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Abstract
The circumgalactic medium (or CGM), contains a large reservoir of potential fuel
for star formation and is, therefore, believed to be fundamental in the evolution
of star-forming galaxies. In particular, a large amount of cool (∼ 104 K) ionized
CGM has been observed, mainly in absorption, up to the virial radii of low-
redshift galaxies. As argued in Chapters 3 and 4, this medium is likely produced
by the infall of gas from the surrounding intergalactic medium (IGM). However,
whether this gas is accreted by the central galaxies or, instead, it evaporates into
the hot phase of the CGM (also called corona, at T ∼ 106 K) is not yet understood.
In this Chapter, we study, using 2D and 3D high-resolution hydrodynamical
simulations, the evolution of cool CGM clouds falling through the halos of nearby
disk galaxies and interacting with the hot coronal gas. We focus in particular
on the halo of M31, where this cool medium has been recently observed by the
project AMIGA. We use, as initial conditions for our numerical experiments, the
results of Chapter 4, where we have found that the observations of the cool
CGM of M31 are well reproduced by infalling clouds starting at the virial radius
(336 kpc). We setup hydrodynamical simulations, in which the cloud’s motion is
governed by the gravity of the dark matter halo and the interactions with the
surrounding corona; the cool cloud and the hot gas are initially in pressure
equilibrium. Apart from the external gravity, we also include the effects of
radiative cooling and isotropic thermal conduction. We find that, in all our
simulations, the cloud is destroyed by the hydrodynamical interactions with the
hot corona and evaporates into the hot gas in about 2 Gyr and at distances from
the disk of M31 larger than 150 kpc. This is different from the predictions of
the semi-analytical models of Chapter 4, where the cool clouds have a constant
mass during their infall. Nonetheless, after incorporating the results from our
simulations (in particular the cloud evaporation and the evolution of its velocity,
cross section and column density) into the best-fit models of Chapter 4, we find
that the model predictions are still consistent with the observational data of the
project AMIGA. We conclude, therefore, that the cool CGM of M31 (and likely of
low-redshift star-forming galaxies of similar mass) is well described by clouds
accreted from the IGM, that do not reach the central galaxy disk, but evaporate,
instead, into the corona.
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5.1 Introduction

Spiral galaxies continuously grow and form new stars, using the cold gas avail-
able in their disks. Typically, the mass of the cold interstellar medium (ISM)
is, however, sufficient to feed the galaxy’s star formation for only a few Gyr
(Kennicutt 1983; Fraternali & Tomassetti 2012). Therefore, in order to sustain
the star formation for the entire galaxy lifetime (about 10 Gyr), the ISM must
be continuously replenished with accretion from the external gaseous environ-
ment (e.g. Sancisi et al. 2008), which is known as the circumgalactic medium,
or CGM.
The cool CGM is often associated with inflow (e.g. Ho et al. 2017) and outflow
(e.g. Schroetter et al. 2019) motions. In Chapters 3 and 4 we have shown, by
comparing the predictions of semi-analytical models with observational data,
that outflows from the central galaxies, powered by the supernova explosions
in the disk, cannot be the main formation mechanism of the cool gas. Instead,
most of the cool CGM is likely originated by accretion of IGM into the galaxy
halos. In Chapter 4, in particular, we have demonstrated this for the case of the
CGM of M31; specifically, we have considered both inflow and outflow models
and we have shown that cosmological inflow, but not supernova-driven outflows,
can explain the recent observations of the CGM of M31 by the project AMIGA
(Lehner et al. 2015, 2020). More in detail, we have found that an inflow of cool
gas clouds from the IGM, at a rate consistent with the predictions of cosmolog-
ical models (e.g. Correa et al. 2015a), can successfully reproduce the observed
kinematics, covering fraction and silicon column densities. We were also able
to constrain the cloud properties, finding that they have a mass of ≈ 5×106 M⊙,
initial infall velocities of the order of 10 km s−1 and a low metallicity of ≈ 0.05Z⊙.
Gas with similar metallicities is generally assumed to be part of accretion from
the IGM (e.g. Danforth & Shull 2008; Wotta et al. 2019).
In our semi-analytic model, cool gas clouds interact with the hot phase of the
CGM (at T ≳ 106 K, also called corona), which influences their motion through
the drag force (e.g. Marinacci et al. 2011). However, we were not able to de-
termine whether these clouds would be able to survive to the hydrodynamical
interactions with the corona and actually reach the disk, or rather be destroyed
during the journey. This is of primary importance, since the accretion of cool
gas into the halo, as predicted by our models, is higher than 10 M⊙ yr−1, while
the current star formation of M31 is less than 1 M⊙ yr−1 (Rahmani et al. 2016).
Describing the cloud evaporation analytically is challenging, since it depends on
many second-order effects like the Kelvin-Helmholtz (KH) and Rayleigh-Taylor
(RT) hydrodynamical instabilities. In addition to the evaporation, the hydro-
dynamical effects also modify the cloud shape, while, in our semi-analytical
models of Chapter 4, we assumed that the clouds maintain a spherical shape
throughout their infall. The aim of this Chapter is to further investigate the
cloud/corona interactions, using high-resolution hydrodynamical simulations.
To correctly capture KH and RT instabilities, it is essential that simulations
have a sufficient spatial resolution. Currently, the resolution of large-box and
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’zoom-in’ cosmological simulations (e.g. Crain et al. 2015; Pillepich et al. 2018;
Hopkins et al. 2018) is at best of the order of one kpc and, therefore, largely
insufficient to properly describe the interaction of the cool gas with the corona
(e.g. Peeples et al. 2019; van de Voort et al. 2019). To this goal, one approach
is to focus on a small region of the galactic halo, following the evolution of a
single cloud moving through a hot medium. This kind of high-resolution sim-
ulations have been carried out extensively in the last decade (e.g. Heitsch &
Putman 2009; Scannapieco & Brüggen 2015; Armillotta et al. 2016; Grønnow
et al. 2018). One general result of these studies is that cool gas tends to be
stripped from the cloud as a consequence of the KH instability and, in the
absence of radiative losses, this effect eventually leads to the destruction of
the cloud (e.g. Heitsch & Putman 2009). In the presence of radiative cooling,
however, the gas stripping might lead to an opposite result: the gas at the
cloud/corona interface has, indeed, intermediate temperatures (T ∼ 105 K, close
to the peak of the cooling function) and, depending on the initial conditions
of the simulations (in particular the density of the coronal gas), short cooling
times. As a result, this medium might cool very rapidly and eventually increase
the mass of the cool gas: this effect is called condensation (e.g. Marinacci et al.
2010b; Armillotta et al. 2016; Gronke & Oh 2018).
Another important effect in determining the cloud evolution is thermal conduc-
tion, the transfer of heat via free electrons, which takes place in the presence
of strong temperature gradients (Spitzer 1962). This diffusive effect tends to
hinder the development of the KH instability at the cloud/corona interface
and can therefore extend the survival time of the cloud (e.g. Vieser & Hensler
2007; Armillotta et al. 2017). On the other hand, if the temperature difference
between the two gas phases is sufficiently large and if the cloud is not mas-
sive enough, thermal conduction might also lead to a faster evaporation (e.g.
Brüggen & Scannapieco 2016). Magnetic fields also play an important role (e.g.
Grønnow et al. 2018; Kooij et al. 2021) and, in particular, they suppress thermal
conduction, since electrons follow the magnetic field lines and cannot move in
the direction perpendicular to them. However, including magnetic field in sim-
ulations is computationally expensive and, in simulations where the magnetic
field is not present, the thermal conduction is simply assumed to be isotropically
suppressed to a fraction of its efficiency (e.g. Armillotta et al. 2016). Finally,
also the self-gravity of the cloud might influence its evolution, but is generally
only a minor effect with respect to radiative cooling, thermal conduction, or
magnetic fields, because of the presumably low densities of clouds in the CGM
(Li et al. 2020). Most of the studies mentioned above are, however, focused on
regions up to ∼ 10 kpc from the galactic disk, at the interface between the disk
and the inner CGM, and there are very few simulations analyzing the evolution
of cool clouds at galactocentric distances of ≳ 100 kpc (e.g. Armillotta et al.
2017). In this Chapter, we aim, instead, to characterize the evolution of the
cool CGM detected up to more than 300 kpc away from the galactic disk.
We use high-resolution hydrodynamical simulations with an adaptive grid (see
Section 5.2.3), to study the evolution of the cool CGM clouds. We focus in par-
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ticular on the halo of M31, using the results of Chapter 4 as initial conditions
for our simulations. The results of this work, however, may be applicable to
other similar star-forming galaxies in the local Universe, if one assumes that
their CGM have similar properties (see Chapters 3 and 4). We consider the
effects of radiative cooling, suppressed isotropic thermal conduction and of the
gravitational field of the dark matter (DM) halo of M31. Thanks to the adap-
tive grid, we are able to properly resolve the cool gas and to follow its infall from
the virial radius towards the central galaxy. The main goal of this Chapter is to
find whether this gas can reach the central regions and feed the star formation,
or is instead destroyed by the interactions with the hot corona. Moreover, the
results of these hydrodynamical simulations can be used to refine the analytical
models presented in Chapter 4, in order to better describe the cool CGM of
M31 and of similar star-forming galaxies.
In Section 5.2, we describe in detail the hydrodynamical simulations that we
have used in this work; in Section 5.3, we report the results of our 2D and 3D
numerical experiments; in Section 5.4, we show the comparison between the
findings of our simulations and the AMIGA observations. In Section 5.5, we
refine the analytical models based on the results of the simulations, we discuss
the limitations of this work and we compare it with previous studies, while, in
Section 5.6, we summarize our work and we outline our conclusions.

