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Zusammenfassung

Simulationen der gro�r•aumigen Struktur des Universums zeigen das �lamentartige kosmi-
sche Netz aus Gas, das Galaxien und Galaxiengruppen miteinander verbindet, mit Sub-
strukturen, die komplexe physikalische Prozesse beinhalten, die die Entwicklung von Ga-
laxien vorantreiben. Beispiele f•ur diese Substrukturen sind Filamente aus dem intergalak-
tischen Medium (IGM) oder dem zirkumgalaktischen Medium (CGM), das die Galaxien
umgibt. Diese sind noch zu di�us, um in der Emission beobachtet zu werden, aber die Ver-
wendung von leuchtenden Hintergrundquellen, um dieses schwache Gas in der Absorption
zu erkennen, wird zur leistungsf•ahigsten Technik, um diese Strukturen zu untersuchen.

Die Verwendung von Quasarspektren als Hintergrundquelle kann in einer Vielzahl
von Zusammenh•angen ein n•utzliches Werkzeug sein, einschlie�lich der Untersuchung der
gro�r •aumigen Struktur und der Umgebungen der Quasare selbst. Ziel dieser Arbeit war
es, gro�e Datens•atze zu nutzen, um das Signal-Rausch-Verh•altnis zu erh•ohen, um schwer
fassbare Komponenten der baryonischen Materie zu identi�zieren, die nicht unbedingt Licht
aussenden, aber•uber Absorptionslinien im elektromagnetischen Spektrum einer Hinter-
grundquelle aufgedeckt werden k•onnen. Unter Verwendung verschiedener bodengest•utzter
Teleskope im optischen Bereich und im nahen UV verwenden wir die Technik des Stacking,
die sich die statistisch signi�kanten gro�en Datenmengen zunutze macht.

Das erste Kapitel enth•alt eine Einf•uhrung in die gro�r•aumigen Strukturen und andere
Objekte, die w•ahrend der einzelnen Projekte dieser Arbeit untersucht wurden, und gibt
einen •Uberblick •uber die verwendeten Methoden und Instrumente.

Im zweiten Kapitel wird eine Suche nach dem IGM mit [FeXXI]� 1354�A vorgestellt,
bei der 107K-Gas bei UV-Wellenl•angen aufgesp•urt wird. Unter Verwendung von mehr als
einhundert Quasar-Spektren mit hoher spektraler Au
•osung (R� 49:000) und sehr ho-
hem Signal-Rausch-Verh•altnis des Very Large Telescope (VLT) und des Ultraviolet Echel-
le Spectrograph (UVES) haben wir die Rotverschiebung bekannter Damped Lyman-alpha
(DLA)-Absorber, die f•ur die •Uberdichte verantwortlich sind, •uberlagert. Wir stellen die
Ergebnisse der Untersuchungen vor und geben einen Ausblick auf die M•oglichkeit, eine
•ahnliche Studie mit zuk•unftigen Instrumenten durchzuf•uhren.
Im dritten Kapitel wird eine Studie des Intracluster-Mediums vorgestellt, bei der Quasar-
Spektren aus dem Sloan Digital Sky Survey aus Data Release 16 als Hintergrundquellen f•ur
ausgew•ahlte R•ontgenhaufen aus dem ROSAT All Sky Survey verwendet werden, wobei die
spektroskopische Rotverschiebung aus dem SPectroscopic IDentifcation of ERosita Sources
(SPIDERS) Programm stammt. Unter Verwendung des MgII-Doubletts als Indikator f•ur
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dieses 104K-Gas unterteilen wir die Stichprobe in Massen- und Winkelabstandsbereiche
und vergleichen sie mit einer bekannten MgII-Absorber-Stichprobe aus SDSS DR16. Wir
pr•asentieren die endg•ultigen Ergebnisse und vergleichen sie mit Simulationen.

In Kapitel vier untersuchen wir Ausstr•omungen von Aktiven Galaktischen Kernen
(AGN), indem wir SDSS-Quasarspektren verwenden und nach MgII-Absorptionslinien su-
chen, indem wir eine Stichprobe von 7100 Spektren aus Data Release 18 (DR18) stapeln.
Wir stellen unsere Ergebnisse und einen Ausblick auf zuk•unftige Arbeiten vor.

In Kapitel 5 pr •asentieren wir eine Zusammenfassung und Schlussfolgerungen mit einem
Ausblick auf M•oglichkeiten zur Fortsetzung der Forschung in verschiedenen Bereichen, die
im Rahmen dieser Arbeit untersucht wurden.



Abstract

Simulations of the large scale structure of the Universe show the �lamentary cosmic web
of gas connecting galaxies and groups of galaxies with each other, with substructures that
involve complex physical processes that drive the evolution of galaxies. Examples of these
substructures are �laments from intergalactic medium (IGM) or the circumgalactic medium
(CGM) surrounding the galaxies. These are too di�use to be observed in emission yet, thus
using luminous background sources to detect this faint gas in absorption becomes the most
powerful technique available to study these structures.

The use of quasar spectra as a background source can be a useful tool in a variety
of contexts, including the study of the large scale structure and investigations of the en-
vironments of the quasars themselves. The aim of this thesis was to make use of large
sets of data to increase the signal to noise ratio in order to identify elusive components
of baryonic matter that do not necessarily emit light, but can be revealed via absorption
lines in the electromagnetic spectrum of a background source. Using di�erent ground based
telescopes from optical and near UV wavelengths, we use the technique of stacking, which
takes advantage of the statistically signi�cant large amounts of data being produced.

