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Zusammenfassung

Die gasfrmige Atmosphare um Galaxien wird als zirkumgalaktisches Medium (CGM)
bezeichnet und stellt die Schnittstelle zwischen den physikalischen Prozessen auf kleinen
und gro en Skalen dar. Das komplexe Gleichgewicht zwischen diesen Prozessen bestimmt
die Entstehung und Entwicklung von Galaxien. Einerseits wird kshles, metallarmes Gas
aus dem intergalaktischen Medium (IGM) oder den kosmischen Filamenten in die Galaxien
eingebracht, andererseits sto en galaktische Ausst®me von Supernovae oder dem aktiven
Galaxienkern (AGN) eine gro e Menge an Gas und Metallen in das CGM aus, von denen
ein Teil sogar aus dem Halo entweichen kann, wahrend ein anderer Teil recycelt, vermischt
und in die Galaxie zunackgefahrt wird. Diese Stmme spielen eine entscheidende Rolle bei
der Regulierung von Galaxienentstehung: sie bestimmen die Zeitskalen auf denen Gass-
chwund und Sternentstehung ablaufen, die Prozesse, die Sternentstehung unterdnacken
und die Verteilung des Baryonen- und Metallhaushalts im Gas um Galaxien. Das zirkum-
galaktische Gas wird in der Regel durch Absorption (von Wassersto oder Metallen) vor
einer leuchtenden Hintergrundquelle wie einem Quasar untersucht und kann so tiefe Ein-
blicke in die Gasstmme und deren Zusammenhang mit den Eigenschaften der Galaxie und
Umgebung liefern.

In dieser Arbeit charakterisiere ich die Eigenschaften des kahlen und warmen zirkum-
galaktischen Gases von Galaxien, Galaxienhaufen und Quasaren mit Hilfe von Quasarab-
sorbern. Um das zirkumgalaktische Gas zu untersuchen, habe ich zunachst eine vollau-
tomatische Pipeline zur Modellierung der Quasar-Kontinuumsemission entwickelt. Dann
setzte ich eine angepasste Kernel-Faltungstechnik in Kombination mit einem adaptiven
Signal-zu-Rausch-Kriterium ein, um dazwischen liegende Metallabsorber in ihren Spektren
zu erkennen. Das Ergebnis der Pipeline ist der bisher umfangreichste Katalog von Met-
allabsorbern. Dieser bot die Meglichkeit, eine der umfangreichsten Studien der Absorption-
slinien der galaktischen Atmospharen um verschiedene Galaxientypen herum durchzufahren.
Anschlie end kombiniere ich diese Absorber mit gro en Stichproben spektroskopischer Auf-
nahmen von Galaxien und untersuche die Bescha enheit des kalten zirkumgalaktischen
Mediums beiz  0;5. Dank der erheblichen Stichprobengrm e konnte ich die Skalen der
Kaltgasabsorption (verfolgt durch Mgi , einfach ionisiertes Magnesium) im CGM von
sternbildenden Galaxien charakterisieren. Ich habe herausgefunden, dass die Absorption
von kaltem Gas in ihrem CGM innerhalb von 50 kpc von der Galaxie am starksten ist,
und dass die Hau gkeit von Absorbern in den inneren Teilen des Halos bei sternbildenden
Galaxien im Vergleich zu ruhigen Galaxien bei ahnlichen Rotverschiebungen 24 mal
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heher ist. Jenseits von 50 kpc ist andererseits ein starker Rackgang der Absorptionsstarke
des kalten Gases und der Detektionsrate fur beide Arten von Galaxien zu beobachten, was
auf eine Dichotomie der physikalischen Bedingungen im Gas hinweist. Die inneren Regio-
nen des CGM werden hauptsachlich durch galaktische Ausstemme reguliert, wahrend das
au ere CGM eng mit dem Halo der dunklen Materie verbunden ist. Galaxien mit einer
heheren Sternentstehungsrate (SFR) weisen ein heheres Vorkommen von kaltem Gas auf,
was auf eine enge Verbindung zu den stellaren Ausstemen schlie en lasst. Andererseits
stelle ich fest, dass die Bewegung des absorbierenden Gases um passive Galaxien subvirial
verluft, was bedeutet, dass das Gas gravitativ gebunden ist und wahrscheinlich nicht
aus galaktischen Ausstmmen stammt. Ihre geringe Sternentstehungsaktivit@at unterstatzt
diese Beobachtung zusatzlich. Daher ist der Ursprung des kshlen Gases um passive Galax-
ien meglicherweise auf die Akkretion aus dem intergalaktischen Medium (IGM) oder auf
das Strippen des Gases von Satellitengalaxien zunackzufahren. Diese Analyse deutet da-
rauf hin, dass der physikalische Ursprung des kshlen zirkumgalaktischen Mediums bei
sternbildenden und ruhigen Galaxien sehr unterschiedlich ist und unterschiedliche Model-
lierungstechniken erfordert.

Als Nachstes erweitere ich die Technik der transversalen Absorptionslinien auf eine
dichtere Umgebung wie einen Galaxienhaufen. Ich untersuche die Absorption von kehlem
Gas in Galaxienhaufen, indem ich Quasar-Absorber sowohl im Rotverschiebungsraum als
auch im projizierten kpc-Raum mit Galaxienhaufen verbinde, die in der Legacy-Imaging-
Durchmusterung des Dark Energy Spectroscopic Instrument (DESI) entdeckt wurden. Ich
habe herausgefunden, dass Galaxienhaufen eine betrachtliche Menge an kahlem Gas in
ihren Halos beherbergen, obwohl das Medium innerhalb des Galaxienhaufens (intraclus-
ter medium, ICM) sehr hei ist, was sich dadurch zeigt, dass das Gas hauptsachlich im
Rentgenbereich emittiert. Die gesamte Mg -Masse innerhalb des Galaxienhaufen-Halos
ist 8 10 mal heher als bei passiven Galaxien beiahnlichen Rotverschiebungen.

Um den meglichen Zusammenhang zwischen der Absorption von kaltem Gas in Stern-
haufen und der stellaren Aktiviat und den Haloeigenschaften ihrer Mitglieder zu verstehen,
verbinde ich diese Absorber auch mit photoz ausgewahlten Galaxien aus DESI. Ich nde
eine statistisch signi kante Verbindung zwischen Absorbern und Galaxien in Galaxien-
haufen auf projizierten Skalen. Der mittlere projizierte Abstand zwischen Mg-Absorbern
und dem nachstgelegenen Haufenmitglied betragt 200 kpc im Vergleich zu 500 kpc in
zufalligen Modellen mit denselben Galaxiendichtepro len. Ein betrachtlicher Anteil der
Absorber (50 Prozent) be ndet sich innerhalb des Halos der dunklen Materie dieser
Galaxien. Ich nde jedoch keine Korrelation zwischen der Absorptionssiarke des kahlen
Gases und der Sternentstehungsrate der nachstgelegenen Galaxie im Galaxienhaufens. Dies
deutet darauf hin, dass das kahle Gas in Galaxienaufen, das von den Absorbern aufgespurt
wird, entweder mit Satellitengalaxien assoziiert ist, die zu massearm sind, um im DESI-
Katalog enthalten zu sein, oder mit kalten Gaswolken im Intra-Galaxienhaufenmedium, die
zum Teil aus Gas stammen kennten, das in der Vergangenheit von diesen Galaxienhaufen-
Satelliten gestrippt wurde.

