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“He felt all at once like an ineffectual moth,
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dimly seeing it from outside.”
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Abstract

This Thesis presents a comprehensive study of the baryon cycle in star-forming galaxies, with
a particular focus on gas circulation between the galactic disc and the circumgalactic medium
(CGM) and its role in sustaining star formation. To explore the complex interactions between
these galactic components, [ use cutting-edge hydrodynamical N-body simulations of Milky
Way-like galaxies, incorporating a CGM around the disc. These simulations are performed
with the moving-mesh code AREPO coupled with the SMUGGLE model, which includes es-
sential stellar feedback processes, enabling the realistic simulation of the interstellar medium
and the generation of multiphase outflows. In the first part of this Thesis, I analyze the role
of the CGM as a reservoir for star formation, finding that stellar feedback effectively acts as
a positive feedback mechanism, generating ga]actic fountains that recycles gas between the
disc and the corona. This circulation enhances gas cooling and accretion from the CGM,
fueling the star formation in the disc at a sustained rate of & 3 Mg yr~!. In the second part,
[ go through the vertical and radial gas flows that transport CGM gas to the galactic disc and
from the outer disc to the central regions, respectively. These processes support continuous
star formation, with coronal gas preferentially accreting at larger radii before being funneled
inward. Finally, using hybrid-cosmological simulations, I examine galactic outflows as a mul-
tiphase phenomenon, revealing distinct cold, warm, and hot gas phases, each with unique
roles in mass and energy transport. The cold phase primarily transports mass, while the hot
phase dominates in energy and momentum, reaching greater distances from the disc. This
Thesis will provide deeper insights into the evolution of star-forming galaxies, contributing

to a more comprehensive understanding of galaxy formation and evolution.
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Chapter

Introduction

The A Cold Dark Matter (ACDM) model is the most widely accepted cosmological frame-
work describing the formation and evolution of the Universe. According to the ACDM
scenario (Planck Collaboration et al., 2020), the total mass-energy budget of the Universe
consists of three main components: dark energy (=~ 70%), matter (=~ 30%), and radiation,
which has a negligible contribution at redshift zero. The matter component is further divided
into cold dark matter, which constitutes &~ 85% of the total matter content, and baryonic
matter, which makes up the remaining &~ 15%. Cold dark matter plays a crucial role in
the hierarchical structure formation of the Universe. Due to its weak interaction with ra-
diation and other forces beyond gravity, CDM can begin collapsing under its own gravicy
at very small mass scales (= 10* — 10° Mg). Over cosmic time, these small overdensities
grow through gravitational instability, forming larger structures through successive mergers.
As a result, the evolution of cosmic structures follows a botcom-up process (White & Rees,
1978), where small-scale dark matter halos form first and later assemble into more massive
systems through mergers and accretion. These dark matter halos provide the gravitational
potential wells in which baryons can cool and condense, leading to the formation of the first
stars and stellar systems. Even though this bottom-up assembly scenario appears relatively
simple, it results in the formation of an heterogeneous variety of large-scale structures and
galaxies with different chemo—dynamical properties.

One of the first systematic classifications of galaxies was introduced by Hubble (1926),

whose empirical Hubble sequence remains widely used today. This classification organizes
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galaxies based on their morphological and dynamical properties into a bifurcated diagram,

commonly known as the Hubble tuning fork (Figure 1.1).
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Figure 1.1: Schematic representation of the Hubble tuning fork. From left to right we see elliptical
galaxics (E), lenticular ga]axy (S0), spira] ga]axics (S or SB). Figure taken from Hubble (1936).

In genera], galaxies can be divided into two broad categories based on their morpho]ogy

and star formation activity:

+ Early-type galaxies: These include elliptical and lenticular galaxies, which are predom-
inantly composed of old stellar populations and exhibit little to no ongoing star for-

mation.

+ Late-type galaxies: These include spiral and irregular galaxies, which are actively form-

ing stars and contain significant reservoirs of cold gas.

Elliptical galaxies are among the most massive galaxies in the Universe (~ 1010 — 1013
Mg), with the most massive examples found at the centers of galaxy clusters (Cimatti et al,
2019). These galaxies are characterized by red, old stellar populations (age > 1 Gyr; De Jong
& Davies 1997) and a lack of significant star formation, leading to their classification as qui-
escent or passive galaxies. Their interstellar medium is dominated by hot, X-ray emitting gas

(T ~ 107 K) with high metallicity (Z > 0.5 Zg), but some cases exhibit residual cold gas,
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Figure 1.2: A collection of 19 face-on spiral galaxies observed in near- and mid-infrared light as part of
the PHANGS-JWST survey (e.g., Lee et al,, 2023). These images reveal millions of stars and intricate
gas and dust structures. Notab]y, the galaxy discs exhibit largc cavities in the gas, shapcd by stellar
feedback over time.
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dust, and weak star formation, likely due to interactions with gas-rich galaxies (e.g., Mor-
ganti et al.,; 2006). Lenticular (S0) galaxies share structural similarities with both ellipticals
and spirals. They contain a prominent disc but lack significant star formation and gas reser-
voirs. They are often considered quenched spiral galaxies, having exhausted or lost their cold
gas through processes such as ram-pressure stripping and harassment in dense environments

(e.g., Spitzer Jr & Baade, 1951).
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Figure 1.3: u—1r color as a function of stellar mass diagram from the Sloan Digital Sky Survey. The left
panel shows all galaxies, the top right panel isolates carly-type galaxies, and the bottom right panel
isolates 1ate—type galaxies. Early—type ga]axies predominantly occupy the red sequence, while 1ate—type
galaxies reside in the blue cloud. Figure adapted from Schawinski et al. (2014).

Spiral galaxies, in contrast, are gas—rich systems with an ongoing, non—negligible level of
star formation. Their interstellar medium is a complex, multi-phase environment, where
cold, warm, and hot gas coexist, fueling continuous star formation. Their structure typically
includes a stellar disc, a bulge, and in some cases, a central bar that redistributes angular
momentum within the galaxy. Irregular galaxies are typically low-mass systems that lack
well-defined structures like discs or bulges. They often exhibit turbulent star formation and

can be shaped by interactions with larger galaxies, internal feedback processes, or external



environmental effects. Figure 1.2 shows 19 different spiral galaxies observed with the James

Webb Space Telescope, highlighting how stellar feedback can strongly influence the structure
of the discs.

With the advent of large-scale galaxy surveys, such as the Sloan Digital Sky Survey (York
et al,, 2000; Privatus & Goswami, 2025), a fundamental bimodality in galaxy colors has been
observed (e.g., Baldry et al,, 2006). This bimodality, seen in color-stellar mass diagrams, re-
veals the presence of two main populations of galaxies: the red sequence and the blue cloud.
The former is a tight correlation where more massive galaxies exhibit redder colors, domi-
nated by old stellar populations, whereas the latter is a broader distribution of star-forming
galaxies with blue colors, indicating ongoing star formation. As shown in Figure 1.3, carly-
type galaxies reside almost exclusively in the red sequence, reflecting their passive evolution
due to the absence ofongoing star formation. In contrast, late—type ga]axies are found in the
blue cloud, maintaining their blue colors due to continuous star formation. The evolutionary
connection between these populations suggests that galaxies tend to transition from the blue
cloud to the red sequence, but rarely in the opposite direction (Peng et al., 2010). This tran-
sition, driven by mechanisms such as gas exhaustion, feedback, and environmental effects, is

a key and still not fully understood aspect of galaxy evolution.

Galaxies are not isolated systems, but they interact with the external environment through
their whole life. Apart from environmental effects in galaxy clusters such as mergers (Con-
selice et al,, 2022) and ram pressure stripping (Roediger & Hensler, 2005; Ebeling & Kalita,
2019; Boselli et al., 2022), interactions of galaxies with gas are one of the key drivers of galaxy
evolution. In particular, a galaxy can cither eject material from its disc thanks to feedback
processes or accrete material from the environment. When both mechanisms occur simul-
tancously, they create a circulation of gas. In this Thesis I will focus on the interaction that
star-forming galaxies can have with the surrounding gas and on the consequences of such an

interaction for the evolution of these objects.

Gas circulation refers to the dynamics of gas within and around star-forming galaxies and
includes all the physical processes for which the gas moves from the disc to the intergalactic
or circumgalactic space and vice versa. This circulation forms the so-called baryon cycle and
has a crucial role in galaxy evolution. Figure 1.4 depicts a cartoon scheme of the different

processes involved in the circulation of gas of star-forming galaxies. In particular, gas can be
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Figure 1.4: Cartoon scheme depicting the main processes involved in the baryon cycle of star-forming

galaxies. On the smaller scales, close to the galactic disc, outflows not strong enough to travel far from
the galactic disc generate cold gas clouds that form the galactic fountains. When there is a burst in
star formation, outflows can reach velocities higher than the escape velocity and reach a distance of
hundreds of kpc from the disc, forming galactic winds that bring metals outside the galaxy. Gas can
be accreted directly from the IGM or from the CGM, in the latter case the cooling can be enhanced
by the presence of the cold galactic fountains. In the bottom right panel I show a zoom of a single
galactic fountain cloud, this cold gas, travelling through the CGM can mix with it, generating a warm
phase that helps the cooling of the circumgalactic gas. Arrows indicates the direction of the gas flows.
Figure taken from Barbani ct al,, in preparation.
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accreted onto the disc both from the intergalactic medium (IGM; see McQuinn 2016 for a
review) and from the circumgalactic medium (CGM,; see Tumlinson et al. 2017 for a review).
Stars form from the collapse of high-density and low-temperature gas clouds in the galactic
disc. During their evolution they inject energy and momentum into the interstellar medium
(ISM), a process known as stellar feedback, eventually pushing the gas outside the galactic
disc and generating outflows. Within the disc, stellar feedback acts mainly as negative feed-
back which heats the gas in the ISM and disrupts the cold dense clumps, thereby stopping or
slowing down the formation of new stars. Moreover, strong outflows can decrease the rate of
gas accretion into the disc, which is needed to keep forming new stars over time. The con-
sequence of this is the formation of a self-regulated cycle in which inflow-dominated phases
are followed by burst in the star formation rate (SFR) and therefore by outflow-dominated
phases, driving a gas circulation. These outflows can form galactic winds if their velocity is
higher than the escape velocity of the system or galactic fountains, which are one of the main
focus of this Thesis work. The ejected gas is bound to interact with the material in the CGM
and this interaction modifies the thermodynamic state of the CGM gas, its dynamics, and its
chemical composition. A fraction of the cjected gas eventually makes its way back to the disc,
thus becoming the material from which new stars are born. The interaction between ga]actic
fountains and the CGM can create a mixture of warm gas which decreases the cooling time
of the circumgalactic gas. I will investigate this phenomenon and its broad implications for

galaxy evolution in the next Chapters.

1.1 Circumgalactic medium

Before delving into the processes involved in the baryon cycle of star-forming galaxies, I
briefly describe the properties of the medium that surrounds the galactic disc. The CGM is
confirmed to be a multiphase medium by observations (e.g. Tumlinson et al., 2011; Putman
etal,, 2012; Anderson et al,, 2016; Prochaska et al., 2017), containing cold (T" < 10? K), warm
(10* £ T < 10°K) and hot (T' > 10 K) gas, with a complex distribution of metallicities and
densities and is also a prediction of theoretical models (e.g., White & Rees 1978; Fukugita &
Peebles 2006). Furthermore, this component of the galactic ecosystem contains a significant

fraction of the baryons associated to Milky Way-like galaxies (up to 50%, see Werk et al. 2014;
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Bregman et al. 2018). This makes the CGM the primary reservoir from which star-forming
galaxies can get the fresh gas they need to sustain star formation. This medium is fundamental
for the evolution of star-forming galaxies owing to its mutual interplay with the galactic disc,

that is mediated by outflows and inflows.

The CGM can be observed through several methods (Tumlinson et al., 2017). For the warm
and cold phases of the CGM one common approach is using absorption line studies, where
the cold CGM is detected in absorption against the spectrum of a bright background source,
such as a quasar (Yao et al., 2012; Gupta et al,, 2012; Miller & Bregman, 2013; Troitsky, 2017;
Kaaret et al., 2020). This technique offers advzmtages like the abi]ity to detect very low col-
umn densities and probe a wide range of gas densities. However, a limitation is that each
observation typically samples only a single line of sight per galaxy due to the scarcity of back-
ground quasars, requiring a large sample of galaxies to construct a radial profile of the CGM
properties (Lehner et al,; 2015; Bowen et al,, 2016). This method has been extensively used
both in the local Universe and at high redshift (Rauch & Hachnelt, 2011; Rubin et al., 2015).
Another technique involves stacking analysis (Bordoloi et al., 2011; Peck et al., 2015), where
multiple spectra are combined to detect weak absorption features. Although this approach
enhances signal detection, it averages out individual absorber profiles, limiting detailed char-

acterization of each absorber.

Despite its presence in the CGM has been confirmed by absorption line observations, the
origin of the cold gas is still unclear. Although gas can cool through the spontancous growth
of thermal instabilities, this scenario has been ruled out by linear perturbation analysis (see,
e.g., Binney et al,, 2009; Nipoti, 2010) but could be still relevant in case of a substantial
rotation of the gas in the inner regions of the CGM (Sormani & Sobacchi, 2019). Another key
mechanism for the formation of cold gas could be the interaction between the cold outflows
from the galactic disc and the CGM, which will be discussed in this Chapter. The cold CGM
mass in the Milky Way has been estimated as < 10° Mg, including the contribute from the
Magellanic stream (= 3 108 Mg), which is accounting for a small fraction of the total CGM
mass (=~ 1019 — 10 M). Cold gas mass has also been measured in L* galaxies using stacked

optical spectra, finding again similar values as in the Milky Way.

Alternatively, the hot phase of the CGM (the so-called galactic corona) can be observed

in emission from the gas itself. As the emissivity scales with the square of the gas number
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density (o n?), a direct detection is challenging due to the extremely low values of density
involved (n ~ 1072 — 10™* ¢cm™3). Furthermore, these hot gaseous haloes have a tempera-
ture higher than 0.1 keV (i.e. around the virial temperature of the halo), thus, the hot gas is
expected to thermally emit X-ray photons through bremsstrahlung emission. In recent times
many observations have been attempted to find and study the properties of these hot haloes
around spiral galaxies (e.g. Li et al., 2008; Rasmussen et al., 2009; Li et al., 2011; Bogdan
ct al., 2015), but, due to their temperature range and the low-densities, a large fraction of
the thermal emission falls under the Galactic absorption threshold (0.2-0.3 keV) making this
component very faint and highly contaminated by the X-ray background. Nevertheless, this
direct detection method has successfully detected hot CGM emission in some external galax-
ies (Anderson et al., 2016). For instance, around four massive (with total masses ~ 10 M)
spiral galaxies (NGC 1961, UGC 12591, NGC 266, and NGC 6753) using Chandra, XMM-
Newton, and ROSAT. In NGC 1961, Anderson & Bregman (2011) estimated a total hot gas
mass of 1 — 3 x 10" Mg, assuming a metallicity of 0.5 Zg, though precise metallicity mea-
surements are crucial for accurate mass estimates. In UGC 12591, Dai et al. (2012) detected
X-ray emission out to 80 kpe, placing an upper limit on the corona mass of 4.5 x 10! M,
and estimating a temperature of around 7.42 X 108 K. Similarly, Bogdan et al. (2013) found
the hot gas mass in NGC 266 to be comparable to that in NGC 1961 and UGC 12591, suggest-
ing that these massive spiral galaxies, with similar virial masses, exhibit comparable corona

properties.

Studying the interaction between star-forming galaxies and their coronae is one of the
goals of this Thesis. Due to their nature galactic coronae in elliptical and spiral galaxies ex-
hibit distinctly different physical properties. In carly-type galaxies, the coronae have metal-
licities close to solar (Ji et al., 2009), indicating significant enrichment from material ejected
by evolved stars through stellar feedback (Ciotti & Ostriker, 1997). These galaxies typically
lack significant cold gas and have little or no star formation, suggesting inefficient cooling of
their coronae. Although cooling may occur in the galaxy core, where densities are the highest,
the cold gas is rapidly accreted by the central supermassive black hole, triggering AGN feed-
back that reheats the corona (Liu et al., 2024). In contrast, spiral galaxies present a different
structure, with coronae characterized by lower metallicities and longer cooling times on the

order of a few Gyrs near the disc (Hodges-Kluck & Bregman, 2013). In these galaxies, an effi-
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cient cooling mechanism seems to be in place, allowing the corona to cool and accrete onto
the galactic disc. This cooling process appears to be effective only in spiral galaxies, where a
cold gaseous disc is present, but not in early-type galaxies, where such a mechanism fails to
operate efficiently. Yet, the mechanism that enables the cooling of the corona remains poorly
understood. This Thesis will examine this phenomenon in detail, providing a comprehensive

analysis of gas circulation in Milky Way-like galaxies.

1.2 Gaseous inflows

Galaxies like the Milky Way have formed stars at an almost constant rate for about their entire
life (Twarog, 1980; Cignoni et al., 2006; Bernard, 2017; Alzate et al., 2021). Figure 1.5 (left
panel) depicts the star formation history in the Milky Way obtained from [Si/Fe] abundance
measurements (Haywood, 2014), which is a key indicator of the SFR in galaxies because it
reflects the contributions of different types of supernovae to chemical enrichment over time'.
These observations show how at 2 < 1 the SFR has remained approximately constant in a
range between 1 — 5 Mg yr . However, the mass of gas located in the discs of Milky Way-
like galaxies is not sufficient to sustain their current SFR (i.e. = 1.65 = 0.19 Mg yr_l in
the Milky Way, Licquia & Newman 2015) for more than a few Gyr. Given the fact that the
gas depletion time in Milky Way-like galaxies is & 1 — 2 Gyr (Saintonge et al.,, 2013; Tacconi
etal,, 2018), keeping a constant SFR would not be possible without a substantial accretion of
gas onto the star-forming disc over time. Therefore, inflows of gas are necessary to prevent
the quenching of star formation (e.g. Fraternali, 2014). The necessity of gas accretion is also
required by galactic chemical evolution models (e.g. Spitoni et al., 2021): an example is the
so-called G-dwarfproblem (van den Bergh, 1962; Alibés et al., 2001), that is a deficit of metal-
poor stars in the solar neighbourhood. This suggests the presence of an evolution for star-
forming galaxies very different from total isolation. The preferred solution to this problem is
to require a continuous accretion of low-metallicity gas (~ 0.1 Z,, Larson 1972; Tosi 1988;

Matteucci & Francois 1989; Colavitti et al. 2008) that fuels star formation (Chiappini et al.,

'av elements (such as oxygen, neon, and silicon) are predominant]y produced by Type II supernovae, which
rapidly enrich the interstellar medium following star formation. In contrast, iron is mainly produced by Type
Ia supernovae, which take a longer time to spread this element to the interstellar medium owing to the longer
lifetime of the progenitors.

10
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Figure 1.5: Left: Star formation history for the Milky Way, obtained from [Si/Fe] abundance measure-
ments, indicating that the SFR has remained nearly constant for the past & 10 Gyr. Figure taken
from Haywood (2014). Right: critical halo mass as a function of redshift, showing the halo mass at
which accretion mode transition from cold to hot. This threshold is set by the balance between grav-
itational potential and radiative cooling, determining whether inflowing gas is shock-heated or able
to condense efﬁciently. Figure taken from Dekel & Birnboim (2006).

2001), this process can self-regulate, producing a gas close to solar metallicity. Therefore
what seems to be a deficit of metal-poor G-dwarf stars would be in reality an excess of solar
metallicity G-dwarf stars. Thus, accretion of gas from surrounding environment is crucial to

understand the formation and evolution of the Milky Way and galaxies in general.

Numerical simulations suggest that gas accretion occurs primarily in two main modes:
cold and hot accretion. In the cold accretion mode (Rees & Ostriker, 1977; Silk, 1977), that
is typically dominant at high redshift (2 2 2), cold filaments from the intergalactic medium
can survive their journey through the galaxy halo and deliver cold gas directly into the star-
forming disc. On the other hand, in the hot accretion mode (Dekel & Birnboim, 2006; Keres
et al,; 2009; Nelson et al., 2013; Stern et al.; 2020) the gas that is falling into the dark macter
potential well is shock-heated to the virial temperature, forming a halo of hot gas that sub-
sequently must cool before being acereted onto the galaxy. This mode is generally prevailing

at lower redshifts (z < 2) for galaxies like the Milky Way.

The right panel of Figure 1.5 shows the different accretion regimes as a function of the

halo mass M, and of the redshift z. In practice, the panel reveals the existence of a critical

11
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halo mass (M,, ~ 10'? M), below which halos cannort efficiently shock-heat infalling gas,
this allows cold gas to penetrate and accrete directly onto the galactic disc. However, halos
with My, > M,, are effective at shock-heating gas, and for redshifts z < 2, the hot accretion
mode becomes dominant. At z > 2, while gas is still heated to the virial temperature, it
primarily accretes through dense gas filaments from the intergalactic medium, which remain
intact and can reach the galaxy without being disrupted (Ocvirk et al.,, 2008). Thus, galaxies
shift their dominant mode of gas accretion over time. At high redshift, star-forming galaxies
with masses M, < M,, primarily accrete gas via the cold mode. As these galaxies grow in
mass, many eventually surpass the critical halo mass, switching to hot mode accretion at the
virial temperature and forming a gas reservoir, which constitutes the hot phase of the CGM,
around the galaxy. For a Milky Way-like galaxy (M}, ~ 10'? M), this transition typically
occurs around 2 ~ 1 — 2 (Keres et al., 2009), with the hot gaseous halo forming at that time.
In contrast, more massive galaxies tend to develop their hot coronae at earlier epochs. This
hot gaseous halo is a large reservoir of gas that could be accreted into the galaxy to feed star

formation over time.

Gas accretion does not occur uniformly across the entire disc but is expected to happen
predominantly in the outer regions due to angular momentum conservation and to a larger
cross-section of the external disc regions. The majority of star formation is located in the
central regions, where gas density is highest, therefore a mechanism that moves the accreted
gas from the outskirts to the center of the galaxy is needed to keep forming new stars. Lacey &
Fall (1985) proposed three mechanisms that could generate these radial flows: if the specific
angular momentum of the infalling gas is lower than the one of the gas in the disc a radial
flow towards the center is expected. Other mechanisms proposed by Lacey & Fall (1985) are
the presence of viscosity in the gas layer and gravitational interaction between the gas in the
disc and spiral arms and bars. The HI 21 cm emission line is the best way to investigate these
radial motions in the outskirts of spiral galaxies, but it is still unclear if the radial inflows
are sufficient to bring enough gas to the center to sustain the star formation (Wong et al,,
2004; Schmidt et al,, 2016; Di Teodoro & Peck, 2021). Finally, these radial flows are necessary
also to reproduce the metallicity gradients (e.g. Mott et al,, 2013) and the exponential density

profiles (e.g. Wang et al., 2014) observed in spiral galaxies.

12
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1.3 Gaseous outflows

Young massive stars cject energy and momentum in the ISM during their life. This usually
happens through stellar winds (Owocki, 2013; Rickard et al., 2022), radiative feedback (Mur-
ray et al, 2010; Walch et al., 2012) and supernovae (SNe) explosions (Woosley & Weaver,
1986; Burrows & Vartanyan, 2021; Liu et al,, 2023). SNe are considered to be the dominant
feedback phenomenon, but radiative feedback and stellar winds, generally called early stellar
feedback (Stinson et al., 2013), also have a very important role, heating and pre-processing
the medium that surrounds stars, that will be swept more easily when the SNe occur thanks
to the reduced density of the ISM. Young stars are usually embedded in cold dense gas and
when they explode as core-collapse (type II) SNe they sweep away the cold gas creating a
bubble of low density hot gas. Eventually the generated cavity can reach the edge of the disc
and can breakout releasing cold, warm and cold gas into the CGM and generating gaseous
outflows. A big number of SNe exploding in a short period of time is capable of accelerating
the gas and ejecting it at a velocity greater than the escape velocity v of the galaxy, gener-
ating the so-called ga]actic winds. These, can bring the mu]ti—phase metal-rich gas from the
dense galactic disc to distances farther than the virial radius, eventually escaping the galaxy
gravitational potential. These winds can be observed through Doppler shift of absorption
lines in galaxies spectra (e.g. Rubin et al,, 2010; Burchete et al., 2021). Gas outflows can also
have velocities smaller than v, in which case the gas can not travel far from the disc and
will fall back again into it in another location, enriching the ISM with a fraction of pristine
low-metallicity gas, forming the so-called galactic fountains. The multiphase nature of out-
flows has been confirmed by observations, showing cold molecular outflows (Bolatto et al.,
2013; Leroy et al., 2015; Martini et al,, 2018; Bolatto et al., 2021), warm outflows (Chisholm
et al., 2015; Heckman et al., 2015; Weldon et al., 2024) and hot outflows (Lehnert et al., 1999;
Strickland & Heckman, 2007; Lopez et al., 2020).

Detecting cool, warm and hot outflows in external galaxies is very challenging (see Veilleux
ctal. 2020 for a review). Observations in the Milky Way identify outflows of different phases
(see Figure 1.6 for examples of outflows observations towards the center of the galactic disc
in the Milky Way). High energy emission in the direction of the galactic center is gener-
ated by the so-called Fermi bubbles (GRAVITY Collaboration et al.,, 2019), which have been
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Chapter 1. Introduction

detected as y-ray emitting bubbles in the energy range 1-100 GeV (Dobler et al., 2010; Ack-
ermann et al,, 2014). The power that is needed to generate the Fermi bubbles is 102 — 10
erg s~ 1, which is possible only through feedback from a supermassive black hole rather than
a starburst event (Ruszkowski et al., 2014; Bland-Hawthorn et al., 2019). Other emissions
found looking towards the galactic center are radio (Sofue & Handa, 1984; Anderson et al,
2024) and X-ray (Bland-Hawthorn & Cohen, 2003) emitting shells indicating the presence
of a ]arge bipo]ar warm-hot outflow. The thermal energy of this structure is consistent with
being generated from stellar feedback coming from the central star cluster (Ponti et al.,, 2019).
Bland-Hawthorn & Cohen (2003) have also shown the presence of cool dust emission out-
flows extending 140 pc over and under the galactic plane. A population of ~ 200 HI high
velocity clouds have been detected within 1.5 kpe from the galactic midplane (McClure-
Griffiths et al., 2013; Di Teodoro et al., 2018; Lockman et al., 2020), which are consistent
with a biconical outflow with a radial velocity of & 300 km s™* and a constant neutral out-
flow rate of 0.1 Mg yr_l (Di Teodoro et al,, 2018). Given the properties of these HI clouds

the energetics of this outflow is consistent with a past starburst event rather than AGN.

Galactic longitude

Figure 1.6: (a) Al]—sky -ray emission map from Fermi, showing the Fermi bubbles, large lobes ex-
tending 50° above and below the Galactic center, likely driven by past AGN activity (Su et al., 2010);
(b) X-ray emission towards the Galactic center, tracing hot plasma and energetic feedback processes
(Ponti et al,, 2019); (¢) large-scale bipolar wind in the Galactic center, detected in optical emission
lines and indicative of past starburst or AGN-driven outflows (Bland-Hawthorn & Cohen, 2003). Fig-
ure adaptcd from Veilleux et al. (2020).
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1.4. Galactic fountains: the mediators of gas circulation

The majority of warm and cold outflows will not reach large distances from the disc but
they will rather fall again onto it generating a galactic fountain cycle, a crucial mechanism

for the evolution of Milky Way-like galaxies, that will be discussed in Chapter 4.

1.4 Galactic fountains: the mediators of gas circulation

Galactic fountains are clouds of gas cjected from the disc owing to stellar feedback which
generally are located close to the disc. Galactic coronae have high temperacure (T' & 10° K)
and low metallicities (Z ~ 0.1 Z), thus they have cooling times of several Gyrs, reaching
a few Gyrs close to the disc (Hodges-Kluck & Bregman, 2013). Nonetheless, star-forming
galaxies have to accrete gas from this hot reservoir in order to keep forming stars. A possible
mechanism that could help with the cooling and accretion of the coronal gas is represented
by the interaction between the cold high—meta]licity gas ejected from the disc and the metal-
poor hot corona. As mentioned, star-forming galaxies can eject gas in the form of galactic
fountains or galactic winds (Oppenheimer et al., 2010); if this gas efficiently mixes with the
corona it can decrease its eooling time forming an intermediate temperature and metallicity
gas. As the cloud of gas ejected from the disc travels through the hot corona there is the
development of a Kelvin-Helmoltz instabilicy?, that helps the mixing of the gas, and the
formation of a wake of gas behind it. In the wake some of the coronal gas can condensate
thanks to its reduced cooling time, increasing the mass of the cold gas that then rains down
on the disc, supplying it with fresh fuel for star formation (see the inset in Figure 1.4 for a
sketch of this interaction). This phenomenon has been studied with very high resolution (on
parsec—scale) simulations of the interface region between the corona and the cold gas clouds
(Marinacci et al,, 2010, 2011). In this way the nature of the interaction is captured but not
inserted in a realistic galaxy model. Also, from parsec-scale simulations it has been found that
a higher temperature of the corona reduces the ability of its condensation onto the galactic
fountains, meaning that more massive galaxies (that have a higher virial temperature) will
be less efficient in accreting gas from the external environment, bringing to a quenching

of the star formation (Armillotta et al,, 2016). Therefore, reaching high galaxy masses (~

2The Kelvin-Helmoltz instability is a hydrodynamical instability that occurs when two different fluids are
in relative shearing motion.

15



Chapter 1. Introduction

10'® M) blocks the gas inflows that sustain the formation of new stars. Understanding
the phenomenon of galactic fountain-CGM interaction can shed light on how star-forming
galaxies evolve from being star-forming to quiescent, with profound implications for galaxy

evolution.

1.5 This Thesis

In this Thesis I focus on the study of gas circulation between the disc and the CGM in Milky
Way-like galaxies, studying how the SFR can be sustained over several Gyrs, in particular
focusing on how the CGM gas can be accreted into the disc and then used to form new stars.
[ focus on different aspects of the baryon cycle, from gas accretion to gaseous outflows and
their importance for galaxy evolution in the mutual interplay between the disc and the CGM.
To do so, I use cutting-edge galaxy evolution simulations performed with advanced numeri-
cal techniques, which are described in Chapter 2. In particular, I use the moving-mesh code
AREPO, an N-body hydrodynamical code coupled with the SMUGGLE model, a stellar feed-
back and explicit interstellar medium model which implements crucial phenomena for the
evolution of spiral galaxies such as cooling and heating of the gas, stellar evolution and stellar
feedback. In Chapter 3, I describe the process of setting up the initial conditions for my sim-
ulations of Milky Way-like galaxies. These conditions include not only the star-forming disc
but also the surrounding galactic corona. The presence of the hot phase of the CGM is crucial
for the gas circulation analysis that I perform in this work. In Chapter 4, I investigate the
interaction between galactic fountains and the galactic corona. My findings show that cold
clouds from galactic fountains passing through the hot coronal gas can trigger condensation
of the hot gas onto the clouds, forming a warm gas phase with a shorter cooling time than the
hot gas. This process facilitates the accretion of coronal gas onto the disc, making the CGM
the primary gas reservoir for sustaining star formation over ]ong timescales. Therefore, stel-
lar feedback not only regulates star formation but also helps to sustain it over billions of
years. In Chapter 5 I focus on how the gas accreted from the CGM can become accessible
for the formation of new stars. To study this phenomenon, I examine the distribution of gas
accretion and ejection. I find that most accretion takes place at the disc outer edge. The

majority of star formation occurs in the central regions of the disc, therefore to efficiently
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fuel star formation in the center, a mechanism is needed to transport the gas inward. My
simulations reveal that vertical gas inflows in the disc central regions, combined with radial
inflows from the outskirts, are sufficient to sustain star formation in the inner regions of the
disc. This radial motion from the outskirts to the center and the consequent formation of
new stars is closing the baryon cycle, which started with the ejection of gas and the formation
of galactic fountains operated by stellar feedback. In Chapter 6, I focus on studying galactic
fountain Cycle and the energerics of‘]arge—sca]e outflows in a Cosmological context, emp]oying
an innovative method to simulate a more realistic CGM, which consists in extracting a box
containing the galaxy from a cosmological zoom-in simulation and then use it to run isolated
simulation. This approach reduces significantly computational time while still providing a
realistic simulation environment for the galaxy. Finally, in Chapter 7, I summarize the key

findings and conclusions of my work.

17






|
Chapter

Numerical methods for galaxy formation

simulations

Understanding how (star-forming) galaxies form and evolve is a fundamental problem in
modern astrophysics. Studying these objects from a theoretical perspective is extremely de-
manding, especially from a computational point of view. Indeed, to properly simulate a galaxy
and its environment it is necessary to simultaneously model scales ranging from the Mpc of
the galactic halos to the sub-pc of supernovae explosions. Moreover, high resolution is re-
quired in order to faithfully describe the involved physical processes with a sufficient level of
detail. Despite these difficulties, hydrodynamical simulations of galaxy formation have been
playing an essential role in furthering our understanding of the complex processes driving
galaxy formation and evolution. The present Chapter is dedicated to the discussion of the
numerical methods used to perform the hydrodynamical N-body simulations analyzed in
this Thesis. In the following, I summarize the main computational methods that can be used
to solve hydrodynamics (Section 2.1) and gravity (Section 2.2) equations. Then, in Section
2.3 I describe the moving-mesh code AREPO. In Section 2.4 I describe the SMUGGLE model,

which implements crucial processes for galaxy evolution.
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Chapter 2. Numerical methods for galaxy formation simulations

2.1 Hydrodynamics schemes

Baryons constitute approximately &~ 5% of the Universe’s matter-energy content, with about
~ 7% in stars and the remaining ~ 93% in gas. Alcthough baryons contribute only a small
fraction of the Universe’s total mass, hydrodynamic processes play a crucial role across a
wide range of scales, driving key phenomena such as star formation, AGN feedback, stel-
lar feedback, turbulence, shock waves, cooling flows etc. These processes collectively shape
the evolution of astrophysical structures, from individual stars to entire ga]axy clusters. In
particular, the behavior of gas is essential for understanding the formation and evolution of
galaxies, as outlined in Chapter 1.