5.2 Hydrodynamical simulations
In this Section, we describe the setup of the high-resolution hydrodynamical
simulations that we ran for this work and that we used to study the motion
and properties of the cool CGM clouds in the halo of M31. To carry out our
numerical experiments, we used the code PLUTO, version 4.3 (see Mignone
et al. 2007, 2012), which is an Eulerian Godunov-type (Godunov 1959) code that
solves the system of ideal hydrodynamical equations. We used in particular the
HLLC Riemann solver (Toro et al. 1994), which represents a good compromise
between accuracy and stability of the simulations (see Grønnow et al. 2018).

5.2.1 Initial conditions of the simulations

We assume that the CGM of M31 is initially composed of two distinct phases:
(i) a hot circumgalactic medium, or corona, which represents a volume-filling
phase in hydrostatic equilibrium with the halo gravitational potential; (ii) a
cool circumgalactic gas phase, composed of multiple clouds pressure-confined
by the hot medium and whose initial properties are based on the results of
Chapter 4. With our simulations, we study, in particular, the evolution of one
of these clouds and its interactions with the hot medium. The domain of our
simulations is represented by a cartesian rectangular grid that extends in height
from 65 kpc above the galactic disk of M31 (assumed at a height z = 0), up to
345 kpc from it (the virial radius of M31 is 336 kpc, see Section 4.3.1). We
performed simulations in 2 and 3 dimensions. Both the x and (when present)
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the y dimensions have an extension of 80 kpc. The large size of the grid,
especially in the z direction, is chosen in order to follow the whole evolution of
the cloud throughout the halo. In all our simulations, we assume an ideal gas,
so that P = nkBT , where P is the gas pressure, n is the gas volume density, T is
the gas temperature and kB is the Boltzmann constant.
We first define the hot corona as a static medium in equilibrium with the DM
halo of M31 and we made the assumption that its density and temperature are
plane parallel, hence they vary only as a function of the height z. This is justified
by the fact that we are studying regions of the halos at large galactocentric
distances from the disk. The density and temperature profiles of the corona are
then described by

ncor(z) = n0(
Tcor(z)
Tcor,0 )

1/(−1)
, (5.1)

and
Tcor(z)
Tcor,0

= 1+  −1
�mp

kBTcor,0
(Φ(z) −Φ0) , (5.2)

where � = 0.6 is the mean molecular weight, valid for a fully-ionized gas, mp is
the proton mass,  = 1.2 (see Section 4.A) is the polytropic index, Tcor,0, n0 and
Φ0 are the temperature, density and gravitational potential at a reference ra-
dius r0 = 10 kpc and Φ(z) is the Navarro Frenk White potential (NFW, Navarro
et al. 1996). This is assumed to vary only as a function of the height z and is
calculated assuming a virial mass Mvir = 2×1012 M⊙, a virial radius rvir = 336 kpc
and a concentration c = 10.25 (see Section 4.3.1). We assume the gravitational
potential to be given only by the DM component, neglecting the effects of the
stellar disk and bulge of M31 (see Section 4.3.1). At the large distances probed
with our simulations, the contribution of the stellar components to the total
potential is negligible.
In order to simplify the setup of the simulations, we assume that the corona
does not rotate, although it is expected to do so, both from theoretical argu-
ments (e.g. Pezzulli et al. 2017) and observational evidence in the Milky Way
(MW Hodges-Kluck et al. 2016). However, as we have seen in Chapter 4, the
hot medium should have relatively high rotational velocities only in the inner
regions of the halo, while it rotates very slowly at the distances that we are prob-
ing with our simulations. This simplification, therefore, does not significantly
affect our results. We chose values of  , Tcor,0 and n0 that produce a model of
the hot gas whose density and temperature profiles are consistent with the ones
of the more sophisticated, rotating hot CGM model presented in Chapter 4.
Despite the approximation of a static corona, this choice of parameters ensures
that the current model is in agreement with observational estimates for the
Milky Way (e.g. Salem et al. 2015) and will allow us to make fair comparisons
between the semi-analytical models of Chapter 4 and the results of the simula-
tions. As in the previous Chapters, the total coronal mass is equal to 20% of
the total baryonic mass expected within the halo (Mvir × fbar, where fbar = 0.158
is the cosmological baryon fraction, Planck Collaboration et al. 2020). The
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density and temperature profiles of the corona are shown in the two panels of
Figure 5.1.
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Figure 5.1: Top: den-
sity profile of the hot
corona (5.1, red solid
curve) that we utilize in
our simulations, and of
cool CGM in pressure
equilibrium with the hot
gas (5.3, blue dashed
curve). The density of
the cool CGM at the
virial radius is adopted
the initial density of
the cloud in our simu-
lations. Bottom: tem-
perature profile of the
hot corona, described by
equation (5.2).

Based on the results of Chapter 4, we simulate here the evolution of a cloud
of cool gas, starting at the virial radius of M31, pressure-confined by the hot
corona and infalling towards the galaxy due to the gravitational attraction of
the halo. The density of cool gas in pressure equilibrium with the hot CGM
(see the blue dashed curve in Figure 5.1) is given by:

ncool(z)Tcool = ncor(z)Tcor(z) , (5.3)

where Tcool = 2×104 K is the temperature assumed for the cool CGM (e.g. Keeney
et al. 2017; Lehner et al. 2020) and ncor(z) and Tcor(z) are given, respectively, by
equations (5.1) and (5.2). We used equation (5.3) to calculate the initial cloud
central density �cl = �mpncl (with � = 0.6), at the virial radius of M31. Once the
density is defined, we assume that the cloud is spherical and its initial radius
is obtained through

rcl =(
3mcl
4��cl)

1/3
, (5.4)

where mcl is the initial mass of the cloud, one of the parameters that we vary in
our simulations (see below). The cloud density is described by a smooth profile
(see Grønnow et al. 2018; Kooij et al. 2021):

n(r) = ncor +0.5(ncl −ncor){1− tanh[s(r/rcl −1)]} , (5.5)

where the parameter s sets the steepness of the profile (we adopted s = 10 for all
our simulations). This profile produces a smooth transition between the coronal
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and the cloud density, with n(rcl) ≈ ncl/2 in the limit where the density of the
cloud is significantly higher than the one of the corona, which is the case in all
our experiments1. Note that, as a consequence of the pressure equilibrium, also
the temperature of the cloud has a smooth profile that goes from 2×104 K to the
temperature of the corona. Finally, we impose an initial negative velocity for
the cloud along the z-axis vz = −10 km s−1, which is within the range found in
Chapter 4. All the parameters that remain fixed in all our experiments are listed
in Table 5.1. In our simulations, we adopt zero-gradient (or outflow) boundary
conditions everywhere, allowing material to freely leave the simulation domain.

(1) (2) (3) (4) (5) (6) (7)

vz ncl ncor(rvir) Tcl Tcor(rvir) Zcool Zcor
(km s−1) (cm−3) (cm−3) (K) (K) (Z⊙) (Z⊙)
−10 5.8×10−4 1.3×10−5 2×104 9×105 0.05 0.3

Table 5.1: Fixed parameters in our simulations: (1) initial cloud velocity along the vertical
direction; (2) initial cloud central density; (3) coronal density at the virial radius; (4)
initial central cloud temperature; (5) temperature of the hot corona at the virial radius; (6)
metallicity of the cloud; (7) metallicity of the corona.

