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Chapter 1

Introduction

To understand how galaxies form, how do they acquire their gas during their
evolution and how do they gain the specific shapes and properties that we
observe today, it is of crucial importance to study the flows of gas in their
surrounding environment, which is the central topic of this Thesis. In this
Introduction, we describe the current observational and theoretical constraints
on this material, known as the circumgalactic medium, or CGM.

In Section 1.1, we briefly describe the cosmological context of galaxy evolu-
tion; in Section 1.2, we review the current state of the observations of the cir-
cumgalactic gas, focusing in particular on low-redshift surveys; in Section 1.3,
we outline the possible formation mechanisms of the CGM as predicted by
theory, especially by current cosmological hydrodynamical simulations; in Sec-
tion 1.4, we describe in detail the hydrodynamical interactions between the
different phases of the circumgalactic gas; in Section 1.5, we list the main open
questions that we will investigate in this work and, finally, in Section 1.6 we
give an outline of this Thesis.
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1.1 A brief cosmological overview
In the standard cosmological model, Lambda Cold Dark Matter (ΛCDM), the
assembly of structures in the Universe starts from the collapse, due to gravita-
tional instability, of overdensity perturbations in the general dark matter den-
sity distribution (Mo et al. 2010; Cimatti et al. 2019, and references therein).
At the so-called turn-around time, overdense regions decouple from the aver-
age density field and collapse, forming, after a so-called virialization time, a
virialized structure that we call dark matter halo. The size of a halo is given
by its virial radius rvir, defined as the radius where the enclosed mean matter
density is equal to Δ times the critical density of the Universe �crit, with Δ be-
ing the critical overdensity for virialization. The exact value of this overdensity
depends on the adopted cosmology and on the redshift (e.g. Bryan & Norman
1998). The mass of a dark matter halo, also called virial mass, is then defined
as:

Mvir =
4
3�Δ�critr

3
vir . (1.1)

The evolution of the dark matter, which is assumed to be collisionless and
interacting with itself and with other matter components only through gravity,
is well constrained in the ΛCDM framework. Dark matter halos grow in a hier-
archical fashion: the smaller structures virialize first and then merge together to
form more massive ones; hence the most massive dark matter structures in the
Universe are also the ones that assembled most recently. The ordinary matter
(called baryons), follows the evolution of the dark matter and is accreted into
the dark matter halos. Galaxies are formed, in particular, by the cold mate-
rial (at temperatures much lower than the virial temperature, see Section 1.2.3)
that accumulates in the centers of the halos and can fuel the formation of stars.
However, since baryons, opposite to the dark matter, are a collisional medium,
additional physical effects need to be taken into account in order to understand
how galaxies form in the Universe (see Section 1.3) and how they acquire their
properties.

The baryonic component of each dark matter halo is predicted by cosmology
to have a mass equal to a fraction of the total halo mass (equation 1.1), known as
the cosmological baryon fraction (fbar ∼ 0.16, Planck Collaboration et al. 2020).
The total mass of stars and interstellar medium (ISM) of galaxies today is,
however, found to be much lower than the expected baryonic mass associated
to the dark matter halo, around 20% for L∗ galaxies and down to only ∼ 5% or
less for dwarfs or super-L∗ galaxies (e.g. Behroozi et al. 2010; McGaugh et al.
2010). This deficiency leads to what is known as the missing baryons problem.
Where exactly these baryons reside is still debated. While part of them might
be outside of the dark matter halos, in the intergalactic medium (IGM), it
has become evident (see Section 1.2) that a significant amount lies within the
virial radius, in the circumgalactic medium. The majority of the CGM is likely
formed by the inflow of the IGM towards the centers of the dark matter halos
(see Section 1.3.1) and/or by outflows of gas from the central galaxies, due to
processes known as supernova or AGN feedback (see Section 1.3.2). These gas
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flows eventually determine the properties of the galaxies themselves and have
therefore a key role in galaxy formation and evolution. The aim of this Thesis
is to understand the dynamics of the CGM that surrounds different types of
low-redshift galaxies and to shed light on its formation mechanisms and its fate.

1.2 Observations of the CGM
Based on the considerations of Section 1.1, we expect the halos of galaxies
to be filled with gas that accounts for at least part of the missing baryons.
Typically, we define the circumgalactic medium as the gas that resides outside
a galaxy, but within its virial radius. In the following, we focus in particular on
the observations of this gas at redshift z < 1, while for a brief overview of the
observational evidence at higher redshift see Section 1.2.4.

In the low-redshift Universe, the CGM appears to be multiphase, a mixture
of different gaseous components that we can identify based on their physical
properties, mainly the temperature, and that can be observed at different wave-
lengths, from the X-rays to the radio band. We can in particular divide the
circumgalactic medium in the following components:

• extraplanar gas: at T ∼ 104 K, observed in emission and absorption up to
distances of ∼ 10 kpc from the disk of the Milky Way (MW) and nearby
disk galaxies (see Section 1.2.1);

• cool ionized gas: at 104 ≲ T < 105 K, observed mainly in absorption through-
out the galactic halo, up to the virial radius (Section 1.2.2);

• warm gas: at 105 ≲ T < 106 K, observed throughout the halo through
absorption lines of OVI and other ions with high ionization potentials
(Section 1.2.3);

• hot gas: at 106 ≲ T ≲ 107 K, characterized by high filling factors and ob-
served in the X-rays (Section 1.2.3).

1.2.1 Extraplanar gas
This medium has been observed in the halo of the MW and of nearby disk
galaxies and is located in the inner regions of the halos, within a typical height
of about 10 kpc from the disk. It therefore represents the interface between the
CGM and the central galaxy. The neutral phase of the extraplanar gas has been
extensively studied, through the 21-cm emission from HI, and seems to amount,
on average, to about 15% of the HI mass in the disk (Sancisi et al. 2008; Marasco
et al. 2019), reaching in some cases up to 30% (Oosterloo et al. 2007). This
medium has a peculiar kinematics: it rotates at lower velocities with respect
to the disk, showing a vertical velocity gradient of about ∼ 15−30 km s−1 kpc−1
(e.g. Fraternali et al. 2002; Oosterloo et al. 2007), and it also shows the presence
of vertical and radial inflow motions (e.g. Marasco et al. 2019). In the Milky
Way, the neutral extraplanar gas is seen in the form of clouds, with velocities
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that deviate from those predicted for a rotating thin disk (Marasco & Fraternali
2011). These clouds have been historically subdivided in High Velocity Clouds
(HVCs, e.g. Wakker 1991; Wakker & van Woerden 1997) and Intermediate
Velocity Clouds (IVCs, e.g. Wakker 2001), with velocities that deviate from
those expected, respectively, by > 90 km s−1 and in a range from 40 to 90 km s−1.
Even though inferring the distances of these clouds is difficult, the HVCs seem
to be typically located within 10 kpc from the disk and the IVCs within a few
kpc (Putman et al. 2012).

