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Abstract

Currently at redshift z < 1, the ACDM paradigm predicts that a significant fraction of
baryons is located in the warm-hot intergalactic medium (WHIM), which is most likely
located in cosmic web filaments. The WHIM is a low-density (ng ~107°-107* cm™)
plasma with temperatures of (log(7'/K) ~5 —7) and mild overdensities of ~10 — 30 times
the mean density of the Universe. Characterizing the physical state of this dominant
baryonic matter and its distribution is crucial because it allows us to complete the physical
picture of baryon evolution in the low-redshift Universe.

In the current ACDM cosmological framework, matter in the Universe is organized
into a complex network known as the cosmic web, composed of galaxy clusters, filaments,
sheets, and large underdense voids. Galaxy clusters occupy the densest nodes of this
network, while filaments form the interconnected structures along which matter flows
under gravity.

Owing to its low density and high ionization state, this gas is most effectively probed
through far-ultraviolet (FUV) absorption-line spectroscopy of background quasars, where
residual neutral hydrogen and highly ionized metals produce detectable absorption fea-
tures. Far-ultraviolet absorption-line spectroscopy with the Cosmic Origin Spectrograph
instrument in the Hubble Space Telescope (HST/COS) is particularly effective for tracing
the warm—hot intergalactic medium (WHIM) at low redshift (z < 0.5), where a significant
fraction of the cosmic baryons is predicted to reside. In particular, absorption lines of H1
Broad Lya absorbers (BLAs; Doppler parameter b > 40 kms~!) and O vi have been used
as WHIM tracers.

This work focuses on probing the signatures of the WHIM by analyzing the incidence
of its tracers, where cosmic web filaments connecting massive galaxy clusters may exist.

We conducted a study of FUV absorption spectroscopy acquired with the HST/COS
along QSO sightlines. For this experiment, a sample of ten QSO sightlines at z < 1
was selected, based on their proximity to cluster-pairs, targeting potential cosmic web
filaments that may connect massive galaxy clusters. Nine QSO sightlines were acquired
from the observational proposal ID15293 (PI Tejos), designed for our study. The tenth
sightline comes from the observational proposal ID12958 (PI Tejos) in the pioneering
work of Tejos et al. 2016, which motivates this study. We focus our analysis on absorption

11



features of WHIM tracers (BLAs and O vi) and cold gas tracers (Narrow Lya absorbers,
or NLAs), which are used as control samples for temperature.

We obtain observational parameters, such as the Doppler parameter, column density
(N), and redshift, for each detected absorption line. We measure the incidence and find a
relative excess of ~ 1.6, ~ 2, ~ 1.4 and ~ 2.6 for total H1, NLAs (b < 40 kms™!), BLAs,
and O v, respectively; within a rest-frame velocity window of Av = +1000 kms~! from
independent cluster-pairs and within an impact parameter of Ad < 3 Mpc. Additionally,
the covering fraction for BLAs and O viis ~ 1.5 and ~ 2.3 times larger, respectively, than
for a random (field) control sample of the environment; while for NLAs, it is consistent
with the random expectation. Narrowing the rest-frame velocity window to Av = +500

kms™!

, we found a covering fraction, for BLAs and O vi, ~ 2.3 and ~ 4.3 times larger
than their respective randomly expected values. In contrast, the covering fraction for
NLAs remains close to the random expectation, ~ 1.3.

The larger relative excess of WHIM tracers compared to cold gas tracers in the vicin-
ity of independent cluster-pairs indicates that warm-hot gas predominates in that environ-
ment, which may be a signature of WHIM detection in inter-cluster filaments.

In this work, we advance on the pioneering work of Tejos et al. 2016, which provided
a first statistical assessment of the presence of diffuse gas near cluster-pairs using a single
QSO sightline, establishing the experimental design and methodology. In our work, we
analyze a survey of ten QSO spectra, a significantly larger sample than the one used in
Tejos et al. 2016. We estimate the incidence of O vi and H1 sub-samples BLAs, and
Narrow Lya absorbers (NLAs, which are H1 features with b < 40 kms™'). We aim to
probe WHIM signatures by analyzing the incidence of WHIM tracers, targeting putative
cosmic web filaments that may connect galaxy cluster-pairs.

This thesis is organized as follows. Chapter 1 provides an overview of the state-of-
the-art, outlining the relevant background for this research. Chapter 2 describes the exper-
imental geometry, the data selection and explains the methodology used to characterize
the QSO sightlines and used to search for absorption line systems. Chapter 3 indicates the
results obtained in the article of Pessa et al. 2025, highlighting the detection of WHIM
absorbers and a statistical validation of the method. Chapter 4 presents the results on the
incidence of total Hi, NLAs, BLAs, and O vi obtained in our survey and a discussion
on the incidence and covering fraction of the absorption features analyzed in our survey.
Chapter 5 provides a brief introduction to our future work, focused on the overdensities
measured in WHIM absorbers. Finally, in Chapter 6, a summary and the conclusions of
this study are presented. Here, we use the following cosmological parameters: Hubble
constant Hy = 67.8 kms™' Mpc~!, mass energy density Q,, = 0.307, dark energy density
Qx = 0.691, spatial curvature k = 0 (Planck Collaboration et al. 2014), and distances are

in co-moving coordinates.
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Chapter 1
Introduction

Chapter based on the article Karen Martinez-Acosta, et al. in prep. Tentative title:
“Pinpointing the cosmic web between massive galaxy clusters I: Incidence of H1and
O vi as tracers of the WHIM .

1.1 Intergalactic Medium (IGM)

The intergalactic medium (IGM) is a multiphase ionized gas that constitutes the largest
reservoir of baryons in the Universe. It occupies the regions between dark matter halos
and surrounds the circumgalactic medium (CGM), which resides outside galaxies but
within their host dark-matter halo. The IGM is physically interlinked with the CGM,
and its study provides valuable insights about galaxy evolution, star formation, galactic
outflows, and the formation of the large-scale structure of the Universe (Sargent et al.
1980, Haardt & Madau 1996, Davé et al. 2001, McQuinn 2016, Mandelker et al. 2019,
Hu et al. 2024, Koplitz et al. 2024, Tejos 2025).

At large distances from galaxy halos, the IGM is uniformly distributed and has a typ-
ical density significantly lower than that commonly found within galaxies. Indeed, its
density is roughly equivalent to a hydrogen atom per four cubic meters, which is compa-
rable to the mean density of the Universe. Under these conditions, particle interactions
in the IGM are relatively rare, and photons can travel long distances without interacting.
Consequently, the IGM is a diffuse medium, generally considered optically thin, and only
its densest constituents are visible. Thus, the properties of the IGM are mainly influenced
by large-scale cosmological processes rather than by local interactions (Haardt & Madau
1996, McQuinn 2014, Tejos 2025).
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Figure 1.1: Schematic representation of the matter content of the Universe. Dark matter
and dark energy make up about 25% and 70% of our cosmos, respectively. Everything we
can see, from stars and galaxies to planets, is called ordinary matter, which accounts for
only about 5%. It is noteworthy to highlight the dominance of the intergalactic gas over
all the rest of the baryons. Credit ESA.

1.1.1 Content of baryonic matter in the Universe

The baryonic matter content in the Universe has been studied across all epochs using mod-
els of Big Bang nucleosynthesis (BBN) and the cosmic microwave background (CMB),
which predict that only ~4.8% (Planck Collaboration et al. 2016, Pessa et al. 2018) of
the energy content in the Universe is in the form of baryonic matter. Figure 1.1 shows a
schematic representation of the distribution of the matter content of the Universe, where
Dark matter and dark energy account for about 25% and 70% of the Universe, respec-
tively. The ordinary matter makes up stars in galaxies across the Universe, intergalactic
gas, and gas in galaxies and galaxy clusters. Everything we can see, from stars and galax-
ies to planets, is made up of ordinary or baryonic matter, which accounts for only about
5%. It is noteworthy to highlight the dominance of the intergalactic gas over all the rest
of the baryons.

Baryonic matter can be categorized into four regimes based on their overdensity (6 =
p/p — 1 where p is the mean baryonic density) and temperature (7') (Davé et al. 2001,
Prause et al. 2007). The first regime comprises the largest fraction of baryons that reside
in the diffuse IGM with 6 < 1000 and log(T/K) < 5, which is photoionized by the
metagalactic UV background radiation (Prause et al. 2007, Meiksin 2009). The second

regime, with 6 > 1000 and log(7/K) < 5, is the condensed regime, which consists of



condensed objects, such as stars and cool galactic gas. The third regime consists of the hot
gas (log(T/K) > 7) that is gravitationally bound in galaxy clusters and large groups. The
fourth regime consists of the warm-hot intergalactic medium (WHIM), which is a low-
density plasma with high temperature (Cen & Ostriker 1999, Davé et al. 2001, Danforth
et al. 2010, Savage et al. 2011, D’Odorico 2023).

1.2 Cosmic web

Analyses of structure formation predict a universe interconnected in a complex network
of filamentary structures referred to as the ‘cosmic web’, made of dark matter and diffuse
baryons (Bond et al. 1996, Davé et al. 2001, Tepper-Garcia et al. 2012, Tejos et al. 2016,
Pessa et al. 2018, Mandelker et al. 2019, Locatelli et al. 2021). In the A Cold Dark Matter
(ACDM) framework, and more generally in hierarchical cosmological models, galaxy
clusters correspond to the nodes of the cosmic web, where several filaments converge. In
these models, matter is predicted to flow along these filamentary structures, contributing
to the mass assembly of galaxy clusters (Bond et al. 1996). A warm-hot intergalactic
medium, known as WHIM, is expected to reside mainly in the densest filaments of this
cosmic web that connect galaxy clusters (Tejos et al. 2016, Galarraga-Espinosa et al. 2021,
D’Odorico 2023, Luber et al. 2025). Cosmological dark matter simulations predict high
probabilities of having filamentary structures between close (< 20 Mpc) pairs of massive
(> 10'*M,) galaxy clusters (Colberg et al. 2005, Aragén-Calvo et al. 2010, Gonzédlez &
Padilla 2010). This probability increases for closer and more massive galaxy clusters, so
a natural place to search for WHIM signatures and filaments is the volume between pairs
of massive galaxy clusters. In Figure 1.2 we show an illustration of the IGM from the
Millennium simulation. This figure depicts the cosmic web, structured by cluster galaxy

filaments and expansive, nearly empty voids accounting for most of the cosmic volume.

1.3 Warm-Hot Intergalactic Medium

The WHIM is a low-density (ng ~107°-10~* cm™?) plasma with temperatures of (log(T'/K)
~5 —7) and mild overdensities of ~10 — 30 times the mean density of the Universe (Cen
& Ostriker 1999, Davé et al. 2001, Prause et al. 2007, Danforth et al. 2010, Savage et al.
2011, D’Odorico 2023, Zhao et al. 2025). The WHIM is believed to emerge from inter-
galactic gas that is shock-heated to warm-hot temperatures as the medium collapses under
gravity (Cen & Ostriker 1999, Davé et al. 2001, Richter et al. 2006b), by cloud—cloud col-
lisions and/or galactic winds (Cen & Ostriker 2006, Cen & Fang 2006).

Cosmological simulations have reproduced and analyzed the formation and dynamics

of the filamentary structure of the universe, using different models, such as Millennium



Figure 1.2: Illustration of the cosmic web using dark matter density field simulations from
the Millennium simulation. This Figure shows the cosmic web structured by filaments,

galaxies, and vast, nearly empty voids, which comprise most of the Universe’s volume
(Springel et al. 2005a, Farnes et al. 2018).



Simulations (Springel et al. 2005b), Illustris (Vogelsberger et al. 2013, Martizzi et al.
2019), EAGLE (Schaye et al. 2015), and FLAMINGO (Schaye et al. 2023), among many
others. From an observational perspective, the filamentary structure of the cosmic web
has been a key feature in understanding cosmic evolution (de Lapparent et al. 1986). It has
been studied using different multi-wavelength methods. X-ray emission and absorption
provide information on the spatial distribution of baryons (Eckert et al. 2015, Nicastro
2016, Reiprich et al. 2021, Tanimura et al. 2022, Zhang et al. 2024, Zhao et al. 2025).
Observational techniques such as the thermal Sunyaev—Zel’dovich (tSZ) effect (Bonjean
et al. 2018, de Graaff et al. 2019, Tanimura et al. 2020) have been employed to detect
the hot phase of the WHIM, mainly around massive halos and galaxy clusters (Yang
et al. 2025). These observational studies frequently present statistical significances at
the 3 — 4 o level. However, in some cases, the limited optical and infrared data prevent
them from establishing the cosmic environments of these signals (Bonjean et al. 2018).
Given its diffuse nature, the WHIM does not emit sufficient photons to be detected in
emission (aside from stacking photons from many different regions); thus, absorption-
line measurements currently represent the most suitable method for studying the WHIM
at low redshifts (Richter et al. 2006b, Savage et al. 2011, Tejos et al. 2016). Particular
attention should be drawn to the fact that the highest density of the WHIM is similar to the
lowest of the intracluster medium (ICM), in the outskirts of clusters, where it is typically
not detected due to low surface brightness.

Figure 1.3 shows a simulation in a A-dominated cold dark matter (CDM) universe of
the WHIM gas. Contours are color-coded by overdensity; low overdensities of p ~ 10
are represented in green, while high overdensities of p ~ 10* are represented in red (Davé
et al. 2001).

Figure 1.4 shows a phase-space diagram at z = 0 of a ACDM simulation. This is a
density-temperature plot of gas in a representative volume of the Universe. The WHIM
region is shown in green dots (Davé 2003).

Due to its high temperature and low density, direct detection of the WHIM is chal-
lenging. Nevertheless, understanding this environment is essential to comprehend the
local large-scale structure, galaxy feedback, and evolution (Lehner et al. 2007, Prause
et al. 2007, Danforth et al. 2010, Richter 2010, Tejos et al. 2016). For instance, a recent
work by Macquart et al. 2020 used the dispersion measure of a sample of localized fast
radio bursts and measured the baryon content of the Universe to be €, = 0.05170 01>,
This result implies that the baryons formerly referred to as ‘missing’ (Cen & Ostriker
1999, Bregman 2007, Shull et al. 2012) are likely to reside in the intergalactic medium
(IGM), but it does not reveal their spatial distribution or physical state.



Figure 1.3: Warm - Hot Intergalactic medium (WHIM) simulation in a A-dominated cold
dark matter (CDM) universe. Low overdensity regions are represented in green and high
overdensity regions in red (Davé et al. 2001). Here, the filamentary structure of the WHIM
1s shown.
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Figure 1.4: WHIM phase diagram at z = 0 in a A-dominated cold dark matter (CDM)
simulation. This is a density-temperature plot of gas in a representative volume of the
Universe. The WHIM region is shown in green dots (Davé 2003).



1.4 Far-Ultraviolet spectroscopy absorption

Quasar far ultraviolet (FUV-QSO) absorption spectroscopy is an observational technique
that relies on bright background continuum sources, such as QSOs, to identify and charac-
terize intervening absorption features along the sightline. It offers several advantages over
attempts to detect gas using emission spectroscopy (Richter et al. 2008, Ahoranta et al.
2020). These include that absorption spectroscopy is more sensitive in a diffuse medium
because of its linear dependence on the density of the absorbing gas, in contrast with the
density-squared dependence for X-ray emission spectroscopy (Yao et al. 2008). Addition-
ally, absorption lines incorporate kinematic characteristics of the gas, and the ionization
state of the gas can be analyzed using multiple ions (Richter et al. 2008, Tepper-Garcia
etal. 2012, Tejos et al. 2016). Transitions of H1and O vi have been employed to search for
evidence of the WHIM in filamentary structures (Richter et al. 2006b, Tejos et al. 2016,
Ahoranta et al. 2020).