Schlie lich habe ich unsere Absorber-Detektionspipeline eingesetzt, um in den Spektren
von Hintergrund-Quasaren mit MgI -Detektionen nach hochionisierten Absorbern (7 ,
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dreifach ionisierter Kohlensto ) zu suchen. Durch die Kombination von Metallabsorbern

in niedrigen und hohen lonisierungszustanden untersuchte ich die mumliche Verteilung
von kehlem und warmem Gas im CGM beiz 2 unter Verwendung der gre ten spek-
troskopischen Probe von Quasaren und Absorbern. Diese Analyse zeigt gro e Reserven
an kahlem und warmem Gas in Quasar-Halos, was darauf hindeutet, dass Quasar-Halos
hochgradig mit Metall angereichert sind. Neben der Charakterisierung der allgemeinen
rmaumlichen Verteilung von kahlem und warmem Gas um Quasare, untersuche ich auch
die relative Kinematik zwischen Metallabsorbern und Quasaren. Diese Analyse zeigt, dass
die Geschwindigkeitsdispersion von absorbierenden Wolken 3 mal gme er ist als die von
sternbildenden oder ruhigen Galaxien undahnlich der Bewegung von kahlem Gas in Galax-
ienhaufen. Da sich Quasare in viel kleineren Halos als Galaxienhaufen be nden, kennte
dies auf ein Szenario hindeuten, bei dem metallangereichertes Gas in den Quasaren-Halos
mit Ausst®men verbunden ist.
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Abstract

The gaseous atmosphere that surrounds galaxies is known as the circumgalactic medium
(CGM). The CGM is the interface between the physical processes happening at small
and large scales. The complex balance between these processes drives the formation and
evolution of galaxies. On the one hand, cool pristine gas is accreted from the intergalactic
medium (IGM) or cosmic laments onto galaxies. At the same time, galactic out ows
produced by supernovae or the active galactic nucleus (AGN) expel a large amount of gas
and metals into the CGM, some of which can even escape the halo while some recycle, mix
and fall back into the galaxy. These ows play a critical role in regulating galaxy formation,
such as determining the timescales of gas depletion and star formation, the processes
responsible for preventing star formation in galaxies, and the distribution of the baryonic
and metal budgets in the gas surrounding galaxies. The circumgalactic gas is usually
studied in absorption (caused by hydrogen or metals) against a luminous background source
such as a quasar. These absorbers can provide invaluable insights into the gas ows and
their connection to the galactic properties and environment.

In this thesis, | characterize the properties of the cool and warm circumgalactic gas
of galaxies, clusters and quasars using quasar absorbers. To study the circumgalactic
gas around galaxies, | rst developed a fully automated pipeline to model the quasar
continuum emission. Then, | employ a matched kernel convolution technique combined
with an adaptive signal-to-noise (S/N) criteria to detect intervening metal absorbers in
their spectra. The pipeline resulted in the most extensive metal absorber catalogue to
date. It provided an opportunity to perform one of the most extensive absorption line
studies of the galactic atmosphere around di erent types of galaxies.

Then, | combine these absorbers with large spectroscopic samples of galaxies and in-
vestigate the nature of the cold circumgalactic medium at  0:5. Thanks to the large
sample sizes, | could characterize the scales of cold gas absorption (traced byiMgingly
ionized magnesium) in the CGM of star-forming galaxies. | nd that cold gas absorption
is higher in their CGM is strongest within 50 kpc from the galaxy, and the incidence
rate of absorbers in the inner parts of the halo is 2 4 times higher for star-forming galax-
ies compared to quiescent galaxies at similar redshifts. However, beyond 50 kpc, | see a
sharp decline in cold gas absorption strength and incidence rate for both types of galaxies,
indicating a dichotomy of physical conditions in the gas. The inner regions of the CGM
are regulated mainly by galactic out ows, while the outer CGM is tightly linked with the
galaxy's dark matter halo. Galaxies with a higher star formation rate (SFR) have a higher
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incidence of cold gas, implying a strong connection to the stellar out ows. On the other
hand, | nd that motion of absorbing gas is sub-virial around passive galaxies, implying
that gas is gravitationally bound and unlikely to have originated from galactic out ows.
Their low star formation activity further supports this observation. Therefore, the ori-
gin of cool gas around passive galaxies is possibly due to accretion from the intergalactic
medium (IGM) or stripping of the gas from satellite galaxies. This analysis suggests that
the physical origin of cool circumgalactic gas for star-forming versus quiescent galaxies is
very di erent and requires di erent frameworks to model them.

Next, | extend the transverse absorption line technique to a more dense environment
such as a galaxy cluster. | study the cool gas absorption in galaxy clusters by connecting
quasar absorbers in both redshift and projected kpc space with galaxy clusters detected
in the legacy imaging survey of the Dark Energy Spectroscopic Instrument (DESI). | nd
that clusters host a signi cant amount of cool gas in their haloes, despite the fact that
intracluster medium (ICM) is very hot, as evidenced by the fact that the gas emits mainly
in X-rays. The total Mg 1l mass within the cluster halois 8 10 times higher than for
passive galaxies at similar redshifts.

To understand the possible connection of cold gas absorption in clusters with the stellar
activity and the halo properties of its members, | also connect these absorbers with photo
z selected cluster member galaxies from DESI. | nd a statistically signi cant connection
between absorbers and cluster galaxies on projected scales. The median projected distance

between Mgl absorbers and the nearest cluster member is 200 kpc compared to

500 kpc in random mocks with the same galaxy density proles. A substantial fraction
of absorbers ( 50 percent) are located within the dark matter halo of those galaxies.
However, | do not see a correlation between cool gas absorption strength and the star
formation rate of the closest cluster neighbour. This suggests that cool gas in clusters,
as traced by these absorbers, is either associated with satellites galaxies that are too
low in mass to be found in the DESI catalogue, or associated with cold gas clouds in
the intracluster medium that may originate in part from gas stripped from these cluster
satellites in the past.

Finally, | employed our absorber detection pipeline to search for highly ionized absorbers
(Civ , triply ionized carbon) in the spectra of background quasars with Mg detections.