5.2.2 Cooling and thermal conduction
We include, in our simulations, both the effects of radiative cooling and thermal
conduction. Cooling is based on the collisional ionization equilibrium tables of
Sutherland & Dopita (1993), which provide the cooling rate Λ as a function of
temperature and metallicity Z . For simplicity, we are neglecting, in this work,
the presence of external ionizing sources, in particular the extragalactic UV
background (EUVB, e.g. Haardt & Madau 2012), whose impact on our results
will be discussed in Section 5.5.2. The energy loss due to cooling is given by
ΔE = −n2Λ(T ,Z ). In all the simulations, the cloud has a metallicity Z = 0.05Z⊙,
in agreement with the findings of Chapter 4, while the corona has Z = 0.3Z⊙,
consistently with observational evidence for the inner regions of the corona
of the Milky Way and nearby massive spiral galaxies (see Miller & Bregman
2015; Anderson et al. 2016). We note that the metallicity of the corona, at
distances of hundreds of kpc from the disk, is less well constrained and may
be likely lower than the value we adopted. We will discuss the impact of this
choice on our results in Section 5.5.2. We keep track of the metallicity using
a passive tracer CZ , initiated at the values stated above and that evolves with
the simulation without affecting the gas flow (see Mignone et al. 2012 for the

1Note that, being the density of the cloud not constant, but described by a smooth
profile, the initial mass of the cloud will be slightly (∼ 5%) smaller than the value used in
equation (5.4) and that is reported in Table 5.2.
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evolution of passive scalars in PLUTO). We assume that the corona is in thermal
equilibrium, likely due to the presence of heating sources that balance its cooling
and that we do not explicitly include in our simulations. For simplicity, we then
assume that the hot gas can not cool. In order to do this, we set an additional
tracer Ccool, which is used to isolate the coronal material that is not affected by
the cloud. This tracer is initially set to 1 for the cloud (for r < 1.3rcool, in order to
contain all the cloud material) and 0 elsewhere and evolves with the simulation.
At anytime, material where Ccool < 10−8 (so not affected by the cloud) is not
allowed to cool. We note that likely this choice does not significantly affect our
results, since the cooling time of the corona is everywhere in the grid longer
than ∼ 7 Gyr. Finally, we also impose, in all our simulations, a cooling floor at
2 × 104 K, below which the gas is not allow to cool. This partially takes into
account the effect of the EUVB, which we are otherwise neglecting in this work
(see Section 5.5.2), and which does not allow the cool gas to cool below this
temperature.
All our simulations also include thermal conduction, which is the transfer of heat
via electrons between two gas phases at a different temperature. Given that the
hot and cool phases of the CGM are at temperatures that differ by almost two
orders of magnitude, thermal conduction is expected to play an important role
in the evolution of this system. In the simulations, this effect is introduced by
adding an additional divergence term in the energy equation, using the module
available in PLUTO (see Mignone et al. 2012). Under the assumption that the
mean free path of electrons is much smaller than the temperature scale length,
the flux of thermal conduction is in the non-saturated regime and is equal to:

qns = −ftc�Sp(T )∇T , (5.6)

where ∇T is the gradient of temperature and �Sp(T ) is the Spitzer conductivity
(Spitzer 1962), given by:

�Sp(T ) = 1.84×10−5
T 5/2
lnΨ erg s−1 K−1 cm−1 , (5.7)

where T is the temperature (in K) of the hot gas and lnΨ is the Coulomb
logarithm (≈ 30 in our setup). These equations are valid for a fully ionized
gas, as appropriate for our conditions. In equation (5.6), we have multiplied
the Spitzer standard flux by ftc: a suppression factor lower than 1 that is
used to take into account the effect of the magnetic field. Given that, in the
presence of such a field, the electrons follow the magnetic field lines, the thermal
conduction flux is strongly reduced in the transverse direction. The magnetic
suppression is, therefore, anisotropic, but the isotropic approximation works
fairly well (e.g. Kooij et al. 2021). In general, the exact value of ftc is largely
unconstrained, with different authours finding values that go from 0.001 (e.g.
Chandran & Cowley 1998) to 0.2 (Narayan & Medvedev 2001). Recently, this
suppression factor has been estimated for a CGM cloud/corona system with
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MW-like properties (therefore arguably similar to those of M31), using magneto-
hydrodynamic (MHD) high-resolution simulations, by Kooij et al. (2021). These
authors constrained the value of ftc to be between 0.03 and 0.15.
When the temperature scale length becomes smaller than the mean free path
of the electrons, equation (5.6) is not valid anymore. In this case, the thermal
conduction flux becomes saturated and is expressed by (Cowie & McKee 1977):

qsat = 5��c3s , (5.8)

where � is the gas density, cs is the sound speed and � is an efficiency factor
less than or of the order of unity (we adopted � = 0.3). To ensure a smooth
transition between the two flux regimes, the flux is described by the formula
(Dalton & Balbus 1993):

q = −ftc
�Sp(T )
1+� ∇T , (5.9)

where

� = �Sp||∇T ||
qsat

. (5.10)

5.2.3 Simulation setup
All the simulations in this study have been performed using the Adaptive Mesh
Refinement (AMR) technique, provided by the PLUTO package. This is crucial
in order to be able to follow the evolution of the cloud in a reasonable computa-
tional time. The cloud occupies only a small fraction (of a size of about 10 kpc)
of the grid, but might eventually travel for hundreds of kpc. Hence, the volume
is large to capture the whole journey of the cloud, but only some of it (where
the cool gas is located) needs to be resolved at any one time. In particular,
the cells are refined according to a refinement threshold � , which is based on
the second derivative of the density (see Lohner 1987). We have adopted, in
all our simulations, � = 0.8, which represents a compromise in order to have the
required resolution without being too computationally expensive (� = 0 corre-
sponds to refinement everywhere, while � = 1 corresponds to no refinement). In
order to capture the entire evolution of the cloud, we ran all our simulations
(except for one case, the simulation 2D8, see below) for 3 Gyr.
In this Chapter, we present results of runs of both 2-dimensional and 3-dimensional
simulations. In the 2D case, the base grid has a resolution of 500 pc and we
refine up to 5 levels (6 in simulation 2D8, see Table 5.2), increasing the resolu-
tion by a factor 2 for each level, to a maximum resolution, therefore, of ∼ 16 pc
(∼ 8 pc in simulation 2D8). For the 3D simulations, the base grid has instead a
resolution of 1 kpc and we refine up to 4 levels, i.e. to a maximum resolution
of ∼ 62 pc. Based on the results of Chapter 4, the observations of the cool
CGM of M31 are best reproduced by clouds with a mass of 5 × 106 M⊙, which
is therefore the value that we adopt in our fiducial simulation (2DFID) for the



Hydrodynamical simulations

5

145

(1) (2) (3) (4) (5) (6)

Sim. Id mcl rcl ftc Max res. Geom.

(M⊙) (kpc) (pc)

2DFID 5×106 5.2 0.1 16 2D
2DF001 5×106 5.2 0.01 16 2D
2DM1E6 106 3.0 0.1 16 2D
2D31 5×106 5.2 0.1 31 2D
2D62 5×106 5.2 0.1 62 2D
2D8 5×106 5.2 0.1 8 2D

2D31F001 5×106 5.2 0.01 31 2D
2D31F005 5×106 5.2 0.05 31 2D
3DFID 5×106 5.2 0.1 62 3D
3DF001 5×106 5.2 0.01 62 3D

Table 5.2: Varying parameters in our simulations: (1) ID chosen for the simulation;
(2) initial cloud mass; (3) initial cloud radius; (4) suppression factor of the thermal
conduction; (5) maximum grid resolution; (6) geometry. The naming scheme adopted for
the simulation IDs is the following: 2D/3D represents the geometry; FID is used for the
fiducial simulations, with mcl = 5×106 M⊙, ftc = 0.1 and a maximum resolution of 16 pc in 2D
and 62 pc in 3D; the rest of the ID emphasises variations from the fiducial configuration,
in terms of resolution, (8, 31, 62), ftc (F001, F005) or mcl (M1E6).

initial mass of the cloud. Given the initial cloud density ncl, this mass implies a
cloud radius rcl = 5.19 kpc. The best-fit cloud mass found in Chapter 4 has also
uncertainties and therefore it is interesting to investigate how the simulation
evolves by adopting a different initial cloud mass. We do this by performing
one simulation (2DM1E6) where mcl = 106 M⊙, which implies a smaller initial
radius of 3 kpc. The sizes of the clouds analyzed in this study are therefore well
above the grid resolution of the highest levels. This ensures that the cloud is
in all cases well resolved by our simulations, but we discuss more in detail the
convergence of our simulations in Section 5.3. Finally, based on the results of
Kooij et al. (2021), in our fiducial simulation we use a suppression factor of the
thermal conduction, ftc = 0.1. We also ran simulations with lower suppression
factors (see also Appendix 5.A), to investigate its effect on the behaviour of the
cloud and especially on its survival. All the simulations that we have run for
this work are reported in Table 5.2.
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5.3 Results
In this Section, we report the results of our numerical experiments. We analyze,
in Section 5.3.1 and 5.3.2, the results of, respectively, the 2D and 3D simulations,
focusing in particular on the survival of the cool gas. For the 2D simulations
(Section 5.3.1), we first investigate the dependence of our results on the grid
resolution, then we analyze more in detail the simulations with the highest
resolution. In Section 5.3.2, we analyze our two 3D simulations and we present
a detailed study on the cross section of the cool gas for our fiducial run.