In nearby star-forming galaxies, the ionized extraplanar gas has been ob-
served primarily in H� emission up to several kpc above the disk (e.g. Collins
& Rand 2001; Rossa & Dettmar 2003), with a similar kinematics as the neu-
tral gas (e.g. Fraternali et al. 2004; Heald et al. 2007). In the MW, this ionized
medium has also been detected through H� emission, either as a diffuse medium
within ∼ 2 kpc above the disk (Reynolds 1991) or as the ionized counterpart of
neutral HVCs (Putman et al. 2012). Moreover, many studies have detected this
medium in absorption, using the lines in the spectra of extragalactic sources
and halo stars (e.g. Shull et al. 2009; Lehner et al. 2012; Marasco et al. 2013;
Bish et al. 2020). Also the ionized gas observed in absorption seems to be often
associated to the HI HVCs (Lehner & Howk 2011).

The study of these gas layers is very important to understand how the
central galaxies are eventually connected with the CGM and especially how
they acquire the cold gas necessary to fuel their star formation (Fraternali &
Tomassetti 2012). In this Thesis, however, we are interested in larger scales,
from tens up to hundreds of kpc from the central galaxies, with the goal of better
understanding the origin and fate of halo gas on large scales, comparable to the
virial radius. In the rest of this Chapter and throughout this Thesis, we will
then focus on the outer CGM.

1.2.2 Cool ionized CGM

Originally discovered by Boksenberg & Sargent (1978) and Bergeron (1986),
the cool extended ionized CGM (which we refer hereafter simply as cool CGM )
seems to be ubiquitous in galaxy halos. With the advent of instruments like
the Cosmic Origin Spectrograph (COS, Froning & Green 2009), the Keck/High
Resolution Echelle Spectrograph (HIRES, Vogt et al. 1994) and the MultiUnit
Spectroscopic Explorer (MUSE, Bacon et al. 2010), the cool gas in the halos of
galaxies has been systemically observed and studied in particularly in the last
decade. This medium has been found around galaxies of different types, from
dwarfs and sub-L∗ galaxies (e.g Bordoloi et al. 2014) to massive luminous red
galaxies (e.g. Chen et al. 2018), from starbursts and AGN (e.g Heckman et al.
2017; Berg et al. 2018) to passive early-type galaxies (ETGs, e.g. Thom et al.
2012).

Given the low emissivity of this medium, there are to date few examples of
observations in emission of the cool CGM at z < 1. These have been obtained
either using resonant lines from the gas surrounding starburst galaxies up to a
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few tens of kpc from the galactic disk (Rubin et al. 2011; Burchett et al. 2021),
or through stacking analysis techniques (e.g. Zhang et al. 2016, 2018). There are
also examples of more extended emission (up to ∼ 100 kpc), often associated to
galaxy groups and at least partially due to gas stripping from member galaxies
(e.g. Epinat et al. 2018; Chen et al. 2019b; Helton et al. 2021). The majority of
the current observational evidence of the cool phase of the circumgalactic gas
at z < 1 and its connection to the host galaxy comes, instead, from absorption
lines in the spectra of background sources. This type of studies can be divided
into two main categories: transverse absorption-line studies (e.g. Tumlinson
et al. 2013; Keeney et al. 2017), where the CGM is observed using the light of
external background sources (typically quasi-stellar-objects, QSOs) that lie in
projection close to the central galaxy, and ‘down-the-barrel’ observations (e.g.
Martin et al. 2012; Rubin et al. 2014), where instead the cool gas is studied
using the stellar light of the galaxy itself as a background source. While down-
the-barrel observations can be useful in disentangling the outflow (blue-shifted
lines) or inflow (red-shifted lines) motions of the gas with respect to the host
galaxy (see Rubin et al. 2012, 2014), they provide almost no information on the
actual intrinsic position of the absorbers, which could essentially be anywhere
along the line of sight, including within the ISM of the galaxy. In this respect,
transverse studies have been crucial in demonstrating that cool ionized gas can
be found even at hundreds of kpc from the central galaxy (although even in this
case the projected distance represents only a lower limit of the actual intrinsic
distance of the absorber from the galaxy). The interpretation of this kind of
data represents the main focus of this Thesis.

Transverse studies are primarily composed of surveys of multiple QSO-
galaxy pairs. These can be obtained through two different approaches: one
can (i) start from a sample of QSOs and search for galaxies associated with
any detected absorbers (e.g. Stocke et al. 2006; Schroetter et al. 2016, 2019);
(ii) select a sample of specific types of galaxies that are close in projection to
background QSOs and then look in the QSO spectra for absorption signatures
consistent with the redshift of the target galaxy (e.g. Chen et al. 1998, 2010a).
The second approach has been extensively used in the last decade to study
the properties of the CGM around galaxies of different kinds. Detections of
this cool medium are, indeed, very common around low-redshift galaxies (see
Tumlinson et al. 2017). Some of the most interesting results are, for example,
the presence of cool enriched gas up to at least half the virial radius of dwarf
galaxies (Bordoloi et al. 2014), the slightly higher equivalent widths (EW) and
velocities of the cool gas around starburst and post-starburst compared to con-
trol L∗ galaxies (Heckman et al. 2017), the small impact that AGN seem to
have on the surrounding cool CGM (Berg et al. 2018), the possible connection
between the cool gas and the amount of HI in the disk of star-forming galaxies
(Borthakur et al. 2015, 2016). One of the most intriguing findings (see Sec-
tion 1.5 and Chapter 2) is given by the presence of a large amount of cool gas
around quiescent, massive early-type galaxies (e.g. Thom et al. 2012; Huang
et al. 2016; Chen et al. 2018; Zahedy et al. 2019), with similar properties to the
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Figure 1.1: Top panels: equivalent width of neutral hydrogen (a) and Mg II (b), detected in
the cool CGM by the surveys of COS-Halos (Tumlinson et al. 2013, light orange), COS-
Dwarfs (Bordoloi et al. 2014, bright orange) and MAGIICAT (Nielsen et al. 2016, purple),
as a function of the stellar mass of the central galaxy. The three different vertical bands
mark the typical stellar mass of sub-L∗ (blue), L∗ (green) and super-L∗ (red) galaxies. From
Tumlinson et al. (2017). Bottom panels: column densities of the cool CGM detected around
the star-forming (cyan) and early-type (red) galaxies of the COS-Halos survey, as a function
of the projected distance of the QSO sightlines from the central galaxies, normalized by
the respective virial radii. Left: neutral hydrogen column densities, from Tumlinson et al.
(2013); right: total hydrogen column densities, obtained using the photo-ionization model
CLOUDY (Ferland et al. 2013), from Werk et al. (2014).

cool CGM of L∗ star-forming galaxies (e.g. Werk et al. 2013).
A limitation of most of these surveys is that each galaxy is typically associ-

ated with only one single QSO line of sight. In order to have enough statistics,
a necessary and common assumption is therefore to consider that the CGM has
similar properties for different galaxies of a given type and to treat different
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lines of sight as if they were piercing the CGM of a single galaxy halo. While
most of the cool CGM properties (see below) have to date been inferred with
this type of surveys, there are a few exceptions, where the position of the galaxy
or the adopted techniques made possible to either have extended background
sources, like for example galaxies (Rubin et al. 2018), gravitational arcs (Lopez
et al. 2018, 2020; Tejos et al. 2021) and multiply-lensed QSOs (Chen et al. 2014),
or, alternatively, multiple sightlines on a single halo (e.g. Bowen et al. 2016).
This is for example the case for the cool CGM of M31, observed in absorption
through more than 40 QSO sightlines (Lehner et al. 2015, 2020), whose analysis
will be the focus of Chapter 4.