By combining metal absorbers in low and high ionization states, | studied the spatial
distribution of cool and warm gas in the CGM atz 2 using the largest spectroscopic
sample of quasars and absorbers. This analysis reveals large cool and warm gas reservoirs
in quasar haloes, indicating that quasar haloes are highly metal-enriched. In addition to
characterizing the overall spatial distribution of cool and warm gas around quasars, | also
study the relative kinematics between metal absorbers and quasars. This analysis shows
that the velocity dispersion of absorbing clouds is 3 4 times larger than star-forming or
guiescent galaxies and similar to the motion of cool gas in galaxy clusters. Since quasars
reside in much smaller haloes than clusters, we speculate that this may indicate a scenario
where metal-enriched gas in their haloes is associated with out ows.



If you wish to make an apple pie from
scratch, you must rst invent the
universe.

Carl Sagan

Chapter 1

Introduction

Understanding the physical processes that form galaxies and determine their evolution is
one of the central goals of astronomy today. Galaxies reside at the centre of dark matter
haloes, which constitute most of the mass of galactic halo. Dark matter is entirely invisible
because it does not emit or absorb any form of electromagnetic wave. On the other hand,
the baryons constitute only a tiny fraction (. 5 per cent) of the total density (dark
matter+baryonic matter+dark energy) in the universe today. In terms of matter density,
baryons constitute about 15 per cent of the total matter density (dark matter+baryonic
matter) in the universe (Planck Collaboration et al., 2020). Interestingly, only one-tenth
of this baryonic matter is in the luminous matter. However, these baryons alone are
responsible for all the light we see in our universe, from planets to stars to galaxies to the
universe's large-scale structure.

Over the last hundred years, our understanding of the Universe's large scale structure
has deepened. The structure formation and physical interaction between baryons and dark
matter have been studied extensively with advanced telescopes and powerful numerical
simulations and models. Today, we have a better picture of the processes through which
the Universe's large-scale structure forms and evolves. In the next sections, we will walk
through the scienti ¢ knowledge that we have accumulated over the last century and discuss
what are the burning questions that remain open in the eld of galaxy formation and
evolution.

1.1 Structure Formation in Cosmology

The modern theory of cosmology describes the formation of structures in the universe as a
result of initial uctuations in the density eld of the universe. The origin of these density
perturbations has been discussed in the context of the in ationary model of our universe.

In astronomy, baryons also include electrons, though electrons are members of the lepton family.

2In Lambda cold dark matter model, total matter/energy density, o = pw + baryon + =1
and the universe is assumed to be at. Latest Planck measurements are: py = 0:2589 payon =
0:0486 =0:6911 (Planck Collaboration et al., 2020).

1
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It is thought to be due to quantum uctuations of the scalar eld (Guth & Pi, 1982;
Starobinsky, 1982). In this scenario, the overdense regions collapse under gravity and form
structures (Gamow & Teller, 1939; Lifshitz, 1946; Peebles, 1965; Silk, 1968; Peebles & Yu,
1970; Zel'dovich, 1970). The afterglow produced by the universe about40Q 000 years
after the Big Bang, when matter and radiation decoupled, is visible everywhere in the sky.
The radiation falls in the microwave part of the electromagnetic spectrum and is known
as the cosmic microwave background or CMB, rst detected in the 1960s by Penzias &
Wilson (1965). The early success of Cosmic Background Explorer (COBE, Smoot et al.
(1992)) in detecting temperature uctuations in the CMB spectrum was one of the critical
events in con rming the predictions of in ationary models of the universe.

In the early 1970s, several attempts were made to connect these density uctuations
to the nonlinear structures that we observe in the universe. On the one hand, Zel'dovich
(1970) developed a theory of the nonlinear collapse of the initial uctuations to form
structures. At the same time, in their pioneering works, Gunn & Gott (1972) and Press &
Schechter (1974) developed the spherical collapse model of structure formation from the
initial density eld and estimated the mass function of collapsed haloes.

The concept of "dark matter' was rst conceived by Zwicky (1933) while studying the
relative motions of galaxies in dense clusters. The observation of the at rotation curve
of Andromeda (Rubin & Ford, 1970) triggered an interest in understanding the nature
of dark matter (Einasto et al., 1974; Ostriker et al., 1974). In the early 80s and 90s,
several groundbreaking works developed the theory of what is now known as the “cold dark
matter', in the context of structure formation in the universe (Peebles, 1982; Blumenthal
et al., 1982, 1984). In the late 90s, after the discovery of the accelerated expansion of the
universe (Riess et al., 1998; Perlmutter et al., 1999), the Lambda cold dark matter model
(CDM 3) became the standard model of our universe (see Peebles & Ratra, 2003, for a
review).

Now the latest maps of CMB by the Wilkinson Microwave Anisotropy Probe (WMAP)
(Komatsu et al., 2011) and Planck Mission (Planck Collaboration et al., 2020) have con-
strained these uctuation amplitudes and the cosmological parameters derived from them
with very high precision.

1.2 Formation of Galaxies

Beginning with the rst observations of galaxies by Messier in the 17th century (though he
didn't know what they were), galaxies have been at the core of astronomy. It was not until
1923 that Hubble resolved the famous "Shapley-Curtis debate' and concretely established
the presence of galaxies beyond the Milky Way. Hubble also classi ed the shapes of galaxies
(elliptical and spirals) in his famous “tuning fork diagram' (Hubble, 1926). However, it was
not until 40 years later, in 1962, when Eggen et al. (1962) developed the rst models of
galaxy formation based on the gravitational collapse of gas clouds. In the following decade

3Cold Dark Matter theory with a Cosmological Constant accounting for unknown Dark Energy.
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Toomre & Toomre (1972) and Larson (1976) developed the theory to explain the formation
of galaxies with di erent morphologies.

In the current framework of cosmology, the initial density uctuations grow linearly
with time until they reach a value of 168 times the critical density of the Universé
After this point, the matter collapses under its gravity. It forms a gravitationally bound
system, known as the “dark matter halo', which is under virial equilibriuni(Gunn & Gott,
1972; Press & Schechter, 1974). In the modern theory of galaxy formation and evolution
(White & Rees, 1978), baryons accrete towards the centre of the potential well and cool to
form stars via gravitational collapse (White & Frenk, 1991; Mo et al., 2010). The stellar
nucleosynthesis then fuses hydrogen into heavier elements such as carbon, nitrogen and
oxygen. The stellar winds or supernova (an energetic explosion when a star dies) can expel
metals’® into the interstellar medium (ISM). In addition, supernovae can also heat the ISM
or kick the gas and metals out of the galactic disc into the galactic halo. On the other
hand, the black hole at the galaxy's centre can accrete gas from the surroundings and grow
with time. The out ows powered by a supermassive black hole (SMBH) can also heat the
gas or eject it up to vast distances in the halo.

