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Summary of the thesis

In this thesis, we investigate the evolution of dust mass and chemical composi-
tion in different galaxies by means of detailed chemical evolution models which
account for the presence of dust. We present a new model (Gioannini et al.,
2017a), in which we adopt updated prescriptions for dust formation in Asymp-
totic Giant Branch (AGB) stars and Type II SNe (Piovan et al., 2011; Dell’Agli
et al., 2017), as well as for dust processes in the interstellar medium (ISM), i.e.
dust accretion and destruction (Asano et al., 2013). We relax the instantaneous
recycling approximation and therefore we take into account stellar lifetimes.
In this way, we can predict in detail the evolution of the abundances of single
elements both in the dust and in gas phase of the ISM, and distinguish the
contributions from different sources during the galactic time.
We study the dust evolution in galaxies of different morphological type, i.e.
dwarf irregulars, spirals, Milky Way-type and ellipticals: our model has proven
to be very useful to study various dust properties in these galaxies, such as dust
mass, dust-to-gas (DG) ratio and chemical composition. In our approach, the
main difference between galaxies is the star formation history: in ellipticals it
is assumed a very fast and intense star formation rate, and this rate decreases
going towards spirals, irregulars and smaller galaxies.
First, we compare our model predictions for a typical dwarf irregular galaxy
with chemical abundances measured in Damped Lyman Alpha (DLA) systems
(Wolfe et al., 1986, 2005). After having reproduced the abundances of volatile
elements S and Zn (unaffected by the presence of dust), we study the depletion
patterns of refractory elements (Si and Fe), which tend to be incorporated in
the dust phase. Our study suggests that Fe and Si undergo a different history of
dust formation and evolution. We show evidences that Fe is mainly incorporated
into iron-rich solid nano-particles, which may form by dust growth in the ISM.
This dust component has never been taken into account in previous models. We
also provide a new method, based on DLA column density measurements and
the ratio between volatile and refractory elements, to give for the first time an
estimate of the chemical abundance ratios inside dust grains. In this way, we
try to disentangle the main dust constituents and predict their evolution: in
particular, we focus on the fraction between silicates and metallic particles and
between pyroxenes and olivines.
Concerning the Milky Way, we present the evolution (in space and time) of
the DG ratio in the context of the galactic habitable zone (GHZ), defined as
the region with highly enough metallicity to form planetary systems capable
of sustaining life (Gonzalez et al., 2001). In this study, we provide theoretical
prescriptions of the DG ratio and metallicity for models of planetary systems
formation (Spitoni et al., 2017).
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Then we focus our study on high redshift elliptical galaxies, and we try to disen-
tangle the responsible processes for the sudden appearance of metals and dust
observed in those objects. The first metals and dust appear very early since
they are both produced by short living massive stars (core-collapse SNe), on the
time-scales of few tenths of million years. In their initial burst of star formation,
the metallicity can attain almost a solar value after one hundred million years
and the same is true for dust, to which also AGB stars contribute on time-scales
equal or larger than 30 million years.
Finally, we study the cosmic dust rate (CDR) across the Universe by assum-
ing that the cosmic dust abundance results from the contribution of galaxies
of different morphological type averaged in a unitary volume of the Universe
(Gioannini et al., 2017b). These galaxies are assumed to evolve in number den-
sity according to their weight in the luminosity function at different redshifts
and different cosmological scenarios (Vincoletto et al., 2012; Pozzi et al., 2015).
Parallel to the CDR we compute the cosmic star formation rate (CSFR) as
well as the cosmic rate of metallicity. Our predictions are extreme important
to understand the roles of dust production, accretion and destruction in the
CDR evolution. Our best scenario predicts a dust rate peak between 2 < z < 3
and reproduce the observed CSFR. Eventually, we estimate the comoving dust
density parameter Ωdust and we find a good agreement with data for z<0.5.



Chapter 1

Introduction

Light is the most important source in Astrophysics and it is the only media-
tor we have to obtain information about astronomical objects outside the Solar
System (except for the recent detections of gravitational waves, e.g. Abbott
et al. 2016; The LIGO Scientific Collaboration et al. 2017; The LIGO Scien-
tific Collaboration & The Virgo Collaboration 2017). In the interstellar and
intergalactic medium, dust always modifies the light coming from background
sources, and therefore we constantly must correct observations to perform a
truthful interpretation of the Universe. In this way, the best we know dust the
most accurate information of the Universe we can have.

The first evidence for the presence of interstellar dust was performed by
Struve (1847), when he noticed that star counts appear to decrease with in-
creasing distance from the Earth. Kapteyn (1909) suggested that this effect
could arise from the light absorption of the intervening material located between
stars. It was Robert Trumpler who first discovered the wavelength dependent
absorption of the light, called “extinction”, and concluded that it was caused by
the scattering and absorption by material made of solid grains in the interstellar
medium (ISM) (Trumpler, 1930).

When Astronomy was mainly conducted at optical wavelength, dust was
considered as an annoying component, an obstacle to our understanding of the
Universe. However, in the last decades this field of study has become extremely
important, as dust it is involved in a great variety of physical processes. In fact,
dust absorbs the ultraviolet (UV) stellar light and re-emits in the infrared (IR)
band (Draine & Lee, 1984; Desert et al., 1990; Witt & Gordon, 2000; Calzetti,
2001) and it deeply affects the spectral energy distribution (SED) of galax-
ies (Silva et al., 1998; Granato et al., 2000); dust depletes metals from the gas
phase of the ISM and therefore modifies its chemical composition (Vladilo, 2004;
Jenkins, 2009); furthermore, dust grains are the catalysts for the formation of
molecular hydrogen and on their surfaces many chemical reactions increase the
chemical complexity of the ISM (Hollenbach & Salpeter, 1971; Mathis, 1990;
Petitjean et al., 2000; Hirashita, Hunt & Ferrara, 2002); dust is involved in the
star formation process: in fact, the emission of vibrational-rotational lines by
molecules leads to the formation of molecular clouds, the densest and the cold-
est regions of the ISM, where the physical conditions lead to the formation of
new stars (e.g. Abel et al., 2002; Matsuda et al., 1969; Nakamura & Umemura,
2002; Hirashita & Ferrara, 2002); dust grains are also involved in the formation
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of planetary systems: in fact, according to the accretion theory, dust grains in a
proto-planetary disc coagulate into clumps that eventually collide forming larger
bodies (planetesimals) and then planets (e.g. Safronov & Zvjagina, 1969; Pol-
lack et al., 1996; Dullemond & Dominik, 2005). To conclude, dust grains could
potentially be the precursor of life on Earth: based on the theory of panspermia,
dust grains might act as the carriers of microbiological life in the ISM (Wick-
ramasinghe, 2011), because of their ability in shielding complex molecules from
the ionizing effect of ultraviolet radiation emitted by stars (Brown et al., 1995).

The study of interstellar dust represents an exiting and challenging area of
current Astronomy. In the next Sections we provide an overview on the general
properties of dust particles.

1.1 Dust in the Interstellar medium

The presence of dust is associated to different scales in our Universe and it has
been detected in different astronomical objects. The zodiacal light witnesses the
presence of dust particles in our Solar system, and a direct collection of dust
grains have been performed by space missions, such as by Ulysses, Galileo and
Stardust spacecrafts (Grun et al., 1993; Baguhl et al., 1996; Landgraf et al.,
1999; Altobelli et al., 2005). Beyond the Solar system, thermal emission of light
has been detected in the different stellar cold envelopes, indicating that dust
can be efficiently produced by stars. At Galactic scales, the presence of dust
in the Galactic plane is responsible for the high disk extinction when observ-
ing towards the Galactic center, whereas this effect decreases for observations
at higher latitudes. Despite high-resolution observations achievable in the lo-
cal galactic environment, our location in the Milky Way complicates the global
study of interstellar and circumstellar dust, because of several uncertainties
about distances (Zhukovska & Henning, 2013). Therefore, the study of dust
properties in local galaxies such as Andromeda galaxy (see Fig. 1.2) or the
Magellanic Clouds avoid these complications (e.g. Meixner et al., 2006, 2013;
Schneider et al., 2014; Dell’Agli et al., 2015) and allows to study how dust dis-
tributes inside galaxies (e.g. Bocchio et al., 2016; Casasola et al., 2017). Far
from the Local Universe, high quality observations carried out using satellites
and ground based telescopes have shed light on the nature and composition of
the dust in high-redshift galaxies, between 5 < z < 9 (e.g. Carilli et al., 2001;
Draine, 2003; Cooray et al., 2014; Maiolino et al., 2015; Watson et al., 2015).
The detection of dust masses in these objects has raised a fundamental question
on the origin of dust (Dunne et al., 2003; Santini et al., 2014; Valiante et al.,
2014; Popping et al., 2016; Calura et al., 2017). In fact, at such high redshifts,
the Universe is relatively young, suggesting that dust formation has to occur on
short time-scales (e.g. Morgan & Edmunds, 2003; Maiolino et al., 2004; Santini
et al., 2010; Galliano et al., 2011; Valiante et al., 2011; Rowlands et al., 2014).

In summary, dust has been detected in various environments both in the
local and in high redshift Universe and it is widely studied both in the local
framework as well as in the cosmological context (Bekki, 2013; McKinnon et al.,
2016; Popping et al., 2016). Grain properties have been determined from many
kinds of observations such as infrared continuum emission, depletion patterns
in the ISM (Jenkins, 2009), isotopic anomalies in meteorites (Gail et al., 2009)
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and extinction curves (Aguirre, 1999). In the next Paragraph, we summarize
the main properties of interstellar dust and we discuss some of the main studies
adopted to cast light on the nature of dust grains.

1.1.1 A picture of interstellar dust

Since its discovery in the first decades of the XX century, interstellar dust has
been a major topic in observational studies, and many models has been advanced
to explain its properties. One of the first attempts in dust modeling suggests
that metallic particles might be the responsible for the diffusion of starlight by
interstellar matter (Schoenberg & Jung, 1934). Then, a “dirty ice” model for
dust was proposed by Oort & van de Hulst (1946) by studying the physical
processes occurring in the cold ISM. In the following decades, an alternative
model for dust material has been advanced to explain the near-IR extinction:
in this model, silicate and graphite grains with or without ice mantles were
suggested (Hoyle & Wickramasinghe, 1962; Wickramasinghe, 1963, 1970). The
presence of carbon in form of graphite grains was strengthened by the UV bump
extinction observed at 2175 Å (Stecher & Donn, 1965), even its nature is still
under debate.

The model suggesting graphite grains along silicates has been the most suc-
cessful one and it has put the basis for all the subsequent theories and exper-
iments. Mathis et al. (1977), advanced a more detailed description of silicate
grains, preferentially made of olivine-type material (Mg-rich), to fit the extinc-
tion curve of the ISM. All the following models have been fine tuned in order
to explain observations (Draine & Lee, 1984), and other dust components were
added such as Polycyclic Aromatic Hydrocarbon (PAH) molecules (Desert et
al., 1990; Draine & Li, 2007; Siebenmorgen et al., 2014) and amorphous carbon
grains (Zubko et al., 2004; Galliano et al., 2011).

In this way, we inherited a general picture of interstellar dust which is com-
posed by a mixture of “astronomical” silicates, graphite/amorphous carbons and
polycyclic aromatic hydrocarbons separated in the ISM. This idea of interstellar
dust is the most widely and accepted one in the Astronomical community (Hoyle
& Wickramasinghe, 1969; Mathis et al., 1977; Draine & Lee, 1984; Desert et al.,
1990; Li & Draine, 2001; Draine & Li, 2007).

However, this picture is far away to give a complete explanation of the real
composition of interstellar dust. First of all, it is unlikely that such three dif-
ferent dust species are separated in the ISM. In fact, given the turbulent nature
of the ISM and the evidence that depletions of the dust-forming elements vary
significantly and differentially (e.g. Routly & Spitzer, 1952; Crinklaw et al.,
1994; Savage & Sembach, 1996; Jones, 2000; Welty et al., 2001; Jenkins, 2009;
Parvathi et al., 2012), it is difficult to justify how the different dust materials
could remain distinct. The cycling of gas and dust through different ISM phases
naturally requires that the dust materials become mixed into inhomogeneous as-
semblages. The mixing grains could be in the form of a dusty core made up of
silicates and graphite with a mantle of ice (Wickramasinghe, 1963). Secondly,
this composition strongly depends on the physical conditions of the ISM and the
properties of dust may be different from one region to another. For example,
the dust in the diffuse interstellar medium, molecular clouds, photo-dissociation
regions and HII regions is not exactly the same but exhibits important evolu-
tion within and between these regions (e.g. Fanciullo et al., 2013; Jones, 2013,
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2014). An understanding of these evolutionary and regional variations exhibited
by dust is now critical.

For this reason interstellar dust should be considered as a variable component
of the ISM rather than “static”. The circumstellar environments of evolved stars
represent the sites where cosmic dust comes from, producing materials of silicate
and carbonaceous type, i.e. the most important populations of dust species in
the Universe. A wide range of stars is believed to contribute to dust produc-
tion. In particular, low and intermediate mass stars (1.0M� ≤ M∗ ≤ 8.0M�)
produce significant amount of dust during the Asymptotic Giant Branch (AGB)
phases (Ferrarotti & Gail, 2006; Gail et al., 2009; Ventura et al., 2012; Dell’Agli
et al., 2017). On the other hand, massive stars (M∗ ≥ 8.0M�), exploding as
core-collapse supernovae (SNe) are responsible for the production of dust, even
it is not yet clear how much of the formed dust can survive to the destruction
process during the passage of the reverse shock after the explosion (Todini &
Ferrara, 2001; Bianchi & Schneider, 2007; Bianchi et al., 2009; Hirashita et al.,
2014; Bocchio et al., 2014; Schneider et al., 2014). Stellar winds eject these dust
particles in the ISM, and then, dust experiences lots of processes, which can
decrease or increase its mass (Ferrarotti & Gail, 2006; Zhukovska et al., 2008).
Thermal sputtering, evaporation in grain-grain collision, thermal sublimation or
desorption are some examples of destruction processes, but the most important
mechanism for cycling dust back to the gas phase resides in supernova shocks
(Dwek & Scalo, 1980; McKee, 1989; Jones et al., 1994). On the other hand,
grain growth by dust coagulation and metals accretion onto preexisting grains
increases either the dust mass or size and preferably occur in molecular clouds
(Liffman & Clayton, 1989; Hirashita, 2000; Asano et al., 2013). These clouds are
the sites where stars form and where new production of dust occurs. All these
processes together give rise to the so called “dust cycle” (see Fig. 1.1). Unfortu-
nately, in spite of much observational and theoretical effort, large uncertainties
are still present in the exhaustive comprehension of dust production, accretion
and destruction.

The accretion and destruction processes in the ISM can also modify the grain
dimension or even change the chemical composition. The typical life-time of a
dust grain is assumed to be ∼ 108yr, similar to the life-time of a molecular cloud
(Oort & van de Hulst, 1946; Dwek, 1998), even if the destruction time-scales
may vary for grains of different sizes (e.g. Hirashita et al., 2016).

The size distribution of the grains is another fundamental characteristic of
dust and depends on various processes. In fact, dust destruction in the ISM by
shocks or shattering (grain disruption due to grain-grain collision) decreases the
grain size, whereas the condensation of gas-phase metals onto pre-existing dust
grains or coagulation (sticking of grains) enhances the ISM of larger grains. The
size of interstellar grains is usually inferred by models to match the observed
extinction curve, independent from the assumed chemical composition. A first
semi-empirical power law for the distribution was performed by Mathis et al.
(1977), in a grain radius (a) range between 0.001-0.25 µm. Hirashita (2015)
calculate the evolution of this distribution in the context of a theoretical study.
In that study, the approximation of the grain distribution in two population,
one of large grains (a > 0.03µm) and one of small grains (a < 0.03µm), is useful
both in predicting observational properties of the extinction curve and in the
understanding of the chemical reaction rate in the grain surface.
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Figure 1.1: A cartoon representing the cycle of the dust in the interstellar
medium.

All the studies in the last Century have led to the discovery of large prop-
erties and constraints of interstellar dust grains. However, the number of open
questions is more than the answers, and a lot of work is still necessary to increase
our understanding of cosmic dust.

1.1.2 Dust observations and properties

Dust is composed by particles ranging sizes from ∼ 10µm down to molecules
containing tens of atoms ∼ 10nm. The dust extinction consists in the light ob-
scuration of background objects. The light attenuation is wavelength-dependent
and it is determined by the grain size distribution: the extinction tends to be
larger in the blue than in the red wavebands, and therefore dusty environments
appear redder than dust-poor ones (reddening phenomenon). Dust extinction
therefore plays a crucial role in the observation of the Universe.

Our understanding of dust composition comes from the analysis of the spec-
tral features observed in extinction curves, scattering and thermal emission by
interstellar grains. Direct analysis of dust grains is accessible from meteorites
(Kissel et al., 1986; Clayton & Nittler, 2004; Messenger et al., 2013) or by the col-
lection of incoming grains in the atmosphere of the Earth by stratospheric-flying
airplanes (Sandford, 1987), even if these grains are subject to severe selection ef-
fects and cannot be considered representative grains of the ISM (Draine, 2003).
However, despite the huge amount of data we have collected, we are far away
to have a model able to explain the real composition of dust (Jones, 2013)

The study of the extinction curve is one of the most important to con-
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Figure 1.2: The Andromeda Galaxy, as it appears in the optical (upper panel)
and in the sub-millimeter wavelengths (bottom panel). Credit: Kitt Peak Na-
tional Observatory

strain the properties of the interstellar dust. In fact, the features in the ex-
tinction curve change with the composition and the size distribution of the
grains. The extinction depends on the wavelength λ and it is defined as Aλ =
2.5 log10(F 0

lambda
/Fλ), where Fλ is the observed flux and F 0

λ is the flux in the
absence of extinction (Draine, 2003). Usually, the reference flux is constrained
by the observation of a star (or a general astronomical object) that has a neg-
ligible foreground dust (the pair method). As we have already pointed out, the
net effect of extinction is to decrease (obscure) the luminosity of background
sources in the UV/optical band and increase the emission in the infrared and
sub-millimeter wavelengths. In this way, one of the most simple evidences of the
presence of dust is the observation of the reddening of an astronomical object.
For instance, in Fig 1.2, we show an image of Andromeda galaxy, as seen in the
optical and in the sub-millimeter wavelengths. The contribution to the optical
light is mainly provided by stars in the galaxy, whereas the sub-millimeter one
is mainly caused by dust emission. The black features observable in the optical
match with the presence of dust: in fact, these observed regions correspond
to the emission in the sub-millimeter image, and this effect is caused by the
absorption and re-emission of the stellar light by dust.

