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Abstract

A long standing question in the evolution of galaxies is how a spiral
galaxy, like our Milky Way, obtains cold gas to sustain its star formation.
In the last decades, observational evidence have shown that low-redshift
galaxies are surrounded by a diffusive, multi-phase gas, the so-called cir-
cumgalactic medium (CGM), that extents to large galactocentric distances
and that it is likely to play a very important role in the galaxy accretion
of cold gas, since it defines the transition between the central disc and the
intergalactic medium (IGM). Gas clouds accreted from the IGM travel
through the CGM before they fall onto the galactic disc and the efficieny
of this accretion mode strongly depends on the survival of the clouds. In
this work we investigate whether they can survive their infall throughout
the galaxy halos and accrete onto the central galaxies.

In particular, we performed high-resolution 2D hydrodynamical sim-
ulations to explore the interactions taking place at the interface between
the clouds and the hot CGM gas in order to infer their survival. We
investigated the survival at different locations of the galactic halos and
varying the initial mass of the cloud. We have, in particular, explored the
influence of thermal conduction on the survival of the clouds.

We have found that in all our simulations, a very small part of the cold
clouds evaporates into the ambient hot medium and they are therefore
very likely to survive their journey through the CGM. This means that
massive cold gas clouds originating from the IGM could be a viable way
to accrete gas onto the star-forming discs and therefore feed their star
formation.
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1 Introduction

1.1 What is the Circumgalactic medium?

A star-forming galaxy can be described by a galactic disc in which stars exist
together with gas and dust in the so-called interstellar medium. In the last
decades, more and more evidence has been found for an additional component
to this classical picture of a galaxy: the circumgalactic medium (CGM, Shull,
2014 [39]). This medium consists of a diffusive, multi-phase gas that reaches
large distances all the way to the virial radius. It is estimated to contain as much
mass as the galactic disc (Gatto et al., 2013 [19]; Werk et al., 2014[49]), therefore
it may be a solution for the missing baryon problem of galaxies (McGaugh et al.,
2010[30]). Since it defines the transition area between the intergalactic medium
(IGM) and the galactic disc, the CGM most likely plays an important role in
the evolution of galaxies. It therefore can provide an explanation for the long
standing question of how a galactic disc acquires gas to feed its star-formation
(Crighton et al., 2013 [13]).

1.2 The phases of the CGM

The CGM is a multi-phase medium that can be divided into different phases
according to its temperature:

• Hot phase: gas with temperatures T ≥ 106 K;

• Warm phase: gas with temperatures 105 ≤ T < 106 K;

• Cold phase: gas with temperatures T < 105 K.

1.2.1 Hot phase

The hot phase of the CGM, usually called ’corona’, is predicted by galaxy foun-
tain models (White and Frenk, 1991[50]). In our Milky Way, Spitzer (1956[40])
predicted the existence of a hot halo surrounding the galactic disc in order to
provide the pressure confinement for the High Velocity Clouds (HVCs, see Sec-
tion 1.2.3). This hot and diffusive phase of the CGM is expected to extend out to
the virial radius. However, due to the low density and therefore low X-ray sur-
face brightness of the corona, the sensitivity of present-day telescopes struggle
to detect this gas directly. Therefore, mostly indirect evidence for the existence
of the corona have been found, as for instance the observed head-tail structures
of HVCs, indicating an interaction of the HVCs with a hot medium (Putman,
Saul & Mets, 2011[35]). Direct evidence is obtained through high-ionization
absorption lines (OVII and OVIII) from background quasars and high-energy
emission lines. Recent detections of these emission and absorption lines for our
Galaxy inferred a mass of ∼ 4 × 1010 M� within 250 kpc from the galactic
disc (Miller & Bregman, 2015[31]), which is comparable to the mass of the stel-
lar disc. This vast amount of gas present in the CGM makes it an interesting
potential gas reservoir for the star formation in the disc.
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1.2.2 Warm phase

The warm phase is observed with OVI absorption lines from the spectra of back-
ground quasars. The COS-Halos survey (Tumlinson et al., 2011[24]) detected
these absorption lines more frequently around star-forming galaxies than pas-
sive galaxies, suggesting a relation between the presence of the warm phase gas
and star formation or stellar feedback. In our Galaxy, the detection of these
absorption lines suggests that the warm phase gas mostly resides inside the
extra-planar gas region (see Section 1.2.3), along with the cold gas present in
there. This, together with the fact that ionization models for these absorption
lines predict a collisionally ionized origin, indicates that interactions between
the hot corona and the cold clouds are most likely at the heart of the existence
of this warm phase (Sembach et al., 2003[38]).

1.2.3 Cold phase

The cold phase is found in two types: neutral gas and ionized gas. The neutral
gas resides in a layer of ∼ 10 kpc around the galactic disc and is called the
extra-planar layer of cold gas (Sancisi et al., 2008[37]). It is observed through
the neutral hydrogen 21-cm emission line and shows a peculiar kinematics: slow
rotation and inflow motions. Fraternali & Binney (2008[17]) found that this
neutral cold gas could be produced by the galactic fountain mechanism (see
Section 1.3.1) and that it accounts for gas accretion onto the galactic disc.

In the Milky Way, a fraction of the extra-planar gas is in the form of High
Velocity Clouds (HVCs, Wakker & van Woerden, 1997[47]; Marasco et al.,
2011[27]). The 21-cm emission line coming from these clouds show that their
velocity deviates more than ∼ 90 km s−1 from that of the galactic disc rota-
tion (Wakker, 1991[46]). Typical HVCs are found to be within 10 kpc from the
disc, using distance estimates obtained through the analysis of absorption lines
in the spectra of halo stars (Wakker et al., 2007[48]). They are observed to
be metal-poor (Wakker et al., 2001[45]), therefore suggesting an extragalactic
origin. However, their absence in outer regions of the CGM may indicate other
origins. Fraternali et al. (2015[27]) were able to prove the scenario in which
extra-planar gas, and to some extent the HVCs, could originate from inside the
disc with the galactic fountain, and also accrete halo gas on the galactic disc.

The cold ionized gas has been more recently discovered and there is much
debate over its origin (e.g. Maller and Bullock, 2004[26]; Binney et al., 2009[8]).
Due to its very low densities, it is hard to observe this gas in emission and most
of the observations that we have are obtained in absorption, using the hydrogen
and low-ionization metal lines (i.e. SiII, SiIII, CII, CIII, OI MgII) in the spectra
of background quasars.