5.3.1 2D simulations
In Figures 5.2 and 5.3, we show the outputs of our fiducial 2D run (2DFID),
with 5 levels of resolution (highest resolution of ∼ 16 pc), a cloud with a mass
of 5×106 M⊙ and ftc = 0.1. We report, in particular, the evolution of the density
(Figure 5.2) and temperature (Figure 5.3) in the entire grid at four different
times: t = 0.7 Gyr, t = 1.5 Gyr, t = 1.8 Gyr and t = 2.2 Gyr. Note how the density
(and, to some extent, the temperature) of the hot medium increases at lower
heights, as described by the profile given by equation (5.1) (equation 5.2) and
shown in the top (bottom) panel of Figure 5.1. From the density and tem-
perature maps we can clearly see the evolution of the cool gas cloud, which
is initially at a distance of 336 kpc, corresponding to the virial radius of M31
(shown by the black crosses), and starts then to fall towards the disk, attracted
by the gravitational force.
Given the low initial velocity of the cloud, the low gravitational pull at these
large distances and the deceleration caused by the hot corona, the initial motion
of the cloud is relatively slow and after almost 1 Gyr the cloud is still located at
about 300 kpc from the center. At this point, due to the ram pressure (or drag
force) of the hot corona, the cool gas is already starting to lose its spherical
shape and is flattened along the z-direction. After 1.5 Gyr, the cool gas has
travelled almost 100 kpc from its initial position. Due to the interaction with
the hot gas (in particular, Kelvin-Helmoltz and Rayleigh-Taylor instabilities)
the cool medium has completely lost its initial shape, having been shredded
into filamentary structures. This is even more evident at 1.8 Gyr. Finally, at
2.2 Gyr the cool gas has reached a distance of about 150 kpc from the disk, but
at this point most of its mass has evaporated into the hot surrounding medium.
Figures 5.2 and 5.3, therefore, already show how the typical CGM cool clouds
that we are studying, under the specific assumptions of our fiducial simulation,
seem not to be able to reach the galactic disk. Instead, they evaporate into the
hot corona at large galactocentric distances.
In order to investigate more quantitatively the cloud survival, we define as cloud
mass, at each time, the sum of the mass of all the simulation cells2 with a tem-

2Given that these simulations are 2-dimensional, we are effectively simulating a grid with
an arbitrary thickness, where the gas properties do not vary along the third dimension.
Therefore, the cloud is cylindrical, with an initial circular cross-section of radius rcl. To
relate the 2D cool gas mass with the mass of an initially spherical cloud, we multiply
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Figure 5.2: Density maps of our fiducial 2D hydrodynamical simulation (2DFID, mcl =
5×106 M⊙, ftc = 0.1, maximum resolution ∼ 16 pc) at four different times. From left to right,
t = 0.7 Gyr, t = 1.5 Gyr, t = 1.8 Gyr, t = 2.2 Gyr. The black crosses show the initial position of
the cloud, at z = 336 kpc.

perature T < 3×104. This is, in fact, slightly higher than the initial temperature
of the cloud (2×104 K) and ensures that we are selecting all the cool gas in the
simulation3.
In Figure 5.4, we use the evolution of the cool gas mass to investigate the con-
vergence of our simulations, i.e. to explore whether our results are dependent
on the grid resolution. We show the mass of the cool gas as a function of time
for 4 different simulations at different (maximum) resolutions: ∼ 62 pc (2D62),
∼ 31 pc (2D31), ∼ 16 pc (2DFID) and 8 pc (2D8)4. In all the simulations, the cool
gas retains most of its mass for the majority of its evolution: indeed, the time
in which it has lost 10% of its initial mass goes from 1.38 Gyr for the simulation
2D8 to 1.56 Gyr for 2D62. The cool gas undergoes then a rapid destruction and,

this value by the factor 4/3rcl (see Marinacci et al. 2010b), hence implicitly assuming that
4/3rcl is the thickness of the grid.

3Note that this threshold in temperature is relatively arbitrary and one could choose a
different value. We have verified that using T = 5×104 K and T = 105 K does not significantly
change our results, with the evaporation time (see below) changing by, respectively, only
1% and 3%.

4For computational reasons, we were not able to run this simulation for more than ∼ 1.5 Gyr.
Therefore, in the rest of this Chapter, we consider 16 pc as the highest resolution that we
were able to probe.



5

148 Chapter 5

−20 0 20
x (kpc)

100

150

200

250

300

z
(k

p
c)

t = 0.7 Gyr

−20 0 20
x (kpc)

t = 1.5 Gyr

−20 0 20
x (kpc)

t = 1.8 Gyr

−20 0 20
x (kpc)

t = 2.2 Gyr

105

106

T
(K

)

Figure 5.3: Temperature maps of the simulation 2DFID, at the same times of Figure 5.2.
The black crosses show the initial position of the cloud, at z = 336 kpc.

at 3 Gyr, its initial mass has dropped by at least three orders of magnitude (and
in the 2DFID and 2D31 simulations it has completely disappeared at around
2.5 Gyr). More quantitatively, we can define the time tev in which the cool gas
has lost 90% of its initial mass. At this moment, we can indeed consider the
cloud as effectively already evaporated into the surrounding medium. Indeed,
only 10% of the initial mass is left and the cool gas generally looks fragmented
into small clumps that are unlikely to survive. The value of tev goes from 2.10
Gyr for our fiducial simulation 2DFID to 2.31 Gyr for 2D62 and is shown in Fig-
ure 5.4, by denoting with a higher level of transparency the evolution at t > tev.
These times, therefore, are consistent with each other and the cool gas mass
evolution at t < tev is similar for all the analyzed resolutions, indicating that we
are close to convergence. The profiles diverge more significantly after tev and
there seems to be a systematic trend, where the cloud evaporation is faster with
increasing the resolution. However, the variation between the different profiles
is relatively small and seems to decrease at higher resolutions. We conclude
then that, even though simulations at higher resolution would be desirable, our
experiments are probably reliable and arguably close to convergence. Thermal
conduction has also implications on the resolution needed for convergence, as
we discuss in Appendix 5.A. Finally, one may note that all the profiles show
an initial small increase of mass. This is due to the density smoothing between
cloud and corona (equation 5.5), which implies the presence of a shell of gas
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around the cloud at intermediate densities (and therefore temperature). This
shell, at temperatures of about 105 K (close to the peak of the cooling function)
rapidly cools and joins the cool cloud, leading to the intial mass increase. This
effect is present in all our simulations and has, however, a negligible impact on
our results.
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Figure 5.4: Evolution
with time of the mass
of the cool gas in 4 dif-
ferent simulations with
an initial cloud mass of
5 × 106 M⊙ and ftc = 0.1,
at different resolutions:
2D8 (8 pc), 2DFID (16 pc),
2D31 (31 pc) and 2D62
(62 pc).

In the following, we analyze more in detail the results for the three 2D sim-
ulations with the highest resolution that we managed to achieve (16 pc). In
Figure 5.5, we present the evolution of the cool gas mass as a function of
time (left-hand panel) and height (right-hand panel) for the simulations 2DFID,
2DF001 and 2DM1E6. In particular, we obtained the profile as a function of
the height by calculating the height, at each time t, of the center of mass of the
cool gas. As for the evaporation time tev, we calculate an evaporation height zev,
at which the cool gas has lost 90% of its initial mass. For the fiducial simulation
(2DFID, solid line), we obtained zev = 174 kpc.
In the two other simulations reported in Figure 5.5, we investigate the effects
on the survival of the cloud, at fixed resolution, of using a suppression factor
ftc = 0.01 for the thermal conduction (simulation 2DF001, dashed line) or an
initial cloud mass mcl = 106 M⊙ (simulation 2DM1E6). We can see that varying
the suppression factor does not significantly change the mass evolution, in par-
ticular until tev (or zev) and the evaporation time and height are similar to our
fiducial case. Therefore, even considering an extremely low efficiency of thermal
conduction, the cool gas does not survive in our simulation. Based on these
results, we can speculate that the CGM clouds observed in the halo of M31 by
Lehner et al. (2020), are likely not able to survive their journey from the virial
radius to the center and directly accrete onto the disk. In the low-mass case
(dotted curves) the trends of the mass profiles are very similar to the evolution
of the higher mass cloud. The main difference is, however, a significantly faster
evaporation for the low-mass cloud. This is expected, since the timescales of
growth of the KH and Rayleigh-Taylor instabilities are shorter for clouds with



5

150 Chapter 5

0.0 0.5 1.0 1.5 2.0 2.5

t (Gyr)

3.0

3.5

4.0

4.5

5.0

5.5

6.0

6.5
lo

g
m

cl

M
�

2DFID

2DF001

2DM1E6

150175200225250275300325

z (kpc)

3.0

3.5

4.0

4.5

5.0

5.5

6.0

6.5

lo
g

m
cl

M
�

2DFID

2DF001

2DM1E6

Figure 5.5: Evolution of the cool gas mass with time (left-hand) and height (right-hand)
for the simulations 2DFID (solid curve), 2DF001 (dashed curve) and 2DM1E6 (dotted
curve). All the curves have a higher level of transparency for t > tev or z < zev (see main text
for more details).

smaller sizes and, therefore, the cloud gets more easily disrupted. Indeed, we
find an evaporation time tev = 1.7 Gyr and an evaporation height zev = 234 kpc.
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Figure 5.6: Evolution of the cool gas velocity along z, as a function of time (left-hand
panel) and height (right-hand panel) for the same simulations shown in Figure 5.5. The
level of transparency of the different curves is defined as in Figure 5.5.