If an idealized inviscid fluid is considered, i.e. with zero viscosity, neglecting the presence
of magnetic fields, its dynamics is governed by the Euler equations, a set of hyperbolic, non-

linear partial differential equations

fap

E‘I—V-(p’v)—()

8(5:) +V-(pv@v+PLl)=0 , 211
oF

\E—i—v-(E-f-P)’U:O

where p is the fluid density, v is the velocity field, P is the pressure, E is the total energy
density of the fluid and 1 is the identity matrix. Equations (2.1.1) represent, from top to
bottom, the conservation of mass, momentum and energy of the fluid. The total energy
density is defined as
2
g P (2.12)
2 v—1

where the first term on the right hand side is the kinetic energy per unit volume of the fluid
and the second term is its internal energy per unit volume. In order to close and solve the
system another equation is needed, that is an equation of state relating gas pressure, density

and internal energy. Such equation for an ideal fluid (the case that I treat in this Thesis work)
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2.1. Hydrodynamics schemes

reads

P=(y—1)pe, (2.13)

where 7 is the adiabatic index, defined as v = (14-¢,) /¢y, with ¢, the specific heat at constant
volume, and e the internal energy per unit mass. In order to solve the hydrodynamics equa-
tions (2.1.1), three families of methods are widely used, Eulerian, Lagrangian and arbitrary
Lagrangian-Eulerian codes. These types of methods have both advantages and disadvantages

and they will be briefly outlined below.

+ Eulerian codes. Here, the simulated volume is discretized on a mesh that partitions
the volume in cells and the evolution of the fluid is obtained studying the variables
that define its state, in particu]ar the primitive W = (,0, \'2 P) or the conservative
Q = (m, p, E) variables (p is the momentum of the fluid), inside such cells. Between
the cell interfaces there are exchanges of mass, momentum and energy. Therefore, this
method is focused on given volumes in space and its based on how the properties of
the fluid vary over time. There are different types of Eulerian methods, for instance
finite differences methods (e.g. Ryu & Jones 1995, Ryu et al. 1995), in which it is studied
how the variables evolve at the center of the cells, and the finite volume methods (e.g.
Zachary & Colella 1992, Dai & Woodward 1994, Janhunen 2000, Ziegler 2004, Balsara
2004) where volume-averaged quantities are used. Nowadays, finite-volume Godunov
methods (Godunov, 1959) are widely adopted. In such methods (see Section 2.3.2),
the fluxes across cell interfaces are computed by solving a set of Riemann problems at
these interfaces and the variables are updated consequently with a conservative scheme.
If constant values for the variables inside the cells are considered, the method has a
first-order accuracy; to reach the second or higher-order accuracy it is possible to use
extrapolation methods, such as the piecewise parabolic method (Colella & Woodward,
1984). One disadvantage of Eulerian methods is that the resolution has to be modified
explicitly in different zones of the simulation in order to resolve phenomena that occur

on different spatial scales.

+ Lagrangian codes. In these type of codes the motion of individual fluid elements is
followed and the variation of their properties over time is analysed (in this case there

is no volume, but rather mass discretization). The more used codes are the so-called
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Smoothed Particles Hydrodynamics techniques (Lucy, 1977; Gingold & Monaghan, 1977
Springel, 2010a), which use particles to sample the fluid elements. In this way the
resolution is always automatically adapted to the flow. This is extremely attractive in
some applications that need to model a large dynamic range of spatial scales, such as
cosmological simulations, and the resolution does not need to be explicitly adjusted
in different regions of the simulation. The main disadvantage of these types of codes
is their inabi]ity in accurate]y representing discontinuities, which are very common
in astrophysical problems, for instance shock waves or contact instabilities (Springel,
2010a).

+ Arbitrary Lagrangian-Eulerian codes. The third case combines both Eulerian and La-
grangian codes, thus mitigating their shortcomings. In this case, the volume is dis-
cretized but the cells are allowed to move with the fluid. The numerical methods using
this approach are called Arbitrary Lagrangian-Eulerian codes. These codes are partic-
ularly important as they are becoming commonly used in galaxy evolution simulations
nowadays for their flexibility. This family of methods has had a great development
in recent years with the creation of new arbitrary Lagrangian-Eulerian codes (Duffell
& MacFadyen, 2011; Vandenbroucke & De Rijcke, 2016; Hopkins, 2015). These also

include the AREPO code (see Section 2.3), which has been used in this Thesis work.

2.2 Gravity schemes

Gravity is the driving force behind numerous astrophysical phenomena that shape the evolu-
tion of the Universe, from the motion of planets and stars to the complex instability processes
that lead to the formation of cosmic structures. To determine the evolution of intricate sys-
tems like galaxies it is necessary to compute the evolution of a large ensemble of particles,
cither collision-less or collisional (in the case of gas particles), evolving under their own self-
gravity. This configuration constitutes what is referred to as the N-body problem. Each particle
in the system interacts gravitationally with the others, feels a given gravitational acceleration
and moves according to it. The only way to address in full detail the N-body problem (if
N > 2) is to use numerical methods. The problem at hand is to determine the acceleration

acting on each particle and solve for its motion that is governed by the second order system
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of differential equations

where x; is the coordinate of the i-th particle, X; is its acceleration and @ is the gravitational
potential determined by all the particles present in the system and that can be computed

numerically as

m;
*03) = =G e 22

where G is the gravitational constant and m; is the mass of the j-th particle. Also, it is worth
noting the presence of the parameter €, which did not appear in the Newtonian form of the
gravitational potential. This is a numerical expedient called gravitational softening that is nec-
essary to ensure that the potential does not become exceedingly large for close encounters
between particles. Evaluating the potential for each particle in the system directly with equa-
tion (2.2.2) brings to the direct summation technique, with which the sum of N individual
contributions to the gravitational potential given by all other particles is taken. Obtaining
the gravitational potential allows to compute the acceleration with equation (2.2.1), from
which the evolution of velocity and position of the particles can be determined, solving the

following system of differential equations for each particle

(2.2.3)
X; = V;

Equations (2.2.3) can be numerically integrated with different ordinary differential equations
solving methods, but a widely used method is the Leapfrog scheme. As I will discuss in Section

2.3.3, AREPO uses this scheme to integrate equations (2.2.3).

The direct summation technique does not introduce approximations — except for the grav-
itational softening — in the solution of Equations (2.2.3), thus it is the method with the high-
est accuracy. However, to solve for the gravitational N-body problem requires more efficient
techniques. In fact the sum in equation (2.2.2) requires N — 1 operations and has to be re-
peated for N particles. This requires N(N — 1) ~ N? operations and it quickly becomes

computationally prohibitive for a large number of particles, as it is customary in astrophysical
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applications. Fortunately, there are other techniques which allow to solve this problem in a
more efficient (but approximated) way reducing the numerical complexity of the solver from
NZ%to N or NlogN. Some of the most commonly used techniques include the Particle-Mesh
method, the Tree Method and the Tree-PM method, that I will describe below.

+ The Particle-mesh (PM) method (Eastwood & Hockney, 1981) exploits the fact that
the Poisson’s equation (that connects the gravitationa] potential to the density distri-

bution)

V20 = 47Gp(x), (2.2.4)

can be simply rewritten in Fourier space as

k2 (k) = 4nGp(k), (2.2.5)

i.c. a simple product of terms, where k is the wave vector. The method is performed
on a Cartesian mesh: from a given distribution of particles a scheme is used to assign
amass to each grid cell', based on the particles inside each cell, from which it is possi-
ble to derive a smooth density field. From equation (2.2.5) it is possible, after finding
the Fourier transform of the density field g, to estimate the Fourier transform of the
gravitational potential ®. The gravitational potential is then obtained with an inverse
Fourier transform. The gravitational accelerations are subsequent]y Computed from
equation (2.2.1) with a finite-difference approach and interpolated to the particle po-
sitions. The main advantage of the PM method is that it is fast and simple, in fact its
complexity scales with the number of particle N. The problem is that the computation
of the force is bound to the mesh resolution, the force resolution cannot go below the
size of a single mesh cell. This is particularly problematic in cosmological simulations,
where a high dynamic range of scales is present. For this reason, the method is par-
ticularly suited to compute the force field from almost homogeneous distributions of

mactter on large scale (Springel, 2016a).

+ The Tree method (Barnes & Hut, 1986) works by recursively dividing the simulation

domain into eight subdomains? (nodes), a process that continues until each subdomain

Tn particular AREPO uses the cloud-in-cell scheme (Eastwood & Hockney, 1981).
2For this reason it is also called an Oct-Tree method.
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contains either one or zero particles (these are called the leaves of the tree). The pur-
pose of the Tree method is to group together particles at a relatively large distance from
the particle for which the gravitational force is needed, in order to approximate their
collective gravitational potential with a multipole expansion, significantly speeding
up the calculation over direct summation techniques and reducing the computational
cost to NlogN. A schematic view of the domain division in 2 dimensions is shown
in Figure 2.1. A further optimization to a complexity of IV can be achieved through
the use of the fast multipole method (Greengard & Rokhlin, 1987), where forces are
calculated between two nodes of the tree rather than between individual particles and
nodes. For its nature this method is well-suited to compute the gravitational forces
coming from highly clustered particles and when a high force resolution (i.c. when the
forces have to be computed at small scales) is needed, in fact the resolution automarti-
cally increases in regions where the matter is more clustered. The main disadvantage is
that for large-scale, homogeneous matter distributions the computation becomes very
onerous (and might also lose accuracy), due to the many gravicational terms that have
to be computed to obtain an almost vanishing force. This method is used to solve for
the gravitationa] potential in this Thesis, thus it will be described in more details in
Section 2.3.3.

« In order to overcome their disadvantages and to combine the high resolution of the
Tree method and the high speed of the PM method, many N-body codes implement
a combination of these two algorithms, the so-called Tree-PM method (Bode et al,
2000; Bode & Ostriker, 2003; Springel, 2005; Springel et al., 2021). In these methods
the gravitational potential is divided in a short-range component (computed with the
Tree method) and in a long-range component (computed with a PM method). This is
an approach that is particularly used in large-scale cosmological simulations in order

to achieve high efficiency.

2.3 The moving-mesh code AREPO

The AREPO code (Springel, 2010b; Weinberger et al., 2020) is a cutting-edge moving-mesh

code that employs a finite volume solver on an unstructured Voronoi mesh for hydrody-
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Figure 2.1: Schematic view of the Barnes & Hut (1986) scheme in 2 dimensions. All particles are
enclosed in a squarc—shapcd box that is then hicrarchical]y subdivided until each particlc finds icself
in a node alone. Figure adapted from Springel (2016b).

namics, paired with a Tree-PM method to solve the Poisson equation. The use of a mesh
that moves with the fluid flow provides a key advantage that mitigates issues that typically
Cha]]enge both Eulerian and Lagrangian codes: it combines the high spatia] adaptability of
Lagrangian methods with the ability to accurately resolve discontinuities, a feature of Eule-
rian approaches. This dual capability is the primary reason AREPO was chosen for this Thesis
work. In the last years AREPO has been successfully used in computational astrophysics in
a vast number of topics, for instance in state-of-the-art cosmological simulations of galaxy
formation and evolution, such as lllustris (Genel et al., 2014; Vogelsberger et al., 2014), Illus-
trisTNG (Naiman et al., 2018; Nelson et al., 2018; Pillepich et al., 2018; Marinacci et al., 2018;
Springel et al,, 2018) and Auriga (Monachesi et al., 2016; Gomez et al., 2017, Marinacci et al,,
2017, Grand et al,, 2017), but also in smaller scale simulations of different astrophysical ob-
jects, such as dwarf galaxies (Besla et al,, 2012), isolated galaxies (Jacob et al., 2018; Pascale
ct al,, 2021; Nobels et al., 2024), globular clusters (Gutcke, 2024), supermassive black holes
(Ward et al., 2024; Bhowmick et al,, 2024), molecular filaments in galaxies (Smith et al,, 2014;
Kong et al.,, 2024), type Ia supernovae (Pakmor et al., 2013) and protoplanetary discs (Murioz
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Figure 2.2: Schematic view of the Voronoi tessellation in two dimensions. The red lines show the
Voronoi cells and the blue dashed lines shows the Corresponding Delaunay triangulation. Black filled
circles are the mesh generating points. Figure taken from Weinberger et al. (2020).

et al., 2014),
In this section, I provide a brief overview of the AREPO code structure, the distinctive
properties of the mesh (Section 2.3.1), the time integration scheme for both hydrodynamics

(Section 2.3.2) and gravity (Section 2.3.3), and the time-step constraints employed in the code
(Section 2.3.4).

2.3.1 Moving mesh

In AREPO, the simulated volume is partitioned using a mesh with unique geometric and
topological properties known as a Voronoi mesh. The mesh is generated by points, called
mesh-generating points, which are the centers around which Voronoi cells are constructed.
A Voronoi tessellation of space consists of non-overlapping cells, where each cell encloses the
region of space that is closer to its mesh-generating point than to any other.

In general, it is more simple to generate a Delaunay triangulation and derive from it the
Voronoi tessellation. Therefore, this is what is done to build the mesh in AREPO (see Figure
2.2 for an illustration of the constituting elements of the mesh). The Delaunay triangulation,

formed by tetrahedra (triangles in two dimensions) that have the mesh generating points as
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vertices, and each circumsphere around one of these tetrahedra is not allowed to contain any
other mesh-generating point inside it.

A fundamental property of AREPO is that it allows the grid cells to move with the fluid. At
cach time-step each mesh generating point is moved according to the gas bulk velocity and
the Voronoi mesh is reconstructed consistently. In particular the velocity of the i-th mesh
generating point is assigned as

W; = V; + Veorri (2.3.1)

where v; is the velocity of the fluid in the cell ¢ and v is a corrective velocity (equa-
tion 2.3.4), described below. The bulk velocity accounts for accelerations arising from local
pressure gradients and gravity, using the expected velocity at the next half time-step. This
approach naturally results in a quasi-Lagrangian behavior, allowing the mesh to adapt to
the flow of the fluid. However, this alone does not guarantee that the mesh remains well-
structured at all times. Indeed, local fluid motions can still distort the mesh, leading to
cells with high aspect ratios. Therefore, it can happen that in the reconstructed grid may be
present highly distorted cells due to the fact that the mesh generating points can ]argely step
away from the geometric center of the cell. Such feature can increase discretization errors
and introduce mesh noise, which may, in turn, degrade the accuracy of the scheme, particu-
larly in the linear reconstruction step (equation 2.3.15). Therefore, the geometric center and
the mesh generating point have to remain as close as possible, this can also reduce the rate at
which the mesh faces can rotate during their motion. These highly distorted cells are identi-
fied by the maximum angle o, within which each cell face is seen from the mesh generating

point

Olfyee = (Af‘ace/ﬂ)l/2/hﬁ1ce7 (232)

Qax = Max(Qee ), (2.33)

where Ag,.. is the area of each face of the cell and hg,. is the distance between the face and

the mesh generating point.

In particular, if @,y is greater then 0.753, where 3 is a free parameter called “cell roundness

criterion”, set to 8 = 2.25 in our simulations, the cell is considered distorted and the velocity
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refinement 7 de-refinement

Figure 2.3: Schematic view of a refinement and de-refinement example of a Voronoi cell. In the central
panel a Voronoi cell is highlighted in grey. The cell is refined in the left panel (dividing it INto two
different cells) and de-refined in the right panel (removing the cell and distributing its thermodynamic
properties to the neighbour cells). Figure adapted from Springel (2010b).

assigned to its mesh generating point is corrected with a velocity that points toward the

center of mass of the cell, as follows (Vogelsberger et al.; 2012; Weinberger et al., 2020)

0 for a. < 0.7583
Veorr = fshaping%vcharﬁ fOI' O75ﬁ < Olpax S 5 (234)
L fsh:\pingvcharn for Olax > ﬁ

where fiping is called “cell deformabilicy parameter” and is set to fihaping = 0.5, 11 is the normal
vector to the cell and vy, is a characteristic velocity, corresponding to the sound speed in
this work.

Another key feature of the AREPO mesh is its ability to undergo dynamic refinement and
de-refinement, ensuring that the mass of gas cells remains tightly distributed around the
prescribed mass resolution. During refinement, a mesh—generating point is split into two

closely spaced points, with a distance 0.0257;, with 7. defined as

1/3
Tell = (ﬂ) , (2.3.5)
47
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effectively dividing the cell. In contrast, de-refinement removes a mesh-generating point and
its corresponding Voronoi cell, redistributing its volume and thermodynamic properties to
neighboring cells (see Figure 2.3). These processes are triggered when a cell mass falls below
half (de-refinement) or exceeds twice (refinement) the target mass resolution. Additionally,
the mesh structure can be modified through a process known as conversion. For example,
when a new stellar particle is formed (see Section 2.4.2), the corresponding gas cell is re-
moved, and its mass is transferred entirely to the stellar particle. The surrounding gas cells
then expand to occupy the empty volume as the mesh is reconstructed. Due to the semi-
Lagrangian nature of the code, in this Thesis I will use the terms gas particles and gas cells

interchangeably.

2.3.2 Hydrodynamic solver

To solve the equations of hydrodynamics, AREPO employs a finite-volume Godunov method
on an unstructured Voronoi-mesh. The aim of this method is to perform a conservative
update for the variables that describes the state of the fluid, this is done discretizing the
conservative form of the Euler equations (2.3.8).

At each time-step AREPO carries out the following steps to solve the hydrodynamics equa-

tions:

(i) derive the primitive variables of the fluid W = (p, v, P) in each cell from the con-
served variables Q = (m, p, F);
(i) compute the gradients of the primitive variables in each cell;
(iii) assign a velocity W™ to each mesh generating point (equation 2.3.1);
(iv) determine the time-step from the time-step criteria (Section 2.3.4);
(v) compute the first fluxes across each cell interface using a Riemann solver;
(vi) move the mesh generating points consistently with their velocity w™;
(vii) compute a new Voronoi mesh, based on the new generating mesh points coordinates
I‘/;
(viii) compute the second fluxes on an updaced mesh;
(ix) update the conserved variables in cach cell, with a second order Runge-Kutta scheme

(2.3.10), using the derived fluxes and obtaining the new variables Q?—H.
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I now explain in more detail how the time integration through a finite-volume Godunov
method works in AREPO. The gradients computation (step (ii)) is described in more detail

later in a separate paragraph. First, for each grid cell, I define the state vector

p
U= |pv|, (2.3.6)

pe

containing, from top to bottom, density, momentum density and total energy density of the

fluid. The fluxes of these variables are defined as

pv
F(U)= |pvw! +P1]|. (23.7)

pev + Pv

With these definitions the Euler equations can be written in the following compact conser-

vative form

ou
— -F = 23.
BN +V 0, (2.3.8)

which emphasizes their character as conservation laws for mass, momentum and energy.

In AREPO a finite-volume strategy is employed, therefore the variables U are averaged

inside each cell volume, obtaining the conservative variables

Vi

where m;, p; and Ej; are the mass, the momentum and the total energy (kinetic + internal)

of the i-th cell.

The conservative update of the variables Q in each time-step is done through a second

order Runge-Kutta scheme, similar to the Heun’s method? (see Pakmor et al. 2016)

3The scheme can also be thought as a hybrid method between a Runge-Kurtta and a2 MUSCL-Hancock
scheme and it has been employed instead of the original MUSCL-Hancock scheme presented in Springel
(2010b).
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At ~ e
Q- - S (S apEwn + S AR ) s
J J

where Q7 represents the variable Q in the i-th cell at the n-th time-step, At is the time-step
and A;; is the oriented area of the face between cells 7 and j. Here, the quantities with the
apex n are Computed in the grid from the previous time-step, the quantities with the apex
" are computed in the newly created Voronoi mesh. Therefore, in these scheme the fluxes
have to be computed twice in two different grids for each time-step. This method ensures
that only a sing]e mesh construction is required for each time-step while obtaining formal

second-order convergence in time.

The coordinates of the new j-th mesh generating points are computed as follows
/N n
r;=r]+ Atwj, (2.3.11)

where ™ are the mesh generating points coordinates of the previous time-step and w” are
the mesh generating points velocities, computed with equation (2.3.1). The velocities of the
mesh generating points are kept constant inside a time-step. At the end of the time step these

coordinates should be updated as

At
n+l _ .n = n /

v =1+ 5 (Wj —i—wj), (2.3.12)
but, since the velocities are kept constant inside cach time-step: W' = W", it is casy to
demonstrate that

"t =1/ (2.3.13)

This is fundamental because it allows to have only one mesh computation for each time-step,

since it is a very onerous Computationa] operation.

The fluxes are first computed from the primitive variables obtained in the previous time-

step, and then from new primitive variables found with a time extrapolation as

W = W" + Ataa—‘?]. (23.14)
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Equation (2.3.10) is used in step (vii) to update the conservative variables inside each cell. To
compute the changes of the variables inside a given cell, it is necessary to obtain the variable
fluxes at each interface of the cell, quantities that measure how much mass, momentum and
energy have entered and exited from the cell. Therefore, the code has to compute an approx-
imation of the conservative variables fluxes at each interface (step v), which is done solving a
so-called Riemann problem, a configuration in which two different constant states (left and
rig]it) are present, separated by a singie discontinuity, at each interface. This is perfbrmed
with a Riemann solver (see Toro 2013), in particular, AREPO gives the possibility to use dif-
ferent types of Riemann solvers for the Euler equations (in the case of pure hydrodynamics):
an exact Riemann solver or an approximate one, called HLLC (Toro et al., 1994). I used the
exact Riemann solver (the default mode of operation in AREPO for hydrodynamics) for this

work.

Gradients computation

The gradients are computed (step (ii)) using a least-square gradient estimate (Pakmor et al,
2016). This method differs from the original one by Springel (2010b), which was slightly
inaccurate for distorted cells. This computation is required in order to reach a higher order
spatia] accuracy of the Godunov method. The primitive variables are defined at the center
of each cell and finding their values at the cell interfaces allows to solve a more accurate
Riemann problem at each interface.

The gradient VW, of a primitive variable Wj is obtained with a linear extrapolation, such

that the extrapolated value of the variable in the cell j is very close to the real one

W, = W; +d,; VIV, (2.3.15)

where d;; is the position vector of the j-th cell relative to the i-th cell. Of course multiple
neighbour cells are involved in this computation. Therefore, to find a single value for the
gradient a residuals minimization is employed, weighting the equations squared for each

couple of cells 7

Sror = > g;(W; — W; — dy; VIV;)2. (23.16)

J
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Here, g; = A;j/|d;;| are the weights adopted, where A;; is the area of the interface between
the i-th and the j-th cell. Minimizing equation (2.3.16) allows to find an estimate of the gra-
dient VWW;. In this way a linear reconstruction of the primitive quantities W = (p, P, v) at
the interface of the cell can be found with equation (2.3.15), therefore allowing a better re-
construction of the primitive variable and a more accurate solution to the Riemann problem.
This scheme allows to reach second-order accuracy, but near hydrodynamical discontinuities
(e.g. shock waves) it is important to reduce the order of the scheme, with a so-called slope

limiter, to avoid numerical instabilities.

2.3.3 Gravitational time evolution

The gravitational time evolution is structured in the following way:

(i) Computation of the gravitational potential ® with a Tree-based method and conse-
quent derivation of the gravitational acceleration a.
(i) Determination of the time-step At.

(iii) Time integration with a leapfrog scheme.

Gravitational potential computation

The computation of the gravitational potential ® in AREPO is performed in general with a
Tree-PM method (Section 2.2), this happens in cosmological simulations where the applica-
tion of this method is particularly efficient. In my case I simulated an isolated galaxy and
therefore I used only a Tree-based method. After having created the tree structure (until the
leaves of the tree) the computation of the potential is performed for each particle, starting
from the bigger nodes with group of particles (using a multipole expansion) and then going
to the sub-nodes if the approximation does not satisfy certain conditions. What is impor-
tant is to determine an opening criterion, i.c. a criterion to understand if a certain multipole
approximation does not differ too much from the real potential. In particular, a relative

opening criterion is used

Gm L?
d_T_&gde > alal, (23.17)
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where m is the mass of the node, d is the distance between the node center of mass and the
particle for which the potential is created, a is the acceleration of the particle at the previous
time-step and « is a free parameter set to o = 0.0025. If this criterion is satisfied, the
node is opened and the potential computation is done in each sub-node. The gravitational
acceleration is then obtained summing the contribute coming from each individual node (or

single particle).

For the first time-step, a geometrical criterion is applied due to the lack of an acceleration

estimate from the preceding time-step

Lnode > dgopening; (2318)

with Ogpening @ free parameter set to 0.7. This first compurtation of the acceleration is then

repeated using the relative opening criterion (2.3.17).

Leapfrog scheme

The positions and the velocities of the particles are updated with a second-order leapfrog
scheme. The characteristic that makes this method of particular interest in astrophysical
numerical simulations is that it is a symplectic integrator, therefore it is an exact solution of a
discrete Hamilconian that approximates the real one of the system and it conserves its energy.
A general leapfrog scheme is constructed by an alternation of drift (coordinates update) and

kick (velocities update) operations

D(At) : x; — x; + Atv; (drift)
) (2.3.19)

K(At) : v; — v; + Ata(x;) (kick)
where x; are the positions, V; are the velocities and a(Xi) are the accelerations at the time-
step @. The scheme implemented in AREPO is similar to the one implemented in the GADGET-2

code (Springel, 2005), and in our case simply consists in a simple kick-drift-kick application
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(

1
Xit1/2 = X + §AtVi

Vit = V; -+ Ata(xiﬂ/g) . (2320)

| Xit1 = Xit1/2 + §AtVz‘+1

In the first step the positions are evolved for half time-step A¢/2, then the velocities are
evolved for an entire time-step At with the gravitational accelerations a computed from the
updated positions X;41/2 and finally the positions are updated for another half time-step

with the newly derived velocities v;1 1. This method has a second-order time accuracy.

234 Time—step constraints

The time-steps At chosen for the time evolution of hydrodynamics and gravity are funda-
mental to ensure the stability of the code, in fact a time-step that is too large can lead to an

unstable scheme.
The first time-step criterion, which is enforced for hydrodynamics, is the Courant-Friedrichs-
Lewy (CFL) eriterion (Courant, Friedrichs & Lewy, 1967)

At < Copy 25 (2321)

Usignal

where the Courant factor Cgpy is a safety parameter set to Cep. = 0.3 in our simulations,

Teell (Eq. 2.3.5) is the cell size, V' is the cell volume, and vyign,1 is the maximum signal velocity

in the fluid
P 1/2
Usignal — (f}/_> 3 (2322)
P

corresponding to the sound speed. Gas bulk velocity is not taken into account (as it is done
in fixed-mesh codes) because the mesh moves with the fluid flow and, therefore, relative to
the mesh, the fluid has a small bulk velocity (much smaller than the sound speed). If magnetic

fields are included, the Alfvén speed must also be considered.
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2.3. The moving-mesh code AREPO

The time-step for the gravitational dynamics is defined as

2 Cgravg soft

5 (2.3.23)

al

where Cl,, is a free parameter set to Cypye = 0.012 in our simulations.
Also, another time-step criterion is needed to account for information from distant re-
gions. For instance, if a shock wave is coming and the gas cell is unaware of that, the time

step would be too large, making the code unstable. This can be avoided using

At; > mif.l< ik ) , (2.3.24)
J#i \ C; + Cj — Vij - Ty5T5
where v;; is the velocity difference between two cells @ and 7, ¢; and ¢; are the sound speed
in the ¢-th and j-th cells, respectively, and 75 is the distance between them.
If a global time-step constraint is used, the time-step is chosen minimizing all the time-step
just described
At = miin At;. (2.3.25)

Otherwise, a more flexible (and efficient) scheme that uses local time-steps can be imple-
mented. Typically, in astrophysical simulations, a wide range of density is present. For in-
stance, in high-density regions like a galaxy center, shorter time-steps are necessary compared
to low-density areas, such as the circumgalactic or intergalactic medium. Evolving all parti-
cles with the smallest time-step would be highly inefficient, so each partic]e is assigned an
individual time-step. This allows some particles to evolve more quickly than others, with a
synchronization scheme ensuring that shorter time-steps are nested within the longer ones.

Local time-stepping is also employed in the simulations presented in this work.
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2.4 The SMUGGLE model

The Stars and MUItiphase Gas in GaLaxiEs model (SMUGGLE; Marinacci ct al. 2019) is an
explicit stellar feedback and interstellar medium model for the moving-mesh code ArEPO.
SMUGGLE is a sub-resolution model* that describes the complex multiphase scructure of the
ISM and self-consistently generates gaseous outflows. Making realistic galaxy simulations
requires the use of large volumes (in order to have a realistic environment and the natural
interactions between different cosmic structures) while still resolving the smaller scales (to
capture, for instance, the nature of star formation and SNe explosions).

In general, the ISM structure is very complex, with cold, warm and hot phases that coexist
in the same environment. What is commonly done to numerically implement the ISM is to
use an equation of state instead of resolving individually the different phases of the gas, for
instance treating the gas as a two-fluid component with cold clouds inside a hot medium
(Springel & Hernquist, 2003; Agertz et al,, 2011). These models usually have a minimum
temperature, that is roughly set to warm gas (T ~ 10* K), below which the cooling and the
gravitational collapse of the gas is disabled. This could lead to an ISM model that is smooth
on scales of hundreds of parsecs (comparable to or larger than molecular clouds size), missing
its real complexity. In this models, increasing the numerical resolution of the simulation does
not modify the ISM structure, as it is dependent on the chosen effective equation of state. In
order to capture the ISM complex nature it is necessary to accurately model both the different
gaseous phases and stellar feedback with its associated injection of energy, momentum and
mass into the ISM.

In this Section I describe in detail the physical processes considered in the SMUGGLE
model and their numerical implementation. The main processes implemented in the SMUG-

GLE model (schematically described in Figure 2.4) are:

(i) Cooling, in particular primordial and metal cooling lines, low-temperature cooling
and an imp]ementation of gas se]flshielding, cosmic rays and photoelectric heating

processes (Section 2.4.1);

*A subresolution model is a set of numerical prescriptions used to capture physical processes that are un-
resolved, i.e. that happen on scales below the resolution of the simulations.
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Gas Cooling

- Equilibrium H + He
- Metals

- Low temperature

- Self-shielding

Gas Heating

- Cosmic rays
- Photoelectric heating

CLOUDY

Stellar Feedback
- OB and AGB winds
- Supernova (SN)
- Radiative feedback from young stars
u | E
Photoionization Radiation Pressure 1 - Stellar Evolution
- Metallicity

- Ha-based (optional)

Figure 2.4: Schematic view of the main processes implemented in the SMUGGLE model, and their
mutual interplay across different spatial scales: cooling (primordial and metal line cooling, low tem-
perature cooling and self-shielding) and heating (cosmic rays and photoelectric heating) of the gas;
star formation and stellar feedback (i.c. SNe, stellar winds and radiative feedback). Figure taken from
Marinacci et al. (2019).
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(i) A stochastic implementation of the star formation (Section 2.4.2), complemented with

a prescription for stellar evolution (Section 2.4.3) taken from Vogelsberger et al. (2013).

Furthermore, a crucial part of this model is the implementation of the stellar feedback,

which occurs through three main different channels:

(iii) Supernova feedback (Section 2.4.4) from type II and type Ia SNe. After explaining
the numerical treatment of these phenomena, I describe the implementation of the
momentum boost from the PdV work (Section 2.4.4). Also, I explain in detail the

method used to couple the energy and momentum generated to the surrounding gas

(Section 2.4.4);

(iv) Radiative feedback (Section 2.4.5) from young and massive stars. The radiation can
have an impact on the ISM mainly through photoionization (Section 2.4.5) and radia-

tion pressure (Section 2.4.5);

(v) Stellar winds feedback (Section 2.4.6) from two classes of stars: OB and AGB stars.

The implementation of cooling, star formation and stellar feedback is inspired by the one in

the FIRE-2 model (Hopkins et al,, 2018) with some modifications.

2.4.1 Cooling and heating

Radiative cooling is the process through which gas cools down emitting photons. All these

processes can be parameterized by the so-called cooling function

L=n*\o(T, X, 7Z), (2.4.1)

where L is the ]uminosity per unit volume, n is the gas number density and A is the coo]ing

3¢ 1in cgs), that depends on the temperature T, on the ionization

function (in unit erg cm
state X and on the metallicity Z of the gas.

On the other hand, also processes that heat the gas are possible, I can therefore define a
heating function Aye,. The balancing between the cooling and heating functions gives the

net cooling function
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2.4. The SMUGGLE model

Anet = Acoo] - Aheat- (242)

In galaxy formation and evolution simulations, accounting for gas cooling and heating is
crucial, as these processes significantly impact the gas thermal properties and state, cither
promoting or hindering star formation. The main cooling and heating mechanisms included
in SMUGGLE are: (i) cooling from a primordial network of hydrogen (H) and helium (He),
which also encompasses (i) Compton cooling from cosmic microwave background (CMB)
photons, and (iii) metal-line cooling. These processes are implemented following the ap-
proach of Vogelsberger et al. (2013). Additionally, the SMUGGLE model incorporates (iv)
low-temperature metal lines, fine-structure, and molecular cooling, (v) cosmic ray heating,
and (vi) photoelectric heating. Below, I briefly describe each of these processes.

The total cooling rate Ao is computed as follows

Z
Acool = Ap + Z_Am + AC + (1 - fssh)Am017 (243)
©

where A, is the net primordial cooling rate from two-body processes, Ay, is the net metal
cooling rate and A¢ is the cooling due to the Compton scattering with the CMB photons,
Z|Zg is the gas metallicity in solar units, Ay, is the low temperature cooling rate (equation
2.4.5) and f, is the gas self-shielding. A primordial mixture of H and He (i.e. H, H He,
He™, He™) is affected by different processes: two-body processes (collisional excitation and
ionization, recombination, dielectric recombination and bremmstrahlung emission), pho-
toionization from a UV background and Compton cooling with the CMB photons. The
primordial net cooling rates A, are computed from ionization equations using rates from
Cen (1992) and Katz et al. (1996). The metal cooling lines are computed from the cLouDY
photo-ionization code’® (Ferland et al., 1998) assuming ionization equilibrium and a optically
thin gas. In this way it is possible to compute A,, considering all metal lines for a given tem-
perature and density (Smitch et al., 2008). The Compton cooling off CMB photons rate is
taken from Ikeuchi & Ostriker (1986)

Ac =541 x 107%n,T(1 + 2)* ergem ™ s, (2.4.4)

>This code balances the heating and the radiative cooling to find an equilibrium solution, accounting for
all the transitions of the considered atomic species.
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where n is the eleccron number density, 7" is the temperature of the gas and z is the red-
shift. For both the primordial and the metal cooling rates it is important to consider also
the presence of a UV background in the CLOUDY calculations, this affects the thermal and
ionization state of the gas (Efstachiou, 1992; Gnedin & Hollon, 2012) decreasing the cooling
rates. The photoionization and photoheating rates are obtained from the space-uniform UV
background from Faucher-Giguere et al. (2009), which includes the contribute from star-
Forming ga]axies and quasars, where ga]axies are dominants at redshifts 2 > 3. In our case

the simulations are performed at redshift z = 0 and the background is consequently taken

at this redshift.