Different groups (Werk et al., 2012[34]; Borthakur et al., 2015[20]; Keeney
et al., 2017[22]; Zahedy et al., 2019[51]) have revealed, through the analysis of
these absorption lines, that all galaxies must be surrounded by a cold ionized
gas component up to distances comparable to the galaxy virial radius, both
around star-forming and early-type galaxies (e.g. Thom et al., 2012[43]). The
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kinematics inferred for this medium reveals that this gas is composed by different
clouds, bound to the central galaxy, showing a complex kinematic pattern. The
analysis of the survival of these clouds will be the main focus of this thesis.
Although with big uncertainty, the mass contained in the cold neutral and
ionized gas together is estimated to be larger than 109 M� within 150 kpc
distance from the galactic disc (Werk et al., 2014[49]). This vast amount of
mass may be an potential source for gas accretion in star forming galaxies.

1.3 Gas accretion

A long standing question for the evolution of galaxies is how spiral galaxy, like
our Milky Way, obtains cold gas in order to sustain its star formation. The
rate in which nearby spiral galaxies have produce stars is more or less constant
during their lifetimes (Aumer & Binney, 2009[7]). Typically, the star forming
disc contains the amount of gas to sustain the star forming process for only a
few gigayears (Kennicutt, 1983[23]). This means that a galaxy has to accrete
an amount of ∼ 1 M� yr−1 (Sancisi et al., 2008). Also, this gas has to be
metal-poor in order to describe the observed metallicity gradient (Fraternali
and Pezzulli, 2016). The question remains how a galaxy acquires this gas.

1.3.1 Galactic fountain

A possible candidate to explain gas accretion in galaxies is the galactic fountain
framework (Fraternali and Binney, 2008[17]). This process is driven by stellar
feedback: gas from the disc is ejected into the CGM by supernova explosions or
stellar winds that creates a circulation of gas clouds from the disc to the lower
CGM and then back on the galactic disc, following the motion seen in Figure 1.

During their journey through the CGM, the cold-gas galactic clouds strongly
interact with the hot phase of the CGM, the corona. What happens during these
interactions has been explored in different theoretical works (e.g. Marinacci et
al., 2011[29]; Armillotta et al., 2016[3]). At the interface between the cloud
and the corona, due to the relative motion of the two gasses, cold gas from the
cloud gets stripped and mixes with the coronal gas due to Kelvin-Helmholtz
instabilities. When the two gas phases mix with each other, gas at intermediate
temperature starts to form (warm phase, Section 1.2.2). This decreases the
cooling timescale of the hot gas, therefore making radiative cooling efficient
and leading to the process of gas condensation: hot corona gas is cooled and
is accreted to the fountain clouds, which means that the clouds are growing in
mass. When the fountain clouds eventually fall back onto the galactic disc, they
have accreted gas mass from the hot CGM that can be used for star formation.

1.3.2 Cosmological infall accretion

In current cosmological ΛCDM models, the Milky Way is expected today to
accrete gas from the intergalactic medium (IGM) by hot mode accretion (Birn-
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Figure 1: Schematic presentation of the fountain accretion cycle. This frame-
work can observationally be tested. Looking at the wake behind the cloud, one
will observe absorption lines of the warm gas (see section 1.2.2) from a back-
ground source. From the head of the cloud, we observe hydrogen emission lines.
from Fraternali, 2017[18]

boim and Dekel, 2003[10]), where the accreting external cold gas is shock-heated
to the galaxy virial temperature and is later cooling and progressively accreting
towards the central galaxy. The efficiency of this process strongly depends on
the length of the cooling time of the hot gas. However, hydrodynamic simula-
tions also show that the dense parts of the infalling cold filaments could survive
the journey through the hot corona of the CGM and directly reach the disc (Fer-
nandez, Joung & Putman, 2012[34]; Joung et al., 2012[21]). The reason why
these cold flows are not observed with HI emission may be due to the fact that
the current generation telescopes do not have enough sensitivity to detect this
emission. The large amount of cold CGM observed in the last few decades at
very large galactocentric distances (see Section 1.2.3), might account for these
predictions of cold gas residing in the galactic halo.

In such a cosmological infall model, the efficiency of this accretion mode
strongly depends on the survival of the clouds. Armillotta et al. (2017) explored
with high-resolution hydrodynamical simulations the interactions taking place
at the cloud-corona interface. In Figure 2 the temprature and density snapshots
of these simulations are shown. We can note how massive enough clouds can
survive in the hot halo for hundreds of Myr, implying that these cold CGM
clouds could be a viable way to accrete gas onto the central galaxy. In this work
we will further investigate this scenario.
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Figure 2: Temperature (top panels) and number density (bottom panels) of
a simulation with initial cloud velocity of 100 km s−1, inital cloud radius of
250 pc and a mass of mcl = 2 × 104 M� without (left panels) and with (right
panels) thermal conduction. These snapshots have been taken at 200 Myr. From
Armillotta et al., 2017

.

1.4 Aim of this thesis

In this work, we explore the infall model as a possible accretion mode for a Milky
Way-like galaxy. We consider gas clouds coming from the IGM traveling through
the hot coronal gas. We have conducted 2D hydrodynamical simulations of
infalling clouds placed in the internal and external regions of the galaxy halos
and investigated the influence that the interactions with the hot CGM have
on the survival of the clouds. We have also explored the influence of thermal
conduction in this process.

In Section 2, we present the model of our galaxy and its CGM, and introduce
the hydrodynamical code that we have used for our simulations. In Section 3, we
present the results of our simulations and address different physical processes at
work during the cloud-corona interaction. In Section 4 we discuss our findings
and we draw our conclusions about the survival of the clouds in Section 5.
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2 Methods

The aim of this thesis is to analyse the cold CGM clouds in the halos of Milky
Way-like galaxies and their interaction with the hot corona, using hydrodynam-
ical simulations. In this chapter, we describe the methods used throughout the
thesis. In Section 2.1, we describe the hydrodynamical code we have used to
carry out our simulations. In Section 2.2, we present the way we calculated the
initial properties of the cloud and the corona. In Section 2.3, we look at the
influence of the resolution of our simulations on the results.

2.1 Simulations

In this section, we will introduce the hydrodynamical code we have used to per-
form our simulations and we will describe how the physical processes important
for our investigation are implemented in the code.

We made use of the hydrodynamical code ATHENA to perform our simula-
tions (Stone et al., 2008[41]). This is a grid-based, parallel and multidimensional
hydrodynamic code that uses high-order Godunov methods to integrate numeri-
cally the Euler equations. In the past years, some advanced modifications of the
code have been made to optimize it for the astrophysical purposes we are inter-
ested in. We will briefly explain the modifications here, but for a full description
see the work of Armillotta et al. (2016, 2017).