The �rst chapter presents an introduction to the large scale structure and other objects
that were targeted throughout each project of this thesis, while presenting an overall look
of the methods and instruments used.

The second chapter presents a search for the IGM using FeXXI� 1354�A tracing 107K
gas at UV wavelengths. Using more than one hundred high-spectral resolution (R� 49; 000)
and very high signal to noise quasar spectra from the Very Large Telescope (VLT) and the
Ultraviolet Echelle Spectrograph (UVES), we stacked at the redshift of known Damped
Lyman-alpha (DLA) absorbers which are tracers of overdensities. We present the results of
the �ndings and provide an outlook for the possibility of performing a similar study with
future instruments.
The third chapter presents a study of the Intracluster Medium using quasar spectra from
the Sloan Digital Sky Survey from Data Release 16 as background sources for X-ray selected
clusters from the ROSAT All Sky Survey, with spectroscopic redshift from the SPectros-
copic IDentifcation of ERosita Sources (SPIDERS) program. We present the �nal results
and compare them with simulations. Using the MgII doublet as a tracer of this 104K gas,
we stack spectra at th redhift of the foreground clusters and we also compare to a known
MgII absorbers sample from SDSS DR16. We �nd tentative evidence of MgII absorption
in the whole sample.
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In chapter four we study out
ows from Active Galactic Nuclei (AGN) by using SDSS
quasar spectra and looking for MgII intrinsic absorption lines by stacking a sample of 7100
spectra from Data Release 18 (DR18). We present our results and outlook for future work.

We present summary and conclusions in chapter 5, with an outlook of possibilities to
continue the research in di�erent areas that were studied during the course of this thesis.



Chapter 1

Introduction

In the past twenty years, our knowledge of the large scale structure of the Universe has taken
a major step thanks to the advances in both simulations and observational capabilities.
The cosmological magnetohydrodynamical simulations of galaxy formation such as TNG
(Nelson et al., 2020) for example, show how galaxies and groups of galaxies are connected
with each other. The large scale structure bears a striking resemblance to a neural map of
the brain, a striking image for both the astrophysics community and the public.

From smaller scales of star and planet formation, to galaxy formation, clusters of galax-
ies and the intergalactic medium connecting all these objects, we are slowly �lling in the
gaps in our picture of the Universe. However, even considering all the baryonic matter we
can observe, this still only corresponds to 5% of the composition of the known Universe.
Understanding the interactions and evolution of a system is complex. On the one hand
a static image of di�erent objects at di�erent stages of the evolution, like pictures of dif-
ferent human beings at di�erent stages of their lives o�ers limited information. On the
other hand, a still limited computation of possible scenarios of past and future of what we
observe, still leaves more open questions than answers.

1.1 Circumgalactic and Intergalactic Medium

The evolution of the cosmic baryons induces processes that can trigger or halt star form-
ation in the interstellar medium (ISM), modifying the 
ows of gas that ends outside the
galaxy stellar body into the surrounding gaseous structure of the galaxy, the circumgalactic
medium (CGM; Tumlinson et al. (2017)). The gas that remains in this gaseous halo within
the virial radius can be recycled, or can be ejected outside the galaxy. The resupply of
new incoming gas happens through accretion from the intergalactic medium (IGM), where
the ISM is then able to gain back gas for further star formation processes. In Figure 1.1
we show a very basic schematic of how the galactic growth intakes mass and momentum
through accretion from the IGM, and expels them through feedback from supernovae or
Active Galactic Nuclei (AGN): in fact, super massive black hole (SMBH) activity can also
expel the gas creating out
ows all the way out of the galaxy.
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1.1.1 Early evolution of the CGM and IGM

After the recombination and neutralization of the Universe at z� 1,100, the cosmic gas
cooled with the expansion of the Universe, creating the conditions for the IGM to emerge as
a result of gravity acting on the primordial matter 
uctuations. When the �rst (Population
III) stars were created, their low formation rates were only enough to ionize a small fraction
of the then neutral IGM. It was not until the �rst galaxies formed at z � 10, with haloes in
which gas are embedded of� 108 M � that could sustain more robust star formation, that
the IGM was strongly a�ected by the radiative backgrounds photoionising intergalactic
hydrogen.

The IGM continued its evolution after reionization, which heats the IGM to tens of
thousands degrees Kelvin and uniformly ionizes the cosmic intergalactic hydrogen. At lower
redshifts (z � 2), cosmological expansion further dilutes this cosmic gas, and structure
formation can e�ciently shock the intergalactic gas to T� 105� 6 K (Cen and Ostriker,
1999).

The breakthrough in the study of the gas came with the discovery of quasars and the
intervening absorbers in the line of sight, which allowed for the observation of the gas in the
intergalactic medium(Wolfe et al., 1995), and the possible connection with close-by galaxies
(Bergeron, 1980). This type of observation now comprises one of the most used methods
for studying the CGM and IGM (Bouch�e et al., 2006; Lofthouse et al., 2020; Hamanowicz
et al., 2023), together with the state of the art magnetohydrodynamical simulations show
us a more complete overview of the in
ow and out
ow processes in and out of galaxies
(Schaye et al., 2015).

1.1.2 Physical characteristics of the CGM and IGM

The CGM is a multiphase di�use gas extending from the outer stellar disk of the galaxy up
to the virial radius. With various states of ionization, velocities, and complex dynamics,
it is dominated by cool clumpy collisionally ionised (T� 104� 5:5 K) gas of low density
(Tumlinson et al., 2017). Characterising the exact chemical composition, densities and
ionization states of the gas is essential to constrain the baryon budget, metallicity and gas

ow inside the CGM, but remains di�cult due to instrument capabilities. Only a subset
of the ionization states of each element lie at accessible wavelengths, and its low surface
brightness makes it even more challenging to detect with present-day instruments (Wisotzki
et al., 2018; Augustin et al., 2019). Considering the instruments to date used to measure
the CGM (ALMA, Hubble, Chandra, XMM-Newton, eROSITA), the rest of the puzzle
must be �lled in with physical models such as Collisional Photoionization Equilibrium or
Photoionization Equilibrium assumption (Fumagalli, 2015).