An important feature of the SMUGGLE model is the presence of cooling processes from
low temperature metal lines, fine structure and molecules lines that allow the gas to reach
very low temperatures (1" ~ 10 K) and, consequently, to form stars in high density and low
temperature regions. This cooling channel is parameterized with the fit to the cLOUDY tables

computed by Hopkins et al. (2018)

A B 2 896 y 10726 T —4.9202 + T —1.7288+
mel = & 125.215 K 1349.86 I

T —0-3075y 0.10ng  0.09ng  (Z/Zs)>
— 0.001 (24.5)
(6450.06]() } X( s Tiv0ans T 1+nH)X

1+ <Z/Z®) X ex — L i erg s‘_l cm3
1+ 0.00143n, P71 158000 K & '

Equation (2.4.5) is multiplied for the factor (1 — fysp,) to account for the self-shielding of

the gas, that consider the phenomenon for which a very dense gas can shield itself from the
ultraviolet radiation. Considering a generic hydrogen cloud, in the outer parts the UV radia-
tion can photoionize the hydrogen, but, as the density increases, fewer and fewer photons can
reach the central zones of the cloud, effectively shielding the molecular gas. The self-shielding

parameter fsg, is defined as

B a1 g
fssn =(1—f) {H (Z—H) } +f[1+n—ﬂ , (2.4.6)

0

where ny is the neutral hydrogen number density and the parameters (a1, as, 3, f, ng) pa-
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rameterize the dependence of the self-shielding from the UV background with the redshift
(see Table Alin Rahmati et al. 2013) and have been obtained applying the radiation transfer
code TRAPHIC to cosmological simulations (Pawlik & Schaye, 2008). In particular, for red-
shift 2 = 0 the set of parameters is: log(ng/cm™3) = —2.94, oy = —3.98, ap = —1.09,
B =1.29, f = 0.01. The self-shielding parameter fgp, suppresses the heating and ionization
rates used for the primordial network and also the input radiation field (i.e. the UV spec-
trum) given to the CLOUDY code for the metal line cooling calculations (the optically thin
approximation is not realistic). fsgp is also used for the computation of the low temperature
cooling.

[t is also important to consider heating processes such as cosmic ray (Field et al,, 1969) and
photoelectric heating (Wolfire et al., 2003), in fact they are thought to have a fundamental
role in maintaining the stability of both the cold (1" ~ 50 K) and the warm (" ~ 8000 K)
phases of the ISM (Wolfire et al,, 1995). Cosmic ray heating is taken from Guo & Oh (2008)

Acr = —10719(0.98 + 1.65)ficecrnyy ergs™ em?, (2.4.7)

where 72 is the electron number density in units of the neutral hydrogen number density ny

and ecy is the cosmic rays energy density that is parameterized as follows

9 x 10712 erg em™ forng > 0.0l em™

€cr = . (2.4.8)

9 x 10712(0‘0{15{3) erg em™ forng < 0.0l em™

Cosmic ray heating occurs through two main channels: hadronic collisions and Coulomb
interactions between the cosmic rays and the electrons of the gas(’, represented, respective]y,
by the first and the second term in equation (2.4.7). This heating acts mainly on the dense
gas, as seen in equation (2.4.8).

The second main heating process considered is photoelectric heating, driven by dust grains
present in the interstellar medium. Photons from the radiation field, primarily UV radiation

emitted by young, high-mass stars, interact with these dust grains via the photoelectric ef-

®Cosmic rays protons can interact with the thermal gas particles producing a cascade of particle that is
ys p gas p p g p
mainly composed of 71, 77 and 70.
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fect, extracting electrons from the grains. The heating occurs through Coulomb interactions
between these ejected electrons and free electrons in the ISM. Polycyclic aromatic hydrocar-
bons (PAHs) are the primary contributors to this process. The heating rate Aphot is taken
from Wolfire et al. (2003)

Z
Aphor = —1.3 x 107**e0n ;! (Z—> X
©

249
0.049 0.037(T/10* K)°7 L 249)
ergs ~ cm”,
1+ (250/1925)07 1+ (2,./5000)
Where B éBETO'S (2 , 10)
e = Pparine a

In equation (2.4.10) e’ is the photon energy density in Milky Way units (known as Habing
field; Habing 1968) and therefore it is set to éb° = €} /(3.9 x 107 ergem?) = 1, Ppyyyisa
parameter that incorporates the electron-PAH collision rates and is set to ®papy = 0.5 from
C1 observations in the galactic plane (Jenkins & Tripp, 2001). The total heating rate is thus

obrtained as

Aheat = ACR + Aphor' (24]])

After accounting for all these processes, the total net cooling rate is obtained with equation

(2.4.2).

2.4.2 Star formation

Another crucial aspect of the model is the implementation of star formation. Stars are mod-
cled via collision-less particles (called star or stellar particles) and each of them represents
a simple stellar population8 (SSP). A SSP is characterized by an initial mass function (IMF)

®(m), a function that parameterizes the mass distribution of the newly formed stars, giving

"The PAHs are chemical compounds formed by multiple aromatic rings of hydrogen and carbon, the naph-
talene is the simpler one, having only two aromatic rings.

SA simple stellar population is an ideal stellar population in which all the stars: (i) are formed at the same
time; (ii) have the same chemical composition.
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the fraction of stars with a given mass inside the SSP. The integral of the IMF weighted on
the mass of each star, m, is equal to the mass, M,, of the SSP (in this case the star particle)

at its birth, i.e.

Minax
M, (t =ty) = / m®(m) dm, (2.4.12)

Minin
where ¢ is the birth time of the star particle, M, = 0.1 Mg and M, = 100 Mg. The
choice of this function is extremely important because it determines, for instance, the rate
of type II SNe explosions, affecting both the energy and momentum injection in the ISM
and its chemical enrichment. In particular the SMUGGLE model uses a Chabrier (2003) IME,

characterized by a log-normal trend for low mass stars and by a power-law for high masses

log )2 .
Am ™ texp {—%(ZL#} form <1 Mg
o
B(m) = , (24.13)
Bm~23 form > 1 Mg

where A = 0.852, B = 0.238, m, = 0.079 and ¢ = 0.69 are normalized to have a
continuous transition at M = 1 M. This IMF is top-heavy compared to the Salpeter (1955)°
IMEF, indicating that from the formation of a population of stars fewer low-mass and more
high-mass stars are expected compared to the Salpeter case.

The star formation process is treated with a probabilistic approach based on the Springel
& Hernquist (2003) model, in which a gas cell can turn into a star particle under certain

conditions.

(i) At first, gas density must be above a density threshold py, in order to allow for its
gravitational collapse. Most of the star formation happens in the dense cores of giant
molecular clouds in the spiral arms of the galaxy (Herbig, 1962; Cohen & Kuhi, 1979;
Ward Thompson et al., 2002). The density of these systems is ~ 10* — 10® cm™

(Ferriere, 2001), therefore the threshold is set to pg, = 100 em™ and the condition is

P > P (2.4.14)

The first derivation of the initial mass function, often used as a comparison due to its simple analytic form
— 5
®(m) = km=23%,

45



Chapter 2. Numerical methods for galaxy formation simulations

where p is the density of the gas cell.

(ii) The second condition restricts the star formation only to the regions that cannot resist
to the gravitational collapse and therefore are gravitationally bound (Semenov et al,
2017). This information is encoded in the virial parameter defined for each gas cell 4
as (see Hopkins et al. 2018)

vV ®ul? 5i) Ax;)?

o; = V@Il + (crifA2s)] (2.4.15)
STFGPZ

where ¢g ; is the sound speed, Ax; is the cell size, p; is the cell density, G is the gravi-

||2 10

tational constant. ||V ® v;||* is the norm of the velocity gradient tensor'’, computed

as

ov; \?
Vel = -, 2.4.16
IV & vl Z.Zj(&rj) (24.16)
here v; is the gas velocity of the i-th cell. The star formation is allowed only in gas cells

with o < 1.

If these two criteria are satisfied by a given gas cell 7, the star formation rate (SFR) is com-

puted as follows

M.,
e (2.4.17)

M, =¢ ,
tdyn

otherwise it is set to zero. In equation (2.4.17) M, is the gas cell mass, € is the star formation

gﬂs
efficiency, set to € = 0.01 as suggested by observations (e.g. Krumholz & Tan 2007), and tayn
is the free fall time

3T

2.4.18
32Gpgas ’ ( )

tagn =

where pg,, is the gas density. From the SFR M, of a given gas cell 7 it is possible to derive the

stellar mass M, ; that has to be formed in a time-step At in that cell ¢ as

M, ; = M; {1 — exp (— M]\*ftﬂ : (2.4.19)

08 is the outer product, e.g. (u @ v);; = w;v;.
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where M; is the mass of the i-th gas cell. The stellar mass formed in this way would be much
smaller than the gas cell mass. For numerical reasons, it would be better if an entire given
gas cell turned into a star particle in a certain time-step, in order to have a star particle
mass similar to the mass of the gas particles. This can be implemented with a stochastic
method that, on average, recovers the correct stellar mass formed per time-step across the
whole galaxy in the following way. For each cell a random variable p* uniformly distributed
between 0 and 1 is extracted at each time step. The gas cell is then converted entirely into a
star particle if p* < p, wherep =1 — exp(—M*At/Mi) is the fraction of the gas cell mass
that would be converted in stars in a single time-step. In this way the correct stellar mass is

formed in the galaxy at each time-step.

2.4.3 Stellar evolution model

The stellar evolution model adopted in SMUGGLE is the same described in Vogelsberger
et al. (2013), with the addition of stellar mass loss from OB stars (see Section 2.4.6). The
main mechanisms contributing to the return of mass and metals to the ISM that have been
considered in the stellar evolution model are stellar winds from young and massive OB stars
and from asymprotic giant branch (AGB) stars, and supernova explosions (type II and type
[a). In this Section I briefly summarize how the stellar evolution model works; more details
on single evolutionary channels are given in Sections 2.4.4 and 2.4.6.

The mass and metal return from massive stars could be approximated using an instanta-
neous star evolution model (e.g. Steinmetz & Miiller, 1994), this approach is valid for massive
stars due to their relatively short lifespans (less than 10 Myrs). However, this model cannot
be accurately applied to intermediate-mass stars, as their evolutionary timescales — and thus
the timescales for mass return — are similar to or exceed ga]actic dynamical timescales. No-
tably, AGB stars return a significant portion of their mass to the ISM over lifetimes that can
surpass a billion years. Likewise, Type Ia SNe, despite contributing less mass to the ISM,
release substantial amounts of iron after significant delay times. These variations lead to
time-dependent changes in both the mass return rate and the composition of the returned
material, depending on which processes are dominant.

A more comprehensive approach to enrichment can be achieved by tracking the mass and

metal return of a stellar population over time (Scannapieco et al., 2005). In the SMUGGLE
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model, the time evolution of stellar particles is simulated, calculating both mass loss and
chemical enrichment as continuous processes, except for SN explosions which are imple-
mented as discrete events. The mass and metals that are returned to the ISM are tracked as a
function of time, with an approach similar to Wiersma et al. (2009). In doing so, the stellar
evolution is integrated in time in order to find the mass and metal losses at each time-step
(see equations 2.4.20 and 2.4.23). What is assumed is that the evolution after the main se-
quence happens instantaneously, this is reasonable because the post main sequence phases
are much shorter (< 1/10 of the entire life of the star). Therefore, after a certain lifetime
cach star loses some fraction of its mass with a certain metallicity. This time is parameterized
with the stellar lifetime function 7(m, Z), depending on the mass m and metallicity Z of
the star. This function is taken from Portinari et al. (1998) and it was obtained summing the
hydrogen and helium burning phases length. From this function the inverted lifetime func-
tion M (t = to+ 7, Z) can be evaluated, that is the mass of a star leaving the main sequence
at an age t ({¢ is the birch time of the star). The mass of gas that is returned to the ISM in a
single time step At from a SSP can be obtained from the stellar recycling fraction f...(m, Z),
i.e. the fraction of the initial mass of the star that is released in the ISM over its entire life.
Depending on the mass m and on the meta]]icity Z the main contribution to this recyc]e of
mass is different. For instance, more massive stars (> 13M) will lose mass mainly through
type II SNe, while low mass stars will have a greater contribution from the AGB phase. The

total mass released in the ISM in a time-step At is

M(t)
AM,o (t, At, 7) = / mfa(m, Z)®(m)dm. (2.4.20)

M(t+At)
Also it is important to track the release of cach element. The mass of a given element ¢
recyc]ed to the ISM in a time-step is given by
M)
AM;(t,At, Z) = Zi/ M frec(m, Z)®(m)dm = Z;AM,.., (2.4.21)
M(t+At)
where Z; is the initial mass fraction of the element . In this case the chemical enrichment
was not considered and therefore the released mass has the same chemical composition of the

stellar particle at its birth.
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Elements are processed by thermonuclear reactions during the lifetime of a star, bringing
to a chemical composition of the ejected mass that differs from the initial one of the star. To
include the presence of this chemical enrichment (in the model nine elements are tracked:
H, He, C, N, O, Ne, Mg, Si, Fe), it is possible to define the yield of an element 4, i.c. the
net created mass for each element (these have to be obrained for each mass and mertal return
channel), as

yi(m, Z) = M; conicn(m, Z) — mZ; free(m, Z), (2.4.22)
Then, the mass of a given clement returned to the ISM in a single time-step is defined as

AM;(t,At, Z) = /M(t) (yi + mZ; frec(m, Z))P(m)dm. (2.4.23)
M(t+At)
The yields for AGB stars are taken from Karakas (2010), for core collapse SNe are taken from
Portinari et al. (1998), obtained using the Padova stellar evolution tracks (e.g. Bertelli et al.
2009) and the nucleosynthesis model from Woosley & Weaver (1986). Also the stellar recy-
cling fractions f..(m, Z) have been obtained from these works. The yields for thermonuclear
SNe are obtained from Thiclemann et al. (2003) and Travaglio et al. (2004).

2.4.4 Feedback from supernovae

Supernova feedback is one of the main feedback processes that can occur in star-forming
galaxies. It is thought to be fundamental in regulating star formation and the structure of
the ISM (e.g. Agertz ct al. 2011; Agertz et al. 2013) through injection of momentum and
energy (Martizzi et al,, 2015; Kim & Ostriker, 2018), while also being capable of generating
turbulence (Martizzi et al, 2016) and ejecting multiphase gas into the CGM (Fielding &
Bryan, 2022), distributing gas and metals into the galactic halo. Most of the times it functions
as negative feedback for the star formation in the ga]axy, heating the gas and generating
superbubbles', which can reach the physical size of the disc scale height, thus causing the
formation of outflows from the disc and creating the so-called galactic fountains (Chapter 1).

One of the characteristics of the SMUGGLE model is the abi]ity to se]flconsistent]y generate

"In an OB stars association multiple SNe can explode in a short time, each single bubble generated from
the explosions can merge and form a superbubble.
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galactic-scale outflows. In particular, the SMUGGLE model accounts for type II and type Ia
SNe.

s Type II supernovae (core-collapse SNe) are considered to be the main injectors of mass
and they release the majority of the & elements'? in the ISM. These SNe explosions originate
from the collapse of high-mass stars (approximately with a mass > 8 Mg). After the for-
mation of an iron core there are no thermonuclear reactions possible to counterbalance the
force of gravity and the core collapses on itself, making the envelope fall on it and generating
a shock wave that creates the SN explosion.

» Type la supernovae (thermonuclear SNe) inject the majority of iron in the ISM. Type Ia
explosions occur when a white dwarf (WD) activates the burning of the carbon in a degen-
erate environment causing the explosion of the structure. For this to happen, the WD must
be in a binary system, and two main scenarios are possible: the double degenerate and sin-
gle degenerate scenarios. The double degenerate scenario involves the presence of a WD binary
system, the merger between these two objects can form a WD with a mass greater then the
Chandrasekhar mass My, ~ 1.44 Mg (i.e. the limit mass that can be maintained in equi-
librium via electron degeneracy pressure), bringing to the collapse of the structure and to
the triggering of the carbon burning. In the single degenerate scenario the WD is in a binary
system with a star that under certain conditions can lose mass that is subsequently accreted
onto the WD until the carbon burning is triggered, in this situation it can happen at a mass
< M, bringing to the so-called Sub-Chandrasekhar Type la SNe. The uncertainties on the
progenitors of these SNe and on the time after the birth of a certain population at which

these SNe exp]ode make the parameterization O{: these phenomena not trivia].

Energy and momentum budget derivation

Here I describe how the number of SNe and the consequent release of energy and momentum
are implemented in the SMUGGLE model. The total energy injected in the ISM by a single
SN is defined as

En = fonEs, (2.4.24)

Elements formed in an alpha caprure process, such as O, Ne, Mg and Si.
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in our simulations fsy = 1, as the average energy released per SN in the ISM is E5; ~ 105!

erg. I assume that the velocity of the blast wave is

2ESN
MSN ’

UsN = (2.4.25)

where Mgy is the mass ejected by the SN. Therefore, the SN momentum is obtained as
psn = Msnvsy = v/ 2By M. (2.4.26)

As mentioned in Section 2.4.2, each stellar particle represents a simple stellar population.
For this reason multiple SNe can explode in a single stellar particle at a given time-step At.
Thus, it is important to compute the number of Type Ia (Ngyi,) and Type 1T (Neni) SNe at
cach time-step. In this way the total energy Ey 1o and momentum pgy o, injected in the ISM

can be obtained. These are defined for each star particle and each time-step as follows

Esnor = fonEs1(Noan + Nonia), (2.4.27)

PsNtor = DPSNIltor T PSNIaor = \/ 2Ngnn Esn Monin o+

(2.4.28)
\/ZNSNIaESNMSNIa,roU

where Mnipcor and Mnipaor are the total ejecta mass of the Type Il and Type Ia SNe.
The total number and the total ejecta mass of Type I SNe are found integrating the initial

mass function ®(m) (see equation 2.4.13) (Vogelsberger et al., 2013)

M(t)
NSNII = / @(m) dm, (2429)
M(t+At)
M(t)
MSNll,tot = / mfrec(m, Z)@(m) dm, (2430)
M(t+At)

where fi..(m, Z) is the mass released from a single star with a mass m and a metallicity Z

(Portinari et al,, 1998) and M (t) is the mass of a star leaving the main sequence at an age ¢ (as
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already explained in Section 2.4.3), it is assumed that only stars between Moniimin = 8 Mg
and Mgniimex = 100 Mg can explode as Type II SNe. It is worth noting that the number
of Type II SNe is strongly dependent on the chosen IMF because the latter determines the
fraction of stars with M > 8 M.

The timing of Type Ia SNe, specifically the delay between the formation of a stellar pop-
ulation and the eventual SN explosion, remains uncertain. Unlike Type II SNe, where the
explosion time can be predicted based on the progenitor star mass (more massive stars will
explode at earlier times), Type la SNe are more difficult to constrain. This uncertainty arises
from several factors: the unclear nature of their progenitors (whether they follow the single
or double degenerate scenario), ambiguities in the true shape of the IMF, and the uncertain
fraction of binary systems (which, as explained, are thought to be essential for Type Ia SNe).
As a result of this, the rates at which Type Ia SNe occur are not well understood or tightly

constrained.

In SMUGGLE the rate has been parameterized with a delay time distribution (DTD) of
SNe Ia events (e.g. Dahlen et al., 2004; Strolger et al,, 2004; Greggio, 2005; Mannucci et al,,
2006; Castrillo et al., 2021). The rates of Type Ia SNe (SNR},) should follow the SFR of the
galaxy, but with a certain delay time, as they need the presence of a WD, the final state in
the evolution of low-mass stars. Hence, the SNR, can be obtained with a convolution of the

star formation history SFR(?) over the DTD
t
SNR,, = / SFR(#)DTD(t — #') dt'. (2.431)
0

The star formation history of an SSP is a Dirac delta function centered on the birch time of

the population. The number of type Ia SNe at a certain time-step At is, therefore,

t+At
Nynia = / DTD(#')dt’. (24.32)
t

The delay time distribution is defined as a power-law in time (Maoz et al., 2012)

DTD(t) = O(t — )N, <i) iy (2.4.33)

78 78
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where O(t — 73) is the Heaviside step function®, which parameterizes the delay between the
birth of the stellar population and the explosion of the first Type Ia SN. This means that
SNRy, = 0 fort < 7g, for this reason Type Ia and Type II SNe occur on different time scales.
In equation (2.4.33) 73 = 40 Myr is the main sequence life time of an 8 M, star, s = 1.12
and Ny = 2.6 x 1072 SN Mgl. Due to the nature of type Ia SN explosions the ejected mass
is constant and given by Mgy, ~ 1.37 Mg SN~L. Therefore, the total mass ejected in a

time-step by a sing]e star partic]e 1S

Miniacor = MsniaNenia- (2.4.35)

The metal return for both type II and type Ia SNe is computed from the stellar yields as
mentioned in Section 2.4.3. The method used to distribute the mass and the metals in the
ISM is described in detail in Section 2.4.4.

SN explosions are modelled as discrete events, so, to ensure this characteristic a particular
time-step At, for the stellar particles is imposed (see Section 2.3.4 for the AREPO time-step

constraints)

At* = mln <Atgl'2l\’7 AtC\’Ol) Y (2'4'36)

At is the gravitational time-step and At is defined as

ta e
Atcvo] = min (AtSN“, ﬁ) yr, (2437)

where Atsain = Tg/Nsnins, Nenis is the number of type IT SNe over a time 75. These param-
eters are computed consistently with the stellar evolution model (Section 2.4.3). With this
time-step limit a rate of ~ 1 SN per time-step is expected.

Hence, at each time-step for each star particle the total number Ngy of type IT and type Ia

SNe in a time step At, is computed with equations (2.4.29) and (2.4.32). Then, to obtain the

BThe Heaviside step function is defined as

1 fort > 13
Ot — = - 2434
( 7'8) {O fort < 73. ( )
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actual number of SNe, Ngy = A is used as the expectation value of a Poisson distribution

Ale?

n!

P(n; ) =

) (2.4.38)

from which the actual number of events per time-step At, is samp]ed; that will usua]]y be
0 or 1 SN events per time-step due to the time-step limit. From these quantities the energy,
the momentum ejected from the star particle in the ISM (equations 2.4.27 and 2.4.28) and

thC mass zmd meta]s return are obtained.

Sedov—Taylor phase

One problem in modeling SN feedback, that arises due to insufficient resolution of galaxy
scale simulations (~ 10 — 100 pc), is how to properly describe the Sedov-Taylor phase of the
SN remnant in which most of the momentum imparted to ISM is generated. To accurately
capture the momentum generation, the model explicitly accounts for the momentum boost
occurring during the Sedov-Taylor phase with a formulation derived from individual, high-
resolution SN simulations. The momentum obrtained with equation (2.4.28) underestimates
the real one, due to the limited resolution of galaxy formation simulations that does not allow
one to fully resolve the cooling radius of the supernova remnant. An analytical expression of
the cooling radius, from which it is apparent that this scale can be at best only marginally

resolved in our simulations, is given by (Cioffi et al., 1988)
Teool = 28AE2 " (n) 3T £(Z) pe, (2.4.39)

where Es; is the SN energy in units of 10°! erg, (n) is the average density within the cooling
radius and f(Z) is defined in equation (2.4.41).

The aim is to impart to the gas the final momentum that would naturally result from SN
remnant evolution if sufficient resolution were available to resolve the cooling radius and,
consequently, the Sedov-Taylor phase. Instead, due to the limited resolution of our calcula-
tions, energy and mass are returned to the ISM on scales larger than 7.,. The momentum
boost generated by the Sedov-Taylor phase is not negligible and, therefore, it has to be ac-

counted in the model. High-resolution simulations of the evolution of SN remnants in a
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variety of environments (e.g. Cioffi et al. 1988) suggest that the value of the terminal mo-

mentum p; (that remains constant from the momentum-conserving phase of the SN) is

—1/7
pr =48 x 10°EQM (<n—H>3) F(Z2)%* Mg km s71, (2.4.40)

lecm™

where (ng) is the neutral hydrogen number density averaged around the star particle with

weights determined with an SPH kernel (see equation 6.2.1) and

£(Z) = minK;ﬁ) 70’14, 2} , (2.4.41)

©

where Z; = 0.0127 is the solar metallicity and (Z) is the gas metallicity averaged around
the star particle in the same way of (ng).
The momentum that is added to each gas particle influenced by a SN explosion is increased

by an amount

Apz = ﬁ)zmm |ipSN'mt 1 + i 7pt1 . (2442)
Ami

Here, the term psxory/ 1 + mi/Am;, comes from the energy conservation, m; is the gas cell
mass and Am; = W0;( Msnit o + Msniaor)- Pt is the terminal momentum and @; (defined in
equation 6.2.3) is a weight function used to divide the energy and the momentum injected
from the SN explosion. Also, to compute the correct terminal momentum for a star particle
in a time-step At, the terminal momentum p; has to be multiplied by the total number of

SNe (Nsnir + Nenia) that occurs in the time-step in that star particle.

Supernova energy and momentum coupling

The energy and momentum (but also mass and metals) that come from SNe explosions (and
also from other feedback channels) have to be injected in the gas cells around the star parti-

cles. This is done using Weight functions. The number of\neighbours cells that are influenced

by stellar feedback is defined as

Ny = —h3ZW Ir; — 1y, h), (2.4.43)
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where W is the standard cubic spline SPH kernel (Monaghan & Lattanzio, 1985), h is a search
radius and |r; — 1| is the distance between the gas cell and the star particle. Equation (2.4.43)
is solved iteratively in order to find the parameter h with a predetermined value of V,,g. In
my simulations I set Ny, = 64

To avoid numerical instabilities, Marinacci et al. (2019) imposed a limit to the radius
within which the gas cells are affected by feedback. The coupling scale hegupling is limited
to a maximum radius Rgp, which in our simulations is fixed at 0.86 kpc, however, the cou-
pling scale for the injection of mass and metals is always set to h to ensure mass and metal
conservation.

Finally, for each gas cell 7 the weights are defined as

a1 L (2.4.44)
it T T 9 1+ A/ (e — )2 i

where A; = wAxz? is the gas cell area. In this way each gas cell within Aequpling Teceives a
fraction of energy and momenta (while mass and metals are recurned wichin the scale h)
proportional to the fraction of the solid angle 47 covered by the cell as seen from the stellar
particle position. The total energy and momentum (equations 2.4.27 and 2.4.28) is injected

in each gas cell multiplied by the factor

wy;

_Ziwi’

which ensures that each cell receives the correct amount of momentum and energy.

w; (2.4.45)

2.4.5 Radiative feedback

Radiative feedback is thought to be important for the thermal and dynamical state of the
ISM. It can affect its temperature through photoionization by young massive stars and it
can inject additional momentum thanks to radiation pressure. Also, this feedback channel is
important due to its timing, in fact the majority of energy and momentum is released before
the first SN explosions (Murray et al., 2009; Lopez et al.,, 2011; Walch et al., 2012), therefore,
it can disperse giant molecular clouds, setting a low-density environment and making SN

feedback more efficient. Because it occurs before SN explosions it is also known as being part
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of the so-called early stellar feedback (Smith et al., 2022). Observations and theoretical studies
agree that radiation has an important impact on star formation at the scales of individual
stars (Rosen et al,, 2016), clumps (Hopkins & Grudic, 2019), giant molecular clouds (Howard
et al., 2016), and clusters (Grudic et al., 2018).

Photoionization

Young and massive stars (OB stars) are one of the main sources of photoionization in disc
ga]axies. Photoionization is necessary to sustain HIT regions, that can expand and disrupt
giant molecular clouds, the warm interstellar medium |, and the UV background (Tielens,
2005). Photoionization is a process in which a bound electron absorbs a photon with energy

high enough to remove it from the atom. In particular, for neutral hydrogen the process is

H+hy - H" +e, (2.4.46)

where the neutral hydrogen H is photoionized only by photons with an energy £ = hv >
13.6 eV. These high-energy UV photons are abundantly produced by OB stars. Around these
stars this process forms the HiI regions (i.c. the so-called Stromgren sphere), in which the
hydrogen is completely photoionized within the Strémgren radius (the size of the Hil region)

and neutral outside of it.

In the SMUGGLE model the ionizing photon rate emitted by a single star particle is pa-

rameterized as

o L* _’Y*M*

N, o) () (2.4.47)

where L, is the star particle luminosity and M, is the star particle mass. vy, = 103 Lo /M,
is the mass-to-light ratio and (hr) = 17 eV is the average photon energy above 13.6 ¢V,
which corresponds to the peak emission of a black-body with a temperature T' ~ 40000 K,
consistent with the properties of OB stars (Rybicki & Lightman, 1991).

The photoionizing photons (E>13.6 ¢V) are all absorbed by the hydrogen within the Strém-
gren radius, that is most of the times smaller than the effective coupling scale Acoypling. For
this reason a probabilistic approach is used. For each gas cell the probability of being pho-

toionized can be defined as
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(R — (2.4.48)
eV
This probability is derived assuming that the ionizing photon rate, scaled by the same weights
used for the SN explosions, is equal to the recombination rate N... (ie. the number of re-
combination per second)

ny = N = etV (2.4.49)

where n, = w;N,, V = 4/31Ar? is the cell volume, ny = X p/my, is the average hydrogen
number density in the cell (X is the hydrogen mass fraction and m,, is the proton mass) and
Qree = 2.6 X 10713 ¢m?® 571 is the hydrogen recombination rate.

A gas cell is considered photoionized if three conditions are satisfied, in this case the tem-
perature of the gas cell is set to Thhoe = 1.7 X 10* K™ and its cooling is disabled for a time

torr, equal to the star particle time-step At,:

(i) First, a number P’ is extracted randomly between 0 and 1, the gas cell is eligible for

photoionization if P' < P.

(ii) The thermal energy per mass unit of the gas cell must be Uperm < 1.2%phor, Where tpho

is the thermal energy per mass unit corresponding to Tih.
(iii) The cooling in the gas cell must be active, therefore to¢ = 0.

If one of the conditions (ii) and (iii) is not satisfied it means that the gas cell is already pho-
toionized. This mechanism causes the formation of a region with a higher pressure with

respect to the external neutral environment, causing the expansion of the Hil region.

Radiation pressure

Another source of momentum is the pressure generated from the radiation emitted by young
massive stars. The total momentum injected in a time-step At from a star particle is defined

as

L,
Ap = ?(1 —l— T[li)At, (2450)

“The temperature of a hydrogen gas ionized from photons with (hv) = 17 eV.
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where L, = ~, M, is the star particle luminosity, ¢ is the light speed and 7ig = Kr X is
the gas optical depth to infrared radiation. kg = 10(Z/Zz) ecm? g~ is the opacity in the
infrared band and ¥

particular, the Sobolev ]ength for each star partic]ej is (see Hopkins et al. 2018)

o 18 the gas column density, defined using a Sobolev approximation. In

Pj
Vo5l

Here, p; and Vp; are the gas density and its gradient, computed with a SPH approach. Then,

(2.4.51)

lj = hcoupling,j +

the gas column density is obtained as

Basj = (Ps) il (2.4.52)
where
(ps)j = Z W(|r; —r;], h)m,. (2.453)
J

In equation (2.4.53), W is the cubic spline SPH kernel, |r; — I‘j| is the distance between the
gas cell and the star particle, m; is the mass of the i-th gas cell and h is the coupling scale
obtained solving equation (6.2.1).

This momentum is injected at each time-step in the gas cells around the star particle in
the same way described in Section 2.4.4 for SNe (within Pcoupling)- Also, the same maximum

coupling radius Rgp is used for both photoionization and radiation pressure.

2.4.6 Feedback from stellar winds

Another important feedback source is represented by stellar winds. The SMUGGLE model
accounts for stellar winds generated by two classes of stars: young and massive OB type
stars and asymptotic giant branch (AGB) stars. These provide two channels of feedback
that act at different moments. At early times winds from OB stars play an important role,
in fact they can pre-process the environment dispersing the dense gas clouds, leading to a
more efficient SN feedback, with a role similar to the radiative feedback (Matzner, 2002;
Krumholz & Matzner, 2009). Stellar winds can also be an important feedback source at later
times through AGB winds, injecting momentum and energy in the ISM.

It is worth noting that the different feedback channels considered in SMUGGLE have an
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integrated specific momentum, defined as [ p(t)/m,dt, of the same order of magnitude but
that is released on different time scales. Different channels of feedback act at different times
(see Agertz et al. 2013): the first is the momentum injection from stellar winds and radia-
tive feedback that acts before the explosion of the first SNe, confirming their role in pre-

processing the gas. At later times, feedback is dominated by SNe explosions.

Stellar winds in SMUGGLE are implemented as follows. First, the mass loss for the two type

of stars is derived. The cumulative mass loss per stellar unit mass for OB stars is parameterized

as
f@t) if t > 1 Myr
Maoss = § g(t) if 1 Myr < ¢ < 3.5 Myr ; (2.4.54)
h(t) if 3.5 Myr <t < 100 Myr
where

(

f(t) = 4.763 x 1073(0.01 + 2)t

2.4540.8log(Z) _ 1

t) = 4.763 x 1073(0.01 + Z — + f(1
g(t) ( )2‘45+0.810g(z) f(1) . (24.55)

h(t) = g(3.5) — 4.57 x 102 K%) o 1} +4.2 x 1075(t — 3.5)

\

here Z is the star particle metallicity in solar units and for ¢ > 100 Myr m,j., = h(100).