Properties of the cool CGM

The cool CGM is usually detected through UV absorption lines, produced either
by ions with low levels of ionization (called ‘low-ions’, such as Mg II, C II, Si II,
Si III), (e.g. Bowen et al. 1995; Gauthier et al. 2009; Huang et al. 2021) or by
neutral hydrogen (e.g. Lanzetta et al. 1995; Tumlinson et al. 2013; Borthakur
et al. 2015; Chen et al. 2018). The gas properties are derived through the anal-
ysis of these UV absorption lines: the neutral hydrogen or ion column densities
(NHI and NX, with X being the considered ion) are estimated from the line equiv-
alent widths (e.g. Werk et al. 2013), in the case of non-saturated lines, using
the apparent optical depth method (Savage & Sembach 1991); the temperature
of the cool medium (T ∼ a few 104 K) is estimated either from the linewidths,
assuming that they are dominated by thermal broadening (e.g. Zahedy et al.
2019), or as a result of photo-ionization modeling (see below); the kinematics,
very well determined given the high spectral resolution of instruments like COS
(≈ 15 km s−1) and HIRES (≈ 5 km s−1), is generally obtained by fitting the ab-
sorption lines with Voigt profiles. In the following, we report some of the main
results obtained through this analysis.

The equivalent widths and column densities of both HI and ionic species do
not strongly depend on the stellar mass of the host galaxy (top panels of Fig-
ure 1.1), as the variation in EW is less than one order of magnitude across more
than three orders of magnitude in stellar mass, from ∼ 108 to more than 1011 M⊙
(see Tumlinson et al. 2017, and references therein). The cool gas is detected up
to hundreds of kpc from the central galaxies (see, for example, Keeney et al.
2017). Typically, the neutral hydrogen column densities and equivalent widths
show only a shallow decline with the projected distance up to the galaxy virial
radius, with a steeper drop at larger impact parameters (e.g. Liang & Chen
2014; Borthakur et al. 2015). The decline can be instead more prominent for
low-ions like Mg II (e.g. Chen et al. 2010b; Huang et al. 2021). Interestingly,
both star-forming and passive early-type galaxies seem to host in their sur-
rounding similar amounts of cool gas (see Figure 1.1, bottom panels).
As for the kinematics, the cool CGM appears to be (i) bound to the galaxy,
given the low detected line-of-sight velocity offsets (the difference between the
line centroid and the galaxy systemic velocity), lower than the escape speed1

1Note, however, that the observational data reported in Figure 1.2 are line-of-sight ve-
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from the galactic halo; (ii) composed by multiple kinematically distinct ab-
sorbers, given that along the same line of sight the same transition is often
observed at different velocities (see Figure 1.2). The picture arising from these
observations is therefore of a population of clouds with a complex kinematics,
that lie in the halos of galaxies, up to distances of hundreds of kpc. Interest-
ingly, different independent studies have shown how these absorbers seem to
move at a relatively low speed in the halos of massive ETGs, with a total veloc-
ity dispersion that is about half the virial velocity dispersion expected for these
massive halos (see Zhu et al. 2014; Huang et al. 2016; Zahedy et al. 2019). This
can also be seen in Figure 1.2, where the velocity offsets of the gas around the
most massive galaxies in this sample are significantly smaller than the escape
speed from their halos (Borthakur et al. 2016). A common explanation for
the low velocities of the cool CGM around ETGs is attributed to the slowing
effect of the drag force (see Section 1.4) exerted by the hot coronal gas (see
Section 1.2.3), but, before the present work, a self-consistent treatment of this
effect and in general of the cloud dynamics was lacking. Understanding this
peculiar kinematics will be one of the goals of Chapter 2.

Figure 1.2: Line-of-sight velocities of HI Ly� absorbers with respect to the systemic
velocities of the host galaxies, inferred by the COS-Halos and COS-GASS surveys, as a
function of the galaxy halo mass and virial radius. Star-forming host galaxies are shown
as blue and cyan symbols, while ETGs are depicted in red and orange. Multiple kinematic
components are found in each line of sight, with the centroid of the strongest components
shown as filled symbols. The curves show, for comparison, the escape speeds necessary
for the clouds to leave the halos from a galctocentric distance of 100, 200, 300 kpc and
from the virial radius. It is evident how most of the absorbers are bound to their host
galaxy. From Borthakur et al. (2016).

locities and are not corrected for projection effects. They are therefore not directly
comparable to the theoretical curves.
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The cool circumgalactic gas is expected to be photo-ionized: a photon flux
(Φ) likely keeps this medium in its ionized state and ensures that it will not cool
below its characteristic temperature of ∼ 104 K. What is the ionizing source of
the cool CGM is, to some extent, still debated. Generally, it is assumed to be
given by the extragalactic UV background (EUVB, e.g. Haardt & Madau 2001,
2012), but also photons coming from the galaxy could play a role (e.g. Cantalupo
2010). Given their photo-ionized state, the total density and the metallicity of
the cool CGM absorbers can be inferred using photo-ionization models like
CLOUDY (Ferland et al. 2013). Using the observed column densities of neutral
hydrogen and metals, and assuming a photo-ionizing source, these models allow
to estimate the gas metallicity Z and the ionization parameter U , through which
the total (neutral+ionized) hydrogen volume and column densities (nH, NH) can
be obtained. Being this gas mostly ionized, between neutral and total hydrogen
densities there are differences of typically three orders of magnitude or more, as
can be seen by comparing the two bottom panels of Figure 1.1 (see Werk et al.
2014). The total densities are, unfortunately, highly dependent on the photo-
ionization models, which are subject to various assumptions and uncertainties.
The cool CGM can, for instance, be modelled as a uniform layer of gas (e.g.
Werk et al. 2014), or instead considering the individual kinematic components
(e.g. Stocke et al. 2013; Keeney et al. 2017; Zahedy et al. 2019). Moreover, both
the intensity and the spectral shape of the photo-ionizing sources are still not
well constrained (e.g. Acharya & Khaire 2021). As a result, the total hydrogen
densities nH of the cool circumgalactic medium remain quite uncertain, with
values that can change by orders of magnitudes among different studies.