2.1.1 Euler equations

The Euler equations describe the dynamics of astrophysical gases and consist of
3 conservation laws (conservation of mass, momentum and energy, respectively):

∂ρ

∂t
+∇ · (ρv) = 0, (1)

∂ρv

∂t
+∇ · (ρv2 + P) = 0, (2)

∂ε

∂t
+∇ · [(ε+ P )v] = 0, (3)

where ρ is the mass density, v is the velocity vector, P is a diagonal tensor
with components equal to the gas pressure P and ε the total gas energy per
unit volume. The ATHENA code integrates these functions over all the grid
cells in a 3D grid over a time-step ∆t and the finite-volume of each grid cell.
The maximum stable allowed time-step is fixed by the Courant-Friedrics-Lewy
condition (Stone et al., 2008[41]). In our case, we perform the simulations over
a 2D grid instead of 3D.

2.1.2 Radiative cooling

A key process included in our simulations is radiative cooling. In general, this
is taken into account as a source term in the energy equation (eq. 3), leading to

8



Figure 3: Cooling fuctions with different metal contents. The curves are nor-
malized to a hydrogen number density of nH = 1 cm−3. The metallicity is
indicated in solar units. from Sutherland & Dopita, 1993[42]

an additional term for radiative cooling. The energy equation becomes:

∂ε

∂t
+∇ · [(ε+ P )v] = −ρ2Λnet(T,Z, nH), (4)

where the additional term for radiative cooling/heating, ρ2Λnet(T,Z, nH), is the
amount of energy lost per unit volume [erg cm−3 s−1] due to radiative cooling
and heating, with Λnet ≡ Λ −H, where Λ and H are the cooling and heating
rates respectively. For simplicity, we assume that the gas in our environment
is not exposed to ionizing photons, therefore assuming collisional ionization
equilibrium and H=0. We use the cooling functions from Sutherland & Dopita
(1993 [42]), shown in Figure 3. The cooling rate depends on metalicity Z and
temprature T, Λ(Z, T ), for gas above 104 K, below which the cooling rate is set
to zero. The algorithm makes use of a lookup table to find the cooling rate Λ.

2.1.3 Thermal conduction

An important part of this investigation is to measure the influence of thermal
conduction on the survival of the clouds. The process of thermal conduction is,
as with the case for radiative cooling, introduced in the Euler energy equation
as a source term and results in an additional term as follows (eq. 3):

∂ε

∂t
+∇ · [(ε+ P )v] = −ρ2Λnet(T,Z, nH)−∇ · q, (5)

where q is the heat conduction flux. Thermal conduction allows two different
phases of gas, when in contact, to transfer heat from the hot phase to the cold
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phase. This heat transfer takes place when fast moving particles from the hot
phase collide with the slow moving particles in the colder phase, and transfer
energy during this collision. This results in a more widespread temperature and
density gradient, and influences the mixing of the two gases.

In the classical theory (Spitzer, 1962[14]), electrons conduct heat by trans-
ferring energy to other particles via collisions. This creates a heat flow q, which
is described by the heat flowing through a unit of area per unit of time and
assumes an isotropic motion of electrons given as:

q = −κsp · ∇T, (6)

where κsp is the Spitzer heat conduction coefficient:

κsp =
1.84× 10−5T 5/2

ln Ψ
erg s−1 K−1 cm−1, (7)

and where ln Ψ is the Coulomb logarithm:

ln Ψ = 29.7 + ln

[
Te/106K√
ne/cm−3

]
, (8)

with ne and Te being the electron density and temperature, respectively.
However, this assumption of an isotropic motion of electrons breaks down

in the astrophysical cases because of two reasons. First, the presence of mag-
netic fields forces an anisotropic motion of electrons, reducing their efficiency
to conduct heat. And secondly, when the local temperature gradient is below
the mean free path of the electrons, the so-called saturated regime materialises,
which also decreases the efficiency of heat conduction. These two effects are
taken into account in the modified code according to the following equation:

q = −f κsp
1 + σ

∇T, (9)

where f describes the suppression due to magnetic fields and σ the ratio between
classical heat flux and saturated heat flux. Throughout the thesis, we take
f = 0.1, since the presence of a tangled magnetic field is expected to suppress
the coefficient of thermal conduction by a factor ∼ 10 from the Spitzer coefficient
(Rechester & Rosenbluth, 1978[36]).

2.1.4 Effects of cooling and thermal conduction

In this section, we investigate the effects of the different physical processes
described in the previous sections on our simulations.

Figure 4 shows the temperature distribution on our grid for a cloud starting
at 100 kpc from the disc (see next Section) with an initial mass of mcl = 5×104

M� and a velocity of 100 km s−1 after t=20, 50, 80 Myr without cooling (left
panels), with radiative cooling (middle panels) and with thermal conduction
and cooling (right panels). Due to the drag force exerted by the ram pressure
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Figure 4: Temperature snapshots at 20, 50 and 80 Myr for a simulation of a
moving cold cloud with mass mcl=5×104M� with a resolution of 4 pc. Left
column: without cooling and thermal conduction; middle column: with only
cooling; right column: with both cooling and thermal conduction.

of the corona, the cloud decelerates and cold gas is stripped from the cloud.
Also, the relative motion between the cloud and the corona creates a shear flow
over the leading face of the cloud, triggering the formation of Kelvin-Helmholtz
instabilities, which allow both gas phases to mix with each other and therefore
create a turbulent wake behind the cloud. In the case with and without cooling
(left and middle panel), the initial spherical configuration of the cloud is heavily
affected, stripping cold mass from the cloud in the form of small cloudlets which
results in high temperature gradients in the wake. Note, however, the difference
in the evolution of the turbulent wake between both cases: without cooling, the
wake is more laterally extended, where in the cooling case it is more elongated.

In the case with thermal conduction (right panel), the initial configuration
stays partially intact throughout the simulation. As explained earlier, thermal
conduction is a diffusive process which therefore smooths the temperature and
density gradients between the cloud and the corona. This results in a more
widespread gradient and therefore hinders the development of Kelvin-Helmholtz
instabilities and stripping mass from the cloud. Thermal conduction also makes
the cloud more compact. Moreover, thermal conduction clearly changes the
evolution of the wake with respect to the previous cases, allowing the existence
of a warmer wake. We will discuss these effects in more detail in Section 3.1.1.

2.2 Setup of simulations and gas profiles

In order to define the setup of our simulations, we need to calculate the initial
properties of the Milky Way-like hot circumgalactic medium. In this section we
describe the treatment used to calculate these properties.
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2.2.1 Gravitational potential

We assume the coronal gas to be in hydrostatic equilibrium with the galactic
halo. To find the properties of the CGM, we therefore have to choose a galactic
potential. We do this by first finding the virial mass and radius of the dark-
matter halo. We consider a galaxy with stellar mass M? = 1010.7 M�. Using the
stellar-to-halo mass relation described in Posti et al. (2019[33]), we calculate
the virial mass of the galaxy as Mvir = 1012.3 M�.