The extinction curve does not shape in an only-one way and it varies de-
pending on the line of sight and in different astronomical objects. This suggests
that dust may vary depending on the physical conditions of the ISM. As an
example, in Fig 1.3 we show the extinction curves of the Milky Way and the
Magellanic clouds. The Milky Way curve shows a broad peak corresponding
to the wavelength of 2175 Å, where it reaches a local maximum and then it
decreases: the nature of this “2175 extinction bump“ it is not completely un-
derstood, but it has been associated to the presence of grains of carbonaceous
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Figure 1.3: Extinction A(λ) normalized to the extinction in the V-band A(V )
as a function of λ−1. The extinction curves represent the ones of the Milky
Way (MW) and the Magellanic Clouds (SMC and LMC). RV is defined as
RV = AV /E(B − V ), namely ratio between the extinction in the V-band and
the color index (B-V). Credit: Gordon et al. (2003)

type, i.e. carbonaceous grains (graphite or large Polycyclic Aromatic Hydrocar-
bon molecules, PAHs). On the other hand, the extinction curve of the Small
Magellanic cloud is smoother than the previous one and linearly increases with
∼ λ−1. In the case of the SMC, the extinction bump is not visible and the
visible trend can be reproduced by models which lack of small carbonaceous
grains (Weingartner & Draine, 2001).

The observations in the IR or in the far-infrared (FIR) wavebands directly
allow one to detect the dust thermal emission. By approximating the emitting
dust energy with a blackbody, is possible to estimate the mass of the dust by
the observed SED of a galaxy. This technique is one of the most adopted to
constrain dust masses in galaxies, even if it is affected by several uncertainties
(Jones, 2014; Galliano et al., 2011). In fact, the constraints on dust properties
strongly depend on the adopted model and assumptions to fit a SED: the mi-
croscopic properties of the grains are still poorly known and Zubko et al. (2004)
demonstrated an important degeneracy by presenting complete fits of the same
data set, with five different dust compositions; the UV to millimeter (mm)
opacities are sensitive to the grain composition, which is derived from sparse
constraints including astrophysical features, laboratory spectra of analogs of in-
terstellar dust materials, and theoretical solid state physics (e.g. Weingartner &
Draine, 2001); furthermore there may be variations in the grain properties as
functions of the physical condition of the environment, i.e. the effect of dust de-
struction in HII regions (e.g. Madden et al., 2006), the coagulation of dust grains
in dense regions (e.g. Stepnik et al., 2003; Berné et al., 2007), the evolution of
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dust abundances with the metallicity of the ISM (e.g. Galliano et al., 2005) and
the transition from amorphous to crystalline dust (silicates) observed in proto-
stars (e.g. Hallenbeck et al., 2000; Poteet et al., 2011). These uncertainties can
be misleading and may lead to inaccurate constraints on the properties of dust,
especially when considering the whole integrated SED of a galaxy (Galliano et
al., 2011). For instance, Rémy-Ruyer et al. (2014) adopted two dust models
which assume two different compositions of carbon-rich dust, one with graphite
and another one with amorphous carbonaceous grains: both models are able to
fit the observations, but provide estimated dust masses which differ by a factor
of 2.5. Furthermore, the dust emissivity in dense clouds is different from that
in the diffuse interstellar medium (Martin et al., 2012; Ysard et al., 2012). In
this way, different regions would have different SEDs, and therefore is essential
to consider each peculiar environment in these analysis (Fanciullo et al., 2013;
Jones, 2013).

The study of the Universe in the IR-window has made a breakthrough thanks
to Herschel Space Observatory satellite, launched in 2009 (Pilbratt et al., 2010).
It was the largest telescope ever sent into space and it was designed primarily
to observe in the FIR (50µm ≥ λ ≥ 200µm) and sub-millimeter wavelengths
(200µm ≥ λ ≥ 1000µm). Herschel stopped its operations in 2013, but its data
remain of fundamental importance in the study of dust when combined to other
surveys. In fact, in order to study dust properties from the SED of galaxies,
data in a wide waveband of the electromagnetic spectrum are needed. In this
way, it is possible to estimate the amount of emission absorbed by dust at
UV wavelengths and the re-emitted in the FIR and sub-millimeter (e.g. Silva
et al., 1998). DustPedia group1 (Davies et al., 2017) is now actively in this
kind of study: they take advantage of various surveys that operate at different
wavelengths such as the Wide-field Infrared Survey Explorer (WISE Wright et
al., 2010), the Herschel Space Observatory, the Plank mission or the Galaxy
Evolution Explorer (GALEX), and started an ambitious project which aims at
measure the complete UV-mm spectral energy distribution of a large sample of
galaxies (> 1000) of different morphological type.

Beyond orbiting satellites, the Atacama Large Millimeter/sub-millimeter Ar-
ray (ALMA) is a very important instrument able to provide ground based high
resolution millimeter and sub-millimeter measurements. The array is composed
by 66 antennas and achieves interferometric measurements on a maximum base-
line of 16 Km. The high spatial resolution and sensitivity of ALMA is unachiev-
able by current orbiting telescopes and it has proved to be very useful for the
study of the molecular complexity in the ISM and for the detection of dust in
high redshift galaxies.

Dust properties are influenced by the physical condition of the ISM and
therefore is extremely important to know the best we can the environment in
which dust is located. A study of the chemical composition of the ISM can be
useful to constrain the composition of dust grains. The chemical composition of
the ISM is inferred from spectroscopic measurements in the UV/optical: light
coming from a background source is absorbed by atoms that reside in the inter-
vening medium and provokes an absorption feature in the spectrum. However,
this physical phenomenon only reveal the composition of the gas phase of the

1http://www.dustpedia.com/
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ISM, leaving undetected the elemental particles embedded in the dust phase.
Because the atoms locked into dust are not detected, the measured abundances
appear to be depleted. Jenkins (2009) presented the systematic patterns for the
depletion of 17 elements along 243 different sightlines. He defined the logarith-
mic depletion of an element as the difference between the reference abundance
and the observed one:

(Xgas/H)dep = log

(
N(X)

N(H)

)
obs

− log
(
X

H

)
ref

, (1.1)

where N(X) is the column density of an element X, N(H) is the total hydrogen
abundance and the last term on the right side of the equation represents the
reference abundance ratio. The reference value can be associated to the Solar
elemental abundances (e.g. Anders & Grevesse, 1989; Lodders, 2003; Asplund
et al., 2005, 2009), even in this case it is implicitly assumed that the observed
abundances should reflect the ones of the Solar neighborhood. However, different
galaxies have different metallicities and chemical composition, and therefore the
elemental depletion can be calculated using as reference abundances the ones
predicted by chemical evolution models, rather than the Solar values (Vladilo
et al., 2011).

It is not simple to assert what does cause elemental depletion, but there are
some evidences that prove its connection with dust. One is that high deple-
tions are observed in high density environments, where dust is self-shielded and
can more easily grow (Snow et al., 2002; Jenkins, 2009). Another one is that
some elements are more depleted than others, as expected on the basis of their
condensation temperature (Field, 1974; Savage & Sembach, 1996). The conden-
sation temperature Tc of a chemical compound is defined as the temperature
at which 50% of the element has been removed from the gas phase because of
condensation (e.g. Lodders, 2003). An element with a relative high Tc is called
“refractory” (such as Si, Mg and Fe), whereas one with a lower Tc is called
“volatile” (such as Zn, S or P). Refractory elements are the ones with larger de-
pletions and therefore associated to the elements that compose dust grains. In
this way, depletion studies are fundamental because can constrain the elemental
composition of interstellar dust (stoichiometry); from these studies emerge that
dust composition is dominated by C, O, Si, Mg and Fe elements.

Si and Mg elements represent two of the major constituents of silicates, and
their depletion can give an idea of the total fraction of silicate-type dust (e.g.
Kemper et al., 2004; Ueda et al., 2005; Voshchinnikov & Henning, 2010). Fe is
another fundamental element locked up in silicates, even though its high deple-
tion factor suggests that it may be incorporated in other dust species, composed
by metallic particles (e.g., Wickramasinghe & Wickramasinghe, 1993; Dwek,
2004; Sofia et al., 2006; Voshchinnikov & Henning, 2010; Draine & Hensley,
2012, 2013; Dwek, 2016). Unfortunately, elemental depletions do not provide
any information about the chemistry and grain mineralogy (Jones, 2014).

A way to probe the reliability of grain models is to compare laboratory
measurements with astronomical observation. Measurements on laboratory ana-
logues of interstellar silicates have been performed at the FIR and sub-millimeter
wavelengths, which enable us to better constrain the properties of interstellar
dust (e.g. Agladze et al., 1996; Mennella et al., 1998; Boudet et al., 2005; Cou-
peaud et al., 2011).
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Nowadays, new development on the X-rays facilities can improve even more
our understanding of dust composition. Astronomical observations in the X-rays
wavebands (>600 eV or <2 nm) are very important to constrain the composi-
tion of dust grains. If an X-ray emitter is located behind a layer of dust, its
radiation will be absorbed and at the same time scattered at small angles, into
the direction of the observer (Overbeck, 1965). Through the analysis of the
absorbed spectrum, many informations are achievable such as the chemistry of
dust, the depletion in the ISM, the distribution and the abundances of the dust
grains along the line of sight (Costantini et al., 2005). The ESA XMM-Newton
and NASA Chandra missions marked the beginning of a new investigation in
X-ray astronomy in the study of interstellar dust (e.g. Yao et al., 2003; Smith et
al., 2006; Tiengo et al., 2010). Furthermore, future X-ray missions (e.g. Athena)
will enhance the sensitivity at harder X-rays (E>1keV) and will be able to study
in detail the dense environment through the Galactic center.

Historically, X-rays observations has been used to provide quantitative tests
on the interstellar grain models (Draine, 2003). However current laboratory
measurements are compared with astronomical data by using synchrotron emis-
sion on material samples of similar composition of interstellar dust, helping in
the determination of the real composition of these grains (Zeegers et al., 2017).

1.2 Computing dust evolution in the ISM through
chemical evolution models

The evolution of chemical abundances is fundamental to understand the evolu-
tion and the formation of galaxies.

The chemical composition of stars indicates the composition of ISM at the
time of their birth. These chemical signatures can be seen as “astronomical fos-
sils”, which inform us on how the chemical composition has changed during the
history of a galaxy. In the field of Astroarcheology, chemical evolution models
study the evolution of galaxies from these observables. In fact, the abundances
of the main chemical species in stars and diffuse gas represent a key tool to re-
construct the evolution of galaxies. The abundance ratios of different elements,
the radial distribution of the metallicity or the different chemical composition
in galaxies of different morphological type can be explained by different star
formation histories (SFHs) (Matteucci, 2001; Pagel, 2009; Matteucci, 2012).

The primordial chemical composition is defined as the composition of the
ISM during the Big Bang, before the formation of stars and galaxies. Following
the Big Bang, the physical conditions of the Universe did not allow the formation
of all the elements we observe at the present time. In the Big Bang only light
elements formed (such as hydrogen, deuterium, helium and a very tiny fraction
of lithium), because the temperature rapidly decreased as a consequence of the
expansion of the Universe, making the formation of heavier elements impossible.
All the elements with A ≥ 12 starting from carbon to uranium and beyond have
been synthesized inside the stars and their sum in Astronomy is called metallicity
and indicated with capital Z.

After the formation of a star in the ISM, nuclear reactions in its internal
regions of the star modify the chemical composition of the gas. Furthermore,
during their life, stars expel in the ISM part of their mass, containing new and
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old elements. Depending on stellar properties (mass and metallicity), different
type of stars eject different quantities of masses (from a small fraction to almost
their total mass) with different chemical features and on different time-scales
(Woosley & Weaver, 1995; van den Hoek & Groenewegen, 1997; Kobayashi et al.,
2006; Karakas, 2010; Nomoto et al., 2013). For instance, low and intermediate
stars (0.8 ≤M/M� ≤ 8.0) have typical life-times >30 Myr and mainly produce
He, C and N (plus some CNO isotopes and s-process elements, A>90), whereas
massive stars (8 ≤ M/M� ≤ 40), which have shorter time-scales ≤ 30Myr
mainly produce α-elements (O, Ne, Mg, Si, S, Ca) and some Fe-peak elements.
As time passes by, more and more stellar generations succeed to one another
and the new ones form out of gas enriched in heavy elements by the previous
generations. In this way, stars transform the chemical composition of the ISM
and play the most important role in the chemical evolution of galaxies. This is
what we intend for “chemical evolution”.

The history of star formation is one of the main drivers of chemical evolution
since the number of stars formed (the star formation rate) and the distribution
of stars as a function of their mass (the initial mass function) are regulating the
rate of chemical enrichment at any cosmic time. Models of chemical evolution of
galaxies aim at reproducing the abundance patterns in stars and gas and since
they strongly depend on stellar nucleosynthesis, SFH and possible gas flows in-
wards and outwards, we can reconstruct the history of formation and evolution
of galaxies by studying their chemical abundances. The well-known diagram
abundance ratios vs. metallicity ([Fe/H]) depends on stellar nucleosynthesis
but also on the star formation history of the peculiar galaxy (e.g Matteucci &
Brocato, 1990; Ballero et al., 2007; Lanfranchi & Matteucci, 2010; Romano et
al., 2010; Matteucci, 2012; Vincenzo et al., 2014): this allows us to identify a
galaxy type by its abundance pattern and also to reconstruct the star formation
rate and the formation time-scale (Matteucci, 2012).

Chemical evolution models have been widely adopted to study the properties
of dust in the ISM. In fact, these models study the evolution of the metal content
in a galaxy, which represents the main constituent of dust grains.

To compute the evolution of dust in galaxies one needs to compute first the
evolution of metals in the ISM. It is of great importance to follow the evolution
of the abundances of the main metals (C, N, O, Mg, Si, S, Ca, Fe, Ni, Zn) in
galaxies and in parallel to compute the evolution of dust which is composed
of the refractory elements such as Si, Mg, Fe and to a lesser extent C and
O. An advantage of this approach is that it naturally includes constraints on
the elemental abundance of the interstellar dust mixture, which is necessary
to study the variation of its amount and chemical composition. In this way,
chemical evolution models are not only important to constrain the formation
and evolution of galaxies, but they also play a key role in the study of the
interstellar dust.

Dwek & Scalo (1980) developed a model of the life cycle of refractory grains
in the solar neighborhood, by including the main processes of the dust cycle,
i.e. dust destruction and dust growth in the ISM. This model, based on the
chemical evolution of the Milky Way, has been the first one that accounted for
global processes such as the star formation and galactic inflows and outflows to
study the dust content. Later on, Dwek (1998) adopted the same approach of
Dwek & Scalo (1980) and studied the evolution of dust at Galactic scale. He
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presented the elemental abundances both in the gas and the dust phase of the
ISM of the Galaxy and compared them with the observed elemental depletion in
the solar neighborhood. Since these pioneering works, significant progress has
been made concerning dust properties, both in theory and in observations, and
nowadays new theoretical prescriptions about dust processing have appeared in
more recent papers (Inoue, 2011; Piovan et al., 2011; Asano et al., 2013; Hi-
rashita, 2013; Mattsson, 2015). Beyond the Milky Way, other works focused on
the study of other objects, such as the dust evolution in late-type dwarf galax-
ies and the Large Magellanic Cloud (Zhukovska, 2014; Zhukovska & Henning,
2013). Calura et al. (2008) studied the dust evolution in galaxies of different
morphological type: they made the same assumptions of Dwek (1998) about the
processes producing and destroying dust, and investigated how different SFHs
influence the evolution of some dust properties such as the total mass, the ele-
mental depletion, the dust-to-gas ratio and the dust-to-metal ratio. Zhukovska
et al. (2008) developed a model for calculating the chemical evolution of the
Milky Way disk and the dust content of the interstellar medium. At variance
with Dwek (1998) and Calura et al. (2008) they adopted different dust prescrip-
tions concerning the dust formation by stars: concerning AGB stars they used
Ferrarotti & Gail (2006) prescriptions, who combine synthetic AGB evolution
models with models for circumstellar dust shells that include dust formation in
the stellar wind; for Type II SNe, they provide new dust yields by the study of
the observed abundances of pre-solar dust grains.

In these models, the evolution of interstellar dust is incorporated in one-zone
model of the chemical evolution of galaxies, and consider dust properties aver-
aged over the whole galaxy. Zhukovska et al. (2016) developed a new model
with the inclusion of hydrodynamical simulations and able to follow the dust
evolution in galaxies in a multi-phase inhomogeneous ISM. Hydrodynamical
simulations are often used beside chemical evolution models to include the com-
plex physical processes occurring in the different phases of the ISM (e.g. Bekki,
2013; Zhukovska et al., 2016; Aoyama et al., 2017).

Chemical evolution models have become more and more important in the
study of the elemental depletions in the ISM. At variance with stellar abun-
dances, the chemical composition of the ISM only reflects part of the total
elemental abundance. In fact, the gas abundances of some specific metals (the
refractory ones, defined before) are depleted into dust grains, leaving them un-
detectable from optical/UV spectroscopic measurements. In this way, it is ex-
tremely important to take into account the presence of dust, as it can affect
our interpretation of observational data. This is particularly important in the
observations of high redshift Universe, where the only chemical abundances we
derive are from the gas. Damped Lyman Alpha systems (DLAs) represent very
useful tools to study these abundances. These systems are QSO-absorbers char-
acterized by a neutral hydrogen column density logN(HI) > 20.3 (Wolfe et al.,
1986, 2005) and lie in a redshift range between 1.6 ≤< z ≤ 5. They are the
best observables available of the ISM in the high redshift Universe and, thanks
to high resolution spectroscopy in the optical/UV wavebands, it is possible to
measure high precision column densities from their spectra. Observations show
a variation in metallicity during the cosmic time, revealing that they can be
seen in different stages of their evolution (e.g. Prochaska et al., 2003; Cooke et
al., 2015, 2017; Rafelski et al., 2012). In this way, for chemical evolution models,
DLAs represent an extremely important class of objects to study the evolution
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of the metallicity and the properties of dust (e.g. Matteucci et al., 1997; Calura
et al., 2003; Vladilo et al., 2011).

The study of dust evolution at high redshifts has been studied by many
authors in a cosmological framework (e.g. Dayal et al., 2010; Valiante et al.,
2011; de Bennassuti et al., 2014; Bekki, 2013, 2015). Cosmological simulations
can study how dusty systems can from at high redshift and how their dust
content evolves in time, both in the ISM and in the intergalactic medium (IGM)
(e.g. Zu et al., 2011; Kimm & Cen, 2013; McKinnon et al., 2016; Aoyama et al.,
2017).

During the past years, several studies tried to assess the total amount of
dust in the Universe at different scales and redshifts (Fukugita, 2011; Ménard
& Fukugita, 2012; De Bernardis & Cooray, 2012; Clark et al., 2015). Recently,
Popping et al. (2016) used a semi-analytical model of galaxy formation to study
the dust content in cosmological volumes: their study confirmed that dust ac-
cretion is a necessary ingredient to reproduce the buildup of dust in galaxies.
McKinnon et al. (2016) studied the distribution of dust in a cosmological hy-
drodynamical simulation: their model fails in reproducing dust-rich galaxies at
high redshift, even when a top heavy IMF is adopted, but they obtained a good
agreement with the low redshift observations of the comoving dust density Ωdust
(defined as the ratio between the density of the total dust mass in the Universe
and the critical metallicity).