The cold gas density pro�le drops with distance from the galaxy, while the hot gas
remains mostly constant gradually transforming into di�use and hot (T� 106K) Warm-
Hot Intergalactic Medium (WHIM) (Cen and Ostriker, 1999; Dav�e et al., 2001). The
WHIM occupies the space from outside the virial radius of galaxies and cluster of galaxies
(Tumlinson et al., 2017). These dilute reservoirs of gas �lling the space in between the
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Figure 1.1: Baryon cycle representation, where the galaxy growth gains mass and mo-
mentum through accretion of the IGM, and looses them through out
ows caused by AGN
or supernovae activity.

void of galaxies can be hard to disentangle from the CGM, and have gas densities less than
� 200 times the mean cosmic density (McQuinn, 2016). The importance of the IGM is
based on the fact that most of the baryonic matter resides in these unvirialised structures,
as well as roughly half of the dark matter at present day (McQuinn, 2016). In addition,
the IGM plays a major role in galaxy growth by resupply of gas, and intake of the gas
ejected from both star formation and AGN activity.

1.1.3 Simulations vs. observations

In order reach a full understanding of the complexity and origin of the multiphase CGM, we
require more than what current observations and modeling alone can provide. Cosmological
hydrodynamical simulations play a key role in deciphering the nature of this inhomogeneous
mix of di�erent gas phases, where direct comparisons of synthetic spectra to observations
can be achieved (Machado et al., 2018). Nevertheless, the simulations face many of the
same challenges as observations, like ionization mechanisms and radiative transfer code
assumptions which can end in misleading results.

Observations of the T< 104 K gas use tracers of neutral and low ionisation state such
as HI, K, NaII, CaII. From studies of the Milky Way halo, Magellanic Stream (Putman
et al., 2012) and stacked optical spectra from SDSS (Zhu et al., 2014), this gas can make
up to � 1% of the total baryon budget of the halo. The cool gas with T< 104� 5 K that
can be traced by UV lines presents a plethora of absorption features at low redshift, which
allow us to better constrain estimates total amount of gas due to the neutral atoms and
low ionisation states in this temperature range. Figure 1.2 shows a schematics of the main
properties of the cold gas around (simulated) galaxies at redshift 2 to 3.
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Figure 1.2: Characteristics of the cold gas around simulated galaxies at redshifts 2 to 3.
Panel (a) (central image) shows column densities of a halo that will turn into a Milky-
way-mass system at redshift z=0. HI color densities are shown on the middle left color-
coded, and their description in middle right. Panel (b) shows cosmological column density
contribution of each component (Nelson et al., 2019). Panel (c) shows the typical column
density of HI as a function of total particle density (Rahmati et al., 2013). Panel (d)
shows the typical neutral fraction of the gas with density as a funcion of particle density
(Rahmati et al., 2013). Panel (e) shows the typical gas column density of HI and HII as
a function of projected distance in physical kpc (Nelson et al., 2019). Image Ref: (P�eroux
and Howk, 2020).
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The warm gas with T < 105� 6 K that can also be traced by far-UV absorption lines
like NeVII, NV, OVI, CIV, becomes much harder to estimate due to the uncertainties in
ionization mechanisms (Tumlinson et al., 2017). For example, partial photoionisation of
OVI could be adding fractions of T< 104 K gas that have already been accounted for in
the colder phase. In addition, to reproduce the observations of this gas in simulations, the
temperature range of models needs to be narrowed down, for example the mentioned OVI
line has to be narrowed to< 105:3� 6:6 K (Werk et al., 2016).

The hot T > 106 K phase properties of the CGM are di�erent in di�erent types of
galaxies, and can be studied through X-Ray observations using state-of-the art instruments
like Chandra, XMM-Newton and eROSITA, or through the Sunyaev Zeldovich e�ect with
telescopes using microwave maps (e.g. Planck, SPT, AcT). The hot gas can be detected
in absorption in the Milky Way, and in emission only in very massive galaxies (Lim et al.,
2021). State of the art cosmological simulations like Illustris-TNG (Nelson et al., 2018;
Pillepich et al., 2018), Magneticum (Dolag et al., 2017), EAGLE (Schaye et al., 2015),
can test this gas at di�erent temperatures. In Figure 1.3 we show a comparison of this
hot gas from di�erent observations at this temperature range. Future X-ray missions with
high-resolution spectroscopic capabilities, like XRISM (XRISM Science Team, 2022), Arcus
(Heilmann et al., 2022), and Athena (Nandra et al., 2013), will revolutionize further the
CGM science.

The IGM at intermediate redshifts (z � 2 � 5) has a density and ionization state that
can be probed near the mean cosmic density through HI Lyman� forest (Meiksin, 2009).
These, together with associated metal lines, can be observed using ground-based optical
telescopes, as the most relevant lines are redshifted in the optical band.