From a theoretical point of view, one would expect the cool CGM clouds to
be pressure confined by a surrounding hot medium in hydrostatic equilibrium

Figure 1.3: Metallicity distribution of
the cool CGM inferred from the sam-
ple of the COS-Halos survey and from
Wotta et al. (2016). Both surveys find
large variations in the metallicities
of the cool absorbers, varying from
very low to almost solar values. The
shapes of the two metallicity distri-
butions are, however, very different
from each other. From Prochaska et al.
(2017).
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with the dark matter halo (see Section 1.2.3). However, whether the inferred
densities of this gas are consistent with the pressure equilibrium with a hotter
gas phase is still unclear (see for example Werk et al. 2014; Zahedy et al. 2019;
Voit et al. 2019). The total mass of the cool CGM, estimated from the total
densities, varies, both for L∗ and super-L∗ galaxies, from 1010 M⊙ to almost
1011 M⊙ (e.g. Stocke et al. 2013; Werk et al. 2014; Stern et al. 2016; Prochaska
et al. 2017; Zahedy et al. 2019). Despite the uncertainties, it seems that the
mass of this gas phase is at least comparable to the stellar one, if not higher,
therefore a significant amount of the missing baryons probably resides in the
cool CGM.

As already mentioned, another fundamental property of this medium that is
obtained through photo-ionization models is the gas metallicity. This is impor-
tant in order to help disentangling the origin of the CGM, given that gas inflows
from the IGM occur at low metallicities, while outflows from the central galax-
ies are expected to have metallicities close to the solar value (see Sections 1.3.1
and 1.3.2). To date, different surveys have found cool gas absorbers spanning
a wide range of metallicities, from low to high values, but the exact shape of
this distribution (see Figure 1.3) is still debated and is not clear whether it
is unimodal (e.g. Prochaska et al. 2017) or more complex, with peaks at dif-
ferent metallicities (e.g. Wotta et al. 2016, 2019). Therefore, also considering
the uncertainties related to the photo-ionization modeling described above, the
metallicity of the cool CGM is, to date, not well constrained. We will address
this problem in Chapter 4.

1.2.3 Hot and warm CGM
The hot phase of the circumgalactic medium has been initially hypothesized
by Spitzer (1956) for the Milky Way, as the gas that keeps the HVCs pressure
confined. Later, cosmological models (see Section 1.3.1) have predicted that the
halos of galaxies of a sufficient mass should be filled with a hot diffuse medium,
generally called corona (e.g. Fukugita & Peebles 2006), which should account
for a significant fraction of the missing baryons. This gas is expected to have a
temperature comparable to the galaxy virial temperature, defined as:

Tvir =
�mpGMvir
2kBrvir

, (1.2)

where � is the gas mean molecular weight, mp is the proton mass, G is the
gravitational constant and kB is the Boltzmann constant. Given the high tem-
peratures (T ≳ 106 K), this medium is collisionally ionized, differently from the
cool clouds described in the previous Section. The hot CGM is believed to orig-
inate mainly from IGM accretion and partly from the feedback from the central
galaxy (see Sections 1.3.1 and 1.3.2) and for decades has been the most stud-
ied phase of the circumgalactic gas, through X-ray observations. Hot coronae
have been observed both around elliptical (e.g. Forman et al. 1979; Mathews
& Brighenti 2003; O’Sullivan et al. 2007; Bogdán & Gilfanov 2011) and mas-
sive spiral galaxies (e.g. Anderson & Bregman 2011; Dai et al. 2012; Li et al.
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2018), although with a lower surface brightness than originally expected based
on cosmological models (e.g. White & Frenk 1991). This hot medium has also
been extensively observed in the Milky Way, mainly through free-free emission,
as well as absorption and emission lines of OVII and OVIII (e.g. Gupta et al.
2012; Henley & Shelton 2013; Miller & Bregman 2013, 2015; Li et al. 2017a). In
our Galaxy, there are also further constraints on the column density of this hot
gas, based the rotation measure of pulsars in the Large Magellanic Cloud (see
Anderson & Bregman 2010), as well as indirect evidence based on ram pressure
stripping (see Section 1.3.3) from satellite galaxies (e.g. Grcevich & Putman
2009; Gatto et al. 2013; Putman et al. 2021).

Given the low surface brightness, however, the available information is still
limited and the properties of galactic coronae are to date uncertain. The X-
ray emission is usually detected up to 50-70 kpc from the center of the halo,
with inferred densities roughly between 10−4 and 10−3 cm−3 (see Bregman et al.
2018, and references therein) and to infer the mass within the virial radius
one necessarily needs to rely on extrapolations. The baryonic mass estimated
for the hot CGM using such extrapolations is found to be comparable to the
galaxy stellar mass, both for external galaxies and our Milky Way, accounting
for about 10% to 50% of the missing baryons2 (e.g. Anderson & Bregman 2011;
Miller & Bregman 2013; Anderson et al. 2016; Li et al. 2017a; Faerman et al.
2017, 2020). The metallicity is estimated to be subsolar, with values from 0.1Z⊙
(e.g. Bogdán et al. 2013; Hodges-Kluck & Bregman 2013) to 0.2Z⊙ for external
galaxies (Anderson et al. 2016) and up to 0.3Z⊙ for the Milky Way (Miller &
Bregman 2015), pointing towards an external origin for most of the coronal gas
(see Section 1.3).

The hot CGM is usually described as a gas in hydrostatic equilibrium within
the gravitational potential of the dark matter halo (e.g. Fukugita & Peebles
2006; Binney et al. 2009; Faerman et al. 2017). From theoretical arguments (e.g.
Pezzulli et al. 2017), this medium is also expected to rotate, even though at a
lower velocity with respect to the galactic disk (see Chapter 4 for more details).
From an observational point of view, however, due to the low spectral resolution
of current X-ray observations, little is known about the kinematics of galactic
coronae. Evidence of rotation has been obtained for the Milky Way’s hot halo by
Hodges-Kluck et al. (2016), who found, using Doppler shifts of OVII absorption
lines, that the preferred model to reproduce the data is given by an extended
hot gaseous halo with a tangential velocity of ≈ 180 km s−1 (with uncertainties of
about 40 km s−1). This is consistent with the theoretical expectations, especially
in the inner regions of the halo (few tens of kpc), which probably dominate the
observational signal studied by Hodges-Kluck et al. (2016).

Intermediate temperature gas, at T ∼ 105−6 K, has also been detected in
absorption in the halos of galaxies, traced by ions with ionization potentials
≳ 100 eV, like OVI or NeVIII (see Burchett et al. 2019). In the Milky Way,
OV I absorbers have been detected with a covering fraction of about 60% and
seem to be related to the HVCs (Sembach et al. 2003), possibly originating at

2These estimates are dependent on the adopted metallicity.
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the interface between cold gas and the hot corona (e.g. Fox et al. 2010). As for
external galaxies, OVI has been observed up to 200 kpc from the center (Wakker
& Savage 2009; Tumlinson et al. 2011; Prochaska et al. 2011) and recently even
up to further distances in the halo of M31 (Lehner et al. 2020). Given its
intermediate ionization potential, corresponding to energies where both the
extragalactic background and galactic radiation fields are poorly constrained,
whether the OVI is mainly collisionally ionized or photo-ionized remains an
open question and it is unclear what are the exact temperature and the physical
processes that may produce it (e.g. Tripp et al. 2008; Stern et al. 2016; Faerman
et al. 2017; McQuinn & Werk 2018). As already mentioned, one possibility is
that this gas is located at the interface between the cool clouds and the hot
corona and is produced by a combination of thermal conduction and mixing (see
Section 1.4), as also suggested by hydrodynamical simulations (Armillotta et al.
2017). Despite the exact physical mechanism that produces it, the origin of this
possibly warm medium seems to be related to the star formation in galaxies:
OVI absorption features are, indeed, more commonly observed around late-
type compared to early-type galaxies (Tumlinson et al. 2011). Finally, also the
kinematics of the warm CGM seems to be complex (e.g. Marasco et al. 2013;
Werk et al. 2016) and is yet not well understood. In this Thesis we will primarily
focus on the hot and cool phases of the CGM and we leave a proper analysis of
the warm gas for future studies.

