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sible saturation (at EW > 0.15 Å) leads to a lower limits for the column
density for the MgII selected sample. MgII absorption is tentatively detec-
ted in the blind stack. This tentative detection provides a measure of the
column density which relates to the amount of cold gas in galaxy clusters. 58



xvi List of tables



Zusammenfassung

Simulationen der großräumigen Struktur des Universums zeigen das filamentartige 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 für diese Substrukturen sind Filamente aus dem intergalak-
tischen Medium (IGM) oder dem zirkumgalaktischen Medium (CGM), das die Galaxien
umgibt. Diese sind noch zu diffus, 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 leistungsfähigsten Technik, um diese Strukturen zu untersuchen.

Die Verwendung von Quasarspektren als Hintergrundquelle kann in einer Vielzahl
von Zusammenhängen ein nützliches Werkzeug sein, einschließlich der Untersuchung der
großräumigen Struktur und der Umgebungen der Quasare selbst. Ziel dieser Arbeit war
es, große Datensätze zu nutzen, um das Signal-Rausch-Verhältnis zu erhöhen, um schwer
fassbare Komponenten der baryonischen Materie zu identifizieren, die nicht unbedingt Licht
aussenden, aber über Absorptionslinien im elektromagnetischen Spektrum einer Hinter-
grundquelle aufgedeckt werden können. Unter Verwendung verschiedener bodengestützter
Teleskope im optischen Bereich und im nahen UV verwenden wir die Technik des Stacking,
die sich die statistisch signifikanten großen Datenmengen zunutze macht.

Das erste Kapitel enthält eine Einführung in die großräumigen Strukturen und andere
Objekte, die während der einzelnen Projekte dieser Arbeit untersucht wurden, und gibt
einen Überblick über die verwendeten Methoden und Instrumente.

Im zweiten Kapitel wird eine Suche nach dem IGM mit [FeXXI] λ 1354Å vorgestellt,
bei der 107K-Gas bei UV-Wellenlängen aufgespürt wird. Unter Verwendung von mehr als
einhundert Quasar-Spektren mit hoher spektraler Auflösung (R∼ 49.000) und sehr ho-
hem Signal-Rausch-Verhältnis des Very Large Telescope (VLT) und des Ultraviolet Echel-
le Spectrograph (UVES) haben wir die Rotverschiebung bekannter Damped Lyman-alpha
(DLA)-Absorber, die für die Überdichte verantwortlich sind, überlagert. Wir stellen die
Ergebnisse der Untersuchungen vor und geben einen Ausblick auf die Möglichkeit, eine
ähnliche Studie mit zukünftigen Instrumenten durchzuführen.
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 für
ausgewählte Röntgenhaufen 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 für
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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
präsentieren die endgültigen Ergebnisse und vergleichen sie mit Simulationen.

In Kapitel vier untersuchen wir Ausströmungen 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 zukünftige Arbeiten vor.

In Kapitel 5 präsentieren wir eine Zusammenfassung und Schlussfolgerungen mit einem
Ausblick auf Möglichkeiten 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 filamentary 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 filaments from intergalactic medium (IGM) or the circumgalactic medium
(CGM) surrounding the galaxies. These are too diffuse 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 different ground based
telescopes from optical and near UV wavelengths, we use the technique of stacking, which
takes advantage of the statistically significant large amounts of data being produced.

The first 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 λ 1354Å 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 findings 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 final 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 find tentative evidence of MgII absorption
in the whole sample.
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In chapter four we study outflows 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 different 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 filling 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 different objects at different stages of the evolution, like pictures of dif-
ferent human beings at different stages of their lives offers 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 flows 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 outflows 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 fluctuations. When the first (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 first 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 affected 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 efficiently 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 (Bouché 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 inflow and outflow 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 diffuse 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
flow inside the CGM, but remains difficult 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 filled in with physical models such as Collisional Photoionization Equilibrium or
Photoionization Equilibrium assumption (Fumagalli, 2015).

The cold gas density profile drops with distance from the galaxy, while the hot gas
remains mostly constant gradually transforming into diffuse and hot (T∼ 106K) Warm-
Hot Intergalactic Medium (WHIM) (Cen and Ostriker, 1999; Davé 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 filling 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 outflows 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 different 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: (Péroux
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 different in different 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 effect 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 different temperatures. In Figure 1.3 we show a comparison of this
hot gas from different 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 α 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 diffuse 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 filaments 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 filament of the famous galaxy of M87,
where an emission of FeXXI (λ1354 Å) 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 field of CGM relevant for this work

The remaining questions about the CGM are 1) which different 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 confirmation. 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 filament of M87 galaxy
(Anderson and Sunyaev, 2018).
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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 filaments 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 reflection 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 diffuse intra-cluster light (∼ 2%) (Laganá 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 effect 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 classified 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 defined structure, and where most of the members are spiral
galaxies.

On the other hand, Bautz Morgan (B-M) defined a classification 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 classification (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 reflected by
the new observational results presented in Chapter 3.

Clusters also differ depending on their size, where the small mass clusters can have
almost equal amount of cold and hot gas (Sanderson et al., 2013). Another difference 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 influential, 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 diffuse nature makes it harder to detect (Sanderson et al., 2013).

Another difference between cluster samples is found in temperature profiles of galaxy
clusters where we can differentiate between cool cores and non-cool cores clusters. While
the cool-core clusters are defined 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 flat temperature
profile 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 significant 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 significant 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 fitting 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 affected 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 profiles 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 field of Clusters relevant for this
work

The gas deficit 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
λCDM baryon distribution expectations in the universe, are just a few of the unanswered
questions regarding this field. 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 Mészáros, 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 final stellar mass of the bulge, and the evolution of the host galaxy overall.

1.3.1 Definition and basic properties

Quasars are better defined 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 differences in their basic spectroscopy
and emission of jet like structures.

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

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

• An accretion disk: subparsec rotation dominated accretion flow.

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

• Narrow line region: lower density, lower velocity outflows ionised gas.

• Thin molecular maser disk.

• Central radio jet.

1.3.2 AGN classification

There are several classification 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 different objects, but different manifestations of the same structure. This is called
unification theory of AGN (Rowan-Robinson, 1977), and their classification can be based
on orientation of the structure under what is referred to as the standard unification model.
Nowadays the classification 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 clasiffication scheme described by Netzer (2015).

• 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).

• 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).

• 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 different from high luminosity AGNs, where the pink line representing the



14 1. Introduction

LINERs continuum emission follows a self-absorbed synchrotron spectra with a very
steep IR-to-UV power-law slope.

• 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.

• 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
unification 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. Outflows launched by the accretion disk may also play an important role in the
host galaxy’s evolution. According to models, these outflows 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,
filaments 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 figure 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 filaments 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 Lyα features
dominates the spectra in emission. There are also many absorption features, where below
5000Å is mostly HI, and above that wavelength is mostly metal lines. Image ref: (Péroux
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 (Lyα) systems, and comprise the majority of
the neutral gas reservoir in the Universe used for the initial phase of star formation (Péroux
and Howk, 2020). Their profile is shown in Figure 1.6. Often related to the CGM of a
galaxy, or a filament 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 Lyα
forest, since they are seen polluting the spectrum in the shorter area of the Lyα emission
area, and are closely related to the IGM.

1.3.4 Open Questions in the field 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 unification 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
offers new insights into intrinsic properties of AGN by studying intrinsic outflows 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 different 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 (24µm).

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 modified telescope) on the Unit Telescope 2 (UT2,
Kueyen). UVES has two separate blue (UV to blue: λ 300 to 500 nm) and red (λ 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
modified Ritchey–Chrétien telescope (also modified Cassegrein telescope), equipped with a
complimentary by three subsidiary instruments: a large hyperbolic secondary mirror, the
Photometric Telescope (0.5m aperture) equipped with a filter 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 filter 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 Å at a resolution of 2,000, operates
with an aluminium plate with drilled holes where individual optical fibers fit. The holes
are specially targeted to specific areas of the sky, so each area requires a different plate.
Starting the observations in the early 2000s as a major multi-imaging and spectroscopic
redshift survey, it has evolved in five different 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
scientific 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 Röntgen satellite (ROSAT) launched in 1990, which gave the first 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 five 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
first time all-sky survey in X-ray hard band. With the first science results released in July
2021 (EDR), the satellite has already completed four of the planned 8 full-sky surveys, the
first image of the first 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 diffuse 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-fitted quasar spectra (Murphy et al., 2019), we select 155 identified
Damped Lyman-α 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 confirmed clusters
compiled from the from the SPectroscopic IDentification 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 first eROSITA Performance Verification survey.
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Figure 1.7: After 182 days of observation, the eROSITA completed the first full sky map
of the hot, energetic universe. The emission of the hot gas in the vicinity of the solar
system can be seen as a red diffuse glow outside of the plane of the galaxy. The plane
shows in blue the high energy X-ray photons, that have enough energy to go through the
dust and gas absorption at lower energy levels. The green and yellow in the centre of the
galaxy show history of recent energetic processes driving gas out of the plane of the galaxy
(Image credit: Jeremy Sanders, Hermann Brunner and the eSASS team (MPE); Eugene
Churazov, Marat Gilfanov (on behalf of IKI).
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Figure 1.8: Technique used throughout the projects developed in this thesis, using AGNs
as a background source, but instead of satellites (as seen in the image) we used ground
telescopes. Image credit: NASA; ESA; A. Feild, STScI.
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In chapter 5, we summarise the work developed throughout this thesis and discuss the
possible future work that could be done to further expand our knowledge in these areas.
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Chapter 2

WHIM Tracers at UV-wavelengths
Tracing the 107 K Warm-Hot
Intergalactic Medium with UV
absorption lines

The contents of this chapter have been published in Fresco et al. (2020)
Monthly Notices of Royal Astronomical Society

Abstract The majority of the cosmic baryons in the low redshift Universe are not observed
directly, leading to the so-called ”missing baryons” problem. Probing the missing baryons
is essential to constrain the accretion and feedback processes which are fundamental to
galaxy formation. Cosmological hydrodynamical simulations have indicated that a sig-
nificant portion of them will be present in a Warm-Hot Intergalactic Medium (WHIM),
with gas temperature ranging between 105–107K. While the cooler phase of this gas has
been observed using O VI and Ne VIII absorbers at UV wavelengths, the hotter fraction
detection relies mostly on observations of O VII and O VIII at X-ray wavelengths. Here, we
target the forbidden line of [Fe XXI] λ 1354Å, which traces 107K gas at UV wavelengths,
using more than one hundred high-spectral resolution (R∼49,000) and high signal to noise
Very Large Telescope (VLT)/UltraViolet Eschelle Spectrograph (UVES) quasar spectra,
corresponding to over 600 hrs of VLT time observations. A stack of these at the position
of known Damped Lyman Alpha systems lead to a 5-σ limit of log[N([Fe XXI])] <17.4
(EWrest < 22mÅ), three orders of magnitude higher than the expected column density of
the WHIM log[N([Fe XXI])] <14.5 for the WHIM component. This work proposes an al-
ternative to X-ray detected 107K WHIM tracers, by targeting faint lines at UV wavelengths
from the ground benefiting from higher instrumental throughput, enhanced spectral resolu-
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tion, longer exposure times and increased number of targets compared to what is currently
available in X-rays. The number of quasar spectra required to reach a column density
that could be detectable with future facilities including 4MOST, ELT/HIRES and the
Spectroscopic Telescope appears challenging. Considering all possible instruments, our
calculations of number of spectra needed to achieve the detection of this gas show that the
only plausible instruments that could attempt to detect hot gas via UV spectroscopy are
MSE and/or Spectroscopic Telescope.

2.1 Introduction

The Standard Cosmological model predicts that the vast majority (more than 95%) of
the matter is in the form of Dark Energy and Dark Matter. Only the remaining ≈4%
is in the form of baryons, the normal matter which makes up stars and galaxies. The
total baryon density of the Universe, Ωbaryons=0.0455 (Komatsu et al., 2011), is in fact well
constrained from measurements of Cosmic Microwave Background (CMB) anisotropies,
light element abundances coupled with Big Bang nucleosynthesis (Cooke and Fumagalli,
2018) and, in the near future, from observations of dispersion measures (DM) of Fast Radio
Bursts (FRBs) (Qiang and Wei, 2020; Macquart et al., 2020). We note that results from
these different experiments involving vastly different physical processes and observation
techniques agree remarkably well (±0.005). However, 30 to 50% of the baryonic matter is
not observed directly today (Persic and Salucci, 1992; Nicastro et al., 2018; Peroux and
Howk, 2020). The latest baryon census shows that galaxies, groups and clusters together
comprise only ∼ 10% of the expected baryon density (Salucci and Persic, 1999; Bregman,
2007; Shull et al., 2012; Nicastro et al., 2018; de Graaff et al., 2019a). Recently, a fraction
of these baryons 105 − 6K were found on the scales of the galaxy haloes, including in the
Circumgalactic Medium (CGM) (Werk et al., 2013; Tumlinson et al., 2017). This still
leaves a deficit of observed baryons relative to the predicted baryon density referred to as
the missing baryons problem (Bregman, 2007; Shull et al., 2012).

At the turn of the century, cosmological hydrodynamical simulations of the large-scale
structure have predicted the phase and location of these missing baryons (Springel et al.,
2005; Dolag et al., 2017; Nelson et al., 2018; Pillepich et al., 2018). Baryons in intergalactic
medium (IGM), although dominant at early epochs, remain challenging to observe. At
high-redshift, the simulations indicate that the majority of the baryons are in the low-
density ionised gas of the IGM. This phase is observationally traced by the Ly-α forest
which only provides direct constraints on the neutral fraction of a gas which is mostly
ionised (Kim and Kim, 2013). At lower redshifts, simulations of the matter distribution
indicate that the baryons are related to a shock-heated phase of the gas with temperature
range of 105 < T < 107 K, known as the Warm-Hot Intergalactic Medium (WHIM) (Cen
and Ostriker, 1999; Davé et al., 2001). According to these simulations, at z = 0, the
WHIM is the dominant baryon contributor and is located mostly in filaments and knots
along the cosmic web, in which groups and clusters reside (Martizzi et al., 2019). A different
simulations approach, using Enzo grid-code, not only doubles previous estimates of WHIM
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baryon content, but also challenges the postulate that a significant amount of WHIM has
been shock-heated to 107 K. Shull et al. (2012) found only a small hot plume at T> 107

K in the temperature-density phase diagram of IGM distribution of this shock-heated gas,
whereas the rest of WHIM temperature falls in the range 105 > T> 106. Observational
baryon-censuses also find that the Ly-α forest contains ∼ 30% of the baryons, with similar
amounts in gas at T= 105−6 K probed by O VI and broad Ly-α absorbers (BLAs). The
speculation is that the remainder (“the missing baryons”) reside at higher temperatures (T
> 106 K) which are not traced by O VI and BLAs. Clearly, more stringent observational
constraints of the hot phase of the IGM are needed.

Due to its diffuse nature, direct detection of the WHIM in emission poses a great
observational challenge (Bertone et al., 2008; Frank et al., 2010; Augustin et al., 2019;
Wijers et al., 2020). Different methods have been proposed to detect the hot, highly-ionized
WHIM gas: detection in galaxy groups with the Sunyaev-Zeldovich effect (Hill et al., 2016;
de Graaff et al., 2019b; Lim et al., 2020; Tanimura et al., 2020) using autocorrelation
function measurements (Galeazzi et al., 2010), with absorption lines in quasar sightline
(Kovács et al., 2019) and using the Cosmic Microwave Background (CMB) as a backlight
(Ho et al., 2009).

To remedy this limitation related to diffuse nature, absorption lines detected against
bright background objects offer the most compelling way to study the tempearture, ion-
isation state and column density of the gas. In these absorbers, the minimum gas density
detected is set by the brightness of the background source and thus the detection efficiency
is independent of redshift and the foreground object’s brightness.