Observations of the IGM in the higher temperature range> 105� 6K and at lower red-
shifts z < 2 show that the gas is more diluted and di�use than at higher redshifts, while
simulations show that a large percentage of the gas has been shock heated to high temper-
atures T > 105� 7. The WHIM is the dominant baryon contributor at low redshift and is
located mostly in �laments and knots along the cosmic web, in which groups and clusters
also reside (Martizzi et al., 2019). Observing the WHIM remains a challenge (Bertone
et al., 2008; Frank et al., 2010; Augustin et al., 2019; Wijers et al., 2020), nevertheless this
gas in emission has been successfully detected in a �lament of the famous galaxy of M87,
where an emission of FeXXI (� 1354�A) in X-Ray at T > 107 K was found (Anderson and
Sunyaev, 2018), as shown in Figure 1.4. There are other claims of WHIM detection in
emission (Werner et al., 2009; Reiprich et al., 2021) as well as in absorption (Fang, 2010;
Nicastro et al., 2018).

1.1.4 Open Questions in the �eld of CGM relevant for this work

The remaining questions about the CGM are 1) which di�erent phases contribute to the
CGM? 2) which objects are associated with to the CGM? Observations still rely on a
number of assumptions and models that await con�rmation. Another major observational
challenge is the metallicity and total gas content of the highly ionized phase of the gas. The
process of dust production and destruction, key ingredients to star formation, needs a better
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Figure 1.3: Snapshot of the ROMULUS simulation of the ICM, in a 5 x 5 Mpc cut of
density-weighted projections of gas density, temperature and metallicity on top. Integ-
rated X-ray intensity, O VI column density and H I column density in the bottom. The
image shows that the clusters outskirts and small-scale structure is better traced with UV
absorption studies (O VI and H I), compared to X-ray emission (Butsky et al., 2019).
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Figure 1.4: Detection of FeXXI in emision in X-ray wavelength of a �lament of M87 galaxy
(Anderson and Sunyaev, 2018).



8 1. Introduction

in-depth understanding. Most importantly, the CGM gas might have been detected in its
hot phase in emission (Anderson and Sunyaev, 2018), while other detections of absorption
remain controversial (Nicastro et al., 2018). New results from FOGGIE (Figuring Out Gas
Galaxies in Enzo with exquisite spatial resolution in the CGM) simulations show that the
CGM is a multiphase gas (Lochass et al in prep), the �laments are cooler than the rest
of CGM but heat up toward the center, which may cause their disruption. And further
away from CGM the cooler the gas may be, so that it could be trace by cool clouds of the
common DLAs.

1.2 Clusters of galaxies

Among the most massive objects in the Universe are galaxy clusters and superclusters
(Peebles, 2020), where galaxies are held together by the gravitational potential. Galaxy
clusters also make it possible to test models of gravitational structure formation, galaxy
evolution, thermodynamics of the intergalactic medium, and plasma physics (Kravtsov and
Borgani, 2012). Even considering the presence of AGN, and gravitational shock heating,
the size and depth of the gravitational potential would allow the clusters to retain their
initial baryon fraction on these large scales (Voit, 2005). This makes galaxy clusters a
possible re
ection of the universal fraction of baryonic to dark matter, and are thus perfect
laboratories to test cosmological models of our universe.

1.2.1 Physical characteristics

Clusters of galaxies have three major components: galaxies, intracluster gas, and dark
matter, the last being the dominant component (83% to 90%). Out of the remaining
baryonic matter, the majority resides in the X-ray emitting hot intracluster gas (up to
15%). The rest of the baryons are in the luminous galaxies and in isolated stars which
comprise the faint and di�use intra-cluster light (� 2%) (Lagan�a et al., 2013). The large
reservoir of hot gas makes clusters prominent sources that can be easily traced by X-rays;
they can also be studied using the SZ e�ect through the interactions of the CMB with the
hot intra-cluster medium (ICM). Observations in the optical band can be used to study the
luminosity of the galaxies, and infrared photometry can be used to study the intracluster
light (ICL). In addition, the deep gravitational potential of clusters causes gravitational
lensing, which can also be used to study the clusters via the distortion of the light from
background sources.

1.2.2 Structure

Clusters can be classi�ed according to their structure: Regular clusters, which are ap-
proximately circularly symmetrical with a central mass concentration, where most of the
members are either elliptical or early type spirals (SOs) (Kravtsov and Borgani, 2012); and
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Irregular ones, with a poorly de�ned structure, and where most of the members are spiral
galaxies.

On the other hand, Bautz Morgan (B-M) de�ned a classi�cation scheme based on the
brightest galaxy in the cluster (Bautz and Morgan, 1970). Massive galaxies at the center
of the cluster can merge as a result of dynamical friction. The movement of galaxies within
the cluster produces an asymmetrical distribution of galaxies and dark matter, because the
gravitational force produces friction which slows the orbital motion. The larger the mass of
the galaxy, the faster the slowing rate, since deceleration is a function of galaxy mass. This
causes the largest galaxies to end up in the center, these central objects are called Brightest
Cluster Galaxy (BCG) or sometimes cD (central Dominant) galaxies (Giacintucci et al.,
2007), with rotational symmetry after the Yerkes classi�cation (type I cluster from B-M).
There can also be more than one BCG per cluster (type II B-M). However, not all clusters
host a giant galaxy at the center (type III B-M). The clusters with cD galaxies, or relaxed
galaxy clusters, have reached dynamical equilibrium, and baryonic processes are balanced
with the gravitational forces, while unrelaxed clusters are still in the process of formation
and are not gravitationally stable (Mantz et al., 2015). These processes lead to velocity
dispersion that deviate from simple gaussian distributions, which are possibly re
ected by
the new observational results presented in Chapter 3.

