
number of ions within each column, we distributed the ion number densities
in the SPH particles to the columns they resided in. As each SPH particle
represents a volume in space, we used the same smoothing kernel of the SPH
algorithm to spread the ions to adjacent columns. Once the number of ions
was calculated within each column, it was divided by the area of the base of
the columns to obtain the two-dimensional column densities.

The length of each column was determined by the expected spectral res-
olution of the next generation X-ray instrument, X-IFU, onboard the future
Athena space telescope. For a photon energy of ∼ 0.5 keV, the energy reso-
lution of X-IFU is 2.5 eV. This, in turn, corresponds to a redshift resolution
of ∆z ≈ 0.005, or ≈ 20 Mpc. Thus, we divided the EAGLE simulation into
five, 20 Mpc thick slices. Each slice was then divided into the aforementioned
columns. The area of the base of each column was 31.252 kpc2, small com-
pared to the column length but large enough to contain enough SPH particles
even in lower density regions.

A column with a density above the observational limit is considered an
absorber. A common method to quantify the number of absorbers is to use the
column density distribution function (CDDF), defined as:

f(N, z) ≡ ∂2n

∂ logN∂z
. (2.1)

Here n is the number of absorbers, integrated over the column densities N
and absorption paths z. The CDDF was used in Paper III, see Figure 11 for
O VII column densities in different environments within the EAGLE simula-
tion.
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2.2 Galaxy surveys

Galaxies are the most obvious tracers of the cosmic web. Readily observable
(when bright enough), they can be used to reconstruct the underlying filamen-
tary network. In all three Papers we made use of the results of the Sloan Digital
Sky Survey, with a look to the future with predictions for the 4-metre Multi-
Object Spectroscopic Telescope in Paper III.

2.2.1 Sloan Digital Sky Survey - SDSS

Our aim when using simulations was to test models and predictions to be ap-
plied to observations. While next generation X-ray instruments are still far in
the future, we can use existing galaxy surveys and filament catalogues to test
our results. Currently, the most comprehensive spectroscopic galaxy survey is
the Sloan Digital Sky Survey (SDSS; York et al. 2000). It started routine oper-
ations in 2000, and has since observed approximately 1/3 of the sky, with the
latest public data release expected to be published in January 2023. Currently,
the main telescopes carrying out the observations are the dedicated Sloan foun-
dation 2.5m telescope at Apache Point Observatory (APO) in New Mexico,
USA, and the Irénée du Pont telescope at Las Campanas observatory in Chile.
The spectrographs mounted on the telescopes are the BOSS and APOGEE-1
and APOGEE-2 spectrographs. While the APOGEE spectrographs will be
used to study the Milky Way, BOSS continues to observe galaxies.

In the present work we used the public data release DR12 (Alam et al.
2015). It contains the sky plane positions and redshifts of over two million
galaxies. The Bisous filament finding method had previously been applied to
SDSS galaxies from this and previous data releases (e.g. Tempel et al. 2014a,
2016a; Kuutma et al. 2020). The filaments were detected from a volume lim-
ited sample with a distance cut at redshift z ≈ 0.05, corresponding to a depth
of ≈ 215 Mpc. To avoid the Local Void, an underdense region surrounding our
Milky Way, a lower limit of ≈ 85 Mpc was applied to the galaxy catalogue.
Thus, the total radial depth of the Bisous filament catalogue is ≈ 130 Mpc,
somewhat larger than the EAGLE simulation size.

In order to make our results obtained from the EAGLE simulation com-
parable to existing observations, we used the same criteria for obtaining the
Bisous filaments in the simulation as were used for SDSS. Namely, we applied
a magnitude cut to the EAGLE galaxies such that the number density of galax-
ies, the main property determining Bisous filaments, would be the same as in
the survey. While the magnitude limit corresponding to the volume-limited
sample in SDSS was Mr = −19, for EAGLE we settled on Mr = −18.4.
The reason for this was that the luminosity distribution of EAGLE galaxies
drops faster than the observed ones (see Figure 2 in Paper I). Therefore, the
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higher magnitude limit assured that the number density was the same in both
the simulation and observations.

2.2.2 4-metre Multi-Object Spectroscopic Telescope - 4MOST

In order to produce meaningful predictions for future instruments, we also
considered a larger survey still under development at the time of writing. The
4-metre Multi-Object Spectroscopic Telescope (4MOST, de Jong et al. 2019)
is a wide-field spectroscopic facility aimed at providing large and deep sur-
veys of the southern sky. One community survey in particular, the 4MOST
Hemisphere Survey of the Nearby Universe (4HS), will extend the depth of a
complete galaxy survey up to z = 0.15 (i.e ∼ 600 Mpc) with a similar quality
to the SDSS sample at z = 0.05.

2.3 Filament finding methods

As described in Section 1.2.1, defining filaments is not a straightforward task.
Thus, a wide range of filament finding methods have been developed in the
last decade. Libeskind et al. (2018) used simulations to describe and compare
12 different methods, with very different ways to detect filaments. Some fol-
lowed the distribution of haloes or galaxies as tracers of the underlying dark
matter distribution, while others relied on the velocity or density fields of the
dark matter. The main difference between the methods was in the probability
distribution function (PDF) of the density within volume cells in the detected
filaments. The median density spans almost an order of magnitude and the
shape of the PDF is similar only between similar methods (i.e. tracing haloes
or the dark matter density field). On the other hand, all methods agree that
a significant fraction of matter is located within filaments, while they fill a
relatively small volume of the simulation. In this sense there is a slight conver-
gence between the different methods, but in the end, each method is designed
to answer a different question and is better suited for that particular task.

In Paper I we used both the Bisous as well as the NEXUS+ filaments,
described in more detail below. In Papers II and III only Bisous was used.