To conclude the analysis of the 2D simulations, we show in the two panels
of Figure 5.6 the evolution with time (left-hand side) and height (right-hand
side) of the velocity of the cool gas (selected with the same criterion explained
above) along the z−direction, averaged across all the cells with cool gas, using
the cell mass as a weight. We report in particular the results for the same 3
simulations analyzed above (2DFID, 2DF001, 2DM1E6), using the same line
and transparency styles as in Figure 5.5. We can see how, for the high-mass
cloud, the evolution of the cool gas velocity is very similar for the two simu-
lations, reaching velocities of around −120 km s−1 at tev (or zev). After this
point, the (absolute value of the) velocities start to decrease. At this point of
its evolution, the cloud is completely broken up into small cloudlets and most
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of its mass is already evaporated into the corona. The 106 M⊙ cloud shows a
similar behaviour, reaching however velocities of only −80 km s−1, reflecting a
larger impact of the drag force on low mass clouds, as expected.

5.3.2 3D simulations
We now move to the analysis of the results of the 3D simulations that we
performed in this work. In Figures 5.7 and 5.8 we report, respectively, the
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Figure 5.7: Map of the projected density along x for our fiducial 3D hydrodynamical
simulation (3DFID, mcl = 5×106 M⊙, ftc = 0.1, maximum resolution ∼ 62 pc) at the same times
analyzed in Figure 5.2. The black crosses show the initial position of the cloud, at
z = 336 kpc.

projection of the density distribution and the temperature on a slice along x = 0
of the fiducial 3D simulation (3DFID, mcl = 5 × 106 M⊙, ftc = 0.1, maximum res-
olution of 62 pc), at the same four different times as for Figure 5.2. We can
see how the general evolution is comparable to the 2-dimensional case (see Fig-
ures 5.2 and 5.3), with the cool gas that has almost completely disappeared in
the last snapshot at 2.2 Gyr. The main difference is in the shape of the cool
gas between the 2D and the 3D case. This is most evident in the second and
third snapshots at 1.5 and 1.8 Gyr: in the 3D simulation, instead of forming
long filamentary structures, the cloud seems more prone to break into smaller
cloudlets. Note however how the 2D and 3D simulations discussed above might
be not directly comparable. This is due to the difference in resolution, that in
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the 3D simulation, due to its computational cost, is necessarily lower than in
the 2-dimensional case (however, the filamentary structures are visible also in
the simulation 2D62, which has the same resolution of the 3D case. See also the
top-left panel of Figure 5.9 for a quantitative comparison of these two simula-
tions). The temperature and density maps along the y direction are similar to
those shown in Figures 5.7 and 5.8. This is expected, given the symmetry of the
initial conditions along x and y. Below we will, instead, show more thoroughly
the evolution of the column density projected along the z-axis (see Figure 5.10).
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Figure 5.8: Map of the temperature of the simulation 3DFID, on a slice along x = 0, at
the same times analyzed in Figure 5.2. The black crosses show the initial position of the
cloud, at z = 336 kpc.

As for the 2D simulations, we selected the cool CGM as the gas contained in
the grid cells with T < 3 × 104 K and in the four panels of Figure 5.9 we show
the evolution of the main properties of the cool gas: mass5 (top panels) and
velocity along the z-direction (bottom panels), both as a function of time (left
column) and height (right column). All the curves shown in Figure 5.9 have a
higher level of transparency for t > tev or z < zev, where tev and zev have the same
definitions (90% of the initial mass has been lost) as for the 2D simulations. In
particular, in the top-left panel we also show, as a comparison, the evolution

5In the 3D case, this value can be obtained directly by summing the mass of the simulation
cells, without multiplying by the factor used for the cool gas mass in the 2D simulations.
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of the cool gas mass for the simulation 2D62 (dotted curve), which, except for
the number of dimensions, has the same properties as our fiducial 3D simu-
lation 3DFID. We can see that increasing the number of dimensions changes
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Figure 5.9: Evolution with time (left column) and height (right column) of the cool gas
mass (top row) and the velocity along z (bottom row), for the simulations 3DFID (solid
curves) and 3DF001 (dashed curves). In the top-left panel we also show, as a comparison,
the cool gas mass evolution of simulation 2D62 (dotted curve). The level of transparency
of the different curves is defined as in Figure 5.5.

the results, with a much faster evaporation in the 3D simulation compared to
the 2D case, consistently with the results from previous works (Grønnow et al.
2018). This is likely due to the contact surface, larger in 3D, between the cloud
and the corona, which leads to a more efficient development of hydrodynamical
instabilities, which more easily break up the cloud and make it evaporate into
the hot gas. As for the two-dimensional study, a more accurate convergence
analysis in 3D would be desirable and we plan to investigate it in future studies.
In all the panels of Figure 5.9, we also report the results obtained for the simula-
tion 3DF001, where all the initial parameters are as in the fiducial case, except
for the thermal conduction suppression, which is set at ftc = 0.01. The behaviour
of the cool gas is very similar in the two cases, although we can see how, with a
more efficient thermal conduction, the cloud survives slightly longer (tev = 2 Gyr
for the 3DFID simulation and 1.9 Gyr for the 3DF001 simulation). This might
be due to the role that this process has in damping the instabilities that form
at the interface between the cool gas and the corona. With a more efficient
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thermal conduction, the cloud stays more compact (see for example Armillotta
et al. 2017, and Section 5.1) and therefore its evaporation into the hot gas is
delayed. Despite this (small) difference, in both cases the cool gas evaporates
into the hot corona way before reaching the disk of M31, confirming the results
of the 2D experiments. This can be seen from the top-right panel of Figure 5.9,
where we can see how in both simulations the cloud has completely disappeared
at a distance just below 150 kpc and has lost 90% of its initial mass at either 185
kpc (3DFID) or 190 kpc (3DF001). Finally, the cool gas velocities, shown in the
two bottom panels, are also similar in both simulations and reach a maximum
(negative) value of about −120 km s−1, consistently with the findings of the 2D
simulations.

Analysis of the cool gas cross section

Differently from the 2D simulations, the 3D experiments allow us to study
in a greater detail the evolution of the shape of the cool gas. This will be
important especially to properly compare our results with the observations (see
Section 5.4) and with the predictions of the analytical models (see Section 5.5.1)
of Chapter 4, where the clouds are assumed to be spheres. Of particular interest
is the area, or cross section, of the cool gas as seen from different directions.
The cloud cross section is important for two main reasons: (i) it affects the
dynamics of the cloud, in particular the cross section along z, the direction
of infall, which determines the efficiency of the coronal drag force, as we will
see more in detail in 5.5.1; (ii) it impacts the covering fraction of the cool gas,
affecting the probability of observing the clouds as absorption features (see
Section 5.4). The cool gas cross section can be inferred in different ways. The
most straightforward is to calculate the total area (in projection) of the whole
amount of cool gas present in the simulation. However, we can also define a
cross section that is more relevant to infer the cloud dynamics, as we will see
in Section 5.5.1, or one that is more appropriate to compare our results with
the observations, as we explain in the following. In order to do this, we select
only the region of cool gas that satisfies the criterion N > Nobs, where Nobs is
the observational detection limit. A cloud cannot be detected if the cool gas
column density is lower than this threshold. We set this limit based on the
AMIGA observations (see Section 5.4). In these data, the SiII, Si III and SiIV
lines are on average not detected for N ≲ 1012 cm−2. The threshold on the total
particle density can be obtained, therefore, through (see Lehner et al. 2020;
Section 4.3.4)

Nobs = 2.3[(
Z
Z⊙)(

Si
H)⊙]

−1
NSi,obs, (5.11)

where NSi,obs = 3 × 1012 cm−2 (given that the total silicon column density NSi =
NSiII +NSiIII +NSiIV), (Si/H)⊙ = 10−4.49 is the silicon solar abundance (as in Sec-
tion 4.3.4), the factor 2.3 is used to transform the total numeric density into a
hydrogen numeric density and (Z /Z⊙) is the gas metallicity in solar units. For
the metallicity, we used the best-fit value of Chapter 4, equal to 0.05Z⊙. We
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Figure 5.10: Maps of the projected density along z of the cool (T < 3 × 104 K) gas in the
simulation 3DFID, at 8 different times (specified in the panels). The black contour is placed
at the observational detection limit (see main text) and corresponds to N = 4.3×1018 cm−2.

obtained Nobs = 4.3×1018 cm−2.
Figure 5.10 shows the projection along the z-axis of the cool (T < 3×104 K) gas
in the simulation 3DFID at different times in its evolution. We can see how
the cloud starts spherical and its cross section progressively increases during its
infall, due to the pressure exerted by the hot corona. After reaching a maxi-