Oxygen is one of the most useful tracers of the WHIM because of its high abundance
and because O VI, O VII, and O VIII excitation states span nearly the entire 105 − −107

K temperature range. The doublet of C IV and Ly-α contribute at the low end as well,
while Ne VIII (at 770 and 780 Å) is associated with collisionally ionised gas at T ≈ 5×105

K (Narayanan et al., 2011). The O VI doublet is observable in the UV with lines at 1032Å
and 1038Å, which also makes them easy to identify (Howk et al., 2009). Unfortunately,
the interpretation of O VI is complex. One issue is that O VI absorption turns out to be
relatively easy to produce either from photoionization or collisional ionization (CIE). In
CIE, the maximum fraction of Oxygen which is in O VI is only ∼ 20%, so the ionization
correction are likely considerable (Werk et al., 2014; Prochaska et al., 2017). Additionally,
we need to specify a metallicity in order to convert from O VI into a baryon mass, which is
usually unknown. The WHIM can be traced by Ly-α absorption as well. These Ly-α lines
look different from the narrow lines typical of the photoionized gas, since they are also
appreciably thermally broadened. These are the BLAs, and overlap with the O VI-traced
WHIM (Pachat et al., 2016).

Hotter collisionally ionized gas emits soft X-rays, but the emissivity is proportional to
the square of the gas density, which again limits the effectiveness of emission as a probe of
low-density gas. X-ray analysis traces metal emission lines (for the WHIM, primarily O VII
and O VIII, but also Iron lines). Owing to the lack of telescopes with adequate sensitivity
in the X-ray wavelengths, the hot phase of the WHIM traced by O VII and O VIII is as
yet not well studied (Li, 2020). These lines, which correspond to a series of soft X-ray
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features around 0.6-0.8 keV, are commonly detected at redshift zero, corresponding to
the hot halo around the Milky Way (Gupta et al., 2012) (but see also Wang and Yao
(2012)). At moderate redshifts, they are also accessible with the grating spectrographs
on XMM-Newton (Arcodia et al., 2018) and Chandra (sensitive down about to 0.35 and
0.2 keV respectively). Unfortunately, current X-ray gratings have poor spectral resolution
(700-800km s−1), and effective areas of tens of cm2 (compared to 1000-3000 cm2 for HST-
COS in the UV), so they have limited sensitivity to the WHIM (DeRoo et al., 2020). The
detection of two X-ray absorbers towards 1ES 1553+113 by Nicastro et al. (2018) (but
see Johnson et al., 2019, for a cautionary note) is the latest indication that the missing
baryons are indeed in a diffuse WHIM phase, although it remains unclear which fraction
of the missing baryons are traced by X-ray absorbers. Overall, there are only a few X-
ray observed WHIM absorbers (Bonamente et al., 2016; Mathur et al., 2017; Nicastro
et al., 2018; Johnson et al., 2019; Nevalainen et al., 2019). The next generation X-ray
observatories such as Athena (Nandra et al., 2013) and its high spectral resolution micro-
calorimeter with about an order of magnitude higher effective area than XMM-Newton
and Chandra, will make significant progress in the next decade (Barret et al., 2020). Until
then, it is extremely important to study the warm-hot gas, using the existing UV and
X-ray facilities.

Given the challenges of X-ray data, observations at longer wavelengths (UV and op-
tical) benefit from higher instrumental throughpout and enhanced spectral resolution. By
reverting to ground-based facilities, longer exposure times and larger number of targets
than available from space-based facilities become possible. Nevertheless, the UV lines
from space have so far mostly been used to detect absorbing gas with temperature range
105 < T < 106K from either O VI (Tripp et al., 2000; Danforth and Shull, 2005; Tripp et al.,
2008; Danforth and Shull, 2008; Werk et al., 2014; Savage et al., 2014; Danforth et al., 2016;
Kacprzak et al., 2016) or BLAs (Lehner et al., 2007; Danforth et al., 2010). Recently, Za-
strocky et al. (2018) have constrained the Milky Way’s hot (T = 2 × 106 K) coronal gas
using the forbidden 5302 Å transition of Fe XIV. Only recently, some highly ionised iron UV
lines detected in emission have been used as diagnostics of gas at temperatures of T=107

K. Out of several forbidden lines in the UV that could trace this gas temperature range,
and from various species of highly ionised iron, the emission of [Fe XXI] is the brightest
(Anderson and Sunyaev, 2016). In particular, Anderson and Sunyaev (2018) report the
discovery of [Fe XXI] in emission in a filament projected 1.9 kpc from the nucleus of M87
which validates the expected strength of the line. Theoretically, the highly ionised iron
UV lines can be observed in absorption as well. The forbidden line of [Fe XXI], in partic-
ular, has the largest effective cross-section for absorption and a rest wavelength λ1354 Å,
conveniently close to Ly-α λ1215 Å. Therefore the line is a sensitive UV-wavelength tracer
of WHIM gas.

In this chapter, we target the [Fe XXI] line in absorption as a tracer of high-redshift
107K WHIM gas. Large optical spectroscopic quasar surveys available nowadays offer a
new opportunity to statistically probe these filaments by detecting the matter between the
high-redshift background quasar and the observer. Here, we make use of a large sample
of high-spectral resolution quasar spectra with known intervening neutral gas Damped
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Ly-α Absorbers (DLAs). Recent studies (Péroux et al., 2019; Hamanowicz et al., 2020)
provide evidence for the paradigm of the origin of DLAs, showing that these objects probe
overdensities (e.g. groups) in the Universe. We use these systems as tracers of foreground
oversdensities, and to increase the sensitivity of the experiment we stack multiple quasar
spectra at the DLA’s redshifts (Mas-Ribas et al., 2017) to look for indications of T=107K
WHIM gas traced by the [Fe XXI] absorption line.

This chapter is organized as follows: Section 2.2 presents the observations used for this
study. Section 2.3 details the stacking method, while Section 2.4 summarizes our findings
and future prospects with upcoming facilities. We adopt an H0 =70 km s−1 Mpc−1, ΩM

=0.3, and ΩΛ = 0.7 cosmology.

2.2 A large sample of high resolution quasar spectra

To enhance the sensitivity to absorption line detection, this study focuses on the quasar
spectra with the highest spectral resolution available. This work is based on a quasar
sample observed with the Ultraviolet and Visual Echelle Spectrograph (UVES) of the
European Southern Observatory’s (ESO’s) 8-metre Very Large Telescope (VLT) (Dekker
et al., 2000). The UVES instrument is a two-arm (red and blue) grating cross-dispersed
echelle spectrograph. Some observations are made using only one arm, but most observa-
tions use both arms simultaneously. The light is then split in two by a dichroic mirror and
centered around to a standard or user-defined central wavelength.

Our study makes use of the first release of the Spectral Quasar Absorption Database
(SQUAD) with 467 fully reduced, continuum-fitted quasar spectra (Murphy et al., 2019).
Figure 2.1 shows an example of a VLT/UVES quasar spectrum, with a zoom on the Lyman-
α quasar emission line. In this sample, the spectra were cross-matched with observations
from the ESO UVES archives to include all quasars from literature up to August 2017
(Flesch, 2015). The redshift was also cross-matched with three databases (SDSS, NED
and SIMBAD). In cases where no match was found, a measure of the redshift was derived
directly from the UVES spectrum. Figure 2.2 illustrates the quasar redshift distribution of
the whole sample. The redshifts range from zem = 0 − 6, with a broad wavelength coverage
range (3,050Å-10,500Å) with gaps depending on the chosen spectral settings. The mean
resolving power of the exposures is R = 49,000. The corresponding resolution element is 6.1
km s−1. The quasar spectra have on average a total exposure time of 5.9 hours, resulting
in high signal-to-noise ratios per resolution element (hereafter snrind, for individual quasar
spectra), reaching up to snrind >70. In other words, the full quasar sample is made of over
1450hrs of VLT time observations. Figure 2.3 displays the distribution of the snrind of the
UVES quasar spectra.

Murphy et al. (2019) also provide a catalogue of 155 identified Damped Lyman-α Ab-
sorbers (DLA), out of which 18 are reported for the first time. The newly identified DLAs
were found by visually checking the UVES quasar spectra. These DLAs are a class of quasar
absorber tracing high H I column density cold (T=104K) gas, with N(H I)≥ 2×1020 (Wolfe
et al., 1986). These systems comprise the majority of the neutral gas reservoir in the
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Figure 2.1: Example VLT/UVES quasar spectrum. The black histogram shows the full
quasar spectrum at observed wavelengths and with arbitrary flux units. The quasar
J000149-015939 at zem=2.815 has a strong Lyα emission line at ∼ 4650 Å at restframe.
The red histogram displays the corresponding error array. The pink line indicates the fit-
ted quasar continuum. The inset zooms around the Lyman-α emission revealing the high
snrind.
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Figure 2.2: Quasar emission redshift distribution. The 467 UVES quasar spectra from the
SQUAD sample cover a broad redshift range from zem = 0 − 6, with wavelength coverage
from 3,050Å to 10,500Å with gaps depending on the chosen spectral settings.

Universe used for the initial phase of star formation (e.g Peroux and Howk, 2020). Addi-
tionally, their metal content provides crucial information about the chemical evolution of
galaxies. Figure 2.4 displays the redshift distribution of this sample of 155 DLAs. Orange
(green/red) histograms indicate the redshift of 2nd(3rd/4th) DLA in those quasar spectra
containing more than one. The mean DLA redshift for the sample is zDLA = 2.5.

2.3 A stacked high-resolution DLA spectrum

At the high-resolution (R > 40,000) offered by UVES, the metallicity of individual DLAs
is routinely well-measured (Kulkarni et al., 2005; De Cia et al., 2018; Poudel et al., 2020).
In this work, we target weak metal lines which are not expected to be detected in a single
spectra. In particular [Fe XXI] has an oscillator strength fosc = 5.3 ×10−6 and a Doppler
parameter bFe = (2kT/mFe)

1/2 ≈(54.4 km s1)(T7)
1/2 where T7 indicates at T = 107K. In

order to probe these significantly weak absorption lines, we build a stack of more than a
hundred high-resolution quasar spectra, shifted to the DLA redshifts.
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Figure 2.3: Signal-to-noise ratio per resolution element (snrind) distribution. The histogram
shows the 155 UVES quasar spectra containing at least one DLA. The mean resolving power
of the UVES spectrograph (R > 40,000) combined with an averaged exposure time of 5.9
hours result in sizeable snrind, reaching up to snrind >70.
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Figure 2.4: Redshift distribution of the 155 DLAs. Orange (green/red) histograms indicate
the redshift of 2nd(3rd/4th) DLA in one given quasar spectrum. The mean DLA redshift
for the sample is zDLA = 2.5.



32 2. WHIM Tracers at UV-wavelengths

2.3.1 Selecting quasar spectra

Targeting DLAs to search for metal lines limits the number of quasar spectra to be stacked
to the ones containing known DLAs. This step results in a sample of 155 quasar spectra
out of the 467 contained in the whole SQUAD quasar sample.

The dispersion of the UVES spectra, expressed in km/s per pixel also differs between
five different values ranging from 1.3 km/s per pixel to 2.5 km/s per pixel. In order to avoid
rebinning of the spectra during the stacking procedure, we elect to include only spectra
with the same dispersion. A total of 137 spectra have a dispersion of 2.5 km/s per pixel
which are then used in the subsequent study.

Finally, the spectral gaps in between the settings are evidenced by a visual inspection
of the spectra. These gaps appear as flat lines in different parts of the spectra, where
there is no signal. Only spectra with the appropriate wavelength coverage were included
in further calculations depending on the location of the spectral gaps with respect to the
targeted element at a given absorption redshift. This again caused a reduction of the
number of spectra stacked depending on the element under study and its corresponding
observed wavelength. For each metal line stacked, we compute the number of spectra
covering the appropriate wavelength given the DLA’s redshift and the quasar spectrum
wavelength coverage (in the rest-frame ranging typically from λ1, 200 to 2, 600 Å). The
number of spectra included in the stack of each metal line are therefore different, and
reported in each respective plot. For example, [Fe XXI] has a final number of stacked
spectra of 106.

Note that some quasars contain multiple DLAs at different redshifts (with cases con-
taining up to four DLAs in one quasar spectrum), so some quasar spectra are used multiple
times (see Figure 2.4).

2.3.2 Stacking Procedure

We first shift the selected spectra to the DLAs rest-frame wavelength. We recall that all
spectra have the same dispersion of 2.5 km/s per pixel, so that no rebinning is required
in building the stack in velocity space. We then use the resulting quasar spectra sample
to compute a median stack. We reject spectra which do not fully cover the wavelength
range ±500 km/s from the targeted metal feature. The corresponding number of quasar
UVES spectra utilised are given in the legend of each of Figures 2.5, 2.6 and 2.7. At each
pixel, we calculate the middle value of the ordered array of normalised fluxes from each
quasar spectra. We also calculate mean and weighted-mean stacks. Our results indicate
that the median stack recovers the normalised quasar continuum better, with a higher
resulting SNRstack (for signal-to-noise of stack spectra) and less prominent contamination
from interlopers. The median stack therefore provides the most stringent limits and is used
in the subsequent analysis.
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2.3.3 Strong Metal Lines Detections

The neutral gas probed by DLAs contains a wide variety of metals with different ionization
states. These trace gas temperature of the order 104K (Tumlinson et al., 2017). The
metallicity of the DLAs evolves from Z = 0.003Z⊙ solar at redshift z = 4, to Z = 0.15Z⊙
solar at redshift z = 1 (Rafelski et al., 2012; De Cia et al., 2018; Poudel et al., 2020; Peroux
and Howk, 2020), with no DLAs found with a metallicity below 0.0025 solar (Meiksin, 2009;
Cooke and Fumagalli, 2018).

The median stack spectrum results in the detection of several strong metal absorption
lines commonly reported in DLAs which demonstrates the sensitivity of our approach.
Figure 2.5 shows an example of the median stack of 89 DLA spectra. The strong iron
absorption line, Fe II (λrest=1608), is undoubtedly detected. The following 15 lines were
detected at the redshift of the DLAs with a wavelength interval between 1,200 Å and
2,600 Å: iron (Fe II 1608 Å, Fe II 2600 Å), silicon (Si II 1260 Å, Si IV 1393 Å, Si IV 1403 Å),
carbon (C IV 1548 Å, C IV 1551 Å), sulphur (S II 1259 Å), zinc (Zn II 2026 Å), oxygen
(O I 1302 Å), chromium (Cr II 2026 Å), manganese (Mn II 2577 Å), nickel (Ni II 1317 Å),
aluminium (Al II 1671 Å, Al III 1863 Å). These detections are reported in the Appendix.

2.4 Probing the Warm-Hot Intergalactic Medium

2.4.1 Observed [FeXXI] Column Density Limit

To search for tracers of the WHIM at UV-wavelengths, we also stack forbidden UV lines
of highly ionized iron which trace T=107 K gas. The strongest of these lines is [Fe XXI] at
rest wavelength λ1354.1 (Anderson and Sunyaev, 2016). This line is not detected in the
stack spectrum as illustrated in Figure 2.6. Another 15 weak metal lines were searched for
but not detected. These include absorption lines like chlorine, argon, titanium, chromium,
cobalt, germanium, arsenic, and krypton (Prochaska et al., 2003; Ellison et al., 2010).