2.3.1 Bisous

The Bisous method is a marked point process to detect filaments by fitting and
aligning cylinders in regions of galaxy overdensities (Stoica et al. 2007, 2010;
Tempel et al. 2014b, 2016b). Originally designed to analyse random spatial
patterns, it was developed to use on galaxies to detect the large-scale filamen-
tary pattern. Assuming that there are more galaxies within filaments than out-
side, the method computes the number of galaxies within cylindrical volumes.
It then aligns consecutive cylinders to detect structures larger than the cylinder
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Figure 2.2: Visualisation of the Bisous filament finding method. The left-
hand image shows a schematic of the how Bisous fits cylinders along galaxy
overdensities (Tempel et al. 2016b). The image on the right presents the result
of the Bisous method used on SDSS galaxies (Tempel et al. 2014b). Each dot
is a galaxy, while each green line is one run of the Bisous method. The blue
lines are the final, detected filament spines.

length. The process is repeated many times (1000 in our case) to account for
its stochastic nature. The result is a three-dimensional map of the regions cov-
ered by the Bisous cylinders, and combining each individual run creates a visit
map indicating the regions most often covered by the cylinders. This map is
stored in a three-dimensional grid, with each grid point containing the value of
the visit map in that location. Thus, by setting a limit to the visit map value it
is possible to extract the filament volumes. Moreover, the filament spines are
given by the maximas of the visit map. These ridges indicate the location of
the backbones of the filaments. In order to remove possible spurious spines,
we set a minimum limit of 2 Mpc for a spine to be considered a filament. The
output, finally, is a combination of filament volumes in a three-dimensional
grid, and spines, represented by a trail of consecutive points.

From all the environments in the cosmic web, Bisous is designed to detect
only the filaments. While clusters have large numbers of galaxies, there is no
preferred direction to align consecutive cylinders. On the other hand, walls
are planar structures, not properly traceable by fitting cylinders. However,
the structures we were interested in the study of the missing baryons are the
filaments, for which Bisous is optimal. Moreover, since Bisous only requires
galaxies as points to trace the filamentary network, it is very convenient to
apply it both to simulations and observations. Thus, Bisous was our preferred
filament finding method.
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2.3.2 NEXUS+

To assess the systematics that arise from using filament finding methods, ide-
ally we would compare as many methods as possible. In our work, in addition
to Bisous, we used NEXUS+ (Cautun et al. 2013). Whereas Bisous relies on
galaxies as points tracing the filaments, NEXUS+ works with the morphology
of the density field deformation tensor, or Hessian, to detect the nodes, fila-
ments and walls of the cosmic web (see Fig. 2.3). Following the idea behind
the Zel’dovich approximation (see Section 1.2.1), it uses the eigenvalues of the
Hessian matrix to assess each environment.

As a tool to study the morphology of the large-scale structure, NEXUS+
is based on the multiscale morphology filter (MMF), developed by Aragón
Calvo (2007). As the name suggests, it addresses the multiscale nature of the
cosmic web. As such, NEXUS+ is able to detect filamentary structures of
different scales at once, from dense and hot bridges to more tenuous tendrils.
To achieve this, a Gaussian filter with a given smoothing scale is first applied
to the density field. In the second step, the Hessian matrix eigenvalues λ1 ≤
λ2 ≤ λ3 are computed for the smoothed field. Thirdly, using the eigenvalues
each point in the field is assigned to a node (λ1 ≈ λ2 ≈ λ3 < 0), filament
(λ1 ≈ λ2 < 0, λ2 << λ3) or wall (λ1 << λ2, λ1 < 0). Any point that is not
assigned to an environment is considered to be in a void.

In the next step, the three previous steps are repeated for a range of smooth-
ing scales. By combining the outputs from all scales, the result is a scale-
independent signature of the large-scale structure. Finally, a detection thresh-
old based on physical criteria is used to determine the valid structures.

NEXUS+ can be applied to any density field, such as baryon or galaxy
number density. Since the large-scale structure is dominated by the dark mat-
ter, we applied the NEXUS+ method to the EAGLE dark matter density field.

2.4 Classification of filaments

Filaments reside in a variety of environments. Some filaments contain more
gas and galaxies, while other are tenuous trails of gas with very few galaxies.
At the same time, filaments can vary in length between just a few Mpc to a
hundred Mpc. Indeed, Galárraga-Espinosa et al. (2020) used the length of the
filaments to classify them into short and long filaments. This was done using
two hydrodynamical simulation, the Illustris-TNG (Nelson et al. 2019) and
MAGNETICUM1, while the filaments where detected using DisPerSe (Sous-
bie et al. 2011). They found that shorter (< 9Mpc) filaments are thicker, denser
and connected to more massive structures than longer (> 20Mpc) filaments,
concluding that they are intrinsically different objects.
1www.magneticum.org
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Figure 2.3: Filaments detected with the NEXUS+ within an N -body simula-
tion. Different colours indicate the smoothing scale that gives the largest fila-
mentary signature for a given volume, in units of h1Mpc. A zoom-in region,
indicated by the black square in panel (a), is shown in panels (b)–(d). These
panels show the filaments detected using a smoothing scale with a maximum
of (b) 1, (c) 2 and (d) 4h−1. Source: Cautun et al. (2013).
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2.4.1 Luminosity density field

Our approach to classifying filaments relied on the galaxy luminosity den-
sity field (for a comprehensive description of the method, see Liivamägi et al.
2012). The luminosity density (LD) field is constructed by distributing the
galaxies’ luminosity with a given smoothing scale, forming a continuous field.
Thus, the LD traces the galaxy densities, which in turn trace the underlying
dark matter distribution. In this manner, the LD can be used to uncover dif-
ferent structures of the cosmic web. Moreover, using simulations Nevalainen
et al. (2015) showed a linear correlation between the LD and the WHIM den-
sity, with higher luminosity density tracing higher baryon densities. This rela-
tion was further studied in Paper II (see Figure 8 in Paper II).