5

156 Chapter 5

0.0 0.5 1.0 1.5 2.0 2.5 3.0

t (Gyr)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

A
x
/A

x
,0

All cool gas

N > Nobs

0.0 0.5 1.0 1.5 2.0 2.5 3.0

t (Gyr)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

A
y
/A

y
,0

All cool gas

N > Nobs

0.0 0.5 1.0 1.5 2.0 2.5 3.0

t (Gyr)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

A
z
/A

z,
0

All cool gas

N > Nobs

Figure 5.11: Evolution with time of the cool gas cross section, obtained projecting the
simulation 3DFID along x (top-left), y (top-right) and z (bottom). The solid curves represent
all the cool gas, while the dashed curves represent the cool gas with N > Nobs (see main
text). All the curves have a higher level of transparency for t > tev.

mum area around 1.6 Gyr, the cloud is then broken into multiple pieces and its
area starts to decrease. The contour shows the observational detection limit of
the cool gas, Nobs. It is evident how, considering the observational threshold in
column density, the cross section can be significantly smaller than it would be
by considering the whole amount of cool gas.
In the three panels of Figure 5.11 we show the evolution of the cool gas cross
section with time in the projections along x (top left), y (top right) and z (bot-
tom). We show, for each projection, the cross section of the entire cool gas
and the observational one, calculated as explained above. In all the directions,
the total area of the cool gas tends to increase up to a certain time where
the cloud starts being destroyed by the hydrodynamical interactions with the
corona. However, the increase of the cross section along z is significantly more
pronounced than for the other two directions. This is because the cloud is in-
falling along z and therefore the ram pressure of the corona tends to flatten the
cloud primarily perpendicularly to this direction. If we consider only the gas
with N > Nobs, we see that the evolution is significantly different, with the cross
section decreasing in the x and y projections and slightly increasing initially in
the projection along z (at a much slower rate than in the previous case), with
a subsequent fast decrease.
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5.4 Comparison with the AMIGA data

In the semi-analytic models of Chapter 4 we assumed, for simplicity, that the
cool CGM clouds have a spherical shape and that they have a constant mass
throughout their infall towards the disk. In this Chapter, instead, with the use
of high-resolution simulations we have more thoroughly studied the hydrody-
namical interactions between the cool gas and the hot corona. In particular, we
have found that the clouds evaporate into the hot CGM and that their shape,
during their evolution, strongly deviates from the spherical one. In this Section,
we aim to investigate whether the predictions of the simulations are still in ac-
cordance with the AMIGA observations (Lehner et al. 2020), which we used
to calibrate the parameters of the analytical models. In the following, we use
the results of our fiducial 3D simulation 3DFID (despite the lower resolution
than the 2-dimensional case), in order to have a better description of the cloud
shape and column density (that cannot be determined in 2D).
In order to perform the comparison with the observations, we first populated
the halo of M31 with clouds, by using the same method used in Chapter 4 (see
Section 4.3.4). We assumed a gas accretion rate as found in Chapter 4 and in
particular equal to 1.5 times the present-day dark matter accretion rate (Correa
et al. 2015a,b), multiplied by the cosmological baryon fraction (see Section 4.4.2
for more details). For simplicity and for consistency with the idealized set-up
of our simulations, we assume here purely radial motion, neglecting any tan-
gential motion of the clouds and hot gas, which are in any case expected to be
small (see Chapter 4 for details). Depending on its galactocentric distance r , we
assumed that the mass, radial velocity, cross section and silicon column density
of a cloud are given by the results of the 3DFID simulation, as we will explain
more in detail below. Once these properties have been defined, we performed
synthetic observations, by ‘observing’ the model clouds using artificial lines of
sight, in the same way as described in Section 4.3.4.
The first result of the simulation 3DFID that we incorporated in our current
model is the evolution of the cool gas mass and in particular the quick evapora-
tion of the cool CGM clouds at a finite time t = tev (see Section 5.3). In practice,
we did not populate the halo with clouds at distances lower than zev = 185 kpc,
since at these distances we have found (Section 5.3.2) that the clouds have lost
90% of their mass and therefore are effectively evaporated into the hot corona.
Note that, also in Chapter 4, the majority of the clouds detected at small
projected distances were, in fact, located at large intrinsic distances, generally
larger than ∼ 150 kpc (see Figure 4.9). This effect was due to the larger sizes
of the clouds in the external regions and to their lower infall velocities (see
Section 4.4.2 for more details). Therefore, we do not expect the evaporation of
the clouds to greatly impact the findings of Chapter 4, as more quantitatively
shown below.
As a second improvement with respect to our semi-analytic model, the cloud
velocity, instead of being calculated, as in Chapter 4, by considering only the
gravitational attraction and the drag force of the corona, is now given by the
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results of our 3D simulation, shown in Figure 5.9. We assumed that the velocity
along z corresponds to a radial velocity of the cloud.

Figure 5.12: Variation
with the height of the
cool gas cross section
predicted by the analyt-
ical model (black solid
line) and of the cross sec-
tions along the x, y and z
directions obtained from
the 3D fiducial simula-
tion 3DFID, calculated
by selecting all the cool
gas with N > Nobs. All the
curves from the simula-
tion have a higher level
of transparency for z >
zev. 125150175200225250275300325
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Furthermore, the cloud cross section is important to know whether the cool gas
will be intercepted or not by our artificial lines of sight (see Appendix 2.A and
equation 2.24). In particular, we are interested in the cross section obtained by
selecting the cool gas with a column density greater than the observational limit
(Nobs, see previous Section). In Figure 5.12, we show the comparison between
the cross section predicted analytically for a spherical cloud of 5 × 106 M⊙ and
the observational cross sections along the x,y and z directions calculated from
our fiducial hydrodynamical simulation, all as a function of the height with
respect to the disk of M31. The analytic cross section is given by �r2cl, where
rcl is calculated through equation (5.4), assuming that the cloud is spherical at
all times. The analytical prediction is initially similar to the evolution of the
cross sections along x and y, while the area of the simulated cloud along z is
significantly larger than the analytical one. At heights lower than ∼ 220 kpc,
on the other hand, the analytical profile overestimates the cross sections found
with the simulation, due to the fact that at this height the cloud starts to lose
a significant amount of mass. The analytical and simulated profiles are, there-
fore, quite different from one another. To perform the comparison with the
observations, we adopted the simulation cross section given by the projection
along z. This is a simplification, given that for each cloud we should use a
projection that is based on its orientation with respect to the line of sight. We
have, however, verified that using the profiles of the cross section (and of the
column density, see below) along x or y does not change significantly our results
and therefore that taking into account the cloud orientation would not impact
the general findings of this Section.
Finally, the total silicon column densities for each of the three projections along
x, y and z, are reported in Figure 5.13. These are obtained averaging the column
density of the cool gas with N > Nobs and by converting it into a silicon column
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density by inverting equation (5.11). As expected, given that the cloud is more
extended along x and y (hence the higher cross section in the z-projection), the
two corresponding column density profiles exhibit higher values than the one
along z. To be consistent with the choice of the cross section, we adopted the
column density along z.

125150175200225250275300325

z (kpc)

12.5

12.6

12.7

12.8

12.9

13.0

13.1

N
S

i
(c

m
−

2
)

Nz

Ny

Nx

Figure 5.13: Variation
with the height of the
average silicon column
density of the cool gas
with N > Nobs, along
the three different di-
rections (x, dotted; y,
dashed; z, solid). The
level of transparency
of the different curves
is defined as in Fig-
ure 5.12.

The three panels of Figure 5.14 correspond to the comparison between model
and observations for the number of components (top panel), silicon column
density (center) and line-of-sight velocities (bottom), all as a function of the
projected distance from M31. The bands and the colormap represent the model
predictions, while the points represent the observations. From top to bottom,
the three plots are obtained in the same way as, respectively, Figures 4.6, 4.7
and 4.8 and we refer to Section 4.4.2 for more details. Here, instead of dividing
the observational plane in four quadrants (see Figure 4.1 and Section 4.4.2), we
show the whole data sample and the azimuthally averaged results of our present
models, given that, because of the absence of rotation, these are isotropic and
there are no variations with the azimuthal angle.
From Figure 5.14, we can see how models with the same best-fit values of
Chapter 4 and with a more realistic description of the cloud properties, based
on high-resolution hydrodynamical simulations, are still able to reproduce the
observations of the AMIGA project. In particular, the line-of-sight velocities are
in general slightly lower than what we found in Chapter 4 (see Figure 4.8). This
is consistent with the fact that the infall velocities predicted by the simulations
are lower than the ones predicted by the analytical model. This is a physical
effect related to the fact that the clouds are not spherical solid bodies and will
be investigated in greater in detail in Section 5.5.1. The line-of-sight velocities
found with the current model can still explain most of the observational data,
except for a few outliers at higher velocities. The number of components is very
similar to the results of the semi-analytical model (Figure 4.6) and, as previ-
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Figure 5.14: Comparison between the predictions of our 3D fiducial simulation (3DFID)
and the AMIGA data, as a function of the projected distance from M31, for the number of
kinematic components (top), the total silicon column densities (center) and the line-of-
sight velocities (bottom). The observational data are given by the points, while the light
red bands and the colormap represent the predictions of the model. For more details, see
Figures 4.6, 4.7 and 4.8.

ously found, slightly underpredicts the observations. This could mean that, in
addition to the cosmological accretion, the cool gas might also be contributed
by other processes, as already discussed in Section 4.5.3. Finally, the column
density profile has similar values to the observations, but does not show a gra-
dient with the projected distance, which is instead visible in the real data and
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that was also present in the semi-analytical models (Figure 4.7). We speculate
that this may change using slightly different values of the initial parameters,
but further investigation would be required and is left for future work.
Although still preliminary, our hydrodynamical simulations, together with their
comparison with the AMIGA data, strengthen the scenario in which the cool
CGM of M31 is formed by infalling clouds with parameters similar to those
found with our analytic models of Chapter 4. These clouds are accreted from
the surrounding IGM, but evaporate into the hot corona before reaching the
central galactic disk, in agreement with the relatively low level of star formation
therein.