The mass and metal losses from AGB stars are treated with the AREPO stellar evolution
model from Vogelsberger et al. (2013) (see Section 2.4.3). Then, the mass loss by a star particle

with a mass M, in a time-step At is computed as
Moss = M* [mcloss (t + At) — Mloss (t>] (2456)

In particular, OB stellar winds are considered only for times smaller then the life time of a

8 My, star (i.e. the smaller progenitor of a type I SN).

The energy Elyinds and momentum pyinds injected around the stellar particle at a given
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time-step At are defined as

Eyinds = At Ly, = Mo X U x 102 erg g7, (2.4.57)
where £ 04 % 104
. X
U= — - +4.83, (2.4.58)
2.5 10
and

Pwinds = V 2Mlosszinds- (2459)

The assignment of these two quantities to the gas cells near the star particle is performed as in
the supernova case (Section 2.4.4). The main difference is that stellar winds are a continuous

process, unlike SNe which explode in a discrete manner, and are implemented aecordingly.
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Initial conditions

Initial conditions (ICs) consist of a set of N particles, each assigned with specific physical
properties such as position and velocity at the beginning of the simulation, which serve as the
starting point for computing the hydrodynamical N-body evolution. Collision-less particles,
such as dark matter and stars, are characterized by initial positions (, y, ) and velocities (v,
Uy, ;). In contrast, collisional particles, like gas particles, require additional properties, such
as temperature (derived from internal energy) and metallicity. I generated the ICs for my
isolated galaxy simulacions (Chapters 4 and 5) extending the method described in Springel
et al. (2005, see also Hernquist 1993 and Springel 2000) to include an extended hot gaseous
structure surrounding the galaxy. This approach allows to build a multi-component galaxy
with the different parts of the system in approximate equilibrium, including a dark matter
halo and a bulge with Hernquist density profiles, exponential stellar and gaseous disks, and
a galactic corona (i.e. the hot phase of the CGM) modeled with a S-profile. Each component

is built following observational constraints.

[ show the density profiles and velocity distributions of the dark matter halo and bulge in
Section 3.1 which will be used for the sampling of the ICs. The corresponding properties for
the stellar and gaseous disks are discussed in Section 3.2, while the galactic corona is covered

in Section 3.3. Finally, Section 3.4 details the numerical implementation of the ICs.
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3.1 Dark matter halo and bulge

In this Section we describe the structural and kinematic properties of the model used to

sample the ICs of the dark matter halo and the stellar bulge.

3.1.1 Dark matter halo and bulge density proﬁle

The dark matter halo is modelled using a spherical Hernquist (1990) profile
Mdm a

21 r(r+a)®’
where a is the scale radius, My, is the total mass of the dark matter and r = /22 + y? + 22

is the spherical radius. This profile has been chosen over a Navarro, Frenk and White pro-

Pam (1) = (3.1.1)

file (Navarro et al,, 1997) due to the fact that the Hernquist profile in the outer parts goes
as p(r) oc 774 so for r — 400 the total mass converges, making it a more realistic con-
figuration. Instead, the NFW profile goes as p(r) oc 772 and a truncation of the profile is
needed to have a finite mass. In my isolated simulations the dark matter is modeled as a static
gravitational potential to reduce computational time, thus the properties of the dark macter
density distribution are not further analyzed. If a live dark macter halo is required, it can
be sampled using the same method employed for generating the ICs for the bulge, as both
components use the same models.

The bulge is assumed to be spherical and is also modelled with a Hernquist profile

M, b

s (3.1.2)

pu(r)

where My, is the total mass of the bulge and b is the bulge scale length. From the Hernquist
profile the cumulative mass function (i.e. the mass enclosed within a radius ) can be derived

analytically integrating the density profile as

T 2
M, (r) = 47r/0 pu(r')r? dr’ = M, (r :_ a) ; (3.13)

this physical quantity will be used to sample the particles positions (Section 3.4), making sure

that they follow the analytic density profile.

64



3.1. Dark matter halo and bulge

The bulge mass is defined as M, = Maggmyp, where my, is the bulge mass fraction and
Mago is the virial mass of the system (the mass of the system contained within the virial
radius 7900'). The mass of the dark matter halo is assumed to be the difference between Mg
and the mass of all the other components of the system (see the upcoming sections of this

Chapter for their detailed description).

3.1.2 Bulge velocity structure

Here we provide a theoretical description for the bulge velocity structure (which is applicable
also to the dark matter halo). This will be important to define the three velocity components
(V3,Vy,0;) for each particle.

For spherical, non-collisional structures, it can be assumed that the distribution func-
tion depends only on the energy and the z-component of the angular momentum L, this
happens because the bulge is a spherica] structure inside an axisymmetric potentia]. Un-
der this assumption, certain velocity momenta vanish: the mixed second-order momenta
(VRUy) = (VRV,) = (vgv,) = 0, as well as the first momenta in the radial and vertical
directions (vg) = (v,) = 0 (Binney & Tremaine, 2011). In the case of a Hernquist pro-
file the distribution function of the system are known and deriving the velocities can be
straightforward. However, to build a more general method I rely on the Jeans equations to
estimate the particle velocity distribution for the bulge, using what is known as the Gaussian
approximation. In this approach, it is assumed that at each point r, the velocities (vg, v, v4)
in cylindrical coordinates follow a tri-axial Gaussian distribution. These velocities are then
randomly sampled from this distribution. Specifically, vp is treated as a normal distribution
with a dispersion of o and a mean value of (vg). Similarly, v4 and v, are distributed with
dispersions 04 and 0, and their respective mean values (v4) and (v,). While this method
does not provide the exact equilibrium distribution, it offers a reasonable approximation for
generating [Cs that place the system in a state of near equilibrium. After the velocities have
been sampled from their Gaussian distributions, they are converted into Cartesian coordi-

nates using the procedure outlined in Section 3.4.2.

"The virial radius, often denoted as 7200, is a measure to define the boundary of a system. It represents the
radius within which the average density of the galaxy is 200 times the critical density of the Universe.
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The non-vanishing second-momenta can be obtained from the Jeans equations as:

* 0P
(V) = (vy) = E/z p(z,R)a dz, (3.1.4)

(02) = (o) + %%ﬁ%» 42, (G.15)
where v, = R O®/OR is the circular velocity, p is the density of the bulge, (v3) is the az-
imuthal second order Velocity moment, (U%ﬁ is the radial second order Velocity moment and
® is the total gravitational potential, which includes the contribution of all galaxy compo-
nents. Also, a mean streaming component in the azimuthal direction (v4) can be present.

The velocity dispersion in the azimuthal direction is then
035 = (vi) — (vg)?, (3.1.6)

where (vg4) is the mean the azimuthal velocity. I assume that the bulge has no net rotation,

this implies that the mean streaming component is set to zero.

3.2 Stellar and gaseous discs

In chis Section we discuss the radial (Subsection 3.2.1) and vertical (Subsection 5.4) structures
of both stellar and gascous discs. Furthermore, in Subsection 3.2.3 we describe the procedure
used to set the disc scale length and in Subsection 3.2.4 we describe how the velocity distri-

bution of the discs particles are sampled.

3.2.1 Radial discs structure

Observationally it has been shown that disc galaxies have radial exponential profiles (Free-
man, 1970; Van Der Kruit & Searle, 1981; Courteau et al., 1996; Portinari & Salucci, 2010),
for this reason the stellar and the gaseous discs have been modeled with exponential surface

density profiles
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3.2. Stellar and gaseous discs

M,
Yu(R) = 27rh2€xp(_R/h*) , (3.2.1)

where * = * for stars and * = g for gas. h, is the scale length and M, is the mass of the
stellar/gascous disc, while R is the cylindrical radius, defined as R = /2% 4 y2. The radial

Cumulative mass proﬁ]es f'bT the SEC‘”ZJ,T and gaseous diSCS arce giVCﬂ by

R
M,(R) =27 / p«(RR dR = M, {1 — (1 + hﬁ) eR/h*l. (3.2.2)
0

*
[set Mg = M, + My = mgMag, where myg is the mass fraction of the discs (summing
the contributes from stellar and gaseous discs). All the parameters of my galaxy models are

shown in Chapter 4 and 5.

3.2.2 Vertical discs structure

Vertically the stellar disc follows a sech? profile, that corresponds to isothermal sheets per-
pendicular to the disc plane (Spitzer Jr, 1942; Bahcall & Soncira, 1980; Binney & Tremaine,
2008)

pu(R, 2) = E;(R) sech2(i), (323)

20 20
where p, (R, z) is the stellar density and zj is a free parameter that determines the scale
height of the stellar disc.

The velocity structure of the stars is set so that the vertical scale height of the stellar disc is
self-maintained in equilibrium in the total gravitational potential of the galaxy. This cannot
be done for the gaseous disc, where the vertical distribution has to be determined by solving
the vertical hydrostatic equilibrium equation, i.c. by the balance between the gas pressure

and gravity (including gas self-gravity):

19P 9%

p_ga + 5 = 0. (3.2.4)

In Eq. (3.2.4), p, is the density, P is the pressure of the gas and @ is the total gravitational

potential. For a given potential @ the solution of this equation is given by the integral con-
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straint

+oo

Yy(R) = / pye(R, 2)dz, (3.2.5)

(o]
where 3, (R) is the gas surface density described in Eq. (3.2.1) and py(R, 2) is the gaseous
disc density. The gas density distribution is obtained through an iterative method, an ini-
tial potential @ is assumed and with this initial estimate the gas surface density is obtained
solving equations (3.2.4) and (3.2.5), integrating the differential equation assuming a chosen
central density at z = 0, this starting value is adjusted until the desired surface density is
found. Then, a new potential is computed with the new surface density distribution using a
hierarchical multipole expansion based on a tree code and the whole process is repeated until

the convergence is reached, i.e. when the desired surface density at each radius is obtained.

3.2.3 Stellar disc scale length

The scale ]ength of the stellar disc A, is calculated by re]ating it to the angu]ar momentum of
the disc assuming that the latter is related to the total angular momentum of the dark maceer
halo (Mo et al., 1998; Springel & White, 1999). From cosmological N-body simulations it
emerges that dark matter halos begin to rotate because of the tidal forces between them, as
they are not perfectly spherical. The baryons that collapse inside the halo potential will then
have a certain angular momentum. Considering a NFW profile, it is possible to calculate the

total energy of the halo truncated at 7999 from the virial theorem as

_GM2

27900

E= f. (3.2.6)
where M is the virial mass of the dark matter halo and f. can be computed from the concen-

tration parameter

cl=1/(1+¢)*=2In(1+¢)/(1+c¢)

2 [c/(1+c)— In(1+ ) : (32.7)

fc:

It is often convenient to define a dimensionless spin parameter A, that characterizes the

angular momentum J, as
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3.2. Stellar and gaseous discs

JE 1/2
A= ‘ |5/2. (3.2.8)
G My
From which it is straightforward to derive
9\ 1/2
J = AGY2 M2 (7) | (329)

A is a free parameter in my model, which can be chosen to set the desired disc scale length.
In fact, I assume that the angular momentum of the disc is related to the angular momentum
of the halo J; = jgJ. With this condition the disc scale length can be derived. In the thin

disc approximation the angular momentum of the disc is given by

o0 2
Jd = Md/ 'UC(R> (hﬁ) exp (_hﬁ) dR, (3210)
0 * *

where v, is the circular velocity and h, is the scale length of the stellar disc. Then, for a
given set of parameters: A (spin parameter), mg (disc mass fraction), Mg (virial mass of
the galaxy) and jg4 (conversion factor between the disc and the dark matter halo angular
momenta), the scale length A, is found iteratively solving equation (3.2.10) in order to obtain
the best approximation for the disc angular momentum. Notice that, while the thin disc
approximation assumed in equation (3.2.10) is good enough for the calculation of h,, in my
ICs and in the simulations the disc has non negligible thickness, it has in fact a stratification

in the z-direction (as explained in Section 3.2.2).

3.2.4 Discs Velocity structure

Here I describe the derivation of the dises velocity structure. For the stellar disc I adopt a
Gaussian approximation for the velocity distribution (as described in Section 3.1.2) as well.
Observations suggest that (v%) is proportional to (v?) in stellar discs (Hernquist, 1993), in
particular I assumed o = (v}) = (v?) with fr = 1 as in Springel et al. (2005). This

fr = (v})/(v?) is a free parameter that can be changed to increase the Toomre parameter

O'Rk

= 211
3.36G>, (32.11)

Q
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and hence to increase the stability of the disc?. In Eq. (3.2.11), k is the epicyclic frequency
and X, is the stellar surface density.
To obtain the mean streaming velocity I use the epicyclic approximation, valid for quasi-

circular orbits in an axisymmetric potential
o
ol =2 (3.2.12)

where 7 is defined as

n (3.2.13)

2-&% 2%4_@ -
~ ROR\ROR 0OR?)

The streaming component in the azimuthal direction is set to

, O'% 1/2
(oo = () - ) (214
For the gaseous disc only the azimuthal component has to be computed. This can be obtained

from the stationary equation of momentum conservation in the radial direction that yields

dp 10P
2 f— — — —
V3 e = R(aR + o aR). (3.2.15)

3.3 Hot circumgalactic medium

In addition to the components described above, I also include a hot CGM, also called galactic
corona, around the galaxy. As explained in Chapter 1 the corona is essential for sustaining the
star formation in the disc over a long time (> 10 Gyr). The main purpose of this Thesis work
is to analyze the gas circulation between the disc and the CGM, this interaction is mediated
by stellar feedback due the material that is ejected from the disc. The properties of the hot
galactic corona have been modeled using the few observations available for the Milky Way,
in fact the extremely low densities of this gas makes it very difficult to observe. The corona

follows a -profile

>The Toomre’s stability criterion states that a stellar disc is stable for @ > 1
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3.3. Hot circumgalactic medium

r\ 2 —3f
pcor(/’n) = pPo |:1 + <_) :| s (331)
where = 2/3, py is the central density and 7, is the core radius. The 5 model profile of
the corona has formally infinite mass, but I truncated the resulting density distribution at

10 Ragp.

[ built the corona with two different configurations: a static corona and a rotating one.
In the case of a static corona, the temperature profile is derived assuming that the coronal
gas is in hydrostatic equilibrium in the total potential of the galaxy. In the case of a non-
rotating corona, the temperature profile is derived assuming hydrostatic equilibrium in the
total potential. Knowing the corona density profile p..(7) and the total cumulative mass

profile M (r), the temperature profile is given by

_pmy 17 GM(r)
I(r) = Pe——r / Peor(r) — 5= dr, (332)

where peo: (1) is the corona density profile in Eq. (3.3.1) and M (r) is the total cumulative

mass profile.

In the case of a rotating corona, the net velocity is computed as a fraction of the circular
Velocity
0P

1/2
Uy = Qv {@R} , (3.3.3)

where I set @ = 0.4 in my runs, which ensures that v4 ~ 80 km s ! near the disc (z ~ 2
kpe). In fact, the galactic corona is expected to rotate with a lag of & 80 — 120 km g1
with respect to the disc of the galaxy (e.g. Marinacci et al., 2011; Afruni et al., 2022). Values
a > 0.4 can cause significant deviations from sphericity, which, for simplicity is assumed in
setting all the profiles of the coronal properties. A more accurate treatment of the rotation

structure will be addressed in the future.

In this non static scenario, the temperature profile can be computed assuming hydrostatic

equilibrium in an effective potential

R ,,2 R/
O = (R, 2) — / %}(%, ) iR (33.4)

o0
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More details on the structural parameter of the galactic corona for each work are given in

Chapter 4 and Chapter 5.

3.3.1 Temperature and metallicity

The gascous components in the ICs are also characterized with a temperature profile and a
metallicity distribution. The initial temperature in the disc is assumed constant at the value

of 10* K, and from this temperature T, the internal energy per unit mass is obtained as
kp
p(y — 1)my,

here kg = 1.38 X 10710 erg K™ is the Boltzmann constant, v = 5/3 is the adiabatic index

u = T, (3.3.5)

and u = 4/[8 — 5(1 — fg)| is the mean molecular weighe for a full ionized gas (fg = 0.76
is the hydrogen mass fraction). Although the temperature is constant in the ICs, when the
galaxy is evolved in time the formation of a multiphase gas is expected, with both very low (~
102 K) and very high (~ 105 — 107 K) temperatures, due to cooling and heating mechanisms
and to the stellar feedback implemented in the SMUGGLE model (Section 2.4), and also to
the mixing and accretion of the CGM. Additionally, the metallicity of the gas in the disc
can be either set to a constant value (Chapter 4) or with a metallicity gradient (Chapter 5).
Finally, a uniform metallicity set to 0.1Z (e.g. Tosi, 1988; Bogdan et al., 2017) is assigned to

the coronal gas. The computation of the metallicity is described in Section 3.4.3.

3.4 Sampling of the initial conditions

After describing the theoretical models that are at the foundations of the ICs construction,
I proceed explaining how the physical properties are actually assigned to each particle. Tt is
important to make an accurate realization of the analytical proﬁles described above, because
these ICs are then used as a starting point to compute the time evolution of the galaxy. To do
50, it is needed to sample the particle positions in the phase space: i.e. the coordinates and
the Velocity of each partic]e. For the gas particles it is also needed to set the internal energy
and the metallicity to compute their evolution in terms of metallicity and temperature. The

positions and the velocities of the particles (dark matter, stars and gas) are computed directly
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3.4. Sampling of the initial conditions

from their respective profiles.

3.4.1 Coordinates

The particle positions of each component are derived with the inversion method, a general

statistical method to sample a variable X from a probability density function fx (X):

(i) Given a probability density function fyx(X) I calculate the cumulative distribution
function

X
Fy(X) = / F(r) dr (3.4.1)
This is a monotonically non-decreasing function with values between 0 and 1.

(i) Iset u = Fx(X), where u is a random number berween 0 and 1 extracted from a

uniform distribution.

(i) T invert the equation to find the variable X: X = Fy'(u); X will be distributed as
fx(X).

In this case the density distribution is the probability density function fx (X)), from which

I derive Fly, i.c. the normalized cumulative mass profile.

Bulge positions

For the bulge the inversion can be carried out analitically, since it follows a Hernquist profile.

In this case, the normalized cumulative mass function is

FX(T)=< : )2, (3.4.2)

which, by imposing

2
T
u= (T+a> , (3.4.3)

(3.4.4)

can be inverted to find
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In equations (3.4.2) and (3.4.3) u is a number between 0 and 1 extracted from a uniform
random distribution. This procedure allows us to sample the spherical distance from the
galaxy center 7. To find the missing components required to attribute to each particle its

Z,Y, z) positions [ procede as follows. I set the azimuthal coordinate ¢ as
Y, 2)p
¢ = 27, (3.4.5)

where v is another random variable extracted from 0 to 1. In this way 0 < ¢ < 27. The

polar angle # can go from 0 to 7 and is derived as
0 = arcos(2w — 1), (3.4.6)

with w being another random variable. The Cartesian coordinates (x,y,2) are then simply

derived from the spherical coordinates (7,6,¢):

x = rsin(f)cos(¢), (3.4.7)
y = rsin(0)sin(¢), (3.4.8)
z = rcos(f). (3.4.9)

Discs positions

For the stellar disc the vertical position 2 can be computed analitically, since the vertical

profile follows a sech? profile (equation 3.2.3):

20

= An(u/ (1= w)’ G410

z

where w is a random number extracted from 0 to 1. For the gaseous disc the vertical position

2 is derived from the vertical density structure computed as described in Section 3.2.2.
Instead, for the radial component the analytical inversion of Eq. (3.2.2) is not possible, but

the value of the radius of the particle can be estimated with the Newton-Raphson method,

an iterative root-finding algorithm. Starting with an equation written in the form f(z) = 0,
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3.4. Sampling of the initial conditions

the root is found iteratively as follows

Tpa1l = Ty — Flan) (3.4.11)

where 2,41 is a better approximation of the root. For the stellar disc x = R/hy, and f(x,,)
is given by
flan) = =1+ <1 + :vn) exp(—,) +u (3.4.12)

while the first derivative f’(x,,) reads

Starting from z1 = 1, the process described in equation (3.4.11) is repeated until convergence
is reached, in particu]ar until |:En+1 - xn‘/xn < 1077, Since the cumulative mass profﬂes
are monotonically non-decreasing functions, I expect to find a solution R; to the problem
M(R;)/ M o=u, where  is a random number uniformly distributed between 0 and 1. The
cylindrical radius is then obtained as R=z,, h,. The stellar disc is sampled from 0 to oo,
while the gascous disc extends only from 0 to 10 k. Therefore, in the latter case the functions

f(z,) and f'(x,,) used in the Newton-Raphson algorithm must be modified accordingly

=1 (T + 2 )exp(—an)

flan) = T 10)ep(—10) " (34.14)

B Tpexp(—x,)
1— (1 + 10)exp(—10)°

f(x,) = (3.4.15)

The cylindrical radius is then found as R=x,, hy. After obtaining R and z, ¢ is sampled in
the same way described in equation (3.4.5) and then it is possible to pass from cylindrical to

Cartesian coordinates as follows:

x = Rcos(¢), (3.4.16)
y = Rsin(¢), (3.4.17)
z=2z. (3.4.18)
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Galactic corona positions

For the corona the analytical inversion of the S-profile is not possible. Also in this case [ used
a Newton-Raphson method. The coronal gas is sampled from 0 to 10 799, therefore f(z,,)

is given by

-1
f(x,) =u+ [10T200 — arctan (10T200)} (arctan (ﬁ) — ﬁ), (3.4.19)
Te Te Te Te

whereas f'(z,) is

-1 2 /,.2
f’(xn) = — [1OTC(T2OO — arctan (10T200)>] xn—/rc (3.4.20)

Te T 1+a2/r2

The cartesian coordinates (z, y, 2) are then obtained from the cylindrical ones with equations

(3.4.16), (3.4.17) and (3.4.18).

3.4.2 Velocities

I now explain the process of sampling particle velocities. For each particle position, deter-
mined as outlined in Section 3.4.1, the velocity components are sampled from three Gaussian
distributions with means and standard deviations derived in Sections 3.1.2 and 3.2.4. The
first step involves calculating the velocity dispersions in the radial, vertical, and azimuthal
directions by solving the differential equations described in Section 3.2.4, using a logarithmic
grid in R and 2. This grid consists of 512 grid points in each direction, with a total box size
of &= 857 kpc to encompass the galaxy. The logarithmic spacing allows for finer sampling
across all scales, from the largest to the smallest.

Next, bilinear interpolation is employed to determine the velocity dispersions at the par-
ticle positions. Once these dispersions are known, the velocities are assumed to follow a
normal distribution with the mean and dispersion described in Section 3.1.2 and 3.2.4. To
generate these velocities, I used the polar form of the Box-Muller algorithm (Box & Muller,
1958), which is an efficient method for sampling Gaussian-distributed random variables.

First, two pseudo-random numbers, 3, and ys, are drawn from a uniform distribution

between -1 and 1. Then, r = 4% + v3 is defined. If 7 = 0 or 7 > 1 the pair is discarded and
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new values are drawn. Otherwise, &y is computed:

—2lnr

§o =112 — (3.421)

which results in & being normally distributed with a mean m = 0 and variance 6% = 1.
In the first instance, y1 2 = ¥ is assigned. The second time a Gaussian variable is required,
Y12 = Y is directly used without needing to draw another pair (1, y2). Once both elements

of the (y1, y2) pair have been used, the process repeats from the beginning.

If Gaussian distributed values with a given mean m and variance o are need, it can be

obtained by simply multiplying for o and add m. For instance, the stellar disc has

vr = &0V ok, (34.22)
v, = &V o2, (34.23)
Vp = fo 0'35 + <’U¢>. (3.4.24)

In this case, the mean velocities in the radial and vertical directions are zero, while a free-
streaming component is present in the azimuthal direction. A similar method is used to
compute the velocities for the bulge and the corona components. For the bulge I assume that
there is no net rotation, <U¢> = 0 (see Section 3.1.2). The corona is set with vp = v, = 0 and
(vg) as in Eq. (3.3.3). In the case of the gaseous disc, only the azimuthal velocity component
needs to be calculated. This value is not sampled from a distribution but is determined

directly by equation (3.2.15, see Section 3.2.4).

In all the compontents, the velocities (vVg,v4,0,) are then converted from cylindrical to

Cartesian coordinates (v;,0,,0,):

Vg = UR}—% — U¢}—%, (3.4.25)
Y T

Uy = Up—= + Vs, 3.4.26

Yy RR ¢R ( )

UV, = Uy, (3427)

where x and y are the Cartesian coordinates of the particle (described in Section 3.4.1) and
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R is the cylindrical radius.

3.4.3 Metallicity sampling

In this section, I outline how metallicity is assigned to gas particles, a crucial aspect of my
simulations. Metallicity is a key factor in galaxy formation and evolution, as it enhances gas
cooling, which can accelerate gravitational collapse and subsequently lead to more efficient
star formation. Accurately modeling this property is vital to producing realistic simulations

of galaxy evolution.

Table 3.1: Primordial abundances (these abundances are mass fractions, therefore they are defined as
the ratio between the mass of a given element X and the total mass of all the elements) fyim and
solar abundances fo of different elements: Hydrogcn (H), Helium (He), Carbon (C), Nitrogen (N),
Oxygen (O), Neon (Ne), Magnesium (Mg), Silicon (Si) and Iron (Fe). Solar abundances are taken from
Asplund et al. (2009).

H He C N @) Ne Mg Si Fe
(1073 (107*) (107*) (107%) (107%) (1073 (1073)

Jorim 076 0.24 0 0 0 0 0 0 0

fo 0.7388 0.2485 24 0.7 5.7 1.2 0.7 0.7 1.3

In the ICs, gas particles in both the disc and hot corona are assigned uniform, though dis-
tinct, metallicities: the hot corona particles have Z = 0.1Z), consistent with observational
data (see Chapter 1), while the gaseous disc particles are cither given a constant metallicity
of Z = Zg or follow a metallicity gradient. Metallicity is treated as a passive scalar, meaning

it evolves passively within each gas cell through a continuity equation

(0pZ2)
ot

cach gas cell has its own metallicity Z; that is transported by the fluid.

+ V- (pZv) =0, (3.4.28)

The code traces not only the global metallicity but also the abundances of nine chemical

elements (i.e. Hydrogen (H), Helium (He), Carbon (C), Nitrogen (N), Oxygen (O), Neon
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(Ne), Magnesium (Mg), Silicon (Si) and Iron (Fe)). To different metallicities correspond
different chemical abundances of the different elements. These are derived as follows.

The abundance of a given element X is computed with a linear interpolation between two
sets of abundances: primordial abundances fi,i, and solar abundances fg, which are taken
from Asplund et al. (2009) and reported on Table 3.1. Therefore, given the gas metallicity Z;,
each cell 7 has:

Ixi = [xprimi + %(fX,@,i — [x primii) » (3.4.29)
where fX,prim is the primordial abundance of the element X, fX’@ is the solar abundance of
the element X and Zg = 0.0127 is the solar metallicity (only the nine elements in Table
3.1 are considered). In each cell the sum of the abundances of the nine elements has to be

>« [x.i =1, as the total mass has to be conserved.
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Chapter

The role of stellar feedback in gas accretion

4.1 Introduction

This Chapter is focused on the study of the gas circulation between the disc and the corona
of star-forming galaxies like the Milky Way. To analyze this circulation and its implications
on the properties of the corona and of the gas that is subsequently accreted onto the disc, I
make use of high-resolution (~ 10* Mg) hydrodynamical N-body simulations of an isolated
Milky Way-like galaxy, with the inclusion of an observationally-motivated hot corona around
the galaxy. After sampling the galaxy initial conditions, the simulations are evolved with the
SMUGGLE model (Marinacci et al., 2019), an explicit ISM and stellar feedback model that
is part of the moving-mesh code AREPO (Springel, 2010b; Weinberger et al.; 2020). So far,
the SMUGGLE model has been tested on isolated galaxies in the absence of a hot corona (e.g.
Kannan et al., 20205 Li et al., 2020; Kannan et al,, 2021; Jahn et al., 2021; Burger et al., 2022; Li
ct al,, 2022; Beane et al,, 2023; Smith et al.,, 2022; Sivasankaran et al., 2022), which is usually
not included in this type of hydrodynamical N-body simulations. The calculations that I
carry out in this Chapter are the first that include such an important component for galactic
evolution in the SMUGGLE framework.

The Chapter is structured as follows: in Section 4.2 I briefly summarize the numerical
methods used in this Chapter and give details on the initial conditions for my simulations.
In Section 4.3 I describe the structure of the ISM and of the galactic corona that is generated

in the simulations. In Section 4.4 I present the main results of this Chapter. In Section 4.5
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Table 4.1: Structural parameters of the Milky Way-like galaxy simulated in this Chapter. From left to right:
circular velocity of the halo at r99¢ (v200); dark matter halo mass (M,,); dark maceer halo scale length
(15); bulge mass (Mp); bulge scale length (a); stellar disc mass (M,); stellar disc scale length (hy); stellar
disc scale height (2’0); gaseous disc mass (Mg); gaseous disc scale length (hg); mass of the corona (M.,)
computed within the virial radius 7y;;; corona core radius (r,).

V200 Mdm Ts Mb a M*
[km s™'] [M)] [kpc] [M)] [kepel [Mo)]
169 1.53 x 102 3646 1.5 x 10'° 13 4.73 x 1010
h* 20 Mg hg Mcm. T
[kpc] [pcl (M) [kpcl [M] [kpc]
3.8 380 9 x 10° 7.6 3 x 1010 8

compare my results to previous works and I summarize them in Section 4.6.

The results of this Chapter have been published in paper form in Barbani et al. (2023).

4.2 Numerical Methods

The simulations presented in this Chapter are perfbrmed with the hydrodynamica] N —body
code AREPO (Springel, 2010b; Weinberger et al,, 2020), described in detail in Section 2.3.
I coupled AREPO with the SMUGGLE model. More details on SMUGGLE can be found in

Section 2.4.

4.2.1 Initial conditions

In this Section I describe the ICs of the Milky Way-like multi-component galaxy model that
I study in this Chapter by means of hydrodynamical N-body simulations. The ICs have been
generated according to the method presented in Chapter 3. To summarize, the components
include: a dark matter halo and a stellar bulge that follow a Hernquist profile, an exponential
thick stellar disc, an exponential thick gascous disc and a galactic hot corona.

The gascous components in the ICs are characterized by a temperature profile and a metal-

licity distribution. The initial temperature in the disc is assumed to be constant at the value
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of 10* K. However, when the galaxy is evolved in time, the formation of a multiphase gas is
expected, with both very low (~ 10 — 100 K) and very high temperatures (~ 10° K), due to
cooling and heating mechanisms and to the stellar feedback. The overall metallicity of the

gas in the disc is set to Z = Zg, for simplicity.

Galactic corona

The properties of the hot galactic corona have been set using some of the observational con-
straints available for this component in the Milky Way (Greevich & Putman, 2009; Anderson
& Bregman, 2010; Gatto et al., 2013; Salem et al., 2015; Putman et al., 2021). I modeled the
corona with a f-model (Cavaliere & Fusco-Femiano, 1978), that is often used to fit the den-
sity profiles of the hot gas in galaxy clusters and that has been shown to fit well the corona

density profile of the L* galaxy NGC 3221 in recent observations (e.g. Das et al., 2020)

27-38
per(T) = po [1 + (1) } . (4.2.1)

c

The parameters for the S-model are taken following Moster et al. (2011). 3 is set to 2/3 and
the core radius is set to r. = 0.22r, = 8 kpc.

In Figure 4.1 I show a comparison between the number density of the coronal gas (black
solid line) of the fiducial simulation (Table 4.2) with observational estimates of the Milky-
Way corona (points with errorbars). The model has a mass of 3 x 101% M, inside the virial
radius Ropp = 240 kpc and is well constrained by the observational points. The S-profile has
aregion of constant density (i.e. a core) in the center, that depends on the parameter 7: small
changes in the inner region density can have important consequences on the cooling of this
component, as the cooling time is extremely dependent on the gas density and temperature.
The evolution of the number density over time is also shown, in particular at 1 Gyr (blue
solid line) and 2 Gyr (red solid line) after the beginning of the simulation. The galactic
corona slowly accretes into the disc of the galaxy and the density is decreasing particularly
in the central region (where it changes from 8 x 1073 t0 1072 cm™3). At large radii (r > 50
kpc) the density is similar to the initial one. At both times the density profile is in good
agreement with the observational points.

For my simulations, I analyzed two distinct configurations: a galaxy with a static corona
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Figure 4.1: Galactic corona number density proﬁle (black solid line) of the fiducial simulation BM_R
(see Table 4.2) compared with several observational constraints of the Milky Way (points with error-
bars): ram-pressure stripping from the dwarf spheroidal galaxies Fornax, Ursa Minor and Sculptor
(green, purple and olive points, Greevich & Putman 2009), Carina and Sextans (red and blue points,
Gatto et al. 2013), the Large Magellanic Cloud (orange point, Salem et al. 2015) and also more recent
constraints obtained from several dwarf galaxies (grey points, Putman et al. 2021); and Pulsar disper-
sion measures (black upper limit, Anderson & Bregman 2010). The black line represents the initial
number density corona profile (i.e. a f-model), while the blue and the red solid lines represent the
same proﬁle 1 Gyr and 2 Gyr after the start of the simulation, respectively. The purp]e dashed line is
the initial temperature of the coronal gas.
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Table 4.2: Summary of the model variation of the Milky Way-like galaxy parameters in this Chapter.
The fiducial simulation is BM_R, which includes a rotating corona. The other simulations are used as

comparison with the main one.

Simulation name M., [Mg] Rotation Feedback

BM_NR 3 x 1019 no yes
BM_R 3 x 1010 yes yes
NOCOR negligible - yes
NOFEED_NR 3 x 1010 no no
NOFEED_R 3 x 1019 yes no

and a ga]axy with a rotating one (see Chapter 3 for more details on the ga]actic hot corona
implementation). [ also assign a uniform metallicity, set to 0.1 Zg, to the coronal gas (e.g.
Tosi, 1988; Bogdan et al., 2017). In both the static and the rotating configurations the tem-
perature is higher in the center and it decreases with radius (see purple dashed line in Figure
4.1): a temperature gradient has been observed for instance in Das et al. (2020), chis is very
similar to the temperature that I obtain in my ICs, with an average temperacure ~ 10% K

that depends on the total mass of the galaxy.

4.2.2 Simulations setup

I simulated a series of isolated non-cosmological Milky Way-like galaxies, with components as
described in the previous Sections. The parameters of the galaxies simulated in this Chapter
are listed in Table 4.1. These parameters are chosen in order to represent a galaxy similar to
the Milky Way. The galactic corona has a mass inside the virial radius of M, (r < ry,) =
3x 10" Mg, that is a mass similar to those derived from observations (e.g. Kaaret et al., 2020
Martynenko, 2022) and is in agreement with the observational constraints on the number
density (see Figure 4.1) of the galactic corona in the Milky Way. The galaxy is inserted inside
a box with a side length of 860 kpc. I have run 4 main simulations (listed in Table 4.2)

changing the characteristics of the coronal gas or the feedback processes. These are:
+ BM_NR: using a 3-profile with no net rotation;

* BM_R: using a S-profile with rotation;

85



Chapter 4. The role of stellar feedback in gas accretion

+ NOCOR: ICs with a negligible galactic corona,
« NOFEED_NR/NOFEED_R: simulations with no stellar feedback.