However, even in a cosmological context, chemical evolution models are very
promising: Grieco et al. (2014) used chemical evolution models with dust to com-
pute the cosmic dust rate (CDR) as the result of the contribution of galaxies of
different morphology. For this purpose, they assumed two different scenarios of
galaxy formation, which mimic the monolithic and hierarchical formation theo-
ries. Their estimate of the dust comoving density was larger than observed and
the two different scenarios led to a very different behavior of the dust rate as a
function of redshift.

1.2.1 Plan of the thesis

In this thesis we present a new chemical evolution model which takes into ac-
count the presence of dust, according to the most updated prescriptions for its
formation and ISM processing, and we investigate many issues related to dust
in galaxies of different type and at different redshifts. In particular, we intend
to study the evolution of dust and gas chemical composition in different galax-
ies. We adopt updated prescriptions relative to Dwek (1998) and Calura et al.
(2008) for dust formation in AGB stars and Type II SNe (as suggested in Pi-
ovan et al. 2011), as well as for dust processes in the ISM, i.e. dust accretion
and destruction (Asano et al., 2013). Our model can follow the evolution of
30 chemical elements during the galactic time both in the gas and in the dust
phase of the ISM.

We study the chemical evolution and dust properties in galaxies of different
morphological type, i.e. ellipticals, spirals, and irregulars. The main differ-
ence between galaxies is the star formation history: in particular, in spheroids
(ellipticals and bulges) it is assumed a very fast star formation rate, and this
rate decreases going towards spirals, irregulars and smaller galaxies. Our mod-
els reproduce the main chemical features of ellipticals (Pipino & Matteucci,
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2004; Pipino et al., 2011), spirals (Chiappini et al., 1997; Spitoni & Matteucci,
2011; Micali et al., 2013) and irregulars (Bradamante et al., 1998; Vladilo et al.,
2011). We relax the instantaneous recycling approximation and stellar life-times
are taken into account. In this way, we can predict in detail the evolution of the
abundances of single elements and easily compare the dust contribution from
various sources (AGB, Type II SNe and dust accretion), as well as their metal
enrichment.

Our work investigates many dust-related issues at various scales: Chapter
by Chapter we present many different studies and results, from the dust grain
composition in low-mass and low-luminosity galaxies to the total amount of dust
in the starburst of elliptical galaxies, until the estimate of the cosmic dust rate
and budget in the Universe.

In Chapter 2 we present a detailed description of our new chemical evolution
models and the adopted prescriptions for the inclusion of dust processes, i.e.
dust stellar formation, dust accretion and dust destruction.

In Chapter 3 we study the evolution of dust rates (formation, accretion and
destruction) predicted by our model for a typical dwarf irregular galaxy and
compare our results with previous works. Then, we study the depletion patterns
of refractory elements (Si, Mg and Fe), by comparing our model with chemical
abundances of DLAs, which are associated to dwarf irregular galaxies (Møller
& Warren, 1998; Matteucci et al., 1997; Molaro et al., 2000; Fynbo et al., 2010;
Cooke et al., 2015). In this context, we investigate both the element-to-element
abundance ratios in the gas phase and in dust grains, by means of a new method
based on DLA column density measurements and the ratio between volatile and
refractory elements.

In Chapter 4 we study the dust evolution in the Milky Way in the context
of the Galactic Habitable Zone, defined as the region in the Galaxy with high
enough metallicity to form planetary systems capable of sustaining life (Gonzalez
et al., 2001). Dust plays a very important role in the study of planet formation:
in fact, it represents the necessary building block to form more massive and
extended objects (planetesimals) that can grow to form planets. In particular,
the dust-to-gas ratio is a fundamental parameter, adopted in models of planetary
systems formation. By means of our model, we intend to connect the dust-to-gas
ratio (a fundamental parameter used in models of planetary systems formation)
to the metallicity [Fe/H] (an observable of the host star).

In Chapter 5 we focus on the evolution of the mass of dust in elliptical galax-
ies. We investigate the main process responsible for the presence of large dust
masses observed in the high redshift Universe. Furthermore, we cast light on
the time-scale formation for dust in such high redshift systems and we quantify
the amount of dust formed by different kind of stellar sources, i.e. AGB stars,
Type II SNe and Type Ia SNe.

In Chapter 6 we first study the relation between the dust-to-gas ratio and the
metallicity observed in irregulars and spiral galaxies to perform a fine-tuning of
the dust parameters in our model. Then, we study the cosmic dust rate (CDR)
as the result of the contribution to dust, during the cosmic time, from galaxies
of different morphological type. For this purpose, we assume different scenarios
for the evolution of the number density of galaxies of each morphological type:
a pure luminosity scenario (PLE) in which the number density of spirals, ellip-
ticals and irregulars is constant in time, a number density evolution scenario
(DE), as suggested by the classical hierarchical clustering scenario in the frame-
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work of the ΛCDM paradigm and an alternative scenario, where the number
densities of ellipticals and spirals evolve as suggested by observations. More-
over, always in the framework of these scenarios we study the cosmic evolution
of other quantities which are strictly related to the CDR, namely the cosmic
star formation rate and the mean metallicity of the Universe.

Finally, in Chapter 7 we summarize the main results of this thesis.



22 CHAPTER 1. INTRODUCTION



Chapter 2

A new model of galactic
chemical evolution with
dust

2.1 Chemical evolution model

To study the evolution of chemical abundances we use self-consistent chemical
evolution models, in which the instantaneous recycling approximation (IRA) is
relaxed and the stellar lifetimes are taken into account.

The birthrate function represents the number of stars formed in the mass
interval m and m + dm in the time range between t and t + dt. It depends on
two physical quantities, the star formation rate (SFR = ψ(t)) and the stellar
initial mass function (IMF=φ(m)):

B(m, t) = ψ(t)φ(m) (2.1)

The star formation rate determines the rate at which the stars form and it is
usually expressed in solar masses per year. We adopt a simple Schmidt law for
the SFR:

ψ(t) = νG(t)k, (2.2)

where ν is the star formation efficiency [Gyr−1] and the parameter k is set
equal to 1. G(t) is the mass fraction of the ISM relative to the total mass accu-
mulated up to the present time, G(t) = MISM (t)/Mtot(tG). The star formation
efficiency, defined as the SFR per unit mass of gas, can assume very different
values depending on the morphological type of the modeled galaxy. Its inverse
represents the time scale at which the total amount of gas is converted into
stars. In this work, the initial mass function is assumed to be constant in space
and time and normalized to unity in the mass interval between 0.1 and 100 M�.
In this work, we will adopt the Salpeter (1955) IMF:

φSalp(m) ∝ m−(1+1.35) (2.3)

23
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and the Scalo (1986) IMF, characterized by a two slope power law:

φScalo(m) =


0.19 ·m−(1+1.35), for m < 2M�

0.24 ·m−(1+1.70), for m > 2M�

(2.4)

In the next section we will show and discuss the basic equations used in
the chemical evolution code which take into account the evolution of stars, SNe
feedback, galactic winds and the infall of primordial gas.

2.1.1 Basic equations

Let us define Gi(t) = G(t)Xi(t) as the fractional mass of the element i at the
time t in the ISM, where Xi(t) represents the abundance of the element i in the
gas at the time t. The temporal evolution of Gi(t) is described by the following
expression:

Ġi(t) = −ψ(t)Xi(t) +Ri(t) + Ġi,inf (t)− Ġi,w(t), (2.5)

1. The first term represents the rate at which the fraction of the element i is
removed by the ISM due to the SFR.

2. Ri(t) is the returned mass fraction of the element i injected into the ISM
from stars thanks to stellar winds and SN explosions. This term takes
into account nucleosynthesis prescriptions concerning stellar yields and
supernova progenitor models. Ri(t) can be described as in Matteucci &
Greggio (1986):

Ri(t) = +

∫ MBm

ML

ψ(t− τm)Qmi(t− τm)φ(m)dm+

A

MBM∫
MBm

φ(m) ·

 0.5∫
µmin

f(µ)ψ(t− τm2)Qmi(t− τm2)dµ

 dm
+ (1−A)

∫ MBM

MBm

ψ(t− τm)Qmi(t− τm)φ(m)dm

+

∫ MU

MBM

ψ(t− τm)Qmi(t− τm)φ(m)dm

(2.6)

The first term on the right side of eq. 2.6 takes into account the enrichment
of the element i restored in the ISM by individual stars with a mass range
between ML and MBm

, which are respectively the minimum mass of a star
contributing to the chemical enrichment of the ISM (ML = 0.8M�) and
the minimum mass of a binary system that can give rise to Type Ia SNe
(MBm

= 3M�). Qmi(t − τm), where τm is the lifetime of a star of mass
m, contains all the information about stellar nucleosynthesis for elements
produced or destroyed by nuclear reactions inside each single star and
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injected into the ISM (Talbot & Arnett, 1971). The second term gives
the enrichment due to binary systems originating Type Ia SNe. For this
type of SNe the single degenerate scenario is assumed, where a single C-O
white dwarf explodes by the C-deflagration mechanism, (Whelan & Iben,
1973) after having exceeded the Chandrasekhar mass (1.44M�). A is a
parameter representing the unknown fraction of binary stars giving rise
to Type Ia SNe and it is fixed by reproducing the observed present time
SN Ia rate. µ = M2/MB is defined as the ratio between the secondary
component of the system over the total mass, and f(µ) represents the
distribution of this ratio. MBM

is the mass limit of the system and it is
set to 16M�: in fact, if one of the two stars in the system exceeds the
mass of 8M�, a Type II SN would result. Finally, τm2 is the lifetime of
the secondary star of the binary system, or rather the explosion timescale.
The third term of Eq.(2.6) represents the enrichment due to stars in the
mass range MBm−MBM

, which are single, or if in binaries, do not produce
an explosion of SN Ia. In this mass range, stars with m > 8M� explode as
Type II SNe. The fourth term of Eq.(2.6) concerns the stars with masses
above MBM

and lower than 100M�: all these stars explode as core-collapse
SNe.

3. The third term of Eq.(2.5) represents the rate of the infall of the element i.
The infalling gas is not pre-enriched and consists in a pure primordial com-
position. The infall rate follows a decaying exponential law characterized
by the infall time-scale τ :

Ġi,inf (t) =
ΓXi,infe

−t/τ

Mtot(tG)
(2.7)

where Γ is the normalization constant constrained to reproduce the total
mass at the present time. The time-scale of the infall τ is a free parameter
which is fixed by reproducing the observed infall rate of the studied galaxy.

4. The last term of Eq.(2.5) concerns the outflow of the element i due to
galactic wind which occurs when the thermal energy of the gas heated
by SN explosions exceeds its binding energy. The rate of the gas lost via
galactic wind is proportional to the SFR and it is described as follows:

Ġi,w(t) = ωiψ(t), (2.8)

where ωi is a parameter which can be fixed or can variate depending on
the elements in the case of differential wind.

Nucleosynthetic prescriptions

Stars reprocess the ISM and contribute to the chemical enrichment of a galaxy.
The stellar yields represent the amount of both newly formed and pre-existing
elements injected into the ISM by the stars when they die. In our model we
adopt different stellar yields for the contribution of low mass stars, Type Ia and
Type II SNe:

1. For low and intermediate mass stars (LIMS with masses 0.8M� < m <
8M�) we use the metallicity-dependent yields of van den Hoek & Groe-
newegen (1997).
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2. We assume that massive stars (m > 8M�) explode as core collapse SNe
adopting the yields suggested by François et al. (2004), who performed an
empirical modification to the ones of Woosley & Weaver (1995). In the
case of sulfur we adopted the yields suggested in Vladilo et al. (2011).

3. For Type Ia SNe we assume the yields of Iwamoto et al. (1999).

2.2 Dust chemical evolution model

The evolution of dust is one of the most critical issues in Astrophysics. It is
first produced by different types of stars, but during the galactic evolution, sev-
eral physical phenomena critically modify the ISM and therefore the interstellar
dust. In particular, astronomical observations and pre-solar grains analysis from
meteorites indicate that physical processes responsible for the evolution of dust
can be divided in two groups. The first takes into account all the mechanisms
which change the total dust mass (destruction processes and grain growth by
accretion), while the second group includes processes, like shattering and coag-
ulation (Asano et al., 2013), which affect the grain size distribution. This work
considers the evolution of the total amount of dust and its chemical composition
during the cosmic time, so all the processes affecting the grain-size distribution
are not taken into account.

We use the same approach first used by Dwek (1998) later adopted in C08
(hereafter D98 and C08, respectively) and more recently by Grieco et al. (2014).
The equation for the dust evolution is similar to Eq.(2.5), but it includes all the
physical processes which change the mass distribution of dust in the ISM, beside
dust production by stars. Defining Gi,dust = Xi,dust · G(t) as the normalized
mass of the element i at the time t in the dust phase, we can write:

Ġi,dust(t) = −ψ(t)Xi,dust(t) +Ri,dust(t) +

(
Gi,dust(t)

τaccr

)
−
(
Gi,dust(t)

τdestr

)
− Ġi,dust(t)w,

(2.9)

This equation takes into account all the processes which govern the so called
dust cycle: the first term on the right side of the equation represents the rate
at which the dust is removed from the ISM and utilized to form new stars
(astration), whereas the second one gives the dust production rate of stars; the
third and the fourth terms represent the processes which occur in the ISM and
are dust accretion and destruction, respectively; the last term indicates the rate
of dust expelled by galactic winds assuming dust and ISM to be coupled. In the
next paragraphs we will discuss these terms in more details.

2.2.1 Dust formation

Asymptotic Giant Branch (AGB) stars and SNe represent the first environments
where dust form: depending on the physical structure of the progenitor, various
dust species can originate.

The second term in the right side of Eq.(2.9) deals with the dust production
by stars and can be described by the following expression:
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Ri,dust(t) =

+

∫ MBm

ML

ψ(t− τm)δAGBi Qmi(t− τm)φ(m)dm

+A

MBM∫
MBm

φ(m) ·

 0.5∫
µmin

f(µ)ψ(t− τm2)δIai Qmi(t− τm2)dµ

 dm
+ (1−A)

∫ 8M�

MBm

ψ(t− τm)δAGBi Qmi(t− τm)φ(m)dm

+ (1−A)

∫ MBM

8M�

ψ(t− τm)δIIi Qmi(t− τm)φ(m)dm

+

∫ MU

MBM

ψ(t− τm)δIIi Qmi(t− τm)φ(m)dm

(2.10)

This equation is the same as Eq.(2.6) with the addition of δAGBi , δIai , δ
II
i :

these terms are the so called dust condensation efficiencies and represent the
fractions of an element i expelled from AGB stars, Type Ia and II SNe respec-
tively, which goes into the dust phase of the ISM. In Eq.(2.10) we divided the
third term of Eq.(2.6) into two integrals in order to separate the contribution
between massive and low mass stars.

D98 and C08, in their works adopted arbitrary values for δi, based on simple
assumptions: for low and intermediate mass stars (0.8 − 8M�), δAGBi were
assumed equal to 1: it means that all the amount of carbon (C) and silicate-
elements (O, Mg, Si, Ca, and Fe) produced by a single star condensate into
the dust phase when the C/O ratio in the star ejecta is higher or lower than 1,
respectively. For Type II and Type Ia SNe, δIIi and δIai were set equal to 0.8
for both carbon and silicates.

In this work we adopt more recent and improved δi calculated by Piovan et
al. (2011) (hereafter P11) for AGB stars and Type II SNe: these values depend
on the mass and the metallicity of progenitor stars and have been derived from
the comparison between theoretical studies and observational data. In the next
paragraphs we will discuss the yields of dust by AGB stars and Type II SNe
adopting these prescriptions and compare them with others widely employed in
literature.

Dust from AGB stars

The cold envelope of AGB stars is a good environment in which nucleation and
formation of the first dust-seeds can occur. The total amount of dust produced
in the previous phases of these stars is negligible because of the low amount
of material in their ejecta and because the physical conditions of their winds
do not favor its formation (Gail et al., 2009). The dust species formed during
the AGB-phase of low and intermediate mass stars (LIMS) strongly depend
on their surface composition (Ferrarotti & Gail, 2006). The stellar mass and
metallicity play a key role in the number of thermal pulses that occur in the
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Figure 2.1: Condensation efficiencies of C, O, Mg, Si and Fe for AGB stars as
reported in Piovan et al. (2011) for different metallicities. Black solid line for
C, red dashed line for O, blue dash-dot line for Mg, cyan dotted line for Si and
magenta long-dashed line for Fe. When condensation efficiencies are equal to
zero, no lines are shown.
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Figure 2.2: Newly produced carbon (black solid lines) and oxygen (red dashed
lines) mass of dust for AGB stars as a function of the initial stellar mass for
four different metallicities. The dust yields have been reproduced taking into
account condensation efficiencies by Piovan et al. (2011) and stellar yields from
van den van den Hoek & Groenewegen (1997).
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AGB phase and determine the surface composition, and therefore, the formation
of particular dust species (Ferrarotti & Gail, 2006; Gail et al., 2009; Nanni et
al., 2013; Ventura et al., 2012; Dell’Agli et al., 2017).

In Fig. 2.1 we show the condensation efficiencies of AGB stars as predicted
in P11 for carbon, silicon, magnesium, oxygen and iron, which are the elements
we consider in this work. The δAGBi values depend on the stellar mass and
metallicity, thus accounting for the dependence of the C/O ratio in their surfaces.
The δAGBC dominates on δAGBO at low metallicities and then decreases towards
higher ones favoring the condensation of heavier elements (O, Mg, Si and Fe).
This is in agreement with AGB models of Nanni et al. (2013), where C/O in the
stellar surfaces decreases with the metallicity. In Fig. 2.2 we show the carbon
and oxygen dust mass produced by AGB stars in the mass range 1− 8M�: the
yields peak at mass values between 2 and 3M�. Carbon is the only element
with a non-negligible dust yield for two main reasons: it has a relatively high
condensation efficiency and AGB stars are strong carbon producers. Carbon
dust yields are comparable with the D98, Zhukovska et al. (2008) and Valiante
et al. (2009) prescriptions. On the other hand, elements heavier than carbon
have lower condensation efficiencies and yields (Romano et al., 2010), which
cause the net separation between the carbon and silicate dust production. From
Fig. 2.2, it seems that AGB stars are not able to form silicates. However, these
dust yields reflect only the newly produced element abundance. Actually, our
chemical evolution model also considers the fraction of the initial stellar mass
that has not been processed in the inner region of the star and that during
AGB-phases is expelled into the ISM: this returned mass composition reflects
that of the star when it was formed, and could be chemically enriched by heavy
elements. According to the differential condensation efficiencies, part of this
mass can condensate, forming silicates in a non negligible mass fraction.