The modern understanding of these feedback processes and their implications for galaxy
formation and evolution hinges upon cosmological N-body simulations of dark matter and
baryonic matter within the CDM framework (Navarro & White, 1994). In the last twenty
years, these numerical simulations have successfully predicted the formation of galaxies
with di erent stellar masses and star formation rates (SFR) over cosmic time (e.g., Springel
et al.,, 2005; Genel et al., 2014; Vogelsberger et al., 2014; Schaye et al., 2015; Pillepich
et al.,, 2018). While many simulation predictions agree well with the observations, they
are often unable to reproduce the observational measurements in the galactic halo, where
the complex interplay between these feedback and accretion processes constantly drives
the fate of galaxies. In the next section, we will delve into the major problems in galaxy
formation and evolution and how having a better hold on the processes occurring in galactic
halo could be a way forward to a better understanding of the baryon cycle.

1.3 Key Problems in Galaxy Formation and Evolu-
tion

We begin with the most important problems in the eld of galaxy formation and evolution
and their connection to the galactic halo (de ned more formally in section 1.4). Over time,
these puzzles have been summarized into four fundamental problems in the eld. Below
we discuss each one of them briey.

4The critical density is an average matter density that is required to keep the geometry of the universe
at. The universe will expand for in nite time if it maintains the critical density.

SWhen the gravitational potential energy of the halo is twice the magnitude of the total kinetic energy
of its moving particles.

6In Astronomy, all elements except Hydrogen and Helium are referred as “metals'.
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1.3.1 How galaxies are forming stars for so long?

The gas depletion timetqe, Mgas=Mser (i.€. the ratio of total gas mass to the rate with
which stars are forming in galaxy), varies by 2 3 times (from 6 Gyr to 2 Gyr) over three
orders of magnitude di erence in stellar mass (log[MM ] = 8:5to log[M=M ] = 11:5)
(Whitaker et al., 2012; Peeples et al., 2014). It poses a big challenge for us because our own
Milky Way has been converting gas into the stars for the last 10 billion years (Bond et al.,
2013). Hence, there must be an external supply of the necessary fuel for this sustained star
formation. One possible source is the galactic halo (the circumgalactic medium), which
continuously feeds gas to the galactic disc (the factory where stars are born) via accretion.

1.3.2 Quenching of star formation in galaxies

Another mystery at the core of galaxy evolution is why di erent galaxies have had di erent
star formation histories? What physical processes prevent some galaxies from forming stars
after a while and keep them passive afterwards while other galaxies are still forming stars?
The observed bimodality in the galaxy population on theM, logsSFR (stellar mass vs
speci ¢ star formation rate’) (Schiminovich et al., 2010) plane is of particular interest where

at given stellar mass, two distinct populations of galaxies can be seen (blue star-forming
and passive red galaxies) based on their sSFR. The proposed solutions to the problem
include control of gas supply from the CGM or IGM or continuous heating or ejection of
cold gas from the ISM, thus preventing any further star formation activity (Bluck et al.,
2020). However, several open questions remain poorly understood, such as what are the
time scales over which galaxies quench? (Walters et al., 2022) What role does the galaxy's
environment play in its quenching process?(Geha et al., 2012). Certainly, the gas ows in
and out of the galactic halo are key to these questions.

1.3.3 Missing baryon problem

The standard hierarchical model of galaxy formation has successfully established that
galaxies form in the centres of dark matter haloes by accreting baryonic matter (White
& Rees, 1978; White & Frenk, 1991). However, galaxies contain a much lower 20 %)
fraction of cosmic baryons (—2Mh)8 in their ISM and stars combined (Afshordi et al., 2007;
McGaugh, 2008; Behroozi et al., 2010). The baryons in the galactic disc alone can not
account for the theoretically predicted baryon fraction for galaxies. The missing baryons
are probably present in the galactic halo or the disc, and we cannot see them even with
the largest telescopes. The other possibility is that baryons have been expelled far from
the galactic halo into the IGM or cosmic laments, or galaxies did not get their fair share
of baryons in the rst place when they were forming.

"speci ¢ star formation rate is de ned as the ratio of star formation rate (SFR) of galaxy to its stellar
mass, sSFR [yr 1] = SFR=M>
8The Cosmic baryon fraction, f, = —2 =0:1565 (Planck Collaboration et al., 2020)
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Cosmological simulations have predicted these missing baryons to reside in the warm-
hot intergalactic medium (WHIM, T 1®° 10'K) (Cen & Ostriker, 1999; Daw et al.,
2001; Reimers, 2002; Bertone et al., 2008). Given the WHIM is a highly ionized and low-
density gas, it is challenging to detect in emissidneven with the most advanced telescopes.
However, there has been tremendous success in detecting these hot laments in recent years,
particularly in absorption. Nicastro et al. (2018) detected highly ionized oxygen (@i )
absorbers associated with an overdense region of galaxies in very high S/N X-ray spectra
of background quasars. These observations are consistent with cosmological predictions
implying that a large fraction of missing baryons indeed resides in WHIM. In addition to
absorption studies, de Graa et al. (2019) and Tanimura et al. (2019) probed the WHIM
by mapping the thermal Sunyaev-Zel'dovich (tSZ) (Sunyaev & Zeldovich, 1972) e ect of
SDSS galaxies and detected hot, di use gas in cosmic laments. However, understanding
how metals evolve at di erent epochs is still an ongoing research topic in the eld (see
Somerville & Daw, 2015; Tumlinson et al., 2017; Reroux & Howk, 2020, for reviews).

1.3.4 Missing metals problem

Even though the "missing baryon problem' seems to have a solution, another puzzle remains
unresolved. While a large fraction of the missing baryons reside in the WHIM, galaxies
also lack their fair share of metals. Stellar physics tells us that heavy elements (other than
hydrogen) are produced in the stars via nucleosynthesis, while more heavy metals (like gold
or uranium) form via supernova. This implies that all the metals formed in stars must
remain in the ISM or disc of galaxies. However, the galactic disc only contains20 25
per cent of the total metals produced (Peeples et al., 2014; Oppenheimer et al., 2016). Both
observations (Tremonti et al., 2007; Circosta et al., 2018) and simulations (Nelson et al.,
2019) have shown that metals are expelled via galactic out ows up to large distances in
the galactic halo. Therefore, tracing the distribution of metals in the halo is a way forward
to shed light on this problem.

1.4 The Galactic Halo: Circumgalactic Medium

The previous section described the main problems at the core of modern galaxy formation
and evolution. In all four questions, the connection of the galaxy with its gaseous halo is
at the forefront. Now we will focus on the nature of this gaseous envelope and how can it
provide some clues to these open problems.