The BM_R simulation has been chosen as the fiducial simulation for this Chapter, it includes
a rotating corona with a beta model density profile. The results of this simulation will be
compared with a static corona case (BM_NR), a configuration without the galactic corona
(NOCOR) and two configurations in the absence of stellar feedback (NOFEED_NR/NOFEED_R)
with the same ICs of BM_NR/BM_R. | put Ny, = 3.2 x 10°® particles in the stellar disc,
Niylge = 8 X 10° in the bulge and Ny ~ 4.9 % 10° gaseous particles, with Nyisa = 3.2 % 10°
gascous particles in the disc and Ny or = 1.7 X 10° in the corona. This results in a mass

resolution myg,, = 1.1 X 10* M, and a minimum gravitational softening length €y, = 10 pc

gas
for the gas. The mass of the stellar disc and bulge particles is respectively mg. = 1.5 x 10*
Mg and mypyee = 2 X 10* Mg, and the gravitational softening length is €, = 21.4 pc.

First, I have run adiabatic simulations using AREPO, i.e. without the presence of the dissi-
pation processes implemented in the SMUGGLE model, with the different IC setups, to ensure
that the different components of the galaxy are in equilibrium. This simulations confirmed
the dynamical stability of the simulated galaxy model, with a configuration that remains al-
most unchanged for a time span of 2 Gyr. Then the ICs are evolved using AREPO with the
SMUGGLE model for 2 Gyr, this is a sufficient time to see the effect of the corona presence

on the SFR of the galaxy, given that the depletion time for a Milky Way-like galaxy is

M, 10° M,
e = SRR T T M,y

~ 1 Gyr, (42.2)

where M, is the mass of gas in the disc and SFR is the star formation rate, 4., has similar

values also in my setup.

4.3 ISM and coronal gas structure

4.3.1 Scheme of the gas circulation

In Figure 4.2 I show a schematic view of the processes that contribute to the gas circulation,

i.e. the balance between outflows and inflows (from and into the galactic disc), in a star-
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forming galaxy like the Milky Way. The gas that is lifted from the disc (outflowing) is ejected
thanks to stellar feedback (~ M,,.), mostly coming from SN explosions. The gas accreted
onto the galactic disc (inflowing) can be schematically divided in two main components: (i)
the galactic fountain gas that, f‘ai]ing to reach the ga]axy escape Velocity, re-accretes onto
the disc (Mm, founes Which is ~ M), (ii) the gas accreted from the galactic corona that can

come directly from the radiative cooling of the coronal gas (M;, ) or from the interaction
between the ga]actic fountains and the corona (Mm o). The latter interaction may act as a
positive feedback for star formation, as mentioned in Section 4.1. The coexistence of these

different phenomena is described in more detail in the following Sections.

4.3.2 Gas projection maps

I start by analyzing projection maps of the gas in the simulated galaxies. In Figure 4.3 I show
the face-on and edge-on surface density maps of the fiducial simulation BM_R at different
times and a comparison with other simulations. From the face-on projections of BM_R (first
row in Figure 4.3) it is possible to appreciate the gaseous disc structure complexity of the
simulated galaxy: as the simulation starts, the first stars begin to form, generating radiative
feedback and stellar winds that are followed by the SN explosions, which cause the formation
of low-density cavities (surface densities < 1M pc™2). These cavities, filled with hot gas,
can extend over the plane of the disc and are responsible for the production of outflows.
Along the spiral arms of the galaxy, at the edges of the generated cavities, high—density gas
filaments, whose presence is enhanced by stellar feedback, are present. In such regions, most
of the star formation takes place, since below the density threshold py, = 100cm ™ che
formation of a stellar particle is not possible (see Section 2.4).

In Figure 4.3 I have also compared the disc structure of BM_R with the other simulations
performed at ¢ = 1.13 Gyr (third row). The first panel shows the NocoRr simulation, where
the disc is more extended thanks to the lack of accretion of low-angular momentum gas from
the corona. Furthermore, the overall gas surface density is visibly lower, especially in the gas
filaments: the gas consumed by star formation is not replaced and the average gas density
can only decrease over time. The NOFEED_R simulation is shown in the second panel. Here,
the disc structure is unrealistic with almost no gas filaments and with small clumps of high-

density gas. These clumps are formed from initial density fluctuations thanks to gravitational
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in,fount

Figure 4.2: Cartoon scheme of the gas accretion/ejection processes in a Milky Way-like galaxy. The
stellar feedback processes (i.e. SN, stellar winds and radiative feedback) can eject gas outside the
galactic disc. The outflow rate (M,,,) is represented by the blue arrow, that schematize the trajectory
of asingle galactic fountain. This gas can eventually fall back onto the disc, giving a inflow rate coming
from the galactic fountains (Min‘ founc). The interaction between the fountains and the corona (red
halo) can create a mixture of gas, represented by the grey clouds, that can increase the gas accretion
rate onto the disc (Min, int)- The red arrows represent the inflow rate of gas accreted directly from the

galactic hot corona (M, cor)-
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Figure 4.3: Top panels: Gas column density in face-on (first row) and edge-on (second row) projections
of the BM_R simulation computed using the SMUGGLE model at the times indicated in cach panel.
The horizontal dashed lines represent three heights over the disc (2, 5 and 10 kpc). Each panel is 50
kpc across and in projection depth with a total number of 1024 x 1024 pixels that give a resolution of
~ 50 pc. Bottom panels: The same projections are made face-on (third row) and edge-on (forth row) at
t = 1.13 Gyr for the NOCOR (first column), NOFEED_R (second column) and BM_NR (third column)

simulations.
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t = 0.45 Gyr

Figure 4.4: Density—weighted maps of the gas Velocity perpendicular to the disc p]ane in face-on (top
panels) and edge-on (bottom panels) projections of the BM_R simulation computed using the SMUG-
GLE model at the times indicated in each panel. Each panel is 50 kpc across and in projection depth
with a total number of 1024 x 1024 pixels that give a resolution of ~ 50 pe. The kinematic structure
of the gas in the galaxy can be visually appreciated. The coronal gas is accreted onto the galaxy and
outflows of gas are ejected from the disc, this generates a gas circulation between the disc and the
corona.
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Figure 4.5: Density-weighted temperature in face-on (top panels) and edge-on (bottom panels) pro-
jections of the Milky-Way like galaxy for the BM_R simulation computed with the SMUGGLE model at
the times indicated in each panel. Each panel is 50 kpc across and in projection depth with the pres-

ence of a total number of 1024 x 1024 pixels that give a resolution of ~ 50 pc. The mixing between
the material ejected from the disc and the hot galactic corona can be visually appreciated, with the

formation of an intermediate temperature gas phase at the disc-corona interface.
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attraction, they grow over time and are not torn apart from SN explosions. Also, they tend to
migrate towards the center of the disc over time as a consequence of dynamical friction. This
phenomenon causes a higher concentration of gas at the center of the disc, where a substantial
amount of stars are then able to be formed. A few large low density cavities are still formed
thanks to gas clustering and cooling. Looking at the BM_NR simulation (third panel), it can
be noted that the gaseous disc scale length is smaller (halved approximately) then in BM_R.
The disc shrinks in size over time in the case of a static corona, whereas it remains extended
if the rotation is included. Although this might be caused by a redistribution of the angular
momentum between the disc and the corona caused by the gas circulation mediated by the
galactic fountains, this speculation requires further investigations and it is outside the scope

of this Chapter. Overall, the disc structures found in BM_R are also present in this simulation.

The second row of Figure 4.3 shows the corresponding edge-on projections of the same
configurations shown in the top panels. In the first panel  have highlighted three heights over
the plane of the disc (2, 5 and 10 kpc) as comparison. As I will discuss in Sections 4.4.2, 4.4.3
and 4.4.4, at these heights I have computed the outflow and inflow rates (inside the shaded
arca). The presence of a low density halo of gas around the galactic disc can be observed. In
an initial phase that lasts about 0.1 Gyr there is a substantial accretion of coronal gas onto the
disc, as I will discuss in detail in Section 4.4.1. This accretion episode causes an increase of the
SFR at the beginning of the simulation, after this the corona inflates again and continues its
evolution. Starting from ¢ = 100 Myr the galaxy develops strong outflows, ejected from the
disc by stellar feedback. These outflows can reach relatively large distances from the galaxy
mid-plane (over 10 kpc), traveling through the galactic corona and then falling back onto
the disc in a galactic fountain cyc]e (e.g. Fraternali & Binney, 2006). This is clear in the 0.23
Gyr image where several galactic fountains ejected from the disc can be seen. This process is

schematically depicted in Figure 4.2 and will be analyzed in detail in Sections 4.4.3 and 4.4.4.

[ have analyzed the gascous structure of the other simulations at t = 1.13 Gyr in com-
parison with BM_R also for the edge-on projections (see fourth row in Figure 4.3). In No-
COR (first panel) the disc is isolated and not surrounded by the corona, the intensity of the
gaseous outflows is lower than in BM_R. The NOFEED_R simulation (second pane]) features a
disc immersed in a galactic corona, but in the absence of galactic outflows. From the BM_NR

simulation (third panel) I note that the gaseous outflows are more frequent and reach higher
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heights with a static corona: with a rotating corona the gas surface density is lower due to the
larger scale length of the gaseous disc induced by the angular momentum exchange. More-
over, the rotation of the gas creates a different gas accretion distribution on the disc. For
these reasons, the star formation is lower and consequently also the intensity of gas ejection.

A more detailed outflow/inflow analysis is carried out in Section 4.4.2.

Figure 4.4 shows the face-on and edge-on projections of the density-weighted gas velocity
perpendicular to the disc plane of the BM_R simulation. The bluer colors in the region above
the galactic disc mid-plane represent gas that is falling onto the disc, the redder colors gas that
is ejected from the disc, and vice versa for the regions below the disc. The face-on projections
(top panels) highlight the gas that is ejected at high velocity from SN explosions: the location
of this ejected gas roughly corresponds to the low-density cavities in Figure 4.3. In the edge-
on projections (bottom panels) is particularly noticeable the accretion of coronal gas that is
strongest in the central regions, where its density is the highest. In addition, the comp]ex
kinematic structure of the gaseous outflows is visible in Figure 4.3: these outflows can have
a velocity in excess of 100 km s™%. The galactic fountain kinematics is clearly visible in che
projections at 0.23 and 0.54 Gyr. There is the establishment of a circulation of gas between
the disc and the galactic corona: the gas is ejected at high velocities from the disc plane (with
avertical velocity directed out of the disc) and after a certain time, that depends on the initial
velocity and on the angle of ejection, it falls back into another spot (with a vertical velocity

directed to the disc plane).

In Figure 4.5 I show the density-weighted projected temperature of the gas for the BM_R
simulation. In the face-on projections (top panels) the presence of a multi-phase medium in
the disc can be noted, where the regions with the higher densities correspond to the colder
gas (I' < 102 K), chis very cold gas can therefore collapse and form stars. The bubbles
carved by SN feedback are filled with high temperature (" ~ 105 K) gas. The temperature
distribution of the gas ejected from the disc is visible in the edge-on projections (bottom
panels). At 1kpe above and below the disc the gas is hotter than in the disc filaments, reaching
10* < T' < 10° K. Outside the disc of the galaxy the temperature is dominated by the coronal
gas (T > 5 x 10° K). The same features are present in the temperature projections of the
other simulations. The temperature of the aforementioned gascous outflows is in general at

an intermediate level (10* < T < 10° K), chis might be caused by the mixing with the

93



Chapter 4. The role of stellar feedback in gas accretion

gas from the corona, that is at higher temperatures (1" ~ 10° K), or it is possible that the
majority of the gas is already ejected at these temperatures. As I will discuss in Section 4.4 the
gas mixing has a predominant role, I found that the intermediate temperature gas is formed
due to the presence of the stellar feedback that mediate the interaction between the disc and

the corona.

4.3.3 Phase diagrams

I now focus on the phase diagram of the gas in the galaxy, looking in particular at the BM_R
simulation. The analysis of the structure of the gas that surrounds and lies inside the disc of
the galaxy is critical to understand how star-forming galaxies evolve. In Figure 4.6 I show the
gas number density-temperature phase diagram that includes all the gas cells in the simula-
tion (top panels) or all the gas cells within a distance from the mid-plane 1.5 < z < 4 kpc
(botcom panels). The diagrams are represented at the beginning of the simulation (¢ = 0.05
Gyr, first column) and at ¢ = 1 Gyr for BM_R (second column) and for NOFEED_R (third
column). The lighter colours represent higher gas masses, as indicated in the colorbar. The
first noticeable thing is the presence of a complex ISM structure (blue dashed rectangle) that
is already developed in the first Myr of the simulation, similarly to Marinacci et al. (2019).
The gas has a wide range of temperatures and densities: the majority (~ 85%) of the gas in
the disc has a temperature lower than 10* K, with densities ranging from 107% cm ™3 to 10?
cm 3. The strip of gas in Figure 4.6 at 1.7 10*K (ie. log T = 4.25 K) at densities between
L and 10° em™ is gas photoionized from the massive and hot OB stars. Around these stars
the gas temperature is fixed at this value. The creation of lower temperature gas is funda-
mental for the star formation since only gas over certain densities (~ 107 — 1072 em™3)
can cool, overcoming the heating from the UV background. This gas can reach densities over
102 ecm™3 and is used to form new stars if the right conditions are satisfied (Section 2.4). The
cloud of gas particles with a temperature over 1.7 x 10* K and a density between 1 and 10°
cm ™ represents the hot ionized medium generated from the SN explosions.

The majority of the gas in the system (over 75%) is located in the galactic corona, its gas
can be identified in Figure 4.6 within the region marked by the red dashed rectangle (top left
region of the diagram), in both the first and second panels. The coronal gas has a temperature

between 10° K and 107 K and a low density, smaller than 107 em ™3 and reaching n < 1075
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Figure 4.6: Number density—temperature diagrams for all the gas cells in the simulation box (top
panels) and for the gas cells at the disc-corona interface (1.5 < z < 4 kpc, bottom panels) of the
BM_R simulation at £ = 0.05 Gyr (first column) and ¢t = 1 Gyr (second column) and of the NOFEED_R
simulation at t = 1 Gyr (third column). The lighter colours indicate higher gas masses. The blue
and the red dashed rectangles specify the gaseous disc and the coronal gas respectively. The diagram
highlights the complex structure of the ISM and of the coronal gas. The gas in the disc has a wide
range of temperatures and densities thanks to the cooling processes and to the stellar feedback. The
structure of the corona, that cools starting from the more dense and hot gas located at the center of
the galaxy, can be scen. A different structure is present in the gas at the interface between BM_R and
NOFEED_R.
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cm ™3, In the first two panel from left to right it can be appreciated how the temperature and
density of the hot gaseous halo change over time: a’cooling bridge’ forms between the corona
and the gas in the disc at around 10% K. This represents the coronal gas that is cooling and is
fueling the galaxy with new gas for the star formation. This gas can cool more rapidly thanks
to the mixing with the galactic fountains. The first coronal gas that cools down is the one
present in the central regions of the corona, that has the higher densities and temperatures.
After2 Gyr also lower density £as starts to cool, Forming gas trails in the diagram and reaching
the temperatures present in the disc.

The NOFEED_R simulation (third panel) has a similar overall scructure, but some differ-
ences are clearly evident. The hot gas generated by the SNe is absent due to the lack of
stellar feedback. Furthermore, a noticeable difference is present in the structure of the 'cool-
ing bridge”: the structures at lower densities and temperatures (present in BM_R) are totally
absent. Looking at the lower panels, the density-temperature diagram for the gas at the disc-
corona interface (1.5 < z < 4 kpc) can be observed. In BM_R at ¢ = 1 Gyr (second panel) a
multiphase medium, with both warm and cold gas, as well as hot gas, is present, instead, this
is missing at the start of the simulation (first panel, ¢ = 0.05 Gyr) since the first SNe are not
exploded yet. In NOFEED_R (third panel) the cold and warm gas phases are completely absent.
This gives a first idea on the importance of stellar feedback, and therefore the production of
ga]actic fountains, for the creation of a multipbase medium over the p]ane of the disc. The
formation of warm and cold gas does not seem to be caused exclusively by the coronal gas
cooling, otherwise these phases of gas would be somehow present in NOFEED. This aspect will

be better exp]ored in Section 4.4.4.

4.4 Star formation and galactic gas circulation

4.41 Star formation history

In Figure 4.7 (left panel) I show the evolution of the star formation rate (SFR) over time of
the BM_NR (blue line) and BM_R (orange line) simulations, and compared it with the NOCOR
(black line) and NOFEED_R (dashed green line) simulations. The evolution of the SFR in the

first 0.2-0.3 Gyr has to be considered cautiously. I set the corona in hydrostatic equilibrium,
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Figure 4.7: Left: Star formation rate (SFR) as a function of time for the four simulations performed:
BM_NR (blue 1inc), BM_R (orange linc)7 NOCOR (black line) and NOFEED_R (grccn dashed linc)7 see
Table 4.2. In the NOCOR simulation the SFR is decreasing over time, reaching values of the SFR lower
than BM_NR/BM_R at the end of the simulation. The simulations with the inclusion of the corona
maintains an almost constant SFR up to 2 Gyr. NOFEED_R features a prominent SFR peak within
the first 0.5 Gyr. Right: Mass of the gas in BM_R as a function of time at a height |z| < 2 kpc and a
cylindrical radius R< 30 kpc, divided in three ranges of temperature: cold (I' < 10% K, blue dashed
line), warm (10* < T < 5 x 10° K, grey line) and hot (" > 5 X 105 K, red line). The mass of warm
and hot gas is multiplied by 10 for clarity. The black line represents the total mass of gas in BM_R.
The blue dash-dotted line is the mass of cold gas in NOCOR and the blue dotted line the mass of cold
gas in NOFEED_R. The gas in the disc is almost totally cold, the warm and hot gas masses are lower
by almost two orders of magnitude. In BM_R the mass of cold gas is approximately constant, while in
NOCOR it decreases over time. In NOFEED_R the mass decreases at the bcginning, rcaching a constant

value after 0.5 Gyr.
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but the activation of the cooling processes causes a significant deviation from it and causes the
corona to lose pressure support in the central regions that rapidly accrete onto the disc. This
initial accretion phase is due to the fact that the corona is already in place at the beginning
of the simulations. A more realistic configuration would gradually form the hot corona over
time following the processes mentioned in Section 1. After ~ 0.2 Gyr the SFR stabilizes,
thanks to the self-regulation between star formation and stellar feedback achieved by the
SMUGGLE model. Also, the corona is more stable, but it slowly continues to accrete onto the

disc thanks to radiative cooling.

It is worth noticing the presence of a periodicity in the SFR, this 'noisy’ trend is linked
to the self-regulation between the formation of stars and the stellar feedback that it causes.
On the one hand, the periodic activation of the stellar feedback temporarily reduces the star
formation injecting energy and momentum in the ISM, heating the gas and ejecting it from
the disc. On the other hand, the periodic re-accretion of gas onto the disc can support star

formation with cold gas.

In the BM_NR simulation the SFR is & 7 — 8 M, yr™! after the bump and it slightly
decreases over time to & 4 — 5 M, yr™ ! at 2 Gyr. The BM_R simulation has a similar trend,
where the SFR stays at 2 — 3 M, yr ! after 2 Gyr (starting from &~ 5 — 6 M yr~ " after
the bump) until the end of the simulation. These SFR are in reasonable agreement with the
SFR observed nowadays in the Milky Way (e.g. Licquia & Newman, 2015) or in analogous
galaxies (Fraser-McKelvie et al,, 2019). The SFR is slightly higher when the coronal gas is not
rotating: the rotation of the gas modifies the distribution of the gas that is accreted onto the
galactic disc. When the gas is not rotating, it tends to accrete more in the central regions of
the galaxy because of its negligible angular momentum. This creates a high concentration of
gas in the center that is able to cool down and generate a higher SFR, that strongly depends

on the gas density.

In the NOFEED_R simulation there is a large burst of star formation in the first 0.5 Gyr,
reaching 50 Mg, yr—!. The following SFR trend is comparable to the one in the BM_R sim-
ulation, obtaining also in this case a SFR that stays more or less constant. For this reason,
one might think that the stellar feedback is not particularly important for the evolution of
the galaxy, but the third row of Figure 4.3 have shown the unrealistic disc structure in the

NOFEED_R simulation. In the absence of stellar feedback a few large cavities are generated,
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whereas high density filaments are absent and the gas is clustered in small clumps in the disc.
Probably, the obtained SFR comes from the fact that in the absence of stellar feedback there
is neither negative feedback (which would tend to lead to a lower SFR) nor positive feedback
(which would tend to raise the SFR), given by the interaction between the galactic fountains
and the corona. Despite the galactic fountains absence, the gas is still slowly accreted from
the corona onto the disc. The balance between these two types of feedback combined with
an accretion of\gas from the corona thus gives rise to an approximate]y constant and similar

SER in the cases with and without feedback.

The NOCOR simulation features a SFR that goes from & 3 M, yr~! to & 0.5 Mg yr~!ac 2
Gyr. It is worth to turn the attention on the differences given by the presence of the coronal
gas. In BM_NR/BM_R the SFR is higher and is declining more slowly, making the galaxy
able to maintain an almost constant/slightly decreasing SFR. This behaviour is caused by the
accretion of the coronal gas onto the disc, that keeps the density in the disc (maintaining
in particular high-density filaments, see Figure 4.3), and, as a consequence, the SFR higher
than in the no accretion scenario. This points out how the cold gas reservoir in the disc,
that is used to form stars, is rapidly consumed if not replaced by an external source of gas, as

expected from the depletion time (see Equation 4.2.2).

To further understand how this phenomenon occurs, in Figure 4.7 (right panel) I show the
mass of gas in the disc (gas cells with |z] < 2 kpc and R < 30 kpc) in BM_R as a function of
time. Gas has been divided in cold (T" < 10* K, blue dashed line), warm (10* < T < 5 x 10°
K, grey line) and hot phases (T" > 5 x 10° K, red line). The black solid line represents the
total gas mass in the disc. As a comparison, the dash-dotted and dotted blue lines represent
the mass of cold gas in NOCOR and NOFEED_R simulations, respectively. In general, inside the
disc, the majority of the gas is cold, but there is also a small fraction (~ 108 Mg) of warm and
hot gas. The mass of cold gas starts from ~ 6 x 109 Mg and is ~ 7 x 10° Mg, at the end of the
simulation. Therefore, the mass of gas is not decreasing over time, but is rather increasing
slightly, which would not be possible without the accretion of gas from the corona. In fact,
in the NOCOR case the mass of cold gas decreases over time down to ~ 4 x 10° Mg, after
2 Gyr, since it is consumed to form stars without being replaced. This is in line with what
was expected, with an average SFR of 1 M, yr—! a gas mass of 2 X 10? M, is consumed. In

NOFEED_R the mass of cold gas decreases rapidly in the first 0.5 Gyr, the negative feedback is
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Figure 4.8: Top row: Outflow (red line) and inflow (blue line) rates computed for the BM_NR (left-hand
pancl) and BM_R (right—hand pancl) simulations, from gas inside slabs wich a 300 pc width located
at £2 kpc from the plane of the disc. The grey dashed line represents the SFR. The three horizontal
dashed lines represent the average value of the outflow rate (orange), inflow rate (light blue) and SFR
(grey). The inflow and outflow rates highlight a strict connection between the formation of stars
and the circulation of gas in the galaxy. Bottom row: net inflow rate for the same two simulations
(solid blue lines), considering also two cases without feedback processes (dashed light blue lines):
NOFEED_NR (left-hand panel) and NOFEED_R (right-hand panel). The net inflow rates are computed
as M. = IV () — My (t —teyele), with Zgele = 100 Myr. The average net inflow rates are depicted
with horizontal lines. It is worth noticing that more gas (about twice as much) is accreted if stellar

feedback is present in the simulation.

100



4.4. Star formation and galactic gas circulation

absent and stars are formed at a rate of over 10 Mg, yr™!, which causes the disc to consume
4.5 x 10° Mg, in the time probed by the simulation. After that, the cold gas mass remains
approximately constant, although with 5.5 x 10? Mg, less than in the presence of feedback.
Despite the much smaller mass of gas, the SFR has a trend similar to BM_R (Figure 4.7), the
difference is in how the gas is distributed in the disc, in NOFEED_R the gas can cluster in a few
areas (in the center or in other clumps, Figure 4.3), increasing the efficiency of the gas-stars
conversion process. The ability of the galaxy, in BMLNR/BM_R, in maintaining a higher SFR
longer than in NOCOR can be attributed to the presence of the galactic corona that, accreting
onto the disc, replenishes the disc with cold gas and slows down the emptying of the cold gas

reservoir in the disc.

4.4.2 Galactic outflows and inflows

To understand the re]ationship between star formation and the gas ejected/accreted from/onto
the disc of the galaxy, I analyze the outflow and inflow rates of gas, schematically depicted in

Figure 4.2. We define the total inflow rate as
Min = Mn, fount + Min, int + Min, cor (441)

I computed inflow and outflow rates as described in Marinacci et al. (2019): T took two
slabs of width Az = 0.3 kpc starting at an height from the plane of the disc of £2 kpe (see
the shaded area around the dashed horizontal line in Figure 4.3) and sum up the contribution
of all gas particles to the outflow/inflow rate

Uy

Mout/in,i - AZ ) (442)

within the slab and with R < 30 kpec. In the above equation v, ; is the gas particle vertical
velocity and m; is the gas particle mass. The outflow rate is given by the gas particles that
are moving away from the disc, i.e. particles with v,z > 0; while the condition v,z < 0
identifies the particles corresponding to an inflow.

In the top panels of Figure 4.8 I show the outflow (red line) and the inflow (blue line)

rates at a height of 2 kpce over the disc plane for the BM_NR (left-hand panel) and BM_R
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Figure 4.9: Outflow (red lines) and inflow (blue lines) rates for the BM_R simulation for three ranges of
temperature at three different heights from the plane of the disc: 2 kpe, 5 kpe and 10 kpe (represented
with three shades of red or blue, as described in the legend). The horizontal dashed lines represent
the average value of the outflow/inflow rates at 2 kpe. Top panel: cold gas (T' < 10* K), the inflow
and outflow rate values are almost identical, this phase seems to be generated for the majority by the
galactic fountains cjected from the disc thanks to stellar feedback. Middle panel: warm gas (104 <
T < 5 x 10° K), the outflow rate is low (= 0.2 Mg yr~!) with respect to the inflow rate. This
gas is formed at the disc-corona interface, the same region where the galactic fountains are present,
therefore I speculate that it might be created by the interaction between the corona and the cold gas.
Bottom panel: hot gas (T" > 5 x 10° K), the accretion of this gas derives from the cooling of the galactic
corona. This accretion is almost spherical and the values of the inflow rate at different heights from
the disc are very similar.
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Figure 4.10: Outflow (solid lines) and inflow (dashed lines) rates of the simulation NOFEED_R com-
puted at £2 kpc from the plane of the disc for the same three ranges of temperature of Figure 4.9.
Only the inflow rate of hot gas has a non negligible value and there is almost no accretion of cold and
warm gas. Furthermore, the outflow rates are also almost zero, due to the absence of stellar feedback
no outflows are generated in the simulation.
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(right-hand panel) simulations. The grey line represents the corresponding SFR. The three
horizontal dashed lines represent the average values of the inflow (light blue) and outflow

(orange) rates and the average SFR (grey).

In BM_NR the inflow rate ((M);, =~ 9 M yrfl) is, on average, higher than the outflow rate
(<]\.4>0ut ~ 5 Mg, yr_l). The rates in BM_R are very similar, the average inflow and outflow
rates are <M>m ~ 9 Mg yr! and (M)ou( ~ 4 M yr! respectively. It is worth noticing
that in both simulations most of the peaks in the inflow rate correspond to depressions in the
outflow rate and vice versa. This indicates the presence of a gas circulation at the interface
between the disc and the halo (occupied by the corona) of the galaxy: the stellar feedback
produces galactic fountains (outflows) that pass through the corona and then fall back onto
the disc (inflows). This phenomenon is expected to drag also some coronal gas that could

refill che disc and sustain the star formartion.

Looking at the SFR, the first noticeable thing is that in both BM_NR and BM_R the average
SFR (= 6.8 M yr—' in BM_NR and &~ 4.4 M, yr~! in BM_R) is below the average inflow
rate, implying that the supply of gas from the corona has a non negligible influence on the
total gas budget of the galaxy, making it an important reservoir for star formation. Taking
these numbers at face value, I can infer that star formation can be sustained entirely by the
accretion of the coronal gas. Indeed, the inflowing gas is mostly caused by the accretion due
to coronal gas. Computing the average net inflow rate as <Mnet> = (M}m - <M>Out, I obtain
~ 4 Mg yr~! in BMLNR and & 5 Mg yr™! in BM_R, it follows that only a fraction of the
inflows is accounted for by the gas that is ejected from the disc and that returns back on it

(Miy, found), the rest of the gas must be accreted from the corona (M, o + Miy cor)-

On average, the inflow rate in BM_NR and BM_R is almost identical. Therefore, the rotation
of the coronal gas is not decreasing the rate at which the gas is falling onto the disc, but rather
the distribution of this accreted gas appears to be different. The lower SFR in BM_R (Figure
4.7, left panel) tells us that the accreted gas is less efficient in forming new stars with respect
to BM_NR. One hypothesis is that the gas is more easily accreted in the outermost areas of
the disc rather than in the center, where the density of the gas is higher and therefore stars

can be formed more easily.

Furthermore, it can be noticed that the SFR trend is linked to the outflow/inflow rates.

Intervals of above average SFR are often followed by local outflow rate peaks and reciprocally
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the SFR peaks follow the inflow rate peaks. The presence of this correlation between the SFR
and outflow/inflow rate trends highlights the role of the star formation in the circulation of
gas in the galaxy. The gas accreted from the corona can efficiently cool and form stars in the
disc of the galaxy, which subsequently expel a fraction of gas from the disc. This underlines
a strict connection between these phenomena, showing how the star formation is intimately

linked to the accretion/ejection of gas from/into the external environment.

4.4.3 Positive feedback scenario

One fundamental phenomenon that has to be understood is whether or not the stellar feed-
back might act as a positive feedback for star formation. This has been already studied in the
literature (e.g. Marinacci et al.,, 2010; Hobbs & Feldmann, 2020), and it is speculated that the
galactic fountains originated from the stellar feedback can enhance the accretion of gas from
the galactic corona, thanks to the mixing of the gas ejected from the disc with the hot gas
that surrounds it. This can happen as a result of turbulence or of the generation of a Kelvin-
Helmoltz instability in the wake of the galactic fountains. This newly generated mixture of
gas has a lower cooling time with respect to the original coronal gas, ranging from a few hun-
dred Myr to < 1 Myr (Marinacci et al., 2010) due to the lower temperature (between 10% and
108 K) and higher metallicity (between 0.1 and 1 Z), allowing a more rapid accretion.

To better investigate this phenomenon, to which I will refer as positive feedback scenario,
[ analyze the set of simulations without stellar feedback (NOFEED_NR and NOFEED_R, sce
Table 4.2), these have the same ICs of BM_NR/BM_R, but the stellar feedback processes are
disabled. In this way, there is no injection of energy and momentum in the ISM, therefore
no outflow is produced and there is almost no interaction between the disc and the coronal
gas in the extra-planar region. I want to compare BM_NR/BM_R to NOFEED_NR/NOFEED_R in
order to see if there are eventually differences in the accretion of gas. In doing so, I have to
consider only the gas accreted from the galactic corona. I want to understand how much gas
is accreted from this component without the galactic fountains (that are not present without
stellar feedback) contribution (see Figure 4.2). In fact, the galactic fountain gas circulates
outside and inside the ga]axy, but does not change the quantity ofgas stored in the disc, that
can increase consequently to inflows of gas from the corona. Therefore, I need to subtract to

the total inflow rate M, the inflow rate coming from the galactic fountains M, founc, that is
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~ M.,,.. For this reason, the net inflow rate has been computed as
Mnet = Mn(t) - Mout(t - tcyclc) (4.4.3)

at cach time ¢. As depicted in Figure 4.2, a large fraction of the inflowing gas is coming
from the galactic fountains, the gas is ¢jected and then, after a typical time tyq. ~ 100 Myr
(Fraternali, 2014), which is computed considering an average initial velocity of 70 — 80 km
s~ (Marasco et al.,, 2012), falls back onto the disc. This time is in line with what I found in
this Chapter, measuring the average time span between two consecutive outflow/inflow rate
peaks. Choosing a different Z.yq. in Equation (4.4.3) does not change significantly the results
of following analysis.

In the lower panels of Figure 4.8 I show the net inflow rates for the couple of simulations
BM_NR/NOFEED_NR (left-hand panel) and BM_R/NOFEED_R (right-hand panel) computed as
in Equation (4.4.3). The horizontal lines represent the average value of the net inflow rate
with (solid blue line) and without (dashed light blue line) stellar feedback. I can see that the
mean net inflow rate without feedback is lower than the one with feedback in both cases.
In the NOFEED_NR simulation the rate is Mnct ~13 Mg yr_l. Without the stellar feedback
M, is approximately half of the net inflow rate in BMLNR (&2 3.6 Mg, yr™1). Essentially the
same yields for the BM_R/NOFEED_R simulations, in which the net rates are & 2.2 Mg yr™!
and &~ 4.5 Mg, yr~! respectively. The rates found without feedback are in line with a rough
estimate of the accretion rate computed as the mass contained in the corona cooling radius,
which is about 15 — 20 kpc. Therefore, it is the mass of gas that is expected to cool in 2 Gyr
in a pure radiative Cooling scenario. The ef:ﬁciency of gas accretion from the corona to the
disc is higher if stellar feedback is present. Therefore, stellar feedback is increasing the rate
at which the gas is falling onto the disc. This is due to the mixing between the two gas phases
(the cold ISM and the hot corona) induced by the stellar feedback itself.

4.4.4 Gas phases at the disc-corona interface

The gas contained in the outflows and inflows is a complex medium composed of different
phases. Understanding their evolution may allow us to better comprehend how the circula-

tion of gas around the galaxy and the positive feedback scenario work. In Figure 4.9, where
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I consider only the fiducial simulation BM_R, I show the outflow (red shades) and inflow
(blue shades) rates in three ranges of temperatures, cold (T" < 10* K, first panel), warm
(10* < T < 5 x 10° K, second panel) and hot (" > 5 x 10° K, third panel) and at three
heights from the plane of the disc (2 kpe, 5 kpe and 10 kpe, see the dashed horizontal lines in
Figure 4.3), highlighted by the three shades of colour. These rates are computed as described

in Section 4.4.2.