Whereas X-ray emission decreases proportionally to density squared, the SZ effect di-
minishes linearly with electron pressure, meaning that SZ observations have an advantage
in detecting the hot gas further into the cluster outskirts over X-ray observations.

Figure 1.5 illustrates a schematic diagram of WHIM detection in FUV. WHIM can
be detected at FUV wavelengths primarily through absorption-line spectroscopy of back-
ground bright sources, like quasars. The detection relies on identifying weak, intervening

absorption features imprinted by highly ionized gas along the line of sight.

1.5 WHIM tracers

The small fraction of H1 present in the intergalactic filaments is a metallicity-independent
tracer of the WHIM (Danforth et al. 2016). The temperature of a medium affects the

Doppler parameter (b) of absorption lines, which is composed of thermal and non-thermal

2
non-th*

broadening according to b = [/b% +b

The thermal component of a line profile can be used to infer the temperature according
to by, = 0.129 \/§ kms~!, where A is the atomic weight of the element, and T is the gas
temperature.

In Figure 1.6, the fraction of neutral hydrogen fy, drops sharply as a function of
temperature. For BLA temperatures, the fraction of neutral hydrogen is approximately
fir < 107, For NLAs temperatures (T < 10° K), the fraction of neutral hydrogen is
approximately fi; > 107> (Danforth et al. 2010).

The non-thermal component includes turbulence and unresolved blends. In overdense
environments, turbulence is expected to be the dominant source of non-thermal physi-

cal broadening, and it is considered proportional to the thermal broadening, such that



Figure 1.5: Schematic diagram of WHIM detection in FUV. WHIM can be detected at
FUV wavelengths primarily through absorption-line spectroscopy of background bright
sources, like quasars. The detection relies on identifying weak, intervening absorption
features imprinted by highly ionized gas along the line of sight. Credit ESA

boonth = buy & aby, (Pessa et al. 2018, Pessa et al. 2025). In Pessa et al. 2025, they
found that absorptions with » > 40 kms~! trace WHIM at T > 10° K without a critical
dependence on the value adopted for the parameter @, which accounts for the turbulent
contribution. Therefore, the identification of broad absorbers is not significantly affected
by the assumed level of turbulence, and the condition on the Doppler parameter for broad
Lya absorbers (BLAs, which are H1 features with b > 40 kms™') is robust with respect
to this assumption.

The most important highly-ionized ion (hereafter referred to as “high-ion”) absorp-
tion line to trace the WHIM at temperatures of T ~ 3 X 10° K is O vi. Other high-ion
transitions used to probe the WHIM include those of carbon, silicon, nitrogen, and neon.
However, these are generally less informative, either because their accessible transitions
preferentially trace gas at lower temperatures or because the abundances of these elements
in the IGM are too low to yield robust detections (Lehner et al. 2007, Richter et al. 2008,
Richter 2010).

Figure 1.7 illustrates the physical conditions of the O vi—bearing gas as a function of
the corresponding O vi observables, namely the column density and Doppler parameter.
The top-right panel displays the temperatures associated with the O vi—traced gas. Special
emphasis should be placed on the top-right panel, which indicates that O vi trace temper-
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Figure 1.6: Fraction of neutral hydrogen (fy,) as a function of temperature. At WHIM
temperature range (T = 10° — 107 K, shaded region), fi;; < 107>. The thermal component
of the Doppler parameter for H1is shown on the top axis (Danforth et al. 2010). The lines
indicate parametrizations based on Richter et al. 2006a simulations (CIE), linear relation-
ship with log T (RFBO06), ionization models from Danforth et al. 2006 (log U = -2 and
—1). These models are consistent throughout the WHIM range, but deviate significantly
at lower temperatures.
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Figure 1.7: Physical conditions of the O vi bearing gas as a function of O vi observables,
i.e., column density and Doppler parameter according to a work based on cosmologi-
cal, hydrodynamical simulations from the OverWhelmingly Large Simulations (OWLS)
project. The colour scale shows, for each (b, Novi) cell of size boy, = 2.0 kms™' and
log Nov; = 0.2dex, the median overdensity (top-left), temperature (top-right), hydrogen
mass fraction (middle-left), metallicity (middle-right), oxygen abundance (bottom-left)
and O v1 ionization fraction (bottom-right) (Tepper-Garcia et al. 2011).

atures T > 10° K, for absorptions with Doppler parameter b > 10 kms~!. Consequently,
it constitutes an effective tracer of the WHIM, regardless of its Doppler parameter.

Many studies suggest that FUV absorption lines of broad Lya and O vi are reliable
tracers the WHIM (Danforth & Shull 2008, Thom & Chen 2008, Tripp et al. 2008). Tran-
sitions of H1and O vi have been employed to search for evidence of the filamentary struc-
ture of the WHIM in FUV.

1.6 Advances in the current understanding of the WHIM:

Contribution of this work

Significant progress has recently been achieved in resolving the long-standing ‘missing
baryon’ problem. Notably, Macquart et al. 2020 utilized the dispersion measures of a

sample of localized FRBs to successfully conduct a census of the universe’s baryon con-



tent. This approach strongly indicates that the bulk of these elusive baryons resides within
the intergalactic medium (IGM) by measuring the integrated column density of ionized
matter. However, the detailed spatial distribution and physical state of the gas are largely
unconstrained. To directly probe the WHIM —the presumed primary reservoir of these
baryons— a variety of complementary observational methods are available. These in-
clude X-ray absorption and emission spectroscopy, FUV absorption spectroscopy, and
measurements based on the tSZ effect. The aim of this work is to study the WHIM with
FUV-QSO spectroscopy to characterize the IGM in putative cosmic web filaments.
Specifically, we advance on the pioneering work of Tejos et al. 2016, which provided a
first statistical assessment of WHIM detection in inter-cluster filaments of the cosmic web
using a single QSO sightline and established the experimental design and methodology.
In our work, we analyze a survey of ten QSO spectra, representing a significantly larger
sample than that employed by Tejos et al. 2016. We estimate the incidence of O viand H1
sub-samples BLAs, and Narrow Lya absorbers (NLAs, which are H1 features with b < 40
kms™!). We aim to probe WHIM signatures by analyzing the incidence of WHIM tracers
(BLAs and O vi) compared to those of cold gas tracers (NLAs), targeting potential cosmic

web filaments that may connect massive galaxy clusters.



Chapter 2

Pinpointing the cosmic web between

massive galaxy clusters

Chapter based on the article Karen Martinez-Acosta, et al. in prep. “Pinpointing the

cosmic web between massive galaxy clusters I: Incidence of Hiand O vi”.

To reliably characterize the WHIM in the densest filaments of the cosmic web, we
have to identify zones where inter-cluster filaments should reside with high probabil-
ity. First, we look for pairs of massive galaxy clusters because, according to the ACDM
framework, galaxy clusters correspond to the nodes of the cosmic web, where several
filaments converge. Thus, a natural place to search for WHIM signatures and filaments
is the volume between pairs of massive galaxy clusters. To achieve that, we cross-match
the galaxy cluster-pairs with bright UV QSOs for feasible FUV spectroscopy. In this
work, we identify absorptions along the line of sight of the FUV spectra of a survey of 10
QSOs. Specifically, we analyze the detection of broad and shallow H1, and O vi transitions

to provide a robust statistical detection of the elusive WHIM signatures.

2.1 Observational Experiment

We adopt the geometry used in a previous experiment Tejos et al. 2016. In this work, we
analyze a survey of ten high signal-to-noise ratio (SNR ~10) QSO spectra, representing a
significantly larger sample than that of the pioneering study, which was based on a single
sightline. We estimated the incidence of the signatures of O vi and H1 sub-samples Broad
Lya absorbers (BLAs; which are H1 features with Doppler parameter b > 40 kms~!), and
Narrow Ly« absorbers (NLAs; which are H1 features with b < 40 kms™).

In Figure 2.1, we show a schematic representation of the 3D geometry of our experi-
ment, which is the same as Tejos et al. 2016. Additionally, in Figure 2.2, a diagram of the

survey geometry projected in the sky and along the line-of-sight for a single cluster pair

27



Observer Cl2
Sightline QSO

Figure 2.1: Three-dimensional schematic representation of our survey geometry. A
cluster-pair that follows our criteria is shown in red. The rest-frame velocity window
between the clusters is defined by Av; the distance between the cluster sightline and the
inter-cluster axis is denoted by Ad; and the projected distance between the closest cluster
and the QSO sightline is indicated as Ax.

is shown.

2.2 Observational Data

Our experiment needs probing filaments with background QSOs; thus, we require a QSO-
filament pair catalog, which is defined by the same methodology of Tejos et al. 2016. First,
we used a galaxy cluster catalog to identify cluster-pairs to target the densest filaments in
the ‘cosmic web’ (see Section 2.2.1). Then, we cross-matched these cluster-pairs with a
UV bright QSO catalog, and the product of this cross-match is our QSO-filament catalog
(see Section 2.2.2). The criteria imposed to select the galaxy clusters and QSO samples
are the same as those employed in previous works (Tejos et al. 2016, Pessa et al. 2018,

Pessa et al. 2025), summarized as follows.

2.2.1 Galaxy Cluster Catalog and Cluster-pairs

To build our galaxy cluster catalog, we work with the red-sequence Matched-filter Proba-
bilistic Percolation (redMaPPer) catalog from Rykoft et al. 2014, using an extended ver-
sion and under the restriction of a minimum richness (A1) of 10, which in this redMaPPer

catalog corresponds to masses Mjuger 2 0.8 X 10 M.
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Figure 2.2: Schematic representation of the survey geometry projected in the sky (top)
and along the line-of-sight (bottom), for a single cluster pair (Tejos et al. 2016). The
cluster pair is represented by two red circles. The intercluster axis is represented by the

grey dashed lines. The QSO is represented by the star. Definitions of Av, Ad, and Ax are
identical to those provided in Figure 2.1.



It is important to note that, although lower levels of purity and completeness character-
ize samples from low-richness clusters (Rykoff et al. 2014), these factors are not expected
to generate a spurious signal when comparing the properties of absorption-line systems in
environments traced by such cluster-pairs with those in the field, assuming the presence
of genuine inter-cluster filaments. Our methodology is inherently conservative, as any
impurity or incompleteness would act to attenuate the observed signal, if any, rather than
artificially enhance it.

With the richness constraint, our catalog was limited to 251 093 galaxy cluster can-
didates. Although the redMaPPer detection algorithm is mainly based on photometry,
around 50% of the clusters have spectroscopic redshifts from their Brightest Cluster
Galaxy (BCG). We use the BCG spectroscopic redshift as the cluster redshift (z) when
available; otherwise, we use the photometric redshift.

The criteria that we impose for our cluster-pairs catalog are (for comparison purposes,

we adopted the same constraints as those employed by Tejos et al. 2016):

e The redshift of each cluster in a cluster-pair must be within 0.1 < z < 0.5 (see
Section 2.2.3 for the rationale behind the adopted limits).

o At least one of the two members has to have a spectroscopic redshift determina-
tion. If photometric redshift is used, the uncertainty must be no larger than 0.04'.
Each cluster-pair redshift is assigned as the average redshift between the two cluster

members.

e The redshift difference between the clusters of a pair has to be < 2000 kms™!.

o The transverse separation (projected in the sky) between two members of a cluster-

pair must be < 25 Mpc.

Using these requirements, we obtained a total of 181926 cluster-pairs, which we

cross-match with our QSO sample.

2.2.2 Selection of QSO sightlines

Our QSO data come from FUV spectroscopic observing programs on the Hubble Space
Telescope (HST) with the Cosmic Origins Spectrograph (COS) instrument. The QSOs
selected for each program were chosen from the combination of Sloan Digital Sky Sur-
vey Data Release 7 (SDSS DR7) (Schneider et al. 2010), the Baryon Oscillation Spec-
troscopic Survey (BOSS) (Paris et al. 2012), and the UV-bright Quasar Survey (UVQS)

! Although this photometric uncertainty corresponds to large uncertainties in velocity 6v =~ 12 000/(1+2)
kms~!, we note that in most of the cluster-pairs of our sample, both clusters have spectroscopic redshift
(see column (8) in Table 2.2). Additionally, for the ones with photometric redshift, most of the uncertainties
fall significantly below the adopted threshold, with an average of 6z = 0.016).



IDgso QSO name R.A. Dec. zgso  Cluster-pair ID  SNRqso

(deg) (deg) Hir Ow
(1) (2) (3) 4) (5) (6) (7)

QSO1 J1410+2304 212.65999 23.07977 0.796 1-17 7 10
QSO2 J1456+2750 224.03606 27.83577 0.248 17-24 13 14
QSO3  J1257+4429 194.33150 44.49317 0.300 25-31 10 13
QS04 J1410+0910 212.72264 9.17416 0.178 32-39 10 13
QSO5 J1419+3739 21498633 37.65357 0.477 40-45 19 23
QSO6  J1216+1819 184.13986 18.31866 0.449 46-52 10 11
QSO7 J1358+0213 209.59995 2.22885 0.959 53-62 9 13
QSO8 J1210+0154 182.57646 1.90165 0.216 63 14 12
QSOY J1120+1104 170.08905 11.07633 0.495 64-69 12 10
QSO10 J1637+4254 249.44397 4291379 0.544 67-77 10 9

Table 2.1: (1) QSO ID. (2) Name of the QSO. (3-4) Location of each QSO. (5) Spectro-
scopic redshift of the QSO. (6) ID of the cluster-pair (in Table 2.2) associated with each
QSO. (7) SNR per resolution element at the wavelength of the independent cluster-pairs
in the QSO spectra for relevant absorption features (H1 and O vi).

(Monroe et al. 2016) intersecting the volume of SDSS, imposing a magnitude limit of
FUV = 18.5 AB. The FUV magnitude of the QSOs was retrieved from GALEX (Bianchi
et al. 2014). These comprise a large number of reliably identified QSOs with well-known
spectroscopic redshifts, which are bright enough for FUV spectroscopy in relatively short
exposure times.

We then cross-matched this UV-bright QSO catalog with our cluster-pairs, imposing
the following criteria:

o The redshift of the QSOs must be larger than the redshift of the cluster-pair probed,
plus 3000 km s~! (rest-frame) from the QSOs redshift (to avoid the proximity zone
of the QSO).

e The QSO sightline must be within 3 Mpc from the inter-cluster axis. This distance
is defined as the impact parameter, Ad (see Figure 2.1).

Sightlines cross-matched with at least one cluster-pair were selected for this study,
minimizing exposure time per QSO-pair (see proposal ID15293). A total of ten QSO
sightlines were analyzed. Nine QSO sightlines were acquired from the observational
proposal ID15293 (PI Tejos), designed for our study. The tenth sightline comes from the
proposal ID12958 (PI Tejos), published in Tejos et al. 2016. In Table 2.1, we summarize
our QSO sample with the intervening cluster-pairs.

It is well known that galaxy clusters tend to be clustered with one another; therefore,
cluster pairs should reside within the same structures (White & Frenk 1991, Benson et al.

2001). We therefore grouped the cluster-pairs within 1000 km s~ (rest-frame) from one



another, and we treated these grouped pairs as independent because each group likely
traces the same filamentary structures (if any). The velocity value was adopted to account
for the velocity dispersion typical of galaxy clusters and the associated contribution to
differences in cosmological redshift (Tejos et al. 2016). In this way, we have grouped
the 77 cluster-pairs found after the crossmatch with the QSO catalog into 25 indepen-
dent cluster-pairs. In Table 2.2, we show the galaxy cluster-pairs associated with their
respective QSO sightlines.