The virial radius is then found as,

rvir =

(
3Mvir

4π4virρcrit

)1/3

= 340 kpc, (10)

where the overdensity 4vir is calculated using the prescription in Bryan &
Norman (1998[12]) at z = 0 and the critical density is ρcrit = 8.5 × 10−27 kg
m−3.

In order to obtain the virial temperature we use (Afruni et al., 2019 [1]):

Tvir =
µmpGMvir

2kBrvir
, (11)

where µ = 0.6, G is the gravitational constant, mp is the mass of a proton and
kB is the Kevin-Boltzmann constant.

We assume that the CGM is described by a Navarro-Frenk-White profile
(NFW, Navarro et al., 1996[32]). The potential of this profile is given as:

Φ(r) = 4πGρ0r
3
s

[
ln(1 +

r

rs
)
rs
r

]
, (12)

with the central density,

ρ0 =
Mvir

4πr3s

[
ln(1 + (rvir/rs)− rvir/rs

1+rvir/rs

] , (13)

in which the scale length is given by rs = rvir/c with concentration c = 10.2
(Dutton and Maccio, 2014[15]). The mass inside a sphere of radius r is then
described, using this potential, by:

M(r) = 4πρ0r
3
s

[
ln

(
1 +

r

rs

)
− r/rs

1 + r/rs

]
. (14)

2.2.2 Initial properties of cold and hot gas

For our Milky Way-like galaxy we assume the hot CGM to be non-isothermal
(γ′ = 1.2). We do this is to make sure that the densities in the central regions
are not too high, as would be for isothermal profiles. The temperature of the
hot phase of the CGM therefore changes with galactocentric distance, according
to the following profile (Binney et al., 2009[8]):

Tcor(r)

T0
= 1− γ′ − 1

γ′
µmp

kBT0
(Φ(r)− Φ0), (15)
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where T0 ≡ T (r0), Φ0 ≡ Φ(r0) and r0 = 10 kpc is a reference radius. In this
thesis, we assume T0 = 2.8Tvir, which is chosen in order to have temperatures
and densities in agreement with the observations (Bregman et al., 2007[11];
Gatto et al., 2013[19]). The temperature profile is shown in the first panel of
igure 5. This shows that the temperature decreases with increasing distance
from the center, since it is non-isothermal. The change is however relatively
small, since we use a low value for the polytropic index γ′.

Once the temperature is defined, we can obtain the density profile through
(Binney et al., 2009 [8]),

ne,cor(r)

ne,0
=
T (r)

T0

1/(γ′−1)
, (16)

where ne,0 ≡ ne(r0) = 3× 10−4 cm−3 is chosen in order to have a mass for the
corona of 20% of the total baryonic mass inside the halo, to be consistent with
observational estimates (Anderson & Bregman, 2011[2]). To obtain the number
density, we assume mass abundances of Y = 0.25 and X = 0.75, which then
gives us the number density of the corona as ncor(r) = 2.1ne,cor(r).

We then set the temperature of the clouds to Tcl = 2 × 104 K, which is in
agreement with observational estimates (e.g. Werk et al., 2014[49]). To find the
density of the clouds, we assume that they are in pressure equilibrium with the
corona (Armillotta et al., 2017 [4]). This gives us the number density for the
cold gas ncl, through:

ncl(r)Tcl = ncor(r)Tcor(r). (17)

The density profiles for the hot and cold gas are shown in the second panel of
Figure 5. Both densities decrease with the galactocentric radius, and the density
of the cold gas is always higher than the density of the coronal gas, due to the
lower temperature of the cold clouds (eq. 17).

Once the density of the cloud is obtained, we can estimate the radius of the
cloud using:

rcl =

(
3mcl

4πρcl

)1/3

, (18)

where mcl is the assumed mass of the cloud and ρcl = µmpncl is the density
of the cloud, with µ = 0.6 which is the mean molecular weight for ionized gas.
The high uncertainty in the observations do not allow us to know a priori the
mass of the cold CGM clouds (Werk et al., 2014). Therefore, in this work we
decided to assume a cloud of mass mcl = 5 × 104M�. However, in Chapter 3
we will also consider a cloud with lower mass, in order to investigate how this
influences the cloud survival. The third panel in Figure 5 shows that the radius
of the cloud increases with increasing distance from the galactic center.

The last step is to find the velocity of the cloud with respect to the corona.
Since we are exploring a scenario in which the cold CGM clouds are accreted
from the IGM and move through the halo towards the galactic disc, the motion
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Figure 5: Profiles of the temperature of the corona (eq. 15), the density of the
corona (eq. 16) and the cold clouds ( 17) and radius of the cold clouds (eq. 18) as
a function of galactocentric radius. These profiles are calculated for our fiducial
galactic halo and a cloud with mass mcl = 5× 104M�.
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of the cloud is determined by the gravitational force:

dv(r)

dr
=

1

v(r)

GM(r)

r2
, (19)

where v is the cloud infall velocity and M(r) is the mass inside the galactocentric
radius r calculated by equation (14).

While the cloud is moving through the halo, it will feel a drag force exerted
by the ram pressure coming from the hot coronal gas in the CGM. This will
decelerate the cloud with (e.g. Marinacci et al., 2011[29]):

v̇drag =
πr2clρcorv

2

mcl
. (20)

Taking into account both of these effects, the resulting equation of motion
is then given by (Afruni et al., 2019[1]):

dv(r)

dr
=

1

v(r)

GM(r)

r2
− πr2cl(r)ρcor(r)v(r)

mcl
. (21)

In order to solve equation (21), we need to find a starting value for the
velocity of the cloud at the virial radius. We will take into account two extreme
cases. One in which the clouds are starting from the virial radius at rest, and
the other where they start with the escape velocity at the virial radius, given
by:

vesc ≡
√

2GMvir

rvir
. (22)

In Figure 6 we show the analytic calculated velocity profile for both scenarios.
We can see that at 150 kpc from the galactic disc, the two velocity profiles
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overlap with each other. This can be explained by the effect of the drag force.
In equation (21), when the velocity is high, the drag force increases, which
results in a higher deceleration of the cloud. Therefore the cloud starting at the
escape velocity will experience a higher deceleration, until the velocity is slowed
down to a value where the drag force is in equilibrium with the gravitational
force that pulls the cloud towards its center.