1.2.4 The CGM at higher redshifts

This Thesis focuses on the CGM around galaxies at redshift z < 1, whose observa-
tions have been summarized in some detail above. However, the circumgalactic
medium has been extensively observed also at higher redshift, both in absorp-
tion around redshift 2-3, using similar techniques to the ones described for the
low-redshift cool CGM (e.g. Rudie et al. 2012; Turner et al. 2014; Chen et al.
2020b) and in emission, mainly through the Ly� fluorescence (e.g. Cantalupo
et al. 2014). In particular, thanks to the advent in the last decade of new
IFU instruments like MUSE and the Palomar and Keck Cosmic Web Imagers
(KCWI/PCWI), extended Ly� nebulae have been observed around galaxies
and especially quasars from redshift z ∼ 2−3 (e.g. Borisova et al. 2016; Cai et al.
2018, 2019; Arrigoni Battaia et al. 2018; O’Sullivan et al. 2020), up to z ≲ 6 (see
Wisotzki et al. 2016; Farina et al. 2019). From the analysis of Ly� nebulae at
z ∼ 3, Pezzulli & Cantalupo (2019) have found that, at these redshifts, a sub-
stantial part of the baryons associated with the dark matter halos (≳ 70% of the
cosmological fraction) are most likely residing in the CGM. These mass mea-
surements are however still subject to uncertainties, partly due to the resonant
nature of the Ly� line.
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1.3 Origin of the CGM
In Section 1.2, we have seen that the halos of galaxies are filled with multiphase
gas, accounting for a significant fraction of the missing baryons. In this Section,
we explore the theoretical context for the formation of such a medium, especially
from the point of view of cosmological hydrodynamical simulations.

1.3.1 Gas accretion into the halos

We have seen how the ΛCDM model predicts that galaxies form from the ac-
cretion of baryons into dark matter halos. The mode of accretion of baryonic
matter into the halos of galaxies and the subsequent galaxy formation is highly
dependent on three main timescales: the gas cooling time, the dynamical time
or free fall time and the Hubble time, which is the age of the Universe. The
relation of these three quantities in the context of galaxy formation and evo-
lution has been originally discussed by Rees & Ostriker (1977) and White &
Rees (1978) and revised in the last decades both with analytical models and
hydrodynamical simulations (e.g. Birnboim & Dekel 2003; Kereš et al. 2009;
Nelson et al. 2013; Stern et al. 2020b).

Hot and cold mode accretion

In the classical picture proposed by Rees & Ostriker (1977) and White & Rees
(1978), the gas accreted from the IGM into the halo gets heated by shocks
to a temperature equal to the virial temperature (see equation 1.2) and the
formation of a galaxy at the center of the halo depends on the efficiency of the
gas radiative losses, or cooling. If the cooling time is longer than the Hubble
time, the gas will not cool and a galaxy will not form. Conversely, if the
cooling time is short enough, a central galaxy will form as a consequence of
the cooling of the hot medium. White & Frenk (1991) have then shown that,
in the halo internal regions, the higher densities of the hot gas imply a shorter
cooling time and therefore that galaxies might form more easily than what
originally proposed by White & Rees (1978). The picture has later been revised
by Birnboim & Dekel (2003), who proposed two different modes of accretion:
(i) a hot mode accretion, with the formation of a hot ambient medium that
subsequently cools to form the galaxy and that develops when the cooling time
is larger than the dynamical time, but shorter than the Hubble time; (ii) a cold
mode accretion, where the cooling time is shorter than the dynamical time and
the acquired gravitational energy is immediately lost through cooling, with the
gas that never gets heated to the virial temperature, accreting directly cold and
forming the galaxy at the center of the halo, in line with the picture originally
proposed by Binney (1977). The development of hot mode accretion is related
to the mass of the dark matter halo: for Mhalo ≲ 1012 the gas is not heated to
the virial temperature and cold mode accretion develops. At high redshifts,
z ≳ 2, galaxies of all masses are expected to be directly fed by cold accreting
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gas, while at low redshift and at sufficiently high masses hot mode accretion is
believed to be more common.

The demarcation between hot and cold mode accretion, in terms of halo
mass and redshift, is however not necessarily as simple as in the picture out-
lined above. For example, using 3D idealized spherically symmetric simulations,
with the inclusion of galactic feedback, Fielding et al. (2017) have shown how,
even though the threshold mass between the two accretion modes does not
vary significantly from the estimates of Birnboim & Dekel (2003), for low-mass
galaxies the properties of the CGM are largely affected by the outflows from
the central galaxy (see also Section 1.3.2). Recently, Stern et al. (2020b) used
the same simulations (but without feedback) together with previously derived
cooling flow solutions (Stern et al. 2019), finding that the transition between
hot and cold mode also depends on the deficiency of baryons in the halos of
galaxies and the effect of the central galaxy on the gravitational potential. In
this model, the onset of hot-mode accretion can happen, at redshift z = 0, also
for halos with masses lower than the threshold originally defined by Birnboim
& Dekel (2003). Another complication of the classic picture is given by the ex-
pected anisotropy of the accretion. Cosmological hydrodynamical simulations
have shown that accretion is in general not spherical, but rather occurs along fil-
aments (e.g. Dekel & Birnboim 2006; Kereš et al. 2009), which can coexist with
the hot halo. Whether these gas streams can penetrate the halo and directly ac-
crete onto the galaxy (Dekel et al. 2009) or are instead destroyed by interactions
with the hot gas, is however unclear and dependent on the adopted numerical
scheme (e.g. Kereš et al. 2012; Nelson et al. 2013). The rather low resolution of
these simulations does not allow to properly treat the interactions between cold
streams and hot halo. Therefore, different authors (e.g. Mandelker et al. 2020)
have recently resorted to high-resolution idealized simulations of individual cold
streams, as we will discuss in Section 1.4.

Accretion of gas from the IGM into the dark matter halos can therefore
give rise to both hot and cool media around galaxies, even though the pre-
dictions of the CGM properties and dynamics are uncertain. The relatively
low metallicities observed in the corona and in at least part of the cool CGM
(see Section 1.2) of low-redshift galaxies indicate that accretion should play an
important role in the formation of this gas. This scenario will be extensively
explored in Chapters 2 and 4.