Clusters also di�er depending on their size, where the small mass clusters can have
almost equal amount of cold and hot gas (Sanderson et al., 2013). Another di�erence is
that not all clusters have an ICL component. Even if it does not contribute greatly to the
overall mass budget, the ICL can become more important in lower mass systems as well.
In the lowest mass halos where the feedback can be more in
uential, the hot gas may have
been displaced to outskirts or ejected completely from the halo altogether. The cold gas in
these systems can also be in between intracluster stars, where the low surface brightness
and di�use nature makes it harder to detect (Sanderson et al., 2013).

Another di�erence between cluster samples is found in temperature pro�les of galaxy
clusters where we can di�erentiate between cool cores and non-cool cores clusters. While
the cool-core clusters are de�ned as having low central entropy and a systematic temper-
ature drop, the non-cool core clusters have high central entropies (Hudson et al., 2010).
There is also a middle category of weak cool-core types, which have a 
at temperature
pro�le or slight decrease towards the center, with enhanced central entropy.

1.2.3 Intracluster Medium

The bulk of the baryonic matter in clusters resides in the hot Intracluster Medium (ICM),
where the gas is not directly associated with the individual galaxies that are part of the
cluster, but the properties of the individual galaxies are still correlated to the hot ICM of
the clusters. The ICM seems to be near equilibrium with the galaxies within a common
gravitational potential well due to the consistency of the gas temperature with the galaxies
velocities (Kravtsov and Borgani, 2012).

Most of the ICM is of course made up from the most abundant element in the universe,
Hydrogen (electrons and protons), and small amount of Helium. The average abundance
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of heavier nuclei is about one-third of that of the Sun, which are related to the Type Ia and
core-collapse supernovae that enriched the ICM environment (Mernier et al., 2018). The
abundance of these heavier elements is still uncertain due to the inhomogeneity of the ICM
gas (Mernier et al., 2018). This inhomogeneity has been linked to be ubiquitous motions
generated by the structure formation processes of galaxy formation, as hydrodynamical
simulations have shown (Dolag et al., 2005; Battaglia et al., 2012; Ryu et al., 2003). The
more inhomogeneously distrubuted the metals are, the less accurate the metallicity meas-
urements can be according to simulations of galaxy clusters. Metal mass obtained by
X-ray observations can be underestimated to up to three times in the inner regions of
R500 (Kapferer et al., 2007). Additional gas motions in cluster cores have been linked to
radiative cooling and feedback from stars and AGN. Apart from case of mergers with a
sub-cluster or an infalling galaxy into host clusters, the energy input of a supermassive
black hole in the cores of clusters is probably the dominant cause of gas perturbations
(Simionescu et al., 2019).

In order to understand cluster formation, the thermodynamics of the ICM in compar-
ison with models is key. Multiwavelength measurements (X-ray, optical, weak lensing, and
radio) of cluster properties require signi�cant resources for large cluster samples, although
some wavelengths probe some properties better than others (Figure 1.3). Scaling relations
play an important role by constraining ICM physics and theoretical models based on grav-
itational collapse, through comparison with observables. The most popular assumption is
the self-similar one (Kaiser, 1986), where clusters are simply scaled down versions of each
other, and gas density at a given fraction of radius is independent of cluster mass. Nev-
ertheless new models and observations have shown signi�cant deviations from this initial
simple assumption.

Due to the high temperatures of the hot plasma, the ICM emits primarily in X-rays
through thermal Bremsstrahlung. In addition to Bremsstrahlung, recombination and line
emission can be important. For a given density, the spectra are determined by the tem-
perature and the abundance of heavy elements, which can be estimated by �tting models
to observed X-ray spectra. Deep X-ray observations of bright galaxy clusters with XMM-
Newton and Chandra (Gatuzz et al., 2022) revealed a 2D mapping of the ICM distribution
of metals, which demonstrated that only a modest amount of the total X-ray emission
relates to gas cooled down to lower temperatures. Consistent with low star formation rates
on BCGs, the cooling down of cluster cores is prevented by a heating mechanism that
compensates for radiative losses (McDonald et al., 2011). The outskirts of clusters have
characteristically lower X-ray surface brightnesses. The previously mentioned instruments
are a�ected by particle background, so that Suzaku satellite, with its high spectral res-
olution, provides the best abundance measurements at large radii (Werner et al., 2008).
Along with the remarkable results from Hitomi satellite (Matsumoto et al., 2018), these
instruments set the ground for measuring elemental abundances in the ICM.

Nowadays, the extended ROentgen Survey with an Imaging Telescope Array (eROSITA)
(Merloni, 2012; Predehl et al., 2021) is providing an increasing amount of statistical
power observing the largest number of x-ray sources compared to previous instruments
like Chandra observatory (Weisskopf et al., 2000), Newton-XMM (de Chambure et al.,
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Figure 1.5: Gas mass fraction of hot(T> 106 K), warm(105 < K T < 106 K), cool (104 <
K T < 105 K) and cold gas (T < 104K) in galaxy clusters, as a function of radius in R200.
(Butsky et al., 2019)

1999) or ROSAT (Voges, 1992) satellites. With more than� 500 clusters observed in the
eROSITA Final Equatorial Depth Survey (eFEDS) (Bahar et al., 2022), the satellite has
provided X-ray properties for clusters and groups, improving current constrains on scaling
relations probing mass and redshift of galaxy clusters (Chiu et al., 2022). In the future,
the X-ray imaging and Spectroscopy mission (XRISM) (Williams, 2022), Athena (Nandra
et al., 2013) will further improve our current knowledge of the ICM enrichment, while
measuring radial pro�les of the gas velocity dispersion and bulk velocities, and probing
velocity amplitudes and scale (Zhuravleva et al., 2012).
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1.2.4 Open Questions in the �eld of Clusters relevant for this
work