To compute the equivalent width (EW) upper limit for this non-detection, we use the
following relation (Ménard and Péroux, 2003):

EWobs <

[
σ × FWHM

SNRstack

]
≈ (77mÅ)

(
σ

5

)(
FWHM

1.43

)−1(
SNRstack

93

)−1

(2.1)

where we assume a σ value equal to 5, and compute the signal-to-noise ratio (SNRstack=93)
of the stacked spectrum in the velocity range −500 < v < 500 km/s. The expected [Fe XXI]
line is broad at the observed wavelength 4739 Å (1354.1Å at a mean redshift of ⟨z⟩ = 2.5).
At T = 107 K, the Doppler parameter b = 54.4 km/s and the FWHM = 2(ln 2)1/2b = 90.6
km/s for a Gaussian line profile (Danforth et al., 2010; Keeney et al., 2012). We therefore
assume a FWHM = 1.43 Å in equation 2.1. We compute the minimum observed equivalent
width (EWobs < 77mÅ) and convert it to rest-frame equivalent width EWrest < 22mÅ. We
compute the column density according to the linear relation between the equivalent width
and the column density:
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Figure 2.5: Example stack of a strong iron line. Stacking of 89 (as indicated in the legend)
normalised UVES quasar spectra at the DLA position displays the detection of the Fe II
λrest1608 line.



2.4 Probing the Warm-Hot Intergalactic Medium 35

400 200 0 200 400
Velocity (km/s)

0.5

0.6

0.7

0.8

0.9

1.0

No
rm

al
ize

d 
Fl

ux

Fe XXI 1354.1 count: 106 

Figure 2.6: Stack of the weak [Fe XXI] line. Stacking of 106 (as indicated in the legend)
normalised UVES quasar spectra at the DLA position leads to a non-detection of Fe XXI
1354Å. The y-axis values are set to match those of Figure 2.5.
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EWrest =

(
πe2

mec

)
Nfoscλ

2
rest

c
≈ (0.860mÅ)

[
N([Fe XXI])

1016cm−2

]
(2.2)

where c is the speed of light, me the electron mass, λrest is the rest wavelength of
[Fe XXI], λrest = 1354 Å and fosc = 5.3 × 10−6 is the oscillator strength for [Fe XXI].

Reverting the equation, we compute the corresponding column density log[N([Fe XXI])]
using the value of EWrest ( EWrest < 22mÅ) as follows:

N([FeXXI]) = (1016cm2)(EWrest/0.860mÅ) (2.3)

The resulting column density limit in the stack of 106 DLAs observed in UVES quasar
spectra at a mean redshift of zDLA = 2.5 is log[N([Fe XXI])] < 17.4, where all column dens-
ities are expressed in units of cm−2.

2.4.2 Expected [FeXXI] Column Density

In order to put these results in context, we make two estimates of the expected column
density of [Fe XXI] in gas typical of the WHIM, and its corresponding EW. In both cases,
we assume that [Fe XXI] corresponds to 20% of the total iron abundance in the gas, i.e. an
ionisation fraction of (Fe+20/Fe)=0.2. This assumption is justified from modelling of gas in
collisional ionization equilibrium (CIE) using the CHIANTI database (Anderson and Sun-
yaev, 2016). We assume the metallicity of the gas to be ZFe=0.1 Z⊙, i.e. (ZFe/Z⊙) = 10−1.
Given a specific element, Fe, we refer to the usual relation (Peroux and Howk, 2020):

NFeXXI = NHI

(
Fe

H

)
⊙

(
Fe+20

Fe

)(
ZFe

Z⊙

)
= 3.55 × 1014cm−2 (2.4)

where N(Fe) indicates the column density of iron (in atoms cm−2), (ZFe/Z⊙) is the
logarithmic abundance relative to the assumed solar abundance, and N(Fe)/N(H)⊙ is the
reference solar abundance of both the element and hydrogen in the Solar System. Here,
we adopt values of the Solar System abundances of (Asplund et al., 2009) resulting in a
column density of iron log[N(Fe)]⊙ = 7.5 and column density of hydrogen log[N(H)]⊙ = 12,
meaning that log(Fe/H)⊙=−4.50.

Using the mean hydrogen column density of the DLAs in the sample: log[N(H I)] = 20.75,
we calculate by assuming (ZFe/Z⊙) = 10−1 that the WHIM gas will have an expected
column density of log[N([Fe XXI])] ∼ 14.5. In a second hypothesis, we assume that the
metallicity of the WHIM gas is (ZFe/Z⊙) = 10−2, which then leads to an expected column
density of log[N([Fe XXI])] ∼ 13.5. These column densities are about three orders of mag-
nitude smaller than the upper limit derived from the stack of 106 UVES quasar spectra:
log[N([Fe XXI])] < 17.4.

We note that in collisional ionisation equilibrium (Shull and van Steenberg, 1982), the
ion fraction f[FeXXI] = (Fe+20/Fe) ∼ 0.246 peaks at logT = 7.0, but falls off rapidly at
lower temperatures: f[FeXXI] = 0.148 (logT = 6.90) and f[FeXXI] = 0.026 (logT = 6.80).
Similar fall-off occurs at higher temperatures. Thus, the observed limits on N([FeXXI])
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are for a narrow temperature range, logT= 7.0 ± 0.1. The failure to detect [Fe XXI]
could mean that the WHIM associated with the DLAs is cooler than T=106.8K. We note
however that several recent studies have shown that DLA systems are primarily found in
foreground overdensities (e.g. groups), which likely contain logT = 7.0 gas (Péroux et al.,
2019; Hamanowicz et al., 2020). Alternatively, to be able to detect such [Fe XXI] column
density, one would need to significantly increase the number of spectra in order to get a
higher SNRstack.

2.4.3 Future Prospects of Probing theWHIM at UV wavelengths

We now assess if this experiment with upcoming or planned facilities would reach the neces-
sary sensitivity to detect the [Fe XXI] column density expected from the WHIM. First, we
use equation 2.2 to compute the rest equivalent width corresponding to log[N([Fe XXI])] ∼ 14.5.
We derive EWrest = 0.03mÅ. Assuming a mean DLA redshift for the sample zDLA = 2.5,
we compute a corresponding observed equivalent width of typically EWobs = 0.1mÅ.

We look in turn into three future facilities with high-resolution spectroscopic capab-
ilities. First, we focus on the Multi-Object Spectrograph Telescope (4MOST), a high-
multiplex spectroscopic survey instrument currently under construction phase for the 4m
VISTA telescope of the European Southern Observatory (ESO). 4MOST is expected to
start its science operations in 2024. It has a wide field of view of 2.5 degrees diameter
and nearly 2,400 fibers dividing in two different types of spectrographs. We here focus on
the high-resolution fibers, offering nearly 800 spectra with a spectral resolution R∼20,000
(FWHM=0.2Å at 6000Å) over a wavelength coverage λ3920Å to 6750Å (Quirrenbach and
4MOST Consortium, 2015). For a typical exposure time of 2hrs, 4MOST will deliver quasar
spectra with an average individual spectra with signao-to-noise ratio snrind=10 for a mag
<19 object (de Jong et al., 2019). We note that the WEAVE instrument designed for the
William Herschel Telescope (WHT) will offer comparable characteristics in the northern
hemisphere (Pieri et al., 2016).

Secondly, we consider the High Resolution spectrograph (HIRES) for the 39m Ex-
tremely Large Telescope (ELT) currently under construction. HIRES (Marconi et al.,
2018), which has successfully completed its Phase A, has a wide spectral coverage ranging
from 4000 Å to 25000 Å with a spectral resolution R=100,000 (FWHM=0.04Å at 6000Å).
HIRES is not a survey instrument, as opposed to the other facilities described here, be-
ing both a single-target spectrograph and a facility open to the community for small and
medium-size proposals. However, the ESO open-archives policy (Romaniello et al., 2018)
means that a significant number of quasar spectra will become publicly available after
a few years of operations. Depending on the science goals, we expect quasar spectra to
be recorded with snrind varying from 10 to 1000. Here, we assume a medium snrind per
spectrum of snrind=50.

Finally, we look further out in the future for upcoming facilities for multi-object spec-
trographs on 10m class telescopes. The Maunakea Spectroscopy Explorer (MSE) is being
proposed to replace the Canada-France-Hawaii Telescope (CFHT) (The MSE Science Team
et al., 2019). With a 1.52 deg2 field of view, it will have the capability of simultaneously
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Table 2.1: Number of spectra needed for each facility to reach the SNRstack necessary to
detect [Fe XXI] in the WHIM at σ = 3. The first two rows indicate the spectral resolution
of the facilities expressed as R and in Å as FWHM at 6000 Å. The third row provides
the required SNRstack of the stack spectra to reach the EWobs = 0.1m Å required to detect
[Fe XXI]. The fourth row states the mean snrind of individual spectra foreseen for these
facilities given a typical exposure time. Finally, the last row provides the number of quasar
spectra required to achieve the corresponding SNRstack in the stack spectra. Note that
while the unmatched high spectral resolution of ELT/HIRES leads to a smaller number
of spectra, this facility does not provide the multiplexing capabilities of other telescopes
(4MOST, MSE/SpecTel).

Facilities 4MOST ELT/HIRES MSE/SpecTel

Spectral Resolution, R 20,000 100,000 40,000

FWHM [Å] 0.2 0.04 0.1

Required SNRstack to 42,900 42,900 42,900
reach Ewobs = 0.1mÅ

Individual snrind 10 50 20

Number of Spectra >18M >700k >4M

observing more than 4,000 objects. At low spectral resolution (R ∼ 3, 650), a snrind of
2 for magnitude 24 sources will be achieved in one hour observation. At high spectral
resolution (R ∼ 40, 000; FWHM=0.1 Å at 6000 Å), a snrind=20 for magnitude 20 source
will be obtained typically in a little over 1-hour exposure. A conceptual design study for
an analogous facility in the southern hemisphere has also been put forward. The so-called
Spectroscopic Survey Telescope, here after SpecTel (Ellis et al., 2017), will offer a field
of view of 5 deg2 and will be equipped with 15,000 fibers covering a wavelength range of
3, 600 < λ < 13, 300 Å.

The characteristics of each of these facilities are summarised in the first three lines of
Table 2.1. We next estimate the SNRstack of the stack quasar spectrum required to reach the
expected observed equivalent width of EWobs = 0.1mÅ to detect a log[N([Fe XXI])] ∼ 14.5
absorption feature at σ = 3. To this end, we revert equation 2.1 and derive SNRstack=42,900.
We note that given the width of the [Fe XXI] line (FWHM=1.43 Å), this calculation is in-
dependent of the spectral resolution of the instrument. We then compute the number of
spectra, N, needed for each facility to reach the necessary SNRstack in the stacked spectrum
that will allow one to detect [Fe XXI] in the WHIM gas:

N >

[
SNRstack

snrind

]2
(2.5)

We find that 4MOST, ELT/HIRES and MSE/SpecTel will require respectively >18M,
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>700k and >4M quasar spectra to achieve the required sensitivity. The high-multiplexing
capabilities of 4MOST, MSE and SpecTel mean that large samples can be acquired in a few
years, although these large number of spectra are unrealistic at present. 4MOST quasar
survey has scheduled 1M quasar spectra for understanding the baryon cycle with high
resolution spectroscopy. Considering this, the number spectra we would require is more
than one order of magnitude higher than the quasar survey that has been approved. The
ELT is also highly unlikely to be able to collect 700k of individual quasar spectra in the
next few years. Out of the three instruments, the only realistic option that would produce
the number of spectra to achieve our objective would be MSE/SpecTel. The proposed
alternative for finding this gas here would benefit from accumulating data from existing
and upcoming quasar surveys (Liske et al., 2008; Merloni et al., 2019).

To put these results in context, we stress that this study is complementary to ap-
proaches planned at X-ray wavelengths with up-coming facilities. In coming decades,
next-generation spacecraft aim to solve fully the missing baryons problem. The ESA
Athena mission (Nandra et al., 2013) with spectroscopic and imaging capabilities in the
0.1–12keV range will significantly further our understanding of the baryons in the Uni-
verse, both inside the potential wells of groups and clusters of galaxies and in the WHIM
in filaments between the densest regions in the Cosmos (Barret et al., 2020). Investigating
how such potential wells formed and evolved, and how and when the material trapped
in them was energised and chemically enriched, can uniquely be tackled by observations
in the X-ray band, combining wide-field images with high resolution spectroscopy, both of
high sensitivity. Similarly, Lynx, a mission proposed to NASA in the framework of the next
flagship space telescope, will have total effective area greater than 2 m2 at 1 keV (Falcone
et al., 2018). One more option to consider for the detection of this T sim 107K gas is using
soft X-ray grating spectrometer ARCUS (Heilmann et al., 2022). With improved resolving
power compared to previous x-ray spectrometeres, ranging 6900 > R > 13000, and an
effective area of 150 and 800 cm2 (Heilmann et al., 2022), this instrument would facilitate
a survey of baryons at T 107K through absorption systems that have been so far only
marginally detected with borderline statistical significance (Nicastro et al., 2018; Kovács
et al., 2019). These facilities will provide a new window in our capability to characterise
the physical processes of the WHIM. However, these exposures will reveal single WHIM
detections, while the detection of [Fe XXI] in stack quasar spectra will offer a complement-
ary way to characterise the physical properties of the WHIM in a statistical manner. By
reverting to a statistical approach, this technique is less prone to uncertainties related to
variation from object to object in the Universe (the so-called cosmic variance).

2.5 Conclusion

In this work, we target the [Fe XXI] line in absorption as a tracer of high-redshift 107K
WHIM gas. We make use of a large sample of high-spectral resolution quasar spectra with
known intervening neutral gas Damped Ly-α Absorbers (DLAs). To enhance the sensitivity
to absorption line detection, this study focuses on high spectral resolution (R∼49,000)
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Figure 2.7: Stack of strong metal lines at the DLA redshift. The number of stacked
normalised UVES quasar spectra are indicated in the legend for each element as well as
the rest wavelength of the metal line. The mean redshift of the DLAs sample is zDLA = 2.5.
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quasar spectra from VLT/UVES. To increase the sensitivity of the experiment, we stack
106 quasar spectra at the DLA’s redshifts to look for indications of 107K WHIM gas traced
by the [Fe XXI] absorption line. We report a limit on the column density in the stack of

We then analyse the capabilities of future facilities, namely 4MOST, ELT/HIRES and
MSE/SpecTel to detect such gas. We compute the number of spectra that would be needed
from each of these facilities to reach the signal to noise ratio required for the detection
of [Fe XXI] absorption line in 107K WHIM gas. We find that 18M high-resolution fibre
4MOST, 700k ELT/HIRES or 4M MSE/TechSpec quasar spectra are required. 4MOST
quasar survey has scheduled 1M quasar spectra for understanding the baryon cycle (PI C.
Peroux) with high resolution spectroscopy. The ELT is also highly unlikely to be able to
collect 700k of individual quasar spectra in the next few years. Considering this, the number
spectra we would require is more than one order of magnitude higher than the quasar survey
that has been approved. Out of the three instruments, the only realistic option that would
produce the number of spectra to achieve our objective would be MSE/SpecTel.

We have explored here an alternative method that this experiment could be initiated
by cumulating samples from existing and planned quasar surveys with these facilities.
In conclusion, we study here an alternative to X-ray detected WHIM tracers. While a
significantly weak line, redshifted [Fe XXI] 1354 Å is observable at optical wavelengths from
the ground, benefiting from higher instrumental throughput, enhanced spectral resolution,
longer exposure times and increased number of targets.

Data availability

The data underlying this chapter are available at [doi:10.1093/mnras/sty2834]. The data-
sets were derived from sources in the public domain1.