Dust from Type II SNe

Type II SNe are believed to cover an important role in dust production as wit-
nessed by observations. Thanks to infrared and sub-millimeter studies, evidence
of the presence of dust in the environment of historical supernova remnants like
SN1987A (Danziger et al., 1991), Cas A and the Crab Nebula has been ob-
served (Gomez (2013) and reference therein). Core collapse SNe are believed
to be prolific dust factories: for instance, the origin of dust in QSO hosts at
high redshift, can be only explained by a particular source able to reproduce
a consistent amount of dust mass in less than 1 Gyr of cosmic evolution, in
agreement with the typical time-scales of SNe.

However, we are far away to have a clear picture on the exact mass of dust
ejected from SNe. In Fig. 2.3, we show the detected dust mass in SNe as a
function of the mass of the progenitor, as provided by Schneider et al. (2014).
The range of dust masses is wide and it varies between ∼ 0.01M� and ∼ 0.7M�.
In this way, it is difficult to predict, through models, an estimate of the real
amount of dust formed in these objects. In particular, one of the fundamental
uncertainty concerns how the mass of dust changes after the SN explosion (see
later in the text).

Stars with masses higher than 8M� can explode as Type II SNe in less
than 30 million years (Matteucci & Greggio, 1986): for this reason, they are
believed to be the main sources of dust in early epochs of galactic evolution
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Figure 2.3: Mass of dust produced by SNe as a function of the mass of the
progenitor star. The Figure is taken from Schneider et al. (2014) and it shows
the data sample collected in Gall et al. (2011) and Otsuka et al. (2012). Green
and red triangles indicate sources detected with Herschel in the Milky Way and
in the Large Magellanic Cloud, respectively. The two lines represent the theo-
retical dust yields provided by Bianchi & Schneider (2007) for Z = Z�, in solid,
and Z = 0.1Z�, in dashed. The upper and the lower lines represent the dust
mass predicted before and after the passage of the reverse shock, respectively.
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(e.g. Maiolino et al. 2006), although some other studies consider that either
AGB stars (Valiante et al., 2009; Dwek & Cherchneff, 2011) or dust accretion
(Piovan et al., 2011; Calura et al., 2014; Mancini et al., 2015, 2016; Ginolfi et al.,
2017) might play a significant role in the dust enrichment of such high redshift
objects. Even if Herschel, SCUBA and more recently ALMA are acquiring
a great deal of data, it is not easy to give a satisfactory estimate of the total
amount of dust produced from Type II SNe. In particular, it is unknown what is
the real effect of the reverse shock which has a typical time scale of 103− 104yr,
longer than the actual lifetime of historical SNe (Bianchi & Schneider, 2007;
Bianchi et al., 2009; Hirashita et al., 2014).

In Fig. 2.4, dust yields from various authors are compared with the ones
used in this work. Bianchi & Schneider (2007) revisited the previous work of
Todini & Ferrara (2001) on Type II SNe dust yields predicting the formation of
0.1− 0.6M� of dust in the ejecta of 12− 40M� stellar progenitors. Considering
also the presence of the reverse shock, they concluded that only between 2 and
20% of the initial dust mass can survive. In an independent work, Zhukovska
et al. (2008) predict a similar amount of dust for such objects: their prescrip-
tions come both from theoretical studies and observational data which include
IR dust emission in SNRs, the amount of dust in historical SNe and studies
on pre-solar grains in meteorites. Another important role is played by the en-
vironment surrounding the explosion of Type II SNe: the higher the density,
the more resistance the shock will encounter and more dust will be destroyed
(Piovan et al., 2011; Nozawa et al., 2007). On the other hand, in a lower density
environment, dust can easily resist to the passage of the shock, causing a more
efficient dust formation.

Also for Type II SNe we adopt the dust δiII predicted by P11, which are cal-
culated by taking into account the above-mentioned studies on dust formation,
destruction as well as the density of the environment in which the SNe explode.
Black lines in Fig. 2.4 show the total dust production considering three different
conditions for the density of neutral hydrogen, i.e. nH = 0.1 − 1 − 10 cm−3.
In low density environments the amount of dust produced is similar to the pre-
scription of Todini & Ferrara (2001) and Bianchi & Schneider (2007), whereas
in high density regions dust production becomes similar to the models where
the reverse shock is included. In this work we adopt the yields of P11 corre-
sponding to a neutral hydrogen density of nH = 1 cm−3: with this selection
we do not overestimate nor underestimate previous prescriptions for high mass
progenitors.

Dust from Type Ia SNe

A separate discussion must be reserved to Type Ia SNe for which observational
data and theoretical studies progressively changed their role concerning dust
production. During the last decade, the search for newly-formed dust in Type
Ia SN remnants has been performed by Spitzer and Herschel satellites: most
of the results attribute the IR emission to the shocked interstellar dust, with
no detection of the newly formed one (Blair et al., 2007; Williams et al., 2012;
Gomez et al., 2012). From a theoretical point of view, Nozawa et al. (2011)
predicted that dust formed in Type Ia SN explosions is destroyed before it can
be injected into the ISM. The condensation efficiency δIai was decreased by a
factor 10 by Pipino et al. (2011) with respect to D98 and C08. Here, as starting
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Figure 2.4: Total dust amount [M�] produced by Type II SNe as function of the
initial stellar mass for different prescriptions. In green thick lines are presented
the yields using δIIi of Piovan et al. (2011) for three different hydrogen densities:
as the ambient density increase, the destruction process becomes more efficient,
leading to lower dust yields. In our work we adopt the yields which correspond
to nH = 1cm−3. Todini & Ferrara (2001) prescriptions are shown in dash-dot
red line, Bianchi & Schneider (2007) with and without considering the presence
of the reverse shock in black solid and short-dashed line respectively, Zhukovska
et al. (2008) with the contribution of all dust species in long-dashed blue line
and Dwek (1998) in magenta dash-dot-dot line.

hypothesis, we set to zero the condensation efficiencies for each element as far
as the contribution of Type Ia SNe is concerned (δIai = 0).

2.2.2 Dust destruction

In literature it is possible to find various prescription describing dust destruction
in the ISM. The main process for dust destruction is the sputtering in the ISM
in high velocity SN shocks. The timescale of dust destruction is independent
from the dust mass and it can be expressed as reported by C08:

Tdestr =
MISM

(ε ·MSwept)SNrate
=

MISM

1360 · SNrate
(2.11)

where MISM is the mass of the ISM in the galaxy, SNrate represents the super-
nova rate and MSwept is the amount of mass swept up by the remnant. McKee
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(1989) suggested MSwept = 6800M� with an efficiency ε = 0.2. Zhukovska et al.
(2008) predicted that the position of SNe in the galaxy influences the swept up
mass. Furthermore, they adopted differential destruction time-scales depending
on the dust species. Mancini et al. (2015) used prescriptions of de Bennassuti
et al. (2014), where different parameters are adopted for core-collapse SNe and
Pair-Instability ones (M > 100M�).

Another interesting study was made by Asano et al. (2013) (Hereafter A13),
in which some differences can be highlighted with respect to Eq.(2.11). They
suggest an efficiency ε = 0.1 and predict that Mswept becomes smaller either
when the density of the ISM is higher or when the metallicity increases (the line
cooling of metals is more efficient, leading to a lower temperature and higher
density). Their prescription gives:

MSwept = 1535 · n−0.202 · [Z/Z� + 0.039]−0.289[M�] (2.12)

where n = 1.0 cm−3 is the ISM density surrounding the SN environment. The
swept mass in this case, assuming Z/Z� < 1 is always above the value of
1300M�, as used in C08.

In this work we will use the updated metallicity-dependent prescriptions
written in Eq.(2.12), whereas the destruction time-scale in Eq.(2.11) will be
only used for comparison to the C08 model.

2.2.3 Dust accretion

Some processes, like coagulation, increase the dust size favoring the formation
of larger grain particles. As already pointed out, in this work we only follow the
mass evolution of the dust and therefore we only consider as dust accretion the
condensation of metals onto the surface of pre-existing dust grains. This process
takes place efficiently in cold dense regions and, for this reason, it preferably
occurs in molecular clouds rather than in the diffuse ISM. Since the pioneering
work of D98, it was pointed out that grain growth is one of the fundamental
ingredients in studying the dust mass evolution and, more recently, other studies
support this thesis (Asano et al., 2013; Hirashita, 2013; Valiante et al., 2011;
Mancini et al., 2015).

In C08 the time-scale for the accretion is expressed as:

τC08 = τ0,i/(1− fi) (2.13)

where fi represents the ratio between the dust and the gas phase of the element
i. τ0,i represents the typical lifetime of a molecular cloud which in C08 was kept
constant for all elements at the value of 5× 107 yr.

Dust accretion depends on many other parameters such as the fraction of
molecular clouds in the whole galaxy and the metallicity of the ISM. For this
reasons, Hirashita (2000) expressed the rate of dust accretion as follows:[

dMdust

dt

]
=
MdustXcl χi

τg
=
Mdust

τacc
(2.14)

where, χi = (1 − fi), Xcl represents the fraction of the cool component in the
ISM, with τg the characteristic dust growth time-scale and:

τacc = τg/(Xclχi) (2.15)
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Even if some elements (refractories) tend to be more depleted in dust grains
with respect to others (volatiles), the dust composition consists substantially of
metals. This justifies the relation given by A13 between the growth time-scale
and the metallicity:

τg = 2.0× 107yr

×

 a

0.1µm
·
( nH

100cm−3

)−1
·
(

T

50K

)−1

2 ·
(

Z

0.02

)−1 (2.16)

where the parameters reproduce the physical structure of a molecular cloud as
well properties of dust grains. The typical time-scale τg = 2Myr is reached
when physical parameters are set on T = 50K for temperature, n = 100cm−3

for density and ā = 0.1µm for the typical size of grains.
In this work we use the prescription of Eq.(2.14) with the inclusion of the

metallicity-dependent time-scale of Eq.(2.16).
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Chapter 3

Dust properties in Damped
Lyman Alpha systems

3.1 Introduction

In this Chapter, we aim at studying the chemical evolution and composition
of the dust in Damped Lyman Alpha systems (DLAs), which represent a class
of high-redshift galaxies observed in absorption, by comparing abundance mea-
surements of DLAs with model predictions of dwarf irregular galaxies. Here, we
give a general description of DLAs and their dust properties.

The ISM of galaxies is composed of gas, dust and cosmic rays. Depending
on the temperature and density, the gas component can be made of ions, atoms
or molecules. These conditions divide the ISM in different phases (Ferrière,
2001):

• The hot ionized medium. The high temperatures (T ∼ 105 − 106K)
characterize this phase, which is made of low density (∼ 10−3cm−3) and
ionized gas.

• The warm medium, characterized by lower temperatures (T ∼ 104K)
and densities of ∼ 10−2cm−3 (ionized medium) and ∼ 10−1cm−3 (neutral
medium).

• The cold neutral medium, where T ∼ 100K and densities are of the order
of tens atoms per cm3.

• Molecular clouds, where T ≥ 10K, density ≥ 100cm−3 and almost all the
hydrogen is in molecular form.

The ISM chemical composition is mainly made up of hydrogen and helium,
with a low fraction of heavier elements (∼ 0.1%). Nevertheless, the ISM plays
a crucial role in the chemical evolution process, because it acts as an interme-
diary between stars at the galactic scale. Stars form in the core of molecular
clouds and, during their evolution, pollute the surrounding ISM with metals
(in different ways depending on the stellar properties, see Chap. 1). The new,
metal-enriched ISM becomes a new site for the birth of chemical enriched stars.

37
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In this way, stars that formed in different places and/or different times in a
galaxy have different chemical composition. In this context, chemical evolution
models predict the evolution of the abundances of the ISM with time in galaxies.

Damped Lyman Alpha Systems

The chemical abundances in the ISM are usually constrained by the analysis of
absorption spectral lines. However, to measures the column densities of various
elements in these lines, a luminous background source is required. In particular,
the chemical composition of the ISM can be studied at different distances and
ages of the Universe when quasars (QSOs) are used as background sources. In
fact, QSOs are very luminous objects and have been found in the high redshift
Universe, up to z>6 (the current most distant QSO discovered until now is ULAS
J1120+0641 at redshift 7.1 by Mortlock et al. (2011), which correspond to a look
back time of ∼ 12.9Gyr). Before reaching telescopes on Earth, the light from
QSOs travels a long distance and for each intervening cloud several absorption
features are detected in their spectra. This is very important for studying the
chemical evolution of galaxies, because with QSO absorption spectroscopy it is
possible to measure the chemical composition of faint objects at cosmological
distances, otherwise impossible to detect.

QSO absorbers can be classified on the basis of the measured column density
of neutral hydrogen N(HI). Lyman limit system are characterized by 2 ×
1017cm−2 < N(HI) < 1019cm−2 (e.g. Tytler, 1982; Prochaska et al., 2010;
Songaila & Cowie, 2010; Fumagalli et al., 2016), sub-DLAs by 1019cm−2 <
N(HI) < 2 × 1020cm−2 (e.g. Péroux et al., 2003; Dessauges-Zavadsky et al.,
2003) and Damped Lyman Alpha (DLAs) systems by N(HI) > 2 × 1020cm−2

(Wolfe et al., 1986, 2005).
In this work, we focus on DLAs, the QSO-absorbers with the highest value

of hydrogen column density. Since they discovery it was proposed that they are
associated with galaxies (see Wolfe et al. 2005), at variance with QSO absorbers
of low HI column density, which originate in the intergalactic medium. The
gas neutrality suggests that they descend from cold neutral clouds, which are
the precursor of molecular clouds (the star forming regions). They seem to
contain most of the neutral hydrogen in the Universe between redshift 1.6 and
5 (Lanzetta et al., 1991, 1995; Storrie-Lombardi & Wolfe, 2000; Zwaan et al.,
2005; Sánchez-Ramı́rez et al., 2016).

Among QSO-absorbers, DLAs have particular properties that make them
interesting from the point of view of chemical evolution. In fact, they are the
best observables we have of the ISM of high redshift galaxies. By means of high
resolution spectroscopy, it is possible to measure absorption lines of various
elements with a precision not achievable for other high redshift objects (Wolfe
et al., 2005). Thanks to their low degree of ionization it is possible to derive
column densities almost unaffected by the ionization state of different elements
(Vladilo et al., 2001). For this reason DLA systems offer a great opportunity to
study the composition of the ISM at different cosmic epochs and evolutionary
stages. In particular, observations show a variation in metallicity from 10−1Z�
in the Local Universe down to 10−3Z� at higher redshifts (e.g. Prochaska et al.,
2003; Cooke et al., 2015, 2017; Rafelski et al., 2012).

The nature and the morphological type of DLA-host galaxies have been the
subject of a long debate. Initially, they have been associated with massive disks
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progenitors of present-day spirals (e.g. Wolfe et al., 1986). Nowadays, a general
agreement links them to the progenitors of low-mass galaxies (Møller & Warren,
1998; Fynbo et al., 2010; Salvadori & Ferrara, 2012; Noterdaeme et al., 2012;
Krogager et al., 2013; Christensen et al., 2014; Cooke et al., 2015). From the
pattern of chemical abundances, using chemical evolution models, it is possible
to cast light on the morphological type of such galaxies. A comparison between
model predictions and data suggests a star formation history made of short but
intense bursts of star formation, as predicted for dwarf irregulars (Matteucci et
al., 1997; Molaro et al., 2000; Centurión et al., 2000; Calura et al., 2003, 2009a;
Vladilo et al., 2011; Salvadori & Ferrara, 2012). The chemical composition of
DLA systems has been also compared with stellar abundances: even in these
studies, DLAs are preferably associated to local dwarf galaxies than to the stellar
abundances measured in the Milky Way Disk (e.g. Salvadori & Ferrara, 2012;
Cooke et al., 2015).

Dust in DLA systems

The metallicity is defined as the mass fraction of all the elements from C to
heavier ones. In DLAs, the metallicity is inferred from the sum of the observed
metal absorption features. However, a perfect determination of the column den-
sity is not necessarily enough to constrain their ”real” metallicity, because of the
presence of dust (e.g. Pei et al., 1991; Pettini et al., 1994; Junkkarinen et al.,
2004; Vladilo & Péroux, 2005; Vladilo et al., 2006; De Cia et al., 2016). In fact,
column density taken from absorption lines in optical/UV spectra can only mea-
sure the amount of atoms present in the gas phase. The fraction of the elemental
abundances incorporated in the dust phase is therefore undetectable with the
large optical telescopes equipped with high resolution spectrographs. Because
the atoms locked into dust grains are not detected, the measured abundances
appear to be depleted. Due to this fact, dust depletion, defined as the fraction
of an element included in the dust phase with respect to its total abundance,
affects the measured chemical abundances and therefore complicate the inter-
pretation of the galactic chemical evolution (Savage & Sembach, 1996; Calura
et al., 2003; Jenkins, 2009; Vladilo et al., 2011; Jenkins, 2014).

Depletions are fundamental because they can constrain the elemental com-
position (stoichiometry) of interstellar dust. In particular, depletion studies
reveal that dust composition is dominated by C, O, Si, Mg and Fe elements,
which are the basic components of the most successful dust model, consisting
in carbonaceous-species and silicates grains (Hoyle & Wickramasinghe, 1969;
Mathis et al., 1977; Draine & Lee, 1984; Desert et al., 1990; Li & Draine, 2001;
Draine & Li, 2007). Carbonaceous components are usually formed in the densest
molecular phases of the ISM, where organic compounds can grow. The molec-
ular phase is very hard to detect in DLAs, suggesting that in most cases the
observation sample gas with low or negligible content of carbonaceous dust.

Si and Mg atoms represent the major constituents of silicates, which is gen-
erally assumed made of a mixture of pyroxenes and olivines, even though the
chemical structure and the proportion of the mixture is not completely clear.
In fact, it is important to notice that elemental depletions do not provide any
information about the grain mineralogy (Jones, 2014) and, to have a more pre-
cise picture, a comparison between astronomical observations and laboratory
measurements is necessary (e.g. Agladze et al., 1996; Mennella et al., 1998;
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Coupeaud et al., 2011; Lee, 2010). Fe is another fundamental building block
of silicates, even though its high depletion factor suggests that it may also be
incorporated in other dust forms such as metallic particles (e.g., Wickramas-
inghe & Wickramasinghe, 1993; Dwek, 2004a; Sofia et al., 2006; Voshchinnikov
& Henning, 2010; Draine & Hensley, 2012, 2013; Dwek, 2016).

In this Chapter, we study the ISM chemical composition of DLA systems by
means of galactic chemical evolution models. First, in Section 3.2 we present
our model and a prescription for dust formation in a typical irregular galaxy.
In Section 3.3 we study the depletion patterns of Si and Fe in the ISM of DLA
systems, and we try to explain their origins through our chemical evolution
model. Then, in Section 3.4 we show a new method based on DLA column
density measurements and the ratio between volatile and refractory elements,
to give for the first time an estimate of the chemical abundance ratios inside
dust grains. In this way, we try to disentangle the main dust constituents and
predict their evolution: in particular, we focus on the fraction between silicates
and metallic particles and between pyroxenes and olivines. Finally, we resume
our conclusions in Section 3.5.