5.5 Discussion

In Section 5.3, we have found, using high-resolution hydrodynamical simula-
tions, that the cool CGM clouds in the halo of M31 are most likely evaporating
in the hot coronal gas at large distances from the galactic disk. We have then
seen, in Section 5.4, that, after implementing the findings of the numerical
experiments, which account for hydrodynamical instabilities, radiative cooling
and thermal conduction, the inflow models of Chapter 4 are still able to repro-
duce the observational data. These findings imply that the cool CGM clouds
are therefore not able to reach the disk of M31 and to feed its star-formation,
as already argued in Chapter 4. Assuming that their CGM has similar prop-
erties to the ones adopted in this work, this result is probably valid in general
for L∗ star forming galaxies in the local Universe. In this Section, we discuss
how we can refine the analytical description of the cool CGM cloud velocity,
using insights from the hydrodynamical simulations (Section 5.5.1), then we
focus on the limitations of our numerical experiments (Section 5.5.2) and on
the comparison with previous works (Section 5.5.3).

5.5.1 Refining semi-analytic models of the drag force

In Section 5.4, we have shown that the results of hydrodynamical simulations
can be directly compared to observational data. However, this comparison
is based on the best-fit parameters obtained in Chapter 4, while, ideally, one
would like to perform again a Bayesian analysis on refined models that take into
account the inputs of the simulations. In order to achieve this, it is necessary
to understand how we can describe, analytically, the evolution of the cool gas
seen in the hydrodynamical simulations. Although a full treatment of this
problem is left for future work, we present here a preliminary analysis. We
focus, in particular, on the infall velocity of the cloud, which is one of the main
properties of the cool CGM that can be directly compared with observational
data.
In the models of Chapter 4, the interaction of the clouds with the hot corona
is parametrized by the drag force, which is described by (see, for example,
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Marinacci et al. 2011 and equation 4.3)

v̇drag = −
Amcl
�corv2

, (5.12)

where �cor is the coronal mass density, v is the relative velocity between the
corona and the cloud, mcl is the cloud mass and A is the cloud cross section. In
this modeling, the clouds are assumed to be spherical and the cross section is
described by the analytical profile (black solid curve) shown in Figure 5.12.
The velocity profile predicted by such model, which takes into account the NFW
gravitational potential of the DM halo of M31 (see Section 5.2) and the drag
force (see equation 2.12 for the full equation of motion), is shown as a dotted
line in Figure 5.15. To obtain this curve, we utilize the same cloud properties
used for the initial conditions of the fiducial simulation. We show in the same
Figure the velocity profile (blue) predicted by the simulation 3DFID: it is evi-
dent how the analytical model overestimates the infall velocities of the clouds,
especially after ∼ 1 Gyr. We argue that the main reason for this discrepancy
is given by the two assumptions that the analytical clouds are not losing mass
and that their cross section is that of a spherical cloud embedded in the hot
corona.
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Figure 5.15: Comparison between the evolution in time of the velocity along z of the
cool gas in the simulation 3DFID (blue) and three different theoretical predictions: a
model with a constant cloud mass and with a cloud radius given by equation (5.4), as in
Chapter 4 (dotted line); a model with the cool cloud losing mass with time and with the
cross section of the whole amount of cool gas, from the simulation 3DFID (dashed line);
as above, but imposing a further threshold with N > 0.25N0 (solid line). The profile from
the simulation has a higher level of transparency for t > tev.

The dashed curve in Figure 5.15 is obtained by numerically solving the same
equation of motion mentioned above, but assuming that the mass and cross
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section of the cloud vary according to the results of the simulation 3DFID, us-
ing the profiles shown by the solid lines in the top left panel of Figure 5.9 and
the bottom panel of Figure 5.11. We adopted the cross section of the whole
amount of cool gas present in the simulation (see Section 5.3.2) and, given that
the cloud is falling vertically towards the disk, we used the cross section cal-
culated from the z-projection, the one along the direction of motion. We can
see how the evolution of the cloud velocity is now completely different from the
analytical profile, especially after ∼ 0.7 Gyr, where the cloud cross section starts
to increase significantly, opposite to the simple analytical prediction. However,
in this case the cloud slows down much more than what we see in the simulation
(blue profile). This implies that the cross section of the whole amount of cool
gas is not a good description of the dynamical cross section. It is indeed rea-
sonable to expect that gas with very low column density will easily be stripped
from the main cloud and that it will therefore not influence its dynamics. A
smaller cross section would lead to higher velocities (see equation 5.12) and
therefore to a velocity profile possibly more in agreement with the simulations.
In Figure 5.16, we show how the evolution of the cross section varies by choosing
different column density thresholds, defined as different fractions of the central
column density of the cloud at the initial time of the simulation. The smaller
the fraction, the more cool gas is included in the calculation and therefore the
larger is the cross section. For the purpose of this analysis, we selected all the
cool gas with a column density higher than 25% of the initial central column
density of the cloud, since we found, by trial and error, that this value leads to
a very good agreement between model and simulation. Indeed, with this choice,
we obtained the grey solid curve in Figure 5.15 for the cloud velocity evolution,
which we can see is similar to the simulation findings.
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Figure 5.16: Evolution
with time of the cross
section along z of the
cool gas in the sim-
ulation 3DFID, calcu-
lated selecting only the
cool gas with N > Nthr,
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trary threshold. The
different curves show
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We have found that, taking into account a more realistic evolution of the cool
gas mass and cross section, the drag force caused by the hot corona provides
a good description of the deceleration of the cloud. This represents only a
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first step that shows how it is possible to refine analytical models based on
the results of hydrodynamical simulations. With the use of several simulations,
spanning a wide range of different initial conditions, it can be possible to find
physically motivated analytical prescriptions that properly describe the cloud
deceleration, the mass loss and the evolution of the cloud cross section. These
models would naturally produce improved velocity profiles for the cool CGM
clouds and could be directly compared with observational data. Coupling hy-
drodynamical simulations and analytical prescriptions represents, therefore, a
promising tool to better understand the CGM of galaxies.

5.5.2 Limitations of this study

All the results of this work are based on our numerical simulations, which
are affected by various limitations, some of which have already been discussed
throughout this Chapter. In addition to the dependence of our results on the
grid resolution (see Section 5.3), we have also made several physical assumptions.
For example, we have neglected the rotation of the corona and the self-gravity
of the cool cloud, although, as already mentioned, these two effects should have
a negligible impact on our results. However, some of the other assumptions of
this work might have affected our findings, as we discuss below.
An important limitation is the assumption of collisional ionization equilibrium
in the calculation of the cooling function. We know, in fact, that the cool gas is
photo-ionized by the EUVB (e.g. Haardt &Madau 2012), which accounts for the
UV radiation emitted by all the extragalactic stars and AGN. This effect goes in
the direction of reducing the cooling rate of the gas, increasing its cooling time.
Given that in all our simulations we have found that the cool gas eventually
evaporates into the surrounding hot medium, the presence of the EUVB would
most likely facilitate this process, therefore confirming our main result. We also
assumed a metallicity Z = 0.3 Z⊙ for the hot corona, which is in agreement with
observational estimates (e.g. Miller & Bregman 2015), but is unconstrained for
galactocentric distances larger than 150 kpc. Current X-ray observations gen-
erally probe, indeed, only the corona at distances ≲ 50 kpc from the disk (e.g.
Bregman et al. 2018) and the metallicity of the more external gas is, to date,
unknown. Here, we expect the hot gas to not be significantly enriched with
metals by the feedback from the central galaxy and therefore its metallicity to
be lower than the value we adopted. A lower metallicity in the outer regions
would result in a lower cooling rate and therefore (as for the EUVB) go in the
direction of strengthen our main result. Finally, we neglected the effects of the
magnetic field, both because its presence would increase the computational cost
of our experiments and because we have, to date, no observational constraints
on the magnetic field in the external regions of the halo of M31 (and of galactic
halos in general). Including a coronal magnetic field would tend to lower the
stripping and the mixing of hot and cool gas (e.g. Grønnow et al. 2018). How-
ever, this effect would presumably be small in the outskirts of the corona, where
the field is expected to be weak (e.g. Marinacci et al. 2018). In this work, we
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indirectly included one important effect of the magnetic field, by assuming an
isotropic suppression of the thermal conduction due to the magnetic field, using,
for our fiducial simulations, a suppression factor consistent with the findings
of recent magneto-hydrodynamical studies of cool CGM clouds in the halos of
MW-like galaxies (Kooij et al. 2021).