1.3.2 The impact of feedback

Accretion of gas from the intergalactic medium is not the only process thought
to produce the CGM. Both massive stars in star-forming galaxies exploding as
supernovae (SNe) and the release of energy associated to gas accretion onto the
central supermassive black holes, through processes that are respectively called
SN (or stellar) and AGN feedback, can create powerful outflows, injecting signif-
icant amounts of mass and energy in the surrounding medium and potentially
affecting the circumgalactic gas. Outflows have been extensively observed in
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external galaxies, at different wavelengths (e.g. Martin 2005; Strickland & Heck-
man 2007; Rubin et al. 2014; Heckman et al. 2015; Chisholm et al. 2017) and
up to at least redshift z ∼ 3 (e.g. Steidel et al. 2010; Erb et al. 2012; Turner et al.
2015; Chen et al. 2020b). In normal star-forming galaxies, these outflows are
expected to fall back onto the disk, forming what is called a galactic fountain
(Shapiro & Field 1976; Bregman 1980; Fraternali & Binney 2006). In star-
burst galaxies, instead, the outflows (usually, in this case, called galactic winds)
are more powerful and, especially at high redshift, might eject gas out of the
galaxy’s halo and enrich the IGM. In general, however, the spatial extent of
these winds and their impact on the surrounding gas are not clear and current
inferences from observations, in general, heavily rely on numerous assumptions.

From a theoretical perspective, strong outflows from the central galaxy are
often invoked by cosmological models to reproduce at least some of the ob-
served properties of galaxies. The feedback can indeed contribute to (i) reduce
the accretion of gas and the subsequent star-formation, which otherwise would
reach too high values, leading to galaxies with too large stellar masses; (ii)
expel metals from galaxies, where the amount of observed metals has been es-
timated to be lower than expected (e.g. Peeples et al. 2014); (iii) expel baryons
from the galactic halo, possibly solving the missing baryons problem. Recent
cosmological simulations (see Somerville & Davé 2015; Naab & Ostriker 2017)
have resorted to a very efficient feedback to reproduce the properties explained
above. In these simulations, in addition to the cosmological accretion, a sub-
stantial part of the circumgalactic medium originates from galactic outflows,
that are powered either by supernovae (e.g. Muratov et al. 2015) or by a com-
bination of SN and AGN feedback (e.g. Oppenheimer et al. 2018; Nelson et al.
2019).

Figure 1.4 shows a cartoon representing the picture of the CGM that gen-
erally arises from the results of this kind of cosmological simulations. Outflows
appear to be collimated along the axis of rotation of the disk (e.g. Nelson et al.
2019; Fielding et al. 2020b), while the direct accretion of IGM happens prefer-
entially along the equatorial plane (Hafen et al. 2019). A substantial part of
the cool gas is part of a recycling process, hence gas that has previously been
ejected in winds and that is not able to escape the galaxy potential well, falling
back towards the disk in a few Gyr (e.g. Oppenheimer et al. 2010; Ford et al.
2014; Anglés-Alcázar et al. 2017), similar to the galactic fountain scenario (see
above), but on a larger scale. The picture of collimated outflows and equatorial
accretion has recently been proposed to explain the observations of the cool
CGM around samples of star-forming galaxies (e.g. Martin et al. 2019; Schroet-
ter et al. 2019). In these samples, the cool absorbers seem to be preferentially
distributed along the projected minor and/or major axis of the disk for highly
inclined galaxies (but see, instead, Borthakur et al. 2015), suggesting a possi-
ble connection with the picture explained above. However, there seems to be
no correlation between the gas metallicity and the azimuthal position of the
observed medium (e.g. Péroux et al. 2016; Kacprzak et al. 2019; Pointon et al.
2019), while the proposed scenario would imply lower metallicities along the
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Figure 1.4: Cartoon from Tumlinson et al. (2017), representing a possible view of the
CGM dynamics for a typical star-forming galaxy. Filaments of gas from the intergalactic
medium are accreting along the disk plane, while feedback from the galaxy ejects material
in biconical outflows along the minor axis. This gas can either escape the halo or fall
back towards the central galaxy. Whether this view is representative of the real CGM is
still debated and will be discussed in this Thesis.

disk’s major axis. Moreover, simulations face difficulties in explaining, with
outflows, observations of the cool CGM at more than 100 kpc from the galaxy
(e.g. Nelson et al. 2019; Stern et al. 2020a, and see Section 1.4). The scenario
highlighted in Figure 1.4 is, therefore, still controversial, since a self-consistent
dynamical modeling, able to reproduce the observational constraints, is to date
missing. This topic will be investigated in Chapters 3 and 4.

As for the gas accretion from the intergalactic medium, the main limitation
of cosmological simulations in treating galactic feedback is the resolution. In-
deed, resolving the scales of the relevant physical processes associated to star
formation and AGN is currently not possible for this type of studies, even in
zoom-in simulations (e.g. Hopkins et al. 2014, 2018). In order to perform cos-
mological simulations, one necessarily have to rely on what are called sub-grid
models. These are numerical recipes that allow to drive the galactic outflows,
circumventing the lack of resolution of the injection scales. In large-box cosmo-
logical simulations (e.g. Oppenheimer & Davé 2006; Vogelsberger et al. 2013;
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Crain et al. 2015; Pillepich et al. 2018) the winds are normally described by
parameters called loading factors, which define how much mass, energy and
momentum is injected into the winds. These loading factors are calibrated ‘a
posteriori’, in order to reproduce current empirical constraints and generally
require values that can be orders of magnitude higher than what is found by
high-resolution simulations (see Section 1.4). Given all the limitations men-
tioned above, the predictions of large-scale simulations, especially regarding
the circumgalactic gas, are affected by several uncertainties and there is not
yet a physical picture that is able to coherently explain from first principles the
origin and dynamics of this medium, being at the same time in accordance with
all the available observational constraints.

1.3.3 Other origin of the cool CGM

We have seen in this Section how accretion of gas from the IGM and feedback
from the central galaxy can give rise to a multiphase circumgalactic medium,
with gas that goes from a temperature of ∼ 104 K to temperatures equal to or
even higher than the virial temperature of the halo. While these are usually
considered the two main mechanisms at play for the formation of the CGM, part
of the cool gas can form also via other processes. The two most relevant ones are
stripping of gas from satellite galaxies (e.g. Wang 1993) and the development
of thermal instabilities that lead to the condensation of the hot medium.