3.2 Dust predictions for dwarf irregular galaxies

Dwarf irregular galaxies have been suggested as the host galaxies of DLAs (e.g.
Matteucci et al., 1997; Møller & Warren, 1998; Centurión et al., 2000; Salvadori
& Ferrara, 2012). In this Section we present the predictions for the evolution
of dust in dwarf irregular galaxies for a set of chosen models in order to study
the dust in DLAs. Dwarf irregulars are low-mass and low-luminosity galaxies
which are characterized by ongoing star formation. They are assumed to form
by means of a continuous infall of pristine gas with a continuous and low star
formation. Based on previous works, we adopt a Salpeter IMF (eq. 2.3) which is
able to reproduce the chemical abundances, observational features and the local
metallicity of dwarf irregulars (Bradamante et al., 1998; Calura & Matteucci,
2003, 2006).

In this work, we want to optimize the parameters of our model to reproduce
a typical dwarf irregular galaxy. In particular, we are interested in the evolution
of dust properties such as the dust-to-gas mass ratio. For this reason we keep
constant the parameters of galaxy evolution of our reference model and we only
vary the parameters that describe the production of dust in the galaxy.

Our chemical evolution model with dust works in a similar way to the one
of C08, which was based on the work of D98. We set the parameters concerning
the chemical evolution model of a typical irregular as in C08, where also the
evolution of dust was studied: in this way, we can directly compare the results
obtained by old and more recent prescriptions of dust production. In Table 3.1
we summarize the adopted dust prescriptions and model parameters. We show
the model name in the first column, the star formation efficiency in the second
column, the infalling mass in the third column, the time-scale of the infall in the
fourth column, the wind efficiency in the fifth column, the assumed IMF in the
sixth column and the references to the assumed dust condensation efficiencies in
the seventh column. Finally, in column eight and nine we indicate the references
for the dust destruction and accretion time-scales, respectively. Our typical
irregular galaxy model is represented by the I0, I1 and I3 models, which only
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name ν[Gyr−1] Minfall[M�] Tinfall[Gyr] ω IMF δi Tdestruction Taccretion
Dwarf irregular galaxy model

I0 1.00 109 10 1.00 Salpeter D98 D98 —
I1 1.00 109 10 1.00 Salpeter P11 A13 —
I2 1.00 109 10 1.00 Salpeter D98 D98 D98
I3 1.00 109 10 1.00 Salpeter P11 A13 A13
I4 1.00 109 10 6.50 Salpeter P11 A13 A13

Table 3.1: Parameters adopted for different models of dwarf irregular galaxies.
In columns from left to right we show the name of the model, the star formation
efficiency (expressed in Gyr−1), the mass of the galaxy (in M�), the infall time-
scale (in Gyr), the wind parameter (dimensionless) and the adopted IMF. In the
seventh, eighth and ninth columns we show the different prescriptions used for
condensation efficiencies (δi), destruction and accretion time-scales, respectively.
D98, P11 and A13 refer to prescriptions of Dwek (1998), Piovan et al. (2011),
Asano et al. (2013), respectively.

differ for dust prescriptions. In particular, model I3 represents our best model,
as it includes the most updated dust prescriptions.

For the sake of completeness, we have investigated how results change with
varying the model parameters. In more detail, we found that acceptable values
for the star formation efficiency, ν, lie in the range 0.4-1.0 Gyr−1, the time scale
of the infall has a modest effect on the abundances and it lies in the range 5-10
Gyr. Finally, the wind parameter has to vary between 1 and 2.5 in order to
obtain acceptable results concerning the abundance patterns. In Fig. 3.1 we
present the effects on the SFR by varying such parameters. In the top panel
we show that the effect of varying ν from 0.4 to 1.0 leads to small differences
in the SFH, especially on longer time-scales. In the middle panel we show that
the spread caused by the wind parameter is also very small and it appears
important only at late epochs, when the galactic wind is active. In the bottom
panel of Fig. 3.1, one can see that the variation of the SFR is negligible when
the time of the infall is larger than 5.0 Gyr. We obtain different results only
when the time-scale of the infall is lower (i.e. 1.0 Gyr): the SFR reaches higher
values at early epochs, because of the high amount of gas available to form
stars, whereas at the end of the simulation is lower, because all the gas has
been already consumed. The spread shown in Fig. 3.1 is in agreement with the
typical behavior of irregulars, which, on average, are characterized by a smooth
SFR with typical variations of factors 2-3 (Grebel, 2004) and present time values
between 0.001 and 0.36 M�yr

−1 according to their stellar mass (Kennicutt et
al., 2011). Model I3 will be regarded as the fiducial one, as it accounts for
the star formation rate values measured in DLAs as well as for their observed
abundance pattern.

In Fig. 3.2 we show the evolution of some physical quantities independent
of the dust prescriptions adopted in model I3. In the top panel we show the
behavior of the SFR in comparison with the values measured in irregulars and
DLA systems. We find a good agreement with the typical variation observed
at the present time, between 0.001 and 0.36 M�yr

−1 (Grebel, 2004; Dessauges-
Zavadsky et al., 2007; Kennicutt et al., 2011). In the middle panel of Fig. 3.2,
we show the time evolution of the mass of stars, ISM and the mass lost by
galactic wind: at the beginning, the mass of the ISM represents the major
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Figure 3.1: Time evolution of the star formation rate for different values of
some key parameters: in the top panel we varied ν from 0.4 to 1.0 Gyr−1, in
the middle panel ω from 1.0 to 2.0 and in the lower panel the τinfall from 1.0
to 10 Gyr−1.
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Figure 3.2: Top panel: time evolution of the SFR in M�yr
−1 of our reference

model for a dwarf irregular galaxy. The red shaded area represents the SFR
range estimated by Dessauges-Zavadsky et al. (2007), computed assuming a
scale radius of 1 kpc as a typical size for DLAs. The cyan area represents the
SFR range measured in dwarf irregulars by Kennicutt et al. (2011). The dark
area refers to the intersection between the SFR values in dwarf irregulars and
DLA systems. Middle panel: time evolution of the mass (in solar masses) of the
ISM (blue solid), stars (green dot-dashed) and the mass loss by galactic wind
(red dashed). Bottom panel: galactic Type II and Type Ia SN rates (in number
per year) in red solid and blue dashed, respectively.
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Figure 3.3: Dust-to-gas ratio versus metallicity. Models: Dashed red line refers
to I0 model, magenta dot-dashed line to I1, cyan dot-dot-dashed line to I2 and
blue solid line represents model I3. Data: black dots and triangles represent
values and upper limits respectively for local dwarf irregulars by Lisenfeld &
Ferrara (1998) and big green circles from Hirashita et al. (2008).

component of the galaxy and it increases as the pristine infalling gas accretes.
As the SFR rises, also the stellar mass and the SN rate increase, as visible
in the middle and bottom panel, respectively. Then, when the thermal energy
exceeds the gravitational binding energy of the galaxy, a galactic wind starts and
considerably reduces the mass of the ISM. In the bottom panel of Fig. 3.2, we
show the predicted Type II and Type Ia supernova rates, which are important
both for dust and gas components. The trend of Type II SN rate traces the
SFR one, because of the very short typical time-scales involved (from 1 to 30
Myr). On the other hand, Type Ia SNe are characterized by longer time-scales
(from 30 Myr up to the time of the Universe, e.g. Padovani & Matteucci 1993).

3.2.1 Dust-to-gas ratio

In Fig. 3.3 we show the ratio between the mass of dust and neutral hydrogen,
D = Mdust/MHI , versus the metallicity for different chemical evolution mod-
els compared to observations. We remind that the models differ only in dust
prescriptions (dust condensation efficiencies, dust destruction and dust accre-
tion), whereas the remaining parameters concerning the chemical evolution of
the ISM are kept constant (ν, Minfall, τinfall, IMF and ωi). Data were taken
from Lisenfeld & Ferrara (1998) (local dwarf irregulars), Hirashita et al. (2008)
(blue compact dwarf spheroidals), which have been collected in Galametz et al.
(2011). Those authors estimated the amount of dust mass from far-infrared
measurements and compared them with the amount of neutral hydrogen and
oxygen.

The models I0 and I1 (red dashed and solid lines, respectively), only consider
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dust production and destruction. The I0 model, which adopts D98 prescriptions,
produces a higher amount of dust with respect to model I1, which adopts the
updated ones. The two curves differ at the lowest metallicities: the offset be-
tween the two is caused by the major amount of dust ejected by Type II and
Ia SNe when the condensation efficiencies δi, given by D98, are adopted (see
section 3.2.2). For log(O/H) + 12 > 8, the two models converge and predict the
same value for the dust-to-gas ratio.

Dwarf galaxies have very low star formation efficiency, which could reflect
the paucity of molecular clouds present in these environments. In C08, dust
accretion was not taken into account, as this process preferably occurs in such
clouds. However, we tried to include dust accretion in other models because it
plays a fundamental role during the entire evolution of a galaxy (Asano et al.,
2013; Dwek & Cherchneff, 2011; Mancini et al., 2015). The I2 model contains
the same prescriptions used in C08, with the addition of dust accretion: the
total amount of dust in model I2 is higher than in I0 and the discrepancy
increases at higher metallicities. The separation between the two models is
evident since log(O/H) + 12 > 7.0, indicating that in I2 dust accretion becomes
the dominant process since the early phases of dust evolution. Finally, model
I3 adopts the condensation efficiencies δi by P11 and the new prescriptions for
the swept up mass and for the accretion time-scale, as described in Eqs. (2.12)
and (2.16), respectively. In this case, the discrepancy from I1 is negligible for
lower metallicities, becoming larger when log(O/H) + 12 > 8. It means that in
I3 model, dust accretion becomes important at higher metallicities or, in other
words, at longer evolutionary time-scales with respect to I2.

I2 and I3 are the only models which can reproduce the observed high amount
of dust at high metallicities. This indicates that dust accretion performs an
important role in dust evolution and should be modeled in a proper way: the
I3 model better reproduces the trend observed in the data, which seems to
increase in a steep way with the metallicity. Therefore, we adopt this model as
a reference for subsequent studies described in the rest of this chapter.

Effect of massive stars

For a long time, the scientific community has reserved great interest to the
study of massive stars (above 10M�). In spite of this, nowadays it is not com-
pletely clear which stars do explode as core-collapse SNe and which ones instead
collapse to a black hole. In fact, recent theoretical and observational studies sug-
gest the possibility that massive stars may directly collapse to a black hole, with
no explosion events and therefore no consequent enrichment of the ISM. From
a theoretical point of view, it has been known for a long time that very high
mass star explosions are more unlikely than those of lower masses (Fryer, 1999).
O’Connor & Ott (2011) concluded that stars heavier than 20M� have difficulty
in exploding. Recently, simulations by Ugliano et al. (2012) have shown that
core-collapse explosion and direct black hole formation are both possible out-
comes for progenitor stars above 15M�. From the observational point of view,
there is no evidence for SN progenitor mass above ∼ 20M� (Smartt et al., 2009).
Smartt (2015) explored the evolution of massive stars after the quiescent phase
on the Main Sequence: the most probable scenario showed that stars above
18M� fail SN explosion and directly collapse to a black hole. However, this is
a strong assumption and many uncertainties are still present. An indication of
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Figure 3.4: D = Mdust/MHI versus metallicity as in Fig. 3.3. The lines of
various colors represent model I3 computed assuming different values for the
cut-off mass fore core-collapse SNe (as reported in the legend).

the fact that this problem is not completely understood comes from Ugliano et
al. (2012): their predictions do not take into account binary effects and, despite
all black holes should swallow the progenitor star, they found an exception for a
mass progenitor of 37 M�. They also concluded that a direct comparison with
observations requires caution.

Massive stars are very important actors in chemical evolution models as they
are responsible for metal production. For this reason, model predictions can be
affected if their chemical enrichment is not considered. In addition, even if mas-
sive stars do not explode as SNe, the mass loss via stellar wind integrated over
the stellar life, contributes to the chemical enrichment of the ISM and cannot
be neglected, especially for C and He. Brown & Woosley (2013) have already
tested the effect of cutting chemical enrichment from massive stars in a chemical
evolution study of the solar neighborhood. They could not reproduce the ob-
served abundances without the chemical contribution of stars above 18M�. On
the other hand, they almost reproduce the chemical pattern when the cut-off is
moved to 25M�, and even better when a cut-off of 40M� is adopted.

Here, we test for the first time the effect of the mass cut-off concerning high
mass stars in the chemical evolution model which takes into account the presence
of dust. In particular, we investigate the impact of this hypothesis on the dust-
to-gas ratio, D. In Fig. 3.4 we show as the evolution of model I3 with different
cut-off masses. We define the cut-off mass the maximum mass of stars able to
contribute to the chemical enrichment of the ISM: for example, a mass cut-off
of 18M� means that the chemical contribution of the stars above this mass
is not taken into account. We found disagreement between models and data
when the cut-off mass is set below 25 M�. On the other hand, our models well
reproduce the data when a mass cut-off ≥ 35M� is adopted. In fact, above this
value, different cut-off masses lead to little differences and all of the models are
able to reproduce the bulk of the data. Concerning the upper value of D for all
different models we do not find big differences: this indicates that the total mass
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Figure 3.5: Production rate of carbon and silicate dust in a dwarf irregular
galaxy. Red dashed and cyan dot-dashed lines correspond to Type II SNe and
LIMS dust sources respectively. Thick lines are for the results using Piovan et al.
(2011) dust condensation efficiencies (model I1), while thin lines correspond to
Dwek (1998) ones (model I0). In blue dotted line we show the dust contribution
of Type Ia SNe, as predicted in Dwek (1998).

of dust produced is not deeply affected by the cut-off mass. It is not possible
to say the same for the metallicity: in fact, massive stars are very important
metal producers, especially for alpha elements such as oxygen. It is impossible
to reach log(O/H) + 12 > 7.7 when we cut the contribution of massive stars
above 18M�, whereas a cut off of 25 M� leads to log(O/H) + 12 > 8.0 and is
more acceptable. Finally, in order to reproduce the highest values of log(O/H)
showed by the data, exploding masses up to 35-40 M� are necessary.

In conclusion, from the point of view of the absolute metallicity, massive
stars are fundamental and they must be included in our models in order to
reach the observed log(O/H)+12. This is because the cut.off mass influences
mostly the abundance of oxygen. On the other hand, they do not deeply affect
the total dust production: in particular the dust-to-gas ratio at the end of the
simulation is the same for different cut-off masses. In the rest of this work we
will no further consider this cut-off, as we are most interested in the evolution
of the dust and the effect that it produces on the observed chemical abundances
of the ISM.
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3.2.2 Dust composition

In this paragraph we focus on the composition of the dust: specifically, we study
the total amount of dust mass produced by different types of stellar sources.
For the sake of comparison between D98 and C08 we consider two species of
dust, namely silicates and carbonaceous dust. Following the definitions of D98
and C08, silicates are dust particles formed by O, Mg, Si, S, Ca and Fe ele-
ments, while C dust consists of carbonaceous solids. The possible presence of
an iron-rich dust different from silicates will be discussed in Section 3.3.4. The
stoichiometry of different types of silicate dust grains will be investigated in
Section 3.4.

In Fig. 3.5 we show the formation rate of silicates and carbonaceous dust
predicted using the dust condensation efficiencies of D98 (thin lines) and P11
(thick lines). In the bottom panel one can see how the two dominant carbon dust
sources are the Type II SNe and low and intermediate-mass stars (LIMS). As
Type II SNe have shorter lifetimes with respect to LIMS (Padovani & Matteucci,
1993; Matteucci & Greggio, 1986), they dominate the dust production in the
earliest epochs of the galactic evolution. AGB stars strongly pollute the ISM
with carbonaceous dust and their contribution is comparable with Type II SNe
at late epochs. Type Ia SNe do not influence the balance of carbonaceous grains.

The evolution of silicate dust production is presented in the top panel of
Fig. 3.5: the bulk of this species is almost entirely produced by Type II SNe,
whereas LIMS play a negligible role.

When D98 prescriptions are adopted, a higher dust production rate from
Type II SNe and AGB stars is reached with respect to the model in which δi
from P11 are considered. Furthermore, Type Ia SNe play a fundamental role, as
they produce lots of iron that in this case is counted among silicates: actually,
the iron from Type Ia SNe could be accreted in a separate, iron-rich dust species.
We will deeply discuss this topic in Section 3.3.4, where we will compare our
model with abundances in Damped Lyman Alpha Systems.

3.2.3 Dust processes and the critical metallicity

Depending on the star formation history (SFH) of a galaxy, the fraction of the
dust and the contribution to its production by the different processes occurring
in the ISM can vary during the galactic evolution. In our model we can study
the different processes and their evolution during the galactic time.

In the top and middle panels of Fig. 3.6 we compare the rates of accretion,
destruction, and production of dust versus time for the I2 and I3 models, respec-
tively. In this figure we are able to compare the different evolution of the dust
when C08 or updated recipes are adopted. For the I2 model, dust destruction
and accretion trace each other, as they are both proportional to the character-
istic time of the star formation (based on their time-scales definition of D98).
Stars poorly contribute to the injection of dust in the ISM and the accretion
process plays the major role during the whole galactic time. In the middle panel,
we show the evolution of I3 model, and some differences emerge. In the initial
phase, dust production by Type II SNe is the most important process: in fact,
these massive stars (8− 40M�) have short lifetimes and rapidly inject dust into
the ISM. According to Eq. (2.14), the accretion rate increases because the dust
amount in the ISM becomes larger and the infalling gas continues to accrete. In
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addition, Eq. (2.16) shows that the accretion time-scale becomes shorter as the
metallicity increases, strengthening the rise of the accretion rate. At a certain
point, the rate of dust production and accretion become equal and then, dust
accretion dominates until the end of the simulation. This result is in agreement
with predictions of Asano et al. (2013) who defined the so called critical metal-
licity as the metallicity at which the contribution of dust accretion overcomes
the dust production from stars. In I3 model the critical metallicity assumes a
value Zcrit,I3 = 0.442Z� (Z� = 0.0134 from Asplund et al. 2009). As already
mentioned, for I2 model the accretion rate becomes important at early epochs
and we found a lower value for the critical metallicity, Zcrit,I2 = 0.172Z�.

It is interesting that dust destruction plays a negligible role, while the most
important process able to decrease the amount of dust is the galactic wind:
in fact, it acts on two fronts as it directly removes the dust from the galaxy
and regulates the efficiency of the accretion process. To better fix this concept,
we report in the bottom panel of Fig. 3.6 the dust evolution for I4 model,
characterized by a higher galactic wind parameter (ω = 5). In this case, dust
accretion always lies below dust production and the critical metallicity is not
reached: the galactic wind removes gas from the ISM which cannot condensate
onto pre-existing dust grains any more, causing a reduction in the accretion
rate. As before, in the earliest epochs the dust production rate is dominated by
Type II SNe, but it decreases as soon as the galactic wind starts. On the other
hand, the galactic wind does not deeply influences the dust production rate by
AGB stars and, in this scenario, their contribution is similar to the one of Type
II SNe. Galactic wind also decreases the destruction process: in such a case
the supernova rate decreases with the star formation (see Fig. 3.2), leading to
higher values of destruction time-scales, according to Eq. (2.12).