The majority of the analyzed sightlines have an average SNR greater than 10 per
resolution element, at the expected observed wavelength for relevant absorption features
(Hr1 and Ovi). This constraint corresponds roughly to 30~ detection limits in column
density of 10'* cm™2 for H1 and 3 x 10" cm=2 for O vi (Green et al. 2012, Butsky et al.
2019) and it is sufficient for independent constraints of the column density (N) and the

Doppler parameter (b) via Voigt profile fitting.

2.2.3 HST/COS Observations

The COS instrument, in its FUV mode, is a spectrograph with medium-resolution (1/AA =~
18000, Av ~ 17 kms™) and wavelength coverage 1135 — 1800 A. We employed the
GI130M and G160M gratings, which are the two moderate-resolution FUV channels of
COS. Both gratings are sensitive to H1 absorption through Lya at z < 0.47 and through
Lyg and higher-order Lyman transitions at 0.1 < z < 0.9 (Danforth et al. 2016). For
O i, the G130M grating is sensitive to detect at least one transition at z > 0.094, and the
stronger 1032 A O line can be detected at z > 0.100 (Koplitz et al. 2024). To trace H1
and O vi simultaneously at low redshift, in our experiment, we constrain our analysis to
0.1 <z<0.5.

2.2.4 QSOs data processing

We process the QSO spectra in the same fashion as in Pessa et al. 2025, which is briefly
described as follows. First, we retrieved the individual exposures of our QSO spectra
from the Mikulski Archive for Space Telescopes (MAST). We downloaded the reduced
files x1d. fits, which had been previously uniformly processed by the HST/CalCOS
pipeline (Hodge et al. 2007). CalCOS calibrates COS data by rectifying instrumental
effects, producing a wavelength calibration tailored to each exposure, and finally extract-
ing a one-dimensional spectrum calibrated for flux, for the entire observation (James et al.
2022). Nevertheless, we inspected the 2D spectral files to assess the quality of the spectra.
Afterwards, we collate the exposures from the available gratings. Since our analysis re-

quires a single linear wavelength scale, we used LiNeTooLs? (Prochaska et al. 2016) to rebin

Zhttps: //github.com/linetools/linetools.
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Pair ID Qso z pair Transverse (Mpc) LOS (km sT ) Ad (Mpc) Ax (Mpc) Both spec-z? Grouped ID
@ (@) 3) () (&) ©) (@) @®) ©
1 J1410+2304 0.15426 22.1 1952 0.6 0.1 y 1
2 J1410+2304 0.15883 14.7 420 0.5 0.3 y 2
3 J1410+2304 0.17598 14.7 1381 1.5 7.3 y 3
4 J1410+2304 0.34387 12.7 1192 1.8 34 y 4
5 J1410+2304 0.34761 24.8 1318 2.8 7.5 n 4
6 J1410+2304 0.34884 18.1 1022 2.3 9.0 y 4
7 J1410+2304 0.3743 174 771 2.8 4.6 n 5
8 1141042304 0.41487 53 435 1.9 2.0 y 6
9 J1410+2304 0.41631 16.7 1044 12 3.6 y 6
10 J1410+2304 0.41688 23.6 1287 0.0 3.8 y 6
11 J1410+2304 0.41707 13.2 1365 2.6 2.8 n 6
12 J1410+2304 0.43206 17.9 1583 2.6 6.0 n 7
13 J1410+2304 0.45491 4.1 1362 0.4 1.2 n 8
14 1141042304 0.45508 10.8 1430 2.8 0.8 n 8
15 J1410+2304 0.45838 11.1 68 1.0 0.7 y 8
16 1141042304 0.45988 16.2 682 12 0.2 y 8
17 J1410+2304 0.46019 219 807 1.0 0.7 y 8
18 J1456+2750 0.12462 12.6 881 0.6 52 n 9
19 J1456+2750 0.12588 17.6 207 0.9 52 y 9
20 J1456+2750 0.12628 10.2 5 1.6 5.0 y 9
21 J1456+2750 0.17993 15.0 312 3.0 35 y 10
22 J1456+2750 0.22637 7.5 24 0.8 0.8 y 11
23 1145642750 0.22656 15.7 116 0.8 0.8 y 11
24 J1456+2750 0.22687 9.1 267 1.0 0.4 y 11
25 J1257+4429 0.2319 12.5 687 1.8 32 n 12
26 J1257+4429 0.23287 17.2 32 23 8.1 y 12
27 J1257+4429 0.23306 11.6 123 1.7 33 y 12
28 J1257+4429 0.23518 21.6 1087 29 8.9 y 12
29 J1257+4429 0.23526 222 947 2.4 2.8 y 12
30 J1257+4429 0.23536 16.5 996 1.1 35 y 12
31 J1257+4429 0.23591 24.0 1506 22 8.2 n 12
32 J1410+0910 0.10781 132 390 1.4 3.6 y 13
33 J1410+0910 0.10817 18.7 196 1.6 35 y 13
34 J1410+0910 0.10868 232 84 2.0 33 y 13
35 J1410+0910 0.10889 229 197 2.0 33 y 13
36 J1410+0910 0.11097 13.7 1315 0.5 3.8 y 13
37 J1410+0910 0.11178 16.1 1751 0.1 3.8 y 13
38 J1410+0910 0.11194 229 791 2.6 9.7 y 13
39 J1410+0910 0.14801 25.0 1341 1.9 5.1 y 14
40 J1419+3739 0.13551 1.8 323 2.5 0.3 y 15
41 J1419+3739 0.13683 16.0 1017 2.7 1.1 y 15
42 J1419+3739 0.15687 11.2 766 1.0 5.4 y 16
43 J1419+3739 0.15889 17.1 1812 29 4.7 y 16
44 J1419+3739 0.15985 13.9 775 2.3 54 y 16
45 J1419+3739 0.16187 21.1 270 2.4 8.5 y 16
46 J1216+1819 0.15306 22.0 1342 12 8.0 y 17
47 J1216+1819 0.15556 11.2 39 1.6 33 y 17
48 J1216+1819 0.18143 6.2 798 2.3 0.5 y 18
49 J1216+1819 0.18237 219 1274 0.3 6.2 y 18
50 J1216+1819 0.18394 16.2 477 2.3 0.6 y 18
51 J1216+1819 0.1866 6.7 1820 0.3 2.3 y 18
52 J1216+1819 0.31771 24.7 1455 1.8 9.8 y 19
53 J1358+0213 0.25746 13.2 473 1.7 5.7 y 20
54 J1358+0213 0.26055 20.9 481 2.0 5.5 y 20
55 J1358+0213 0.2612 11.0 169 14 5.4 y 20
56 J1358+0213 0.26136 20.8 246 0.3 5.5 y 20
57 J1358+0213 0.26209 16.8 255 1.5 5.6 y 20
58 J1358+0213 0.26425 17.7 1615 0.2 5.5 n 20
59 J1358+0213 0.26514 234 1191 1.0 11.2 n 20
60 J1358+0213 0.43152 11.9 714 2.0 1.8 n 21
61 J1358+0213 0.43522 19.9 833 1.5 23 n 21
62 J1358+0213 0.4353 19.4 865 2.0 1.8 n 21
63 J1210+0154 0.19083 13.0 1242 1.1 5.7 y 22
64 J1120+1104 0.24151 20.7 484 2.8 7.5 y 23
65 J1120+1104 0.24219 14.3 814 0.4 6.3 y 23
66 J1120+1104 0.24322 19.2 317 1.1 6.2 y 23
67 J1120+1104 0.38859 19.8 500 1.1 2.5 n 24
68 J1120+1104 0.38862 20.1 490 1.6 22 n 24
69 J1120+1104 0.39072 17.4 1419 1.1 0.0 y 24
70 J1637+4254 0.22277 15.5 512 1.9 4.8 y 25
71 J1637+4254 0.22366 152 773 2.5 6.6 y 25
72 J1637+4254 0.22372 18.6 802 1.2 8.8 y 25
73 J1637+4254 0.22453 122 349 0.6 5.1 y 25
74 J1637+4254 0.22459 149 378 0.7 5.1 y 25
75 J1637+4254 0.22521 19.0 1705 1.5 8.1 y 25
76 J1637+4254 0.22697 154 845 0.1 7.1 y 25
77 J1637+4254 0.22703 17.7 816 1.9 8.0 y 25

Table 2.2: (1) Pair ID. (2) QSO associated with a cluster-pair. (3) Redshift of the cluster-
pair. (4) Transverse separation between cluster-pairs. (5) Separation between the cluster-
pairs in rest-frame velocity along the QSO sightline (LOS). (6) Impact parameter (Ad). (7)
Distance to the closest cluster of the pair, along the inter-cluster axis (Ax). (8) Whether
both members of a cluster-pair have spectroscopic redshift. (9) Grouped independent

cluster-pairs.



the original spectra into a coarser one of 0.0395 A pixel™!, which corresponds roughly to
two pixels per resolution element (Tejos et al. 2016). In spectral regions covered by both
gratings, we average the spectra with the smash_spectra function from LiNnerooLs which
ensures the conservation of total flux in the process. The calibrated one-dimensional final
spectra were further analyzed using the LiNneTooLs 1t_continuumfit script to fit a global

pseudo-continuum to it?.

2.3 Quality of the survey

Figures 2.3 and 2.4 show the SNR of the spectra of the QSO sightlines of our survey.
In each sightline, the colored regions belong to the expected observed wavelength for
H1 (Figure 2.3, in brown) and O vi (Figure 2.4, in green) absorptions, at the location of

independent cluster-pairs.

2.4 Spectral lines identification

We search for intervening absorption lines in each QSO spectrum and characterize their
observational parameters via Voigt profile fitting. We focus our analysis on total Hi,
NLAs, BLAs, and O vi absorption lines.

We first identify all the absorption lines in every QSO sightline using the software
IGM-Guesses*, not only in the wavelength regions corresponding to the redshifts of
known structures. This software is a graphical user interface (GUI) available as part of the
pyim package’ and facilitates the search for and identification of absorption features in
the spectra of background sources. However, IGM-Guesses only produces initial guesses
for the redshift, column density, Doppler parameter, and ion identification for subsequent
Voigt profile fitting.

To characterize all absorption lines, we followed the algorithm described in Tejos et al.
2016 (see also Holguin Luna et al. 2024 and Pessa et al. 2025), which is summarized as
follows.

First, we must specify a confidence category for identifications. We do this through
qualitative categories that indicate the reliability of the detection. Category ‘a’ (reliable)
is assigned to the detections with multiple transitions of a given ion where at least two
of them are available and clearly visible in the spectrum. Category ‘b’ (possible) is as-

signed when we have absorption components from single transition ions that are at the

3i.e., including intrinsic broad emission lines and Galaxy’s damped Lya system wings (Tejos et al.

2016).
“https://pyigm.readthedocs.io/en/latest/igmguesses.html.
Shttps://github.com/pyigm/pyigm.
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the quality of the spectra (shown in black) of our survey for H1. The straight blue

line corresponds to an SNR
located in the spectra for the H1 are shown in brown.
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same redshift as another certain component or when ion components have several possi-
ble transitions, but for some reason, only one of them is clearly detected. Category ‘c’
(uncertain) is initially assigned when components, based on the user experience, are likely
to be misidentified or to exhibit an unknown feature. Additionally, we imposed a detec-
tion significance criterion based on the equivalent width (W,) and its uncertainty (6W,).
Absorptions with reliability ‘b’ with W, /6W, < 3 are reassigned to reliability ‘c’.

With these criteria, we use the 5-step IGM-Guesses algorithm (Tejos et al. 2016):

1. Step 1: We identify all absorption components available at redshift z = 0 with a
velocity window of +500 kms™! in order to ensure the identification of the lines

from the interstellar medium (ISM) of the Milky Way and/or Local Group Systems.

2. Step 2: This step replicates Step 1, but at the redshift of the QSO (zgs0) with a
velocity window of 1500 km s™! to ensure the identification of the lines associated

with the QSO environment.

3. Step 3: We search for absorption lines from the IGM. To do so, we identify H1 with
at least two transitions, starting at z = zpso and scanning down to z = 0, and assign
them to the reliability ‘a’. This step involves identifying the entire Lyman series

covered by the spectrum of a given component.

4. Step 4: We search for metal lines in the well-identified H1 absorption detected in
the previous step. When the wavelength coverage allows detection of multiple tran-
sitions of a single ion, we require that their relative positions coincide; in cases of
multiple adjacent components blending, we require them to have consistent kine-

matic structures across multiple transitions of the same ion.

5. Step 5: We assume all unidentified absorption features to be H1 Lya starting from
Z = zgso down to z = 0, and assign them to the ‘b’ category. Then we repeat the
previous step, and if metal lines are found, we re-assign the corresponding identifi-

cation and reliability, and categorize the H1 line as category ‘a’.

Finally, we save these absorption features and the initial guesses on (z, N, b).

2.4.1 Observational parameters estimation

We use the VEEPER® Voigt profile fitting software based on our initial guesses described
above. Veeper is a collection of tools for generating and fitting Voigt profiles of absorption

lines, particularly in QSO spectra, accounting for the non-Gaussian line spread function

6https ://github.com/jnburchett/veeper
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(LSF) of COS. We fit Voigt profiles to all absorption lines in the QSO spectrum, yielding
definitive values for z, log N, and b, along with their uncertainties.

With the results from the Voigt profile fitting, we estimate the rest-frame equivalent
width of the strongest transition for each detected component with Lineroors. For this
purpose, we used the approximation based on fitted values for N and b, as given by Draine
2011 (see their equation 9.27). Its uncertainty was calculated as in Tejos et al. 2016 (see
their Section 4.3). It is of particular importance to recognize that for saturated lines, our
method leads to unrealistically large 6W, due to the poor column density constraint, but

these lines are usually in the ‘a’ category.

2.5 Methodological Context Within This Work

The methodology presented in this chapter was previously validated within the frame-
work of a collaborative study based on the analysis of a single sightline toward QSO
SDSSJ161940.56+254323.0, which constitutes the focus of Chapter 3. In that work, the
procedures described here were implemented and tested to ensure their robustness and
internal consistency.

Furthermore, both the methodological approach and the dataset detailed in the present
chapter form the foundation of the central component of this thesis, corresponding to the
article currently in preparation (Pinpointing the cosmic web between massive galaxy clus-
ters I: The incidence of H1and O vi). The results derived from this application, together

with their associated analysis and discussion, are presented comprehensively in Chapter 4.



Chapter 3

A positive correlation between broad
HI Lya absorptions and local

overdensities of galaxies

Chapter based on the article of Pessa et al. 2025, et al.: A positive correlation between

broad H 1 Lya absorptions and local overdensities of galaxies

This chapter outlines the contributions of the Ph.D. candidate to the aforementioned
article; however, it does not present the results in their entirety. The purpose of this chapter
is to highlight the specific aspects to which the candidate contributed, which focused on
the methodology for detecting absorption lines in the sightline of QSO SDSSJ161940.56+
254323.0, the detection and characterization of intervening gas absorption features, and
the statistical validation of the identified detections.

Particularly, for a subset of the BLAs identified in this spectrum, we apply the Bayesian
Information Criterion (BIC) to compare alternative candidate best-fit models for the asso-
ciated absorption features. In addition, we provide a detailed discussion of the treatment
and characterization of saturated BLAs.

It is important to note that, in this Chapter, only a single sightline was used. In con-
trast, the full study includes 10 characterized sightlines (see Chapter 4), resulting in a
more robust sample. This chapter also serves to validate the absorption-line detection

methodology applied throughout the broader study.

3.1 Overview

A large fraction of the baryon budget at z < 1 resides in large-scale filaments in the form
of diffuse intergalactic gas, and numerous studies have reported a significant correlation

between the strength of the absorptions produced by this gas in the spectra of bright
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background sources and the impact parameter to cosmic filaments intersected by these
sightlines (Wakker et al. 2015, Tejos et al. 2016, Pessa et al. 2018, Bouma et al. 2021,
Vernstrom et al. 2021). However, a similar relation is harder to determine for the warm-
hot phase of the intergalactic gas, since its higher Doppler parameter and significantly
lower neutral gas fraction make this gas difficult to detect in absorption; thus, high-quality
spectra are required.