The gas de�cit and low star formation rate in galaxy clusters, the existence of a massive
central galaxy and its properties, the missing baryons in galaxy clusters related to the
� CDM baryon distribution expectations in the universe, are just a few of the unanswered
questions regarding this �eld. Studying galaxy clusters allows us to more accurately de-
scribe our universe, shedding light on the thermodynamics and energetics from the growth
of the large-scale structure, setting important constraints on energy sources and their inter-
play with the ICM and IGM and even smaller scale structures. Both simulations (Nelson
et al., 2020) and observations (Anand et al., 2022; Mishra and Muzahid, 2022) also show
that cold gas exists in small mass galaxy clusters. But on bigger masses, the ICM is mostly
detected by their hot ICM in X-rays. Does the cold gas exist in high mass clusters as sim-
ulations seem to show (see e.g. Figure 1.5), and if so, what is the fraction? These are the
main subjects to address in future research, and will be subject of Chapter 3 of this thesis.

1.3 Active Galactic Nuclei

There is by now general agreement that all massive galaxies contain a supermassive black
hole (SMBH) that is powered by infalling matter, and have masses of 106 � 1010M � (Rees
and M�esz�aros, 1998). Early observations of quasi-stellar objects (quasars or QSOs) in the
early 1960s already indicated that these objects must be very distant, and that they had
to be much smaller than galaxies but produced immense energies that power the observed
optical emission and radio lobes. The only viable source for such energies was later proved
to be accretion of interstellar gas into SMBHs (Murray et al., 1995). AGNs play a major
role in the �nal stellar mass of the bulge, and the evolution of the host galaxy overall.

1.3.1 De�nition and basic properties

Quasars are better de�ned as as processes rather than objects, they can be explained as
what happens when the central black hole at the centers of massive galaxies are actively
accreting new material (Lynden-Bell, 1969). These main features of the galaxies with
accreting SMBHs called "active galactic nuclei" (AGN), distinguishes them from normal
galaxies whose SMBH is not active by a display of di�erences in their basic spectroscopy
and emission of jet like structures.

Some of the properties of the AGNs include the following (Netzer, 2015) :

ˆ X-ray emitting corona, on scales of tens of gravitational radii.

ˆ An accretion disk: subparsec rotation dominated accretion 
ow.

ˆ Broad line region: high density, dust-free cloud regions moving at roughly Keplerian
velocities.
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ˆ Central torus: an axisymmetric dust structure, on scales of 1-100 parsecs.

ˆ Narrow line region: lower density, lower velocity out
ows ionised gas.

ˆ Thin molecular maser disk.

ˆ Central radio jet.

1.3.2 AGN classi�cation

There are several classi�cation schemes for AGN that are based on high-quality observa-
tions of a large number of sources and a better understanding of the physics involved in
accretion and line-emitting processes. The aspects of AGN structure revealed they are
not di�erent objects, but di�erent manifestations of the same structure. This is called
uni�cation theory of AGN (Rowan-Robinson, 1977), and their classi�cation can be based
on orientation of the structure under what is referred to as the standard uni�cation model.
Nowadays the classi�cation of AGN are almost entirely based on observational character-
istics of the AGNs, such as the intensity of equivalent width of emission lines, the level of
ionization of the line-emitting gas, the strength of the radio and X-ray source, evidence for
non-thermal radiation or central obscuration, variability amplitude and time scale, among
others. Here we describe the clasi�cation scheme described by Netzer (2015).

ˆ Type-I AGNs: In earlier years known as Seyfert 1 galaxies and radio-quiet QSOs,
these AGNs are characterized by a blue Optical/UV continuum and by broad permit-
ted (or semi-forbidden) emission lines, high ionization narrow emission lines (many
of which are forbidden lines). The central point source shows no obscuration and
is visible at all wavelengths. At the same time there can be subgroups that have
characteristic intensities between narrow and broad components of Balmer lines, or
being radio-loud, aka Broad Line Radio Galaxies (BLRGs).

ˆ Type-II AGNs: Also known as Seyfert 2 galaxies, they have a completely obscured
line of sight to the center. They show strong and narrow near infrared (NIR), optical
and UV emission lines, which are indicative of photoionization by a non-stellar source.
Like the type-I AGNs, the type-II also show a point X-ray source associated with the
galactic nucleus, and they can also be divided into subgroups between radio quiet
and radio loud (Narrow Line Radio Galaxies - NLRGs).

ˆ Low Ionization Nuclear Emission-line Regions (LINERs): Also referred to as low-
luminosity AGNs (LLAGNs), they represent up to one-third of all galaxies in the
local universe. As the name suggests, they are characterized by low-ionization, narrow
emission lines from ionized gas of nonstellar origin. These LINERs can also be divided
into subgroups of broad emission lines (type-I LINERs) and only narrow emission
lines (type-II LINERs) (Ho, 2008). Their spectral energy distribution (SED) are
markedly di�erent from high luminosity AGNs, where the pink line representing the
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LINERs continuum emission follows a self-absorbed synchrotron spectra with a very
steep IR-to-UV power-law slope.

ˆ Lineless AGNs: There is a sub-population of AGNs with extremely weak, often
undetected emisison lines. Sometimes also refered to as anemic AGNs, or dull AGNs
(Netzer, 2015), they cover a large range of luminosities, from very faint to very
luminous, with a non-stellar continuum and an observed X-ray point source which is
a clear indicator for the active black hole. This category also includes BLLacs.