The circumgalactic medium (CGM) is the gaseous envelope that surrounds the galaxies
(see Figure 1.1). The physical boundaries of the CGM are not well de ned. However, for
practical purposes, we de ne it as the region between the galactic disc or ISM (inner edge)
and virial radius (r.i, outer boundary) of the dark matter halo. Notably, we also do
not know the exact ISM boundary and the concept of,; is also a bit ambiguous. In

9Emissivity is proportional to n? and ux decreases agr °.
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the literature, the de nition of r; is related to the ratio of mean matter density to the
universe's critical density. The critical density of the universe is de ned as:

_ 3H%(2)
crit(z) — 8G
where Hubble parameterH (z) is the Hubble expansion at cosmological redshiff° and
G is the gravitational constant. Now de ning virial radius as the radius of a spherical halo,
where the matter density is some times the universe's critical density (,, = cit ), the
total mass,M within r is given as:

(1.1)

4 : : 3M 1=3

M = 3 r ot =) = Y (1.2)
In the literature for the CGM purposes, we take 200 (Bryan & Norman, 1998),

based on numerical simulations of dark matter halo formation; around this value of , the

motion of particles in the outer orbit starts to virialize. Therefore in terms of = 200, we

can de ne virial radius, ryj; = ragg as:

3Mop 178
4 200 crit

whereM oo can be considered as the total mass of the galaxy's dark matter halo. There
are several models based on cosmological simulations of structure formation that explore
the analytical relation between stellar mass and halo mass of galaxies as a function of
redshift (see Moster et al., 2013, 2018; Behroozi et al., 2019, for details). We can further
simplify the Egn 1.3 in kpct! units (Fielding et al., 2020; Donahue & Voit, 2022):

200 = (1.3)

1=3
F200= rvir 210 E 23(2) [kpc] (1.4)

where,E@) = H@=Hz=0)= = W@+ 2P+ @ )i m= m= ano =027 (Mo
et al., 2010; Komatsu et al., 2011) is the total matter density az =0, H(z=0) = H, =
67.6kms 1 Mpc ! (Planck Collaboration et al., 2020) is the Hubble constant at present
time. For typical L? galaxies? with My  108M (Cooray & Milosavljeve, 2005),
oo 400 kpC

1.5 The Local Baryon Cycle in the CGM

Now that we have broadly de ned the CGM, it is important to discuss the various physical
processes happening in the CGM. These processes are critically connected to the formation

10The cosmological redshifts can be estimated by observing the shifts in spectral lines of atoms or
molecules as 1 +z = jebsj , Where st and ps are the ‘rest-frame' and “observed' wavelengths of atomic
transition. In cosmology, redshift is also a measure for distance of an object.

111 kpc = 3:086 10'° meters

121 7 is the characteristics luminosity of galaxies above which the galaxy luminosity function is dominated
by exponential decline in the Schechter function.
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Figure 1.1: A bird's eye view of the circumgalactic medium, taken from Tumlinson et al.
(2017): The galactic disc in the centre of the halo gets its cool gas supply via accretion
(blue) from the gaseous halo or the cosmic laments. The orange and pink shades show the
out owing material, powered mainly by supernovae or AGN activity of the central galaxy.
Also shown in the same shade the previously ejected gas that is being recycled in the halo.
Next, the purple shows the di use halo gas that is a cumulative result of all the physical
processes over time. The CGM and galactic disc scales are also shown in the panel. The
red dashed line represents the,, of the galaxy's dark matter halo.

and evolution of galaxies. In Figure 1.1 (Tumlinson et al., 2017), we show a bird's eye view
of the galactic halo. The CGM is the main venue for cosmological gas accretion and in ows
(blue) and galactic out ows (orange + pink) produced by feedback processes. These ows
pass through the CGM and play a pivotal role in several key processes regulating galaxy
formation.

As described in section 1.3.1, galaxies can not form stars for so long unless their gas
supply is replenished continuously via accretion of cold, pristine gas from the IGM or cosmic
laments (Keres et al., 2005; Dekel et al., 2009; Tumlinson et al., 2013; Borthakur et al.,
2015). These accretion ows necessarily pass through the CGM (see cartoon in Figure 1.1),
and by constraining the CGM properties, we can understand the nature of these accretion
ows. The solution to the quenching mechanism is also connected to the gas ows in the
galaxy's CGM. In section 1.3.2, we discussed the very di erent star formation histories of
galaxies. Again, the resolution involves regulating and controlling the gas supply to the
disc, where stars are formed. Either the cold gas is being heated or expelled out of the disc
by the powerful supernovae driven winds or AGN out ows (Gabor et al., 2010; Choi et al.,
2015; Suresh et al., 2017), preventing the collapse of molecular clouds (the birthplace of
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stars), or the galaxy didn't get enough fuel via accretion (Keres et al., 2005). What are
the timescales over which the cold gas is heated and expelled? How far can the ejected gas
travel before being recycled back to the ISM? What is the average temperature and density
structure of the galactic halo? These are a few challenging questions we are struggling with
(Somerville & Daw, 2015; Naab & Ostriker, 2017; Reroux & Howk, 2020; Donahue & Voit,
2022). Whatever is the dominant mechanism (though it is probably a combination of all),
this must involve the interaction with the CGM. Finally, the missing baryon and metal
problems (see section 1.3.3 and 1.3.4) can be resolved by studying the gas content of the
CGM. In the CGM, the gas with di erent densities and temperatures can co-exist up to
vast distances. We will return to the multiphase nature of the CGM in section 1.7.

In the previous sections, we have illustrated how fundamental the complex interaction
between these gas ows is to the fate of galaxies and how they drive their physical properties
and evolution. Therefore our understanding of galaxy formation is itself limited by our
current knowledge of the CGM. However, extensive sky surveys performed with the ground
and space-based telescopes such as the Sloan Digital Sky Survey (SDSS), Keck, Very
Large Telescope (VLT), and the Hubble Space Telescope (HST) combined with state-of-
art numerical simulations have signi cantly deepened our understanding of the CGM over
the past two decades. In the following sections, we will walk through the methodologies
and surveys that have helped decipher the evolution of the CGM properties around galaxies
at di erent epochs. Our goal is to present a brief synthesis of important discoveries and
results on the gaseous haloes of galaxies.

1.6 CGM in Observations

A wide range of observational tools is available to study this invisible gas around galaxies.
The gaseous envelope of galaxies can be analysed with the electromagnetic spectrum rang-
ing from high-energy X-ray observations to ultraviolet (UV) to optical and sub-millimetre
wavelengths. Combining these observations provides a holistic picture of di erent phases
of the CGM. Below we summarize the observational techniques.