In practice, for computing the LD field we created a cubic grid with l num-
ber of points, separately for EAGLE and SDSS. The EAGLE grid consisted of
a cube with 5003 number of grid points and a step between each point of 0.2
Mpc. For SDSS, we computed grid points only within Bisous filaments. In
order to maintain the same cell volumes as in EAGLE, the SDSS grid points
were separated by steps of 0.2 Mpc. The density was then computed at each
grid point with a kernel sum:

li =
1

a3

∑
gal

K(3)

(
rgal − ri

a

)
Lgal, (2.2)

with i denoting the grid indices i = (i1, i2, i3), ri being the coordinates of the
grid point i and rgal the coordinates of each galaxy used for the field. Lgal is
the galaxy luminosity which, for observations, is multiplied by a weight factor
that accounts for the extinction caused by distance. To distribute the luminosity
from point sources (galaxies) to a continuous field, a three-dimensional kernel
function K(3) is applied, with a smoothing scale a.

The smoothing was done using a one-dimensional B3 spline kernel. It
resembles a Gaussian distribution, but with the wings cut at a distance of 2a
from the peak, i.e. the function is non-zero only within the range [−2a, 2a].
The three-dimensional kernel was then computed as a product of three one-
dimensional kernels.

To classify the filaments based on their environment, we evaluated the lu-
minosity density field at the filament spine points with a smoothing scale of
a = 2 Mpc. Then, computing the mean luminosity density of each spine we
divided them into low, medium and high luminosity groups.

In addition to using the LD for classifying filaments, in Paper II we stud-
ied the relation between WHIM and luminosity densities to derive a scaling
relation between the two.
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CHAPTER 3
RESULTS

This Chapter presents an overview of the results from the published pa-
pers. The results can be divided into two categories: the baryon distribution
and thermodynamic properties within cosmic filaments, and the observational
prospects of O VII as a tracer of the filamentary baryons.

3.1 Missing baryons in cosmic filaments

The first objective was to confirm previous simulation results with the EAGLE
simulation. In particular, to assess whether a significant fraction of baryons re-
side in the hot WHIM phase (log T (K) = 5.5−7 ), and whether these WHIM
baryons indeed are within cosmic filaments. A first view of the simulation
seems to support these assumption (Figs. 3.1 and 3.2). Intergalactic baryons
are distributed along seemingly filamentary structures, where the gas reaches
temperatures above log T (K) > 7.

Nevertheless, a simple projection is not enough to determine the content of
the hot WHIM within EAGLE. Thus, in Paper I we computed the mass fraction
contained within every SPH particle outside any virialised structures, that is,
all baryons outside R200. In addition, we selected only those particles with
temperatures above log T (K) > 5.5. The amount of this hot, intergalactic
gas comprises 29% of the total baryon budget in the simulation. This means
that approximately one third of all the baryons reside in a diffuse intergalactic
phase, at temperatures that render them very challenging to observe. When
compared to the baryon census carried out by Shull et al. (2012), the fraction
of hot WHIM in EAGLE is strikingly similar to the fraction of missing baryons
(both are ≈ 29%).

3.1.1 Capturing missing baryons with filament finding methods

As described above, approximately one third of the baryons within EAGLE are
in a hot and diffuse state, seemingly within cosmic filaments. But since they
are challenging to detect, how could we tap into these baryons in observations?
Our approach was to test whether filament finding methods could be used to
capture them.

For Paper I, we ran both Bisous and NEXUS+ methods on EAGLE galax-
ies and the dark matter density field, respectively (see Section 2.3 for a descrip-
tion of these methods). We found that for WHIM temperatures (log T (K) =
5− 7 ) most of the baryons are within filaments (Figure 12 in Paper I). More-
over, both filament finding methods agree well (within 10%) on the baryon
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Figure 3.1: Projection of the intergalactic baryons in the EAGLE simulation
within the same slice as in Figure 1.5. All gas within R200 has been removed.
The colour scale corresponds to baryon overdensities, with underdense regions
(below mean cosmic density) shown in blue.
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Figure 3.2: Same 5 Mpc thick slice as in Figures 1.5 and 3.1, but with a pro-
jection of the average temperature of the intergalactic baryons. All gas within
R200 has been removed. The colour scale corresponds to baryon temperatures.
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content at those temperatures. Bisous filaments contain slightly more baryons
than NEXUS+ on both the low and high temperature ends of the WHIM tem-
perature range. This can be explained by the main difference between the two
methods: Bisous is designed to find only the filaments, while NEXUS+ de-
tects also walls and nodes. Thus, part of the baryons within Bisous filaments
are within NEXUS+ walls (at lower temperatures) or nodes (at higher temper-
atures).

From all the hot WHIM baryons, ≈ 87% are contained within Bisous and
≈ 79% within NEXUS+ filaments. The difference can be explained by the
overlap of Bisous filaments with NEXUS+ walls and nodes described above.
Taking that into consideration, in Paper I we concluded that both Bisous and
NEXUS+ agree well, and a significant fraction of the hot WHIM is contained
within filaments detectable by different methods. Thus, the captured fraction
of hot WHIM (i.e. missing baryons) within these filament finding methods is
≈ 25% of all the baryons within the simulation.

However, filaments contain intergalactic gas in a variety of thermal states.
Indeed, of all the IGM within Bisous filaments, the fraction of hot WHIM is
≈ 63%. Therefore, nearly half of the baryons within filaments are not in the
state of hot WHIM, and cannot be considered missing. Thus, a strategy had to
be devised to select the optimal filaments, with the highest content of missing
baryons.

3.1.2 Luminosity density as a tracer of the missing baryons

Driven by gravity, the formation of the cosmic web is dominated by dark
matter. All the baryons, including both galaxies and the diffuse IGM, fol-
low this large-scale structure. Moreover, most of the baryons reside in cosmic
filaments, both in virialised structures as well as in the diffuse extragalactic
medium. Thus, it is to be expected that the galaxy luminosity could be able to
trace the IGM to some extent. In particular, using the luminosity density (LD,
see Section 2.4.1) field, it should be possible to locate a fraction of the IGM,
and by extension, of the missing baryons.

Nevalainen et al. (2015) found that, indeed, the LD can be used to trace
the WHIM. Building upon this foundation, in Paper II we further analysed this
relation using the EAGLE simulation. In addition, we applied the new scaling
relation to SDSS data to obtain an estimate of WHIM mass within the observed
filaments.