Figure 6 also shows the sound speed of the corona:

cs(r) =

√
γ′
kBTcor(r)

µmp
, (23)

where the polytropic index γ′ = 1.2, µ = 0.6 and Tcor(r) is the temperature of
the corona described by equation (15). Since the corona is non-isothermal, its
sound speed varies with distance from the galactic disc. Note how the velocity
predicted by equation (21) generally stays below the sound speed. Only in the
most external regions, in the case of clouds starting at the virial radius with
escape velocity, the cloud is supersonic as well as in the very center. However,
since the escape velocity is an upper limit for the initial cloud velocity and it
represents an extreme scenario, we will not explore the motion of supersonic
clouds in this work.

2.2.3 Setup of the simulations

With the properties of CGM gas calculated in the section above, we will explore
in Chapter 3 the behaviour of the cold clouds moving through the corona at
different starting points. We consider as reference distances 100 kpc and 50 kpc
from the central galaxy as external and internal regions, respectively. In the
most external regions, our analytic CGM model shows a very low density of the
coronal gas (Figure 5), therefore very little interaction is expected to take place.
That is why we expect that this region does not have a significant impact on
the survival, and we start our investigation at 100 kpc. All the simulations that
we carried out in this work are listed in Table 1.

2.3 Resolution

In order to test the reliability of our simulations, we test the code for conver-
gence. We do this to study if the resolution of the grid has a strong impact on
the outcome of the simulation.

As seen in Figure 4, the turbulent wake in the case without thermal conduc-
tion consists of small cloudlets with high temperature gradients. The numerical
diffusion algorithm tries to truncate these substructures by smoothing out the
gradients on scales of a few times the grid resolution. Therefore the higher the
resolution (i.e. smaller grid cell size), the greater the concentration of cold mate-
rial in these substructures. This means that the result of a simulation without
thermal conduction varies with the resolution of the grid. It is therefore ex-
tremely difficult to reach convergence between results at different resolutions in
a simulation without thermal conduction (see McCourt et al., 2016[25]).

16



Sim. starting from TC v mcl ncor ncl rcl Resolution
(kpc) (km s−1) (M�) (cm−3) (cm−3) (pc) (pc x pc)

1 100 off 100 5×104 8.3×10−5 0.007 347 4
2 100 on 100 5×104 8.3×10−5 0.007 483 4
3 50 off 100 5×104 0.00019 0.019 347 4
4 50 on 100 5×104 0.00019 0.019 347 4
5 50 on 175 5×104 0.00019 0.019 347 4
6 50 off 100 1×104 0.00019 0.019 203 4
7 50 on 100 1×104 0.00019 0.019 203 4
8 50 on 100 5×104 0.00019 0.019 347 2
9 100 on 100 5×104 8.3×10−5 0.007 483 2
10 30 on 100 5×104 0.0003 0.0350 284 4

Table 1: Overview of hydrodynamical simulations performed with ATHENA.
All the simulations have been run for 80 Myr.

Thermal conduction also is a diffusive process that smooths the temperature
gradient, but unlike numerical diffusion, this depends on physical conditions.
When thermal conduction becomes the dominant diffusive process over numer-
ical diffusion, increasing the resolution will have a lower impact on the outcome
of the simulation (Armillotta et al., 2017[4]). It is therefore easier to reach con-
vergence between simulations of different resolutions when thermal conduction
is present.

In Figure 7 we show the evolution of cold gas mass present in the grid for a
simulation with thermal conduction at different resolutions of a cloud starting
at 100 kpc with initial mass mcl = 5 × 104M� and initial velocity of 100 km
s−1. We are particularly interested in this quantity, since we want to investigate
the cloud survival with time. We will therefore look at this cold mass evolution
extensively for all our simulations in the next Chapters. To obtain this profile,
we sum all the mass contained in the grid cells with cold gas (T < 105 K) and
we multiply the result for (4/3)rcl, which is a normalization factor to convert
our results, which are in 2D and therefore represents the cloud as cylinder, to
3D, which represents the cloud spherically (Marinacci et al., 2010[28]). We can
see that the losses seem to increase slightly by increasing the resolution. The
differences between the profiles at 2 and 4 pc resolution are however small (less
than 1%), meaning that we are potentially close to the convergence point and
our results are valid. For the rest of this work, we will use 4 pc as our fiducial
resolution.
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3 Results

In this section we present the results of the hydrodynamical simulations that we
performed in this work. In Section 3.1, we show the results for a cloud moving
in the external regions of the galactic halo, at a distance of 100 kpc from the
galactic disc (see Chapter 2). In Section 3.2, we focus on the internal regions,
at a distance of 50 kpc from the galactic disc.

3.1 External regions

We present the results of a simulation with a cloud of mass mcl = 5 × 104

M� starting its infall motion at a distance of 100 kpc from the galactic center,
with the properties discussed in Chapter 2, both with and without thermal
conduction. We follow the cloud for 80 Myr.

Figure 8 shows the temperature snapshots at 20, 50 and 80 Myr, while in
Figure 9 we show the evolution of the cold gas mass (T < 105 K) and the velocity
of the cloud. Although both with and without thermal conduction the cloud
loses cold mass, we can distinguish different trends between the two cases. After
80 Myr, the cloud lost 2.7% of its initial mass in case of thermal conduction
and 2.2% in the case when thermal conduction is absent. Therefore, in both
cases the cloud is not strongly affected by the interactions with the hot gas and
manages to retain most of its mass, as expected at these distances, where the
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Figure 8: Temperature snapshots at 20, 50 and 80 Myr with white contours
placed at T = 105 K of sim. 1 (left) and sim. 2 (right) from Table 1.
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Figure 9: Results of sim. 1 (blue) and sim. 2 (red) from Table 1. Left: cold
(T < 105 K) mass evolution profile; right: velocity of the cold gas.

corona has a very low density (ncor = 8.3× 10−5 cm−3).
When looking at the evolution of the cloud velocity (see Figure 9), we see

that the cloud decelerates slightly because of the interaction with the hot corona.
After 80 Myr, the cloud travels at 95% of its initial velocity with thermal con-
duction and at 93% without thermal conduction.

3.1.1 The role of thermal conduction

In order to better understand the effect of thermal conduction on the survival
of the mass of the cold cloud, we show the mass distribution as a function of
temperature, with and without thermal conduction, in Figure 10. This helps us
to understand how the mass is distributed among different gas phases and how
this distribution changes with time. We clearly see the peaks around the typical
temperatures of the cloud and the corona at the beginning of the simulation (t =
0 Myr). When the cloud is starting to move through the coronal gas, due to the
mixing in the turbulent wake, the amount of mass at intermediate temperatures
starts to increase.