1https://github.com/MTMurphy77/UVES SQUAD DR1
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Chapter 3

Searching for cold gas traced by
MgII quasar absorbers in massive
X-ray selected galaxy clusters

The contents of this chapter have been submitted to A&A (Fresco et al 2023 submitted)

Abstract Almost 50% of galaxies in the local Universe are in clusters or groups co-existing
with both hot and cold components. Here, we observationally probe the cold gas content
of X-ray selected massive galaxy clusters ranging from M500 = 1 × 1014 to 8.4 × 1015

with spectroscopic redshift from 0.3<z<0.67 measured by the SDSS/SPIDERS survey. To
probe the diffuse 104K gas in their intracluster medium, we utilise a large number of back-
ground quasar optical spectra from SDSS DR16. We first analyse a sample of spectra
with known MgII absorbers, then blindly stack ∼ 16, 000 archival spectra at the redshifts
of the foreground galaxy clusters. We tentatively (3.7σ significance) detect MgII in the
clusters with an equivalent width EW(MgII λ2796) of 0.056±0.015 Å, corresponding to a
column density log [N(MgII)/cm−2]=12.12±0.1. We test our methodology by generating
22,000 mock SDSS spectra with MgII absorbers from Illustris-TNG50 cosmological mag-
netohydrodynamical simulation, combining photo-ionisation modelling and ray tracing. We
also perform bootstrapping stacking at different cluster redshifts, and stack quasar spectra
with no intervening clusters in the line of sight to measure the significance of our detection.
These results are in line with recent similar observational studies but challenge predictions
from Illustris-TNG simulations. Together, our findings indicate that large amounts of cold
gas may be found in the most massive structures of the Universe.
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3.1 Introduction

Galaxy clusters are an important laboratory for testing models of gravitational structure
formation, for constraining the parameters of cosmological models, measuring the mean
matter density of the universe, and to investigate galaxy evolution as well as plasma phys-
ics (Kravtsov and Borgani, 2012). Despite the advances of decades of observations and
simulations, the interactions between the gas phases that make up the baryon content of
clusters remain largely unknown.

The baryon budget in clusters within R500
1, although not well constrained, is made

up of approximately 70% of hot Intracluster Medium (ICM), 13% of cold gas from stars
and galaxies, and 17% of warm hidden baryons still to be observed (Ettori, 2003; Fukugita
and Peebles, 2004; Gonzalez et al., 2007a,b; Kravtsov et al., 2005). The ICM in galaxy
clusters has been thoroughly studied in X-rays, with instruments like ROSAT, XMM-
Newton, Chandra (see e.g. Sarazin, 1986; Rosati et al., 2002; Böhringer and Werner, 2010,
and references therein), and now eROSITA (Merloni, 2012; Predehl et al., 2021). In the
meantime, optical and near infrared observations from the Dark Energy Survey and the
Hyper Supreme-Cam survey provide a different perspective on the growth and evolution
of baryons in clusters (Aihara et al., 2018; DESI Collaboration et al., 2016).

Alongside to these developments, structure formation studies have progressively focused
on the cycle of baryons. The physical processes by which gas is accreted into galaxies,
transformed into stars and then expelled from galaxies into their circumgalactic medium
(CGM) are of paramount importance for galaxy formation and evolution (Tumlinson et al.,
2017). The vast majority of the CGM studies so-far have focused on field galaxies, while
almost ∼50% of galaxies in the local Universe are in clusters or groups (Eke et al., 2004). In
addition, simulations predict a major fraction of the baryons at lower redshift are found in
gas 105-106K, the so-called warm-hot intergalactic medium or WHIM (Cen and Ostriker,
1999; Davé et al., 2001). Focusing on the Virgo cluster as a close-by laboratory, early
results from Yoon and Putman (2013) have shown that the CGM surveys must consider
the role of the environment. Clusters provide rather complex astrophysical and dynamical
systems, where many different physical processes take place, such as galactic winds, active
galactic nuclei (AGN) feedback, and gas stripping leading to mixing and redistribution of
metals in the ICM (Simionescu et al., 2009; Kirkpatrick and McNamara, 2015). Yet, as
mentioned above, the baryon budget in clusters is not well constrained mainly because it
is unclear whether all baryonic constituents have been identified and quantified.

The ICM is an essential component for the assessment of the cosmic baryon and metal
budgets, given that the ICM contributes even more to the overall baryon budget than stars
(e.g. Gonzalez et al., 2013; Péroux and Howk, 2020). Within these large structures, the
ICM material is composed and mixed with the CGM material of many group members.
Galaxies are infalling and orbiting within halos, while their properties are likely affected
by encounters with the warm and hot gas sitting in the gravitational well (e.g. Popesso

1We define R500 as the radius where the density is 500 times the critical density of the Universe at
given redshift.
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et al., 2015). The large amounts of hot gas trapped within their deep potential wells make
clusters of galaxies shine in the X-ray waveband (e.g. Jones and Forman, 1999). However,
determining the abundance of elements other than iron probed by X-ray observations is
currently challenging and uncertain (Mernier et al., 2018; Frebel, 2018).

From a theoretical standpoint, modern cosmological hydrodynamic simulations show
that cool-warm gas from the CGM of galaxies is stripped from the galactic potentials
through ram-pressure forces of the hot ICM (Ayromlou et al., 2019; Yun et al., 2019).
On the other hand, cosmic web filaments interact with galaxy clusters permeating gas
streams of relatively metal-poor cool-warm gas. These and other mechanisms create an
inhomogeneous and turbulent multi-phase ICM with a range of physical and chemical
properties (Bahé et al., 2013; Simionescu et al., 2019; Kravtsov and Borgani, 2012; Kunz
et al., 2022).

The hotter component (T ∼ 106−7K) of this multi-phase gas emits at X-ray wavelenghts.
Because the gas is diffuse, it is best probed using quasar absorption line spectroscopy
which has proven to be a powerful probe of these environments. Absorption lines detected
against bright background quasars offer the most compelling way to study the distribution,
chemical properties and kinematics of CGM gas (Hamanowicz et al., 2020; Szakacs et al.,
2021). In these quasar absorbers, the minimum gas density that can be detected is set by
the brightness of the background source and thus the detection efficiency is independent
of redshift (Tripp et al., 1998). While individual absorption measurements are limited
to a pencil-beam along the line-of-sight, a sample of sightlines allows us to statistically
measure the mean properties of galaxy clusters. These techniques have been extensively
used to investigate the gaseous halos of isolated galaxies (Szakacs et al., 2021). Without
a quantitative description of the most massive structures in the low-redshift Universe,
however, one cannot reach a full census of baryons and metals in the Universe.

Among quasar absorbers, the low-ionisation MgII doublet is known to trace cold 104K
gas. Because of its distinct doublet feature, MgII has been used extensively in a large num-
ber of spectroscopic surveys. In the last two decades, MgII absorption systems surveys have
been used to study the physical properties of large samples of galaxies over a wide range of
luminosities and morphologies (Lanzetta and Bowen, 1990; Nestor et al., 2005; Narayanan,
2007; Lopez et al., 2008; Seyffert et al., 2013; Anand et al., 2021). Absorption by MgII
in cosmological galaxy formation simulations has been analysed (Nelson et al., 2020; Au-
gustin et al., 2021), and is shown to closely relate to star forming regions, galactic outflow
and galactic disks (Bowen and Chelouche, 2011). They are known to be associated with
galaxies and their CGM (Bouché et al., 2006; Zhu et al., 2015), and individual absorption
lines allow us to characterise the spatial distribution and physical properties of the cold
gas clouds located in the vicinity of galaxies (Lan and Mo, 2018; Zhu et al., 2015).

Recently, large spectroscopic surveys have focused on the incidence of MgII in and
around galaxy clusters, with different methods and samples, showing a wide range of
detections (Anand et al., 2022; Mishra and Muzahid, 2022). Here, we build on these works
to study the cold gas traced by MgII absorbers in a large sample of massive X-ray selected
clusters.

The chapter is organised as follows: Section 3.2 presents observational data used in this
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Figure 3.1: Distribution of number of background quasar spectra of the full sample used
in the analysis as a function of the foreground cluster mass within R500.

study. Section 3.3 details the analysis performed, while Section 3.4 focuses on the results.
In section 3.5, we discuss our findings in the context of other works and state-of-the-art
simulations. We summarise and conclude in Section 3.6. Here, we adopt an H0 = 67.74
km s−1 Mpc−1, ΩM = 0.3089, and ΩΛ = 0.6911 cosmology.

3.2 Observational Data

3.2.1 The foreground cluster sample

We start our analysis from the largest spectroscopically confirmed sample of massive
clusters compiled from the Sloan Digitan Sky Survey (SDSS) from the SPectroscopic IDen-
tification of EROSITA Sources (SPIDERS) program (Clerc et al., 2016, 2020; Kirkpatrick
et al., 2021a; Ider Chitham et al., 2020). Cluster candidates for SPIDERS have been drawn
from a subset of CODEX (Finoguenov et al., 2020), an X-ray selected catalogue of clusters
from the ROSAT All Sky survey (RASS), specifically in the 5,350 square degree BOSS
imaging footprint; 2,740 CODEX clusters are included in the SPIDERS sample. These are
complemented by the X-CLASS cluster sample (based on serendipitous XMM-Newton ob-
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Figure 3.2: Distribution of cluster redshifts from the parent SPIDERS sample (Clerc et al.,
2020) used in this study. The clusters constitute a sub-sample of the parent sample for
which MgII absorption lines would fall within the observed SDSS spectral range.

servations) with 124 uniquely identified and confirmed clusters (Clerc et al., 2014). Visual
inspections of individual spectra are carried out by trained astronomers to verify the exist-
ence of a cluster. After a first run with the redMaPPer (Rykoff et al., 2016) algorithm
for automatic membership assignment, a minimum of three visual inspecting members are
required to converge on a final redshift determination, the final condition being that these
members lie close to each other in a velocity-distance diagram. Due to the uncertainty
associated with the position of the detections, several measures are taken to ensure the
closest possible estimation of redshift. The chances for a candidate to be validated are
highly dependent on redshift, cluster richness, and number of spectra available. For ex-
ample, in the spectroscopic redshift determination there are 622 instances where the mean
spread in the measurements is δz = 0.00049 (147 km s−1), while the maximum is δz =
0.0055 (1 650 km s−1). All objects with velocities offset greater than 5000 km s−1 are
rejected as members of the cluster.

Figure 3.1 shows the distribution of foreground cluster masses. Scaling from their X-
ray luminosities, the average mass of these systems amounts to M500c = 2.7×1014 M⊙
(converted from M200c = 3.9×1014 M⊙). Here, we mainly express the cluster mass in units
of M200c, i.e. the mass within a radius R200c. This corresponds to the radius enclosing an
average density 200 times above the critical density of the Universe at the cluster’s redshift.
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It is expressed as follows:

R200 =

(
3M200c

4π200ρcr

(
Hz

100

)−2)1/3

(3.1)

In order to compare these results to the latest related published research, we use the
public open-source package COLOSSUS to convert between M200c and M500c (Diemer,
2018), and continue to do so throughout the chapter for consistency.

The observed galaxy cluster distribution sample covers a redshift span of 0.03 < z
< 0.677 (a subset of which - systems with z>0.3 - is shown Figure 3.2), with a typical
statistical uncertainty on each redshift of ∆z/(1+z) = 6×10−4 (Kirkpatrick et al., 2021b).
The number of spectroscopic members per system ranges between 3 to 75, with a mean of
12.

3.2.2 The background quasar sample

We select spectra of background quasars from SDSS. The spectra are observed with the
2.5m Sloan Telescope as part of the BOSS and eBOSS surveys (Smee et al., 2013), covering
a wavelength range of 3600Å to 10,400 Å at a spectral resolution of λ/∆λ ∼2000, or with
the SDSS-I instrument, covering 3800 Å to 9100 Å, with the same spectral resolution. The
Data Release 16 of SDSS comprises a complete selection of spectroscopically confirmed
quasars (Lyke et al., 2020; Ahumada et al., 2020). It includes 750,414 confirmed quasars.

3.2.3 Pairing background quasars with foreground clusters

A key component of the analysis is to determine which quasar sightlines pass close to a
foreground galaxy cluster in projection on the plane of the sky. We determine the number of
quasar-cluster pairs by cross-matching the foreground cluster sample with the background
quasar catalogue. We select all SDSS spectra from the parent sample with a distance in
Right Ascension and Declination within 3 times R200 (apparent R200c) of the centre of a
cluster, and a redshift of zquasar > zcluster + 0.01 for a total of 434,736 spectra. We make
use of the cluster optical center from the DR16 catalogue. We note that the cluster centre
is not always well constrained because of the uncertainty in the redshift of some of the
members. Among these cluster-quasar pairs, we select the ones for which the foreground
cluster will have a redshift such that MgII is covered by the SDSS spectra (z>0.3), and a
redshift of the quasar z < 5. This leads to a total of 18,694 quasar-cluster pairs. Figure 3.3
shows the distribution of redshift of the foreground clusters of these pairs in blue. Where
the green represents the quasar redshift, the yellor represents the MgII known absorbers
redshift.

The signal-to-noise ratio (SNR) is computed following Mas-Ribas et al. (2017) for
each spectrum as SNR= median(flux)/spread, where the spread is the standard deviation
defined as the dispersion of the flux relative to the mean, and the median is calculated
over the flux of the spectra. The distribution of signal-to-noise ratio (SNR) of the spectra
is presented in Figure 3.4.
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Figure 3.3: Histogram of the number of quasars as a function of their redshift (green),
the redshift of their intervening MgII absorbers from Anand et al. (2021)(orange) and the
redshift of the foreground clusters (blue).
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Figure 3.4: Distribution of the signal-to-noise ratio (SNR) of the spectrum of background
quasars (see text) from the SDSS DR16 sample with foreground clusters. The mean signal-
to-noise value of spectra is ∼2.31.
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For each of the pairs, we calculate the angular separation between the foreground
cluster and the background quasar projected on the sky plane. The angular separation is
normalised by the R200 radius of the cluster. We stress that while we define units of R200,
all the figures presented in this work are in units of R500 in order to ease comparison with
the literature.

3.2.4 Known MgII quasar absorbers sample

Our analysis also makes use of the MgII quasar absorption catalogue of Anand et al. (2021).
The authors developed an automated pipeline to detect intervening metal absorption line
systems with a matched kernel convolution technique and adaptive signal-to-noise criteria.
By processing one million quasars from the SDSS DR16, they compile a sample of about
∼160,000 MgII absorbers in the redshift range 0.3 < zabs < 2.3. After cross-matching our
sample of quasar-cluster pairs with this absorption catalogue, we get a match for 4,150
spectra. Figure 3.3 illustrates the redshift distribution of these MgII quasar absorbers
matches in orange while the quasar spectra with foreground clusters are shown in blue,
and the background quasars in green. We use the publicly available catalogue to estimate
the velocity difference, ∆v, between the absorption redshift (zabs) and the cluster redshift
(zcluster). We express ∆v as follows:

∆v =
∆z × c

1 + zcluster
(3.2)

where c is the speed of light in km/s and the zcluster is the mean redshift of the clusters for
a given sub-sample as tabulated in Table 3.1. These velocity differences can be very large,
since the absorption redshifts are not necessarily close to the clusters. Fig. 3.5 displays the
full range of ∆v between [-5000:5000] km s−1. Due to the high velocity dispersion expected
in galaxy clusters (Girardi et al., 1993) we chose to focus on the range of [-2000:2000] km
s−1 around the clusters. In total, we found 32 absorbers associated with the clusters in our
sample, resulting in an overall incidence of 32/16224 ≈ 0.2%.

3.3 Analysis

3.3.1 Normalising the background quasar spectra

In order to retrieve the quasar absorption systems, we remove the intrinsic spectral signa-
ture of the background quasars. To this end, we model each of the SDSS quasar spectra
with the highly flexible Python QSO fitting code, PyQSOfit (Guo et al., 2018). This
algorithm fits the spectral features, broad emission lines and continuum slope, of the quas-
ars. Figure 3.6 displays an example spectrum showing both the quasar continuum fit and
the ratio between the original data and the fitted continuum, resulting in a normalised
spectrum. For some objects, the emission lines cannot be perfectly modelled and after
normalisation, some residuals remain. We note in particular the noise of the SDSS spectra
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Figure 3.5: Velocity difference, ∆ v, between the known MgII absorber from Anand et al.
(2021) and the cluster redshift, as defined in equation 3.2. The figure displays the full
range of ∆ v between [-5000:5000] km s−1. In the subsequent analysis, we chose to focus
on the range of [-2000:2000] km s−1 around the cluster as indicated by the dashed lines.
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increases at each end of the wavelength window, resulting in noisy edges in the normalised
spectra. Nonetheless, the method proved very efficient to remove the features of quasar
emission.