The halos of galaxies are populated with satellite galaxies that, during their
motion, might also affect the circumgalactic gas of the main galaxy. If these
satellites are gas-rich, part of their interstellar medium can be lost into the
surrounding medium, due to either ram pressure (the pressure due to the motion
relative to the hot gas) or tidal stripping due to the tidal force from the central
galaxy (e.g. Mayer et al. 2007). This gas stripping has been directly observed in
the local Universe (e.g. Sancisi et al. 2008; Johnson et al. 2018; Poggianti et al.
2017; Sorgho et al. 2019), with the closest example to us given by the Magellanic
Stream, originated by the interaction between the two Magellanic Clouds and
the Milky Way (e.g. Brüns et al. 2005; Fox et al. 2010). From a theoretical
point of view, different authors have used hydrodynamical simulations, tailored
on single dwarf galaxies, to study in detail the stripping of gas from these objects
(e.g. Gatto et al. 2013; Tepper-García et al. 2019). Also, in recent cosmological
simulations, satellites tend to lose part of their ISM into the CGM of the host
galaxy, either because it is stripped or because it is expelled through winds
from the satellite galaxies (Marasco et al. 2016; Anglés-Alcázar et al. 2017;
Hafen et al. 2019). What is the fraction of cool CGM that originates from this
type of interactions is, however, unclear, although it likely represents only a
minor fraction of the missing baryons.

Different models and simulations have also predicted that part of the cool
CGM can originate from the development of thermal instabilities (e.g. Sharma
et al. 2012; Thompson et al. 2016; Voit 2018), which lead the hot corona to
condense locally and to create clumps of cool gas. Recently, Nelson et al. (2020)
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have found that, in the TNG50 cosmological simulations, structures of cool gas
in the halos of massive ETGs can form due to instabilities stimulated by density
perturbations in the hot gas, possibly explaining the presence of cool CGM in
these passive halos (see Section 1.2.2). However, whether these instabilities can
actually develop is still debated (see Binney et al. 2009; Nipoti & Posti 2013,
2014). Compared to accretion and feedback, also this process likely represents
only a minor source of the cool gas observed in the halos of galaxies.

1.4 Interactions between the CGM phases
As we have seen in Section 1.2, the CGM is a multiphase gas and to infer its
properties it is very important to understand how its different phases interact
with each other. To date, both cosmological and idealized halo-scale simula-
tions have insufficient resolution, at best of the order of one kpc, to resolve
the cool CGM structures (e.g. van de Voort et al. 2019; Peeples et al. 2019)
and to investigate how these interact with the hot surrounding medium. The
hot medium can influence the cool gas in different ways. In particular, it can
accelerate or decelerate cool material embedded in it, by exerting a drag force
(e.g. Fraternali & Binney 2008); it can disrupt the cool clumps through hydro-
dynamical effects like Kelvin-Helmholtz (KH) and Rayleigh-Taylor instabilities
or thermal conduction (the transfer of heat between two gas phases with strong
temperature gradients, Spitzer 1962); it can condense, increasing the mass of
the cool medium. All these effects have been studied extensively in the last
decade by utilizing simulations with a pc-scale resolution, whose main results
are summarized below.

Regarding the accretion of cool gas from the IGM, useful insight on the
survival of the cool streams (see Section 1.3.1) have been obtained by a recent
series of high-resolution idealized simulations of filamentary structures of cool
gas, embedded in a hot medium (e.g. Mandelker et al. 2016; Padnos et al. 2018;
Vossberg et al. 2019; Mandelker et al. 2020). These studies have shown that,
without radiative losses, KH instability can be efficient in disrupting the streams
before they reach the central galaxy. With the inclusion of cooling, however, the
interaction between the stream and the corona might lead to the condensation
of the hot gas: indeed, the layer of gas at the interface between the two phases
has intermediate temperatures and therefore short cooling times. This implies
that this gas will cool rapidly and the stream will increase its mass (see also
below), instead of being ablated into the hot environment (see Figure 1.5).

In the context of SN feedback, high-resolution simulations are focused on a
local patch of the galactic disk (or on the entire disk in the case of Schneider
et al. 2020), up to a few kpc above it. Here, the physics of the ISM and the
first stages of the evolution of the SN remnants are resolved (e.g. Gatto et al.
2017; Fielding et al. 2018; Kim & Ostriker 2018; Kim et al. 2020; Armillotta
et al. 2019), contrary to large-scale simulations. From the results of this type
of high-resolution simulations, it seems that most of the mass of the outflows
should reside in the cool gas phase, while most of the energy is transferred to
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Figure 1.5: Results of the high resolution simulations of a cold gas stream of Mandelker
et al. (2020), without (left) and with (right) radiative cooling. The snapshots show the
evolution of the density normalized by the initial stream density, at different times (calcu-
lated in units of the stream sound crossing time). In the late stages of its evolution, we
can see how, with the inclusion of radiative cooling, there is still a substantial amount of
cool, high density gas in the stream, due to the condensation of the mixed gas.

the hot winds (see Figure 1.6 and Li & Bryan 2020, with references therein),
which presumably can reach larger galactocentric distances. These fast winds
tend to accelerate the cool gas, which can be entrained and pushed outward
by the drag force acted by the hot phase (see Schneider et al. 2020). These
simulations also show how the cool gas seems, however, not able to reach large
distances and its plausible fate is to fall back to the disk (Kim & Ostriker 2018),
as in the galactic fountain scenario (see above).

Another type of high-resolution simulations investigates, instead, the inter-
actions between a single cloud of cool (104 K) CGM and the surrounding hot
gas. Generally, these studies are focused on the inner regions (≲ 10 kpc from
the galactic disk) of the halo (although see Armillotta et al. 2017) and follow
different types of systems: the infall of HVCs towards the disk (e.g. Heitsch &
Putman 2009; Grønnow et al. 2018); galactic fountain clouds (Marinacci et al.
2010b; Armillotta et al. 2016); or cool clouds embedded in hot SN outflows
(Scannapieco & Brüggen 2015; Brüggen & Scannapieco 2016; Gronke & Oh
2018).

These simulations have shown that, in addition to the hot gas drag force
that slows down the cloud (e.g. Marinacci et al. 2011), the evolution and the
survival of the cool gas depend primarily on KH instability, thermal conduc-
tion, radiative cooling and magnetic field (and, to a lower extent, self-gravity,
see for example Li et al. 2020). The KH instability tends to strip gas from
the cloud and to create a region of mixed medium at temperatures lower than
the original hot gas. Depending on the initial conditions of the system (like
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Figure 1.6: Energy loading factors
as a function of the star formation
rate density of the disk, for hot (red)
and cool (blue) outflows in a series
of small-box simulations, all with a
resolution of a parsec in length, or
10 M⊙ in mass, and therefore capable
to resolve the evolution of individual
SN remnants (Li et al. 2017b; Kim &
Ostriker 2018; Kim et al. 2020; Hu
2019; Armillotta et al. 2019; Emerick
et al. 2019). Most of the energy of the
outflowing gas is in the hot phase, as
can be also seen in the bottom panel,
which shows the ratio between hot
and cool gas energy loading factors,
going from 0.9 to 20. From Li & Bryan
(2020).