5.5.3 Comparison with previous works

As explained in Section 5.1, most of the high-resolution simulations that study
the evolution of a cool CGM cloud embedded in a hot medium, are focused on
the internal regions of the halo, where the density of the corona is significantly
higher than in the outer regions probed in this Chapter, and are therefore
not directly comparable to our results. At these distances, many authors (e.g.
Marinacci et al. 2010b; Armillotta et al. 2016; Grønnow et al. 2018; Kooij et al.
2021), considering a number of effects, including radiative cooling and heating,
thermal conduction and magnetic field, have found that the mixing between
the cool and the hot gas (which has a temperature and a metallicity consistent
with the values used in this Chapter) leads to the condensation of the corona,
with the cool gas mass increasing with time. This is due to the fact that the
layer of mixed gas has a short cooling time and therefore condenses rapidly.
However, the densities of the corona at distances larger than 150 kpc are at
least an order of magnitude lower than the densities of the hot gas in the inner
regions, implying long cooling times for the mixed gas. Therefore, our finding of
the evaporation of the cloud is not in disagreement with these previous works.
A study that probes the more external regions of the halo is Armillotta et al.
(2017). These authors carried out high-resolution (2 pc) 2D simulations, with
the inclusion of radiative cooling, photo-ionization from the EUVB and thermal
conduction, of cool clouds travelling through the hot corona of MW-like galaxies,
at galactocentric distances of ∼ 50 − 150 kpc. Despite many differences (e.g.
presence of EUVB, higher resolution, absence of the gravitational field, initial
cloud velocities that go from 100 to 300 km s−1), these are the simulations that
are most similar to the ones performed in this Chapter. They found, for a
large range of different initial cloud masses and velocities, that the cool gas
mass decreases with time, in agreement with our findings. However, these
simulations follow the evolution of the cloud for only 250 Myr (compared to the
3 Gyr of our simulations). Therefore, for clouds more massive than ∼ 104 M⊙,
they do not observe the complete destruction of the cloud. We argue that this
is not inconsistent with our results, since we found that the clouds need at least
1.5−2 Gyr to completely evaporate in the hot corona.

5.6 Summary and conclusions
In this Chapter, we have analyzed the evolution of cool CGM clouds in the halo
of star-forming galaxies. We have used high-resolution hydrodynamical simu-
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lations, in order to investigate what is the fate of the cool clouds and whether
they are able to reach the galactic disk and feed its star formation. More in
detail, we have utilized as initial conditions the findings of Chapter 4, which
we think are a good representation of the CGM of M31. In this picture, the
cool clouds infall towards the galaxy, starting at the virial radius, with a mass
of ≈ 5×106 M⊙, low initial velocities and low metallicities (Z ≈ 0.05Z⊙).
We have studied the evolution of individual clouds, using the hydrodynamical
code PLUTO (Mignone et al. 2012) and adopting an adaptive mesh refine-
ment technique to be able to follow the cool gas for its entire journey from the
virial radius towards the central galaxy. We have run 2D and 3D simulations,
considering the effect of radiative cooling, thermal conduction and the dark
matter gravitational field and we explored different initial conditions for the
cloud mass and the thermal conduction suppression factor. Finally, we have
compared, through artificial observations, the results of our numerical experi-
ments directly with the AMIGA data.
The main findings of this Chapter are the following:

1. In all our 2D and 3D simulations, the cool CGM clouds evaporate into
the hot coronal gas, due to hydrodynamical instabilities and thermal con-
duction, at distances larger than 150 kpc from the center and after an
infall of approximately 2 Gyr;

2. in the 3D simulations, we estimated the cloud cross section, finding that,
contrary to the semi-analytical models of Chapter 4, it tends to increase
with time, until a point in which the cloud gets broken up by the interac-
tions with the corona and rapidly evaporates;

3. with our simulations, we are able to overcome the main assumptions for
the clouds made in Chapter 4, in particular constant mass, spherical shape
and velocity described by the simple drag formula. We have incorporated
the results of the simulations in the semi-analytical model and, through
synthetic observations, we have found that the bets-fit models of Chap-
ter 4 can still reproduce the observational data of the project AMIGA.

4. we have investigated the possibility of a refined drag formula for a non-
spherical cloud, using the results from our simulations. This represents
only a first step in using the findings of high-resolution hydrodynamical
simulations to refine semi-analytical models.

This work supports the findings of Chapter 4 and strengthens the idea that the
cool CGM observed in the halo of M31 (and of similar star-forming galaxies
in general) is formed by accretion of IGM and does not feed the central disk,
but instead joins the hot coronal gas. A future step will be to expand the work
presented in this Chapter, with the implementation of other physical effects, like
the presence of an external ionizing source or of the magnetic field. Moreover,
we plan to investigate simulations spanning a wider range of initial conditions,
with the final aim of improving the accuracy of our semi-analytical models. We
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believe that coupling information from these simulations with semi-analytical
modeling can, indeed, be a very useful tool to improve our understanding of
the dynamics and origin of the circumgalactic gas and its connection with the
central galaxies.
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5.A Field length and the role of thermal con-
duction

An interesting quantity for our simulations is the Field length (Field 1965):

�Field =
√

ftc�SpTcor
n2coolΛ(Tcool)

, (5.13)

where Λ(Tcool) = 10−22 erg cm3 s−1 is the cooling rate of the cool gas, while Tcor
and ncool can be obtained, respectively, from equations (5.2) and (5.3). Accord-
ing to the work of Begelman & McKee (1990), radiative processes dominate
over thermal conduction if the scale of the considered gas structure is larger
than the Field length, while on smaller scales thermal instability is suppressed
and thermal conduction dominates. In Figure 5.17 we show the Field length
calculated for the CGM system described by our simulations, adopting two
different choices of ftc (see equation 5.6). Given that the temperature of the
hot gas and the cool gas density change with the distance from the center (see
Figure 5.1), the Field length of the system also depends on the galactocentric
distance (and in our simulation box on the height above the galactic disk). We
can see from Figure 5.17 how this quantity decreases with decreasing distance
from M31, going from values of more than a hundred pc at the virial radius to
less than 50 pc in the inner regions. Moreover, Figure 5.17 shows how the Field
length depends on the suppression factor: with lower values of ftc, the scales at
which thermal conduction dominates are also smaller, in proportion to

√
ftc.

Figure 5.17: Field
length (equation 5.13)
as a function of the
height from the galactic
disk, for two different
values of the sup-
pression factor of the
thermal conduction,
ftc = 0.1 (solid curve) and
ftc = 0.01 (dashed curve).
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We could expect simulations that are able to resolve the Field length to also
converge in terms of total amount of cool gas mass in the simulation domain.
Indeed, thermal conduction being a diffusive process, it should destroy (in a
conduction time) all the clumps of gas that are stripped from the main cloud
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and are smaller than the Field length. If the grid cells are significantly smaller
than this scale, the behaviour should be similar in all the simulations (see, for
example, Armillotta et al. 2016). In order to test this, we have run 2D simu-
lations at different resolutions and using different suppression factors (2DFID,
2DF001, 2D31, 2D31F001, 2D31F005). In Figure 5.18, we compare the varia-
tion, as a function of the height, of the mass of the cool gas (see Section 5.3)
in all these simulations. As we have already seen in Section 5.3.1, using a max-
imum resolution of 16 pc, the two simulations with ftc = 0.1 and ftc = 0.01 lead
to similar results. This is consistent with the fact that, at this resolution, the
Field length seems to be resolved in both cases (see Figure 5.17), especially at
distances larger than 150 kpc, below which the cool gas is completely evaporated
into the hot corona. In Figure 5.18, we show also the evaporation height zev,
by depicting, for each simulation, the mass variation at z < zev with a higher
level of transparency. The value of zev is similar for all the simulations, even at
lower resolution (31 pc), except for the case of 2D31F001. Therefore, for z < zev,
all the simulations seem close to convergence, except for 2D31F001, which is
indeed the case where the Field length is less resolved. Below zev, the mass pro-
files start to diverge and we can see a dependence with the resolution and/or
suppression factor, even in the simulations where the Field length should be
resolved. Note that, however, equation (5.13) is not to be considered as a
sharp threshold, since the density and temperature of the gas stripped from the
cloud can change significantly as it mixes with the corona. This is particularly
relevant for the regions where z < zev, where the cool gas is fragmented into
small cloudlets and cannot be considered anymore as a single cloud. To study
in detail these regions, a higher resolution is needed, while in this work we focus
primarily on z > zev.
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Figure 5.18: Variation
of the cool gas mass
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height in the simula-
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