3.3.2 Stacking background quasar spectra at the position of fore-
ground clusters

In order to detect the weakest tracers of the cold gas, we take advantage of the large amount
of spectra available, by stacking the background quasar spectra at the redshift of the
foreground clusters. We first shift the quasar spectra to the cluster rest-frame. We use the
fact that all the SDSS spectra have a constant log step of 0.0001 (approximately 69 km s−1)
to avoid interpolating between pixels. We note here that for this specific cluster sample,
Clerc et al. (2020); Kirkpatrick et al. (2021a) indicate that the typical statistical uncertainty
on the cluster’s redshifts is ∆z/(1 + z) = 6 × 10−4, which is about 180 km/s. This mean
value does not reflect the distribution of the cluster’s redshift uncertainties, which may
depart from a Gaussian profile. Following the method of Fresco et al. (2020) described in
Chapter 2, we perform a median stack in the velocity region that can be attributed to the
foreground cluster within a window of [-2000:2000] km s−1. After this process, a gaussian
smoothing of 1 pixel was applied using gaussian smooth from specutils.

In this analysis, we stack two independent sets of quasar spectra. First, we stack
quasar spectra with known MgII absorbers which happen to be close in velocity space to
a foreground cluster. Multiple stacks are performed as described in the previous section.
We refer to this sample as the MgII-selected sample. This MgII-selected sample is used as
a test for our methodology and to check that the stacked spectra recover the features even
with the large velocity dispersions inherent to massive galaxy clusters, which will likely
induce velocity offsets at the impact parameter where the quasar’s line-of-sight pierces the
cold gas traced by MgII. Table 3.1 summarises the (small) number of available spectra
in the MgII-selected sample and the corresponding signal-to-noise of the resulting stacked
spectrum.

Second, we “blindly” (i.e. without a priori knowledge of the presence of MgII absorbers)
stack all the quasar spectra that have a foreground cluster, these corresponds to the so-
called blind sample and is described in Table 3.1.

3.3.3 Measuring Equivalent Widths and Column Densities

We first search blindly for the minimum flux within the full velocity range [-2000:2000]
km/s around the MgII 2796 Å line. The wavelength of the minimum flux is then set to
the MgII 2796 Å line. We then use the precise 750 km s−1 velocity separation between
the MgII lines of the doublet to materialise the position of MgII 2803 Å. To quantify the
amount of cold gas, we measure the equivalent width of the MgII lines. By focusing on the
MgII 2796 Å line, we offer a conservative measurement of the strength of the MgII doublet.
The observed spectra can be seen in Figures 3.7 and 3.8 for the MgII-sample and blind
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Figure 3.6: Example of observed-frame SDSS quasar spectra and data/model ratio spectra
after removing the features of quasar emission and converting to unit average flux density
with the package PyQSOfit (Guo et al., 2018). On top, we show the original SDSS
spectrum and in colours the multi-component fit performed with PyQSOfit. The bottom
panel displays the resulting quasar spectrum normalised to an arbitrary value of 1 by
dividing the observed spectrum with the continuum.
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sample, respectively. The EW is measured by integrating the area of the spectrum over the
wavelength range defined by vertical lines around our first line of the doublet, which we fixed
at the MgII 2796 Å line -500km/s blueward and +375km/s redward. Then we measure
second line of the MgII doublet, the MgII 2803 Å line, which is located at +750km/s
redward. The same method is applied to the MgII 2803 Å line which is integrated from -
375km/s (blueward) to +500km/s (redward) of the rest-frame wavelength. These measures
result in estimates of the strength of the detected MgII absorbers. We make use of the
Linetools software package (Prochaska et al., 2017) to calculate the EW. The estimates
of the uncertainties are based on simulations of mock spectra as described in section 3.4.4.

For the conversion of observed-frame EW to rest-frame equivalent width, we follow the
usual relation:

EWrest =
EWobs

(1 + zcluster)
(3.3)

where the redshift zcluster is the averaged cluster redshift of each of the stacked sub-
samples as listed in Table 3.1.

The MgII column density is then computed according to the linear relation between
the equivalent width and the column density using the following equation from Zhu et al.
(2014):

N[MgII] = 1.13 × 1020

(
EWrest

foscλ2
rest

)
cm−2 (3.4)

where λrest is the rest wavelength of each of the MgII lines of the doublet, λrest = 2796 Å
and λrest = 2803 Å. The corresponding oscillator strengths are fosc = 0.615 and fosc = 0.306.
For saturated absorbers with EW> 0.15 Å, we derive a lower limit on the MgII column
density (see Table 3.1).

3.4 Results

3.4.1 The MgII-selected sample

We used the method describe in the previous section to compute the equivalent width of
the detected MgII feature in the MgII-selected stack. The corresponding measurements
are tabulated in Table 3.1 and the stacked spectrum in Fig 3.7. The detection of the MgII
doublet in the stack validates the methodology by showing the very strong absorption of
the MgII doublet present at the redshift of the clusters, and demonstrates despite the high
velocity dispersions within the clusters, that the cold 104K gas can be traced by MgII
absorbers observed in the spectrum of background quasars. The detected lines are strong
and show indication of saturation. Given the saturated equivalent widths in the range 0.15
< EW < 2 Å(Churchill et al., 2000), we calculate a lower limit for the column density
using equation 3.4. The resulting EW is of 0.35±0.015 Å for the MgII 2796Å line, with a
column density 1012.92 cm−2.
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Figure 3.7: Stack of the spectra from our sample with known MgII absorbers from the
MgII absorption catalogue of Anand et al. (2021), showing the normalised flux in velocity
space. The first dashed line at -100km/s is fixed at the location of the minimum flux
within [-2000:2000]km/s of the redshift of the known MgII absorber. The second dashed
line is placed at +750km/s from the first dashed line, which corresponds to the separation
of the two MgII lines in the doublet. The solid lines are fixed at -500km/s from 2976 and
+500km/s from 2803 line.
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Figure 3.8: Blind sample stack of all the background quasars spectra available at the cluster
redshift showing the normalised flux in log in velocity space. This sample comprises a total
of 16,224 spectra and leads to a SNR of the stack of 195. The detection has a rest equivalent
width of EW(MgII 2796)=0.056±0.015 Å (3.7σ significance), corresponding to a column
density of log [N(MgII)/cm−2] = 12.12 ± 0.1.

To remove the effects inherent to the a-priori knowledge of MgII, we also compute
the frequency-weighted equivalent widths and column densities as follows: EW = EWrestfc,
where the covering fraction, fc, is defined as the number of spectra with known absorbers
over the total number of spectra available for each bin of mass and angular separation.
These values are listed in Table 3.1.

3.4.2 The blind sample

Figure 3.8 displays the stack of all the spectra with a total of 16,224 quasar-cluster pairs.
It shows an absorption of the MgII doublet at the redshift of the cluster center, with a rest
equivalent width for MgII λ2796Å of 0.056 ± 0.015Å (3.7σ significance), and a column
density of log [N(MgII)/cm−2]=12.12 ± 0.1 . We note that the absorption is redshifted
from the cluster center, by 350 km s−1 from the absorption line center. The uncertainty
in the measurements was calculated by randomizing the redshift of the clusters and doing
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Table 3.1: Properties of the two stacks performed. The table lists the number of background
quasar spectra stacked. The column of number of quasar spectra corresponds to the fraction
quasars over the entire number of spectra with its representative percentage. The column
density for the MgII selected sample is frequency-weighted, considering the number of
spectra used. Possible saturation (at EW > 0.15 Å) leads to a lower limits for the column
density for the MgII selected sample. MgII absorption is tentatively detected in the blind
stack. This tentative detection provides a measure of the column density which relates to
the amount of cold gas in galaxy clusters.

# Quasar Mean SNR EW MgII EW MgII MgII Col Den 2796 Col Den 2803 Frequency

Sample Spectra MgII MgII 2796 2803 Doublet log N(MgII) log N(MgII) Weighted 2796

Redshift sample Å Å Ratio cm−2 cm−2 log N(MgII) cm−2

MgII selected 32/16224=0.2% 0.51 73 0.35± 0.015 0.19±0.015 1.8 12.92 12.95±0.1 ≥ 10.22

Blind 16224 =100% 0.45 195 0.056± 0.015 0.024± 0.015 2.3 12.12± 0.1 12.05± 0.1 12.12± 0.1

the stacking repeatedly as described in section 3.4.4.

The mean mass of clusters contributing to the stacked spectra is 9.7×1014 M⊙ (M500),
and a mean angular separation of the quasar-cluster pairs is about 2 × R200.

The detection is broad, ranging over 1,000 km/s in width for each line. This is likely
the result of the offset in velocities in the different clusters along the background sightlines.
In addition, we computed the stack of the blind sample after removing the known MgII
absorbers. We find that the absorption features remain largely unchanged.

3.4.3 Mock Sloan spectra with Simulated MgII Absorbers

In order to quantify the systematic uncertainty of the method and derive an error on the
equivalent width measurements, we use 22,000 SNR=200 mock Sloan stacks representative
of the signal-to-noise ratio achieved with our observed stack. We additionally inserted
MgII absorber doublet from Illustris-TNG50 cosmological magnetohydrodynamical simu-
lations. To compute MgII, we take the total magnesium mass per cell as tracked during
the simulation, and use CLOUDY (Ferland et al., 2017) to calculate the ionisation state
assuming both collisional and photo-ionisation following the modeling approach of Nelson
et al. (2020). We then ray-trace through the simulated gas distribution to create synthetic
absorption spectra, akin to those in real observations (Szakacs et al. submitted, Nelson, in
prep). This is similar in spirit to several other techniques for creating absorption spectra
from hydrodynamical simulations, e.g. specwizard (Theuns et al., 1998; Schaye et al.,
2003), Trident (Hummels et al., 2017) and pygad (Gad, 2021). The absorbers are inser-
ted at a given wavelength position but with different equivalent widths, ranging from 0.05
to 5 Å. We used these mock spectra to run the same search and measurement algorithm
as the one used for analysing the observations. Our results show that in 22,000 mock MgII
stacks, only 3% of the detected absorption as found by the minimum-flux pixel approach
are not associated with a simulated input MgII line. This means the code finds the min-
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Figure 3.9: Plot of 500 random stacks from the bootstrapping in grey. The stacks are
from the same sample of 16,224 quasar-cluster pairs, stacked at randomised redshifts from
the full redshift distribution. On top, we overplot in red the original blind stack from
Figure 3.8 to illustrate the difference.

imum flux outside of the area [-2000:2000]km/s where the MgII doublet should be located
at a given redshift.

We then measure the EW of the simulated spectra with the method used to analyse
the observations. We find that the equivalent width measurement from our analysis are
consistent with the input equivalent width from the simulations. The analysis also indicates
that the mean difference between the measured values and the input equivalent width is
0.013 Å for equivalent widths typical of the one we measure in the blind stack. This is
similar to our estimated error in the blind stack of 0.015Å.

3.4.4 Uncertainty assessment from bootstrapping

In addition to using the mock spectra with simulated absorbers to quantify possible system-
atic errors of our method, we also performed non-parametric bootstrapping experiment,
by stacking 500 times the full sample of quasar-cluster pairs at cluster redshifts that have
been randomised. We then repeat the same measurement process mentioned in section
3.3, where we first find the minimum in the flux, and measure the equivalent width of
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Figure 3.10: Histogram of the measurements of the equivalent widths of the 500 random
stacks from bootstrapping for the MgII 2793 an 2803 Å lines, stacked at random redshifts
from the cluster redshift distribution. We mark with a vertical line the position of our
measurement from 2796 corresponding to 0.056±0.015 Å. We measure a standard deviation
from the distribution of EW MgII 2796 of 0.015Å, which considering our tentative detection
gives us a significance of 3.7σ.
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the possible absorption feature. The results are shown in Figure 3.9, where the grey lines
are the 500 stacks from the randomised cluster redshifts, and we overplot in red the blind
stack from Figure 3.8. The results show that the stacks at random redshifts do not display
absorption features at the level of the blind stack shown in red. This demonstrates that
the detection is significant. Indeed, the measurement of the equivalent width of the blind
stack is higher than the distribution of the measured equivalent width of the absorption
features of the random stacks as seen in Figure 3.10. As expected, the distribution peaks
around 0, since we do not expect any absorption feature at the random redshift we are
considering.

Assuming a normal distribution we get a standard deviation from the equivalent width
distribution of 0.015Å. Taking this as our measurement uncertainty, gives us a 3.7σ signi-
ficance for the MgII 2796Å absorption feature.

3.5 Discussion

3.5.1 Evidence of cold gas in X-ray selected clusters

The detection of strong MgII absorption in the MgII-selected sample validates our ap-
proach of stacking many medium signal-to-noise background quasar spectra to increase
the sensitivity to cold gas in clusters. This detection further demonstrates that, despite
the high velocity dispersions within the clusters, the 104K gas can be traced by the MgII
absorbers observed in the spectrum of background quasars. Our findings based on the
blind stack of the full sample also indicate the presence of some cold 104K gas traced by
MgII in the intra-cluster environment. We note that the CGM has a rather loose defini-
tion, so that whether these MgII absorbers are associated with the circumgalactic gas of
individual galaxy members or the intracluster gas is somehow subjective. More important
in this work is the total amount of 104 K cold gas that is being detected in the dense cluster
regions.

To put our results into perspective, we plot in Figure 3.11 the equivalent width (left y-
axis) and column density (right y-axis) of MgII absorbing gas as a function of the foreground
cluster mass (upper panel) and the angular separation (lower panel), in comparison with
similar studies, which we discuss further below.

3.5.2 Cold gas in galaxy clusters

Lopez et al. (2008) were the first to look for cold gas in foreground galaxy clusters using
background quasar spectra, using a sample of 442 quasar-cluster pairs. To this end, the
authors made use of the third data release of the SDSS with high-redshift cluster/group
candidates from the Red-Sequence Cluster Survey. Lopez et al. (2008) found that there
is proportionally less cold gas in more massive clusters than in low-mass systems, when
using models of galaxy counts. This refers to the relation between overdensities of MgII
absorbers in clusters with much denser galaxy environment. When considering the stellar
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baryon fraction, studies still disagree on the exact slope of stellar and total baryon fraction
as a function of cluster halo mass (Gonzalez et al., 2013). Nevertheless, the Lopez et al.
(2008) results are in agreement with our findings, for the more massive structures of their
sample (M > 1014 M⊙) the absorber overdensity is approximately twice as high as that of
the less massive ones. At the same time, they point out that the more massive clusters
contain a factor of 5 times more galaxies than the less massive ones. While searching for
this cold gas through MgII absorption lines, their results show a sub-sample of their massive
clusters yields a stronger and significant signal. Recently, Lee et al. (2021) performed a
quasar-cluster cross-correlation with SDSS DR14 quasars and redMaPPer clusters, with
a total of 82,000 quasar-cluster pairs. Although that work does not perform stacking of
quasar spectra, the authors report that the MgII absorber detection rate per quasar is
2.70±0.66 times higher inside the clusters than outside the clusters. This shows that Mg
II absorbers are abundant in clusters compared to the field.

Using galaxy clusters identified from Dark Energy Spectroscopic Instrument (DESI)
LEgacy Imaging Survey cluster catalogue, a follow-up study led by Anand et al. (2022)
cross-correlates the MgII absorption catalogue (Anand et al., 2021) with cluster and lumin-
ous red galaxies with a mass range between 1013.8 to 1014.8 M⊙. Furthermore, Mishra and
Muzahid (2022) cross-match the SDSS cluster catalogue of Wen et al. (2012) and SDSS
quasar catalogue of Lyke et al. (2020). The median impact parameter of the clusters from
the quasar sightlines is 2.4 Mpc (median 3.6 R500). The authors were the first to resort to
the stacking of the background quasars to increase the sensitivity of the experiment. In
that work, the authors measured the total equivalent width and assumed that the observed
MgII line falls on the linear part of the curve-of-growth so that the EW(MgII 2796) is 2/3
of the total EW.