ˆ Blazars and radio loud AGN: This group includes highly variable core-dominated
radio-loud sources that show polarization both in optical and radio wavelengths.
They can also be powerful gamma ray emmitters and could have one or more of
the following: intense, highly variable high-energy emission in gamma-ray and radio;
radio, X-ray and gamma-ray jets with relativistic motion; double-peaked SED with
lower-frequency peak at radio to X-ray energies, and high-frequency peak at X-ray
to gamma-ray.

1.3.3 Absorbers

Intrinsic

As mentioned in previous sections, AGN involve many physical processes. The standard
uni�cation scheme can explain both the properties of the emission lines and the absorption
lines by the obscuring torus (Lawrence and Elvis, 1982), and it dependance on the viewing
angle. Out
ows launched by the accretion disk may also play an important role in the
host galaxy's evolution. According to models, these out
ows can start deep inside the
central engine, and can be launched outside the accretion disk (Everett, 2005; Proga and
Kallman, 2004). The winds remaining at high latitudes are low-density and highly ionized,
while most of the rest of the material stays at low-latitude. In between these two phases,
�laments of dense gas might form in the shape of mini broad absorption lines (BALs) or
narrow absorption lines (NALs). In the low-latitude, the gas remains predominantly warm
and weakly ionised, with a broad range of velocities which could potentially form broad
absorption lines (BALs) (Culliton et al., 2019).

Absorption lines which are physically associated to quasars are called "intrinsic" (Ham-
ann and Sabra, 2004). The chances that BALs or mini-BALs are from intervening objects
or the ISM are very low, so they are attributed to be intrinsic to the quasars. NALs on
the other hand can be associated to the IGM, ISM, or gas from the galaxies' disk winds
mixed with quasars host galaxies' ISM (Ganguly and Brotherton, 2008).

Intervening

In the case the absorbers are clouds of gas distant from the emitting quasar and unrelated
to it, they are called "intervening" absorbers. These are numerous, and can provide funda-
mental information about the CGM and IGM from redshifts 0 to beyond 5. They can be
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Figure 1.6: On the top of the �gure we show another schematic of the technique used to
observe the metals through absorption, using quasars as a background source. The darker
areas represent the galaxy halos and �laments of the IGM. The bottom panel shows a
sample of a high-resolution spectrum of a high redshift (z� 3) quasar from UVES, VLT
with a very high SNR and spectral resolution. At those wavelengths, the Ly� features
dominates the spectra in emission. There are also many absorption features, where below
5000�A is mostly HI, and above that wavelength is mostly metal lines. Image ref: (P�eroux
and Howk, 2020)
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divided in three groups according to the strength of the absorption: The strongest absorp-
tion is related to column densities of neutral hydrogen clouds with N(HI)> 1020cm� 2 (Wolfe
et al., 1986). These are called Lyman alpha (Ly� ) systems, and comprise the majority of
the neutral gas reservoir in the Universe used for the initial phase of star formation (P�eroux
and Howk, 2020). Their pro�le is shown in Figure 1.6. Often related to the CGM of a
galaxy, or a �lament of the IGM, they can also show lines of heavier and hotter elements.

The intermediate absorption systems are associated with neutral hydrogen column dens-
ities of � 1017cm� 2, with traces of heavier elements as well, and are believed to have
originated from the halos of galaxies.

The low column density systems are the most numerous and common, with column
densities of� 1012cm� 2 of neutral hydrogen gas clouds. They are referred to as the Ly�
forest, since they are seen polluting the spectrum in the shorter area of the Ly� emission
area, and are closely related to the IGM.

1.3.4 Open Questions in the �eld of AGN relevant for this work

Models of the AGN tori, disk wind models and their parameters still require adjustments.
Although hydrodynamical simulations are more promising, they still do not include all
processes and generally are limited to AGN with small BHs. The uni�cation scheme in
its simplest form does not seem to be able to explain black hole evolution, which makes it
clear it required several major revisions. AGN radiative feedback and its role needs very
high spatial and spectral resolution in order to be better understood, and new instrument-
ation, such as the James Webb Space Telescope, will continue to give us new fundamental
constraints on these complex processes (Ford et al., 2014; Yung et al., 2021). Chapter 4
o�ers new insights into intrinsic properties of AGN by studying intrinsic out
ows of a large
sample of objects.

1.4 Instruments

In order to study multiphase baryon cycle in large quasar surveys, this work combines the
use of multiple facilities. Earth's atmosphere presents a major challenge when it comes
to energies around Ultra Violet (UV) and higher, infrared, and long radio wavelengths.
Ground-based telescopes are then only ideal at a certain range of the electromagnetic
spectrum. That is when exploring the universe becomes dependent on high altitude rockets
or airplanes, satellites or balloons. In this section we will focus on the instruments that
were used for in this thesis.

1.4.1 Very Large Telescope - Ultra Violet Echelle Spectrograph

The Very Large Telescope (VLT) (Dekker et al., 2000) is an optical observatory, operated by
the European Space Observatory (ESO) in the Atacama desert, Paranal (Chile). The VLT
is made up of four major telescopes with primary mirrors of 8.2m diameter each, plus an
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additional four movable 1.8m mirror telescopes. When used together for interferometry,
the four primary telescopes can reach very high angular resolution (0.002 arcseconds).
Operating at visible and infrared, and equipped with more than 15 di�erent instruments
between adaptive optics corrected cameras and spectrographs, high-resolution and multi-
object spectrographs, covering a broad range of wavelengths from UV (300nm) to mid-
infrared (24� m).