In the top panel of Figure 4.9, I show the cold phase. The cold (T" < 10* K) outflow and
inflow rates have a very similar trend, but shifted on average by t.yje ~ 100 Myr, which is the
average time that a galactic fountain takes to return to the disc after the ejection, as already
mentioned in Section 4.4.2. The average value of the outflow and inflow rates is also similar
(~ 4 Mg yrfl) and this gives us information on the origin of this phase of gas. I speculate
that it represents the gas from the galactic fountains, that are mainly made by the cold gas of
the disc: the gas that is ejected from the plane of the disc is re-accreted after a fountain cycle,
this explains the periodic shifted trend of the ejected and accreted gas. This is corroborated
by the fact that both outflow and inflow rates at 5 and 10 kpc are substantially lower, in fact
the majority of the fountains stays in the first kpe from the disc, as it can be seen from the gas
projections (see Figures 4.3, 4.4, 4.5) only the strongest fountains can reach heights 2] > 10

kpe.

The middle panel shows the warm phase (10* < T < 5 x 10° K), this is particularly
important for the positive feedback scenario as it can be argued that the warm gas is generated
from the mixing between the cold galactic fountains and the hot corona. In fact, in this case
there is a substantial difference between the gas that is accreted and the gas that is ejected.
The inflow rate is much higher (2 3 Mg, yr™) with respect to the outflow rate, that is almost
negligible (= 0.2 Mg yrfl), only a small fraction of the galactic fountains is composed by
warm gas. Therefore, this gas phase is not lifted from the disc, but is rather generated at
the disc-corona interface. The inflow rate of warm gas is lower at 5 and 10 kpc (below 0.2
Mg yr 1), similarly to the cold phase. Hence, it seems to be generated from the same region
where the galactic fountains are present. This warm gas seems to be created for the most part
in the first 2-3 kpc over the disc, and is then accreted onto the disc giving a non-zero inflow
rate. This indicates how the accretion of warm gas is not generated by a cooling flow but is

rather created thanks to the positive action of stellar feedback.
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The bottom panel shows the hot gas (T > 5 x 10° K). Only a small part of the ejected gas
is made by this phase (coming from the gas shock-heated from the SNe), giving a outflow rate
of & 0.2 Mg yr~!. The inflow rate is stable at a value of & 2 Mg, yr™! at the three different
heights. Therefore, the accretion has the same intensity at 2, 5 and 10 kpc over the plane of
the disc. This gas is probably part of the galactic corona that is accreted onto the galaxy and
it moves towards the central regions of the galaxy replacing the gas accreted onto the disc.

An interesting trend that can be noticed is that the gas with higher entropy (s o T/p2/3)
reaches higher distances from the disc than the cold gas. Since a gas distribution is convec-
tively stable if entropy increases with radius, hotter and less dense gas can circulate towards
higher distances with respect to cold gas. This behaviour is apparent looking at the outflow-
ing gas in Figure 4.9: only a small fraction of the cold ejected gas (~ 0.5%) arrives at 10 kpc.
This fraction increases with the temperature and is ~ 10% for the warm gas and ~ 60% for
the hot gas.

One may argue that the intermediate warm phase of the accreted gas could come from the
radiative cooling of the corona without the presence of cold galactic fountain gas that may act
asa catalyst, and that this can happen near the disc where the density and the coo]ing function
of the corona are higher. To rule out this possibility I have computed the same outflow/inflow
rates at 2 kpe, shown in Figure 4.10, in the NOFEED_R simulation, where the cooling of the
corona is present, but the stellar feedback is turned off. In this case the outflow rates (solid
lines) are negligible because of the feedback absence. The only important accretion of gas
(dashed lines) is in the hot phase (red colour) at rates of 2 — 3 Mg, yrfl, that are very similar
to the BM_R simulation. The accretion of cold (blue colour) gas is below 0.1 Mg, yr_1 because
the galaxy is lacking the galactic fountains. A similar rate is present for the warm phase (grey
colour), the absence of ejections of cold gas from the disc means that the warm gas cannot be
formed.

Hence, I found that the warm gas found in my simulations is generated as a consequence
of a gas circulation at the disc-corona interface, mediated by the galactic fountains ejected
from the disc. This warm gas then can fall towards the ga]actic disc, Fueling the ga]axy with
a non-negligible (= 3 Mg yr_l) amount of gas, that is necessary to sustain the SFR found in

BM_R (=~ 4 Mg, yr™1).
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4.5 Comparison to previous works

In the last years different numerical works have been concerned with the study of the galactic
corona, or with the circumgalactic medium in general, analyzing its properties (e.g. Lochhaas
ct al,, 2020), the relation with outflows (e.g. Pandya et al., 2021) and numerical cooling flow
solutions (e.g. Stern et al,; 2019, 2020). In particular, Stern et al. (2020) hypothesizes that
under a critical accretion rate M., of & 10 Mg yr~! for a Milky Way-like galaxy, the gas is
accreted onto the disc nearly at the virial temperature (~ 108 K). This is consistent with my
results in absence of feedback (NOFEED simulations), in fact, in this case in my simulations
the accretion rate from the corona is lower than M, and therefore it happens in the hot
mode (see red dashed line in Figure 4.10), with a gascous flow that stays hot until it reaches
the interface region with the disc. In the simulations including feedback this hot gas can
eventually mix with the gas ejected by stellar feedback and its accretion rate is enhanced.

Comparatively few works have focused on the interaction between the galactic fountains
and the corona, and on the resulting positive feedback (e.g. Marinacci et al., 2010, 2011;
Armillotta et al., 2016; Hobbs & Feldmann, 2020; Gronke et al., 2022). 1 focus, in partic-
ular, on Marinacci et al. (2010) and Hobbs & Feldmann (2020) whose aim is more similar
to the analysis presented in this Chapter. Both papers found evidence of positive feedback
coming from this galactic fountain-corona interaction.

Marinacci et al. (2010) developed 2D simulations, with the Eulerian code ECHO, of a
galactic fountain cloud with 7" = 104K moving through the galactic corona (' = 2 x 10° K),
with an initial velocity of 75 km s L They found that for reasonable density (n ~ 2 X 1073
cm™?) and metallicity (Z ~ 0.1 Zg) values of the corona, some coronal gas can condensate
in the wake of the cloud, leading to a mass of cold gas that increases over time as the fountain
passes through the hot gas. By extrapolating the result for a single fountain gas cloud to the
whole galactic disc, they obtained a global accretion rate of & 0.5 Mg yr™! for the Milky
Way.

Hobbs & Feldmann (2020) investigated the positive feedback process simulating, with the
GI1zMO code, a portion of a star-forming disc in a small box of 2 X 2 x %50 kpc; therefore
the resolution (23 Mg for gas particles) is higher than in the simulations presented in this

Chapter. The galactic corona has a constant number density of 6 X 107* cm =3 and a con-
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stant temperature of &~ 10% K. They also take into account gas turbulence in the gaseous disc
and use a different stellar feedback implementation (see Kim et al. 2014), in which SN feed-
back has a purely thermal component. Despite the differences in the ICs and in the models,
their simulations suggest the presence of a positive stellar feedback mechanism as well. Fur-
thermore, also in their case the mass of cold gas in the disc remains approximately constant
as a consequence of coronal accretion. Hobbs & Feldmann (2020) developed an analytical
model to examine the dependence of the accretion rate on the SFR. They found that neg-
ative feedback starts dominating over positive feedback when the SFR (extrapolated to the
whole galactic disc) overcomes a value of = 0.5 Mg, yrfl. Above this value, an increase in the
SFR will produce a decrease in the accretion rate. Although I would need more galaxy config-
urations to robustly investigate this aspect, it seems that my simulations behave differently as
there is not an obvious trend between an increase/decrease of the SFR and a corresponding
decrease/increase in the accretion rate (see Figure 4.8). My simulations appear to suggest that

for a Milky Way-like galaxy positive stellar feedback continues to be important even at SFR
above & 0.5 M yr™.

4.6 Summary

In this Chapter [ studied the evolution of a series of multicomponent N-body hydrodynami-
cal models representative of a Milky Way-like galaxy embedded in a hot gaseous atmosphere,
the so-called corona, using state-of-the-art numerical simulations. In particular, I focused on
the interaction between the disc and the corona caused by the gas exchanges between these
two components mediated by stellar feedback. I studied several aspects of this interaction,
such as the balancing between the star formation and the outflows/inflows of gas and the mix-
ing between the disc and the corona. I analyzed these aspects employing the moving-mesh
code AREPO and the explicit stellar feedback and ISM medium model SMUGGLE to carry
out my simulations. I have successfully built a set of ICs for the hydrodynamical N-body
simulations analyzed in this Chapter. These configurations have then been used to perform
full-physics’ simulations with the SMUGGLE model. The main results of these calculations

can be summarized as follows.

(i) Ifound that the galactic corona is the main contributor to the material sustaining star
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(i)

(iii)

formation in the galaxy. The star formation takes place from the cold gas in the disc,
whose mass is maintained at a nearly constant level by gas aceretion from the corona;
without this process the galaxy would have a lower SFR and would progressively de-

plete its gas content and lower its star formation rate in ~ 1 — 2 Gyr.

I studied the outflow/inflow rates from/onto the galactic disc. I have observed the
formation of gascous outflows thanks to the combined effects of the different stellar
feedback processes implemented in the SMUGGLE model. The analyzed outflow rates
are generated by the galactic fountains, which are composed mostly by cold metal-
rich gas (T' < 10* K), but possess also a fraction of warm and hot gas (1" > 10* K).
The alternation of the peaks in the outflow and inflow rates, for which each outflow-
dominant phase is followed by an inflow-dominant phase, suggests the presence of a
circulation of the gas between the ga]actic disc and the corona, in fact almost 50% of
the inflow rate derives from the galactic fountains. The remaining inflow rate fraction
is gas accreted onto the disc from the corona. I found a connection between the gas
inflowing into the galaxy and star formation: the average SFR is below the average

inflow rate, making the accretion of gas sufficient to entirely sustain star formation.

[ have ana]yzed the positive fecdback scenario: the accretion of gas might potential]y be
helped by the interaction between the galactic fountains and the coronal gas, favoring
its cooling. In doing so, I made a comparison between simulations with and without
stellar feedback. I found that stellar feedback helps in increasing the accretion rate
of the coronal gas, which is two times larger than in the no feedback case. This in-
crease of accretion is due to the generation of a warm gas phase (with an inflow rate
of = 3 Mg yr_l) at the disc-corona interface thanks to the action of positive stellar
feedback. This warm gas then falls onto the disc, cools down and eventually fuels new

star formation.

The type of simulations analyzed in this Chapter (and in this Thesis in general) represents

a bridge between idealized small-scale simulations and cosmological simulations, allowing

to obtain a high/intermediate resolution while still considering a realistic galactic setup. In

the next Chapter [ will analyze how the gas accreted from the CGM thanks to the galactic

founrtains interaction can become available for the formation of new stars.
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Understanding the Baryon Cycle: Fueling

Star Formation via Inflows

5.1 Introduction

Understanding how CGM is accreted into the galactic disc is still puzzling. The goal of
this Chapter is to understand how the CGM can become available for the formation of new
stars in the center of the disc, therefore I investigate the distribution of vertical and radial
outflow and inflows over the disc and how they are connected to the structure of the disc
itself. To achieve this goal, I perform high-resolution hydrodynamical N-body simulations
with the SMUGGLEmodel, an explicit ISM and stellar feedback model for the moving-mesh
code AREPO. [ simulate a set of 9 star-forming Milky Way-like galaxies including a hot gaseous
halo surrounding the galactic discs. [ vary the gas disc mass and size, in order to quantify the
key properties of vertical and radial gas inflows/outflows and investigate their connection
to the evolution of the whole galactic disc. The Chapter is organized as follows. In Section
6.2 I briefly introduce the numerical methods and how I built the initial conditions for the
simulations. I analyze the distribution of vertical outflows and inflows in Section 5.3 and of
radial outflows in Section 5.5. In Section 5.6 I study the evolution of the disc size over time. I
compare these results with previous works in Section 5.7. Finally, Section 5.8 provides a brief
summary of the Chapter. The results of this Chapter are based on the paper Barbani et al.
(2025b, submitted to A&A).
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Table 5.1: Structural parameters of the fiducial Milky Way-like galaxy simulated in this Chapter. From left
to right: virial radius 7r9gg; dark matter halo mass (My,,); dark matter halo scale 1cngth (ry); bulgc
mass (M),); bulge scale length (a); stellar disc mass (M,); stellar disc scale length (hy); stellar disc scale
height (2,); gaseous disc mass (M,); gascous disc scale length (h,); mass of the corona (M) computed
within the virial radius 7200; corona core radius (r.). See Chapter 3 for a detailed description of these

parameters.
7200 My, Ty M, a M,
[kpel [Mo)] [kpcl [Mo)] [kpcl [Mo)]
241 1.53 x 102 3646 1.5 x 109 13 4.73 x 100
h Zx M, hy Mo, Te
[kpc] [pel (M) [kpel (M) [kpc]
3.8 380 9 x 107 7.6 5 x 10t 83

5.2 Numerical methods

The simulations presented in this Chapter are performed with the moving mesh code AREPO
(Springel, 2010b) together with SMUGGLE (Marinacci et al., 2019), as extensively discussed
in Chapter 2.

The generation of initial conditions is based on the method presented discussed in Chapter
3, which enables the creation of a multi-component galaxy in approximate equilibrium (see
Springel et al., 2005). I consider galaxies including the following components: a dark matter
halo and a stellar bulge, a thick stellar disc, a thick gaseous disc and a galactic hot corona.
The galaxy components are modeled using the same functional profiles of the simulations
presented in Chapter 4. The key difference are in the metallicity distribution of the disc and
the galactic corona profile. For the disc I used an exponentially declining profile based on
observation of the metallicity gradient in the Milky Way (Lemasle et al., 2018) with slope =
—0.0447 dex kpc ! and intercept = 0.3522 dex, thus the metallicity at the solar radius R ~ 8
kpc is Zg, instead of a constant value Z = Zg,.

Figure 5.1 shows the number density profile for the galactic corona. Points with errorbars
are observational data for the density of the Milky Way corona (Putman et al., 2021), which
are obtained from dwarf galaxies observations by evaluating the coronal density necessary to

strip the gas of the dwarf at the perigalacticon. Hence, they should be considered as lower
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Figure 5.1: Number density of the coronal gas as a function of radius. The black dashed line is the me-
dian model obtained by ﬁtting a beta model to Milky Way coronal gas observations (upward pointing
triangles with errorbars) using a Markov chain Monte Carlo algorithm. The coloured shaded area
represents the 30 region. Observations, which should be considered as lower limits for the coronal
density, are taken from Putman et al. (2021).
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Table 5.2: Summary of the simulations investigated in this Chapter, each varying specific model pa-
rameters relative to the fiducial run (labeled as gal). The initial conditions differ in the mass of the
gascous disc, scaled by fi relative to the fiducial value, and its scale length, scaled by f. The fiducial

ValUCS fOI' tl’lCSC paramctcrs are pI‘OVidCd n TﬁblC 5.1.

Name gal r05 gal gal.r2 gal m05r05 gal m05 gal m05r2 gal_ m2r05 gal m2 gal m2r2
fu 1 1 1 0.5 0.5 0.5 2 2 2
fa 0.5 1 2 0.5 1 2 0.5 1 2

limits for the density of the corona. The 5 model profile of the corona has formally infinite
mass, but I truncated the resulting density distribution at 10 Ragp. To obtain the central
density po and the core radius 7. I applied a Markov chain Monte Carlo algorithm using
an affine-invariant ensemble sampler (EMCEE package, Foreman-Mackey et al. 2013). From
the Markov chain Monte Carlo fit I found a core radius 7, = 83 kpc and a central density
po = 3.3 x 10® Mg, kpc™3. The effective equilibrium of each system has been verified by
running adiabatic simulations, i.e. without dissipative processes such as radiative cooling.
The metallicity of the coronal gas is set to Z = 0.1 Zg, in line with observational estimates
(e.g. Bogdan et al., 2017).

Table 5.1 lists the structural parameters of my fiducial Milky Way-like galaxy model, the
other eight galaxies investigated in this Chapter are variations of this fiducial model. In Table
5.2 I summarize the different parameter variations that I consider in my runs. Specifically,
I scale the mass of the gaseous disc Mg, by a factor fy;, and the gaseous disc scale length A,
by a factor fg, with respect to the fiducial values 9 x 10° Mg, and 7.6 kpc — in practice my
simulation set explores variations of a factor of two with respect to these reference values.
The gravitational softening length is set at a minimum of €, = 10 pc for the gas and at
€, = 21.4 pc for the stars for all the nine runs. In the fiducial run there are Ny, = 3.2 % 10°
particles in the stellar disc, Ny = 8 X 10° in the bulge and Ngw ~ 1.1 x 107 gaseous
particles, with Ny g = 3.2 X 10° gascous particles in the disc and Ngiseor = 1.1 % 107 in the
corona. This results in a mass resolution mgy,, = 1.1 x 10* My, myie = 1.5 x 10* M, and
Mpulge = 2 X 10* My, for the stellar disc and bulge particles, respectively. The number of
gas particles in the disc in the simulations where the mass of this component is varied with

respect to the reference value is changed accordingly to ensure the same mass resolution.
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In the next Sections I discuss the main results of my simulations. In Section 5.3 I present
the structure of the galaxies and of the gas in my simulations and I analyze the connection to
the SFR. In Section 5.4 I focus on the vertical ejection/accretion of gas from/into the galactic
disc, studying also the net accretion rate and how it changes between the 9 simulations. In
Section 5.5 I analyze radial gas motions in the disc plane and their importance for the baryon
cycle. Finally, in Section 5.6 T look at the disc size temporal evolution and its link to the

vertical outflow/inflow rates.

5.3 Galaxy and outflow/inflow structure and distribution

I begin my discussion by presenting the general properties and the appearance of the gaseous
discs in my runs. Figure 5.2 shows the gas projected density distribution (edge-on and face-
on), after 1 Gyr of evolution, of all 9 simulations considered in this Chapter. Each row differs
in the mass of the gascous disc, whereas in columns only the initial scale length the gaseous
disc is varied. The simulations are arranged, from left to right, as follows (see Table 5.2 for
their main properties): gal_m05r05, gal_m05 and gal_m05r2 (first row), gal_r05, gal and
gal_r2 (second row), gal_m2r05, gal_m2 and gal_m2r2 (third row). In the second row, the
central panel shows the fiducial galaxy; in the left panel the disc scale length is reduced by a
factor fo = 1/2 relative to the reference case, whereas in the right panel the scale length is
scaled by fo = 2 compared to the fiducial simulation. The first row displays simulations with
a gascous disc mass halved with respect to the second row (fy = 1/2), while the third row
shows simulations with gaseous disc mass doubled relative to the reference value (fy = 2).
Brighter colours represent higher surface density as indicated in the colorbar, which is kept
the same in all panels to facilitate the comparison. The panels have the same physical size,
70 x 70 kpc for the face-on projections and 70 X 15 kpc for the edge-on projections. For
subsequent analysis (see Sect. 5.4 and 5.5) it is useful to introduce a characteristic radius Ry
representing the size of the gaseous disc. I define Ry as the radius at which the gas surface
density drops below 1 Mg, pc_2 (see also Di Teodoro & Peck, 2021). It is important to note
that this definition generally results in Ry differing from the disc scale length hy, set in the
initial conditions. This characteristic radius is shown as a white dashed circle in Figure 5.2

for the gal_r05, gal and gal_r2 simulations (second row). The adopted Ry definition captures
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well the disc extent in all the simulations analyzed here.

All nine simulations produce stable discs, with no evidence of bar formation. The result-
ing disc morphology is similar in all runs despite the different scale lengths, which however
influence the overall disc extent. Looking at the face-on projections (top panels) it is worth
to notice the formation of a multiphase ISM distributed in low density cavities and high
density filaments, structures observed in recent JWST observations (Watkins et al., 2023;
Thilker et al., 2023). Low-density cavities contain hot gas (T' ~ 105 K) and are generated
by SNe explosions in the galactic discs. These explosions heat and push the gas towards the
edge of the cavities increasing, there, the cold gas surface density. Dense cold c]umps are the
environment in which new star formation is triggered. The newly formed stars can again
inject momentum and energy in the ISM through feedback processes, disrupting cold gas
clouds, eventual]y Forming new cavities. These selflregulating mechanisms, implemented in

SMUGGLE, can maintain the SFR stable over several Gyr.

Clustered SN explosions can generate ]arge cavities (that can reach sizes up o3 ](pe, Egorov
ctal. 2017) in the ISM, also known as superbubbles (e.g. Reyes-Tturbide et al., 2014). These su-
perbubbles may reach the vertical edge of the cold gaseous disc, eventually breaking through
and pushing gas from the star-forming disc into the CGM. Stellar feedback processes in
SMUGGLE are able to eject gas from the galactic disc, as clearly shown in the edge-on projec-
tions of Figure 5.2 (bottom panels). The majority of these outflows appears to be confined
in the first 1 — 2 kpc above the disc, but some of the ejected gas can reach distances up to
10 — 15 kpe. This ejected gas is a manifestation of the so-called galactic fountain (Shapiro
& Field, 1976; Fraternali & Binney, 2008), as typically it has a velocity that is insufficient to
escape the galactic potential. As a result, such gas is bound to the galaxy and will eventually
fall back onto the disc. Fountain flows are present in all nine simulations as their genera-
tion is a natural consequence of the formation of new stars and the associated feedback. The

distribution and the intensity of these galactic fountains is analyzed in the following sections.

To demonstrate that SMUGGLE is able to regulate the SFR in my simulated galaxies, Figure
5.3 shows the evolution of this quantity as a function of time for the entire simulation set.
The early evolution of the SFR should be treated with caution. While it is assumed that the
corona is initially in equilibrium, cooling processes disrupt this balance, causing pressure loss

and rapid accretion onto the disc. After about 0.3 Gyr, the SFR stabilizes due to the self-

118



5.3. Galaxy and outflow/inflow structure and distribution

oal_mO05r05 gal_mO05 gal_mO05r2
> O te)

gal_r05

t =1.00 Gyr

gal_m2r05 gal_m2

Figure 5.2: Gas column density face-on (top panels of each row) and edge-on (bottom panels of each
row) projections computed using the SMUGGLE model at t = 1 Gyr for all the 9 simulations examined
in this Chapter, as labelled in each panel. The simulations differ in the initial value of the scale—length
and of the mass of the gascous disc (see Table 5.2). Each panel is 70 kpc across and in projection
depth with a total number of 1024 x 1024 pixels that give a resolution of ~ 70 pc. Brighter colors
correspond to higher column densities, as indicated in the colorbar. In the gal_r05, gal and gal_r2
projection panels the dashed white circle shows the disc size Rg, defined as the radius at which the
gas surface density drops below 1 Mg, pc_2 (not shown in the other projections for clarity).
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Figure 5.3: Star formation rate as a function of time for the 9 simulations analyzcd in this Chaptcr.
The SFR has a wide range of values (= 2 — 10 Mg, yr—1) across the different simulations, but it
remains approximately constant over time for cach simulated system. The average SFR depends on
the disc initial properties, with variations in cach simulation staying within a factor of ~ 2 from the

average Value.
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Figure 5.4: Gas metallicity, radial velocity and temperature (from left to right) in edge-on projections
of the fiducial simulation at £ = 0.5 Gyr. Each panel is 70 kpc across and in projection depth with a
total number of 1024 x 1024 pixels that give a resolution of ~ 70 pc. These projections show the stark
difference between the disc and the CGM properties.

gal_m05r@

Figure 5.5: Gas radial Velocity in Cdge—on projections of the 9 simulations at £ = 0.5 Gyr. Each panel
is 70 kpc x 40 kpc, with a projection depth of 70 kpc and a resolution of ~ 70 pc. The velocities go
from -150 km s ™! (inflows, blue) to 150 km st (outflows, red) as in central panel of Figure 5.4. These
projections clearly show the presence of galactic fountains in the simulations.
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regulation between star formation and feedback in the SMUGGLE model. The corona also
becomes more stable, though it continues to accrete onto the disc through radiative cooling.
All the runs display, after this transient period in the first ~ 300 Myr (not shown in the
figure), an approximately constant SFR spanning the range 2—10 Mg, yr~!. The average level
of SFR depends on the initial properties of the disc and SFR variations for each simulation
are confined within a factor of ~ 2 from this average value. The gal simulation starts with a
higher SFR that quickly stabilizes at around 4 — 5 Mg yr~!. More specifically, the gal_r05
simulation starts with a higher SFR because of its higher gas surface density (it has the same
gas mass contained in a smaller disc) but ends up with a lower SFR compared to the fiducial
gal simulation. gal_r2 has the opposite behaviour, the SFR grows up over time surpassing
the gal_r05 simulation ac ¢ &~ 1 Gyr. Simulations with a larger disc mass have in general a
higher SFR. Looking at the simulations with smaller disc mass: gal_.m05r05 simulation has
a SFR lower than the fy; = 1 counterpart gal_r05, this does not happen for gal_m05 and
gal_m05r2. In chis case, the SFR is lower in the first 0.8 Gyr and becomes slightly larger for

the rest of the simulation.

To better high]ight the presence of a galactic fountain Cycle inmy simulations, Figure 5.4
shows edge-on projections of the metallicity (left panel), radial velocity (middle panel) and
temperature (right panel) of the gas for the fiducial run gal after 0.5 Gyr of evolution. Each
panel has a physical size of 70 x 70 kpe. The colour mapping encodes metallicities between
0.2 Ze and 2 Zg, radial velocities between —150 km s™% and 150 km s™! and temperatures
between 102 K and 107 K (see the colourbar in each panel). As expected, the central region
of the disc has a high metallicity (1 — 2 Zg), which is consistent with the fact that the disc
region is where the majority of the star formation is concentrated and stellar evolution can
spread the bulk of metals in the ISM. The gas ejected by the galactic fountain has a metallicity
consistent with the star-forming disc (= 1 Zg), as it is expelled from that region by the action
of stellar feedback. The CGM gas has an initial metallicity of Z = 0.1 Zg, but there is the
presence of metal-enriched gas (= 0.5 Zg) at & 30 kpe from the disc. This is the result
of the mixing of disc gas, which is brought to these distances by the galactic fountain cycle,
with the pristine coronal material. The middle panel shows the spherical radial velocity, red-
coloured gas is moving radially away from the center of the galaxy while blue-coloured gas is

moving towards it. The galactic fountain cycle is clearly visible: gas that was pushed outside
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the galaxy (positive radial velocity) is then later re-accreted onto the disc (negative radial
velocity). Looking at the metallicity projection it can be noticed that the gas moving towards
the galaxy generally features a lower metallicity than the outflowing gas, which is consistent
with the mixing scenario described above. Another important difference between the gas
from the disc and the CGM is its temperature (right panel). The ISM is for the majority cold
(T < 10% K) and this also the typical temperature of outflowing gas. As for the metallicity,
when the fountain gas travels in the CGM it mixes and accretes material from it, forming
an intermediate gas phase that subsequently cools and accretes onto the star-forming disc.
As suggested in previous studies (see, e.g., Marinacci et al,, 2010; Hobbs & Feldmann, 2020;
Barbani et al., 2023), this fountain-driven gas accretion may represent an important source
of fresh gas for star-forming galaxies, directly impacting their evolution. The presence of
the galactic fountain cycle in each simulation is highlighted in Figure 5.5 which shows gas
spherical radial velocity projections for the 9 simulations (as indicated in each panel). The
color mapping is the same as in center panel in Figure 5.4. Each successive row (from top to
bottom) increases the mass of the gaseous disc by a factor of 2, while each column from left to
right represents a doubling of the disc scale length. The Figure emphasizes that simulations
with a higher SFR (fy; = 2 simulations) have stronger ejections of gas from the disc, this
results in clouds of cold gas that are pushed at larger distances from the disc and falling back

into it after a larger time.

5.4 Vertical galactic fountain distribution

Galactic fountains play a fundamental role in galaxy evolution, by interacting with the CGM
and bringing new gas to the disc (e.g. Marasco et al,, 2022; Li et al,,; 2023). In this Section
I present an analysis of the distribution of gaseous outflows and inflows over the galactic
disc. Outflow and inflow rates are Computed inside a slab centered at a height 2o and with a
thickness Az above and below the plane of the disc (see also Barbani et al. 2023 and Chapter
4). If a gas cell inside the slab meets all the required conditions (see below), it is counted as

inﬂowing/ outﬂowing gas and its contribution to the total mass rate is summed up as

m;vz;

Min/out - Az )

(5.4.1)
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cold

warm

outflow rate [ Mg yr ' kpe 7]

Figure 5.6: Outflow rate per unit area as a function of the cylindrical radius R (in units of the disc size
R) for gal_r05 (left panel), gal (center panel) and gal_r2 (right panel) simulations. Each shaded area
indicates the outflow rate profiles between the 25™ and the 75 percentile, whereas the black dashed
lines represent the median values. The rates are divided in cold (T" < 104 K, dark blue shaded area),
warm (10* < T < 5 x 10° K, blue shaded area) and hot (T > 5 x 10° K, light blue shaded area)
gas and computed at a height |z = 0.5 kpc inside a slab over the plane of the disc with a thickness
Az = 0.1 kpc and with |v,| > 30 kms~L.

where m; is the mass of the gas cell and v, ; is the z—component of its velocity. I set a
velocity threshold vy, = 30 km s, this value is chosen as an optimal compromise, ensur-
ing that turbulent motions (tens of km s™1) are not misclassified as inflows/outflows, while
still accounting for most outflows with velocities in the range 50 km s™'<v,<100 km s™*. If
Vyi%i > 0 and |vz7¢| > Uhres, Where z; is the vertical distance from the disc p]ane of the
gas cell, the gas in the cell is considered as a part of an outflow, whereas if v, ;2; < 0 and

|V2i] > Vghres it is counted as inflowing gas.

Figure 5.6 shows the outflow rate per unit area as a function of cylindrical radius normal-
ized by Ry for the gal_r05 (left panel), gal (middle panel) and gal_r2 (right panel) simulations.
The disc size Ry is defined as the radius at which the gas surface density drops below 1 Mg,
pcf2 (see Figure 5.2), resulting in Ry values of & 20 kpc for the fiducial galaxy, &= 15 kpc for
gal_r05 and ~ 27 kpc for gal. These disc sizes are used to normalize the z-axis, which extends
in the range 0 < R/ R4 < 2. The gas has been divided in cold (T < 10* K, dark blue shaded
area), warm (10* < 7' < 5 x 10° K, blue shaded area) and hot (T" > 5 x 10° K, light blue

shaded area). The outflow rate profiles have been computed at each time in the simulation
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Figure 5.7: The same as Figure 5.6, but for inflow rates.

with a temporal resolution At = 10 Myr (temporal difference between each snapshot of the
simulation), the radial bins widch is AR = 0.02 in R/ R, units. For each panel I evaluated
the 25" and 75 percentiles of the resulting radial profiles and displayed their extent in the
plot as the shaded coloured area, whereas the dashed black line indicates the median value.
[t is worth to notice that the outflows are dominated by the cold phase, which is on average
at least one order of magnitude larger than the warm phase and two orders of magnitude
larger than the hot one. Thus, the cold phase dominates the mass budget in the gas swept by
SNe. The outflow rates are decreasing with the radius, Fo“owing the distribution of‘gas and
stars. At R S 0.4R,4, where more star formation is concentrated, the outflows are stronger.
As expected, the distribution of the outflows is connected to the extension of the disc. All
the simulations show a similar shape distribution with a break point at the edge of the disc
R4, beyond this radius the outflow rates drop significantly. In the fiducial simulacion, the
outflow rate is higher than 107" Mg yr=! kpe™2 until Ry & 20 kpc at all times. In gal_r05,
that has a halved disc scale length, the outflows arrive to /= 15 kpc and in gal_r2 they extend
up to ~ 30 kpc. Att =1 Gyr these three runs have a very similar SFR (4 — 5 Mg, yr_l, see
Figure 5.3) and the intensity of the outflow rate in the first kpe is similar, but in gal_r2 the
outflow are more extended. Therefore, the global outflow rate is higher in this system, with
direct consequences on its evolution. For instance, more outflows can interact with the hot
gas in the CGM, consequently increasing also the aceretion rate. During the 2 Gyr evolution

there is not a large change in the outflow rate profile and therefore the shaded areas are very
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close to the median value.

Figure 5.7 shows inflow rate per unit area as a function of cylindrical radius normalized
by R, for the same simulations and in the same temperature range of Figure 5.6. As this
quantity is being computed at a relatively close distance to the disc mid-plane (|z| = 0.5
kpc), the accreted gas has time to cool down before entering the gascous disc, therefore the
inflowing gas is mostly cold. Similarly to the outflow rates, the extension of the inflow rate
distribution is connected to the size of the disc, more extended discs have more extended
inflows, showing a break in the distribution at & Ry, after which the inflow rates decline
rapidly. This happens because a large fraction of the inflows is gas that was beforehand ejected
from the disc and subsequently falls back into it. The analogy between outflow and inflow
rate profiles is again suggesting an essential role of the galactic fountains in setting the spatial
distribution of the gas onto the disc. In the gal simulation the inflow rate arrives to a lower
radius with respect to gal_r2, indicating that the majority of the accreted gas comes from the
recycling of the ejected gas in a galactic fountain cycle. The other 6 simulations (not shown)

behave in a similar way.

My goal is to examine the net vertical mass inflow of gas onto the disc, considering that
a significant portion of this inflowing gas was previously ¢jected from the disc as part of the
galactic fountain process. Figure 5.8 shows the average net inflow rate, computed using Eq.
(5.4.1) as .7\'4net = Mn — Mout, divided in cold (red line), warm (orange line) and hot (yellow
line) gas for the 9 simulations analyzed in this work (as indicated in cach panel). The rates
are computed at a height of | 29| = 0.5 kpc from the disc plane with a Az = 0.1 kpc width.
Together with the net inflow rate I show the SFR radial profile (dashed grey line). As in the
previous figure, the disc is divided into radial bins of width 0.02 in R/ R, units.