To properly study the LD–WHIM density relation, we divided the EAGLE
simulation into 5003 cells, each with a volume of Vcell = 0.2Mpc3. Subse-
quently, within each cell we computed the mass-weighted mean temperature as
well as the IGM density. To remove the gas particles within R200 of virialised
structures, we computed the volume covered by each SPH particle within these
structures (see equation (3) in Paper II). Thus, the IGM density was defined as
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the mass of the particles outside R200 of any halo, divided by the volume of
the cell minus the volume within collapsed structures.

In order to find the optimal smoothing scale for the LD field, we studied
the linear correlation coefficient between the WHIM density and 50 LD fields
with smoothing scales ranging between a = 0.1−5 Mpc (Figure 2 in Paper II).
The coefficient peaks at a = 1.2 Mpc, indicating the optimal smoothing scale
to trace most of the WHIM. At smaller scales the luminosity of galaxies does
not spread far enough into the IGM, while too large smoothing scales already
include WHIM-free voids.

Given the optimal smoothing scale, we derived a linear scaling relation in
logarithmic space (equation (5) in Paper II):

log δρ = logA+B log δLD. (3.1)

Using 10 000 Monte Carlo samples to determine the best fits for the free
variables, we found that logA = −0.27 and B = 0.89.

Knowing that the Bisous filaments are able to capture a significant fraction
of the WHIM, we combined both the scaling relation given by the LD field to-
gether with the filaments. Since our tests on EAGLE gave promising results in
estimating the WHIM content based on the scaling relation (see Table 5 from
Paper II), we applied this method to SDSS data. We divided the SDSS vol-
ume within Bisous filaments into cells of the same size as in EAGLE, namely
Vcell,SDSS = 0.2Mpc3. Within these cells we then computed the LD with a
smoothing scale of a = 1.2 Mpc. With the scaling relation given by 3.1 we
then computed the predicted WHIM density within each cell. With the cell
volumes and densities we were able to compute the WHIM mass contained
in each cell (equation (6) in Paper II), and therefore within the whole SDSS
volume. Finally, this gave us an estimate of the baryon fraction in the WHIM:

Ωb,LD = (0.31± 0.07±0.12) Ωb, (3.2)

where Ωb,LD is the WHIM baryon fraction given by the LD relation, and Ωb

the total baryon fraction. The statistical error (±0.07) is given by the deter-
mination of the scaling relation, while systematic errors (±0.12) arise from
the choices and estimates made during the analysis. Essentially, the computed
baryon fraction reflects the amount of WHIM that is expected to reside within
Bisous filaments in the SDSS volume. While it is at the lower end of the
expected fraction of baryons within the WHIM (30% − 50%, see e.g. Shull
et al. 2012; Danforth et al. 2016), it represents a significant portion of the total
baryon budget. Notably, this value was computed within volumes of observa-
tional filament data. Stacking the tSZ signal from a different sample of SDSS
filaments, Tanimura et al. (2020a) measured a baryon fraction of ≈ 8% of the
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total baryon budget. Given that the tSZ signal is stronger at higher tempera-
tures and densities, it is possible that they traced the hotter counterpart of the
WHIM, thus obtaining a lower value than our prediction. A confirmation to
these estimates might have to wait for future X-ray instruments.

3.1.3 High LD filaments

As described in Section 2.4.1, we used the LD field to classify filaments into
three distinctive groups. The filaments in the high LD group were found to
contain the largest hot WHIM fraction within them. While for the whole fil-
ament sample the fraction of hot WHIM over the total baryon content within
filaments is ≈ 63%, for filaments within high LD regions this fraction rises to
≈ 82%. Thus, concentrating in high LD filaments is expected to yield the best
results for finding the missing baryons.

To confirm the advantage of concentrating on high LD filaments, and to
further study their thermodynamic properties, we computed radial density and
temperature profiles from the filament spines (see Figures 13 and 15 in Pa-
per I). For the whole filament sample, both the median density and median
temperature peak at the spines of the filaments, decreasing as a function of
distance. And as expected, when computing radial profiles for the high LD
spines only, the temperatures and densities are significantly higher. At the
high LD spines, the median temperature is log T (K) ≈ 6 and median density
is log ρ(M⊙/Mpc3) ≈ 11.3, or δb ≈ 40.

In order to verify the relevance of this result, we performed a null test by
repeating the radial profiles on randomly rotated and displaced filament spines.
This resulted on flat profiles at background temperatures (log T (K) ∼ 3) and
densities (log ρ(M⊙/Mpc3) ≈ 8.9).

Given the regular radial behaviour of the temperature and density profiles
for the high LD filament sample, we fitted a single-β model for both profiles:

T (r) = T0 ×

[
1 +

(
r

rc,T

)3
](− 3

2
βT )

(3.3)

ρ(r) = ρ0 ×

[
1 +

(
r

rc, ρ

)2
](− 3

2
βρ)

+ bkg. (3.4)

Here, T0 and ρ0 are the temperature and density at the core of the filaments,
respectively. In a similar way, rc,T and rc,ρ are the core radii of the temperature
and density profiles, respectively, determined by the best fit of the β models to
the data.

40



In order to assess the reliability of our profiles, we turned to the observa-
tional results of Tanimura et al. (2020a). At the positions of a large number
of DisPerSe filaments, they stacked the Compton y maps given by Planck
observations. From the tSZ effect reflected in the y maps they computed the
plasma temperatures and densities. This way they obtained radial temperature
and density profiles as a function of distance from the filament spines. We
found a good agreement when comparing our profiles to the ones observed by
Tanimura et al. (2020a), when focusing on the central regions of the spines.
Within errors, we obtained similar core temperatures and densities.