3.3 Dust depletion patterns of Si and Fe

In the previous Section we have shown our results concerning the dust evolution
in a typical dwarf irregular galaxy. In this Section, we compare our model to
the chemical abundances observed in DLAs, in oder to study dust depletion of
Si and Fe. We will adopt model I3 as the reference one to compare with DLA
systems.

3.3.1 How to study depletion in DLAs

The abundances in DLA systems reflect the composition of the gas phase of the
ISM, with no information on dust composition. This is because atoms incorpo-
rated into dust grains cannot be detected with absorption-line spectroscopy and,
as a result, the measured elemental abundances are depleted with respect to the
total interstellar abundance (gas plus dust). Calura et al. (2003) performed
dust corrections on DLA data in order to directly compare them with the total
abundances predicted by chemical evolution models. They used a scaling law
from Vladilo (2002a,b) to take into account the interstellar depletion in DLAs,
depending on the variation of the physical conditions.

Here we follow a different approach: with our model we predict the amount of
dust in the ISM and, by tracking the dust production, destruction and accretion
of the different elements, we calculate their fractions in the dust phase. By
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Figure 3.6: Rate in solar masses per year of the different processes governing the
dust evolution. The dashed-dot cyan and dashed red lines show the production
rate by AGB stars and Type II SNe, respectively; the solid green line indicates
the rate of the accretion process while the magenta dotted line represents the
destruction rate. Predictions for I2, I3 and I4 models are shown in the top,
middle and bottom panel, respectively.
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subtracting this fraction from the total, we predict the gas-phase abundances
that can be directly compared with the DLA abundances. In this procedure, the
condensation efficiencies of individual elements, δi, as well as the prescriptions
for the accretion and destruction described in Section 2.2, are used to calculate
the individual gas-phase abundances.

We focus on two refractory elements, iron and silicon, that are commonly
measured in DLA systems and that are expected to be incorporated in dust
form. On the other hand, we do not consider carbon depletion, which could be
useful to test the presence of carbonaceous dust, because carbon abundance is
extremely rare in DLA systems due to the saturation of the interstellar carbon
lines.

In order to tune the parameters of the DLA model we use volatile elements
(zinc and sulfur) which are not expected to be incorporated into the dust, even
though it is not completely clear if sulfur can be treated as a perfect volatile
(Calura et al., 2008; Jenkins, 2009). De Cia et al. (2016) showed that S depletion
seems to rapidly increase with metallicity and in low-metallicity objects, like
DLAs, can be negligible. In high-density molecular gas a fraction of zinc and
sulfur might be incorporated in dust, but, unfortunately, we are far from this
situation since the molecular fraction is generally very low in DLA systems
(Ledoux et al., 2003).

Following the procedure of Vladilo et al. (2011) (hereafter V11) we first tune
the parameters of galactic chemical evolution using the S/Zn ratio, which is
unaffected by dust depletion processes both in the model predictions and in the
data. We then use S and Zn as a reference to measure the relative abundances
of the refractory elements Si and Fe, i.e. we study the ratios Si/S, Si/Zn,
Fe/S, and Fe/Zn. The model predictions for these element-to-element ratios are
more robust than the predictions for absolute abundances (relative to hydrogen),
because they little depend on the uncertainties of stellar nucleosynthesis. At the
same time, these ratios are strong indicators of the possible presence of dust,
since in each case they represent a ratio between a refractory element, affected
by dust processes, and a volatile element, independent from dust.

We assume that the elemental abundances in the galactic ISM are determined
by two processes: 1) chemical enrichment of the gas by stellar ejecta and 2)
elemental depletion caused by the condensation of the gas onto dust particles.
In principle, one should also take into account the ionization state of the gas
for a precise conversion of the column densities into abundances, but ionization
corrections for DLA measurements are generally smaller than the column density
errors (Vladilo et al., 2001).

3.3.2 DLA data

The dataset used in this work is based on the best measurements of DLA metal
column densities, obtained with high resolution spectroscopy performed with 10-
m class telescopes (mostly HIRES at KECK and UVES at ESO-VLT). Starting
from the database of V11, we have added 34 DLA systems with associated
measurements collected in the last years. We report the entire dataset used
in this work in Table 3.2: in this Table, we report the name of the QSO in
column one and the absorption redshift in column two, while in the third, fourth,
fifth and sixth columns are presented the column density measurements of zinc,
sulfur, iron and silicon, respectively. In the last column, are reported the codes
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for each column density which are associated to the literature references listed
in Table 3.5. Before comparing the data with the model predictions we have
lowered and increased the ZnII and SII column densities, respectively by 0.1
and 0.04 dex to take into account the recent redetermination of the relative
oscillator strengths provided by Kisielius et al. (2014, 2015). The linear scaling
of column density with the oscillator strength is justified by the fact that ZnII
and SII absorption lines are unsaturated in most cases. The database of DLA
ZnII and SII column densities found in the literature is instead based on the
oscillator strengths of Morton (2003). In Table 3.2 we give the original column
densities, before the application of this correction.

3.3.3 Results

As a first step of our procedure, we tailored our model to match the observed
S/Zn ratio, which is not affected by dust parameters. We performed some tests
on the input parameters of chemical evolution models: we changed the wind
parameter, star formation efficiency, infall mass and IMF, as already explained
in Section 3.2. In Fig. 3.7 we show the comparison between the model results
of the dwarf irregular (model I3, Table 3.1) and the observed abundances of
volatile elements in DLA systems. We refer to V11 for a study of the impact of
parameter variations on the spread of the predicted S/Zn abundance ratios. To
reproduce the full span of S/Zn values of DLAs as a function of metallicity, the
use of an inhomogeneous chemical evolution model would be required, similar
to the one presented in Cescutti (2008), and such a task is beyond the aim of
the present work.

In Fig. 3.8 we show the relative abundance ratios between refractory (Si, Fe)
and volatile (S, Zn) versus the absolute abundance of the corresponding volatile.
We study each possible combination of these elements: Si/S and Fe/S versus
S/H (in the top panels), and Si/Zn and Fe/Zn versus Zn/H (bottom panels).
For a direct comparison with data, we remove the dust contribution from the
chemical predictions of the ISM (red line), obtaining the gas model (black solid
lines).

Assuming that volatile elements totally stay in the gas phase while a certain
fraction of refractories is incorporated into dust grains, refractory gas abun-
dances should show smaller values with respect to the total ISM (gas plus dust).
For this reason we expect the refractory to volatile abundance ratios in the gas
to lie below the total ISM abundances. In Fig. 3.8 we see that the ISM model
lies above the majority of the data, in agreement with this expectation. On the
other hand, the cases where measurements lie above the model could be due
either to the natural dispersion present in DLA data or to the uncertainties re-
lated to the stellar yields for zinc, sulfur and silicon, which are especially critical
at low metallicities (Romano et al., 2010).

We obtain interesting results for silicon and iron. In the left panels of Fig. 3.8
we show the case of silicon. The measured gas-phase DLA data shows a moder-
ate decrease with increasing metallicity. This suggests that the amount of silicon
in dust has a moderate tendency to increase in the course of galactic chemical
evolution. Concerning the models, the difference of the predictions before and
after the removal of the dust is evident (red and black solid lines, respectively).
We obtain a reasonable agreement between the model and the data for both
Si/Zn and Si/S ratios. This suggests that the dust contribution of accretion
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Figure 3.7: Volatile S/Zn abundance ratios versus Zn/H in DLA systems. The
long dashed red line represents the chemical evolution calculated from model
I3, whose parameters are reported in Table 3.1. Data: open circles are the
measurements which were already present in Vladilo et al. (2011) work, while
cyan circles represent the values of the sample presented in Table 3.2. In the
figure, zinc and sulfur column densities are corrected as suggested by Kisielius
et al. (2014, 2015) (see text).

together with dust production by Type II SNe and AGB stars is able to ex-
plain the depletion pattern of silicon observed in DLA systems. We notice that
silicon observations are depleted even at the lowest metallicities of the sample,
in agreement with a scenario in which Type II SNe give a fast contribution to
silicon dust production.

In the right panels of Fig. 3.8, we show the pattern of iron abundance versus
volatile elements. The abundance ratios show a marked decrease with metallicity
as found in V11. In this case, the observed iron depletion tends to vanish at
the lowest metallicities, suggesting that the mechanisms of production of iron-
rich dust takes place on longer time-scales than those typical of Type II SNe.
The gap between the total ISM model and the gas-phase data increases with
metallicity, indicating that the mechanisms of production of iron-rich dust must
be metallicity-dependent. However, at variance with the case of silicon, the gas-
phase model (black solid line) does not fit at all the gas-phase Fe/S and Fe/Zn
data. In fact, the model lies much higher than the data, suggesting that the
adopted model predicts too little iron in dust. In this model, only the accretion
process plays a significant contribution, whereas the dust production by Type II
SNe and AGB stars leads to a negligible fraction with respect to the total iron
abundance in the ISM. Even if we invoke a major contribution by either Type
II SNe or AGB stars, the total iron in dust would be still negligible with respect
to the iron amount ejected by Type Ia SNe in the gas phase. For this reason,
the model cannot predict any appreciable iron depletion until the metallicity
becomes high enough to make the accretion process important.
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Figure 3.8: Abundance ratio of refractory elements Si and Fe over volatile ele-
ments S (top panels) and Zn (bottom panels), against the absolute abundances
of the volatile element. The red long-dashed lines represent the cosmic ISM
abundance ratios of model I3, whereas the black solid lines represent the same
model after the removal of the dust, i.e. the gas model. The black short-dashed
lines represent a model including iron dust production from Type Ia SNe. Blue
dotted and green dashed-dotted lines show the predictions computed assuming
a 5 and 10 times more efficient iron accretion, respectively. Data: same as
Figure 3.7
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It is evident that an extra source of iron-dust must be added to the model to
reduce the discrepancy with the data. We considered two possibilities. First, we
tested the contribution of Type Ia SNe to iron dust using the D98 prescription,
even if we know that there is no observational support for this hypothesis. The
results are shown as black short dashed lines in Fig. 3.8. One can see that
this model can better follow the trend of the measured Fe abundance, but the
agreement is still poor. As a second possibility, we assumed that the bulk of
iron is incorporated in a solid component, different from silicates, characterized
by a high accretion efficiency. The existence of this dust population is suggested
by other works, e.g. in the form of iron-rich metallic nano-particles (Draine &
Hensley, 2012, 2013). Such particles might have sizes one order of magnitude
smaller than the standard size of silicates (1−0.1µm), and 2.16 predicts that the
accretion time-scale should be correspondingly smaller. Therefore, to increase
the efficiency of iron accretion we reduced the accretion time-scale by a factor
5 and 10. With such prescriptions we obtain a better match with data (green
short dotted lines and blue dashed-dotted lines in Fig. 3.8). All the models
that we have considered trace each other in the low metallicity range (early
epochs), while they evolve in a substantially different way at metallicities above
log(S/H)+12 ' 6.5 and log(Zn/H)+12 ' 3.5 for sulfur and zinc, respectively.
This is consistent with Eq. (2.16) and what we explained in section 3.2.3: the
dust accretion becomes important as the metallicity increases and, in particular,
when it reaches a critical value.

3.3.4 Discussion

In the last sub-Section we have reproduced the depletion pattern of silicon and
iron in the ISM of DLA systems: we showed that when we consider dust accre-
tion and formation from Type II SNe and AGB stars (AGBs can produce Si and
Fe dust originating inly from the original gas), a good agreement is obtained
for silicon, but not for iron. The results we have found support a scenario in
which iron and silicon undergo a different history of dust formation and evo-
lution. Iron and silicon are believed to be coupled in silicate species, mostly
in olivine (Mg2yFe2(1−y)SiO4) and pyroxene (MgxFe(1−x)SiO3) compounds.
The absorption of silicate features at 9.7 and 20 µm has been observed in a va-
riety of environments, such as the diffuse ISM, cold and dark interstellar clouds,
planetary nebulae and also in DLA systems (Nuth & Hecht, 1990; Swamy, 2005;
Kulkarni et al., 2007).
Observations in the local interstellar clouds by Kimura et al. (2003) suggested
an iron enrichment in the cores of silicate grains composed by triolite (FeS),
kamacite (FeNi) or oxides (FeO). Additional interstellar observations suggest
the existence of a dust species decoupled from silicates: Fe and Si depletion in
the Small Magellanic Cloud often diverges (Sofia et al., 2006), indicating that
iron is not tied to the same grains as silicon. Voshchinnikov & Henning (2010)
studied dust depletion in 196 different sight lines of the Milky Way, arguing
that silicates grains cannot be a composition of olivines and pyroxenes only,
but some amount of iron should reside in another dust population. Iron nee-
dles could represent an important additional dust species, having an appreciable
contribution in the total amount of iron dust. Dwek (2004a) argued that iron
needles contribute to the unexpected extinction law in the mid-infrared obser-
vation (3 − 8µm) of the Galactic center. In addition, theoretical prescriptions
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(Hoyle & Wickramasinghe, 1999), different abundance ratio in various physical
conditions (Voshchinnikov & Henning, 2010) and possible contribution of iron
needles in Cas A (Dwek, 2004b) and SN 1987A (Wickramasinghe & Wickramas-
inghe, 1993) may suggest that: 1) those needles can be readily created in SNe
environments and, 2) the destruction of silicates grains in the warm medium is
more effective than for Fe-rich grains or, in other words, that iron particles are
more resistant in the harshest ISM conditions.
Whilst the existence of a form of iron dust decoupled from silicates is suggested
by many authors, its origin and nature are still under debate (Vladilo, 2004),
the iron dust problem arises from the fact the bulk of this element is produced
by Type Ia SNe, but at the same time there is no evidence of iron dust particles
in their remnants. In our work we suggest that this iron species may origi-
nate directly in the ISM. Further evidence of iron dust accreting in the ISM is
provided by Dwek (2016). Here, we demonstrate this possibility in a chemical
evolution context. Draine & Hensley (2012, 2013) also investigated the same
possibility: they showed that the sub millimeter and millimeter excess observed
in low-metallicity galaxies might be explained by the presence of magnetic nano-
particles, with radius a < 0.1µm, which include a large fraction of interstellar
Fe.
If future observations will prove the existence of metallic nano-particles, the
possibility that such solid component is partly produced by Type Ia SNe could
be addressed with specific observational tests. As far as models are concerned,
new algorithms for the production of metallic nano-particles by Type Ia SNe
may be added to the efficient accretion in the ISM in order to improve the fit
to the observed gas phase abundances in DLA systems.
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0008-0958 1.7675 13.31 ± 0.05 15.84 ± 0.05 15.62 ± 0.05 16.04 ± 0.05 35B 35B 35B 35B
0142-100 1.6265 11.43 ± 0.15 14.53 ± 0.10 14.59 ± 0.03 14.75 ± 0.03 30a 30a 30a 30a
0927+1543 1.7311 13.38 ± 0.05 – 15.14 ± 0.24 15.99 ± 0.05 35B - 35B 35B
0927+5823 1.6352 13.29 ± 0.05 15.61 ± 0.05 – 15.72 ± 0.05 35B 35B - 35B
1013+5615 2.2831 13.56 ± 0.05 – – 16.14 ± 0.05 35B - - 35B
1049-0110 1.6577 13.14 ± 0.05 15.47 ± 0.05 15.17 ± 0.05 15.80 ± 0.05 35B 35B 35B 35B
1111-152 3.266 12.32 ± 0.10 14.62 ± 0.04 14.65 ± 0.03 15.10 ± 0.07 26e 34Z 34Z 34Z
1155+0530 3.326 12.89 ± 0.07 15.40 ± 0.05 15.37 ± 0.05 15.94 ± 0.05 35B 35B 35B 35B
1240+1455 3.1078 12.90 ± 0.07 15.56 ± 0.02 14.60 ± 0.03 15.93 ± 0.03 30d 30d 30d 30d
1310+5424 1.8006 13.57 ± 0.05 – 15.64 ± 0.05 16.44 ± 0.05 35B - 35B 35B
1337+3152 3.1745 12.26 ± 0.26 15.11 ± 0.2 14.91 ± 0.08 15.50 ± 0.15 30c 30c 30c 30c
1454+0941 1.7884 12.72 ± 0.05 15.25 ± 0.06 15.02 ± 0.12 15.47 ± 0.05 35B 35B 35B 35B
1552+4910 1.9599 12.93 ± 0.05 15.34 ± 0.05 15.47 ± 0.05 15.98 ± 0.05 35B 35B 35B 35B
1604+3951 3.1633 13.00 ± 0.10 15.70 ± 0.02 15.40 ± 0.15 16.09 ± 0.02 30d 30d 30d 30d
1610+4724 2.5066 13.56 ± 0.05 – 15.62 ± 0.05 16.16 ± 0.05 35B - 35B 35B
1629+0913 1.9023 12.68 ± 0.08 15.24 ± 0.05 – 15.32 ± 0.06 35B 35B - 35B
1755+578 1.9692 13.85 ± 0.05 – 15.79 ± 0.05 16.58 ± 0.05 35B - 35B 35B
1759+7539 2.625 12.56 ± 0.10 15.21 ± 0.02 14.94 ± 0.02 15.55 ± 0.06 22k 19c 19c 22k
2132-4321 1.916 12.69 ± 0.02 – 15.06 ± 0.04 15.57 ± 0.02 35A - 35A 35A
1142+0701 1.8407 13.29 ± 0.05 – 15.47 ± 0.05 – 35B - 35B -
1313+1441 1.7947 13.30 ± 0.05 – 15.55 ± 0.05 – 35B - 35B -
1417+4132 1.9509 13.55 ± 0.05 – 15.58 ± 0.05 – 35B - 35B -
0027-1836 2.402 12.79 ± 0.02 15.23 ± 0.02 14.97 ± 0.04 15.67 ±0.08 27f 27f 28b 28b
0642-5038 2.659 12.75 ± 0.05 15.35 ± 0.05 14.91 ± 0.03 15.22 ±0.06 34a 34a 34Z 34Z
1209+0919 2.5841 12.98 ± 0.05 – 15.25 ± 0.03 15.91 ±0.02 27h - 27h 27h
0035-0918 2.3401 – 13.08 ± 0.1 12.96 ± 0.05 13.37 ±0.05 - 34B 34B 34B
0044+0018 1.725 – 15.27 ± 0.05 – 15.34 ±0.05 - 35B - 35B
0142+0023 3.3477 – 13.28 ± 0.06 13.70 ± 0.10 14.15 ±0.03 - 30d 30d 30d
0234-0751 2.3182 – 14.18 ± 0.03 14.18 ± 0.03 14.32 ±0.09 - 34A 34A 34A
0450-13 2.067 – 14.28 ± 0.12 14.30 ± 0.07 14.68 ±0.10 - 26a 26a 26a
0958+0145 1.9275 – 14.44 ± 0.05 14.23 ± 0.05 14.84 ±0.06 - 35B 35B 35B
1024+0600 1.895 – 15.45 ± 0.05 15.27 ± 0.08 15.81 ±0.05 - 35B 35B 35B
1112+1333 2.2709 – 13.69 ± 0.09 13.59 ± 0.02 13.95 ±0.02 - 34B 34B 34B
1211+0422 2.3766 – 14.53 ± 0.04 14.62 ± 0.03 14.91 ±0.04 - 28k 28k 28k
1335+0824 1.856 – 15.29 ± 0.05 – 15.73 ±0.05 - 35B - 35B
1340+1106 2.7958 – 14.22 ± 0.02 14.32 ± 0.02 14.58 ±0.02 - 31a 31a 31a
1509+1113 2.0283 – 15.69 ± 0.05 15.48 ± 0.07 16.04 ±0.05 - 35B 35B 35B
1004+0018 2.5397 – 15.09 ± 0.02 15.13 ± 0.02 – - 34A 34A -
1009+0713 0.114 – 15.25 ± 0.12 15.29 ± 0.17 – - 31b 31b -
1451+1223 2.255 11.85 ± 0.11 – 14.33 ± 0.07 – 23b - - 23b
0112+029 2.423 – 14.83 ± 0.08 14.86 ± 0.05 – - 23d - 23d
1036-2257 2.777 – 14.79 ± 0.02 14.68 ± 0.02 – - 23g - 23g
0000-263 3.3901 12.01 ± 0.05 14.70 ± 0.03 14.76 ± 0.03 15.06 ± 0.02 20c 16d 20c 20c
0010-0012 2.0250 12.25 ± 0.05 14.96 ± 0.05 15.06 ± 0.05 15.31 ± 0.05 23d 25d 25d 23d
0058-2914 2.6711 12.23 ± 0.05 14.92 ± 0.03 14.75 ± 0.05 15.23 ± 0.07 23d 25d 25d 23d
0100+130 2.3090 12.47 ± 0.10 15.09 ± 0.06 13.37 ± 0.01 - 24a 24a - 24a
0102-1902 2.3693 11.77 ± 0.11 14.30 ± 0.04 14.47 ± 0.10 23d 25d - 23d
0201+365 2.4620 12.76 ± 0.30 15.29 ± 0.02 15.01 ± 0.01 15.53 ± 0.01 16e 22j 22j 22j
0216+080 2.2931 12.47 ± 0.05 15.04 ± 0.02 14.88 ± 0.02 15.45 ± 0.04 26e 31P 16d 31P
0347-383 3.0250 12.23 ± 0.12 14.76 ± 0.05 14.43 ± 0.01 14.77 ± 0.04 23d 25d 23d 22e
0405-443 2.5505 12.44 ± 0.05 14.82 ± 0.06 14.95 ± 0.06 15.32 ± 0.04 23e 23e 23e 23e
0528-2505 2.1410 12.29 ± 0.03 14.83 ± 0.04 14.85 ± 0.09 15.22 ± 0.05 26e 23a 23a 23a
0812+32 2.6260 13.15 ± 0.02 15.63 ± 0.08 15.98 ± 0.05 15.09 ± 0.01 27h 27h 27h 27h
0841+129 2.3745 12.20 ± 0.05 14.77 ± 0.03 14.87 ± 0.04 15.21 ± 0.04 23a 23a 27b 23a
0841+129 2.4764 11.69 ± 0.10 14.48 ± 0.10 14.50 ± 0.05 14.99 ± 0.03 26a 26a 26a 26a
0953+5230 1.7680 12.89 ± 0.05 15.35 ± 0.05 14.99 ± 0.05 15.67 ± 0.05 26k 26k 26k 26k