In the case of thermal conduction, this evolution of the turbulent wake is
slow: there is not much mass at intermediate temperatures in the wake. This
can be explained by the dual role of thermal conduction (Armilotta et al., 2017
[5]). Thermal conduction creates a more widespread temperature gradient at the
interface between the corona and the cloud, which keeps the cloud compact, as
already explained in Section 2.1. However, when gas is stripped from the cloud,
due to thermal conduction this cold mass evaporates extremely fast. This can
be seen from the high amount of mass at high temperature (T ' 106 K) in
Figure 10.

When looking at the mass distributions for the case without thermal conduc-
tion, the turbulent wake is much more developed (also seen from the snapshots
in Figure 8). The ram pressure of the corona is able to strip much more gas
from the cloud and both gas phases start to mix due to Kelvin-Helmholtz in-
stabilities. Therefore the mass situated at intermediate temperatures is much
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Figure 10: Mass distribution as a function of temperature at different times
(t=0, 40, 80 Myr) of sim. 1 and sim. 2 from Table 1.

higher than in the case of thermal conduction, with more gas at a temperature
of T ' 105 K. Note that this is the peak of the cooling function and therefore
the cooling becomes efficient. However, at the end this effect is outbalanced by
shock heating and evaporation of cold gas.

We can also see that the mass at temperatures below the initial cloud tem-
peratures is growing, indicating that the core of the cloud is cooling.
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3.2 Internal regions

In the previous section we have seen that the mass losses in the external regions
are extremely small and therefore the clouds are likely to survive the journey
to the inner regions of the CGM. In this section, we explore the survival of
clouds at 50 kpc from the galactic disc. The properties of the CGM derived in
Chapter 2 show a higher density (ncor = 8.3 × 10−5 cm−3) and temperature
(Tcor = 2× 106 K) of the coronal gas at this location, therefore we expect more
interactions, possibly influencing the survival of the cloud. Figure 11a shows
the temperature snapshots of a cloud with mass mcl=5×104 M� starting at 50
kpc from the galactic center, with a velocity of 100 km s−1, with and without
thermal conduction. During the simulation without thermal conduction, due to
technical problems the simulation crashed after 60 Myr. The resulting profiles in
Figure 12 for the cold mass and velocity evolution show that, even in the internal
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Figure 11: a: Temperature snapshots at at t=20, 50 Myr for sim. 3 (left) and
sim. 4 (right); b: Temperature snapshots at t=20, 40, 60, 80 Myr for sim. 5.
(see Table 1)
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Figure 12: Results of sim. 3 (blue), sim. 4 (red) and sim 5. (green) from Table
1. Left: cold mass evolution profile; right: velocity of cold gas.

regions, after 80 and 60 Myr, the cold mass losses are extremely small: 1.6%
with and 1.8% without thermal conduction (after 60 Myr). We can conclude
that the cloud of mass mcl=5×104M� is able to survive also in these regions of
the CGM, and we will do a more thorough analysis on the cloud survival and
its analytical predictions in Section 4.2.

When looking at the velocity evolution (right panel in Figure 12), the differ-
ence between both cases becomes more apparent. Without thermal conduction,
the deceleration becomes much steeper than with thermal conduction. In Sec-
tion 4.1, we will look deeper into this effect.

So far we have carried out our simulations with a cloud that is moving with
a velocity of 100 km s−1 with respect to the hot corona. We did this in order
to have a good comparison of the survival of the cloud between the internal
and external regions. The analytical velocity of our CGM model in Chapter 2
(Figure 6) shows that in the external regions a relative cloud velocity of 100
km s−1 represents the physical case reasonably well. However, in the internal
regions, we see that a cloud of mass mcl = 5× 104 M� reaches a velocity of ∼
175 km s−1, which is close to the speed of sound of the hot coronal gas at that
distance. Armillotta et al. (2017) [5] showed that the survival of the cloud
also depends on its velocity. We therefore carried out a simulation with thermal
conduction for a cloud with a velocity of 175 km s−1 with respect to the corona,
in order to see its effect on the survival (see Figure 11b). The green profiles
in Figure 12 show the evolution of cold mass and the velocity of the cloud for
this simulation. From these profiles we can see that the results are comparable
to the one obtained with a cloud moving at a lower velocity. Therefore it is
possible that also clouds that move at slightly supersonic velocity are able to
survive.

3.2.1 Low mass cloud

The results of our simulations so far have shown that the cold mass losses are
extremely small in the external and internal regions for a cloud of mcl=5×104
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M�. Armillotta et al. (2017[5]) showed that the mass losses increase with
decreasing cloud mass. We therefore also ran a simulation of a cloud with mass
mcl=1×104 M� at 50 kpc from the galactic disc, in order to see how that changes
the survival of the cloud in the hot CGM. In Figure 13 we show the temperature
snapshots at 20, 50 and 80 Myr. From this figure we see that without thermal
conduction, the rate of cloud destruction from its initial spherical configuration
is even more than in case of the high mass cloud. This increases the mixing of
cloudlets with the corona in the wake. Figure 14 shows the cold mass evolution
and the cloud velocity evolution. This shows that after 80 Myr, the cloud has
lost 3.4% of its mass with and 6.4% without thermal conduction. Even though
these cold mass losses are bigger than in the previous cases, the losses are still
not significant and therefore it is possible that also the less massive clouds will
survive for a relatively long time (Section 4.3).

In Figure 15 we show the mass distribution as a function of temperature.
The same pattern appears here as in Section 3.1.1 when thermal conduction is
off. However, since the destruction of the low mass cloud is higher as we have
already seen from the temperature snapshots, due to subsequent mixing of both
gas phases, the fraction of gas at the peak of the cooling function, T ' 105 K, is
higher, therefore allowing more hot gas to cool. This explains the ability of the
cloud to retain its mass for a longer period of time, as seen from the mass profile
in Figure 14. However, when this effect is outbalanced by the evaporation of
cold gas, due to the complete destruction, the cold mass drops faster.

2

1

0

1

2

y 
[k

pc
]

t = 20 Myr

WITHOUT THERMAL CONDUCTION
t = 20 Myr

WITH THERMAL CONDUCTION

2

1

0

1

2

y 
[k

pc
]

t = 50 Myr t = 50 Myr

0 2 4 6 8
x [kpc]

2

1

0

1

2

y 
[k

pc
]

t = 80 Myr

0 2 4 6 8
x [kpc]

t = 80 Myr
2.5

5.0

7.5

10.0

12.5

15.0

17.5

20.0

T 
[1

05  K
]

Figure 13: Same as Figure 8. Left: sim. 6; right: sim. 7.
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Figure 14: Results of sim. 6 (blue), sim. 7 (red) from Table 1. Left: cold mass
evolution profile; right: velocity evolution of cold cloud.
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Figure 15: Mass distribution at different times (t=0, 40, 80 Myr) for sim. 6
(left) and sim. 7 (right) from Table 1.
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4 Discussion

In this section, we further explore the physical processes at work in our simula-
tions and we discuss the implications of the results obtained in Chapter 3 in the
context of accretion of cold gas into a Milky Way-like galaxy. In Section 4.1,
we look at the drag force. In Section 4.2, we describe the theory of the Field
length in order to investigate what happens at close distances from the galactic
disc. In Section 4.3 we discuss the survival of the cloud.