Galárraga-Espinosa et al. (2021) used the Illustris-TNG simulation and
DisPerSe filaments to derive radial temperature and pressure profiles of the
intergalactic medium. The different approach and classification of the IGM
used in their work makes it somewhat difficult to make one-to-one compar-
isons. However, the temperature profiles from both our works agree in the fil-
amentary core regions, with a short plateau before a steep drop at larger radii.
Moreover, they detect higher temperatures for shorter filaments (mentioned in
Section 2.4 and described in detail in Galárraga-Espinosa et al. 2020), sim-
ilarly to results from our high LD filaments. Using the same Illustris-TNG
simulation and DisPerSe filament catalogue, Galárraga-Espinosa et al. (2022)
analysed the baryon and dark matter densities within filaments. Again, shorter
filaments contain higher baryon densities, akin to our high LD filaments. In-
deed, our radial profiles agree with their results, with higher densities found
at the filament spines, decreasing rapidly to settle at the background level at
higher radii. In short, results from two different simulations using two different
filament finding methods agree to some extent in the temperature and density
profiles. More importantly, both outcomes from simulations agree with obser-
vational results presented by Tanimura et al. (2020a).

This Section gave an overview of the results from Papers I and II, describ-
ing the thermodynamic properties and spatial distribution of the hot intergalac-
tic medium. Given the high temperatures and low densities of this WHIM, ob-
servations of individual gas systems remain scarce. So the question remains,
how to detect these missing baryons? The following Section centres on this
question, describing the results from Paper III.

3.2 O VII as a tracer of the missing baryons

The aim in Paper III was to derive observational predictions for detecting the
missing baryons with X-ray absorption. In particular, we analysed the spa-
tial distribution and column densities of Oxygen and O VII within Bisous fila-
ments. For temperatures at the cores of the high LD filaments (log T (K) ∼ 6)
and assuming collisional ionisation equilibrium, almost all of the Oxygen has
been ionised to O VII. However, as described in Section 1.2.3, ionisation is
not driven solely by CIE due to the very low densities in the hot WHIM (see
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Figure 3.3 and Figure 6 in Paper III). Thus, O VII constitutes only 30% of the
total Oxygen content within the IGM in filaments. However, O VII is still ex-
pected to be the dominant ion species at temperatures of log T (K) = 5.5− 7,
especially towards the higher IGM densities.

Given the uncertainties in the ionisation fraction, we studied the spatial
densities and distributions both for the Oxygen in general as well as O VII in
particular.

3.2.1 Radial density profiles

Since Oxygen in the IGM originates in and is expelled from galaxies, we com-
puted radial number density profiles as a function of distance from the centres
of dark matter haloes. For this, we selected haloes within a mass range of
logM(M⊙) = 12− 13.5, as most of the intergalactic oxygen is expelled from
haloes of this mass range. We divided the volume around haloes in concentric,
hollow shells, and computed the number density of intergalactic (outside FoF
haloes) Oxygen atoms within each shell. We then computed the median value
of all the profiles, shown in Figure 1 of Paper III, along with the 68% scatter in
the radial profiles. We repeated the process for O VII, noting how, as expected,
it remains significantly lower than Oxygen at all radii.

Considering the observational limit of logNO VII(cm
−2) = −15 for

the column densities, we derived approximate number density limits of
log nO VII(n

−3) = −10 (for a projected path of 10 Mpc) and log nO VII(n
−3) =

−9 (a path of 1 Mpc, see Section 2.1.2). In essence, Figure 1 in Paper III
indicates the impact parameter from a given central galaxy at which O VII

remains detectable. However, the median O VII density does not exceed
log nO VII(n

−3) = −9 at any distance from the halo centres. This suggests
that filaments crossing the plane of sky perpendicular to the line of sight might
not be observable, given the typical filament thickness of one to a few Mpc.
For a 10 Mpc long filament aligned with the line of sight, the median O VII

number density lingers above the observational limit up to ∼ 700 kpc.
In order to estimate the missing baryon content that can be traced with

O VII we computed both the hot WHIM and ion density fractions as a function
of distance from the nearest halo (Figure 8 in Paper III). The O VII content
decreases rapidly with distance, with ≈ 75% of the total O VII mass contained
within 3 × R200. At the same time, however, the amount of intergalactic hot
baryons falls rather steeply as well: ≈ 30% of all the hot WHIM is within
1 − 3 × R200 in filaments. While not covering the totality of the missing
baryons, this overlap might allow to detect a significant fraction of the missing
baryons.

Moreover, the hot WHIM and O VII are not located equally around haloes
of different masses, but dominantly surrounding haloes of masses between
logMhalo(M⊙) = 12− 14 (see Fig. 3.4). Indeed, for haloes within this mass
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Figure 3.3: Distribution of oxygen (upper panel) and O VII (lower panel) mass
as a function of density contrast (∆b = ρ/ρ) and temperature. The left panels
show the oxygen and O VII distributions in the intergalactic medium within
Bisous filaments. Gas within filamentary FoF haloes is shown on the right
panels. The colour scales indicate the fractions of Oxygen and O VII mass
over the total Oxygen and O VII mass in the same environment, respectively
(divided by pixel area, values are shown down to 1%). The plots in the lower
panel combined are comparable to the results from the Illustris-TNG simula-
tion, shown in the lower middle panel of Figure 2.1.
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range, most of the hot WHIM is located within 1− 3×R200 (or 1− 2×R200

for the most massive groups). In total, the hot envelopes surrounding haloes
of masses between logMhalo(M⊙) = 12 − 14 contain ≈ 30% of the hot fila-
mentary WHIM within 1− 3×R200. This is not a negligible amount; in fact,
it accounts for ≈ 7% of all the baryons in EAGLE.

Now the question is, does O VII remain detectable at these radii? To
assess this subject, we computed the mass fraction of the hot WHIM in
Bisous filaments that is contained within the same volumes as O VII above
log nO VII(n

−3) = −10. From all the hot WHIM within filaments, ≈ 27%
are spatially collocated within the same volumes as O VII above the aforemen-
tioned density limit. This is a similar value to the fraction computed above, al-
beit slightly smaller. Nonetheless, it means that with future instruments O VII

could trace a quarter of the filamentary missing baryons, or ≈ 6% of the total
baryon budget.

However, setting the observational limit to the more realistic value of
log nO VII(n

−3) = −9 , the fraction of hot WHIM traced by O VII reduces
to ≈ 7%. This corresponds to only ≈ 1% of all the baryons within the EA-
GLE simulation. Thus, to be detectable, a filament containing hot WHIM and
O VII ought to be aligned with the line of sight, with haloes close enough to
one another to maintain the ion densities high.