1.6.1 Quasar Absorption Line Spectroscopy

One of the most powerful tools to study the CGM of galaxies is so-called ‘transverse
absorption - line studies’. The basic idea is the following: the light coming from a bright
distant quasar gets absorbed by the medium present between it and the observer (see
Figure 1.2). Quasars are the most luminous and powerful active galactic nuclei (AGN) in
the universe (luminosity,L > 10*ergs 1); therefore, they can be observed up to very far
distances. The accretion disc fueled by continuous feeding of matter to the powerful central
black hole gives rise to several emission features characteristic of the quasar (see Inayoshi
etal., 2020, for a recent review). The intrinsic spectral shape of the accretion disk is a power
law. By observing a quasar spectrum, we can look for ux decrements (absorption dips)
relative to the quasar's intrinsic continuum features. Those absorption dips are at lower
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Figure 1.2: The basic setup of an absorber-CGM cross-correlation study, where the CGM
is seen in absorption against a bright background quasar.

redshifts (distance) than the quasar itself, by de nition. The method has its merit because
absorption depends exponentially on the density of the matter present, therefore can be
sensitive to very low column densities and trace a broad range of temperature and densities.
In addition, absorber detection limit does not depend on the distance or luminosity of the
foreground objects. In contrast, emission ux declines ds r 2 and depends on the density
as/ n2, therefore emission studies are limited to certain distances and densities, even with
the most advanced telescopes. The only downside to the absorption line studies is that we
are often limited by one projected pencil-beam sightline per galaxy. Hence our ability to
completely characterize the CGM of even one galaxy is very challenging with this method.
However, in recent years, using multiple sightlines passing through our galaxy, studies have
constrained the properties of Milky Way's CGM (Zheng et al., 2019). With the recent
advances in spectroscopic surveys, the quasar-galaxy pair studies have been extended up
to z 4 (Prochaska et al., 2014; Turner et al., 2016), including thousands of galaxies and
absorbing systems (Zhu & Menard, 2013a). Before we delve into what we have learnt from
absorption line studies, we discuss the basic concepts of absorption line spectroscopy.

1.6.1.1 Basic Physics of Absorption Lines

Suppose we measure the spectral ux densitl, as a function of frequency , of the bright
background continuum source (e.g. Quasar), then this ux at the observer can be given as

F = Foexp( ) (1.5)

whereF, is the intrinsic ux of the object in the absence of any absorption and is
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the optical depth'® of the intervening matter. The optical depth is related to the column
density (N) of absorbing material through*
e 2
= —foscN 1.6
] g foseN () (16)
whereN = nds is the column density of the absorbing mattern is density, ds is
the path length of light through the medium, f s is the quantum mechanical oscillator
strength of the atomic transition, e; me are the charge gnd mass of electron,is the speed
of light. () is the normalized line pro le*®, such that ( )d = 1. For more detailed
derivations see Ch 7 of Draine (2011). However, column density is also related to a directly
observed quantity, calledequivalent width which is de ned as

z Z
F 2
EW = 1 — d = 1 e ) (1.7)
1 FO 1
where ; and , are the regions where absorption feature is located, such that outside
this region the function, 1 E— I 0. Intuitively, EW measures absorption strength in

terms of missing ux from the intrinsic continuum; therefore can be measured even for
unresolved absorbers.EW is related to the absorber's column density via theurve of
growth, EW (N) function. Generally, our goal is to invert this function and measureN

at a given EW, though it is challenging because it depends on the shape of the intrinsic
line pro le (see Egn 1.6). Now, if the absorbers have a Gaussian velocity distribution with
optical depth at the line-centre, , and dispersion \, the optical depth can be expressed
as

P

= oexp( V2=t?); b= é vV (18)
where , is given by
_p_ €& Nf
°"  me b (1.9)

and v=c —, Is the frequency shift from the line-centre due to particle motion. If the
velocity dispersion is purely due to the thermal motion then we can measure the kinetic
temperature of the absorbers using parameter as

M atom b2

blkms 1] 2
2Kg

T= 1290

=) TI[K]=10" = M atom [@aMU] (1.10)

1B)t's a measure of how opaque a medium is and depends on the attenuation coe cient ( ) and path
that light traverses in the cloud (ds) asd = ds. Larger the path, the larger the optical depth.

141n this equation, stimulated emission is neglected, so not applicable if we have a population inversion.
For more details see Eqn 9.5 of Draine (2011).

15The most commonly used line pro les are Gaussian or Voigt pro les. The latter is a convolution
of Gaussian (characterizing the thermal broadening of the line) with a Lorentzian pro le (describing the
collisional broadening of the line).
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Figure 1.3: An example of absorption line prole in optically thin regime, taken from
Draine (2011).

In the optically thin regime (see Figure 1.3), 1, Eqn 1.7 can be solved analytically
and EW and N can be approximated as
EW p_g o =) Nlcm? 113 106° 'fE—WZ
where, we have replaced, from Eqn 1.9 and used the usual values for electronic constants,
and both EW and are in A units. In optically thick (> 1), regions Egn 1.11 will only
give a lower limit on column density. From here, it is trivial to estimate the surface mass
density of absorbers, by just multiplying the column density by the mass of the absorber.

Sometimes, it is dicult to detect weak systems in individual quasar spectra, given
the signal-to-noise (S/N) limits. In that case, we can then “stack' thousands of spectra in
the rest-frame of foreground objects to enhance the spectral S/N and detect those faint
absorption signals. However, this comes with the cost of averaging out the properties of
the individual absorbers. Nevertheless, in recent years, there have several stacking analyses
with quasars from the Sloan Digital Sky Survey (SDSS) and the Dark Energy Spectroscopic
Instrument (DESI) surveys (see Zhu et al., 2014, 2015; Lan & Mo, 2018). These studies
have detected several weak lines in the halo of galaxies and studied their properties as a
function of the galaxy's stellar and halo properties.

On the other hand, instead of using a quasar as the background source, we can observe
the CGM against the background light of its host galaxy, the so-called "‘Down the Barrel’
technique. This is particularly useful for disentangling the nature of gas ows, such as
accretion (in ows) or out ows. There has been substantial progress in this direction in
recent years. Studies have revealed signi cant covering factors of metals along minor axes
of galaxies, indicating the metal enrichment of the CGM via galactic out ows (Bordoloi
et al., 2011; Rubin et al., 2014).

(1.11)

1.6.2 CGM in Emission

In contrast to absorption line studies, in emission, we map the photons emitted from the
gaseous component of CGM. As discussed in sections 1.6.1, the ux of emitted photons
declines rapidly with distance ( r 2) and emissivity is directly proportional to the density

of the medium ( n?). Given the di use nature of the CGM, it is incredibly challenging

to construct an emission map of the galactic halo, even with the largest telescopes. The
Milky Way and other nearby galaxies have been mapped with H21 cm emission in radio
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waves and have revealed an extensive reservoir of neutral hydrogen in their haloes (see
Kalberla & Kerp, 2009, for review).

Figure 1.4: Left: The Ly emission from galactic halo, taken from Arrigoni Battaia et al.
(2019). Right: The CGM in TNG50 simulations, taken from Nelson et al. (2020).

On the other hand, with the space-based X-ray telescopes (e.g., XMM-Newton, ROSAT
and Chandra), the CGM has been studied in X-ray, revealing its hot and di use content
(Anderson et al., 2016; Kaaret et al., 2020; Das et al., 2021b).