4.1 Drag force

The ram pressure of the corona exerts a drag force on the cloud. This drag force
affects the motion of the clouds decelerating them, following the prescription of
Fraternali et al. (2008[9]):

vcl(t) =
vcl(0)

1 + t/tdrag
, (24)

where the timescale tdrag for the drag force is given as:

tdrag =
mcl

vclσρcor
, (25)

where σ = πr2cl is the cross section of the cloud, mcl and vcl are, respectively,
the mass and velocity of the cloud (with respect to the hot gas) and ρcor is the
density of the hot corona. We compare the analytic velocity profile (eq. 24) with
the observed velocity profiles for the external, internal and low mass cases in
Figure 16. This shows that the analytic velocity profile, equation (24), overesti-
mates the efficiency of the drag force. Also, we see the difference in the velocity
profiles between with and without thermal conduction, especially in the internal
regions. The differences between the two types of simulations and between the
simulations and the analytic predictions are mainly due to the differences in the
cross section of the cloud between the different treatments. Indeed, as we can
see from equation (24) and equation (25) given the mass of the cloud, the cross
section of the cloud plays an important role in the efficiency of the drag force,
and consequently the deceleration of the cloud.

Looking at the temperature snapshots in the Figures 8, 11 and 13, without
thermal conduction, we see the strong cloud deformations that are taking place.
This increases the cross section of the clouds.

In Figure 17 we projected the distribution of cold mass on the y-axis present
in the grid, for the three main simulations analysed in Chapter 3: external
regions, internal regions and low mass cloud in the internal regions. The y-axis is
the dimension perpendicular to the motion of the cloud, and thus the dimension
on which the drag exerts a force. In particular, the width of this distribution
gives us an indication of the total extention of the cloud and therefore its cross
section.
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Figure 16: Velocity of the cold gas in the simulations compared with the analytic
velocity profile with (dashed line) and without (dotted line) the correction factor
for a high mass cloud in external regions (upper left panel), a high mass cloud
in internal regions (upper right panel) and a low mass cloud in internal regions
(bottom panel). Simulations are run with (red) and without (blue) thermal
conduction.

The analysis of these plots confirms that thermal conduction keeps the cloud
compact, and we can see how the cross section (the width of the mass distribu-
tion), decreases with time. Without thermal conduction instead, the cloud does
not stay compact and we see a flattening of the cloud that results in an increase
of the cross section. This effect is more evident in the internal region and for a
low mass cloud.

To better understand what happens when the cross section increases, we
investigated the streamlines of the gas in the simulation of a high mass cloud in
the external regions in Figure 18 in which we compare with and without thermal
conduction. A streamline shows, given the velocity vector, the direction in which
the gas in a cell will flow in the subsequent timestep. The figure reveals in both
simulations the formation of vortices behind the cloud, explaining the turbulent
wake and the deformation of the cloud. This dissipates kinetic energy from
the cloud and decelerates it. Without thermal conduction, the increase in cross
section results in more vortices consequently dissipating more kinetic energy and
decelerating the cloud. This effect is experienced strongly for a low mass cloud

27



-2 1 0 1 2
y-axis [kpc]

0

2000

4000

6000

8000

10000

12000

14000

M
as

s [
M

]

WITHOUT THERMAL CONDUCTION
t = 0 Myr
t = 45 Myr
t = 80 Myr

-2 1 0 1 2
y-axis [kpc]

0

2500

5000

7500

10000

12500

15000

17500

M
as

s [
M

]

WITH THERMAL CONDUCTION
t = 0 Myr
t = 45 Myr
t = 80 Myr

-2 1 0 1 2
y-axis [kpc]

0

2000

4000

6000

8000

10000

12000

14000

16000

M
as

s [
M

]

WITHOUT THERMAL CONDUCTION
t = 0 Myr
t = 45 Myr
t = 60 Myr

-2 1 0 1 2
y-axis [kpc]

0

5000

10000

15000

20000

25000

M
as

s [
M

]

WITH THERMAL CONDUCTION
t = 0 Myr
t = 45 Myr
t = 80 Myr

-2 1 0 1 2
y-axis [kpc]

0

1000

2000

3000

4000

5000

M
as

s [
M

]

WITHOUT THERMAL CONDUCTION
t = 0 Myr
t = 45 Myr
t = 80 Myr

-2 1 0 1 2
y-axis [kpc]

0

1000

2000

3000

4000

5000

6000

M
as

s [
M

]

WITH THERMAL CONDUCTION
t = 0 Myr
t = 45 Myr
t = 80 Myr

Figure 17: Projection of the mass distribution on the y-axis of the simulation
grid at different time-steps (t=0, 45, 80 Myr) for a high mass cloud in external
regions (top panels), a high mass cloud in internal regions (center panels) and
a low mass cloud in internal regions (bottom panels): with (right panels) and
without thermal conduction (left panels).

starting in the internal regions without thermal conduction, where between 40
and 65 Myr there is a sudden drop in velocity (Figure 16). In Figure 19 we
show the temperature snapshots and the streamlines at 40 and 60 Myr. This
shows that during that time interval the cloud deforms heavily, increasing its
cross section and therefore explaining the high deceleration.

The effects described above explain the differences between the velocity pro-
files of the simulations with and without thermal conduction. It is therefore clear
that the analytic prescription described by equation (24), valid for a spherical
cloud, cannot take into account all these second-order effects observed in the
simulations and therefore it is expected to deviate from our findings.
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Given the previous discussion, we would expect the analytical prediction to
lie above the simulated velocity profile. However, the opposite is true in most
cases. This could be due to the fact that the analytic velocity profile in equation
(24) treats the cloud as a sphere in three-dimensions. Our simulations are in two-
dimension, therefore resulting in a lower cross section in the simulated clouds,
which means that the velocity in the simulations may be overestimated. In
order to overlay the analytic velocity profile with the observed profile, we made
use of a correction factor for the cross section, that might take into account
all these effects we just described. It appeared that this correction factor is
between 0.3-0.4, therefore quite small, meaning that, with some uncertainties,
the analytic prescription approximates reasonably well the motion of the clouds
and their deceleration due to the drag force. We can thus consider the results of
our simulations in agreement with the analytic predictions, therefore justifying
the analysis of the CGM velocities in Chapter 2.
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Figure 18: Streamlines present in the grid superimposed over the temperature
snapshot for a high mass cloud starting in the external region with (right panel)
and without (left panel) thermal conduction. The time of this is snapshot is 60
Myr. Both columns are on the same scale.