As described in Section 3.1.3, the baryon densities peak along the filament
spines, and decrease as a function of distance from the spines. Moreover, the
gas temperatures also peak within the central regions of the filaments. Thus,
the optimal regions to potentially trace the missing baryons with O VII would
be at the cores of filaments, within 1 Mpc from the spines.

In order to explore this assumption, we computed radial profiles of Oxygen
number densities for low, medium and high LD filaments (Figure 4 in Paper
III). For each distance bin we computed the median Oxygen density within
hollow, concentric cylinders. As for the baryon densities and temperatures,
the Oxygen number densities peak at the core regions of filament spines, and
decrease the further we move from the spines. Moreover, high LD filaments
contain higher densities of Oxygen than the rest of the filaments. This is un-
derstandable, given that higher LD regions harbour more stars producing Oxy-
gen. Nonetheless, when considering the observational limits described above,
the median Oxygen density of even high LD filaments does not reach the level
of log nO(cm

−3) = −9. Fortunately, the number densities remain above the
optimistic level of log nO(cm

−3) = −10 up to distances of ∼ 1 Mpc for both
medium and high LD filaments. This would render them observable in the case
of a filament aligned along the line of sight, if the majority of Oxygen would
be ionised to O VII. As this is not the case, the observational prospects remain
arduous.

Truly, the intergalactic Oxygen is more tightly correlated with haloes than
filaments (Figure 5 in Paper III). Within 1 Mpc of both haloes and filament
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Figure 3.4: Normalised mass fraction of hot WHIM (turquoise line) and O VII

(dashed purple line) as a function of distance from the halo centre in units of
virial radius R200. Within each distance bin the hot WHIM and O VII mass
were divided by the total hot WHIM and O VII in the whole simulation, re-
spectively. Each panel shows the distribution around haloes within six mass
bins in the range of logMhalo(M⊙) = 11− 14.
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spines, the Oxygen mass follows a linear relation. As a large fraction of haloes
reside within filaments, the Oxygen expelled from said haloes also remains
within filaments. However, at larger distances there is a difference. Only ≈ 4%
of all the Oxygen mass resides beyond 1.5 Mpc from any given halo, while
≈ 38% of Oxygen can be found further than 1.5 Mpc from the filament spines.

3.2.2 Metal volume fractions and mass distributions within filaments

To further understand how large a fraction of missing baryons could be traced
by O VII in observations, it is necessary to study how thoroughly the ions
fill the filamentary volumes. To this end we computed the volume cov-
ered by the SPH particles containing Oxygen and O VII, respectively (see
Figure 2 in Paper III). Since the aim is to produce predictions for observa-
tions, we only considered SPH particles with metal or ion densities above
log nO,O VII(cm

−3) = −10 and −9 for a 10 Mpc and a 1 Mpc projection path,
respectively. Considering the lower density limit, ≈ 11% and 4% of the to-
tal filament volumes are filled with Oxygen and O VII, respectively. For the
more realistic limit of log nO,O VII(cm

−3) = −9, however, the volume filling
fraction drops to 1% and 0.4% for Oxygen and O VII, respectively. This is in
accordance with the results described in the previous Section. Since the num-
ber densities decrease rapidly as a function of distance from the haloes, the
metals and ions are unable to properly fill the filamentary volumes.

To comprehend the mass content of Oxygen and O VII within the filaments,
we studied their mass distribution as a function of number density (Figure 3
in Paper III). Incidentally, the mass distribution of the intergalactic Oxygen
and O VII peak near densities of log nO,O VII(cm

−3) ≈ −9. The fraction of
mass contained above this limit corresponds to ≈ 20% of the total mass in
the simulation, for both Oxygen and O VII. For the more optimistic limit of
log nO,O VII(cm

−3) = −10, the mass fraction of Oxygen corresponds to ≈
35% and of O VII to ≈ 45%.

Combining the above results we found that a significant fraction of Oxygen
and O VII are contained within very small volumes. This, in turn, suggests that
the intergalactic Oxygen and O VII are localised in small pockets, in contrast
to being distributed throughout the filamentary volumes. This, unfortunately,
makes observing O VII all the more challenging.

Notwithstanding, the previous Section shed hope on the use of O VII

to trace the hot WHIM: ≈ 7% − 27% of the hot WHIM within Bisous
filaments could be traced by O VII above detectable limits. Corresponding
to the immediate surroundings of haloes, this would not include the truly
intergalactic regions. Nonetheless, the halo surroundings are rich in hot
WHIM, and detecting them would push the observable frontiers well beyond
the virial radii of collapsed structures.
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These results are the outcome of studying the three-dimensional distribu-
tion of gas and ions. In observations, on the other hand, we rely on the two-
dimensional projections on the plane of sky. Thus, we created two-dimensional
column density maps to study the probabilities to detect an absorbing system in
EAGLE. Assuming that the ion quantities are properly simulated, these prob-
abilities can be used as predictions for future X-ray observations.

3.3 O VII column density maps

Having characterised the three-dimensional distribution of O VII within the
filamentary IGM, we proceeded to study the observational prospects through
column densities (see Section 2.1.2 for a description on how we created the col-
umn density maps). As expected by the three-dimensional analysis, the extent
of the column densities above the detectable limit of logNO VII(cm

−2) = −15
does not properly fill the filaments (e.g. Figure 7 in Paper III). Instead, O VII

forms isolated islands far from one another.
Nonetheless, the CDDF indicates that above the limit of

logNO VII(cm
−2) = −15 , most of the intergalactic O VII absorbers re-

side within Bisous filaments (Figure 11 in Paper III). Moreover, integrating
the CDDF above the limit results in ≈ 4 absorption systems per unit redshift.
The caveat here is that the analysis was done for a relatively small box (100
Mpc per side, or ∆z ≈ 0.02) and for the simulation snapshot at z = 0, without
considering the evolution of the filamentary metals. Regardless, this result is
in agreement with similar works (e.g. Cen & Ostriker 2006; Branchini et al.
2009; Wijers et al. 2019).