We use a sample of 13 broad Ly« absorbers (BLAs) detected in the HST/COS spec-
trum of a single QSO (z ~ 0.2685), whose sightline intersects several inter-cluster axes, to
study the relation between BLLAs and the large-scale structure of the Universe. Given their
Doppler parameters of b > 40kms~', BLAs are good tracers of warm-hot intergalactic
gas.

Local overdensities of galaxies at the redshifts of the BLAs were inferred from VLT/
MUSE and VLT/VIMOS data to assess the potential association of the BLAs with nearby
galaxies (see Pessa et al. 2025 for further details). Out of the 13 BLAs identified in our
sample, four are associated with a strong overdensity of galaxies, and four with tentative
overdensities. The remaining five are located at redshifts where an excess of galaxies was
not identified. These overdensities of galaxies at the redshift of BLAs (+1000kms™') are
local, and they vanish when larger cosmic volumes are considered, in terms of a larger
velocity offset to the BLA or larger impact parameter to the QSO sightline. See Pessa
et al. 2025 for further details.

Finally, in this work, we find a positive correlation between the total hydrogen col-
umn densities inferred from the BLAs and the relative excess of galaxies at the same
redshifts, consistent with the picture where warm-hot gas resides deep within the gravi-
tational potential well of cosmic filaments. However, this chapter does not focus on the
determination of overdensities from the galaxy survey. Instead, it concentrates on the
methodology employed to identify absorption features in QSO spectra, the statistical val-
idation of the fitting procedure used to characterize these features, and the derivation of

observational parameters from the resulting fits.

3.2 Detection of BLLAs

In this section, we present the methodology employed for the identification of absorption
lines in the SDSSJ161940.56+254323.0 normalized spectrum, and describe how we deal
with possible ambiguities. The characterization of the absorption lines in the spectrum of
SDSSJ161940.56+254323.0 of the HST/COS was carried out throughout the full line-of-
sight, not only limiting ourselves to the regions where known structures exist. In this way,
we minimize possible misidentifications and better handle possible interloper absorption.

We employ the same criteria to identify and characterize these absorption features



as in Tejos et al. (2016) (see their section 4 for details). For this, we used the custom
software IGM_guesses'. This software facilitates the visualization and Gaussian fitting
of absorption features, ultimately yielding initial parameters for subsequent Voigt profile
fitting (see below); these include redshift (z), column density (N), and Doppler parameter
(b) for the ions identified.

To characterize absorption lines in the QSO SDSSJ161940.56+254323.0, we applied
the 5-step IGM-Guesses algorithm described in 2.4.

Later, we used these initial guesses as inputs for an automatic Voigt profiling pro-
cess using the software VEEPER 2, taking into account the non-Gaussian COS line spread
function (LSF) and restricting the sample to absorption lines having W, > 0.01 A.

From this analysis, we obtained a sample of 13 identified reliable BLAs for which
we measured their redshift, neutral hydrogen column density Ny;, and Doppler parameter
byr. In this work, we identify as BLA any hydrogen absorption with an observed Doppler
parameter larger than 40kms™! (see, e.g., Danforth et al. 2010, 2016), however, we ac-
knowledge that due to the presence of non-thermal broadening, a » > 40kms~! does not
necessarily always imply gas at T > 10° K (see, e.g., Sameer et al. 2024). These BLAs are
shown in Fig. 3.1. When characterizing absorption lines, there is always the possibility of
introducing biases and/or systematics.

Table 3.1 summarizes the physical properties of the gas inferred from each one of
the BLAs in our sample. While this work focuses primarily on BLAs, for completeness
and comparison purposes, we also proceed in the same manner with the detected NLAs.
Table 3.2 summarizes the physical properties of the gas derived for the NLAs. In total,
ten NLAs (and zero BLAs) fall in the low-reliability category ‘c’. These transitions were
excluded from further analyses. For further details in the calculation of each column of
Tables 3.1 and 3.2, see Pessa et al. 2025.

3.2.1 Statistical validation of the detection method

BLAs modeled as a single absorption could alternatively be modeled as multiple narrow
components. To choose the best model, while avoiding overfitting, we use the Bayesian
information criterion (BIC).

The BIC quantifies the goodness of fit of a model while explicitly penalizing the model
complexity. Thus, balancing the likelihood of the data given the model and the number
of free parameters. The BIC imposes a penalty that increases with the number of model
parameters to avoid overfitting. Models with lower BIC values are preferred (Schwarz
1978).

'https://github.com/pyigm/pyigm.
2https ://github.com/jnburchett/veeper.
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Figure 3.1: Identified BLAs in the HST/COS spectrum of SDSSJ161940.56+254323.0.
The panels show the best-fitting Voigt profile for each BLA in blue and the full model of
the QSO spectrum in red. The dotted line shows the continuum level. Additional modeled
transitions in the same wavelength range are labeled in red. The derived observational
parameters column density log(N/cm™2), Doppler parameter in km s~!, equivalent width in
A, and redshift are indicated in each panel, together with the reliability of the identification
(see Sec. 3.2 for details). For saturated lines, our method leads to unrealistically large W,
uncertainties due to the poor column density constraint.



ID z bkms T log(Ng;/cm2) log(Nuy / cm™2) Alog(Ny,/ cm™2) Alog(T/K) Alog fion Reliability — Metals
@ @ 3 @ ®) 6) @) ® €)] 10)
1 004021 78«13  13.72+0.05 19.71+0.18 19.93-1929 56-51 6.21-557 b -
0.04866 4246  14.58+0.18 19.90£0.24 20.11-19.47  50-4.5 5.53-4.89 a
0.06805 68+13  13.76+0.07 19.60+0.22 19.82-19.18  54-49 6.06-542 b
0.13831 52+16  13.36+0.10 18.90+0.36 19.11-18.47  52-47 575-5.11 b
0.15417 68+24  13.37+0.11 19.20+0.40 1942-18.78  54-49 6.05-541 b
0.17576 60+16  13.39+0.09 19.09+0.30 19.31-18.67 53-4.8 592-528 b
0.17649 43+7  13.60+0.05 18.93+0.18 19.15-1851  5.0-4.5 5.55-491 b
b
b
a
b
b
a

Sim, Sitv, Civ

0NN AW

0.17729 5116 13.43+0.10 18.97+0.36 19.18 - 18.54 52-47 575-5.11
9 0.17813 41=+15 13.24+0.11 18.54+0.41 18.75-18.11 50-45 5.51-4.87
10 0.18787 46+7 14.35+0.07 19.75+0.17 19.97 - 19.33 51-46 5.62-498
11 0.18919 61+16 13.63+0.08 19.35+0.30 19.57 - 18.93 54-48 5.94-530
12 021316 54+23 13.24+0.14 18.82+0.48 19.03 - 18.39 52-47 5.79-5.15
13 0.25294 4743 14.02+0.03 19.47+0.08 19.68 - 19.04 5.1-46 5.66-5.02

Ovi

Table 3.1: Physical properties of the gas inferred from each one of the BLAs in our sam-
ple. Columns (1)-(4) indicate ID of the identification, redshift (z), Doppler parameter (b),
and neutral hydrogen column density (log Ny,), respectively. The ionized hydrogen col-
umn densities (log Ny, ) in column (5) have been calculated using a constant « (turbulent-
to-thermal Doppler contribution ratio) of 0.7. The uncertainties in column (5) reflect only
the statistical uncertainties propagated from the line fitting. However, the inferred ionized
hydrogen column densities are subject to systematic uncertainties due to the assumptions
made to compute them. Columns (6), (7), and (8) show the range of variation of the
determined log(Ny,), log(T'), and ionization fraction of the gas (fion), respectively, when
using a values in the range [@iow - @highl, With a0y, = 0, and apign = 1.5. Column (9) shows
the reliability of the Voigt profile fitting, and column (10) indicates the metal transitions
found at the same redshift of each BLA.

In Figures 3.2-3.4, we discuss possible alternative best-fitting solutions for some of
the BLAs in our sample. For some of the BLAs identified in our analysis, models in-
corporating multiple absorption components were compared against single-component
models.

The BLA #1 (z ~ 0.04021, see Figure 3.2) could be alternatively modeled as three
separate narrow components. Naturally, this could potentially reproduce the data better
than our one-component fitting. Thus, to choose the best model, while avoiding over-
fitting, we use the Bayesian information criterion (BIC), which introduces an additional
penalty term for the number of parameters in the model (Schwarz 1978) 3. For this BLA,
the BIC is significantly lower for the one-component fitting, and thus, a one-component
model is the preferred solution.

The BLA #3 (z ~ 0.06805, see Figure 3.3) could also be modeled as two separate
narrower components. However, the measured BIC value is significantly lower for the
one-component model, and thus, a one-component model is the preferred solution.

The BLA #6 (z ~ 0.17576, see Figure 3.4) could be alternatively modeled as two
separate narrow components. However, similar to BLA #3, the BIC is significantly lower

3The BIC is also sensitive to the improvement of the fitting, and the goodness of fit will generally
increase when more parameters are added to the model. In that sense, in principle, an arbitrarily high
number of components could be added to fit any given BLA; thus, here we use the BIC to determine up to
which point the data support a more complex model.



ID Z b/km s log(Nu, / cm™?) log(Ngy / cm™?) Alog(Ny,/ cm?) A log(T/K) Alog fion Reliability
(O] (3) (4) ) (6) @) (3) )
1 0.00869 35+24 12.97+0.19 18.08+0.77 18.29 - 17.65 49-43 5.32-4.68 c
2 0.01702 13+16 12.74+0.21 16.79+1.31 17.01 - 16.37 40-35 4.27-3.63 a
3 0.01982 13+18 12.67+0.24 16.70+1.56 16.92 - 16.28 40-3.5 4.25-3.61 c
4 0.02893 26+3 14.08+0.08 18.88+0.15 19.09 - 18.45 46-4.1 5.01-437 b
5 0.04157 28+32 12.70+0.31 17.56+1.31 17.78 - 17.14 47-42 5.08-4.44 c
6 0.04197 29+4 14.17+0.09 19.09+0.16 19.31 - 18.67 47-42 5.14-4.50 b
7 0.04246 30+4 14.33+0.13 19.27+0.21 19.48 - 18.84 47-42 5.15-451 b
8 0.08051 20+15 12.93+0.18 17.43+0.84 17.64 - 17.00 44-39 471-4.07 c
9 0.12490 25+9 16.91+2.14 21.65+2.18 21.86 - 21.22 46-4.1 495-431 a
10 0.12506 19+53 17.06+2.24 21.52+3.74 21.74 - 21.10 43-3.8 4.68-4.04 a
11 0.12529 32+29 14.79+1.30 19.80+1.64 20.02 - 19.38 48-43 5.23-459 a
12 0.14246 26+16 12.94+0.17 17.74+0.69 17.95-17.31 46-4.1 5.01-4.37 c
13 0.14850 27+6 13.42+0.06 18.26+0.25 18.47 - 17.83 46-4.1 5.05-441 b
14 0.17764 20+18 12.90+0.26 17.43+1.01 17.65 - 17.01 44-39 475-4.11 c
15 0.18494 32422 13.00+0.19 18.04+0.77 18.25-17.61 48-43 525-4.061 c
16 0.18824 35+22 13.38+0.28 18.48+0.75 18.70 - 18.06 49-43 5.32-4.68 c
17 0.18978 36+5 14.10+0.07 19.25+0.17 19.47 - 18.83 49-44 5.37-4.73 a
18 0.19203 29+30 13.10+0.31 18.00+1.17 18.22 - 17.58 47-42 5.12-448 c
19 0.24255 21+7 13.27+0.08 17.83+0.36 18.05-17.41 44-39 478-4.14 b
20 0.24922  8+9 12.96+0.16 16.45+1.19 16.67 - 16.03 3.6-3.1 3.71-3.07 c
21 0.25696 28+4 13.94+0.05 18.82+0.17 19.04 - 18.40 47-42 5.10-4.46 a
22 0.25728 32+4 14.04+0.04 19.07+0.14 19.29 - 18.65 48-43 5.25-4.61 b

Table 3.2: Physical properties of the gas inferred from each one of the NLAs in our
sample. Same as Table 3.1, for the NLAs (b < 40kms™') detected in the QSO sightline
(except for the last column, which is not included since we do not discuss NLAs case-by-
case, as for BLASs).
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Figure 3.2: Comparison of the BIC value for a one-component fitting model (Pessa et al.
2025, in red) against a three-component fitting model (in blue) for the BLA detected at
z = 0.04021. The red and blue dots indicate the residuals of the one-component and two-
component fitting models, respectively. The green line shows the 1 — o uncertainty of the
spectrum. The fit with the lowest BIC value is considered the best fit.
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Figure 3.3: Comparison of the BIC value for a one-component fitting model (Pessa
et al. 2025, in red) against a two-component fitting model (blue) for the BLA detected
at z = 0.06805. The red and blue dots indicate the residuals of the one-component and
two-component fitting models, respectively. The green line shows the 1 — o uncertainty
of the spectrum. The fit with the lowest BIC value is considered the best fit.
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Figure 3.4: Comparison of the BIC value for a one-component fitting model (Pessa et al.
2025, in red) against a two-component fitting model (in blue) for the BLA detected at
7 =0.17576. The red and blue dots indicate the residuals of the one-component and two-
component fitting models, respectively. The green line shows the 1 — o uncertainty of the
spectrum. The fit with the lowest BIC value is considered the best fit.

for the one-component fitting, and thus, we keep a one-component model as the preferred

solution.

3.3 Saturated BLAs and associated metals

In this section, we present the plots of the saturated BLAs with the metals associated with
their detection.

Since constraining b and N becomes degenerate for saturated lines (N, > 10'* cm™),
we present here a closer examination of our fits for the saturated BLAs in our sample (IDs
2, 10, and 13 in Fig. 3.1), as well as the fits of their associated metals and/or other H 1
absorption found at the same redshift, if any. Figures 3.5-3.7 show the BLLAs that present
saturation and their associated metals.

The BLA #2 (z ~ 0.04866, see Figure 3.5), shown in Fig. 3.5, exhibits Sim, Sitv



and C1v absorption at the same velocity, none of which show any sign of asymmetry,
therefore we find it unlikely that this BLA is an artifact produced by the blending of
narrower absorptions. Unfortunately, Lyf is not available at this redshift, however, fitting
the absorption profile with a narrower Doppler parameter (1-o lower than best-fitting
value) produces a qualitatively worse fit that does not reproduce the spectral profile of the
BLA. Thus, we conclude that the identification of this absorption as BLA is not a result
of an unconstrained Doppler parameter.

The BLA #10 (z ~ 0.18787, see Figure 3.6) is shown in Fig. 3.6. This H 1 absorption
feature presents an asymmetry that we model with an additional narrower component.
Lypg and Lyy coverage are available at this redshift, and the spectra show consistency with
absorption (although the latter is extremely shallow), further constraining the Doppler
parameter and column density of the BLA. The detection of a O vi absorption is also
consistent with the presence of warm-hot gas at this redshift. Overall, we believe that
although there is a blend, the detection of this BLA is robust, and the parameters of
the Voigt profile are well-constrained. Indeed, we find that fitting the BLA with a 1-0
narrower b produces a model that is not consistent with the observed absorption profile.