Table 3.2: The DLA sample used in this work. In the first column the QSO
name, in the second the absorption redshift of the DLA system. Column density
measurements of ZnII, SII, FeII and SiII are reported in column 3,4,5 and 6,
respectively. Reference codes for the column densities are reported in columns
7,8,9 and 10: we report the corresponding literature references in Table 3.5
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1116+4118 2.9422 12.40 ± 0.33 15.01 ± 0.10 14.69 ± 0.04 15.34 ± 0.08 27j 27j 27j 27j
1210+1731 1.8918 12.40 ± 0.05 14.96 ± 0.03 15.01 ± 0.03 15.33 ± 0.03 27b 27b 27b 27b
1223+178 2.4661 12.42 ± 0.05 15.14 ± 0.04 15.21 ± 0.05 15.50 ± 0.03 25d 23d 25d 23d
1331+170 1.7764 12.54 ± 0.02 15.08 ± 0.11 14.63 ± 0.03 15.30 ± 0.01 24a 24a 24a 24a
2138-4427 2.8510 11.99 ± 0.05 14.50 ± 0.02 14.65 ± 0.05 14.86 ± 0.02 23d 25d 25d 23d
2206-199 1.9200 12.95 ± 0.02 15.42 ± 0.02 15.31 ± 0.01 15.80 ± 0.01 21i 31P ww1 31P
2222-0946 2.3540 12.83 ± 0.01 15.31 ± 0.01 15.13 ± 0.01 15.62 ± 0.01 33a 33a 33a 33a
2230+025 1.8642 12.80 ± 0.11 15.29 ± 0.10 15.25 ± 0.05 15.70 ± 0.05 26a 26a 26a 26a
2231-0015 2.0662 12.30 ± 0.05 15.10 ± 0.15 14.83 ± 0.03 15.29 ± 0.04 24a 24a 24a 24a
2243-6031 2.3300 12.47 ± 0.02 15.02 ± 0.03 14.92 ± 0.03 15.36 ± 0.02 26f 22f 22f 22f
2314-409 1.8573 12.52 ± 0.10 15.10 ± 0.15 15.08 ± 0.10 15.41 ± 0.10 21c 21c 21c 21c
2318-1107 1.9890 12.50 ± 0.06 15.09 ± 0.04 14.91 ± 0.04 15.34 ± 0.04 27f 27f 27f 27f
2343+1232 2.4313 12.25 ± 0.10 14.66 ± 0.05 14.52 ± 0.05 15.15 ± 0.06 27f 27f 27f 27f
0013-004 1.9731 12.82 ± 0.04 15.28 ± 0.02 14.84 ± 0.03 15.43 ± 0.03 22h 22h 22h 22h
0551-3637 1.9615 13.02 ± 0.05 15.38 ± 0.11 15.05 ± 0.05 15.62 ± 0.06 22d 22d 22d 22d
0918+1636 2.5832 13.40 ± 0.02 15.82 ± 0.02 15.43 ± 0.01 16.01 ± 0.01 31C 31C 31C 31C
1439+1117 2.4184 12.93 ± 0.04 15.27 ± 0.06 14.28 ± 0.05 14.80 ± 0.04 28d 28d 28d 28d
1443+2724 4.2240 12.99 ± 0.03 15.52 ± 0.02 15.33 ± 0.03 – 28c 26f - 26f
1444+014 2.0870 12.12 ± 0.15 14.62 ± 0.08 14.00 ± 0.06 14.38 ± 0.06 23d 23d 23d 23d
0149+33 2.1410 11.50 ± 0.10 – 14.23 ± 0.02 14.57 ± 0.05 ww1 - ww1 ww1
0203-0910 1.0280 13.15 ± 0.15 – 15.65 ± 0.03 – 29d - - 29d
0225+0054 2.7140 12.89 ± 0.10 – 15.30 ± 0.10 15.62 ± 0.10 26c - 26c 26c
0256+0110 0.7250 13.19 ± 0.04 – 15.13 ± 0.30 – 26j - - 26j
0302-223 1.0095 12.45 ± 0.04 – 14.67 ± 0.043 15.18 ± 0.04 20e - 20e 20e
0354-2724 1.4051 12.73 ± 0.03 – 15.15 ± 0.05 – 27e - - 27e
0454+039 0.8597 12.42 ± 0.06 – 15.17 ± 0.04 15.45 ± 0.09 28a - 20e 20e
0458-02 2.0400 13.13 ± 0.02 – 15.40 ± 0.05 – ww1 - - 19e
0515-4414 1.1510 12.11 ± 0.04 – 14.24 ± 0.20 14.74 ± 0.18 20b - 20b 20b
0933+733 1.4790 12.71 ± 0.02 – 15.19 ± 0.01 – 25e - - 25e
0935+417 1.3726 12.25 ± 0.10 – 14.82 ± 0.10 – 15b - - 15b
0948+433 1.2330 13.15 ± 0.02 – 15.56 ± 0.01 – 25e - - 25e
1010+0003 1.2651 13.01 ± 0.02 – 15.26 ± 0.05 – 28a - - 26g
1013+0035 3.1040 13.33 ± 0.02 – 15.18 ± 0.050 15.78 ± 0.020 27h - 27h 27h
1104-1805 1.6616 12.48 ± 0.02 – 14.77 ± 0.020 15.45 ± 0.020 19b - 19b 19b
1107+0048 0.7410 13.06 ± 0.15 – 15.53 ± 0.02 – 26j - - 26j
1116+4118 2.6617 12.40 ± 0.20 – 14.36 ± 0.10 15.05 ± 0.11 27j - 27j 27j
1117-1329 3.3511 12.25 ± 0.06 – 14.82 ± 0.05 15.12 ± 0.04 22g - 22g 22g
1137+3907 0.7190 13.43 ± 0.05 – 15.45 ± 0.05 – 26g - - 26g
1157+0128 1.9436 12.99 ± 0.05 – 15.46 ± 0.02 15.97 ± 0.02 27b - 27b 27b
1215+33 1.9990 12.33 ± 0.05 – 14.75 ± 0.05 15.03 ± 0.02 ww1 - 19e ww1
1225+0035 0.7731 13.23 ± 0.07 – 15.69 ± 0.03 – 28a - - 26g
1230-101 1.9314 12.94 ± 0.05 – 15.32 ± 0.10 15.77 ± 0.10 25a - 25a 25a
1249-0233 1.7810 13.11 ± 0.10 – 15.47 ± 0.10 15.80 ± 0.10 26c - 26c 26c
1253-0228 2.7830 12.77 ± 0.07 – 15.36 ± 0.04 – 23g - - 23g
1323-0021 0.7160 13.43 ± 0.05 – 15.15 ± 0.03 – 26i - - 26i
1328+307 0.6922 12.53 ± 0.03 – 15.09 ± 0.01 – 28j - - 28j
1351+318 1.1491 12.52 ± 0.13 – 14.74 ± 0.09 15.23 ± 0.13 19d - 19d 19d
1354+258 1.4200 12.59 ± 0.13 – 15.03 ± 0.09 15.36 ± 0.13 19d - 19d 19d
1426+6039 2.8268 12.18 ± 0.04 – 14.48 ± 0.01 – 27h - - 27h
1501+0019 1.4832 12.93 ± 0.06 – – 15.71 ± 0.02 26g - 26g -
1727+5302 0.9449 13.27 ± 0.05 – 15.38 ± 0.140 15.94 ± 0.02 24c - 24c 24c
1727+5302 1.0311 12.65 ± 0.05 – 14.54 ± 0.100 15.60 ± 0.03 24c - 24c 24c
1733+5533 0.9984 12.89 ± 0.06 – – 15.48 ± 0.06 28a - 26g -
1850+40 1.9900 13.35 ± 0.10 – 15.58 ± 0.10 – 18g - - 18g
2059-0528 2.2100 12.94 ± 0.10 – 15.00 ± 0.10 15.36 ± 0.10 26c - 26c 26c
2228-3954 2.0950 12.51 ± 0.05 – 15.17 ± 0.05 – 28c - - 28c
2340-00 2.0545 12.63 ± 0.08 – – 15.17 ± 0.04 27h - 27h -
2359-0216 2.0950 12.60 ± 0.03 – 14.55 ± 0.03 15.40 ± 0.02 19e - ww1 ww1
0135-273 2.8000 – 14.78 ± 0.14 14.77 ± 0.11 – - 23d - 23d

Table 3.3: Continues from Table 3.2
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0201+1120 3.3848 – 15.21 ± 0.11 15.35 ± 0.05 – - ww1 - ww1
0242-2917 2.5600 – 14.11 ± 0.04 14.36 ± 0.04 – - 28c - 28c
0254-4025 2.0460 – 14.10 ± 0.04 14.17 ± 0.04 – - 28c - 28c
0255+00 3.9146 – 14.72 ± 0.02 14.75 ± 0.15 – - ww1 - ww1
0300-3152 2.1790 – 14.20 ± 0.04 14.21 ± 0.04 – - 28c - 28c
0336-0142 3.0621 – 14.99 ± 0.02 14.91 ± 0.03 15.25 ± 0.03 - 22j 26e 22j
0425-5214 2.2240 – 14.07 ± 0.04 13.96 ± 0.04 – - 28c - 28c
0741+4741 3.0174 – 14.00 ± 0.02 14.05 ± 0.01 14.35 ± 0.01 - ww1 22j 22j
0900+4215 3.2458 – 14.65 ± 0.02 14.54 ± 0.02 – - 27h - 27h
0957+33 4.1798 – 14.39 ± 0.06 14.13 ± 0.05 14.56 ± 0.01 - ww1 ww1 ww1
1021+3001 2.9490 – 13.87 ± 0.07 14.04 ± 0.01 14.32 ± 0.02 - 27h 27h 27h
1132+2243 2.7830 – 14.07 ± 0.06 14.02 ± 0.02 14.49 ± 0.12 - 23g 23g 23g
1220-1800 2.1130 – 14.39 ± 0.03 14.35 ± 0.03 – - 28c - 28c
1337+1121 2.7957 – 14.33 ± 0.02 14.07 ± 0.02 14.79 ± 0.07 - 27h 27h 27h
1354-1046 2.5010 – 14.13 ± 0.10 14.35 ± 0.10 – - 28c - 28c
1435+5359 2.3427 – 14.78 ± 0.05 – 15.13 ± 0.02 - 27c 27c -
1558-0031 2.7026 – 14.07 ± 0.02 – 14.24 ± 0.02 - 27c 27c -
2059-360 2.5073 – 13.49 ± 0.23 13.53 ± 0.05 13.91 ± 0.03 - 25d 25d 23d
2059-360 3.0830 – 14.38 ± 0.05 14.52 ± 0.07 14.80 ± 0.05 - 25d 25d 20d
2222-3939 2.1540 – 14.08 ± 0.03 14.42 ± 0.03 – - 28c - 28c
2241+1352 4.2820 – 14.58 ± 0.03 14.76 ± 0.11 15.06 ± 0.05 - 23g 23g 23g
2332-0924 3.0572 – 14.13 ± 0.04 14.06 ± 0.03 14.64 ± 0.03 - 34Z 34Z 34Z
2342+3417 2.9082 – 15.19 ± 0.02 15.02 ± 0.06 15.62 ± 0.02 - 27h 27h 27h
2348-147 2.2790 – 13.75 ± 0.06 13.84 ± 0.05 14.18 ± 0.05 - 26a 26a 26a
1232+0815 2.3377 – 14.81 ± 0.09 14.44 ± 0.08 15.06 ± 0.05 - 31c 31c 31c
2348-0108 2.4272 – 15.06 ± 0.04 14.83 ± 0.03 15.26 ± 0.09 - 27g 27g 27g

Table 3.4: Continues from Table 3.2
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Code Reference Code Reference
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3.4 Dust chemical composition

As we have already pointed out, spectroscopic measurements detect the compo-
sition of the gas phase of the ISM (optical/UV) leaving undetected the elemental
particles present in the dust phase. For this reason, we do not have any direct
measurements or evidences of the dust composition in DLA systems.

Here we present a new method to provide for the first time the element-to-
element abundance ratios of the dust phase in the ISM of DLA systems. To
this purpose, we will take advantage of the properties of refractory and volatile
elements and the predictions of chemical evolution models. In what follows, we
explain our method and present the obtained results in sub-Section 3.4.1. In
sub-Section 3.4.2 we compare our results with our chemical evolution model, in
order to understand how different dust processes affect the element-to-element
abundance ratio during the galactic evolution: this comparison represents an
independent test, as our chemical evolution model is based on theoretical pre-
scriptions. In sub-Section 3.4.3, we interpret our results through a simple dust
model which accounts for silicates (variable mixture of pyroxenes and olivines)
and Fe in metallic particles: this approach is necessary to study the stoichiom-
etry of dust grains, and therefore study how different dust species evolve as a
function of the metallicity.

3.4.1 Abundance ratios in dust

To obtain the dust abundance ratios in the ISM of DLA systems, we compare
observations with chemical evolution models which are able to trace the total
abundance of an element in the ISM. Because of dust depletion, this comparison
leads to a different interpretation when volatile or refractory elements are used.
Here, we first describe step by step how we take advantage of the peculiarity of
volatile and refractory elements, and we show the fundamental equations that
are necessary to obtain the dust abundance ratios.

Method

Let us express N ISM
i as the total column density of an element i in the ISM,

namely, part of its abundance resides in the gas phase of the ISM whereas the
rest is incorporated in the dust phase. Therefore, the total column density can
be expressed as follows:

N ISM
i = Ng

i +Nd
i , (3.1)

where the first and the second terms on the right side of the equation express
the column density in the gas and in the dust phase, respectively. Eq. (3.1) is
appropriate for a refractory element, i = R, for which we can write:

N ISM
R = Ng

R +Nd
R (3.2)

On the other hand, for a volatile element i = V , no abundance in the dust phase
is expected and therefore the total column density in the ISM is equal to the
one measured in the gas phase:

N ISM
V = Ng

V ≡ NV (3.3)
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By dividing equation (3.2) by (3.3), and deriving Nd
R we obtain:

Nd
R = (NR/NV )ISM ·NV −Ng

R (3.4)

where (NR/NV )ISM is the total abundance ratio in the ISM between a refractory
and a volatile element.

If we consider two refractory elements R1 and R2, we can simply derive their
average abundance ratio in the dust along the DLA sight line (NR1

/NR2
)d from

eq. (3.4), namely: (
NR1

NR2

)d
=
NV (NR1

/NV )ISM −Ng
R1

NV (NR2
/NV )ISM −Ng

R2

(3.5)

High resolution spectroscopy in the optical and UV wavebands can measure
only the gas phase column density of a single element, but it cannot give infor-
mation on the dust phase. The column densities in the gas phase of refractories
and volatile (NR1

, NR2
, NV ) can be directly measured from spectroscopy, while

the total abundance ratios in the ISM, (NR1
/NV )ISM and (NR2

/NV )ISM , can
be constrained by a model of galactic chemical evolution.

We see from eq. (3.5) that the dust abundance ratio of two given chemical
elements depends on the abundance of one volatile element. As a consequence
of this, in DLAs we can use only one measured abundance of a volatile element
to derive such a ratio. In particular, we can use the measurements of Zn and S
and then select the abundance ratio with the smallest error.