One of the instruments used in this work is the cross-dispersed echelle spectrograph
called Ultra Violet Eschelle Spectrograph (UVES) (Werner et al., 2009), mounted on the
Nasmyth's platform (a Cassegrain like modi�ed telescope) on the Unit Telescope 2 (UT2,
Kueyen). UVES has two separate blue (UV to blue:� 300 to 500 nm) and red (� 470 to
11000 nm) arms with two CCD detectors. The resolving power reaches 40,000, although
with adequate sampling using narrow slits the blue arm can achieve up to 80,000 and the
red arm up to 110,000. UVES is key to this work because of the combination of ultra-violet
coverage, high spectral resolution, and hundreds of quasar spectra observed and available
in the European Southern Observatory archives.

1.4.2 Sloan Digital Sky Survey

The Sloan Digital Sky Survey (SDSS) uses a 2.5m wide-angle optical telescope located
at the Apache Point Observatory (APO) Sunspot in New Mexico, United States. It is a
modi�ed Ritchey{Chr�etien telescope (also modi�ed Cassegrein telescope), equipped with a
complimentary by three subsidiary instruments: a large hyperbolic secondary mirror, the
Photometric Telescope (0.5m aperture) equipped with a �lter and a CCD camera, a seeing
monitor and a cloud scanner (Gunn et al., 2006). The imaging camera is made out of 60
CCD in 5 rows, where each row has an optical �lter named u, g, r, i and z with average
wavelength of 355.1, 468.6, 616.5, 748.1 and 893.1 nm respectively. The spectrograph on the
other hand, covers a wavelength range of 3,800 to 9,200�A at a resolution of 2,000, operates
with an aluminium plate with drilled holes where individual optical �bers �t. The holes
are specially targeted to speci�c areas of the sky, so each area requires a di�erent plate.
Starting the observations in the early 2000s as a major multi-imaging and spectroscopic
redshift survey, it has evolved in �ve di�erent major phases.

Relevant for the work presented here, as part of the eBOSS survey the SDSS-IV pro-
gram also included a dedicated followup program of All-sky X-ray sources (clusters and
AGN), called SPIDERS. The ongoing phase of SDSS (SDSS-V) is an all sky, multi-epoch
spectroscopic survey targeting over six million objects. By systematically monitoring the
whole sky spectroscopically, it will be able to reveal changes ranging from 20 seconds to
20 years, tracking the evolution of massive black holes at the center of galaxies. Designed
also for tracking the history of the Milky Way, tracing the emergence of chemical elements,
unvealing details of the origin of planets, and creating a spectroscopic map of the gas in
the Galaxy and the Local Group (Kollmeier et al., 2017), and will continue to multiply the
scienti�c output of major space missions like eROSITA and GAIA.
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1.4.3 eROSITA

Moving to X-ray wavelengths, the latest and newest X-ray satellite telescope extended
ROentgen Survey with an Imaging Telescope Array (eROSITA) was launched in 2019
as the primary instrument on board the Russian-German "Spectrum-Roentgen-Gamma"
(SRG) mission (Predehl et al., 2021; Merloni, 2012). The X-ray instrument was developed
and built by the Max Planck Institute for Extraterrestrial Physics (MPE), and is part of
the Russian{German SRG space observatory, which also carries the Russian Astronom-
ical Roentgen Telescope X-ray Concentrator (Mikhail Pavlinsky ART-XC). eROSITA is a
successor of the R•ontgen satellite (ROSAT) launched in 1990, which gave the �rst all-sky
survey in X-ray of more than 130,000 objects, until after an extra four years of operations
on top of the planned �ve year duration led to the end of the mission. The eROSITA
instrument operates in a energy range of 0.2 up to 8.0 keV, with 7 Wolter-1 type mirror
modules, each containing 54 nested golden-coated mirror shells. Being� 20 times more
sensitive than ROSAT satellite in the soft-energy range (0.2 to 2.0 keV), and creating the
�rst time all-sky survey in X-ray hard band. With the �rst science results released in July
2021 (EDR), the satellite has already completed four of the planned 8 full-sky surveys, the
�rst image of the �rst full-sky survey is shown in Figure 1.7.

1.5 This Thesis

Using absorption line spectroscopy from background sources such as distant quasars (Fig-
ure 1.8), we can study the elusive and di�use gas that cannot be observed through emission.
The goal of this work was to target the IGM, ICM and the environment of the AGNs at
optical and UV wavelengths, serching for weak absorption lines in stacked optical/UV
spectra from large samples of sources.

In Chapter 2 we study the IGM with data from the VTL-UVES. Using � 500 fully
reduced, continuum-�tted quasar spectra (Murphy et al., 2019), we select 155 identi�ed
Damped Lyman-� Absorbers (DLA) (Murphy et al., 2019) found in the line of sight. Using
the stacking technique at the redshift of these known absorbers, we target the FeXXI line
in absorption as a tracer of high-redshift 107K Warm Hot Intergalactic Medium (WHIM)
gas. We place upper limits on the column density of the hot gas associated to DLAs, and
provide an assessment of how large samples from future experiments can be used to further
constrain WHIM models.

In chapter 3 we use quasar spectra from SDSS, with spectroscopically con�rmed clusters
compiled from the from the SPectroscopic IDenti�cation of EROSITA Sources (SPIDERS)
program (Clerc et al., 2016, 2020; Kirkpatrick et al., 2021a; Ider Chitham et al., 2020).
Using the same stacking technique, we search for cold gas in the ICM using MgII doublet
as a tracer of this 104K gas.

In chapter 4 we investigate the environment around AGNs, and focus on the intrinsic
MgII doublet absorption occurring on top of the emission associated to the AGNs in a
sample of X-ray selected AGN from the �rst eROSITA Performance Veri�cation survey.
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