the metallicity of the two gas phases, the initial cloud velocity and size, the
temperature and density of the hot environment), the stripping can lead to the
complete destruction of the cloud (e.g. Heitsch & Putman 2009; Schneider &
Robertson 2017) or to the rapid cooling of the intermediate temperature gas at
the interface between the cool and hot gas phases and therefore to the conden-
sation of the hot gas, increasing the mass of the cool cloud (e.g. Marinacci et al.
2010b; Armillotta et al. 2016; Gronke & Oh 2018). Both thermal conduction
and magnetic fields tend to suppress the formation of the KH instability and
might therefore increase the survival time of the cloud. At the same time, ther-
mal conduction may also lead to a faster evaporation of the cloud (e.g. Brüggen
& Scannapieco 2016). Its efficiency is also dependent on the magnetic field,
given that the electrons, which are responsible for the transfer of heat, tend to
follow the magnetic field lines. Simulations with either thermal conduction (e.g.
Armillotta et al. 2016, 2017), magnetic field (e.g. Grønnow et al. 2018) or both
(e.g. Kooij et al. 2021), have shown how, even in the presence of these effects,
the interactions between cloud and hot gas can lead to the condensation of the
corona and therefore to the increase of the cool gas mass, although most of these
studies have explored densities typical of small distances (a few kpc) from the
galactic disk and the final outcome at larger distances is less well understood
(see Armillotta et al. 2017).

The interactions between the different phases of the CGM are, therefore,
extremely complex and most of these processes cannot be traced by the large-
scale simulations described in Section 1.3. However, at a pc-scale resolution,
necessary to resolve these interactions, only small regions of the galactic halos
can be studied and a global picture is therefore still missing.
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1.5 Open questions
From Sections 1.2, 1.3 and 1.4, we have seen that, both from an observational
and a theoretical point of view, the circumgalactic gas is a very complex system.
This medium is composed by various gas phases that are observed at different
wavelengths and seem to originate from a variety of processes, encompassing
scales that go from the size of the entire galaxy halo to sub-pc scales. In this
Section, we summarize the main open questions about this medium that this
Thesis aims to address, focusing in particular on the cool ionized circumgalactic
gas at T ∼ 104 K, around galaxies at redshift z < 1.

1. What are the physical properties of the cool CGM? From current obser-
vational studies (see Section 1.2.2), especially due to the limitations of
photo-ionization models, the total mass and metallicity of the cool CGM
are still very uncertain. Moreover, given the nature of the majority of
the observational surveys, which are in absorption and with only a QSO
line of sight per galaxy, the intrinsic location of the cool CGM and the
intrinsic dynamics of the absorbing clouds are not known.

2. What is the role of the hot corona on the survival and dynamics of the cool
gas? The cool CGM is likely influenced by the presence of the hot gas (see
Section 1.2.3). In Section 1.4 we have seen, in particular, how the survival
of the cool clouds is strongly related to the hydrodynamical interactions
with the corona. Moreover, the cloud dynamics is also affected by the
hot surrounding medium, which tends to slow down the cool gas through
the drag force. However, what is the impact of these effects on the global
properties and the dynamics of the cool CGM is yet not well understood.

3. Is there a connection between the cool CGM and the central galaxy’s
star-formation? Cool gas is found around galaxies with very different
levels of star formation, from passive ETGs (e.g. Thom et al. 2012) to
starburst galaxies (Heckman et al. 2017). Yet, some of the properties
of the cool CGM are similar between star-forming and passive galaxies
(e.g. Tumlinson et al. 2013; Keeney et al. 2017; Chen et al. 2018, and
see Section 1.2.2), with only slight differences in the gas observed around
starbursts (Heckman et al. 2017). Is the cool CGM connected to the star-
formation? Is it brought to large galactic distances by strong SN-driven
outflows? Is it fueling the central galaxy with newly accreting gas?

4. What is the origin of the cool gas around galaxies? In Section 1.3, we
have summarized the current possible formation mechanisms proposed for
the cool CGM. At the moment, there is no consensus on which process
(IGM accretion, feedback, satellite stripping) is the most relevant for the
formation of this gas, both around star-forming and early-type galaxies.
In particular, the presence of cool (104 K) gas in the halos of massive ETGs,
along with its peculiar kinematics (see Section 1.2.2), still represents a
puzzle.
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5. What is the fate of the cool CGM? The cool CGM represents a huge
reservoir of gas that can fuel the host galaxies and there are hints that this
medium might accrete directly onto the galactic disks, potentially feeding
the galaxy star-formation (e.g. Borthakur et al. 2015; Ho et al. 2017).
Understanding what is the fate of the cool gas is however not trivial, since
the survival of this medium depends on many different physical processes
(see Section 1.4). If the whole amount of the cool CGM was accreting
into the center, galaxies in the local Universe would have much higher
star formation rates than we currently observe. Particularly puzzling is
the fate of the cool gas in the halos of massive early-type galaxies (see
Section 1.2.2), where this medium would be expected to fuel the star-
formation of galaxies that are instead passive, or forming stars at a very
low rate.

1.6 This Thesis
The goal of this Thesis is to tackle the questions outlined in Section 1.5. In or-
der to do this, we make use, in Chapters 2, 3 and 4, of semi-analytic parametric
models, which we compare to different sets of data in order to find, through a
Bayesian analysis, the best physical parameters of the CGM that can reproduce
the observations. As we have seen in Section 1.3, cosmological simulations, be-
cause of the low resolution, cannot accurately reproduce many properties of the
cool CGM, including its dynamics. Ideally, one would like to simulate the entire
galaxy halo with a pc-scale resolution, in order to trace the interactions between
the different gas phases (see Section 1.4), but that is currently not feasible. By
using a semi-analytical approach, despite some limitations, we can instead de-
scribe the motion and properties of the cool clouds throughout the galaxy halo,
considering at the same time the gravitational force and hydrodynamical effects,
including pressure confinement, the drag force and the evaporation into the hot
corona. Our modeling allows us to estimate previously unknown physical pa-
rameters of the CGM, by directly comparing our theoretical predictions with
the observational data. In Chapter 5, we finally complement the semi-analytic
treatment with high-resolution idealized simulations, which are very useful to
properly study the survival and fate of the cool gas.

More specifically, in Chapter 2, we address the puzzle related to the cool
CGM observed around massive ETGs. In particular, we investigate whether
a model of comsological gas accretion can consistently explain the observed
properties of the cool CGM absorbers around ETGs, with a special focus on
their unexpectedly large covering factor and peculiar kinematics.

In Chapter 3, we study the impact of SN feedback on the cool CGM of star
forming galaxies and explore whether energetically feasible winds are able to
explain the majority of the cool CGM around this type of galaxies.

In Chapter 4, we move to the case of M31, whose cool CGM has been recently
characterized in detail by the project AMIGA (Lehner et al. 2015, 2020), and
we investigate whether these observational data can be better reproduced by
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models of either galactic winds or accretion of gas from the IGM.
In Chapter 5, we analyze, using idealized hydrodynamical simulations, the

fate of the cool CGM clouds around M31 (and similar star-forming galaxies),
to understand whether the cool gas is able to reach the central galaxy and feed
its star formation.

Finally, in Chapter 6, we summarize our results, we draw our main conclu-
sions and we discuss some of the possible future perspectives.
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