Figure 3.11 displays our results together with the equivalent widths of Anand et al.
(2022). The upper panel of Figure 3.11 shows these quantities as a function of cluster mass.
Clearly, their work probes a lower mass range than our study. We compare the median of
the two closest numbers in angular separation (∼ 2 R500) from Anand et al. (2022), and
the closest point from Mishra and Muzahid (2022) with our tentative detection (orange
hollow circle), in mass range. Our higher equivalent width measurements and limits could
be associated to the higher mass in our sample, as shown in the figure.

The lower panel of Figure 3.11 displays the equivalent width from the blind sample in
our work, compared to the values reported by Anand et al. (2022) and Mishra and Muzahid
(2022) in different values of angular separation.

Despite the difference in approaches, the reported equivalent width is in line with results
from Anand et al. (2022). The cluster masses in our study range from M500 = 1 × 1014

to 8.4 × 1015, with a median EW of 0.056±0.015 Å of MgII 2796 line. Using three times
the number of quasar cluster pairs, the rest EW from Mishra and Muzahid (2022) remain
one order of magnitude smaller than our measured rest equivalent widths from both of
our MgII-selected and blind sample (Figure 3.11). The authors report a clear trend of
decreasing EW with impact parameter.

Galaxy cluster outskirts are multiphase structures, where new infalling material could
flow inwards along filaments and the cooler clumps could become more important (Reiprich
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Figure 3.11: Equivalent width and column density from the blind sample compared with
results from the literature (Anand et al., 2021; Mishra and Muzahid, 2022). The Figure
shows the detection in the blind stack with a red circle. We also plot the mean of the two
points of Anand et al. (2021) closest to the same points in angular separation, and the
point of Mishra and Muzahid (2022) from the same angular separation in the upper panel.
This highlights the difference in mass range between samples. The lower panel displays
the detection in the blind sample as a function of angular separation.



64 3. Cold gas in galaxy clusters

102 103

Angular separation/kpc

11.25

11.50

11.75

12.00

12.25

12.50

12.75

Eq
ui

ca
le

nt
 W

id
th

 Å

Blind Detection
Anand DESI et al, 2022
Anand LRGs et al, 2022
Lan&Mo, 201810 2

10 1

Co
lu

m
n 

De
ns

ity
 lo

g 
N[

M
gI

I] 
cm

2

Figure 3.12: Comparison between our results with measurements of column density and
equivalent width of MgII absorption in LRGs from Lan and Mo (2018), LRGs and cluster
samples from Anand et al. (2022), and our tentative detection from the blind sample.
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et al., 2013). The gas density distributions in this multiphase structure depend on several
properties such as temperature and dynamical state, and there exists a very steep relation
between gas mass and temperature that implies a decrease in the total gas mass content
of cooler clusters relative to higher mass systems (Croston et al., 2008).

Finally, Figure 3.12 contrasts our results with both observations and simulations of
lower mass structures as traced by Luminous Red Galaxies (LRG). Anand et al. (2022) also
compare the EW from the DESI clusters with Luminous Red Galaxies (LRGs) from SDSS
DR16 as a function of projected distance, where the LRGs, with lower masses (∼ 1011.2 M⊙)
are shown to have on average lower MgII absorption strength than the clusters. Although
they seem to converge at large projected distances, they report this difference as being due
to the larger halo masses and denser environments in the cluster sample. In comparison,
our tentative detection has an EW similar to the highest measurement found closest to the
cluster centre in the sample of Anand et al. (2022). We may also attribute the difference
in EW to the mass difference, since our sample of clusters has a higher mean mass than
theirs (see upper panel of Figure 3.11).

While there still exists disagreement in the trend of total baryon fractions as a function
of cluster mass (Gonzalez et al., 2013; Laganá et al., 2013), the difference in mass from all
the previously mentioned studies with our work, in connection with the higher measure-
ments from equivalent width from our higher cluster mass sample, shows the dependence of
increased baryon fraction at higher cluster masses. These differences in gas measurements
for halos of different mass can also be seen when comparing galaxies versus galaxy clusters
as shown in Figure 3.12. Similarly, Anand et al. (2022) perform a direct comparison of
LRGs with the DESI cluster sample of MgII measurements, finding consistently higher
equivalent widths in the cluster sample than in the LRGs, where the clusters are 2 - 3
times more massive than LRGs within R500.

3.5.3 Comparison with simulations

Butsky et al. (2019) used the RomulusC simulations (Tremmel et al., 2019) to probe the
nature of the multiphase cool-warm (104 < T < 106K) gas in and around one galaxy
cluster of mass 1014 M⊙. This study makes predictions for the covering fractions of key
absorption-line tracers, both in the intra-cluster and in the circumgalactic medim of cluster
galaxies using synthetic spectra. Butsky et al. (2019) finds there is a significant quantity
of multiphase gas in the cool (104−5K) at all clustocentric radii. Their results indicate that
the column density of all ions decline from the cluster center out to 1 Mpc, but remain
relatively flat towards the edge of the halo.

In Figure 3.13, we compare our results with the TNG50 simulation (Pillepich et al.,
2019; Nelson et al., 2019), from the IllustrisTNG suite (Marinacci et al., 2018; Springel
et al., 2018; Naiman et al., 2018; Nelson et al., 2018; Pillepich et al., 2018). IllustrisTNG
aims to study the physical processes that drive galaxy formation and to study how galax-
ies evolve within large scale structures. TNG50 is a gravomagnetohydrodynamics (MHD)
cosmological simulation including a comprehensive model for galaxy formation physics
(Weinberger et al., 2018; Pillepich et al., 2018) at the highest resolution. TNG50 includes
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2×21603 resolution elements in a ∼ 50 Mpc (comoving) box. Nelson et al. (2020) make
predictions of the physical properties of the cold gas traced by MgII in the circumgalactic
medium of galaxies and groups at z = 0.5 based on these TNG-50 simulations. By identi-
fying discrete structures of cool, MgII-rich gas, the authors found that cold gas in these
massive halos is made up of thousands, to tens of thousands, of small (kpc), discrete clouds.
The results also indicate a tendency where the most massive halos have the highest cover-
ing fraction, while the highest column densities are located near the halo centre, where the
gas densities are greater. Figure 3.13 shows the results in terms of column density of MgII
as a function of impact parameter from the cluster. The conversion of angular size from
R500 in degrees to linear size in kpc, at a given redshift, was performed using cosmological
parameters from Planck Collaboration et al. (2020). We note that the simulations probe
significantly smaller impact parameters than our observations. Equally, we stress that there
are large mass differences between the models and the data: the TNG50 highest mass bin
(∼ 1013.5 M⊙) displayed in the figure is smaller than our smallest mass cluster (3.28× 1014

M⊙). Considering this mass difference, and the observed increase in the cold as column
density as a function of cluster mass, we note here a possible disagreement and a likely
excess of MgII-absorbing cold gas in the TNG50 simulations compared to observations.

3.5.4 Forward looking

The analysis presented here stems from the ambitious endeavours of the Sloan Digital
Sky Survey, SDSS. This series of multi-object surveys, based on extremely large surveys
of thousands of quasar absorbers have brought quasar studies to a new era (e.g., Noter-
daeme et al., 2012; Bird et al., 2017; Parks et al., 2018). Such surveys advanced the field
significantly because they produced homogeneous data products for well over one million
low-resolution quasar spectra. In the near future, dedicated spectroscopic surveys on 4-m
class telescopes will provide a wealth of new low and medium-resolution quasar spectra in
extremely large numbers, notably the DESI experiment (DESI Collaboration et al., 2016),
the WEAVE-QSO survey (Kraljic et al., 2022), and surveys with the 4MOST experiment
(Merloni et al., 2019). In collaboration with new generations of X-ray missions, includ-
ing the full eROSITA survey (Merloni, 2012), X-ray imaging and Spectroscopy mission
(XRISM) (XRISM Science Team, 2022), ESA/Athena (Nandra et al., 2013), the study
presented here can be expanded greatly by not only increasing the number of background
quasar spectra, but also by increasing the spectral resolution of these data. We note that
the latter is key as the equivalent width limit of detectable absorbers scales linearly with
spectral resolution, and a 1 dex increase in equivalent width provides a factor of 10 more
absorbers.

3.6 Conclusions

In this work, we have used background quasar spectra from the SDSS/SPIDERS survey,
to explore the cold gas content of foreground massive X-ray selected galaxy clusters. To
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Figure 3.13: Comparison between our blind stack with hydrodynamical cosmological sim-
ulations from TNG50. The shape and colour of the symbols are as in previous figures.
The purple symbols displays predictions of the MgII column density in TNG50. We stress
that there are large mass differences between the models and the data: the TNG50 highest
mass bin (∼ 1013.5 M⊙) displayed in the figure is smaller than our smallest mass cluster
(3.28 × 1014 M⊙). Considering this mass difference, we note there is a likely excess of
MgII-absorbing cold gas in the TNG50 simulations.
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this end, we stacked ∼ 16, 000 quasar spectra in the quasar sightline. Our main results
are:

• From the sample of known MgII absorbers within [-2000:2000] km s−1 of the clusters,
we detect strong absorption rest equivalent width for MgII λ2796 of EW=0.35±0.015
Å. The uncertainty is calculated through bootstrapping. Since the absorption lines
are saturated (at EW>0.15 Å) we derive a lower limit for the column density of log
[N(MgII)/cm−2]≥12.92. These results validate the technique and demonstrate that
despite the high velocity dispersions within the clusters, the cold 104K gas can be
traced by MgII absorbers observed in the spectra of background quasars.

• We then stack quasar spectra without a-priori knowledge of the presence of absorp-
tion systems (so-called blind sample). We tentatively (≈ 3.7σ significance) detect
MgII absorption signal by stacking a total of 16,224 quasar absorber-cluster pairs
within [-2000:2000] km s−1 from the clusters, with EW= 0.056 ± 0.015 Å, corres-
ponding to a column density of log [N(MgII)/cm−2]=12.12±0.1 cm−2.

• While we are probing a different cluster mass range, our results are in line with
observational findings previously published in the literature (Lee et al., 2021; Anand
et al., 2022; Mishra and Muzahid, 2022). We also report an excess of MgII gas in
the predictions from TNG50 hydrodynamical cosmological simulations (Nelson et al.,
2020) compared to our work, and to others with lower mass objects in their sample
(Anand et al., 2022; Lan and Mo, 2018).

Using a similar approach of stacking in up-coming surveys with increased spectral-
resolution and number of background spectra (DESI, DESI Collaboration et al., 2016),
WEAVE (Kraljic et al., 2022) and 4MOST (Merloni et al., 2019) combined with new
generation of X-ray facilities (most notably eROSITA (Merloni, 2012) on-board SRG)
will likely provide additional insight into the cold gas content of galaxy clusters. On the
simulation front, TNG50 profiles could be extended out to angular separation of 4000 kpc,
so as to overlap with the observations. Further, using TNG100 or TNG300, would - thanks
to their larger cosmological volumes - provide a sample of halo masses which overlap with
our observations, so as to assess the importance of the reported halo mass mismatch.



Chapter 4

Tracing AGN outflows through
intrinsic MgII absorption

4.1 Introduction

Luminous quasars are powered by accretion onto billion solar mass black holes, that have
existed already since the Reoinization epoch (Bischetti et al., 2022). Any model of active
galactic nuclei (AGN) needs to be able to explain a wide range of spectroscopic properties
and the physical processes responsible for them (Elvis, 2000). Among these properties are
broad emission lines, broad absorption lines, narrow absorption lines, caused by the excit-
ation of various line and continuum-emitting regions, and by the launching mechanisms of
outflows, which can provide feedback energy to the host galaxy (Temple et al., 2023).

Studying absorption systems with redshift close to the QSOs can yield important in-
formation for understanding the energetics and kinematics of matter near the black hole,
as well as the ionization structure, dust content and metal abundances that remain under
the influence of QSO radiation. We call the absorbers physically associated with the QSO
against which they are detected ”intrinsic absorbers”. These systems are located within a
few kpc of the galactic nucleus, or in the very core of the AGN. They manifest themselves
as narrow or broad absorption lines within several thousand km/s of the emission redshift
of the QSO. Direct evidence for a close physical relationship between these absorption
systems and the AGNs can be time-variability of the line strengths, observations of partial
coverage of background emission source or smooth and broad line profiles.

Tremendous amount of effort has been put into trying to understand and explain the
differences in continuum and emission-line of quasars (Richards et al., 2011). Among the
most common prominent features in quasar spectra from the resonant ultraviolet transitions
are HI, OIV, NV, CIV and SiIV (Murray et al., 1995). Broad absorption line (BAL) quasars
are an important sub-population of AGNs, and the broad absorption lines are generally
blueshifted with respect to their emission counterparts (Weymann et al., 1991). BALs can
also be classified into subcategories according to these absorption features. High ionization
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BALs, showing absorption in NV 1238Å , 1242Å , Si IV 1393Å , 1402Å and C IV 1548Å ,
1550 Å make up for the majority of the BAL quasars (around 85%). The remaining 15%
are low ionization BAL (LoBALs) show Mg II 2796Å , 2803Å , and Al III 1854Å , 1862Å
on top of the HiBALs features (Liu et al., 2015).

Since the majority of BALs exhibit highly ionized CIV λ1549 (Rankine et al., 2021),
there are a large number of studies that have been using this broad absorption feature
over the years (Wills et al., 1993; Brotherton et al., 1994; Kruczek et al., 2010; Rivera
et al., 2020; Rankine et al., 2021; Temple et al., 2023). These studies focus on analysing
the line width of broad CIV absorption line, the equivalent width and peak-to-continuum
intensity ratio, the profile shape, the line asymmetry, and the ratio with other lines changes
(Wills et al., 1993) in order to describe AGN properties. Among these, two properties of
CIV stand out: equivalent width (EW) and blueshift. The changes in their properties can
describe models of a two-component structure of disk-wind in AGNs (Richards et al., 2011;
Wang et al., 2011).

High-ionization lines such as CIV tend to be blueshifted with respect to low-ionization
lines, as well as showing strong blue excess asymmetry (Baskin and Laor, 2005). Other
emission lines can also be used to measure more accurately the CIV line properties, such as
He II, Al III, Si III, C III, and Mg II (Rivera et al., 2020). In an attempt to reconcile models
of outflows and gravitationally bound broad emission lines that are usually contradictory
(Gaskell et al., 2008), direct comparison of line properties of MgII and CIV have been
studied. One study found that although these two lines coexist in tbe emitting region of
AGNs, there are structure and kinematic differences from the CIV high-ionization lines, and
the MgII low-ionization line regions, and interpret MgII region as gravitationally bound,
making an outflow model of low-ionization regions unlikely (Wang et al., 2011). Other
studies of MgII broad line region itself also revealed the broad line originates from two
subregions: one which contributes to the line core, and the other with outflows-inflows
that are nearly orthogonal to the disc, which become suppressed with stronger gravitational
influence (Popović et al., 2019).

In this chapter we target the MgII intrinsic absorption line close to the quasar redshift,
and stack the spectra of a large number of quasars, searching for evidence of outflows
connected to the AGN. The chapter is organized as follows: Section 4.2 presents the
observational data. Section 4.3 details the stacking method. In Section 4.4 we summarise
results and present future ideas on how to continue further in this work. Throughout the
work, we adopt an H0 =70 km s−1 Mpc−1, ΩM =0.3, and ΩΛ = 0.7 cosmology.