The BLA #13 (z ~ 0.25294, see Figure 3.7) is shown in Fig. 3.7. This BLA does
not present any sign of asymmetry in its spectral profile. LyS and Lyy are also available
at this redshift, although similar to the BLA #10, the latter is very shallow (Lyg, on the
other hand, represents a more clear detection). We also find that fitting the BLA with a
1-0 narrower b produces a model that is not consistent with the data. Altogether, we find
that this BLA 1is a robust identification and that the parameters of the Voigt profile are

well-constrained.

3.4 Summary and Conclusions

This chapter focuses on the methodology used to identify absorption components along
the spectra of a QSO sightline acquired in the FUV range in the HST/COS for QSO
SDSSJ161940.56+254323.0. We focus our analysis on H1 detections characterized by
the Doppler parameter, column density, equivalent width, and redshift. Since the inter-
est of the work is to probe WHIM, we focus on BLA features and further analyze metal
absorptions in the QSO spectra at the same redshift, providing further evidence of the
galactic origin of these features. Additionally, we present statistical validation of the de-
tection method, evaluating different fitting approaches using the BIC to determine whether
single- or multiple-component models are better suited to the observed spectra.

In this work, a sample of 13 BLAs identified on the HST/COS FUV spectra of the
QSO SDSSJ161940.56+254323.0 was used to infer the physical properties of the WHIM.
We have also further identified 12 NLAs that we include in our analyses for comparison
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Figure 3.5: H 1 absorption feature for ID 2 with z = 0.0486. The metals detected in this
H 1absorption associated kinematically aligned are shown under the BLA (only transitions
with reliability ‘a’ and ‘b’ are shown, see Sec. 3.2 for details of the reliability categories).
The spectrum is shown in black, and the continuum is shown in blue dots. The best Voigt
profile fit is shown in blue. The observational parameters of the Doppler parameter in
kms~! and column density log(N/cm™2) are shown in the upper right part of the panels.
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Figure 3.6: H 1 absorption feature for ID 10 with z = 0.18787. The metals detected
in this H 1 absorption associated kinematically aligned are shown under the BLA (only
transitions with reliability ‘a’ and ‘b’ are shown, see Sec. 3.2 for details of the reliability
categories). The spectrum is shown in black, and the continuum is shown in blue dots.
The best Voigt profile fit is shown in blue. The observational parameters of the Doppler
parameter in kms~! and column density log(N/cm™2) are shown in the upper right part of
the panels.
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Figure 3.7: H 1 absorption feature for ID 13 with z = 0.25294. The metals detected
in this H 1 absorption associated kinematically aligned are shown under the BLA (only
transitions with reliability ‘a’ and ‘b’ are shown, see Sec. 3.2 for details of the reliability
categories). The spectrum is shown in black, and the continuum is shown in blue dots.
The best Voigt profile fit is shown in blue. The observational parameters of the Doppler
parameter in kms™! and column density log(N/cm™2) are shown in the upper right part of
the panels.



purposes. This QSO is targeted because its sightline maximizes the number of inter-
cluster filaments intersected. In this work, the presence of galaxies was studied (using
VLT/MUSE and VLT/VIMOS data, see Pessa et al. 2025 for further details) at the redshift
of the BLAs to infer if the BLAs could potentially be produced by gas gravitationally
bound to a galaxy, or, alternatively, if both, BLAs and galaxies are tracing the same large-
scale filament of galaxies but are otherwise not directly associated.

Altogether, this work shows that most of the BLAs identified in the FUV spectra of
QSO SDSSJ161940.56+254323.0 are really tracing WHIM, and that WHIM properties
correlate with the distribution of galaxies within its local volume, where denser inter-
galactic gas correlates with a stronger local excess of galaxies, relative to the cosmic ex-
pectancy (see Figure 14 from Pessa et al. 2025). This provides an alternative observational
perspective to similar correlations reported in the literature, derived using cosmological
simulations, between properties of cosmic filaments and properties of the intergalactic gas

residing in them.



Chapter 4

Pinpointing the cosmic web between
massive galaxy clusters I: The incidence
of HI and O VI

Chapter based on the article Karen Martinez-Acosta, et al. in prep. Tentative title:
“Pinpointing the cosmic web between massive galaxy clusters I: Incidence of H1and
O vi as tracers of the WHIM .

4.1 Estimation of Incidences

We search for intervening absorption lines in each QSO spectrum and characterize their
observational parameters. We focus our analysis on total H1, narrow Lya absorbers (b <
40 kms™") known as NLAs, broad Lya absorbers (b > 40 kms™!) known as BLAs, and
O v1 absorption lines which characterize the IGM towards the line of sight of QSOs.

Following the analysis described in Section 2.4 for our survey of ten QSO sightlines,
we detected 99, 83 and 141 NLAs with reliabilities ‘a’, ‘b’ and ‘c’, respectively; 11, 76
and 66 BLAs with reliabilities ‘a’, ‘b’ and ‘c’, respectively; and 34, 6 and 4 O vi with
reliabilities ‘a’, ‘b’ and ‘c’, respectively. However, in this work, we restrict our analysis
only to absorption features with reliabilities ‘a’ and ‘b’.

The observational parameters, derived from the absorption lines detected and fitted in
all QSO sightlines of our survey, will be available in an online repository after publication
of the article. Here we show, as an example, the table of observational parameters for a
subset of the absorption components in Table 4.1.

In Figures 4.1-4.4, we show the NLAs (in blue), BLAs (in red), and O vi (in green)
absorptions that we found at a velocity window of Av = + 1000kms~! and at impact
parameters Ad < 3 Mpc from the cluster-pairs axes. These are the fiducial values under

consideration in this study, which are identical to those used in Tejos et al. 2016 and are

53



D ion wavelength,ps /A z log(N/cm'z) bfkm s~T EW SNR reliability
@ [©) 3) Q) ) ©) [©) ®) [©)
1 NI 1199.5 —0.00006 + 0.00001 16.46 + 1.03 71 0.155 £ 0.051 121 a
2 Cc1Ir* 1335.6 —0.00006 + 0.00001 13.99 +0.08 24+7 0.133 +0.027 9+1 b
3 Fell 1608.4 —0.00005 + 0.00001 14.56 + 0.06 27+5 0.292 + 0.044 5+1 a
4 S1I 1259.5 —0.00005 + 0.00001 15.03 £ 0.03 16 +2 0.139 +0.014 201 a
5 Alll 1670.7 —0.00004 + 0.00001 13.49 +0.10 44 +7 0.598 + 0.108 6+1 b
6 SiIv 1393.7 —0.00003 + 0.00001 13.67 + 0.04 59+6 0.315 +0.030 13+1 a
7 Silll 1206.5 —0.00003 + 0.00008 13.94 +0.72 51+21 0.574 £ 0.570 11+2 a
8 CIv 1548.2 —0.00003 + 0.00004 13.96 +0.13 45+ 15 0.278 + 0.086 8+1 a
9 cIl 1334.5 —0.00002 + 0.00001 1523 +0.24 43 +8 0.630 + 0.165 9+1 b
10 Sill 1260.4 —0.00000 + 0.00001 14.53 £ 0.03 37+x1 0.574 +0.016 20+ 1 a
11 NI 1199.6 0.00006 + 0.00001 13.70 £ 0.18 22+15 0.070 + 0.033 12+1 a
12 Silll 1206.7 0.00016 + 0.00062 13.54 + 1.74 72+83 0.491 +0.780 11+1 c
13 Fell 1608.8 0.00021 + 0.00001 13.56 +0.23 10+ 18 0.041 +0.043 5x1 a
14 CIv 1548.6 0.00028 + 0.00005 13.81 +0.18 43+19 0.210 + 0.088 8x1 a
15 cIl 1335.0 0.00032 + 0.00002 14.12 +0.12 25+9 0.182 +0.055 9+1 b
16 HI 1221.0 0.00440 + 0.00002 13.95 +0.05 43+7 0.316 + 0.042 10+2 b
17 HI 1221.7 0.00493 + 0.00005 13.17 +£0.17 43 +25 0.074 + 0.031 11+1 c
18 HI 12245 0.00724 + 0.00006 1321 +0.13 68 +28 0.083 + 0.026 12+1 b
19 HI 1229.1 0.01104 + 0.00001 13.57 £ 0.05 28+5 0.149 + 0.020 121 b
20 HI 1239.1 0.01925 + 0.00005 13.34 +0.09 82 +21 0.112 £ 0.023 14+1 b
21 HI 1241.3 0.02106 + 0.00002 13.31 +0.07 44+10 0.099 +0.016 15+1 b
22 HI 1250.5 0.02868 + 0.00009 13.31 £ 0.30 69 +17 0.104 + 0.068 201 c
23 HI 1251.5 0.02949 + 0.00002 13.19 + 0.06 32+8 0.075 +0.012 20+ 1 b
24 HI 1251.9 0.02981 + 0.00002 13.06 + 0.08 24+8 0.056 +0.011 201 b
25 HI 1256.2 0.03336 + 0.00008 13.05 +0.12 98 +35 0.060 +0.017 20+ 1 b
26 HI 1257.5 0.03438 + 0.00006 12.84 +0.15 51+25 0.037 £ 0.013 201 c
27 HI 1260.9 0.03719 + 0.00003 12.66 + 0.20 1017 0.022 +0.018 20+ 1 c
28 HI 1264.6 0.04024 + 0.00002 13.23 £ 0.07 31+8 0.080 +0.013 17+1 b
29 HI 1271.5 0.04593 + 0.00009 1323 +0.18 67 +36 0.087 +0.037 10+2 c
30 HI 1291.8 0.06260 + 0.00004 13.03 £ 0.16 26+ 17 0.053 +0.021 10+1 c
31 HI 1292.5 0.06317 + 0.00002 13.50 + 0.07 43+10 0.144 + 0.026 101 b
32 HI 1292.9 0.06353 + 0.00004 12.73 £ 0.32 6+17 0.024 +0.029 10+1 c
33 HI 1307.7 0.07568 + 0.00006 12.86 + 0.24 28 +26 0.037 +0.023 10+1 c
34 HI 1309.4 0.07706 + 0.00001 13.86 + 0.06 26+5 0.223 +0.038 101 b
35 HI 1309.7 0.07736 + 0.00004 1329 +0.14 36+ 18 0.093 + 0.033 101 c
36 HI 13245 0.08955 + 0.00003 1336 £0.12 38+ 14 0.107 £ 0.031 9+1 b
37 HI 1341.8 0.10375 + 0.00005 12.93 £0.21 26+22 0.042 +0.023 9+1 c
38 HI 1347.6 0.10850 + 0.00011 13.26 +0.16 92+43 0.095 + 0.036 9+1 c
39 HI 1366.7 0.12427 + 0.00008 13.11 £ 0.18 57+32 0.066 + 0.027 10+ 1 c
40 HI 1373.3 0.12968 + 0.00007 13.12+0.18 49 +28 0.068 + 0.029 9+1 c
41 HI 1375.9 0.13178 + 0.00001 13.15+0.14 18+ 11 0.063 +0.025 9+1 c
42 HI 1376.4 0.13225 + 0.00001 13.94 + 0.04 65+ 8 0.347 + 0.036 9+1 b
43 HI 1393.1 0.14595 + 0.00001 13.26 +0.21 210+ 1 0.096 + 0.046 13+1 c
44 HI 1405.5 0.15617 + 0.00001 13.62 + 0.04 60 +7 0.193 +0.019 14+1 b
45 NI 1150.2 0.16203 + 0.00009 13.74 £ 0.21 49 + 34 0.054 +0.027 8x1 c
46 HI 1412.7 0.16204 + 0.00002 13.00 £ 0.11 23+10 0.049 +0.013 13+1 a
47 O VI 1203.4 0.16613 + 0.00004 13.88 + 0.08 58+ 15 0.087 +0.017 12+1 a
48 Silll 1407.0 0.16617 + 0.00004 12.04 +0.23 16+19 0.021 + 0.040 14+1 c
49 HI 1417.8 0.16624 + 0.00001 14.54 + 0.04 39+2 0.473 +0.033 151 a
50 HI 1418.1 0.16654 + 0.00004 13.10 £ 0.27 21+13 0.059 +0.037 15+1 c
51 HI 1418.7 0.16703 + 0.00004 12.94 +£0.14 36+ 17 0.044 +0.014 15+1 a
52 HI 1448.7 0.19172 + 0.00007 13.34 +0.08 106 + 26 0.112 +0.022 16+1 b
53 HI 1472.6 0.21131 + 0.00001 13.01 £ 0.04 16+4 0.047 + 0.006 301 b
54 CcI 1184.6 0.21246 + 0.00007 13.15+0.11 79+27 0.084 +0.022 111 b
55 HI 1474.0 0.21254 + 0.00001 14.69 + 0.05 171 0.253 +0.010 33+3 a
56 HI 1474.8 0.21318 + 0.00004 12.39 +0.17 24+17 0.013 + 0.005 34+2 c
57 HI 1656.2 0.36241 + 0.00003 13.24 +0.18 1513 0.072 +0.043 5+1 c
58 HI 1688.4 0.38882 + 0.00006 13.04 +0.22 27+22 0.054 +0.030 6+1 c

continue online...

Table 4.1: Table of the observational parameters of the absorption features detected in our
survey. For each identification, we report the (1) ID, (2) name of the ion, (3) wavelength
of observation, (4) redshift, (5) column density, (6) Doppler parameter, (7) equivalent
width, (8) signal-to-noise ratio, and (9) reliability. We show only the first few rows,
corresponding to absorption features on the QSO J1210+0154 sightline; the complete

table will be available in a digital repository after publication of the article.



retained for comparison. The fiducial value for Av is in agreement with the third con-
straint from Section 2.2.1 to account for the typical velocity dispersion of galaxy clusters
and a contribution from a cosmological redshift difference (Tejos et al. 2016). And the
selection of the fiducial value for Ad is directly motivated by observational results (see
Section 4.1.1).

Additionally, in Figure 4.5 we show transitions O vi 1031 A and Ov1 1037 A for each
O v1 absorption line detected in our survey with reliability ‘a’ or ‘b’. We have included
only absorption lines detected within a rest-frame velocity window of Av = + 1000 km s™!
and at impact parameter Ad < 3 Mpc from the cluster-pairs. The spectrum is shown in
black, the continuum in blue dots, and the Voigt profile fit in green. The observational

! column density log(N/cm™2), and rest-frame

parameters, Doppler parameter in km s~
equivalent width W, in A, are shown in the upper right part of the first panel. The detection
ID, reliability, and redshift are shown in the upper-left corner of the first panel. Notice that
for QSO J1456+2750, a gap in the spectrum is identified at the wavelength corresponding
to the O vi 1037 A transition.

After conducting our analysis, we utilized the derived Doppler parameters, column
density, and equivalent width to identify correlations between the observational parame-
ters, considering the samples of interest: total Hi, BLAs, NLAs, and O vi.

We show the Doppler parameter distribution b as a function of the column densities
N, for our sample of H1 (black circles) in Figure 4.6 and O vi1 (green circles) in Figure 4.7,
between 0.1 < z < 0.5. The uncertainties are shown in the background, and the gray
dashed horizontal line represents our limit in the Doppler parameter of 40 kms~!, which

we use to split BLA in the upper part of the H1 plot and NLA samples in the bottom part.

4.1.1 Redshift path sensitivity function

Given that our survey compiles the absorber path lengths of several quasar sightlines, we
needed to estimate the redshift path sensitivity function g(z). This function quantifies the
effective redshift path over which a survey is sensitive to detect a given absorption line.