Moreover, with the development of integral eld units (IFUs), mapping the halo of
galaxies and quasars in emission at high redshifts is now possible. In recent years, sev-
eral studies have successfully mapped the LI emission from the halo of high redshift
guasars and galaxiesz( 3 6, see an example in Figure 1.4, left) with VLT's Multi
Unit Spectroscopic Explorer (MUSE) (Cantalupo et al., 2014; Farina et al., 2017; Wisotzki
et al., 2018; Arrigoni Battaia et al., 2019). There have also been advances in the emission
maps of metals such @/ , Mgl in high redshift galaxies and quasars (Arrigoni Battaia
et al., 2015; Burchett et al., 2021) with MUSE and Keck Cosmic Web Imager (KCWI).

In the upcoming years, the James Webb Space Telescope (JWST) and the Hobby-Eberly
Telescope Dark Energy Experiment (HETDEX) will construct emission maps of the CGM
up to high redshifts. Combining absorption line studies with emission maps will be the
key goal in the near future to constrain the physical properties of CGM.

1.6.3 CGM in Numerical Simulations

Another eld that has taken o is the numerical simulation of galaxy formation and evo-
lution. With advances in physical models of gaseous haloes combined with observation
constraints, the CGM has been at the core of next-generation computer simulations. In
recent years, there have been several key developments in revealing the multiphase nature

16 A spectral line in neutral hydrogen atom when electron transitions from the rst excited state (n = 2)
to ground state (n = 1), where n is the principal quantum number. The emitted photon has a wavelength
of 12157 A. The line can be seen in optical atz > 2.
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of this gas across a wide range of galactic properties at a broad range of redshifts (see Fig-
ure 1.4, right for an example of CGM emission in TNG50 simulation, taken from Nelson
et al. (2020)). The key successes and challenges in simulating the CGM have been reviewed
in Somerville & Dawe (2015) and Naab & Ostriker (2017).

Studies with very high-resolution numerical simulations, have reproduced the observed
fraction of hydrogen and metals around di erent types of galaxies (Oppenheimer et al.,
2016; Fielding et al., 2020; Nelson et al., 2020, 2021). Idealized hydrodynamics simulations
have revealed the co-existence of codl ( 10* 4°K ) and warm (T & 1P K) gas within
the virial radius of the dark matter halo (Nelson et al., 2020; Lochhaas et al., 2021).
The simulation predictions and results also agree reasonably well with the observations
(Oppenheimer et al., 2016; Nelson et al., 2021). However, there are still many question
that remain unanswered, given the limited resolution of current simulations. The “subgrid
models'’ used to model SFR, feedback processes, formation history, and ISM physics of
the galaxies and non-convergence of gas properties are also not very well understood and
make simulations more complex and challenging (see Naab & Ostriker, 2017; van de Voort
et al.,, 2019, for details). Multiple physical models have been proposed to explain the
results, such as (i) formation of cool gas from hot, di use gas due to thermal instabilities
(McCourt et al., 2012; Sharma et al., 2012) or (ii) mixing of hot gas via galactic out ows
(Fielding et al., 2020) or formation of cold laments via condensation of hot gas driven by
AGN out ows (Qiu et al., 2020).

However, these simulations have provided us with deep insights into the nature of
this complex multiphase gas. In the near future, one key goal is to perform a detailed
comparative study between simulations and observations to push our understanding further
in this eld. In the next sections, we focus on quasar absorption line studies only as that
is the main topic of this thesis.

1.7 What do these absorbers tell us?

As described earlier, absorption line studies are currently one of the most valuable tech-
niques to study the gaseous envelopes of galaxies up to very high redshifts. In this section,
we will discuss how absorption measurements can be used to get constraints on the physical
properties of the CGM, such as its temperature, density and kinematics.

The quasar absorbers detected in the foreground galaxies, the CGM or the IGM, can
trace di erent phases, densities and temperatures of the gas. In Figure 1.5 (taken from
Tumlinson et al. (2017)), we show the phase diagranT( n, temperature vs density) of the
halo gas (withinr,;) at z = 0 from the EAGLE 8 simulation (Oppenheimer et al., 2016).
This diagram is created using Photoionization Equilibrium (PIE, needed to account for
low and intermediate ions) and Collisional lonization Equilibrium (CIE, needed for highly

17Given the limited resolution of numerical simulations, it is generally impossible to model many small-
scale physical processes using rst principles. Therefore simulations implement sub-grid models for those
processes based on the theoretical and numerical framework of those problems.

8Evolution and Assembly of Galaxies and their Environments
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Figure 1.5: The metal absorption lines present in the CGM are detected with a broad
range of wavelengths (1< s < 6000A, X-ray to optical). The curve is calculated
within r;; of z = 0 galaxy in the EAGLE simulation. The vertical axis is the temperature
of gas-producing the absorption line. The horizontal axis is the density of neutral hydrogen
in the medium. The Figure is taken from Tumlinson et al. (2017). The inset shows the
observed wavelengths of absorbers detected with space and ground-based telescopes.

ionized absorbers) models implemented in the CGM simulations. As we can see, there
are several metal absorbers present in the CGM, tracing very di erent temperatures and
densities. The metals in high ionization states (e.g Naii , Ovii, Oviii ) are tracers of

di use hot phase (T > 1P K) of the CGM, while metals in low ionization states (e.g, Mg

Il , Fell , Cii) trace the dense cool phaseT(< 10*°K) of the CGM. Suppose we could
observe all the metal species with all their kinematic properties. In that case, it's possible
to put strong constraints on the metallicity and baryonic budget of the CGM around all
types of galaxies. However, as the inset shows, these transitions occur at a wide range of
wavelengths; therefore, we have restricted access to them in redshift space with ground
and space based telescopes. Nevertheless, it is pretty clear that the CGM of galaxies is
multiphase and hosts a wide variety of gas densities and temperatures with very di erent
spatial distributions, implying the complexity of the co-occurring physical processes.

After the pioneering rst works of absorber-CGM cross-correlation studies of Bergeron
(1986) and Steidel & Sargent (1992), the eld has grown tremendously in the last 30 years.
The most commonly observed metals, such as Mg, C, N, O, and Si ranging from optical to
UV to X-ray, have provided a plethora of information about the gaseous component of the
CGM. These studies have investigated the physical relationships between galaxies and the
CGM, covering di erent types of galaxies over a broad range of redshifts (Steidel et al.,



1.7 What do these absorbers tell us? 15

Figure 1.6: Rest Equivalent Widths of hydrogen and metal absorbers in the CGM of
galaxies as a function of projected distance or impact parameter. The atoms and ions
trace di erent phases of the CGM. The neutral hydrogen, H (top left, Bordoloi et al.
(2018)) and low ionized metals, Mg (top middle, Huang et al. (2021)) and Qi (top right,
Prochaska et al. (2014)) trace cool phaseT( 10* #°K ) of the CGM. On the other
hand, metals in high ionization state, Qv (bottom left, Prochaska et al. (2014), tracing

T > 10PK), Ovi (bottom middle, Pointon et al. (2017)) and Ovii (bottom right, Fang

et al. (2015)) trace warm-hot phaseT > 1(f K) of the CGM in galaxies.