4.2 Balance between thermal conduction and radiative
cooling

In the case of thermal conduction, a quantity that is interesting to analyse is
the Field length, defined as (Field, 1965[16]):

λfield ≡

√
fκspTcor
n2clΛ(Tcl)

(26)

where f = 0.1 is the efficiency of thermal conduction (see Section 2.1.2), κsp
is the Spitzer heat conduction coefficient (eq. 6), Tcor is the temperature of
the hot corona, ncl is the density of the cloud and Λ(Tcl) is the cooling rate of
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Figure 19: Streamlines present in the grid superimposed over the temperature
snapshot for a low mass cloud starting in internal region without thermal con-
duction at t = 40 Myr (left column) and t = 65 Myr (right column). Both
columns are on the same scale.

the cold gas, which we take as 10−23.93 erg cm3 s−1 as the average cooling rate
between the temperature range 104-104.3 K (Armillotta et al. 2016[6]).

This critical length scale can be used to investigate the evolution of a two-
phase medium when in contact with each other (in our case the cloud and the
hot corona). It can be used to estimate whether heat transfer (i.e. thermal
conduction evaporating cold gas) or radiative cooling (which means gas con-
densation: hot corona gas is cooled) is more efficient over the other. When the
length scale l of the structure (i.e. the cloud) is greater than the the field length
(l > λfield), radiative cooling is dominant and the cloud will grow cold mass,
otherwise thermal conduction dominates and the cloud will evaporate into hot
gas.

In Figure 20 we show the Field length (eq. 26) as a function of the distance
from the galactic center and we compare it with the radius of the cloud. Note
how at large distances, the Field length exceeds the scale length of the cloud and
we thus observe a regime where the influence of thermal conduction dominates
over radiative cooling, as we have found in our simulations. Around ∼ 40 kpc,
there is a change in regime, below which radiative cooling dominates. To see if
this is happening, we ran a simulation starting at 30 kpc to see if the cloud is
growing cold mass (Figure 21). Figure 22 shows the cold mass evolution for this
simulation. After 80 Myr, the mass of the cloud has increased by 0.4% which is
a small fraction but it clearly indicates the cloud is not losing mass and therefore
is able to survive the central regions of the CGM, which is in agreement with
what was found in Armillotta et al. 2016[6].
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Figure 21: Same as Figure 8 for sim. 10 in Table 1.
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4.3 Survival of the cloud

We found from our simulations that at a distance of 100 kpc from the center,
the mass losses are very low. Since at larger distances the coronal gas has even
lower densities (see Figure 5), we expect very little interactions taking place
between the corona and the cloud, and the mass losses should be negligible.
We therefore calculate the survival time of the clouds starting from 100 kpc,
assuming they did not lose any mass in the first part of the journey.

In order to obtain this time, we fitted the mass profiles shown in Figure 9,
12 and 14, and extrapolated the time needed for the clouds to lose all of their
mass. This shows us that a cloud of 5× 104 M� losses all of its mass after 2.9
Gyr without thermal conduction, and 3.6 Gyr with thermal conduction. For
the low mass cloud (1×104 M�), this is 2.5 Gyr (with thermal conduction) and
1.3 Gyr (without thermal conduction).

In order to understand whether our clouds can survive during their journey
and accrete onto the galaxy disc, we compare this survival time with the infall
time from 100 kpc to the galactic center, given as:

tfall =

∫ 0

r

dr

v(r)
, (27)

where we start from r = 100 kpc and v(r) is taken from the analytic velocity
profile we calculated in Chapter 2 with equation (21).

For a cloud of mass mcl = 5 × 104M� this is tfall = 0.55 Gyr and for
mcl = 1×104M� the infall time is tfall = 0.70 Gyr. As we already noticed from
the velocity profile in Figure 6, we can exclude a difference in infall time due
to different initial velocities, since both the two extreme cases converge towards
each other at ∼ 150 kpc from the disc.

Also taking into account the effect of gas condensation in the most inner
regions of the CGM (Section 4.2), we should conclude that the gas is able to
survive its way to the galactic disc, since the survival time of these clouds seems
to be much larger than the time they need to reach the center. This means
that the cold CGM clouds observed in the halos of spiral galaxies could be a
viable way to accrete gas onto star-forming discs and therefore feed their star
formation. However, we should caution that extrapolating the behaviour of the
simulations in this way gives a rather uncertain estimate as non-linear effects
can suddenly accelerate the destruction of the cloud. Simulations carried out
for a much longer time would be needed to draw a firm conclusion.
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5 Conclusions

In this Thesis, we have investigated the scenario in which the cold circumgalactic
gas of a Milky Way-like spiral galaxy is composed of different clouds originating
form the IGM that are infalling towards the galactic center and are interact-
ing with the hot corona. The properties of both the hot and cold gas phases
have been analytically estimated in order to be consistent with observational
constraints (e.g. Tumlinson et al., 2013[44]; Werk et al., 2014[49]; Anderson
& Bregman, 2011[2]). We performed high-resolution 2D hydrodynamical sim-
ulations to investigate the motion of the cold clouds through the hot ambient
medium, focusing in particular on the influence of thermal conduction on the
cloud survival time.

The main results and conclusions that we have obtained with this work are
the following:

1. The main effect of thermal conduction in our simulations is its ability
to keep the clouds compact during their motion through the corona. In
Chapter 3 we have seen this effect in the development of the turbulent
wake behind the cloud. The cold cloudlets present in the simulations
with only cooling are instead suppressed in the simulations with thermal
conduction, leaving a compact cloud traveling through the hot CGM. The
survival time of the clouds for these two types of simulations are however
comparable with each other.

2. Our simulations show how clouds of masses of the order of 104 M� have
survival times that exceed the analytic predicted infall times consider-
ably and therefore are able to survive their journey through the galaxy
halos. We have also have found evidence for gas condensation in the cen-
tral regions, which contributes to the survival as well. This finding is in
agreement with what is found in the work of Armillotta et al. (2016[3]).

3. Given the previous results, we conclude that the observed cold CGM
clouds, in the scenario in which they originate from the IGM, are a viable
way to accrete gas onto the star-forming discs and therefore deed their
star formation.
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