For an ideal spectrum, the function g(z) is defined according to equation (4.1):

M
9(2) = Y H(z—g"MHEZ" - 2), 4.1)
k=1

here, the sum is over all QSO sightlines, M is number of quasars in the survey, the kth
quasar has a redshift path ranging from 2" to z;"*, and H(z) is the Heaviside step function

defined by the equation:

Hr) = 0 : t<0 42)
)1 ot>0 '
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Figure 4.1: Identified NLAs in a velocity window of Av = + 1000kms~! and at impact
parameter Ad < 3 Mpc from the cluster-pairs. The panels show the best-fitting Voigt
profile for each NLA (thick blue line) and the full QSO spectrum model (thin red line).
The dotted blue line shows the continuum level. The additional transitions identified in the
same wavelength range are labeled in red. At the top-right corner of each panel, we show
the derived observational parameters: column density log(N/cm™2), Doppler parameter in
kms™!, and equivalent width in A. In the top-left corner of each panel, we show the ID,
reliability, and redshift of each identified absorption. Each plot title specifies the QSO to
which the absorption feature corresponds. The last two panels show the spectra of QSO
J14104+0910 at the redshift of the cluster-pairs, where no transitions are detected. These
panels continue on Figure 4.2.
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Figure 4.2: Continuation of Figure 4.1
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Figure 4.3: Identified BLAs in a velocity window of Av = + 1000km s~ and at impact
parameter Ad < 3 Mpc from the cluster-pairs. The panels show the best-fitting Voigt
profile for each BLA (thick red line) and the full QSO spectrum model (thin red line).
The dotted blue line shows the continuum level. The additional transitions identified in the
same wavelength range are labeled in red. At the top-right corner of each panel, we show
the derived observational parameters: column density log(N/cm™2), Doppler parameter in
kms~!, and equivalent width in A. In the top-left corner of each panel, we show the ID,
reliability, and redshift of each identified absorption. Each plot title specifies the QSO to
which the absorption feature corresponds. The last two panels show the spectra of QSO
J1410+0910 at the redshift of the cluster-pairs, where no transitions are detected.
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Figure 4.4: Identified O v1 in a velocity window of Av = + 1000 kms~! and at impact
parameter Ad < 3 Mpc from the cluster-pairs. The panels show the best-fitting Voigt
profile for each O vi (thick green line) and the full QSO spectrum model (thin red line).
The dotted blue line shows the continuum level. The additional transitions identified in the
same wavelength range are labeled in red. At the top-right corner of each panel, we show
the derived observational parameters: column density log(N/cm=2), Doppler parameter in
kms™!, and equivalent width in A. In the top-left corner of each panel, we show the ID,
reliability, and redshift of each identified absorption. Each plot title specifies the QSO to
which the absorption feature corresponds. The last two panels show the spectra of QSO
J1410+0910 at the redshift of the cluster-pairs, where no transitions are detected.
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Figure 4.5: Transitions Ovi 1031 A and Ovi 1037 A are shown in relative velocity for
each O vr absorption line detected in our survey with reliability ‘a’ or ‘b’. We have in-
cluded only absorption lines detected within a rest-frame velocity window of Av = +
1000 kms™! and at impact parameter Ad < 3 Mpc from the cluster-pairs. The spectrum
is shown in black, the continuum in blue dots, and the Voigt profile fit in green. The
observational parameters, Doppler parameter in km s~!, column density log(N/cm™2), and
rest-frame equivalent width W, in A, are shown in the upper right part of the first plot in
each panel. The id of the detection, reliability, and redshift are shown in the upper left
part of the first plot in each panel.
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Figure 4.6: Doppler parameter distribution as a function of the column densities for our
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zontal line represents our limit on the Doppler parameter of 40 kms™!.
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Figure 4.7: Doppler parameter distribution as a function of the column densities for our
sample of O vi. The uncertainties are shown in the back.

Considering an ideal spectrum, the redshift path for each sightline, according to equa-
tion (4.1) is AZ = Zyax — Zmin- However, for a real observed spectrum, several factors must
be accounted for when calculating the redshift path to exclude regions of the spectrum
where absorptions cannot be detected. In particular, we followed the constraints reported
in Appendix C of Tejos et al. 2016. In summary, we considered only regions where the
QSO spectrum covers the redshift range of 0.1 < z < 0.5 for the absorption of interest (H 1
and O vi). We mask out regions with fluxes below 50% of the value of the continuum fit;
this is because of biases against detecting absorption systems on top of strong absorption
lines. We also masked out regions within +200 kms™' from expected strong Galactic
absorption. After that, we estimated the minimum rest-frame equivalent width to observe
a transition at rest-frame wavelength, Ay, along the spectrum by the relation of equation

4.3).
min __ /lOR

0T (S IRY
with R the resolution of the COS spectrograph (taken to be R = 20000), and (S /R) is the

signal-to-noise ratio per resolution element of the spectrum. Then we identified portions

4.3)

of the spectrum satisfying the criteria given in equation 4.4.

Wi > i (4.4)
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Figure 4.8: We show the full sightlines redshift path sensitivity function for our survey
for H1 (in blue) and cumulative g(z) (in red) as a function of redshift for W,,;,, = 0.03 A.

Considering only the contribution to the redshift path of the portions of the spectrum that
satisfy the constraints described in this subsection, we calculated the redshift path for
each sightline. To calculate the redshift path of the survey, the contributions from each
sightline were added. Consequently, we obtained the redshift path sensitivity functions
and the cumulative g(z), shown in Figures 4.8 (for H1) and 4.9 (for O vi).

Figure 4.8 depicts the redshift path sensitivity function (g(z)) for our survey (in blue)
and its cumulative curve (in red) for neutral hydrogen (H1), considering the minimum
equivalent width of W,,;, = 0.03 A. In Figure 4.9, we show the redshift path sensitivity
function for O vi. The ¢g(z) function is represented in a histogram, and the bins have the
size of a single pixel of the spectrum. This function indicates the coverage at low redshifts,
in the range 0.1 < z < 0.5 for both ions, where our transitions are observed. For instance,
Figure 4.8 shows that in our survey, at redshifts smaller than ~ 0.12, we can find H1 in
the ten QSO sightlines, but O vi only in eight QSO sightlines, for the same redshifts. We
also find a greater total coverage of O vi than of H1in our survey.

The total redshift path (Az) of the survey is calculated by adding the contribution of
the redshift path of each QSO, according to equation (4.5).
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Figure 4.9: We show the full sightlines redshift path sensitivity function for our survey
for O v1 (in blue) and cumulative g(z) (in red) as a function of redshift for W,,;, = 0.03 A.



Az = f J(2)dz, 4.5)
0

where dz = AA,;,/A,, is the redshift value corresponding to a single pixel, Ad,;, = 0.0395
A, A, is the rest-frame wavelength of the transition representing the system being sur-
veyed, in our case H1 (4, = 1215.67 A) and Ovi (4, = 1031.9261 A), and ¢(z) is the
redshift path sensitivity function calculated for the survey, following the constrains indi-
cated above in this section.

Figure 4.10 shows the total redshift path of the survey across the entire sample for H1
and O vi detections, shown in black and green, respectively. In Figure 4.11, we show the
total redshift path corresponding to regions of our survey spectra within rest-frame veloc-
ity differences Av = £1000 kms~' from their cluster-pairs at impact parameter Ad < 3
Mpc. It is important to highlight that the dependence on the equivalent width in Fig-
ures 4.10 and 4.11 comes from the restriction of equations (4.3) and (4.4) because of
the relationship between W, and the S/N of the spectra. The redshift path is shown as
a function of the minimum rest-frame equivalent width W™". The vertical dashed line
marks the minimum rest-frame equivalent width selected to analyze our detections, 0.03
A. This value corresponds to high completeness levels, which means that we choose the
Wmin g0 that A, is approximately constant for W, > W™, For that reason, we adopted it as
the minimum equivalent width for our analysis. The targeted redshift path of our survey,

at the selected minimum equivalent width, is 1.64 for H1, and 2.18 for O vi.

4.1.2 Redshift number density

We estimated the redshift number density of absorption lines (d/N/dz), which is the num-
ber of absorbers detected for a given species per unit redshift. We used this to charac-
terize inter-cluster filaments, as a function of a rest-frame velocity window (Av) around
the redshift of the 25 independent cluster-pairs. Following Tejos et al. 2016, to estimate
the redshift number density, we counted N(Ad, Av, W;"’") as the number of absorption
components found within Av from the identified cluster-pair, having rest-frame equiva-
lent widths W, > W™" and considering only cluster-pairs with a distance between the
intercluster-axis and QSO sightline smaller than Ad. Then the redshift number density is

calculated by equation (4.6):

d o N(AD, Ao, W
dLV(Ad,AU,W'"'")— (Ad, 2o, W)
4

"7 Az(Ad, Av, Wmin)

(4.6)

The uncertainty in the redshift number density is dominated by the Poissonian uncertainty
in N (Tejos et al. 2016). For low-number statistics, we approximate the upper (o7y,)

and lower (07,) uncertainties in the number of absorption components by equation (4.7)
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minimum rest-frame equivalent width, W;""”, across the entire sample. The vertical dashed
line marks the minimum rest-frame equivalent width that we include in our analysis, 0.03
A.
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function of the minimum rest-frame equivalent width, W;""”, associated with regions of
our sample spectra with rest-frame velocity differences of Av = £1000 kms~! from their
cluster-pair at impact parameters smaller than Ad = 3Mpc. The vertical dashed line marks
the minimum rest-frame equivalent width that we include in our analysis, 0.03 A.



(Gehrels 1986):

ol AN +3/4+ 10y ~ N - 1/4 4.7)

The redshift number density of the field (d N'/dz|i.1a) characterizes the specific absorp-
tion strength of a given species in the IGM, and it is determined from randomly selected
sightlines. This value allows for a comparison of d/N'/dz for a particular species with the
typical level of absorption expected in the field for that same species. To estimate the

expected field value for our survey, we used equation (4.8).

AN| N

— ~ , (4.8)
dz | g DZfu

where N, is the total number of absorption lines of the analyzed absorber in the survey,
restricted to the range 0.1 < z < 0.5, and Azy,; is the redshift path also at those redshift
limits !. The estimation of the statistical uncertainty in the expected field is taken from
the contribution of the Poissonian uncertainty of N,,, using equation (4.7).

Additionally, we have estimated the dN'/dz|yieiq, for Hi, which is the redshift num-
ber density of the expected field according to the survey of Danforth et al. 2016, which
was calculated with equation (4.9) from a sample of 82 UV-bright active galactic nuclei
(AGN). We used this quantity as a comparison with our own estimation, based on equa-
tion (4.8).

dN(> N)

N —-(B-1)
dz ) ’ 4.9)

104em=2

=Cu (
field

where N is the average column density of the lowest 5% absorptions of a specific ion
species (the average was taken to avoid outliers). We consider absorptions with a signif-
icance level (SL) > 10 (Danforth et al. 2016) and with a fit concern of 0, indicating that
there is no doubt the detection corresponds to the specific identified ion species (Danforth
et al. 2016). The normalization constant C;4 and § are fitting parameters. The best-fitting
values for these constants have been reported in the literature for studies of differential
distribution of absorbers for 12 < log(N/cm?®) < 17. For H1, the reported values are
B =1.67+0.01, and Cy4 = 23 + 1 (Danforth et al. 2016). The uncertainties are calculated
using error propagation of the uncertainties in the fit parameters following equation (4.9).
For O v, the expected field is derived directly from Danforth et al. 2016 2.

'Because the survey sightlines were selected to probe filaments, the expected field could alternatively
be calculated by excluding regions near cluster pairs. Nevertheless, our current estimations of the expected
field remain consistent with established literature (Danforth et al. 2016). Furthermore, an analysis excluding
these cluster-adjacent regions yields values that are consistent with the reported results within the calculated
uncertainties. Notably, such an exclusion would reduce the expected field value, thereby amplifying the
observed relative excesses, particularly for BLAs and O vi, and further reinforcing the primary conclusions
of this study.

2Since Danforth et al. 2016 does not provide explicit values for the fitting parameters to calculate the



We determine the incidence of the tracers as the redshift number density of the total
neutral hydrogen H1, O vi, BLAs, and NLAs. The results and discussion of our analysis

and characterization are shown in the next sections.

4.2 Results and Discussion

We obtained the redshift number density of our survey for the total Hi, NLA, BLA, and
O vi components around cluster-pairs and determined the relative excesses of these sam-

ples with respect to their respective expected field values.

4.2.1 Redshift number density of the survey

Figures 4.12- 4.15 present the redshift number density of our survey (total Hr1 is shown
in brown while O vi in green). In Figures 4.12 and 4.14, we show the redshift number
density as a function of the rest-frame velocity window (Av), for a fixed Ad < 3 Mpc. In
Figures 4.13 and 4.15, we observe the redshift number density as a function of the impact
parameter (Ad), for a fixed velocity window of Av = 1000 kms~'. The ranges selected
for the maximum velocity window and the maximum impact parameter’ were chosen to
cover most of the spectrum in each sightline. The bins are not independent of each other,
as emphasized by the colored areas. The dN/dz|siciq,, With associated uncertainties given
by Danforth et al. 2016 is shown in a black hashed region, and our dN/dz|fic1a, from
equation (4.9), is shown in gray. Our estimate of the expected field is consistent with that
obtained from Danforth et al. 2016.

Fixing Av = £1000 kms~' for H1 and O v, the redshift number density reaches its
maximum approximately value when Ad < 3 Mpc. This behavior motivated our adopted
fiducial value of 3 Mpc for the maximum impact parameter. For O vi, the trend decreases
with decreasing Ad in the region Ad < 3 Mpc. Fixing the impact parameter, the red-
shift number density generally decreases with increasing velocity window. We also show
that when the rest-frame velocity window and the impact parameter increase, the d/N/dz
approaches the average field value, as expected.

Figures 4.16-4.19 show the redshift number density for a sample of BLAs and NLAs

as a function of the velocity window and impact parameter. In Figures 4.16 and 4.17, we

redshift number density of the field, we estimate it using the log N ranges, the number of O v1 absorptions
identified, Noyy, and the redshift path for O vi, Azoy;, reported in Table 5 of Danforth et al. 2016. Within
the range of log N adopted in this work, using the corresponding values of Nyy;, and Azpy;, we compute the

dAN(>N) — ZNOVI 1

- i R and we estimate the uncertainties
v - ! ]

redshift number density of O vi according to
fieldp

Novi __1

J=1 Azévw '

3A greater impact parameter threshold increases the number of identified cluster-pairs associated with a

QSO sightline, which increases the spectral coverage.

using 0% = 3
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Figure 4.12: Redshift number density of our survey for total H1 in brown. Here, we
show the redshift number density as a function of the rest-frame velocity window (Av),
for a fixed Ad < 3 Mpc. At the top of each datapoint, we indicate the total number of
absorption lines detected and the redshift paths per bin in gray numbers. The expected
field value estimated for our survey, dN'/dz| i, 1s shown in the gray horizontal dashed
line, and its value is indicated in the gray numbers at the end of the dashed line. The
expected field value estimated from Danforth et al. 2016 is shown in the black hashed
region for comparison.



=T T T I B B T T I B =

L - o ]

L2 2 ¥ 3 i m e I3 o E T

300 = = = a0 a4 d 0 0o 9 8 8 5 5 o

L O 2 Q 2Q 2 Q 2Q 2 2 Q2 92 2 3 a5

- L0 Lo O~ [ >~ (@) ™M (@) o (0] <t Lo (@) ™M Lo —

- ¢ HI ]

5 - ® _

N 200§ 3

s f .