We then proceeded to compute the probability to encounter such absorbers.
For this we considered two scenarios, one for the existing filament catalogue
done with SDSS galaxies, and another for a future catalogue to be done with
4MOST galaxies. The reason for these two cases comes from the depth of the
surveys. The Bisous filament catalogue in SDSS is complete up to redshift
z ≈ 0.05, while 4MOST will reach a comparable completeness up to z ∼
0.15. These redshifts correspond to depths of ∼ 200 Mpc and ∼ 600 Mpc,
respectively. Considering the Local Void, the filament catalogue in SDSS is
complete only for a radial depth of ≈ 130 Mpc.

The probability of crossing an absorber system was computed by randomly
selecting 10 000 lines of sight through EAGLE in random orthogonal direc-
tions (X, Y or Z). If a segment with a column density above the detection limit
of logNO VII(cm

−2) = −15 was within a line of sight, it was considered a
detection. The difference in depth between EAGLE and SDSS was accounted
by adding one random 20 Mpc slice to the line of sight. For the 4MOST sam-
ple we continued each line of sight six times through random directions across
the box. While this was not an ideal approach, since it did not account for the
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cosmic variance or the evolution of the structures, it gave us an estimate of the
effect the depth has on the probability to detect an absorber.

The probability to randomly detect an absorbing system, for the SDSS
depth of 130 Mpc, is ≈ 11%. For the 4MOST depth of 600 Mpc, on the other
hand, the probability increases to ≈ 45% (see Figure 12 in Paper III). Thus,
4MOST will greatly improve the probability to encounter an absorber. Sub-
sequently, we studied whether targeting high LD filaments would improve the
probability. For this end, we repeated the process described above, but target-
ing projected areas covered by high LD filaments. As hoped, the probabilities
increased up to ≈ 22% and ≈ 50% for SDSS and 4MOST depths, respectively.
However, the chances for a bright background source to be behind a high LD
filament are somewhat smaller than for a random line of sight, since high LD
filaments cover a smaller fraction of the sky. Nonetheless, given the sky cov-
erage and the depth of the 4MOST survey, ≈ 40% of the sky will be covered
by a high LD filament. This would suggest that the probability to have a bright
AGN behind high LD filaments remains relatively high.
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CHAPTER 4
DISCUSSION AND CONCLUSIONS

The two main goals of this doctoral work were to characterise the missing
baryons within the large-scale structure of the Universe, and to study the fea-
sibility of using O VII as a tracer of these baryons. This was done with the use
of the state-of-the-art hydrodynamic simulation EAGLE. Moreover, we ap-
plied two different filament finding methods, Bisous and NEXUS+, to detect
the structures of the cosmic web. With the metallicities given directly by the
simulation, we implemented ionisation tables obtained from the CLOUDY al-
gorithm to compute the fraction of O VII ions within each simulation particle.
We combined these methods and results to draw the conclusions presented in
this Chapter.

The baryon content within EAGLE is in agreement with other hydrody-
namic simulations (in particular Illustris-TNG), with approximately half of all
the baryons residing within cosmic filaments. In Paper I we found that from
these filamentary baryons, about a half are in the hot phase of the WHIM, at
temperatures of log T (K) = 5.5 − 7. This ∼ 25% of the total baryon budget
contains ≈ 79% − 87% of all the baryons in the hot WHIM within the simu-
lation, depending on the filament finding method used. As the baryons in this
phase are hot and diffuse, they have evaded direct detections and are known as
the missing baryons.

Another avenue to trace the missing baryons is to use the luminosity of
galaxies. As the structure formation is driven by the dark matter, both galaxies
and the IGM co-exist within the same large-scale structures. Thus, following
the visible galaxy luminosity it is possible to track the invisible IGM. In Paper
II we used the EAGLE simulation to derive a scaling relation between the
galaxy luminosity and WHIM densities. This relation was then applied to
SDSS data to estimate the amount of WHIM baryons (in the temperature range
of log T (K) = 5 − 7 ) within Bisous filaments. This allowed us to compute
an estimate for the baryon fraction traced by the LD: Ωb,LD ≃ 31%± 10% of
the total baryon content.

In EAGLE, the filaments residing in regions with high average LD were
found to be more rich in hot WHIM gas. Indeed, radial profiles of these fil-
aments showed higher median temperatures and densities than for the whole
sample. The cores of these high LD filaments are optimal for the search of
O VII, the dominant ion at log T (K) = 5.5− 7 .

In Paper III we proceeded to study the distribution of O VII ions within
Bisous filaments. This was done to assess the probability which next gen-
eration X-ray instruments might have for tracing the missing baryons by ob-
serving O VII absorption signatures. While it seems that tracing individual
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filaments with X-ray absorption will not be feasible for the foreseeable future,
next generation instruments might be able to shrink the gap of the missing
baryons. The overlap between significant O VII densities and hot WHIM sur-
rounding haloes up to 3 × R200 will allow us to tap into a yet undetected
reservoir of baryons. Furthermore, the search for missing baryons can neglect
the lower mass haloes that are too dim to be easily observed in surveys. In
addition, future large galaxy surveys will provide more complete filament cat-
alogues, which can aid in determining redshifts and stacking spectra of back-
ground X-ray sources to reveal weaker absorption signals.

Several factors might be the cause for the observational prospects being
low. One such factor is the poor distribution of metals into the IGM. Feedback
processes might not be powerful enough to fill the filaments at high enough
densities. At the same time, only ≈ 33% of the filamentary Oxygen has been
ionised to O VII. This explains the significant differences in volume fractions
and mass distributions between Oxygen and O VII. While part of the filamen-
tary gas is at too low temperatures for CIE to produce O VII, the low density
should allow for warm WHIM to be photoionised to higher ions beyond O VI

(the dominant FUV ion at log T (K) = 5 − 5.5 ). At the same time, however,
the low density IGM at higher temperatures allows further photoionisation to
even higher ionisation states. This balance between density and temperature,
photoionisation and collisional ionisation, plays an important role in the ioni-
sation fractions within the filamentary WHIM.