Figure 5.8 emphasizes the connection between accretion from the CGM and galactic disc
structure. In all the simulations, the net inflow rates exhibit a bell-shaped distribution. These
accretion rates extend up to & 1.2 Ry in all the simulations, which corresponds to &~ 24 kpc
in the f¢ = 1 simulations, = 18 kpc in the fi = 0.5 simulations and ~ 32.5 kpc in the
fc = 2 simulations, following the respective discs sizes Ry. It is worth to notice that the peak
of the total net inflow rate is not located at the center of the galaxy, but is instead skewed
towards larger radii. The peak distance from the center is increasing with disc size and is

typically around 0.75 R,. The grey dashed line shows the SFR as a function of radius, which
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Figure 5.8: Net vertical inflow rate, Computed as ]\IHCr = Mm — Mout, as a function of Cylindrical
radius R (in units of Ry) for the 9 simulations divided in cold (" < 10* K, red line), warm (10* <
T <5 x 10° K, orange line) and hot (T" > 5 x 10° K, yellow line) gas. The dashed grey line is the
SER profile. The solid lines represent the profile averaged over the entire simulation and the shaded
areas are the standard deviations. The rates are evaluated inside a slab over the planc of the disc
with a width Az = 0.1 kpc at a height |29| = 0.5 kpc. Each point represents the gas net inflow rate
within a circular annulus with a radial width of 0.02 in R/Rd units and considering only gas cells with
|v2| > vy, = 30 km s™L. In each panel I have indicated the average net vertical rate at R < 0.4Rg,
this is roughly the region of the disc where 90% of the SFR is concentrated in all the 9 simulations.
The net inflows can extend beyond Ry supplying the outer disc with fresh gas for star formation.
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has a central peak and also a bell shape similar to the net inflow rate but is more concentrated
in the inner region of the disc, where the gas surface density is higher. If the gas were to fall
back to roughly the same radial position from which it was ejected, the inflow distribution
would closely resemble the SFR distribution. Instead, the majority of the gas is accreted in
the outer regions of the disc. This happens because the orbital paths of galactic fountain
clouds increase with radius, due to the progressively weaker gravitational attraction moving
toward the external regions of the galaxy (e.g. Li ct al., 2023). Additionally, the region of the
CGM affected by the fountain clouds passage — and where the warm gas phase is generated
— expands with their orbital path, facilitating an easier accretion into the disc. The total net
accretion rate M, (R < Ry) is indicated in each panel. This total accreted gas would be
enough to sustain the SFR (Figure 5.3), a fraction of this accretion in the external regions is
used to grow the disc inside-out (see Section 5.6). While most of the gas is accreted in the
outskirts of the disc, a fraction of it falls in the central region (R < 0.4 Ry), in each panel
of Figure 5.8 I indicated the average value of the net rate in this region. 90% of the SFR is
located at R < 0.4 Ry, thus gas accreted in these central regions can be directly available for
the formation of new stars, whereas gas accreted at R > 0.4 R4 cannot be immediately used
for star formation as the average gas density is not high enough. This average net rate, while
not negligible, is still not sufficient to entirely sustain the SFR of the galaxy (see Figures 5.3
and 5.10). Therefore there needs to be an alternative mechanism chat feeds the star formation

in the center. The accretion budget and the comparison with the SFR are discussed in Section

5.5.

When examining the net inflow rate separated in hot, warm and cold components, sev-
cral interesting features can be noticed. Previously, I have shown that the outflow rate of
warm and hot gas is almost negligible (Figure 5.6), indicating that the net warm/hot inflow
primarily originates from the CGM rather than just being gas previously ejected from the
disc. In fact, as shown in Barbani et al. (2023), the warm gas phase is generated by the pas-
sage of the cold fountain clouds through the hot CGM. In all simulations, the hot gas has
an almost flat distribution that slightly decreases with increasing radius, with values ranging
from 0 to ~ 0.15 Mg, yr=!. This likely represents gas directly accreted from the hot CGM
via a cooling flow, showing no clear correlation with the cold and warm gas distributions.

The warm and cold gas, however, are more closely connected, with their net inflow peaks
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occurring at similar radii. The net cold inflow rate shows more discontinuous peaks and it is
not consistently positive’. As shown in Figure 5.6, nearly all of the ejected gas is in the cold
phase, leading to regions of the disc where the outflow rate exceeds the inflow rate (resulting
in a negative net rate) and vice versa. This does not happen for the net warm inflow race,
which remains consistently positive and generally higher than the net cold inflow rate. The
spatial distribution of cold and warm inflows appears interconnected, suggesting that cold
outflows may enhance the formation ofinﬂowing warm gas. As discussed extensively in Bar-
bani et al. (2023), mixing between the cold fountain clouds and the hot CGM can reduce the
cooling time of the gas mixture, allowing the gas to cool more rapidly and accrete onto the
disc, thereby supplying fresh gas to sustain star formation.

The different disc sizes and gaseous masses also result in variations in the net inflow dis-
tribution. The simulations with the smaller discs (gal _r05, gal_m05r05, gal_m2r05) show the
lowest net inflow rates, this is a combination of both a lower SFR (see average SFR indicated
in each panel of Figure 5.10) and a smaller extent of the disc. The hot gas accretion rate
increases with disc size, reflecting the slow accretion of the galactic corona; a larger disc is
more capable of capturing and accreting more hot gas. The cold gas rate, that derives from
stellar feedback, is also lower in smaller discs due to their lower SFR, which in turn reduces
the generation of warm gas, formed from the mixing and condensation of CGM into the
galactic fountain cloud. Consequently, the rates increase for larger discs, which also present
on average a higher SFR. Therefore, if the mass of the gaseous disc decreases, gas accretion

diminishes for the same reasons.

5.5 Radial gas motions

Figure 5.8 illustrates that the majority of the gas is accreted at a significant distance from
the galactic center (= 0.75R4), near the edge of the gaseous disc. Star forming galaxies need
to acquire gas from the external environment to keep forming stars with an almost constant
SFR (e.g. Cignoni et al,, 2006; Isern, 2019; Mor et al.,, 2019), as the gas within the disc is not

sufficient. The majority of stars form in the central regions of the disc, where gas density

'In this Figure, I use the convention that a positive net inflow rate represents gas accretion onto the disc,
whereas a negative rate is interpreted as gas ejection from the disc.
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is the highest. Therefore, the accreted gas must travel from the disc outskirts to the center
in order to be accessible for the formation of new stars (Schmidrt et al., 2016; Di Teodoro &
Peek, 2021).

A crucial aspect of understanding radial gas motion within the disc lies in the angular mo-
mentum distribution of both the disc and the CGM. Figure 5.9 presents the specific angular
momentum profiles for different galaxy models, computed as j = J/M, where J is the to-
tal angular momentum and M is the total mass of the respective component. The angular
momentum is evaluated near the disc (|z] < 1 kpc), with CGM gas selected by metallicicy
Z < 1Zg and disc gas by Z > 1 Zg. The figure highlights a consistent trend: the specific
angular momentum of the disc is systematically higher than that of the CGM across all mod-
els, particularly in the inner regions. At small radii (R/Ryq < 1), the gaseous disc exhibits
significantly greater angular momentum than the surrounding CGM, reinforcing the expec-
tation that the disc is rotationally supported, while the CGM consists of material undergoing
accretion, turbulence, or interactions with outflows. The clear separation between the two
components suggests that the disc angular momentum is primarily determined by ordered
rotation, whereas the CGM lower angular momentum reflects a mix of inflows and weaker

2 1), the angular momentum difference be-

~Y

rotational coherence. At larger radii (R/ Ry
tween the disc and CGM varies depending on the model. In some cases, the profiles remain
distinct, while in others, the CGM angular momentum approaches that of the disc. This con-
vergence suggests angular momentum redistribution, 1i1<e]y due to mixing at the disc-CGM
interface or the gradual acquisition of rotational support by CGM material as it settles into
the disc. The impact of galaxy properties is evident in the figure. Increasing the total gas mass
of the disc results in an overall increase in specific angular momentum at all radii. Similarly,
variations in the disc scale length influence the angular momentum discribution, with larger
scale lengths generally leading to more extended profiles. However, despite these differences,
the higher angular momentum of the disc relative to the CGM in the inner regions remains

a robust feature across all models.

To investigate the radial migration of gas I have computed the radial mass rate in each
radial bin as MR, mfour = 2_; VRiM;/ AR, where vg; is the cylindrical radial velocity of
the i-th gas particle and AR is the radial bin size. The particles are selected within a slab

centered on the disc plane (29 = 0 kpc) with a thickness of Az = 0.5 kpc to ensure that only
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disc particles are included. The radial outflow (inflow) rate is determined by considering
particles with vg > 0 (vg < 0). The net mass rate is computed as ]\ﬂg’net = MR,m — MR,OM.
The radial velocity is computed averaging the cylindrical radial component of the velocity
weighted by the mass of each gaseous cell. For both quantities, the disc is divided in annuli
with a spatial extent AR = 0.02 in R/ Ry units and the profiles are computed in the radial
range 0 < R/R; < 2.

Figure 5.10 shows the net radial mass rate of the gas for the 9 simulations, as indicated
in each panel. The grey lines represent the net inflow rate profile at individual times, while
the black line shows the average profile over a 2 Gyr time span, with the shaded area indi-
cating the standard deviation. The average value of the gas mass rate is positive throughout
the entire disc, indicating a significant radial mass flow towards the inner regions. When
the accreted material has a specific angular momentum that is different than the one in the
disc, radial flows will inevitably arise owing to angu]ar momentum conservation (Mayor &
Vigroux, 1981). Since the gas accreted from the CGM has a rotational velocity lower than
that of the disc, it will naturally tend to migrate towards the inner regions of the disc, form-
ing a radial flow that feeds the star formation. Generally, the gas net mass rate is near zero
in the disc outskirts and it moves towards more positive values (indicating inflows) in the
inner regions of the disc across all simulations, eventually approaching zero again at the cen-
ter. This mass inflow becomes less prominent in the inner regions for two main reasons: the
higher gas density at the center and the fact that a portion of the gas is consumed to form
stars in these central regions. A consistent pattern emerges in all the simulations, a peak in
the mass rate that is generally found roughly at the edge of the disc (R ~ Ry), except for
simulations gal_m2r05 and gal_m05r05. As the gas flows inwards the mass rate declines due

to the increasing gas density and the presence of complex filamentary scructures in the ISM.

When comparing simulations with the same gas disc scales, values of‘MRmet within a factor
of 2 between each others are observed, except for the fo = 1 simulations where the differ-
ences in the average mass rate value are almost negligible. The primary difference arises when
the size of the gascous disc is changed: the gas mass rate increases with larger disc sizes. A
larger disc extends into regions where the CGM has lower angular momentum, facilitating
casier inward motions towards the center of the disc. Overall, while the simulations show a

non-negligible net inflow rate, this rate is generally lower than the average SFR. For instance,
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Figure 5.9: Speciﬁc angular momentum, computed as j = J/M, for the gaseous disc and the CGM
computed as a function of Cylindrical radius R (in units of Ry) for the 9 simulations. The angular
momentum is measured near the disc (|z| < 1 kpc), with CGM gas selected by Z < 1Zg and
disc gas by Z > 1Zg. Each panel represents a different combination of disc mass and scale 1cngth7
showing how these parameters influence the angular momentum distribution. Across all models, the
disc maintains a systcmatically highcr spcciﬁc angular momentum than the CGM in the inner regions,
while at R/Rg 2 1, the difference between the two components varies, indicating potential angular
momentum redistribution or mixing at the disc-CGM interface.
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Figure 5.10: Gas net radial mass rate for the simulations analysed in this Chapter. In each panel, the
grey lines represent the mass rate profile at a given time averaged in a time span of 100 Myr. The black
line is the average mass rate and the blue shaded area represents the standard deviation. On top of
each panel the net radial mass rate averaged within the radial range 0 < R/R4 < 1 and the average
SFR, computed in the temporal range 0.3 < t < 2 Gyr, are indicated.
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Figure 5.11: Gas cylindrical radial velocity for the simulations analysed in this Chapter. In each panel,
the grey lines represent the (mass weighted) radial velocity profile at a given time averaged in a time
span of 100 Myr. The black line is the average cylindrical radial velocity and the green shaded area

represents the standard deviation. On the bottom left corner the radial Vclocity avcragcd within the
radial range 0 < R/Rq < 1 is indicated.
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the net radial inflow rate is 1.39 Mg, yr™! for the fiducial run and 0.77 Mg yr~! and 1.65 Mg,
yr~! for gal_r05 and gal_r2 respectively, compared to the average SFR of 4.5 Mg, yr™!, 4 Mg,
yr~tand 4.5 Mg, yr! for these cases. Thus, radial mass motion towards the center alone may
not fully sustain the SFR over time. However, it is important to note that not all gas is ac-
creted at the edge of the disc; a significant fraction, approximately 25% of the total accreted
gas, is directly deposited in the inner regions (R < 0.4 Ry, see Figure 5.12), where 90% of star
formation takes place. Combined with radially transported gas, this could be sufficient to
sustain the global SFR of the galaxy. Therefore, for the SFR to be fueled by these two phenom-
ena in conjunction the galaxy would need to have Mg = szne[(R < 0.4Ry) + ]\ZR,net ~
SFR. In fact, this is true for most of the 9 simulations analysed in this work. More specif-
ically, in gal_m05r05 I find Mgr ~ 1.92 Mg yrt
average SFR & 2.43 M, yr™*. Even though strictly speaking the rate of replenishment of gas

, which has to be compared with the
is below the SFR, the two values are comparable. Moreover, it should be noted that Mg and
SFR are averaged over a 0.3-2 Gyr time span, meaning that my analysis is smoothing what
occurs over the evolution of the galaxy. Therefore, these values should be interpreted with
some caution, but nonetheless they provide insight into whether the formation of new stars
can be sustained by gas accretion from the CGM. Other systems show a similar behaviour. In
gal_m05 I find Mg & 3.19 Mg yr= ! to be compared with SFR & 4.5 M, yr~! and I obtain
MSFR ~ 4.35 M yrfl (SFR ~ 4.4 M yrfl) in gal_mO05r2. Looking at the f3; = 1 simula-
tions: in gal_r05 I find Mg & 1.42 Mg yr_l (SFR =~ 4.29 M yr_l) which accounts for less
than half of the average SFR, in gal I find Mg & 4.35 Mg yr~t (SFR = 4.25 M, yr=!) and
in gal_r2 I obrain Msm ~ 5.2 Mg yrfl (SFR =~ 4.82 M, yrfl). The largest discrepancies
are found in the f); = 2 simulations: in gal_m2r05 I find Mg 2 1.9 Mg yr_l (SFR = 7.8
Mg yr!) and in gal_m2 I find Mgrr ~ 2.16 Mg, yr ' (SFR & 6.68 M, yr!), which differ
widely from the average SFR. In gal_m2r2 I have Mgrr ~ 7 Mg yr 1 (SFR = 8.2 Mg yr1).
Overall, the majority of the simulations have Mger ~ SFR except gal_m2r05 and gal_m2, in
these cases the SFR is partially sustained by the ]arger amount of gas that is present in the

disc at the beginning of the simulations.
Figure 5.11 shows the average radial velocity, with values ranging between -4 and -6 km

s~ All the simulations exhibit a similar radial velocity profile: the velocity remains almost

constant within the gaseous disc (R < Ry), rapidly decreases outside the disc and then start
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to slightly increase again (except in gal_m2r05 and gal_m2). This profile shape appears to be
independent of the disc structural characteristics. However, the magnitude of the velocity
slightly changes between discs of different sizes. Specifically, the radial velocity increases with
disc size, similarly to the mass rate. The average velocity inside the disc increases between
fu = 1and fiy = 0.5 simulations, when the mass of the gascous disc is smaller, probably
because the lower average ISM density allows gas to flow more easily toward the inner regions.
The Velocity is larger in the outskirts, outside the ga]actic disc, where gas is accreted radia]]y
on the edge of the galaxy, allowing the disc to grow in size over time (see Figure 5.13). Moving
inward, the radial velocity decreases and approaches zero at the center of the disc.

Figure 5.12 presents the radial net rate of the gas as a function of time for the three simu-
lations with the standard gaseous disc mass (gal_r05, gal and gal_r2), the other 6 simulations
are not shown as they all have a very similar trend. For each simulation, I computed the total
radial net rate by averaging it over the whole galactic disc (i.e. at R < Rgand |z| < 0.5 kpc)
at each time (with a temporal resolution between each value of &= 10 Myr). The trend is con-
sistent across all simulations, alternating between periods of negligible or negative net rate
and periods of\positive net rate. This fluctuation is likely connected with the stellar feedback
cycle; when SNe explode the net rate is dominated by the outflowing gas. As negative stellar
feedback reduces star formation, thereby decreasing the injection of energy from new SNe,
fresh gas can flow towards the center once again, fueling star formation and repeating the
cycle. Overall, the gas predominantly flows towards the center (positive net rate), suggesting
that the radial gas flow phenomenon is independent of the gaseous disc size, given that the
rotational velocity of the coronal gas has the same values at the beginning of all simulations.

To sum up, the simulations reveal a general inflowing trend that, while insufficient to
sustain the star formation in the center alone, is nonetheless crucial for feeding the inner

regions of the galaxy, working in conjunction with vertical gas accretion in the central regions

(R < 0.4Rd).

5.6 Inside-out evolution

The vertical accretion in the outer regions of the disc, coupled with the subsequent radial

motions, drives the gas from the periphery towards the disc center. Inevitably, this accretion
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Figure 5.12: Radial gas net rate as a function of time for the gal_r05 (dotted line), gal (solid line) and
gal_rZ (dashed line) simulations. At each time the radial net rate averaged within the disc7 at R < Ry
and |z| < 0.5 kpc, is displayed. Overall the radial net rate is mostly positive, indicating a flow of gas
towards the center of the disc.

increases the gas density in progressively more outer regions, consequently enhancing star
formation activity in these external areas. Over time, this mechanism enables the disc to grow
from the inside to the outside, creating what is known as inside-out evolution (e.g. Firmani &
Avila-Reese, 2009; Brooks et al., 2011; Pezzulli & Fraternali, 2016; Li et al., 2023). To explore
the relationship between gas accretion and disc growth, I analyzed the evolution of different
scale lengths over time and their connection to the total outflow/inflow rates. The top panels
of Figure 5.13 show the evolution of the scale lengths of stars (orange line), gas (light brown
line) and SFR (brown line) for the 9 simulations as a function of time. These scale lengths
are determined by computing the radius which encloses 90% of the stars/gas mass and of
the SFR, with each value smoothed using a moving average over a 100 Myr interval. From
left to right each panel shows the fo = 0.5, f¢ = 1 and fi = 2 simulations respectively,
with solid lines indicating the fa; = 1 runs, dashed lines indicating the fy; = 0.5 runs and
dotted lines indicating the fi; = 2 runs. All the simulations show a periodic trend with
oscillations that can be linked to the typical time scale of a fountain cycle in Milky Way-like

galaxies (tfoune = 100 Myr, e.g. Fraternali, 2014). Over a span of 2 Gyr all three scale lengths
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have increased.

[ start analysing these trends by focusing on the fiducial run gal (solid lines, central panel):
the gas scale length has expanded from ~ 12 kpc to &~ 14 kpc, the star scale length from ~ 8
kpc to & 9 kpc and the SFR scale length from =~ 6 kpc to = 9 kpe. The gas scale length re-
mains consistently larger than the stellar scale length by about a factor of & 2. Notably, both
the gas and stellar discs exhibit a concurrent growth, expanding steadﬂy over a 2 Gyr period.
The stellar scale shows higher peak frequencies, with approximately two peaks for every peak
in the gas scale length. Interestingly, the peaks in the SFR do not coincide with those of the
gas and star scales; rather, they tend to align with depressions in the gas scale length. The
SFR exhibits the greatest amplitude variation, whereas the stellar scale remains more stable,
with peaks that nearly disappear in the other simulations. An increase in the SFR spatial
extent implies that more stars are being formed in the outer regions of the disc compared
to previous times, leading to more outflows ejected from these areas. Consequently, these
episodes of gas ejection may reduce the gas distribution scale length, with a fraction of these
outflows eventually falling back onto the disc, thus increasing the gas scale and repeating
the cycle again. The gal_m05 (central panel, dashed lines) and gal_m2 (central panel, dotted
lines) simulations, with a gaseous disc mass halved and doubled, respectively, have similar
behaviours. The values of the three scales are similar to gal, with the gal_mO05 scales slightly
lower and the gal_m2 scales slightly larger than the fiducial run scales. Also in these cases
the peaks in the gas scale and in the SFR scale are misaligned. Similar features can be seen
in the other simulations. The simulations with fg = 0.5 (left panel) show lower values in
all the three scales as expected and they are all increasing over the 2 Gyr of the simulations.
In the fo = 2 runs (right panel) the scales are higher than in the fo = 1 runs, gal_r2 gas
scale is passing from =/ 18 kpc to & 20 kpc, whereas in gal_m0512 the gas scale stays almost
constant at 16 kpc. Overall, the increasing trend in these scale lengths in all the simulations
over time indicates the growth in the size of the star-forming disc, which is consistent with

an inside-out evolution of the disc.

In the bottom panels, I display the total outflow (dark blue line) and inflow (light blue
line) rates for the 9 simulations, computed at 2p = 0.5 kpc, Az = 0.1 kpc and R < Ry. In
general, the inflow rate is larger than the outflow rate. In the fiducial run gal (central panel,

solid line) the net inflow rate is M, = M,, — M., ~ 10 Mg yr~t. This net inflow is
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Figure 5.13: Top panels: star (orange line), gas (light brown line) and star formation rate (brown line)
scale length for the gal_r05 (solid), gal_m05r05 (dashed), gal_m2r05 (dotted, left panel), gal (solid),
gal_mO05 (dashed), gal_m2 (dotted, center panel) and gal_r2 (solid), gal_m05r2 (dashed), gal_m2r2
(dotted, right panel) simulations as a function of time. These scale lengths are computed as the radius
that encloses 90% of stars/gas mass or SFR. Bottom panel: total outflow (blue) and inflow (light blue)
rates of the same simulations of the top panels as a function of time. The simulations with fas = 0.5
are indicated with a dashed line and the simulations with fy; = 2 with a dotted line. Each of the
scale is connected and they have an up-and-down trend linked to the gas outflow/inflow cycle.
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larger than the average SFR observed in the fiducial simulation (see Figure 5.3), confirming
that the formation of new stars is largely sustained by gas accretion from the CGM, the
same applies to the other simulations. An important aspect to notice is that the outflow and
inflow rates exhibit similar trends but with an offset in time, with depressions in the outflows
corresponding to peaks in the inflows, and vice versa. This pattern arises due to the galactic
fountain cycle: a certain amount of gas is ejected from the disc as a galactic fountain due to
clustered type II SN explosions, creating a peak in the outflow rate. After a time interval of
approximately ¢gyn, the fountain gas falls back onto the disc, leading to a peak in the inflow
rate. Periods of higher inflow rates result in an increased and more extended SFR, thereby
enlarging the SFR scale 1ength. This occurs because gas accretion is not concentrated in the
disc inner regions but is rather shifted with respect to the peak of the SFR (see Figure 5.8).
Vice versa, when the outflows are dominant, the SFR scale length diminishes.

In all the simulations I find that the peaks in the inflow rate roughly coincide with the
peaks in gas and stellar scale lengths, I highlight these peaks for gal with dashed vertical lines
in the central panel. In contrast, the peaks in the outflow rate correspond to the SFR scale
peaks (see also Zhang et al., 20244, for a similar effect on dwarf-mass galaxies). This shows
the intricate connection between outflows/inflows and SFR, which is mediated by stellar
feedback and the consequent gas circulation. As discussed earlier, vertical gas inflows are
distributed throughout the disc plane, with the majority of the gas accreting at = 0.75Ry
(Figure 5.8). This accretion pattern increases gas density in these external regions, leading to
an expansion in the size of the gaseous disc and consequent]y also the stellar disc. The SFR
peaks, along with the associated stellar feedback, generate outflows, which are fundamental

to the cyclical process of disc growth and evolution.

5.7 Comparison with previous works

Despite the challenges, gas accretion has been studied both in the Milky Way and in external
galaxies. Evidence of cold gas accreting in the Milky Way is observed through intermediate
velocity clouds (IVCs, 40 < vpsg < 90 km s™!) and high velocity clouds (HVCs, vpsg > 90
km s71) (e.g. Wakker & van Woerden, 1997; Lehner & Howk, 2010), gas clouds with anoma-

lous kinematic with respect to the rotation of the disc. HVCs usually have higher velocities,
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lower metallicities (0.1 < Z/Z; < 1) and are located farther from the disc (up to 10 kpc)
with respect to IVCs, that have higher metallicities (Z &~ Zg) and are usually close to the
disc (within 2 kpc). Historically, these differences have been interpreted as a dichotomy in
the origin of these two populations of clouds: the IVCs are produced by the cycle of gas in-
side galactic fountains and the HVCs are coming from the accretion of gas from the CGM
(Peck et al., 2008). However, in recent years this picture has been challenged and it has been
proposed that HVCs and IVCs are both manifestation of the galactic fountain phenomenon
at different velocities (Marasco et al., 2022; Lehner et al., 2022). The IVCs are outflows of
gas ejected at lower velocity, therefore they are located closer to the disc and can maintain
a metallicity similar to the ISM. HVCs are pushed farther away from the disc and therefore
they can mix and decrease their metallicity. Zhang et al. (2024b) employed the SMUGGLE
model in simulations of isolated Milky Way-like galaxies, without the inclusion of a CGM,
to study OVI absorbers. Their findings suggest that key observational properties of low-
velocity (vpsg S 100 km s™1) OVI absorbers, such as column density and scale heigh, are
well reproduced by the inclusion of galactic fountains driven by stellar feedback. However,
the absence of the CGM in their simulations may lead to an underestimation of the column

density of high-velocity (visg 2100 km s~') OVI absorbers.

Extrapolating the accretion rate values of observed high- and intermediate-velocity clouds
to the whole disc, observations find a maximum accretion rate for HVCs of 0.4 Mg yr™!
(Putman et al., 2012) and of 1.3 — 4.3 Mg, yr_l for IVCs (Raohser et al., 2016), which would
be enough to sustain the SFR in the Milky Way (SFR ~ 1.5 — 3 Mg yr !, Chomiuk &
Povich 2011; Licquia & Newman 2015; Elia et al. 2022). HVCs and IVCs are clearly visible
in the gas projections of the simulations investigated in this Chapter (see Figures 5.4 and
5.5). Assuming that 40% of the total inflow rate, which averages between 10-20 Mg, yr‘l
(see Figure 5.13), is attributed to HVCs and IVCs (Putman et al., 2012; Trapp et al., 2022), 1
find values consistent within a factor of 2 with observed data. It is important to note that
the 9 simulated star-forming galaxies have significantly different SFR (higher than the Milky

Way), which will be reflected in the resulting inflow rates.

Li et al. (2023) conducted a study on the extraplanar gas of the spiral galaxy NGC 2403,
employing a dynamical galactic fountain model. Their findings suggest that fountain-driven

accretion can be responsible for an inside-out evolution, effectively cooling the CGM at large
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radii. In the absence of galactic fountains, cooling would occur predominantly at the center
of the CGM, where gas density is the highest. However, their model applied to observations
demonstrates that most gas is accreted at larger radii, a result that aligns closely with the
outcomes of my simulations. They observed outflow/inflow rates per unit area similar to
those in this Chapter (see Figure 5.6 and 5.7). In their case, the rates peak at the center.
In contrast, my simulations show a central ‘hole’ due to the height at which the rates are
computed. Li et al. (2023) derived the rates at 2 = 0 kpc, a condition that I cannot replicate
in my simulations. They derived a coronal gas inflow rate whose shape can be compared to
the net vertical inflow rate (Figure 5.8) that derived from my simulations. We both find a
bell-shaped distribution, with the peak skewed towards larger radii. As already mentioned,
this is likely due to the increased orbital path of the galactic fountains with radius and to the

fact that the SFRD profile is declining with radius.

Different works have focused on the analysis of radial mass flows and their relation to
galaxy evolution. Observationally, there is not a clear evidence of the existence of radial
mass fluxes strong enough to sustain the formation of new stars in the central regions of
disc galaxies. Some references find radial inflows that are comparable with the SFR of the
host galaxy, whereas in other works such inflows are not present. For instance, Schmidt
et al. (2016) studied 10 local spiral galaxies using the HI Nearby Galaxy Survey. They derived
average radial gas mass rates of & 1 — 3 M, yr™ !, which will be sufficient to explain the level
of SFR in such galaxies. On the other hand, Di Teodoro & Peck (2021) analyzed a sample of
54 local spiral galaxies and found small inflow rates with velocities of a few km s~ in only
half the galaxies of the sample. They computed an average inflow rate over the entire sample
of (—0.3 £ 0.9) Mg yr~! ac radii larger than the oprical disc (inside which most of the star
formation occurs). They concluded that the radial inflows are not sufficient to sustain the
star formation across the disc and therefore that a different mechanism in addition to secular
accretion is necessary. | find that net radial mass rate value, averaged across my 9 simulations,
is & 1.72 Mg yr~! with a standard deviation of & 0.86 M, yr—!, which lies somewhat in
between the results of Schmide et al. (2016) and Di Teodoro & Peck (2021). The net radial
mass rates estimated from my numerical experiment can sustain a significant fraction of the
SFR observed in simulations. This gas radial motion combined with gas accretion in the

central regions of the disc can maintain an active level of star formation in the simulated
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systems.

Finally, in recent years, some authors have been using cosmological simulations of Milky
Way analogs to investigate vertical and radial gas inflows. For example, Trapp et al. (2022)
studied gas accretion using FIRE-2 cosmological zoom-in simulations of 4 Milky Way-like
galaxies. They found that gas is accreted preferentially in the outskirts of the galaxy, from
where the gas moves towards the center with a mass rate comparable to the galaxy SFR. In
their simulations, gas vertical inflows present a be]]—shaped distribution and gas particles join
the disc at 0.5 — 1Ry, similarly to my resules. Radial mass rate and velocities present trends
broadly consistent with my findings, but in my case the radial gas motion is not sufficient to
entirely sustain the star formation activity of the galaxy. Moreover, Trapp et al. (2022) show
that most accretion occurs co-rotating and parallel to the disc plane, with only a subdominant
contribution from HVCs and IVCs, whereas my results indicate that the majority of the gas
is accreted vertically onto the disc, while still having significant radial inflows that move the

gas towards the disc center.

5.8 Summary

In this Chapter I analyzed the baryon cycle in 9 spiral galaxies with different masses and disc
sizes, surrounded by a hot CGM, using state-of-the-art N-body hydrodynamical simulations.
In particu]ar, I focused on the vertical and radial £4as mass flows and on their connection to
the structure of the disc. I analyzed the spatial distribution of outflows (forming the galactic
fountain cycle) and inflows linking the vertical accretion and the formation of stars in the
center through radial flows in the plane of the disc. In doing so, I employed the moving mesh
code AREPO in conjunction with the explicit ISM and stellar feedback model SMUGGLE. The

main results can be summarized as follows.

(i) Istudied inflows and outflows per unit area divided in cold (" < 10* K), warm (10* <
T < 5x10° K) and hot (T > 5 x 10° K) gas. I found that the cold phase is dominating
both gas accretion and ejection followed by the warm and the hot phases. In each
simulation I find a similar distribution, with a break point roughly corresponding to
the disc size Ry, after which the outflow/inflow rates decline rapidly, showing how the

outflow/inflow distribution is linked to the structure of the disc.
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(ii)

(iii)

(iv)

[ found that gas is accreted vertically onto the disc in a bell-shaped distribution, with
the peak skewed towards larger radii (= 0.75R;) compared to the SFR distribution.
This offset is due to the orbital paths of galactic fountains and their interaction with
the CGM, which increases the accreted material. The hot gas exhibits a flatcer distribu-
tion and appears to be independent from the warm and cold gas, likely resulting from
CGM accretion via a (subdominant in terms of mass) hot cooling flow. In contrast,
the cold and warm gas distributions are Closely linked. The cold gas is predominant]y
generated by the galactic fountain cycle, while the warm gas forms at the CGM-disc
interface owing to the passage of the galactic fountain clouds, as found in Barbani et al.

(2023) and confirmed by the simulations in this Chapter.

I examined the radial gas inflows in the disc. Net radial inflows are present with average
values &~ 0.7 — 3.8 My, yr! across the 9 simulations. The gas is flowing inward and
outward in a periodic trend with an overall inflowing flux in all the simulations over
2 Gyr. The shape of the radial net inflow distribution presents similarities in all the
simulations. The mass rate has its peak at & Ry, it decreases going inside owing to
the higher gas density and to the formation of stars in the central region of the disc. I
found that these radial inflow rates have radial velocity & —(3 — 6) km s~ with an
almost constant value inside I?4. The radial inflows alone are not sufficient to sustain
the star formation in the center, but they can do it in conjunction with vertical inflows
which fall at R < 0.4R4, where 90% of the SFR is concentrated. Thus, while the gas
accreted from the CGM lands preferentially in the outer regions of the disc, the SFR
can be fed by radial motions generated by the angular momentum difference between

the CGM and the gas in the disc and by the gas vertically accreted in the center.

Gas accretion concentrated in the external regions of the disc causes an inside-out
evolution scenario, where the galaxy is evolving growing from the inside to the outside.
This is confirmed by the slow growth of both the stars and gas discs sizes over time
in all 9 simulations. In particular gas and stellar discs grow together with an up-and-
down trend linked to stellar evolution. Furthermore, the accretion and ejection of
gas are deeply linked to the periodic growth of the disc: peaks in the inflow rate are

connected to periods in which the disc is growing, the opposite happens for the outflow
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rate.

The analysis carried out in this Chapter has linked different crucial aspects of gas dynamics
in spiral galaxies, collectively known as the baryon cycle. Fresh gas is predominantly accreted
from the circumgalactic medium in the outer regions of the disc. This infalling gas has a lower
specific angular momentum compared to the gas already present in the disc, leading to an
inward flow of gas due to the conservation of angular momentum. At the galaxy center, where
gas density is the highest, a portion of this gas is converted into stars, sustaining the SFR.
These newly formed stars impart feedback to the surrounding ISM, eventually driving cold
gas clouds out of the disc and forming galactic fountains. As these fountains travel through
and interact with the CGM, they create a warm gas phase that eventually cools down and
accretes onto the disc at larger radii, thus continuing the baryon cycle. Looking ahead, the
inclusion of additional physics, such as magnetic fields, could offer new insights on accretion
dynamics.