4.2 Observational Data

The eROSITA Final Equatorial-Depth Survey (Brunner et al., 2022) was a Performance
Verification program from the SRG/eROSITA telescope meant to demonstrate the survey
science capabilities of eROSITA. The observations of the 140 deg2 survey field were per-
formed in 4 days of November 2019, reaching an X-ray depth of ∼ 6 × 10−15 erg/s/cm2

in the soft eROSITA band (0.2-2.3 keV), and detecting more than 27,000 distinct X-ray
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Figure 4.1: Histogram of number of quasars as a function of redshift for the eROSITA
early data release SDSS DR18 sample ∼ 7100 quasar spectra used in this work.
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Figure 4.2: Distribution of the median SNR of the individual quasar spectra from SDSS
eFEDS QSO sample.

point sources. In this work we made use of the quasar spectroscopic observations from
SDSS (DR18) covering the fields of eFEDS, with a total of 11,000 quasar spectra (Merloni
et al., in prep.). The redshift distribution of the spectra used ranges from z∼ 0.5 to ∼ 2.5,
constraints that come from the wavelength coverage and the quasar redshift, and the histo-
gram is displayed in Fig 4.1. The spectra cover a wavelength range from 3600Å to 10,400
Å at a spectral resolution of λ/∆λ ∼2000, or with the SDSS-I instrument, covering 3800
Å to 9100 Å, with the same spectral resolution. As mentioned above, the SDSS spectra
have a common grid of logλi+1-logλi =0.0001, which translates to an average ∆v= 69km/s.
Considering the location of MgII λ 2796 Å and λ 2803 Å at the redshift of the AGN, the
total number of AGN spectra available where MgII is observable over a velocity range of
[-15000:15000] km/s around the systemic redshift is ∼7100 spectra. The signal to noise
ratio from the chosen spectra is shown in Fig 4.2, where the median SNR is < 10. We do
not set a minimum SNR below which data is rejected.
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Figure 4.3: Plot of the full stack of 7100 SDSS QSO spectra in the region of MgII emission,
using different continuum subtraction from PyQSOfit. The blue line includes a fitting of
the polynomial continuum, where no FeII emission is included in the continuum fit. The
orange line shows the polynomial plus FeII continuum subtracted. There is a clear excess
in flux in the former case compared to the orange line in the area of the wings on both
sides of the peak of the MgII line, as is expected due to the FeII.

4.2.1 Fit of the individual quasar spectra

In order to retrieve the quasar absorption systems, we remove the spectral signature from
the background quasars. To this end, we model each of the SDSS quasar spectrum with
the highly flexible Python QSO fitting code, PyQSOfit (Guo et al., 2018) in order to
normalise the data. This algorithm fits the spectral features such as broad emission lines
with multiple gaussians, and continuum of the quasars. By removing the emission features
we can detect the absorption, by fitting and subtracting the quasar continuum (before
stacking) from the original data results in a continuum-free spectrum, which is the ap-
proach we followed to study the MgII region. For some objects, the emission lines cannot
be perfectly modelled, and after normalisation some wiggles remain. We note in particular
that the noise of the SDSS spectra increases at each end of the wavelength window, res-
ulting in equally noisy quasar spectra at these edges after normalisation. Nonetheless, the
PyQSOfit proved very efficient to normalise a large number of quasar spectra with modest
signal-to-noise.
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Figure 4.4: The pink line shows the flux in velocity space of the difference between the
stack created using the polynomial continuum only and the stack obtained subtracting a
continuum which includes the FeII emission (see Fig. 4.3). The blue line shows the FeII
template which has been smoothed (with a Gaussian kernel and a dispersion of 10 pixels)
and shifted in velocity space using the 2976 MgII line at Vel=0 km/s. The plot shows a
similarity in the shape of the two curves, but with a noticeable difference between the two
in the normalised flux.
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4.2.2 Stacking at the quasar redshift

In order to detect the absorption lines on top of the emission lines, we take advantage
of the large amount of spectra available, to stack quasar spectra. To this end, we stack
the spectra at the redshift of the quasars. We use the fact that all the SDSS spectra
have a constant log step to avoid interpolating between pixels. Following the method of
Fresco et al. (2020), we perform a median stack in the velocity region within a window of
[-15000:15000] km s−1 around the rest-frame MgII emission. After this process, a gaussian
smoothing of 1 pixel was applied using gaussian smooth in specutils.

4.2.3 Analysis

The continuum subtraction using the standard parameters from PyQSOfit did not fully
remove the emission features around our area of interest in the wavelength range of the MgII
doublet (2500 < λ < 3000 Å). For this reason, we proceeded to compare two different types
of continuum subtraction in the stack as shown in Fig 4.3, one using a polynomial function
to fit the continuum underneath MgII (blue line), and another using a more complex
continuum which includes fitting a polynomial, UV Fe component on the continuum from
1200 to 3500Å (Boroson and Green, 1992), the optical FeII on the continuum from 3686
to 7484Å (Vestergaard and Wilkes, 2001), and Balmer continuum (orange line). It can be
seen in the plot that, as expected, the main difference between the two stacks is due to
a broadened FeII template. There is an excess in flux in the blue (polynomial continuum
subtracted) when compared to the orange (polynomial plus FeII continuum subtracted) in
the wings. There is also an asymmetry on the shape of the emission, where the right hand
side shows a bump on the wing, while the left hand side shows a sharp drop in flux.

In order to probe the cause for the differences between the two cases, we subtract the
polynomial continuum subtracted stack from the full continuum subtracted stack. The
results can be seen in Fig 4.4, where the pink line is the result from the subtraction of
the two stacks. The blue line shows a plot of the UV iron template used in PyQSOfit
(Guo et al., 2018), smoothed with σ=10 pixels (or 690 km/s). The FeII template broadly
reproduces the difference, with some notable residual offset between the two curves. This
shows that there is indeed some residual iron even after the fitting, which becomes clearer
after performing the stack. Since we are looking for absorption features of MgII doublet
that are very close to these iron lines, we need to make sure we remove any contamination
of iron as best as possible before being able to detect absorption features. To this end, we
subtract an additonal FeII contamination to the MgII stack created by subtracting the full
(polynomial plus FeII) continuum. We note that the subtraction is only done on the stacked
spectra, and not on the individual spectra. The physical reason for this extra step is that
while the main component of the FeII emission is broad, with dispersion comparable to
that of the MgII line as seen in Figure 4.4, any additional narrower component of FeII will
not be properly removed, as the PyQSOFIT continuum model include only one broadened
FeII component.

In order to be able to optimally subtract the appropriate Iron template we interpolate
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the FeII template to match the common grid of the SDSS spectrum. We then shift slightly
the template both in y axis (flux) and x axis (velocity) to make the template fit the stacked
spectrum correctly. To calculate the best fit of the iron template, we choose the area of
the wings where the iron lines are more prominent vel[-12000:-8000] and vel[8000:13000]
km/s. This reflects possible redshift uncertainties. We create a grid of possible x and y
shifts for the FeII template, where the Velocity is moved in steps of 69km/s in the x axis
40 times, and the flux (y axis) is multiplied in steps of 0.01 for 60 times, for 6 different
iron templates using smoothing from standard deviations ranging from 2 to 9 pixels (i.e.
from ∼ 140 to ∼ 810 km s−1). The variance of the subtraction of these shifts in the iron
templates is then subtracted from the stack on the negative and the positive side of the
array, and the sum of these variances is compared in this grid of 16000 possibilities. The
minimum variance from the grid is y * 0.39 and x - 100km/s, with the iron template using
the gaussian smoothing with standard deviation of 7 pixels (corresponding to ∼ 480 km
s−1). Figure 4.5 shows a zoom in on the wings of the polynomial continuum subtracted
stack of the MgII line, with over-imposed models of the FeII UV templates, with the thick
blue line representing the best FeII template fit from the variance grid. The other lines
represent different shifts in the x and y axis of the iron template, to display the differences
in the possible fits.

In Fig 4.5 we also see there is an emission feature around vel[-15000:-14000]. In a
study using 2200 quasar spectra from SDSS, and applying the mean stacking of composite
spectra (Vanden Berk et al., 2001), they identify common emission and absorption features
in quasar spectra. They identify a strong emission of Al[III] and O[III] at λ ∼ 2750Å. This
emission looks consistent with the location of our emission feature.

On the right hand side of the initial stack in Fig 4.5, in the orange line around the area
of vel[13000:15000], we can also see an emission feature that seems to fit the Iron template
overplotted in the same figure. The SDSS composite spectra study (Vanden Berk et al.,
2001) also identifies an absorption feature at the same location in the stacked spectra, at
the right of the MgII emission at λ ∼ 2950Å, confirming that this indeed might be related
to FeII emission feature.

4.3 Results

Thanks to the large number of spectra, our MgII continuum-free emission line stack has a
very high signal-to-noise (Fig. 4.3), and allowed us to further model (and remove) additional
residual contamination from multiple FeII UV components of different velocity width.

After the subtraction of the residual iron UV template, we are left with a clean MgII
emission line, and we would like to test whether any broad intrinsic absorption is present.
In order to prove broad, blended absorption features, we search first for asymmetries in the
emission line profile. To do this, we cut the flux from the right hand side of the emission
at the peak of the emission and mirror it ( 4.6), in order to subtract the left hand emission
side and thus test the level of asymmetry in the MgII emission line.

This means we grab the array of the flux from the right side (positive in velocity) and we
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Figure 4.5: Zoom in on y axis of the polynomial plus FeII continuum subtracted from the
from PyQSOfit as the orange line, with the best fit of the iron templates in a thick blueline
that has a gaussian smoothing with standard deviation of 7 pixels (480 km/s), a flux * 0.39
and a velocity shif of -100km/s, and other fits of iron templates with different smoothing
applied, the flux values in the range of x= 0.39 - 0.41, and a velocity shift in the range of
+1000km/s and -1000km/s. The solid lines are fixed around our area of interest [-12000:-
8000]km/s and [8000:13000]km/s, where we search for the minimal difference between the
fittings of the FeII template and the stacked of the observed spectra in the grid. These
values are the result of the best fit grid described in section 4.2.3.
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Figure 4.6: Stacked spectra after the subtraction of the best fit of FeII template as the blue
line. The straight line shows the peak of the emission of MgII at ∼120km/s, which is where
the peak of the flux is located. The orange line shows the red hand side of the emission
mirrored and over-plotting the left hand side. This allows to clearly see the asymmetry in
the emission, even after the removal of the residual iron.
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Figure 4.7: The blue line represents the flux of the stacked spectra in velocity space, using
the continuum for the normalisation after subtracting the best fit of the iron template,
and using the mirrored right hand side of the emission to subtract to the left side of the
peak. The orange line is a gaussian fit using the two peaks of the MgII doublet, separated
by 750km/s. Note that due to very large velocity width of the absorption, both lines are
blended.

invert the values of the array to compare them with the right side (negative in velocity).
Our final mirror subtraction shows a very strong, broad absorption feature, blueshifted
from the quasar redshift at -2200km/s. The resulting flux can be seen on Fig 4.7 as
the blue line. The orange line is a MgII doublet fitting (using the standard separation of
750km/s between the two lines). The fitting shows that the doublet is blended, and that
there is a deep absorption, with a σ = 1300 km/s, and a peak of λ2976 Å at -2200 km/s.
The absorption feature has a total equivalent width of the MgII doublet of 4.7 Å.

4.4 Discussion

Our main result is the tentative detection of a strong, blue-shifted, broad intrinsic absorp-
tion against MgII broad emission line, or a mix of individual narrow absorption from MgII
at the redshift of the QSOs.

A key element in our analysis is the modelling of the broad FeII emission. When
included in the fit of the individual spectra and subtracted as part of the continuum, we
found that the wings of the stacked MgII clearly contain a residual contribution which we
interpret as coming from a narrower FeII complex, not accounted for in the individual (lower
SNR) spectral fits. The FeII and MgII have similar ionisation potentials (7.90 eV and 7.64
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eV respectively), and are likely to co-exist spatially in the electromagnetic spectrum. The
difference between the asymmetries in the absorption profiles between these two species
might be due to a larger amount of emission infill on top of the MgII absorption, causing
the MgII λ2796,2803 Å to be blueshifted from their rest-frame by larger amounts.

Predictions of properties of emission and absorption features in a spherical model of
gas outflows in galaxies show that the net effect of absorption and emission is always
absorption (Zhu et al., 2015). The reason behind this is that, on the one hand, the
absorption is inherently induced by the gas in front of the background light source; on the
other hand, the observed emission originates from gas located everywhere except behind
the galaxy (due to occultation effect of photons located behind the light source, that cannot
penetrate the high-density regions at the galactic centre).

Another expected consequence from the occultation effect is that if outflows are domin-
ant over inflows, the emission profile in velocity space is preferentially blueshifted. This is
also due to the occultation of the redshifted emission side. Although this model was used
for galaxies (Zhu et al., 2015), the area around AGNs could be extrapolated as a more
dynamic region with similar basic characteristics. This could explain the similarity in the
absorption of MgII doublet found in our stacked spectra, where the outflow velocities are
one order of magnitude higher than the ones expected on galactic scales.

The physical properties of these outflows depend on their ionization states. The scen-
arios have different implications on how the feedback work, and simulations have demon-
strated that the forces can be driven by thermal, magnetic or radiation, or a combination
of these (Laha et al., 2021; Pillepich et al., 2019; Oppenheimer et al., 2020). The radi-
ative mode of outflows is mostly detected through ionized blue-shifted absorption lines in
UV and X-ray spectra, and are found on up to 65% of low redshift AGN (Reynolds and
Fabian, 1995). Broad Absorption Line QSO (BALQSO) can be classified according to the
absorption lines in the spectra. By exhibiting MgII absorption, the stacked spectra can
be associated to low-ionization BALQSO (LoBAL), which typically show (Boroson and
Meyers, 1992): 1) no or very weak OIII emission, 2) systematically weak HeI, 3) Na I D
absorption, 4) the FeII continuum subtracted shows broad emissions that cannot be easily
explained.

Our finding could suggest that a low-level LoBAL for MgII is common to QSOs. How-
ever, in order to confirm that this absorption feature is an outflow from the AGN, we
would need to confirm with extra evidence such as these listed above, by analysing the full
spectral stacks.

We also cannot exclude the possibility that this MgII feature found in the stack could
correspond to multiple NALs blending from different but close enough velocities. These
features could be difficult to distinguish from BAL-like absorption. On the other hand, the
initial asymmetry could also be caused by multiple emission components which also have
different velocities or widths. Interpreting the nature of this absorption feature presents
many challenges, and there are several possibilities to continue this research that could
confirm our results, which we comment on further in the next section.
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4.5 Forward-looking

Current studies on detection and characterisation of both inflow and outflow of gas in
the vicinity of AGN lack the spatial resolution of the inner parsec of the central engines,
required to view the flows directly. To understand the impact of these outflows we need
to estimate physical and dynamical parameters like outflow velocity, column density and
ionization prameter, which can be derived from the spectral fitting of the absorption. This
in turn will allow us to derive other quantities that cannot be measured from spectroscopy,
such as mass outflow rate, momentum outflow rate, and kinetic luminosity. In some cases
narrow emission lines can be spatially resolved in nearby AGN, allowing to estimate their
distance and mass outflow rates (Revalski et al. 2018; Crenshaw et al. 2015). This
would give us the tools and parameters needed to build physical models and measure
quantitatively the amount of energy that is being expelled in this outflows.