On the other hand, the results presented here were obtained using a single
simulation. While other hydrodynamic simulations seem to agree with most
of these results, we are lacking a one-to-one analysis with the same methods
across several different simulations. For instance, the SIMBA simulation pre-
dicts up to 70% of the baryons to be in the WHIM (Christiansen et al. 2020),
with the O VII ions flying further away from the haloes (Bradley et al. 2022).
This difference seems to arise from the different feedback methods used in EA-
GLE and SIMBA, but this would require more thorough investigation. In the
case that EAGLE is underestimating the spread of ions into the filament vol-
umes, the results obtained in our work could be treated as conservative lower
limits.

Recent works stacking tSZ and X-ray emission maps at the positions of
filaments (Tanimura et al. 2020a, 2022), stacking spectra at redshifts from pre-
viously known absorption systems (Kovács et al. 2019), as well as fast ra-
dio bursts (Macquart et al. 2020) have brought observational evidence of the
hot, filamentary WHIM. Nonetheless, individual systems of missing baryons
are still waiting to be observed, located within cosmic filaments and traceable
with galaxy luminosity density fields. One strategy to detect individual absorb-
ing systems has been to search for X-ray ions at the locations of previously
detected FUV ions (e.g. Bonamente et al. 2016; Ahoranta et al. 2020). The
scarce number of detections suggest that gases at different temperature phases
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might not co-exist at high enough densities for both FUV’s and X-rays to be
detectable. Thus, instead of using prior absorption signatures to determine the
redshifts, an intervening filament detected from large galaxy surveys can be
applied. What is more, several intervening filaments along the line of sight can
be used to determine a number of potential redshifts for X-ray absorption sig-
nals. Shifting an observed spectra at the filament redshifts and stacking at the
O VII wavelengths could potentially reveal previously undetected hot WHIM
systems.

The veil hiding the missing baryons is finally starting to move aside, re-
vealing the last piece of the puzzle. While the observational prospects of de-
tecting individual O VII absorbers are rather pessimistic, different methods and
alternative pathways will lead to ever more detections of the hot WHIM. And
this is only the beginning. Once the hot IGM is properly probed, we can begin
to understand the interactions and interconnections between collapsed struc-
tures, such as galaxies, the circumgalactic and the intra-cluster medium, and
the diffuse intergalactic medium feeding into the collapsed structures.
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SUMMARY IN ESTONIAN

Selle doktoritöö kaks peamist eesmärki olid iseloomustada universumi suure-
mastaabilise struktuuri raames puuduolevat galaktikavahelist gaasi (st puudu-
olevaid barüone) ning uurida O VII kasutamise võimalikkust selle gaasi leid-
misel. Selleks kasutasime tänapäevast hüdrodünaamilist simulatsiooni
EAGLE. Lisaks rakendasime kosmilise võrgustiku struktuuride leidmiseks
kahte erinevat filamentide leidmise meetodit, Bisous ja NEXUS+.

Tavalise aine sisaldus EAGLE-s on kooskõlas teiste hüdrodünaamiliste
simulatsioonidega, kusjuures umbes pooled barüonidest asuvad kosmilistes fi-
lamentides. Leidsime, et umbes pool filamentide gaasist on kuum galaktikate-
vaheline keskkond (WHIM), mille temperatuur on log T (K) = 5.5 − 7 . See
umbes 25% tavalise aine koguhulgast sisaldab omakorda ≈ 79%− 87% kogu
puuduolevast galaktikavehelist gaasist. Kuna selles faasis olev gaas on kuum
ja hajus, pole seda otseste meetoditega senimaani avastatud.

Teine võimalus puuduoleva gaasi leidmiseks on kasutada galaktikate hele-
dust. Kuna Universumi struktuuride moodustumist juhib tume aine, eksis-
teerivad nii galaktikad kui ka galaktikatevaheline keskkond üheskoos samades
suuremastaabilise struktuuri elementides. Seega, jälgides vaadeldavat galak-
tikate heledust, on võimalik jälgida ka nähtamatut galaktikatevahelist ainet.
Galaktikate heleduse ja WHIM-i tiheduse vahelise seose leidsime EAGLE
simulatsiooni andmete alusel. Seejärel rakendasime saadud seost SDSSi and-
metele, et hinnata WHIM-i kogust Bisous filamentides. See võimaldas meil
hinnata galaktikavahelise gaasi osakaalu, mis vastab heledustihedusele (LD):
Ωb,LD ≃ 31% ± 10% kogu tavalise aine osakaalust (ei sisalda tumeainet).
EAGLE-st leidsime, et filamendid, mis asuvad suure heledustiheduse LD piir-
kondades, on rikkad ka kuuma WHIM-i gaasi poolest. Nende filamentide ra-
diaaljaotustes esineb tõepoolest kogu valimiga võrreldes kõrgemaid keskmisi
temperatuure ja tihedusi. Suure LD-ga filamentide südamikud on ideaalne
koht, kust otsida O VII ioone temperatuuriga log T (K) = 5.5− 7 .

Seejärel uurisime O VII ioonide jaotust Bisousi filamentides. Kasutades
simulatsioonis saadud metallilisuseid ja CLOUDY algoritmist saadud ionisat-
siooni tabeleid, arvutasime iga simulatsiooni osakese jaoks O VII ioonide osa-
kaalu. Et hinnata, kui tõenäoliselt on järgmise põlvkonna röntgenteleskoobid
võimelised puuduvaid barüone detekteerima, uurisime nii filamentide O VII

kahemõõtmelisi pindtihedusi kui ka kolmemõõtmelisi arvtihedusi. Saime, et
O VII tihedused on liiga väikesed, et neid korrektselt tuvastada. Seega, gaasi
leidmine üksikutes filamentides röntgenkiirguse neeldumise abil ei ole lähitu-
levikus võimalik, ning O VII ei ole kasutatav kogu puuduva barüonide leidmi-
seks. Kuid tulevase röntgenteleskoobi abil on võimalik vaadelda märkimis-
väärset osa sellest, valgustades üht osa seni veel vaatlemata universumist.
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