Z u 5

UISO_— Q-
LSS,

100 -

50 -

O_I l l | l l Lol B

101! 102
Impact parameter, Ad [Mpc]

—_
()
o

Figure 4.13: Redshift number density of our survey for total H1 in brown, we show the
redshift number density as a function of the impact parameter (Ad), for a fixed value
of rest-frame velocity window Av = +1000 kms™!. At the top of each datapoint, we
indicate the total number of absorption lines detected and the redshift paths per bin in
gray numbers. The expected field value estimated for our survey, dN/dz|icia, 1s shown in
the gray horizontal dashed line, and its value is indicated in the gray numbers at the end
of the dashed line. The expected field value estimated from Danforth et al. 2016 is shown
in the black hashed region for comparison.
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Figure 4.14: Redshift number density of our survey for O viin green. We show the redshift
number density as a function of rest-frame velocity window (Av), for a fixed Ad < 3 Mpc.
At the top of each datapoint, we indicate the total number of absorption lines detected
and the redshift paths per bin in gray numbers. The expected field value estimated for our
survey, dN'/dz sie14, is shown in the gray horizontal dashed line, and its value is indicated
in the gray numbers at the end of the dashed line. The expected field value estimated from
Danforth et al. 2016 is shown in the black hashed region for comparison.
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Figure 4.15: Redshift number density of our survey for O viin green, we show the redshift
number density as a function of the impact parameter (Ad), for a fixed value of rest-frame
velocity window Av = +1000 kms~!. At the top of each datapoint, we indicate the total
number of absorption lines detected and the redshift paths per bin in gray numbers. The
expected field value estimated for our survey, dN'/dz|ic4, 1s shown in the gray horizontal
dashed line, and its value is indicated in the gray numbers at the end of the dashed line.
The expected field value estimated from Danforth et al. 2016 is shown in the black hashed
region for comparison.



show the redshift number density for the sample of NLAs colored in blue. In Figures 4.18
and 4.19, we show the redshift number density for the sample of BLAs colored in red. In
Figures 4.17 and 4.19, we show dN/dz as a function of the rest-frame velocity window
Av for a fixed value of the impact parameter Ad < 3 Mpc. And in Figures 4.17 and 4.19,
we show the redshift number density as a function of the impact parameter Ad for a fixed
velocity window Av = £1000 km s~!. For the NLAs sample, the uncertainties are smaller
than for the BLAs sample because we detected more absorptions: NLAs (154) and BLAs
(59). Here, we also show that for a fixed value of Ad < 3 Mpc, the redshift number
density generally decreases as the rest-frame velocity window increases. Finally, it is
worthwhile to highlight that in Figures 4.12- 4.19, the dN/dz approaches the expected
field as both the rest-frame velocity window and impact parameter increase, as expected.
This behaviour arises because increasing the rest-frame velocity window or the impact
parameter corresponds to analyzing a broader portion of the sightline, thereby reducing
the restriction to regions around the cluster-pairs and corresponding more to the field (see

equation (4.8)).

4.2.2 Relative excess of the survey with respect to the field

Using the redshift number density of each sample of interest (H1, O vi, BLAs, and NLAs),
we estimate the relative excess of our absorption line samples compared to their respec-
tive field expectations. Following Tejos et al. 2016, we defined this as % / %Iﬁeld. In
Figures 4.20-4.23, we show these excesses for the four samples of study.

We present the relative excess of the redshift number densities as a function of the
rest-frame velocity window (in Figures 4.20 and 4.22), and the impact parameter around
the independent cluster-pairs (in Figures 4.21 and 4.23). In Figures 4.20 and 4.21, we
show the excess for the total H1 (colored in brown filled circles) and O vi (colored in green
filled circles). In Figures 4.22 and 4.23, we show the excess for the sample of NLAs (blue
filled circles) and BLLAs (red filled circles). Colored-shaded areas show the +10 statistical
uncertainties. For the fiducial values (Av = #1000 kms™! and Ad < 3 Mpc), the excess
is approximately ~ 1.6 for the sample of H1 and ~ 3 for the sample of O vi, with respect
to each expected field. Figures 4.22 and 4.23 indicate that the excess of BLAs is slightly
(but consistently) greater compared to the excess of NLAs at any velocity window and
impact parameter, particularly at the fiducial values, Av = £1000kms~! and Ad < 3
Mpc. Additionally, the error bars for NLAs are smaller than those for BLAs because we
detected more NLAs than BLAS in our survey.
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Figure 4.16: Redshift number density of our survey for NLA in blue. We show the redshift
number density as a function of rest-frame velocity window (Av), for a fixed Ad < 3 Mpc.
At the top of each datapoint, we indicate the total number of detected absorption lines
and the redshift paths per bin in gray numbers. The expected field value estimated for our
survey, dN'/dzsie14, is shown in the gray horizontal dashed line, and its value is indicated
in the gray numbers at the end of the dashed line. The expected field value estimated from
Danforth et al. 2016 is shown in the black hashed region for comparison.
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Figure 4.17: Redshift number density of our survey for NLA in blue. We show the redshift
number density as a function of the impact parameter (Ad) for a fixed rest-frame velocity
window of Av = £1000 km s~!. At the top of each datapoint, we indicate the total number
of detected absorption lines and the redshift paths per bin in gray numbers. The expected
field value estimated for our survey, dN'/dz| i, 1s shown in the gray horizontal dashed
line, and its value is indicated in the gray numbers at the end of the dashed line. The
expected field value estimated from Danforth et al. 2016 is shown in the black hashed

region for comparison.
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Figure 4.18: Redshift number density of our survey for BLA in red. We show the redshift
number density as a function of rest-frame velocity window (Av), for a fixed Ad < 3 Mpc.
We show the redshift number density as a function of the impact parameter (Ad) for a
fixed rest-frame velocity window of Av = £1000 kms™'. At the top of the datapoints in
each panel, we indicate the total number of detected absorption lines and the redshift paths
per bin in gray numbers. The expected field value estimated for our survey, dN/dz|ficia, 18
shown in the gray horizontal dashed line, and its value is indicated in the gray numbers at
the end of the dashed line. The expected field value estimated from Danforth et al. 2016
is shown in the black hashed region for comparison.
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Figure 4.19: Redshift number density of our survey for BLA in red. We show the redshift
number density as a function of the impact parameter (Ad) for a fixed rest-frame velocity
window of Av = £1000 kms~!. At the top of each datapoint, we indicate the total number
of detected absorption lines and the redshift paths per bin in gray numbers. The expected
field value estimated for our survey, dN'/dz|i.i4, 1s shown in the gray horizontal dashed
line, and its value is indicated in the gray numbers at the end of the dashed line. The
expected field value estimated from Danforth et al. 2016 is shown in the black hashed
region for comparison.



6 [ [ [ III [ [ [ [ [ T 11 [
¢ Total HI

¢ Total OVI

A’
I |field

Y
dz

IIIIIIIIIIIIIIIIIIIIIIII

Velocity window, Av [km s7!]

Figure 4.20: Relative excesses of redshift number densities compared to the expected
field, as a function of rest-frame velocity window (Av), for a fixed Ad < 3 Mpc. We show
the excess for the absorption line samples of total H1in brown, and for O vi in green.
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Figure 4.21: Relative excesses of redshift number densities compared to the expected
field, as a function of the impact parameter (Ad), for a fixed rest-frame velocity window
Av = +1000 kms~!. We show the excess for the absorption line samples of total H1 in
brown, and for O v1 in green.
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Figure 4.22: Relative excesses of redshift number densities compared to the expected
field, as a function of rest-frame velocity window (Av), for a fixed Ad < 3 Mpc. We
indicate the excess for absorption line samples of Hi, NLA in blue, and BLAs in red.
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Figure 4.23: Relative excesses of redshift number densities compared to the expected
field, as a function of the impact parameter (Ad), for a fixed rest-frame velocity window
Av = £1000 kms~!. We indicate the excess for absorption line samples of Hi1, NLA in
blue, and BLAS in red.



4.2.3 Discussion

The redshift number density reported in this study tends to increase at smaller rest-frame
velocity windows, as we can see in Figures 4.12, 4.14, 4.16, and 4.18. However,
as the rest-frame velocity window becomes smaller, the sample size decreases, thereby
increasing the statistical uncertainties (Tejos et al. 2016). Additionally, we found that
the relative excess of Ovi is approximately twice the excess of H1 (see Figure 4.20),
which is in agreement with a previous case study Tejos et al. 2016, based on a single
sightline. For the O vi sample, we obtained the largest relative excess compared to the field
(approximately 2.6) at Av = 1000 kms™' and Ad < 3 Mpc; however, this sample has
larger statistical uncertainties compared to total H1, due to its small number of detections.
Even though our uncertainties are large, they remain smaller than those reported by Tejos
et al. 2016. Additionally, the relative excess of the incidence of BLAs is systematically
higher than that of NLAs. This behaviour is expected if BLAs and NLAs are not probing
similar physical conditions (Tejos et al. 2016). Indeed, a WHIM signature associated with
inter-cluster filaments includes the detection of a relative excess of WHIM tracers (BLLAs
and O vi) higher than that of cold gas tracers (NLAs) (Tepper-Garcia et al. 2012), in line
with our findings.

Figures 4.24 and 4.25 indicate the location of the 25 independent cluster-pairs of our
survey, relative to their corresponding QSO sightline, and their corresponding absorption
features detected. This representation enables an assessment of the proximity between
the regions probed by the survey sightlines and nearby galaxy clusters, to discuss possible
origins to which the observed gas excesses may be attributed. In the y-axis, we indicate
the impact parameter to a given independent cluster-pair, Ad; while the x-axis indicates
the distance from the closest galaxy cluster in a given cluster-pair to the QSO sightline
along the inter-cluster axis, referred to as Ax (see Figure 2.1). Additionally, the approx-
imately virial radii expected for the sample of clusters are shown as a quarter-dashed
circumference of radii 1 Mpc (Tejos et al. 2016), centered at the origin. We observe that
the vast majority of sightlines are probing regions far away from the virial radii of known
galaxy clusters, ruling out that the detected excess of the gas can be attributed to galaxy
clusters/groups or individual galaxy halos. Filled symbols correspond to regions of the
sightline showing absorption lines of the sample indicated in each panel, within Av from
the redshifts of a given independent cluster-pair. The size of the symbols is proportional
to the number of absorption lines found. Empty symbols correspond to regions of the
sightline showing no absorptions. Regions where the spectra do not allow identification
of a particular transition are excluded. Therefore, only the data points corresponding to
independent cluster-pairs that have H1 or O vi coverage in the corresponding QSO spec-
trum at the redshift of the pair are displayed. Of the 25 independent cluster-pairs detected

in our survey, we identify that 20 have H1 coverage and 24 have O vi coverage. Conse-



quently, the panels corresponding to H1, NLAs, and BLAs include 20 data points, while
the panel corresponding to O vi includes 24 data points. In Section 2.3, we show the re-
gions in the spectra where the independent cluster-pairs are located for Hi and O vi. In
Figure 4.24, we consider absorptions within Av = +1000 kms~! from the redshifts of a
given independent cluster-pair, whereas in Figure 4.25 we consider Av = +500 kms™!.

We present the covering fraction of each absorber in approximately Av = +1000
kms™! and Av = +500 kms~! along the sightline close to the independent cluster-pairs
named f/"“"", and we compared them with the random expectation 7" The estima-
tion for the distinct absorption lines is shown in the same colors used previously.

To estimate the random covering fraction 79" we use equation (4.10), taken from

Tejos et al. 2016:

dN : dN
prondom _ {Az(Av)d—z| gieta 1 AZ(A0) | < 1 4.10)

‘ 1 if Az(A0) Y | fiera 2 1

Here, %I fieta 18 the expected field, Az(Av) is the redshift path to a rest-frame velocity
window Av, evaluated at the median redshift of our independent cluster-pairs sample. For
our survey, z = 0.226 for both Hr and O v1.

We estimate the covering fraction of filaments close to independent cluster-pairs,
flHament s I uviats, Where ny;, are sightlines showing absorption in a given sample,
within Av = {1000, +500} km s~ and within Ad < 3 Mpc, and 7,4 are defined as the
total number of sightlines where absorptions could have been detected.

i 1mnti il t
To estimate the uncertainties for 7™ and fcf ramen

, we used the Bayesian formalism
assuming a confidence level of 1o for a binomial distribution, for the number of ‘hits’
given the number of independent cluster-pairs ‘trials’ for each transition (Cameron 2011).

The covering fraction of Hrat Av = 1000 kms~" is £/""" = 0.90*0%, a value close
to 1, which is in agreement with Figure 4.24, where almost every independent cluster-
pair is filled for H1. For the samples of NLAs and BLAs, we obtained covering fractions
of 0.45%0-1% and 0.80*(;, respectively. Finally, in Table 4.2, we compare the covering
fractions found in our survey for each sample with the random expectation, considering a
rest-frame velocity window of Av = +1000 kms~! (see also Figure 4.26) and Av = +500
kms~! (see also Figure 4.27).

For BLAs and O vi, at a rest-frame velocity window of Av = 1000 km s™!, the cov-
ering fraction found in our study, close to cluster-pairs, is greater than their respective
random expectation. However, for NLAs, the covering fraction detected is smaller than
the random expectation, consistent within 1o confidence level. For a smaller rest-frame
velocity window of Av = +500 kms™" (Figure 4.27), we find that covering fractions for
BLAs and Ovr are even higher than their respective randomly expected values. Con-

sequently, we have found that the excesses in the covering fraction, at both rest-frame
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Figure 4.24: Representation of the position of each independent cluster-pair of our survey,
relative to its corresponding QSO sightline. The y-axis indicates the impact parameter to a
given cluster-pair, Ad; while the x-axis indicates the distance of the closest galaxy cluster
in a given cluster-pair to the QSO sightline, known as Ax. Filled symbols correspond
to regions of the sightline showing absorption line samples of the species indicated in
each panel within Av from the redshifts of the corresponding cluster-pair. The size of
the symbols is proportional to the number of detected absorption lines. Empty symbols
correspond to regions of the sightline showing no absorptions. We consider absorptions
within a rest-frame velocity window Av = +1000 km s~! around independent cluster pairs.
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Figure 4.25: Representation of the position of each independent cluster-pair of our survey,
relative to its corresponding QSO sightline. The y-axis indicates the impact parameter to a
given cluster-pair, Ad; while the x-axis indicates the distance of the closest galaxy cluster
in a given cluster-pair to the QSO sightline, known as Ax. Filled symbols correspond
to regions of the sightline showing absorption line samples of the species indicated in
each panel within Av from the redshifts of the corresponding cluster-pair. The size of
the symbols is proportional to the number of detected absorption lines. Empty symbols
correspond to regions of the sightline showing no absorptions. We consider absorptions
within a rest-frame velocity window Av = +500 kms~! around independent cluster-pairs.
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Figure 4.26: Covering fraction for samples of total Hi, NLAs, BLAs, and O vi within
a rest-frame velocity window of Av = +1000 kms™! around independent cluster-pairs
in solid symbols, f/%™" and their corresponding randomly expected values in open
symbols, fradom,



) T T ——— =
Av=500kms~! |

o o o
= (@)) (@]
| | |
-
| | |

Covering fraction, f;,
|

o
)
|
I

)

0.0 T T T
HI Total NLA BLA OVI

Figure 4.27: Covering fraction for samples of total Hi, NLAs, BLAs, and O vi within a
rest-frame velocity window of Av = £500 km s™! around independent cluster-pairs in solid
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symbols, f; ; and their corresponding randomly expected values in open symbols,
f;random‘



il t
Sample  nps My S frendom Excess

(D 2 3 (4) () (6)
Av = £1000km s~! and Ad <3 Mpc

HITotal 18 20 09°% 190~ 09
NLA 16 20 089, 0852 09

~0.13 -0.03

BLA 9 20 04504 0320% 15

ovI 7 24 029%2 0133 23
Av = £500km s~! and Ad <3 Mpc

HITotal 15 20 075% . 0.6°%, 1.3

NLA 11 20 0.55%13 © 0.43°03 1.3

-0.14 -0.04
BLA 7 20 035%0 0.16°%3, 23

OVI 7 24 029°2 007°02, 43

Table 4.2: Covering fraction for samples of total Hi, NLAs, BLAs, and O vi, within a
rest-frame velocity window of Av = £1000 kms™' (top) and Av = £500 kms™! (right)
around independent cluster-pairs. (1) Transition of absorbing gas. (2) Number of in-
dependent cluster-pairs showing absorption of a given transition. (3) Total number of
independent-cluster-pairs where we can detect transitions. (4) Covering fraction close to
cluster-pairs for each transition. (5) Covering fraction for a random sightline, estimated
using equation (4.10). (6) Excess covering fraction, calculated as f/"“""  frandom

velocity windows, for BLAs and O v are greater than the excess for NLAs. Since BLAs
and O v trace temperatures of ~ 1 — 3 x 10° K (Richter et al. 2006a) respectively, a
greater excess in these ion species than cold gas tracers (NLAs) suggests that the poten-
tial filaments associated with the independent cluster-pairs in our survey might be tracing
the WHIM. Indeed, the increase in the covering fractions of BLAs and O vi observed in
this work towards inter-cluster axes, relative to random expectations, constitutes another
WHIM signature detected.