1994; Churchill et al., 2005; Chen et al., 2010; Nielsen et al., 2013). Starting with the
CGM of galaxies in the Local Group (Lehner et al., 2015), quasar absorption spectroscopy
has been extended to the nearby galaxies up . 0.1 (Keeney et al., 2017), galaxies at
0:1 <z < 1.5 (Steidel et al., 1994; Boucte et al., 2006; Chen et al., 2010; Nielsen et al.,
2013; Zhu et al., 2014; Chen, 2017; Burchett et al., 2019; Lan, 2020), gaseous haloes at
2 <z < 35 (Steidel et al., 2010; Rudie et al., 2012; Pieri et al., 2014; Lehner et al.,
2014; Nielsen et al., 2020) and the CGM at high redshit > 3:5 (Matejek & Simcoe,
2012; Prochaska et al., 2014; Turner et al., 2016; Chen et al., 2016). These studies have
found that the amount of gas varies strongly with distance from galaxies, and can depend
on galaxy stellar mass, star formation history, color and shape (Bordoloi et al., 2014;
Borthakur et al., 2016; Lopez et al., 2018; Lan & Mo, 2018; Rubin et al., 2018).

In Figure 1.6, we compile the rest equivalent width distribution of neutral hydrogen and
several ionized metal absorbers from published surveys. These observations range from UV
to optical to X-ray over the past decade. Using HST/COS - Halos and Dwarfs surveys,
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Bordoloi et al. (2018) characterized the spatial extent of H(tracer of T  10*K gas) in

the CGM of z = 0 galaxies with Ly absorbers detected in background quasars. They
found that the rest EW is anti-correlated with the impact parameter (top left panel) and
correlated with the stellar mass of galaxies. In a recent work on the CGM of quiescent
galaxies atz  0:5, Huang et al. (2021) found a similar decreasing trend of EW with
impact parameter for Mgl absorbers (tracer ofT  10*K, top middle panel). They also
characterized the dependence of EW on halo radius, SFR and stellar mass of galaxies. Ex-
tending absorber-CGM cross-correlation studies to 2 quasars, Prochaska et al. (2014)
detected large reservoirs of metal-enriched gas ({Cand Civ , top right and bottom left
panels) in the CGM of quasars. Note that the anti-correlation of EW with the impact
parameter is not very clear. By analyzing HST/COS and archival Far Ultraviolet Spec-
troscopic Explorer (FUSE) data for Ovi absorption lines Pointon et al. (2017) detected
strong absorbers at small impact parameters in the CGM aof  0:17 galaxies (bottom
middle), indicating the hot gas presence in the halo. On the hotter phase of the CGM gas,
with XMM-Newton data of O vii absorbers atz =0, Fang et al. (2015) characterized the
spatial distribution of T 1P K gas in the CGM (bottom right). They didn't see a strong
anti-correlation between EW and impact parameter, indicating that hot gas is more di use

in the CGM of nearby galaxies. Pieri et al. (2014) stacked several hundred thousand Ly
absorbers at 24 < z < 3:1 to probe the CGM at high redshift. They estimated the average
neutral hydrogen column densities in those systems and found evidence for metallicities
near the solar value. These observations have shown that both cold and hot gas are spa-
tially extended up to 200 300 kpc in the galactic halo, hinting that the CGM of galaxies

is multiphase in nature. In the next section, we will discuss two metal absorbers namely,
Mg (tracer of T 10* #°K gas) and Civ (tracer of T  10° >°K gas) in more detalil,

as they are the most relevant absorbers for this thesis. The basic line parameters of these
two absorbers are compiled in Table 1.1.

1.7.1 Atomic Properties of Mg 1 and C v
1.7.1.1 Mg 1l : Mg*

Among all the detected metals, the most extensively examined is magnesium (Mg). Itis the
ninth most abundant element in the universe (Ishigaki et al., 2012; Hasselquist et al., 2021).
The nucleosynthesis in massive stars produces large quantities of Mg, which is expelled into
the ISM or the CGM via stellar winds or the supernovae, enriching the overall Mg content
in galaxies. The most commonly detected ion in the spectra of background quasars is Mg
Il (singly ionized Mg atom). The electronic transition between the ground and the rst
excited state ( ne structure splitting) of this ion results in a resonant doublet line with
rest-frame wavelengths 2798 and 2803A.

We show the quantum mechanical energy diagram of this transition in the left panel
of Figure 1.7. Given the relatively high abundance of Mg in the universe and the large
oscillator strength of this transition (f ;796 = 0:608 f 803 = 0:305, Kelleher & Podobedova
(2008)), it is one of the strongest absorption features that ground-based optical telescopes
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can detect at modest redshifts (8. z . 2:5). Based on PIE models and broadening of
the line, Mgl absorbers are known to trace low-ionization cold ga3 ( 10* 4°K) in the
CGM and the intergalactic medium (IGM). The doublet nature with large line separation
(  =7:17A) makes it easier to detect in quasar spectra with automated pipelines. The
doublet ratio varies from 2 (for unsaturated lines) to 1 (saturated case), and saturation
starts for column densities, log [Ncn?] > 125, that corresponds toEW 796 & 0:1A. Basic
spectral features are also compiled in Table 1.1

1.7.1.2 Civ : C®

Carbon is one of the most abundant elements after oxygen in the universe (Henning &
Salama, 1998). It can be easily detected in quasar spectra as/Qtriply ionized carbon
atom). The ClIv line is also a doublet with rest-frame wavelengths 1530and 1548A.

Figure 1.7: Left: Energy-level diagram of Mgl 2796 2803 doublet.Left: Energy-level
diagram of Civ 1548 1550 doublet. The diagram is created based on data compiled
by National Institute of Standards and Technology (NIST) Atomic Spectra Data system
(Kramida et al., 2021).

We show the quantum mechanical energy diagram forI€ line in the right Figure 1.7.
Given its high abundance and the large oscillator strengthf (s4g = 0:19; f 1550 = 0:096,
Kelleher & Podobedova (2008)), it can easily be detected with ground-based optical tele-
scopesats. z. 4:5). Based on CIE models and broadening of the line,IZ absorbers
trace high-ionization warm gasT 10° >°K) in the CGM and the intergalactic medium
(IGM). The doublet nature (though the lines are narrowly separated = 2:57A) enables
us to search automatically for them in quasar spectra. For @ also, the doublet ratio
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