Absorption spectroscopy shows promising results to study outflows in the region around
AGNs. The large number of spectra used in this study enables to detect feature of MgII
in absorption. Strong absorption lines in the UV are common in the rest-frame spectra of
AGN, and the most common lines used are ions like CIV, NV, OVI, SiIV, CII, SiII and
FeII. Ionization models can also give us ionization equilibrium and abundances inform-
ation, using column density measurements from these and other absorption lines. This
study shows that MgII can also be used to study these outflows, and opens the possibility
of analysing other lines for the same use. In the future the large amount of spectroscopic
data already available or up-coming from large surveys such as SDSS, 4MOST experiment
(Merloni et al., 2019), and WEAVE-QSO survey (Kraljic et al., 2022) will allow to study
large samples to derive statistically significant information such as this study. Simultaneous
detections of UV and X-ray outflows will allow to deepen this study through the compar-
ison of these outflows within different types of AGN, individual objects at higher spectral
resolution, or also different energy ranges or wavelengths using various instruments like
eROSITA (Merloni, 2012), and planned missions such as X-ray imaging and Spectroscopy
mission (XRISM)(XRISM Science Team, 2022) ESA/Athena (Nandra et al., 2013), and
concept studies such as Arcus, Lynx and the Large Ultraviolet Optical Infrared Surveyor
(LUVOIR) (Domagal-Goldman et al., 2020).

4.6 Conclusions

In this work we made use of SDSS quasar spectra from DR18 of a highly complete X-
ray selected AGN sample in the eROSITA Performance Verification eFEDS field (Brunner
et al., 2022). We looked for AGN outflows by modelling in detail the intrinsic emission and
absorption profile of the prominent MgII brod emission line. We stacked ∼ 7100 spectra
aiming at detecting MgII absorption between vel [-15000:15000]km/s. We compared two
different types of continuum normalisation with and without including an FeII template
(Boroson and Meyers, 1992) in the individual spectral fits. We found evidence that the
stacked spectra need additional modelling of a residual, which we interpret as due to narrow
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FeII. To solve this, we first smoothed the template with a gaussian of different dispersions,
and build a variance grid to pick the best fit to the stacked MgII wings around the areas of
vel[-12000:-8000] and vel[8000:13000]km/s. We subtracted the best fit iron template from
the stack, allowing for a free normalization and velocity shift.

After the removal of the residual iron signature, we mirrored the emission from the
red side and subtracted from the blue side as seen in Figure 4.7. The clean average MgII
broad emission is clearly asymmetric. Indeed, the final stack is consistent with a very wide
absorption feature, with an equivalent width of 4.7Å and a dispersion of σ = 1300km/s
and a velocity shift of -2000km/s. This signature is interpreted as MgII broad absorpion
in the immediate vicinity of the accreting black holes, and due to this characteristic it can
be related to outflows from AGNs.



Chapter 5

Summary and Future Perspectives

5.1 Thesis Summary

This concluding chapter aims to make a summary of the scientific results from the different
projects carried out in the course of this thesis. The use of numerous quasar spectra as
a background source was used throughout the different projects developed through the
course of this thesis, and proves to be an essential tool in the study of the large scale
structure of the universe.

The first chapter introduces the various large scale structure components and phases
that were targeted in each project of this thesis, presenting an overall look of the methods
and instruments used.

The second chapter is the first published paper from a project aiming to search for the
Intergalactic Medium (IGM) using FeXXI λ 1354Å 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 intervening overdensities (galaxies). The results showed very
strong absorption of FeII, SiII, OI, NiII, SiIV, CIV, AlII, AlIII, CrII Zn, MnII, MgII. We
calculated a 5σ upper limit of column density log[N([FeXXI])]< 17.4 (Equivalent width
EWrest < 22mÅ), three orders of magnitude higher than the expected column density of
the Warm Hot Intergalactic Medium log[N([FeXXI])]< 14.5.

In a second project, we used data from the Sloan Digital Sky Survey (SDSS) DR16 and
X-ray massive galaxy clusters selected from ROSAT All Sky Survey (RASS) with spec-
troscopic redshift from the Spectroscopic Identification of eROSITA Sources (SPIDERS)
program. Targeting the redshift of the clusters, we look for cold gas inside the usually hot
environment of the Intra-cluster Medium, using MgII doublet as a tracer of this 104K cold
gas. We then blindly stack 16 000 archival spectra at the redshift of the galaxy clusters.
We also cross-match our sample with a MgII absorption catalogue that also uses SDSS
DR16, and in this way confirm our methodology works. The MgII doublet is detected in
the stack of both the MgII selected sample, and (tentively) in the blind stack of the full
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16 000 QSO-cluster pair. From this, we derive a measurement of MgII absorption column
density which is higher than that measured by studies of smaller haloes (groups).

For the third project we used the latest data from the SDSS DR18, with spectra cov-
ering the region of the eROSITA Final Equatorial-Depth Survey (eFEDS) fields, to study
outflows in the region within a few kpc from the AGN. We search for intrinsic absorption
of MgII by stacking a sample of 7000 quasar spectra, and subtracting an iron template to
remove residual iron from the normalisation process. The final stack shows a very strong
absorption feature at -2200km/s blueshift from the quasar, with a width of ∼1300 km/s,
and an equivalent width of 4.6Å, interpreted as a MgII absorption feature that can be
related to outflows from the AGN.

5.2 Future Research

This thesis has relied on the stacking technique for systematically exploiting large amounts
of spectroscopic data searching for common signatures of gas of different temperatures,
that can trace the large scale structure of the Universe, as well as un-resolved physical
processes in the immediate vicinity of supermassive black holes. The results from these
different projects show that the technique is reliable, and that it can be used to study weak
signatures of gas from different energies through absorption spectroscopy.

Looking into each topic individually, simulations have shown the CGM to be multiphase,
and thus can be studied in different instruments. As Anderson and Sunyaev (2018) have
demonstrated by finding FeXXI at UV in emission on a filament of M87, and together with
simulations that have shown that the closer to the CGM of galaxies the higher the temper-
ature of the gas. Current missions like eROSITA (Merloni, 2012) with very high amounts
of quasar spectroscopy data, and planned missions such as X-ray imaging Spectroscopy
mission (XRISM)(XRISM Science Team, 2022) ESA/Athena (Nandra et al., 2013), can
help achieve a multiwavelength approach with a large statistical sample.

Using WEAVE (Kraljic et al., 2022) we can also study the connection between the
IGM and the CGM, by providing both kinematic and spectroscopic information about
the objects. Targeting Damped Lyman-alpha absorbers through IFS have been found to
be associated to multiple galaxies, widening the horizon given by single galaxy-absorber
pairs. The origin of this gas could be the result of filamentary structures, or the remains of
tidal interactions in a galaxy group, and could be disentangled with the help of analytical
modelling.

The last project also showed that MgII could be used to study outflows in AGN,
instead of other most commonly used high ionization ions. The same technique could also
be applied on the same data to extend the analysis including other metals lines, or use
the most common lines like CIV and check if there exists a correlation, and measure metal
distribution. The sample could also be divided in different types of AGN, or it could be
applied to different sets of AGN data altogether.

The common ground for the future work throughout these projects is to either increase
the amount of data, and or to increase the spectral resolution of the data. In the short
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term future we can already start doing so with future data from SDSS, and future surveys
like 4MOST project (Merloni et al., 2019), and WEAVE-QSO survey (Kraljic et al., 2022);
on longer terms with ELT/ANDES, SpecTel, MSE, Prime Focus Spectrograph (PFS) on
the Subaru telescope (Tamura et al., 2016), will provide statistical analysis of the CGM
that will allow for a better understanding on the formation and evolution of galaxies.
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Appendix

.1 Strong Metal Lines Detections

In this section, we report on the detection of multiple strong metal lines in UVES stacked
quasar spectra at the DLA redshift from Chapter 2. Figures show the normalized flux on
the y-axis in velocity space. We mention the lines in the legend , together with the count
of total number spectra stacked for each line.
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M., Mészáros, S., Miglio, A., Minniti, D., Minsley, R., Miyaji, T., Mohammad, F. G.,
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W. M., Yan, R., Yang, M., Yèche, C., Zamora, O., Zarrouk, P., Zasowski, G., Zhang, K.,
Zhao, C., Zhao, G., Zheng, Z., Zheng, Z., Zhu, G., and Zou, H. (2020). The 16th Data
Release of the Sloan Digital Sky Surveys: First Release from the APOGEE-2 Southern
Survey and Full Release of eBOSS Spectra. ApJS, 249(1):3.

Aihara, H., Arimoto, N., Armstrong, R., Arnouts, S., Bahcall, N. A., Bickerton, S., Bosch,
J., Bundy, K., Capak, P. L., Chan, J. H. H., Chiba, M., Coupon, J., Egami, E., Enoki,
M., Finet, F., Fujimori, H., Fujimoto, S., Furusawa, H., Furusawa, J., Goto, T., Gould-
ing, A., Greco, J. P., Greene, J. E., Gunn, J. E., Hamana, T., Harikane, Y., Hashimoto,
Y., Hattori, T., Hayashi, M., Hayashi, Y., He lminiak, K. G., Higuchi, R., Hikage, C.,
Ho, P. T. P., Hsieh, B.-C., Huang, K., Huang, S., Ikeda, H., Imanishi, M., Inoue, A. K.,
Iwasawa, K., Iwata, I., Jaelani, A. T., Jian, H.-Y., Kamata, Y., Karoji, H., Kashikawa,
N., Katayama, N., Kawanomoto, S., Kayo, I., Koda, J., Koike, M., Kojima, T., Ko-
miyama, Y., Konno, A., Koshida, S., Koyama, Y., Kusakabe, H., Leauthaud, A., Lee,
C.-H., Lin, L., Lin, Y.-T., Lupton, R. H., Mandelbaum, R., Matsuoka, Y., Medezinski,
E., Mineo, S., Miyama, S., Miyatake, H., Miyazaki, S., Momose, R., More, A., More,
S., Moritani, Y., Moriya, T. J., Morokuma, T., Mukae, S., Murata, R., Murayama, H.,
Nagao, T., Nakata, F., Niida, M., Niikura, H., Nishizawa, A. J., Obuchi, Y., Oguri, M.,
Oishi, Y., Okabe, N., Okamoto, S., Okura, Y., Ono, Y., Onodera, M., Onoue, M., Osato,
K., Ouchi, M., Price, P. A., Pyo, T.-S., Sako, M., Sawicki, M., Shibuya, T., Shimasaku,
K., Shimono, A., Shirasaki, M., Silverman, J. D., Simet, M., Speagle, J., Spergel, D. N.,
Strauss, M. A., Sugahara, Y., Sugiyama, N., Suto, Y., Suyu, S. H., Suzuki, N., Tait,
P. J., Takada, M., Takata, T., Tamura, N., Tanaka, M. M., Tanaka, M., Tanaka, M.,
Tanaka, Y., Terai, T., Terashima, Y., Toba, Y., Tominaga, N., Toshikawa, J., Turner,
E. L., Uchida, T., Uchiyama, H., Umetsu, K., Uraguchi, F., Urata, Y., Usuda, T., Ut-
sumi, Y., Wang, S.-Y., Wang, W.-H., Wong, K. C., Yabe, K., Yamada, Y., Yamanoi,



BIBLIOGRAPHY 99

H., Yasuda, N., Yeh, S., Yonehara, A., and Yuma, S. (2018). The Hyper Suprime-Cam
SSP Survey: Overview and survey design. PASJ, 70:S4.

Anand, A., Kauffmann, G., and Nelson, D. (2022). Cool circumgalactic gas in galaxy
clusters: connecting the DESI legacy imaging survey and SDSS DR16 MgII absorbers.
arXiv e-prints, page arXiv:2201.07811.

Anand, A., Nelson, D., and Kauffmann, G. (2021). Characterizing the abundance, prop-
erties, and kinematics of the cool circumgalactic medium of galaxies in absorption with
SDSS DR16. MNRAS, 504(1):65–88.

Anderson, M. E. and Sunyaev, R. (2016). Searching for FUV line emission from 107 K
gas in massive elliptical galaxies and galaxy clusters as a tracer of turbulent velocities.
MNRAS, 459(3):2806–2821.

Anderson, M. E. and Sunyaev, R. (2018). FUV line emission, gas kinematics, and discovery
of [Fe XXI] λ1354.1 in the sightline toward a filament in M87. A&A, 617:A123.

Arcodia, R., Campana, S., Salvaterra, R., and Ghisellini, G. (2018). X-ray absorption
towards high-redshift sources: probing the intergalactic medium with blazars. A&A,
616:A170.

Asplund, M., Grevesse, N., Sauval, A. J., and Scott, P. (2009). The Chemical Composition
of the Sun. ARA&A, 47(1):481–522.

Augustin, R., Péroux, C., Hamanowicz, A., Kulkarni, V., Rahmani, H., and Zanella,
A. (2021). Clumpiness of observed and simulated cold circumgalactic gas. MNRAS,
505(4):6195–6205.

Augustin, R., Quiret, S., Milliard, B., Péroux, C., Vibert, D., Blaizot, J., Rasera, Y.,
Teyssier, R., Frank, S., Deharveng, J. M., Picouet, V., Martin, D. C., Hamden, E. T.,
Thatte, N., Pereira Santaella, M., Routledge, L., and Zieleniewski, S. (2019). Emis-
sion from the circumgalactic medium: from cosmological zoom-in simulations to multi-
wavelength observables. MNRAS, 489(2):2417–2438.

Ayromlou, M., Nelson, D., Yates, R. M., Kauffmann, G., and White, S. D. M. (2019).
A new method to quantify environment and model ram-pressure stripping in N-body
simulations. MNRAS, 487(3):4313–4331.

Bahar, Y. E., Bulbul, E., Clerc, N., Ghirardini, V., Liu, A., Nandra, K., Pacaud, F.,
Chiu, I. N., Comparat, J., Ider-Chitham, J., Klein, M., Liu, T., Merloni, A., Migkas,
K., Okabe, N., Ramos-Ceja, M. E., Reiprich, T. H., Sanders, J. S., and Schrabback, T.
(2022). The eROSITA Final Equatorial-Depth Survey (eFEDS). X-ray properties and
scaling relations of galaxy clusters and groups. A&A, 661:A7.



100 BIBLIOGRAPHY
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A., Dionies, F., Disseau, K., Doel, P., Döscher, D., Driver, S. P., Dwelly, T., Eckert, D.,
Edge, A., Edvardsson, B., Youssoufi, D. E., Elhaddad, A., Enke, H., Erfanianfar, G.,
Farrell, T., Fechner, T., Feiz, C., Feltzing, S., Ferreras, I., Feuerstein, D., Feuillet, D.,
Finoguenov, A., Ford, D., Fotopoulou, S., Fouesneau, M., Frenk, C., Frey, S., Gaessler,
W., Geier, S., Fusillo, N. G., Gerhard, O., Giannantonio, T., Giannone, D., Gibson, B.,
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P., Bannister, M., Barŕıa, D., Battaglia, G., Bayo, A., Bechtol, K., Beck, P. G., Beers,
T. C., Bellinger, E. P., Berg, T., Bestenlehner, J. M., Bilicki, M., Bitsch, B., Bland-
Hawthorn, J., Bolton, A. S., Boselli, A., Bovy, J., Bragaglia, A., Buzasi, D., Caffau, E.,
Cami, J., Carleton, T., Casagrande, L., Cassisi, S., Catelan, M., Chang, C., Cortese, L.,
Damjanov, I., Davies, L. J. M., de Grijs, R., de Rosa, G., Deason, A., di Matteo, P.,
Drlica-Wagner, A., Erkal, D., Escorza, A., Ferrarese, L., Fleming, S. W., Font-Ribera,
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Jablonka, P., Ji, A., Jiang, L., Juneau, S., Karakas, A., Karinkuzhi, D., Kim, S. Y.,
Kong, X., Konstantopoulos, I., Krogager, J.-K., Lagos, C., Lallement, R., Laporte, C.,
Lebreton, Y., Lee, K.-G., Lewis, G. F., Lianou, S., Liu, X., Lodieu, N., Loveday, J.,
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Durante mi maestŕıa tuve al asesor más maravilloso, Juan Antonio, que siempre me ayudó
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A todas las personas incréıbles que me recib́ıan con una hermosa sonrisa cada mañana en
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