Furthermore, it is worth emphasizing that when characterizing absorption lines, cer-
tain biases and/or systematics can affect the analysis and/or interpretation. In addition,
noise and line blends can potentially mimic broad and shallow absorption features (Richter
et al. 2006a, Tejos et al. 2016, Pessa et al. 2025). This justifies the use of higher S/N,
which enables a better characterization of the kinematic structure of the absorption fea-
tures (Richter et al. 2006a, Danforth et al. 2010). Finally, we highlight the possibility that
not all BLAs and O vi- detected systems strictly trace the WHIM.

The restrictions imposed on the catalogs were designed to prioritize QSO sightlines

with possible intervening filaments. Therefore, our approach increases the likelihood of



detecting intergalactic structures in our survey. However, we cannot be certain whether
any cluster-pairs in our survey are truly tracing inter-cluster filaments because some fil-
aments might be warped or displaced from the direct cluster—cluster axis (Colberg et al.
2005), implying that a sightline aligned with the cluster-pair does not necessarily intersect
the filamentary structure. However, the presence of a non-straight filament should imply
an underestimation of the signal, if anything (Meng et al. 2026). In fact, there is always
the possibility of not detecting any transitions of interest near the defined cluster-pairs at a
velocity window of +1000 kms™! (as in the case of QSO J1410+0910). For instance, the
inclusion of this QSO in the redshift number density measurement results in an increase
of the redshift path measurement without an increase in detections. If we assume this
QSO does not intersect a filament and we remove it from the analysis, then we find an in-
crease of 6.8 and 14.1 in the redshift number density of BLAs and NLAs, respectively, at
the fiducial values. Finally, even if cluster-pairs trace intergalactic filaments, insufficient
SNR in the spectra may prevent the detection of H1and O vi absorption lines; for that rea-
son, we analyze the quality of our survey, measuring the SNR in the QSO spectra at the
expected observed wavelength for relevant absorption features (H1 and O vi), as indicated

in Section 2.3.

4.3 Concluding remarks

Based on the results of the analysis of our experiment, the following conclusions are

presented:

e The absorption lines of WHIM tracers (BLAs and O vi) identified in our survey for

a velocity window Av = +1000 kms™!

, and Ad < 3 Mpc from the cluster-pairs are
indicated in Figures 4.3 and 4.4. Nine out of the ten QSO spectra of our survey
show absorption features from at least one of these two WHIM tracers. This finding

suggests that we could have traced the WHIM using this methodology.

e From the distribution of Doppler parameter (b) and column density (log N) of H1in
Figures 4.6 and 4.7, we conclude that an observational bias may arise against the
detection of BLAs with b > 80 [kms~! ] and with column densities (log[N/cm™2]) <
13. This could be due to the resolution of the HST/COS instrument, which cannot
resolve broadened, shallow lines. In the case of O vi, the amount of detected lines

is significantly lower than that for H1.

e We present the redshift number density (dN/dz) in Figures 4.12-4.19. Here, we

conclude that near the independent cluster-pairs at velocity windows Av = 1000

1

kms™', we observed a higher incidence than expected in the field, which could



confirm the presence of intergalactic filaments between cluster-pairs. From Fig-
ures 4.20-4.23, we conclude that all the tracers have an excess of absorptions where
intergalactic filaments should exist. Indeed, the excess of O vi is around three times
the expected field. We argued that the larger relative excess detected for BLAs in
regions near cluster-pairs, compared with NLAs, may be an indirect signature of
the WHIM.

From Figures 4.26 and 4.27, we conclude that the WHIM tracers (BLAs and
Ov1) exhibit a higher covering fraction close to cluster-pairs compared to a ran-

Uand

dom control sample. At a rest-frame velocity windows of Av = £1000 km s~
Av = £500 km s™!, the excesses in the covering fraction of BLAs and O vi1 are larger
than that of NLAs. This implies that near the inter-cluster axis, the WHIM is more

likely to be detected by this technique.



Chapter 5

Pinpointing the cosmic web between

massive galaxy clusters I1:
Overdensities of WHIM absorbers

Chapter based on the article Karen Martinez-Acosta, et al. in prep. Tentative title:
“Pinpointing the cosmic web between massive galaxy clusters Il: Overdensities of
WHIM absorbers”.

5.1 Overview

In this chapter, we briefly describe the aim of the next article associated with this re-
search, which is currently in progress. The focus of this work is to identify the overden-
sities (p/{p)) associated with regions where BLAs are detected. To identify overdensi-
ties associated with different regions of the Universe, we use products generated by the
Monte Carlo Physarum Machine (Burchett et al. 2020). The MCPM algorithm mimics the
growth of the Physarum Polycephalum (Slime mold). This algorithm generates optimal
transport networks to connect discrete locations (Burchett et al. 2020).

Applying the MCPM algorithm to both simulated and observational cosmological data
yields consistent 3D density maps of the cosmic web. Figure 5.1 illustrates the reconstruc-
tion of the cosmic web using the MCPM, applied to a sample of 37 662 galaxies from the
Sloan Digital Sky Survey (SDSS). The upper panel presents a large-scale view of the
emergent filamentary network identified by the MCPM algorithm. This reconstruction
is obtained using only the observed galaxy positions, redshifts, and masses, without im-
posing any explicit assumptions about the underlying large-scale structure. The resulting
network highlights the continuous and interconnected nature of cosmic filaments. The
lower panels display three representative subregions, where the discrete SDSS galaxy

distribution (G) is shown together with the superimposed MCPM filament density field
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Figure 5.1: MCPM reconstruction of the cosmic web based on 37 662 galaxies from the
SDSS. Top: large-scale view of the emergent structure identified by the MCPM algorithm.
Bottom: three representative subregions illustrating the SDSS galaxy distribution (G)
together with the overlaid MCPM filament density field (F) (Burchett et al. 2020).

(G+F). These examples demonstrate how the MCPM method implicitly traces the cosmic
web structure by identifying efficient continuous pathways connecting galaxies, which
preferentially reside along filamentary structures Burchett et al. 2020.

The work of Wilde et al. 2023 produced a Value-Added Catalog (VAC) and nine data
cubes that contain local overdensities. The VAC contains the density at the location of
a set of 638 820 galaxies, and the data cubes incorporate the full 3D density field of the
relevant volumes. These data can be queried using the library PysLive . We retrieved the
local overdensity at any point in the cosmic web from the data cubes and cross-matched it
with the VAC to derive calibration factors for each data cube. This was necessary because
the density in the VAC is given on a logarithmic scale, whereas the data cubes use a linear
scale.

This procedure was carried out as follows. For each data cube j, we first identi-
fied all galaxies i from the VAC that lie within the spatial volume covered by that data
cube. Using the astronomical coordinates of these galaxies, we sample the corresponding
voxel values, p; j, from the density field stored in the data cube. This was done using the
sky_to_data function from PysLimME. For each cube, we computed the mean density, {p; j):,
by averaging the density values at the galaxy locations within that cube. All calculations

were performed excluding undefined, zeros, and non-finite (NaN) values. The calibra-

Thttps://github.com/jnburchett/pyslime
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Data cube, j Redshift range Region Calibration factor, A;

1) 2) 3) “4)
0 0.01<z<0.10 NGC 0.9735
1 2<0.20 NGC 1.0238
2 z<0.20 SGC 1.0409
3 0.18<z<0.30  NGC 0.9364
4 0.18<z<0.30  SGC 1.0316
5 0.28<z<0.38  NGC 0.3043
6 0.28<z<0.38 SGC 0.3800
7 0.36<z<0.51 NGC 0.2949
8 0.36<z<0.51 SGC 0.3265

Table 5.1: Characteristics of data cubes. Columns (1)-(4) indicate the ID, redshift range,
region, and calibration factor for each data cube, respectively.

tion factor associated with each data cube A; was subsequently determined according to

equation (5.1).
(PivAC)i

Pij .
<10g10 <p I>>

where p; vac 1S the overdensity of galaxy i, given in the VAC.

A_

j=

5.1

Finally, we apply a base-10 logarithm transformation to all voxel values in each data
cube. The transformed values were then scaled by the corresponding calibration factor
A, yielding the calibrated overdensities for subsequent analysis. The calibration factor
was required to ensure consistency between the density field reported in the data cubes
and the density values of the galaxies provided in the VAC.

As an illustration, Figure 5.2 compares the overdensities retrieved from the VAC
(shown in green) for a random sample of 100 galaxies with those retrieved from the cal-
ibrated data cube at the corresponding astronomical coordinates for data cube 0. For
clarity, the figure displays only a small subset of the 300 130 galaxies employed in the
calibration of data cube 0. The same procedure was subsequently applied to calibrate the
remaining eight data cubes.

The calibration values that we found for the data cubes are summarized in Table 5.1.
Additionally, Table 5.1 lists the redshift intervals spanned by each data cube and specifies
their location within either the Northern Galactic Cap (NGC) or the Southern Galactic
Cap (SGC) regions.

In particular, we aim to use the astronomical coordinates of the detected absorption
features from the QSO spectra analyzed in Chapter 4, jointly with the calibrated data
cubes, to retrieve and analyze their local overdensities. We aim to compare overdensities
associated with BLAs with those of NLAs and with randomly selected control samples

to assess their statistical significance. In addition, we expect to investigate correlations
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0). We show the overdensities retrieved from the VAC (in green) for a random sample of
100 galaxies, and the overdensities retrieved at the astronomical coordinates of the same
galaxies using the data cubes (in blue) after calibration.

Figure 5.2: Calibration of data cubes using the VAC (first approach) at z < 0.1 (Cube



between measured observational parameters, such as Doppler parameter and column den-
sity, and the overdensities of the identified absorption features.

Finally, we indicate that the results presented so far in this Chapter constitute a work
in progress. We have only presented an initial perspective on our future work. At this
stage, we have chosen to include the components that are fully developed and internally
validated, while additional analyses and results are currently being completed and will be

presented in the subsequent article.



Chapter 6
Thesis conclusions

Using a novel experiment, we obtained a sample of ten QSO sightlines that meet the crite-
ria for probing inter-cluster regions (described in Section 2.2) and used them to search for
intergalactic filaments. In this way, we obtained 25 cluster-pairs that define independent
intergalactic structures. We analyzed the QSO sightline spectra obtained in FUV from
HST/COS and characterized those whose sightline likely intersect these filaments. We
identified all absorption lines in the spectra, not only those where inter-cluster filaments
are expected to exist. We estimated observational parameters, such as the Doppler param-
eter and column density, via Voigt profile fitting for each transition. With these samples,
we investigated the incidence of two tracers of the WHIM: BLAs and O vi. We sepa-
rated the H1 absorptions in two samples, BLAs and NLAs, based on the width of the line,
and we used a Doppler parameter b > 40 kms~! for BLAs. Subsequently, we analyzed
the redshift number density (dN'/dz), the relative excess (%/4¥|;;,4), and the covering
fraction (£/""") for total H1, NLAs, BLAs, and O v.

In Chapter 3, we report the methodology used to identify absorption components
along the spectra of a QSO sightline acquired in the FUV range in the HST/COS for
QSO SDSSJ161940.56+254323.0. Since the interest of our work is to probe WHIM, we
focus our analysis on observational parameters of BLA features and further analyze metal
absorptions in the QSO spectra at the same redshift, providing further evidence of the
galactic origin of these features. Additionally, we present statistical validation of the de-
tection method, evaluating different fitting approaches using the BIC to determine whether
single- or multiple-component models are better suited to the observed spectra. We use a
sample of 13 broad Ly« absorbers (BLAs) detected in the HST/COS spectrum of a single
QSO (z ~ 0.2685), whose sightline intersects several inter-cluster axes, to study the rela-
tion between BLAs and the large-scale structure of the Universe. Local overdensities of
galaxies at the redshifts of the BLAs were inferred from VLT/MUSE and VLT/VIMOS
data to assess the potential association of the BLAs with nearby galaxies (see Pessa et al.
2025 for further details). Altogether, in this research, we find that most of the BLAs iden-
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tified in the FUV spectra of QSO SDSSJ161940.56+254323.0 are really tracing WHIM,
and that WHIM properties correlate with the distribution of galaxies within its local vol-
ume, where denser intergalactic gas correlates with a stronger local excess of galaxies,
relative to the cosmic expectancy.

In Chapter 4, we analyze the incidence of WHIM tracers using the spectra of a survey
of QSOs (described in Chapter 2). Nine out of the ten QSO spectra of our survey show
absorption features from at least one of the WHIM tracers (BLAs and O vi). This finding
suggests that we might have been able to trace the WHIM with this methodology. Near the
independent cluster-pairs at velocity windows Av = #1000 kms~!, we observed a higher
incidence than expected in the field, which could confirm the presence of intergalactic
filaments between cluster-pairs. Indeed, all tracers have an excess of absorptions where
intergalactic filaments should exist. Particularly, the excess of O v is around 2.6 times
the expected field value. We argued that the larger relative excess detected for BLAs
in regions near cluster-pairs, compared with NLAs, may be an indirect signature of the
WHIM. In addition, WHIM tracers exhibit a higher covering fraction close to cluster-pairs
compared to a random control sample. At a rest-frame velocity windows of Av = 1000
U'and Av = +£500 kms™!, the excesses in the covering fraction of BLAs and O vi
are larger than that of NLAs. This implies that near the inter-cluster axis, the WHIM is

kms~

more likely to be detected by this technique. These results confirm the trends reported
by Tejos et al. 2016 with a much larger sample size, indicating robustness. In summary,
it may be stated that, based on the incidences determined in this work, a tentative excess
of WHIM tracers is reported for our survey. Although the uncertainties are large, we
obtained a representative result for what may be happening in the WHIM of the inter-
cluster filaments.

Chapter 5 provides a brief introduction to a component of the future work associated
with this research. We first introduce the application of Monte Carlo Physarum Poly-
cephalum (MCPM) to cosmological data for the reconstruction of density maps of the
cosmic web. In particular, we describe the use of the dataset reported by Wilde et al. 2023
and the procedure adopted to calibrate the overdensity data cubes. The direction of this
component of the research is to retrieve and analyze the local overdensities associated
with BLAs and to investigate their correlations with the observational parameters of the
absorption features.

In summary, these results confirm previous reported trends by Tejos et al. 2016 with
a much larger sample size, indicating robustness. As a general and final conclusion, it
may be stated that, based on the incidences determined in this paper, a tentative excess
of WHIM tracers is reported for our survey. Although the uncertainties are large, we
obtained a representative result for what may be happening in the WHIM of the inter-

cluster filaments.



As future work, we expect to increase the number of sightlines in the survey by using
the HST data archive to reduce uncertainties in the incidence of Hi and O vi. Finally,
we aim to further explore our observational results by reproducing the experiment using
cosmological simulations of the low-redshift intergalactic medium, which have not been

previously explored in this context.
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