While this work has focused on Milky Way-like galaxies, an important next step is to ex-
plore how the vertical and radial inflows behave in galaxies of different stellar masses. The
set of simulations presented here was designed to isolate the impact of varying gaseous disc
properties while keeping other galactic parameters unchanged. This approach provided a
controlled environment to analyze the mechanisms driving inflows and their role in fuel-
ing star formation. However, galaxy mass is expected to play a crucial role in shaping these
processes. Differences in the depth of the gravitational potential well (e.g. Zhang & Buta,
2012; Goldbaum et al., 2016), the overall angular momentum distribution (e.g. Hopkins &
Quataert, 2011), and the interplay between inflows and feedback mechanisms (e.g. Sharda
ct al,, 2024) could significantly modify the efficiency and structure of radial mass transport.
Lower-mass galaxies, for instance, may exhibit more turbulent and less coherent inflows due
to weaker gravitational confinement, while more massive galaxies might sustain more sta-
ble accretion flows. Extending this study to a broader range of stellar masses would provide
insight into the mass dependence of gas cycling processes and their implications for galaxy
evolution. Future simulations incorporating a more diverse sample of galaxy masses will help
determine how universal the trends identified in this work are and whether additional depen-
dencies emerge. This will be crucial for connecting my findings to observational constraints

and understanding how inflows contribute to star formation across different galaxy popula-
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tions.

Additionally, studying baryon cycle processes within a full cosmological framework will
be crucial for advancing our understanding of spiral galaxies evolution. In this Chapter, the
galaxies are evolved in isolation and are not inserted in a full cosmological context. Therefore,
it would be desirable to extend this analysis to simulations including the cosmological con-
text self-consistently. In this way, it will be possible to follow the evolution of star-forming
galaxies like the Milky Way with a higher degree of physical fidelity, drawing a coherent pic-
ture of the formation and evolution of such objects and enabling us to make an important
step forward towards a more physically faithful modelling of the evolution of star-forming
galaxies. I will present a possible approach to include the cosmological context in the next

Chapter.
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|
Chapter

Hybrid Cosmological Simulations of
Galactic Outflows in Milky Way-like

Galaxies

6.1 Introduction

The aim of this Chapter is to analyze low-redshift properties of outflows in a Milky Way disc
simulated within a realistic cosmological environment. In doing so, I simulated the galaxy
in a cosmological zoom-in simulation from high redshift (2 = 127) down to redshift z = 0,
then I extracted the galactic halo and continued its evolution in isolated, non cosmological,
box in order to decrease the computational time and being able to easily simulate runs with
different feedback properties without significantly alter the evolution of the galaxy until
z = 0. In particular, I doubled the energy injected per SN and I modified the scheme used
to assign mass, energy and momentum to the gas that surrounds star particles.

This Chapter is structured as follows: in Section 6.2 I briefly describe the numerical meth-
ods used in this Chapter and how I have created the initial conditions for my cosmological
simulations. In Section 6.3 I describe the structure of the CGM in my simulations, in Section
6.4 I analyze the outflow/inflow mass rates close to the galactic disc and in Section 6.5 I study

mass, energy and momentum rates and loading factors at a larger distance from the disc. 1
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conclude and summarize them in Section 6.6.

This Chapter is based on an ongoing research, and the resules presented here reflect the
current status of the work. Further analyses and conclusions may evolve as the project pro-
gresses. These results will form the basis of a forthcoming peer-reviewed publication (Barbani

et al., in prep.).

6.2 Numerical methods

6.2.1 Cosmological hybrid initial conditions

In this Chapter, I implemented a cosmological hybrid set up, which consists in simulating
a galaxy in a zoom-in cosmological simulation down to redshift z = 0. Then, the galaxy is
extracted and inserted in a cubic box to run it in ‘isolation’. This has the advantage of decreas-
ing the computational time while still having the full cosmological environment. Moreover,
the feedback parameters can be easily changed while still having a realistic Milky Way-like
system. The simulation box is extracted from a cosmological zoom-in simulation run with
AREPO and SMUGGLE. The initial conditions are generated at redshift 2 = 127 with the
Music software (Hahn & Abel, 2011). The simulation follows a A cold dark matter cosmol-
ogy with density parameters €, = Qun, + ), = 0.3, 2, = 0.046, Q4 = 0.7 and Hubble
constant Hog = 100 h km s™! Mpc ~! = 69 km s> Mpc ~*, consistent with WMAP results
(Hinshaw et al., 2013), although small changes to these parameters do not significantly matter
for the purpose of this Chapter. The target galaxy has been selected with a halo with a virial
mass around 102 Mg, at redshift 2 = 0 and with no other massive objects close to it. I run
the zoom-in simulation until redshift z = 0 and then in order to run isolated simulations
with a cosmological set up I extracted the galaxy from the cosmological simulation. All the
particles are selected within 2Rgg9 = 360 kpc from the center of mass of the galaxy and are
then inserted in a 857 kpe size cube. I then have add a background grid containing 162 cells
filled with low density gas as the simulation volume needs to be filled with a Voronoi grid to
avoid vacuum boundary problems (see Springel (2010b) for details on the implementation).
During the simulation, the background grid is prevented from de-refining, disallowing de-

refinement for cells with a volume greater than 10% of the mean gas cell volume. Thanks to
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Table 6.1: Summary of the model variation of the Milky Way-like galaxy parameters in this Chapter.
The fiducial simulations is cosmo. The other simulations are used as comparison with the main one.

Simulation name  fon  weighting scheme

cosmo 1 normal

cosmo_feed2 2 normal
cosmo_weightm 1 mass

cosmo_weightv 1 volume

this isolated-cosmological hybrid set up it is possible to run simulations varying parameters
quickly. In particular, I run 4 different simulations, changing the energy ejected from SNe
and changing the implementation of how the feedback is distributed in the gas surrounding

the star particle, i.e. the weighting scheme.

6.2.2 Feedback weighting schemes

A crucial aspect of modeling stellar feedback is how energy and momentum, as well as mass
and metals, are distributed to the gas cells that surround star particles. In SMUGGLE this is

done through weight functions. The number of neighbour cells is defined as

47
Ny = ?h?’ Z W(|r; — x|, h), (6.2.1)

where W is the standard cubic spline SPH kernel (Monaghan & Lattanzio, 1985), h is a search
radius and |r; — r| is the distance between the gas cell and the star particle. Equation (6.2.1)
is solved iteratively in order to find the parameter A with a predetermined value of Nyg. In
my simulations I set Ny, = 64.

For each gas CCH ) the standard Weights are deﬁned as

_ A _1f 1
Co4r 2 1+ A;/(m|r; —xg)?)]V/2 )7

where A; = wAz? is the gas cell area. In this way each gas cell within Pcoupling TECEIVES 2

(6.2.2)

w;

fraction of energy and momenta (while mass and metals are returned within the scale h)
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proportional to the fraction of the solid angle 47 covered by the cell as seen from the stellar
particle position. The total energy and momentum is injected in each gas cell multiplied by

the factor
w;

> w;’

which ensures that each cell receives a correct fraction of the total momentum and energy in-

w; = (6.2.3)

jected. Given the arbitrary nature of the momentum and energy distribution, I implemented
other types of weights w;, in order to analyze how they affect the nature of the outflows. In

particular, the weights are chosen as the mass of each gas cell M;

w; = M;, (6.2.4)

and as the gas cell volume V;

w; = V. (6.2.5)

These two different weighting schemes change significantly distribution of injected energy
and momentum, as the more massive cells do not always correspond to the cells with bigger

volumes.

6.2.3 Simulations set up

In Table 6.1 I summarize the different parameter variations I implemented in my runs. In
particular, I changed the quantity of energy that each SN is injecting, parameterized by fy,
and the weighting scheme w; (see eq 6.2.2).  made 4 parameter variations in the cosmo hybrid
set-up: the fiducial simulations with the standard weighting scheme (cosmo), one simulation
in which each SN is injecting 2 x 1051 erg into the ISM (cosmo_feed2) and two simulations
respectively with a mass weighting scheme (cosmo_weightm) and a volume weighting scheme
(cosmo_weightv). In each simulation there are Ny = 2.4 X 106 gaseous particles with an
average mass (My,) ~ 2.4 X 10* Mg, N, = 1.4 x 10° with an average mass (m,) =~
1.7 X 10* Mg and Ny, = 4.7 x 10° dark maccer particles with an average mass (mgy,) ~
1.3 x 10° My,
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Figure 6.1: Gas column density projections computed at different scales for the cosmological simula-
tion. Top left: the pane] is 90 Mpc across and in projection depth with a resolution of ~ 90 kpCA This
panel shows clearly the cosmic web on a large scale. Top right: zoom-in view of the central 10 Mpc
volume shown in the top left panel. Bottom right: panel with a size of 100 kpe. Inside the halo resides
the spiral galaxies, it is possible to see the complex gas structures around the disc. Bottom left: zoom-in

view of the central 10 kpc.
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6.2.4 Rates and loading factors characterization

In this Chapter I analyze mass, momentum and energy rates and loading factors. In particu-

lar, these are analyzed in two main regions:
(i) disc region (2 kpc),
(i1) halo region (0.257y;, ~ 40 kpc).

In this way it is possible to study outflows and inflows at different spatial scales: galactic
fountains, which are usually confined in the regions closer to the galactic disc, and galac-
tic winds, that are higher velocity outflows of gas that can reach higher distances from the
galaxy. [ briefly summarize the main processes involved in the baryon cycle of Milky Way-
like galaxies as they are important for this analysis. At small scales the galactic fountains are
the main gas recycling phenomenon close to the disc: cold high-metallicity gas ejected from
the disc moves through the mainly hot and low-metallicitcy CGM, during this time (= 100
Myr) the fountain gas mixes with the coronal gas letting a fraction of the CGM condense
into it. The galactic fountains then fall into the disc again, bringing more gas than the one
that was ¢jected and with different thermodynamical properties (see Chapter 4). For their
nature galactic fountains typically join the disc in a different spot with respect to where they
were cjected, therefore contributing to dilute gas properties in the disc and to bring fresh gas
in the external regions of the disc (see Chapter 5). Not all the outflows are confined close to
the disc, stronger outflows can have velocities higher than the galaxy escape velocity. Large
ga]aetie winds can quench a galaxy as the gas is on]y ejected and is not coming back. These
winds can interact with the IGM bringing metals to the medium outside the galaxy.

Mass, momentum end energy rates are computed in two ways. The disc region is selected
in an area within 2 slab at a height |2| = 2 kpc above and below the plane of the disc with a
thickness Az and with R < 30 kpe. In the halo region the rates are computed radially inside
a shell sphere of thickness Az = 0.1 r,;,. Outflowing gas is identified with a radial velocity
v, > 0 km s~ (vertical velocity v, > 0 km s~ 1) in the halo (disc) region, which means gas
that is moving away radially (vertically) from the center (plane) of the galaxy. The opposite
applies for the inflowing gas.

Mass, momentum and energy rates are defined as follows
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: Uiy
N — Z o (6.2.6)
P=3 R (v? - c§>, (627)
— Ax
- vim; (1 ¥
E = 2 22 L2 6.2.8
;Aaf <2U’+7—1C‘9)’ (628
where m; is the gas cell mass, v; is the gas cell radial (vertical) velocity, ¢2 = P/p, 7 is

the adiabatic index and Ax Corresponds to the radial/vertical widch in which the rates are
computed. These rates are computed inside the selected regions. The gas is divided in three
main phases depending on the temperature: cold gas (T" < 10* K), warm gas (10* < T <
5 x 10° K ) and hot gas (T"> 5 x 105 K).

To characterize the properties of the winds I computed the loading factors. In particular,
the mass loading factor, that measures the eﬁ‘lciency in removing gas from the ISM compared
to the formation of stars and the momentum and energy loadings, measuring how efficiently
the momentum and energy ejected by stellar feedback can escape the ISM and be driven by
the outflows. To compute these quantities I make the reasonable assumption that the energy
and momentum are dominated by type II SNe. The reference rate values to compute the

loading factors, similarly to Kim et al. (2020), are

M. — SFR, (6.2.9)
- K
prcf‘ = NSN SN; (6210)
COOl
ErcF - NSNESN (6211)

It can be assumed that Ngy = SFR/100 Mg, as around 1 SN explodes every 100 Mg, of
stars. | assume Egy = 10! erg except in the cosmo_feed2, which has a modified feedback
energy, where it is equal to 2x 10°!. The loading factors are then computed as 1y = M / M.,

Mp = p/pref‘ and g = E/El'cf~
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t=0.5 Gyr

Figure 6.2: Gas surface density, temperature and meta]licity (from left to right) in face-on (top panels)
and edge-on (bottom panels) projections of the cosmo simulation at ¢ = 0.5 Gyr. Each panel is 150
kpe across and in projection depth with a total number of 1024 x 1024 pixels that give a resolution of
~ 150 pe. These projections clearly show the multiphase nature of the CGM. The dashed black circle
in the bottom central panel indicates R = 0.25R,;,.

Figure 6.1 shows a gas surface density projection of the target galaxy for the hybrid cos-
mological simulation from large (tens of Mpc) to small (kpc) scales (from first panel going
clockwise). Each colormap range has been re-scaled for visual interpretation. The surface
density projections Clearly show the 1arge scale structure of the Universe, forming the so-
called cosmic web. Zooming into the target halo for my simulations, the spiral galaxy resides
at the center of it and its evolution is deeply influenced by the gas that accretes into it during
its evolution. Figure 6.2 shows surface density (first column), temperature (second column)
and metallicity (third column) projections. The multiphase nature of the CGM is apparent,
showing a wide range of density, temperature and metallicity. Notably, a cold, high-density

and low-metallicity filamentary structure swirling around the galactic disc is present.
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Figure 6.3: CGM number dcnsity proﬁlc of the isolated fiducial simulation ofChaptcr 4 (black solid
line) and of the simulations in this Chapter at# = 0 Gyr (red line) compared with several observational
constraints of the Milky Way (see Chaptcr 4).

6.3 Phase diagrams

In this Section I make a comparison of the gas properties between the cosmological simula-
tion and the isolated simulations. Figure 6.3 shows the number density profile for the hot gas
of the CGM in the isolated (black line, see Chapter 4) and in the hybrid cosmological (red
line) simulations. The cosmological corona is originated naturally from a cosmological evolu-
tion of the galaxy, therefore there are no free parameters to be chosen and is more physically
plausible. In particular it has a lower density in the central region (from 1072 cm ™3 to 1072
cm~3) and higher at larger radii (r > 75 kpc). One important difference between the iso-
lated and the cosmological set up is the multiphase nature of the CGM. In the isolated ICs the
coronal gas temperature profile is derived solving the hydrostatic equilibrium equation and
therefore is intrinsically hot. It is known from observations that the CGM has a wide variety
of gas phases inside it (e.g. Sameer et al,, 2024). In Figure 6.4 I show phase diagrams of num-
ber density (first column), temperature (second column) and metallicity (chird column) as a
function of radius, for both the fiducial isolated (bottom row) and hybrid cosmological (top
row) runs. The central region, with a density between 1073 and 10% em ™, is the disc. All the

gas between 0 and 25 kpe is located at the interface between the disc and the CGM, the gas
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Figure 6.4: Number density-radius (first column), temperature-radius (second column) and
metallicity-radius (third column) diagrams for the fiducial hybrid cosmological simulation (top row)
at t = 0 Gyr and isolated simulation (bottom row) of Chapter 4 at t = 0 Gyr.
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here is composed by outflows that are ejected from the disc and by gas that is accreted from
the CGM. I analyze this region and the interchange between the disc and the inner CGM in
the first part of this Chapter. The region with n < 1073 ecm™ represents the CGM, which
extends over the virial radius, this is constituted mostly by low density gas, the two overden-
sity regions at 150 and 200 kpc are satellites galaxies. In the bottom panel the same phase
diagram is shown for the isolated simulation of Chapter 4 at ¢t = 2 Gyr, this is done to let
the galaxy evolve from the initial conditions. The difference in the CGM is apparent, at each
radius the range of number densities is very tight, showing the initial density profile set for
the corona. Some higher density gas coming from stellar feedback is around the central disc
and at high radii (100 — 150 kpc). In the second column the temperature is shown. The gas
in the disc is mainly at 10* K but can go from 100 K to around 10° K. The CGM is on average
hot (10°-107 K) but also lower temperature gas is present very far from the disc, showing the
multiphase nature of this medium. Looking at the isolated simulation, the disc has a very
similar structure but almost only one phase of gas is present in the CGM, because of how
the ICs were built. The third column shows the metallicity phase diagram. The cosmological
simulation shows a wide range of metallicities as seen by observations (Cooper et al., 2021),
going from low metallicity gas accreted from the intergalactic medium to more metal rich
gas ¢jected from the galaxy thanks to stellar evolution. A very different scenario is shown in
the isolated run, where the metallicity of the CGM is set to 0.1 Zg in the ICs. After 2 Gyr
of evolution there is a higher metaﬂicity, between 0.1 and 1 Z until 150 kpe, this gas richer
in metallicity has been pushed outside of the galaxy thanks to stellar feedback processes. The
main structures, the central galactic disc and the CGM, are visible in both cosmological and
isolated runs, but in the cosmological one it is more self-consistent and realistic. The advan-
tage of using an isolated run is that outflows and inflows can be studied easily and in more

detail, because there is less interference by filament accretion and tidal streams.

6.4 Small scale outflow/inflow rates
Figure 6.5 shows outflow (solid lines) and inflow (dashed lines) rates for the cosmological

simulation computed in the disc region. The rates are computed summing up v;m;/Az in-
side a slab centered in |z] = 1 kpe and with a widtch Az = 0.15 kpe (see Section 6.2.4). In
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Figure 6.5: Top row: outflow (solid lines) and inflow (dashed lines) mass rates for cold (blue line), warm
(purple line) and hot (light blue line) gas for the cosmo (first panel), cosmo_feed2 (second panel),
cosmo_weightm (cthird panel) and cosmo_weightv (forth panel) simulations. Bottom row: net inflow
rate (blue line) comparcd with the SFR (grccn line) for the same simulations.

all the simulations, the majority of outflows is constituted by cold gas, as expected from SNe
explosions. The same can be said about inflows which are almost only cold. This happens for
two reasons, a signiﬁcant fraction of the inflows is composed by recyc]ed gas that was previ-
ously ejected from the disc and the majority of the outflows from the disc are cold. Also, the
CGM gas has to cool down in order to be accreted into the galactic disc. Therefore, the frac-
tion of warm and hot inflows is very low. The outflow and inflow rates have an up-and-down
trend but slightly tilted between each other: the ¢jected gas (peak in the outflow rate) is then
re-accreted onto the disc (peak in the inflow rate), circulating the gas between the disc and
the CGM. There are no huge differences changing the feedback implementation. The cosmo
simulation has a small peak around ¢ = 0 Gyr which decreases and then rises again reach-
ing to the maximum in the outflow rate at ¢ = 0.5 Gyr. The same happens in cosmo_feed2
and cosmo_weightv, whith cosmo_feed2 having slightly higher rates. In cosmo_weightm the
shape of the outflow rate is different, reaching a peak at ¢ = 1 Gyr, but the average values
are similar. The inflow rates is decreasing in all the simulations from a value & 30 Mg, yr™!

(= 35 Mg, yr~ ! for cosmo_feed2) ac the beginning of the simulations to ~ 10 Mg, yr™! after
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6.4. Small scale outflow/inflow rates
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Figure 6.6: Left panel: gas mass at R < 20 kpc divided in cold (blue), warm (grey) and hot (red).
Right panel: gas mass at R > 20 kpc divided in cold, warm and hot. In both panel the masses are
computed for the cosmo (solid line), cosmo_feed2 (dashed line), cosmo_weightm (dotted line) and
cosmo_weightv (dash-dotted line) simulations.

2 Gyr. An important quantity to look at is the net inflow rate. In the bottom panel of Fig-
ure 6.5, the net inflow rate (blue line) is compared to the SFR of the galaxy (green line). To
sustain the star formation of a galaxy over a long period of time the SFR and the net inflow
need to be roughly the same order of magnitude. In all 4 simulations a peak in the net inflow
rate is present in the first 0.5 Gyr, followed by a negligible net rate oscillating around 0 Mg,
yr_l.

Figure 6.6 shows the mass of gas in the CGM (left panel) and the mass of gas in the inner re-
gions of the CGM and in the galactic disc (right panel) for the cosmo (solid line), cosmo_feed2
(dashed line), cosmo_weightm (dotted) and cosmo_weightv (dash-dotted). The mass of gas
in the inner regions is monotonically slightly decreasing over time from & 2 x 10 Mg, yr™!
to & 10° Mg yr!. The cold gas is dominant with one order of magnitude more than the
warm gas (changing from ~ 2 x 108 Mg yr_l to~ 108 Mg yr_l in all the simulations). This
is indicating that the reservoir of gas in the disc is slowly consumed to form new stars owing
to the gas that is accreted from the CGM. The hot gas is the less massive component, with
only 2 x 10® — 5 x 107 Mg, the cosmo_feed2 simulation have almost two times the mass
with respect to the other simulations. In the right panel the mass at R > 20 kpc is displayed.
There is no significant difference between the 4 simulacions. The mass of the cold gas has a

fluctuating trend, increasing over time from 10® to 2 x 10® Mg, indicating that a fraction of
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outflows are traveling at these distances from the disc. Partially the oscillatory trend is also
due to the filamentary cold structure visible in Figure 6.2 rotating around the galactic disc.
The warm gas stays constant at & 10® M, whereas the hot gas decreases from & 108 Mg, to
~ 5 x 107 Mo,

6.5 Large scale mass, momentum and energy rates

In this section I analyze mass, momentum and energy rates for the 4 simulations, focusing
on differences arising from various stellar feedback implementations.

Figure 6.7 shows the mass outflow (solid lines) and inflow (dashed lines) races at 0.25r;, ~
160 kpc, as shown in the first row, for the simulations listed in Table 6.1. The rates are again
divided in cold (T" < 10* K, blue line), warm (10* < T' < 5 x 10° K, purple line) and hot
(T >5x10°K, light blue line) gas. As shown in Figure 6.5, the SFR decreases from 10 Mg
yr_1 to ~ 2 Mg yr_l over the 2 Gyr period. Starting with cosmo simulation (first column),
cold and warm gas dominate the outflow rate, with a significant contribution from hot gas
as well. Cold and warm outflow rates exhibit oscillatory behavior over time, with values be-
tween 1-5 Mg yr™ !, approximately the same order of magnitude of the SFR. Hot outflows and
inflows, though less variable, range from 2 Mg, yr=! to 1 Mg yr™!, ultimately contributing for
almost 50% of the total outflow rate at 0.257;, by the end of the simulation. Cold and warm
inflows are slightly lower than the outflows, maintaining rates between 1-4 Mg, yr_l. In the
cosmo_feed2 simulation (second column), outflow and inflow peaks appear similar to those
in cosmo, with a slight increase in the hot gas outflow. Comparatively, the cosmo_weightm
(third column) and cosmo_weightv (fourth column) simulations show minimal differences.

The second row of Figure 6.7 shows the energy rate (Eq. 6.2.8) as a function of time for the
same simulations and in the same range of temperatures. The energy rate varies between 10%
and 10 ergs™!. The picture that is outlined is very different with respect to the mass rates, in
this case the hot component is dominating the energy budget of the outflows with an energy
rate & 5 x 10* erg s™! declining over time. Hot inflows show a lower energy rate of & x 10
erg s~L This points out that the hot outflows are accelerated by the feedback processes in the
central galaxy. Warm and hot outflows have lower and similar values between 10%¢ and 104

erg s~ ! In cosmo_feed2, the energy of the hot outflowing gas is notably higher, at around
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Figure 6.7: First row: outflow (solid lines) and inflow (dashed lines) mass rates. Second row: outflow
(solid lines) and inflow (dashed lines) energy rates. Third row: outflow (solid lines) and inflow (dashed
lines) momentum rates. All the rates are divided cold (blue line), warm (purple line) and hot (light

blue line) gas for the cosmo (first panel), cosmo_feed2 (second panel), cosmo_weightm (chird panel)
and cosmo_weightv (forth panel) simulations.
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and inflow (dashed lines) momentum loading factor. All the loading factors are divided cold (blue

line), warm (purple line) and hot (light blue line) gas for the cosmo (first panel), cosmo_feed2 (second
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6.6. Summary

10% erg s™!, indicating that changes in the energy released from SNe significantly impact the
large scale energetics of the gas around the galaxy. The cosmo_weightm and cosmo_weightv
simulations have values similar to those seen in cosmo.

The third row displays the momentum rate as a function of time, computed as in Eq.
(6.2.7). Also in this case the dominant component is the hot gas, carrying most of the total
outflowing momentum, ranging from 9 x 10% to 3 x 10? Mg km s=! yr™%. This is because,
while hot gas has a lower mass, it has higher temperature and velocity. The inflowing gas has
values that are roughly half of the outflowing ones.

Figure 6.8 shows mass loadings (first row), energy loadings (second row) and momentum
loadings (third row) as a function of time. In the cosmo simulation the cold mass loading
(dark green) stabilizes around 0.5, with warm mass loading between 0 and 0.4. The mass
loading of the hot phase is & 0.2, consistent with findings from other simulations (Kim
ct al,, 2020), and as expected from superbubble evolution (Kim et al., 2019). The total mass
loading fluctuates from 0.2 to 1.4 with a more constant value around 1 in the last Gyr of the
simulation. These values are higher in cosmo_feed2, where the cold and hot mass loadings
have larger values, reaching almost 2 at 1.8 Gyr, indicating an outflow rate that is two times
the SFR. In cosmo_weightm exhibits a lower total mass loading. The second row displays the
energy loading, which is totally dominated by the hot component in all the simulations. This
component has an energy loading that increases from 0.06 to 0.1 in cosmo, cosmo_feed2 and
cosmo_weightv, whereas is constant at 0.7 in cosmo_weightm. The warm and cold energy
loading are under 0.01 in all the simulations.

The third row shows the momentum loading, also in this case the hot gas is the dominant

phase with values around 0.1 in most simulations, a]though s]ight]y lower in cosmo_feed2.

6.6 Summary

In this Chapter I presented an analysis of a Milky Way-like galaxy with a cosmological envi-
ronment simulated applying an innovative technique, which consists of first simulating the
ga]axy in a zoom-in cosmo]ogical simulation and then extracting it to run isolated simula-
tions while still maintaining the realistic environment. I run 4 different simulations varying

stellar feedback parameters in order to study how the quantity of energy injected and how
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it is distributed to the ISM is affecting the outflows structure. The main findings of this

Chapter are outlined below.

« I found that the gas surrounding the galaxy is a multiphase medium with a large range
of densities, temperatures and metallicities (Figure 6.4), deriving from the previous

evolution of the galaxy.

« Close to the disc (|z| = 2 kpc) outflow and inflow mass rates are prevalently cold
(10 — 20 Mg, yrfl)7 with low mass rates of warm and hot gas (< 6 Mg, yrfl). The net
inflow rate is sufficient to sustain the SFR in the first Gyr but becomes almost zero in

the last Gyr of the simulation.

« Looking at the outflows, I found that most of the mass at R = 0.25R,;, is carried by
the cold and partially by the warm phases, whereas the hot gas is transporting almost
all the energy and the momentum. This means that to realistically simulate outflows

both phases are necessary.

The results presented in this chapter are part of ongoing research and will be completed

in future work.
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Chapter

Summary and Conclusions

In this Thesis work, I have extensively studied gas circulation between the disc and the CGM
in star-forming galaxies and how this circulation affects their mutual evolution, both on
small and large scales. To analyze gas circulation, I made use of high-resolution hydrodynam-
ical N-body simulations of Milky Way-like galaxies with the inclusion of an observationally-
motivated galactic corona. To perform these simulations, I employed SMUGGLE, an explicit
ISM and stellar feedback model coupled with the moving-mesh code AREPO. After a de-
tailed discussion of the algorithms implemented in the AREPO code and a presentation of
the key features of the SMUGGLE model in Chapter 2, I have described, in Chapter 3, the
procedure to build a set of initial conditions for the hydrodynamical N-body simulations
analyzed in this Thesis that picture an equilibrium configuration for my multicomponent
galaxies containing a hot CGM. The remaining part of this Thesis is devoted to the investi-
gation of crucial aspects of the disc-CGM gas circulation. The main findings of this analysis

are outlined below.

+ In Chapter 4, I studied the gas circulation between the disc and the corona of star-
forming galaxies like the Milky Way. I find that the reservoir of gas in the galactic
corona is capable to entirely sustain star formation: the gas accreted from the corona
is the primary fuel for the formation of new stars, helping in maintaining a nearly
constant level of cold gas mass in the galactic disc. Stellar feedback generates a gas
circulation between the disc and the corona (the galactic fountain) by ejecting different

gas phases that are eventually re-accreted onto the disc. The accretion of coronal gas is
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promoted by its mixing with the galactic fountains at the disc-corona interface, causing
the formation of intermediate temperature gas that enhances the cooling of the hot
corona. I find that this process acts as a positive feedback mechanism, increasing the

accretion rate of coronal gas onto the galaxy (with an inflow rate of = 3 M yr_l).

+ In Chapter 5 I extended the resules of the previous Chapter studing gas circulation
on a larger sample of galaxies. I performed hydrodynamic N-body simulations of 9
different galaxies surrounded by a hot (1" ~ 109 K) CGM. Each simulation has a dif-
ferent structure of the gascous disc in terms of mass and scale length, which enables
a detailed study of how the dynamics of the gas can be affected by the disc structure.
My goal was to understand how gas in the CGM is accreted onto the inner regions
of the star-forming disc, making it available for the formation of new stars. Specifi-
cally, I explored the connection between stellar feedback and gas accretion from the
CGM in Milky Way-like galaxies, focusing on the distribution of vertical and radial
gas flows to and from the disc as a function of galactocentric radius, and I examined
the implications of these processes for the evolution of such galaxies. I found evidence
of a crucial link between stellar feedback processes and gas accretion from the CGM,
which together play an essential role in sustaining ongoing star formation in the disc.
In particular, the ejection of gas from the plane of the disc by stellar feedback leads
to the generation of a baryon cycle in which the CGM gas is preferentially accreted
onto the external regions of the disc (= 3 — 10 Mg yr_1 of gas is accreted over the
entire disc). From these regions it is then transported to the center with radial mass
rates & 1—4 Mg yr~! on average, owing to angular momentum conservation, forming
new stars and starting the whole cycle again. I found that both vertical accretion onto
the inner regions of the disc and the radial transport ofgas from the disc outskirts are

ncecessary to sustain star formation.

+ In Chapter 6 I employed an innovative technique which consists in running a cos-
mological zoom-in simulation and consequently extracting a small box containing the
ga]axy to run isolated simulations. In this way it is easier to change teedback parame-
ters in the simulations and to have a more computationally efficient simulacion while

still retaining the realistic cosmological environment around the galaxy. This realis-
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tic environment is found in the simulations, where a multiphase medium is present
around the galactic disc. I found that galactic outflows are a multiphase medium with
cold, warm and hot phases of gas. The cold phase is carrying most of the mass, not
reaching high distances from the disc, whereas the hot phase carries most of the en-
ergy and the momentum of the outflows, with higher velocities and lower masses that
allow this phase to reach high distances from the disc (R > 0.25R,;,). Therefore, to ac-
curately simulate outflows driven by stellar feedback, both the cold and the hot phases

are necessary.

My Thesis work could be expanded along different lines of research to reach a more com-
plete understanding of baryon cycle in galaxies. Below, I outline potential future directions

that could yield to a more comprehensive understanding of the processes involved.

« Impact of numerical resolution on the results. This remains an important aspect to
explore. While the simulations presented in this work achieve relatively high gas mass
resolution (10* Mg), key quantities like gas accretion rates may still be affected by nu-
merical diffusion, potentially leading to resolution-dependent resules (e.g. Armillotea
ct al, 2016). A detailed convergence study is necessary to assess the robustness of in-
flow properties, requiring simulations at multiple resolutions. A critical issue is the
mixing of gas phases, which is influenced by unresolved small-scale physics, affecting
inflow structure and efficiency. Higher resolutions could improve phase separation
and inflow realism. Previous SMUGGLE model tests (Marinacci et al., 2019) suggest
that global galaxy properties remain largely unaffected by resolution, but the behavior

of gas inflows and mixing processes still needs verification.

+ Inclusion of black hole feedback. The most straightforward progress would be the
implementation of Active Galactic Nuclei (AGN) feedback in my simulations. While
an implementation of AGN feedback is already available for SMUGGLE (Sivasankaran
etal,, 2022), its effects on the CGM have not been investigated in detail yet. Therefore,
simulations with a central supermassive black hole and the associated AGN feedback
can be run. Indeed, this type of feedback can influence the accretion dynamics of the
galactic corona by providing a source of heat for the coronal gas in the central regions

of the galaxy, potentially decreasing gas accretion and star formation in the center.
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+ Changing galaxy properties. Galaxies with different masses will be considered to ex-
plore the effect of the initial coronal temperature on its accretion onto the disc. Indeed,
the total mass of the galaxy determines the temperature of the corona. So, since more
massive galaxies have hotter coronae, the condensation and accretion of the coronal
gas onto the disc may become more difficule (Armillocta et al,, 2016). This could ex-
plain the dichotomy between spiral and elliptical galaxies, at a higher temperature the
disc-corona interaction mediated by galactic fountains become inefficient, effectively
quenching the star formation in the disc. Galaxies with different masses could be se-
lected from cosmological simulations, following the method outlined in Chapter 6, in

this way a realistic CGM will be associated with each galaxy.

« Inclusion of additional physics. Magnetic fields will be included, that could lead to
a different dynamics of gas and have an effect on the star formation efﬁciency and
feedback. Also, thermal conduction will be added because the strong temperature gra-
dients between the fountain clouds and the CGM make it an extremely important pro-
cess (Armillotea et al,, 2016). Theoretically, thermal conduction could be suppressed
by the presence of magnetic fields (Kooij et al., 2021), which can reduce the mean free
path of the electrons (that transfer most of the heat flux). Studying the effective range
of suppression will be an important step for understanding the effective accretion rate

of coronal gas.

This project thus provides a crucial step toward a deeper understanding of the complex
baryon cycle in star-forming galaxies like the Milky Way. By incorporating additional phys-
ical processes and refined parameters, this framework not only offers a coherent picture of
the formation and evolution of such galaxies but also opens avenues for future studies to ex-
plore galaxy evolution across a diverse range of galactic environments and masses. Ultimately,
these insights could help bridge the gap between simulated and observed galaxy properties,
advancing our grasp of the dynamic interplay between the CGM and galactic discs and how

it fuels, regu]ates, or quenches star formation across cosmic time.
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