Error on the dust abundance ratio

In order to estimate an error of the measured abundance dust ratio (NR1
/NR2

)d

we rewrite eq.(3.5) as:

ρ =
ax− y
bx− z

, (3.6)

where ρ ≡ (NR1
/NR2

)d; x, y and z indicate the observed quantitiesNV , NR1
, NR2

,
respectively, and are considered as independent variables; a and b refer to the
model predictions (NR1

/NV )ISM and (NR2
/NV )ISM respectively, which are as-

sumed as reference values, without error. To estimate the error propagation on
the variable ρ, we define the variables u ≡ ax− y and v ≡ bx− z, obtaining:

σρ =
1

v2

√
(av − bu)2σ2

x + v2σ2
y + u2σ2

z (3.7)

With the above expression, we can put a selection criteria on our results: when
σρ is grater than 0.5 dex (arbitrary value), we reject the measurement of the
dust abundance calculated by eq. (3.5).

Beside the estimate of the error, our results may be also affected by the
assumption that a volatile element totally resides in the gas phase of the ISM.
In fact, if a small fraction of a volatile element fV = Nd

V /(N
g
V +Nd

V ) has been
locked into dust grains, the total column density in the medium will be different
from expressed in eq.(3.3), in particular:

N ISM
V = Ng

V (1 + εV ), (3.8)
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where εV = fV /(1− fV ). If we account for this possible small depletion of the
volatile element, the dust column density expressed in eq.(3.5) becomes:(

NR1

NR2

)d
=
NV (1 + εV )(NR1

/NV )ISM −Ng
R1

NV (1 + εV )(NR2
/NV )ISM −Ng

R2

(3.9)

In this way, we face the possibility that we may introduce an error in the estimate
of the dust abundance ratio. For εZn and εS we explore a range of values from
0.1 to 0.25 dex, based on the depletions provided by De Cia et al. (2016) for those
elements residing in low-metallicity environments. As we did not find substantial
differences in this range, we adopt a final 0.1 dex depletion for both Zn and S. To
quantify the uncertainties related to volatile depletions, we compare the results
obtained from equations (3.5) and (3.9) and discard cases with an absolute
deviation larger than 0.15 dex of the computed error of eq. (3.7), are rejected.

The galactic chemical evolution model

As in the Section 3.3, here we compare the chemical abundances predicted by
the model with the ones observed in DLAs. Also in this case, we aim at a
model which can reproduce the observed features in DLAs, namely the ones
of a typical low-mass and -luminosity galaxy (Matteucci et al., 1997; Møller &
Warren, 1998; Calura et al., 2003; Christensen et al., 2014; Gioannini et al.,
2017a).

The model parameters are specifically fixed similarly to the ones of Vladilo
et al. (2011): they did not use a chemical evolution model which accounts
for the presence of dust, and their constraints were based on the comparison
between model predictions and observations of volatile chemical abundances
(i.e., the S/Zn abundance ratio). This comparison is indeed independent from
the presence of dust. Using the S/Zn ratio in DLA systems, they performed a
fine tuning by producing a grid of chemical evolution models, where the total
mass Minfall, ν and ω were let to vary, and selected the best model by the
comparison with the observed S/Zn ratios, on the basis of a least square method.
At variance with Vladilo et al. (2011), we performed also some tests on the
variation of the IMF and the time-scale of the infall τ , but we did not find
substantial differences with the previous work. After performing these tests, we
have adopted the parameter values shown in Table 3.6, which agree with the
ones of a typical dwarf irregular galaxy (Bradamante et al., 1998; Recchi et al.,
2002; Calura et al., 2008).

Results: the observational trend

In Fig. 3.9, we present the dust abundance ratios for Si and Mg over Fe computed
with our method. The data are plotted as a function of metallicity, expressed
as [Zn/H] or [S/H] (Eq. 3.5), depending on which element (Zn and S) has been
used as the volatile to compute the dust abundance ratio. The solar reference
value has been taken from Asplund et al. (2009).

In the top panel of Fig. 3.9 it is clear that the Si/Fe abundance ratio in
the dust is not constant and decreases with the metallicity. This trend is very
important in terms of dust evolution and suggests that the dust chemical com-
position varies with metallicity and therefore with time. The same trend is
observed for the (NMg/NFe)

d dust abundance ratio, even if in this case there
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Figure 3.9: Dust abundance ratio of Si and Fe (top panel) and Mg and Fe
(bottom panel) as a function of the measured abundance of Zn or S column
density. Red and blue dots represent data for which only DLA measurement
of Zn or S was available, respectively. Red and blue squares represent data for
which both volatiles measurements were available but the propagated error was
lower in the case of Zn or S, respectively. The error bar of each point has been
computed through eq. (3.7). Black dotted line represents the linear regression
of dust column density versus [Zn/H] data.
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Parameter Value

Tinfall 0.1Gyr
M 5× 109M�
ν 0.050Gyr−1

ω 3.5
IMF Salpeter

Table 3.6: Resume of the adopted parameters of the chemical evolution model
to reproduce the abundances of DLA systems. From the first raw to the last
we report the adopted time of the infall, mass of the galaxy, star formation
efficiency, wind parameter and the initial mass function.

is a lower amount of data with respect to the previous case. In Fig. 3.9 we also
present a linear fit to the dust abundances, which significance level strengthens
our interpretation of the trend (black dashed line). The parameters of the fit
are: (

NSi
NFe

)d
= −0.537±0.05 · [Zn/H] − 0.422±0.04(

NMg

NFe

)d
= −0.466±0.26 · [Zn/H] − 0.533±0.24

with a Pearson correlation coefficients of -0.78 and -0.62 for (NSi/NFe)
d and

(NMg/NFe)
d, respectively.

The flat trend of the [(Si,Mg)/Fe] ratios in the ISM of low metallicity sys-
tems is a known feature confirmed by both observations (e.g. Lu et al., 1996;
Cooke et al., 2011; Rafelski et al., 2012; Cooke et al., 2015) and chemical evolu-
tion models (e.g. Kunth et al., 1995; Matteucci et al., 1997; Calura et al., 2003;
Spitoni et al., 2009), and it is attributed to the delayed pollution in the ISM of
iron with respect to α-elements1. It is interesting that also the abundance ratio
we found in the dust phase qualitatively follows the same evolution: this may
suggest that the evolution of the abundance ratios in the dust phase is strictly
connected to the evolution of the same elements in the ISM.

However, the decrease of dust abundance ratios is steeper than the one ob-
served in the chemical evolution predictions which show a decrease of [Si, Mg]/Fe
of only ≈ 0.2 dex in the metallicity range [-2.0,0.0]. Clearly, the interpretation
of the element-to-element ratios in the dust is more complex. In fact, the dust
abundance ratios may depend on the type of dust species present in the ISM
and on the relative contributions of different dust sources (AGB stars, Type II
SNe and dust growth). A very simple interpretation of this trend would suggest
that iron-rich dust might be important at higher metallicities.

In order to better understand this evolution, in what follows we are going to
present two distinct studies.
In the first one we compare the obtained abundance ratios in the dust with
the theoretical predictions provided by the chemical evolution model. In this
way, we are able to study how different dust processes (dust formation by stars,
accretion and destruction) influence the abundance ratios of the elements in

1α-elements are those elements formed in massive stars (M∗ > 10M�) by subsequent
addition of α-particles, such as O, Mg, Si, S, Ca
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dust grains. Unfortunately, this study does not allow us to study the accurate
species that compose dust grains (pyroxenes, olivines and iron particles). For
this reason, we also present a different approach, based on a simplified model of
dust grain composition (hereafter dust grain model). By means of this approach,
we can directly investigate the real stoichiometry of silicates and the fraction of
Fe-rich dust included in the metallic component.

3.4.2 Comparison with galactic evolution models with dust
production

In this paragraph we present the comparison between the obtained dust abun-
dance ratios calculated with Eq.(3.5) and the prediction of the galactic evolution
model which accounts for the production of dust by different sources (Type II
SNe, AGB stars and dust growth/accretion in the ISM). In this way, we are per-
forming an independent test on the observed trend in the chemical abundances of
the dust phase: in fact, the dust abundance ratios performed in paragraph 3.4.1
have been obtained starting from the observed abundances in DLA systems,
whereas in the case of chemical evolution model we provide the same quantities
based on a theoretical calculation.

In this context, we adopt the same galactic chemical evolution model used
in Section 3.3 and we call it the reference model. In the previous Section we
compared the abundance ratios of refractories and volatiles, whereas here we
aim at comparing the element-to-element ratios in the dust grains. In Fig. 3.10,
we present the predictions for the dust chemical abundance ratios of our chem-
ical evolution model. The yellow thick line represents the reference model for
(Si/Fe)d and (Mg/Fe)d in the top and bottom panels, respectively. In both
cases, the model confirms that the evolution of Fe in dust is not correlated with
the ones of Si and Mg. We can approximatively divide the trend in two dis-
tinct regions: a moderate decrease at low metallicities ([Fe/H] < −0.7) which
becomes steeper at higher metallicities (−0.7 < [Fe/H] < 0.5). The two slopes
are caused by roles of different dust processes during the galactic evolution.
At low metallicities dust production from Type II SNe is the most important
process of dust formation. These kind of stars produce mainly α-elements and
only a small fraction of Fe. This characteristic, together with the typical short
timescale involved in those massive stars (shorter than 30 Myr for stars with
masses M∗ > 8M�, e.g. Padovani & Matteucci 1993), leads to the typical
high values of [α/Fe] ratios observed in low metallicities environments (e.g.,
Matteucci et al., 1997; Calura et al., 2003; Spitoni et al., 2016). As already
pointed out in Sec. 3.4.1, here we find that this behavior is also reproduced in
the chemical abundances of the dust phase.

(Si/Fe)d and (Mg/Fe)d strongly depend on the adopted dust condensation
efficiencies, namely on the dust stellar yields: we show in Fig. 3.10 the case in
which the iron dust condensation efficiency from Type II SNe (δIIFe) are increased
by a factor 1.5 and 3.0 in cyan and blue lines, respectively (the increased values
of δIIFe remain strictly ≤ 1.0, in agreement with the definition of condensation
efficiency). As we expected, as the δIIFe increases, both ratios of (Si/Fe)d and
(Mg/Fe)d decrease, proving that the variation of the dust abundance ratios at
low metallicities is strictly connected to dust production from Type II SNe. The
variation of δIIFe provokes a visible scatter at low metallicity, whereas the three
models (the reference model and the ones with increased δFe) almost trace each
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Figure 3.10: Chemical abundance ratios in the dust phase of (Si/Fe)d and
(Mg/Fe)d versus metallicity in the top and bottom panels, respectively. The
thick yellow line represents the variation of the chemical abundances in the dust
phase as predicted by our chemical evolution model with dust. Other models
vary from the reference one as showed in the box. Cyan dash-dotted and blue
dash-dot-dotted line dust production of Fe by Type II SNe is increased by a
factor 1.5 and 3.0, respectively. The dotted green model assumes that no dust
accretion is occurring during the whole galactic time. Red dashed and magenta
long-dashed lines have a more efficient Fe accretion of a factor 5 and 7, with
respect to the reference model.
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other at higher metallicities. The reason is that at those metallicities Type II
SNe are not any more the most important channel for dust production: in fact,
as the critical metallicity is reached (see Section 3.2.3), dust accretion becomes
the dominant process and the abundance ratios (Si,Mg/Fe)d become almost
independent of the condensation efficiencies of Type II SNe.

Dust accretion is indeed a fundamental process, which influences dust evo-
lution in galaxies, especially at high metallicity. In Fig. 3.10 we show that the
chemical evolution model without considering dust accretion (green-dotted line)
anti-correlates with data. In fact, the model starts decreasing at low metallicity
but at a certain point it predicts a constant value of (Si/Fe)d and (Mg/Fe)d.
The way the dust abundance ratios Si/Fe and Mg/Fe vary at higher metallic-
ities depends on how different elements contribute to dust growth. The red
and magenta lines represent models with more efficient Fe-rich dust accretion as
described in the legend. Here, we find that models with shorter time-scales for
Fe-rich dust accretion provide a better agreement with observations, even if the
difference between the reference model is not so large. Finally, we remind that
assuming a shorter timescale for Fe means that we are assuming the presence
in the ISM of iron-rich dust grains with sizes smaller than 0.1 µm, as eq.(2.16)
shows.

3.4.3 Interpretation: the composition of dust

To interpret the dust abundance ratios of Si, Mg and Fe we adopt a model of
dust grains. In our idealized dust model, we consider interstellar dust grains
made of silicates plus an iron-rich dust species (possibly metals, as suggested
in Section 3.3). Carbon is not considered for two reasons. First, carbon abun-
dances are not observable in DLA systems, either because the absorption lines
are totally saturated or because they are too faint. Second, carbon is usually
incorporated in organic compounds which are probably missing in the harsh
interstellar conditions typical of DLA systems.

To describe our dust model we adopt a similar notation as proposed by Ueda
et al. (2005). In our method we assume that all the Si and Mg abundance in the
dust phase is bound in the form of silicates. In particular, we assume silicates
composed by a mixture of pyroxenes, MgxFe(1−x)SiO3 (x = 0, 1 corresponds to
ferrosilite and enstatite, respectively), and olivines, Mg2yFe2(1−y)SiO4 (y = 0, 1
corresponds to fayalite and forsterite, respectively). These classes of silicates
are thought to be the dominant classes of interstellar silicates (e.g. Savage &
Sembach, 1996). Each component can be Mg-rich or Fe-rich, depending on the
values of the parameters x and y for pyroxenes and olivines, respectively:

x =

(
NMg

NMg +NFe

)d
prx

(3.10)

and

y =

(
NMg

NMg +NFe

)d
olv

. (3.11)

We fix the proportion of pyroxenes and olivines in the mixture with the
parameter α:

α =
Nprx

Nprx +Nolv
, (3.12)
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where Nprx = N [MgxFe(1−x)SiO3] and Nolv = N [Mg2yFe2(1−y)SiO4] repre-
sent the number density of pyroxenes and olivine molecules, respectively. Then,
the number density of a refractory element in the silicate form can be expressed
as:

Nd
Si = Nprx +Nolv (3.13)

in the case of Si,
Nd
Mg = x ·Nprx + 2y ·Nolv (3.14)

in the case of Mg, and:

Nd
Fe(silicates)

= (1− x) ·Nprx + 2(1− y) ·Nolv (3.15)

in the case of Fe.
In the case of Fe, we assume that a fraction of its dust abundance (µ) is

incorporated in another ”metallic” dust component, beyond silicates:

µ =
Nd
Fe(met)

Nd
Fe(met)

+Nd
Fe(sillicates)

, (3.16)

where we defined NFe(met)
as this additional iron-rich metallic component, with

no assumption on its nature. Therefore, the total abundance of Fe in the dust
phase will result from the sum of the Fe density in the two species, Nd

Fe =
Nd
Fe(met)

+Nd
Fe(silicates)

:

Nd
Fe =

(1− x) ·Nprx + 2(1− y) ·Nolv
(1− µ)

. (3.17)

By the definitions given above of the parameters α, x, y and µ we can now
introduce the equations that express in parametric form the number densities
of (Si/Fe) and (Mg/Fe) in the dust phase:(

Si

Fe

)
d

=
(1− µ)

(1− x)α+ 2(1− y)(1− α)
(3.18)

(
Mg

Fe

)
d

=
(1− µ)[xα+ 2y(1− α)]

(1− x)α+ 2(1− y)(1− α)
. (3.19)

Equations (3.18) and (3.19) can be used to infer which type of dust grains is
more abundant. Moreover, it can be used to track the evolution of the dust
chemical composition, as we explain in the next paragraph.

Fixed parameters

The “graphite and silicate” model (Hoyle & Wickramasinghe, 1969), represents
the basis of almost all subsequent dust grain composition models (Mathis et al.,
1977; Draine & Lee, 1984; Desert et al., 1990; Li & Draine, 2001). In our work
we focus on the study of the silicate grain composition, since we are analyzing
the abundance ratios of Mg, Si and Fe, which represent the building blocks
of silicate dust. Some observational studies of the parameters α, x, y and µ
have been performed on several interstellar lines of sight, by using IR (Kemper
et al., 2004; Min et al., 2007; Fogerty et al., 2016) and X-rays measurements
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Figure 3.11: (Si/Fe)d and (Mg/Fe)d abundance ratios in the dust of DLA
systems as a function of the metallicity. Abundances and error bars (black
dots) are taken from equations (3.18), (3.19) and (3.7). Lines represent dust
models without evolution as shown in the top right box: normal and thick lines
represent values of µ = 0.0 and 0.75, respectively. The fixed model parameters
are given in Table 3.7.
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α x y µ Reference Observation Interstellar Region

0.2 0.55 0.45 0.00 Kemper et al. (2004) IR abs. Galactic center

0.2 0.55 0.45 0.75 Kemper et al. (2004) IR abs. Galactic center

0.2 0.50 0.70 0.55 Ueda et al. (2005) X-Ray abs. Galactic center

0.5 0.71 0.71 0.00 Costantini et al. (2005) X-Ray abs. Cyg X-2

0.5 0.71 0.71 0.75 Costantini et al. (2005) X-Ray abs. Cyg X-2

0.5 0.95 0.95 0.00 Min et al. (2007) IR abs. Galactic center

0.5 0.95 0.95 0.75 Min et al. (2007) IR abs. Galactic center

Table 3.7: Assumed values of the parameters for the simple dust model obtained
from different literature works. In the first, second, third and fourth columns
are presented the values of α, x, y and µ, respectively. Then we report the
bibliographic reference (column five), the adopted technique used (column six)
as well as the related Galactic region (column seven).

(Ueda et al., 2005; Costantini et al., 2005; Lee & Ravel, 2005; Lee, 2010). Based
on the IR measurements, Kemper et al. (2004) investigated the 10 µm silicate
feature in the line of sight of the Galactic center, obtaining a best agreement
with observations when a mixture of 15% for pyroxenes and 85% for olivines was
adopted in their model. Similar results were confirmed by Fogerty et al. (2016),
which suggest a fifty-fifty abundance of the two species. Ueda et al. (2005),
by means of high resolution X-Ray spectroscopy constrained the parameters as
α = 0.2, x = 0.5 and y = 0.7. The parameter µ is generally unconstrained,
except in the work of Ueda et al. (2005), who estimated a value of 0.45 for the
fraction of Fe in silicates, and therefore µ = 0.55. Based on these empirical
results, we have considered a series of grain compositions with constant values
of α , x, y and µ, listed in Table 3.7. In these grain models, when µ is not given,
we adopt two representative values, namely µ = 0.75 and µ = 0.0 (all Fe is
assumed in silicate form).

In Fig. 3.11, we compare the predictions of the grain models with fixed
parameters with the computed dust abundance ratios. The parameter µ deeply
affects the dust chemical composition: grain models with µ = 0 lead to higher
values of (Si,Mg/Fe)d than the corresponding models with µ = 0.75, and cover
different regions of the plot. The model of Kemper et al. (2004) better explains
the abundance ratio at high metallicities ([Fe/H]> −1), whereas the one of
Min et al. (2007) predicts too high values of (Si/Fe)d and (Mg/Fe)d at all
metallicities. A good agreement is obtained with the grain model of Costantini
et al. (2005), for which the majority of data are contained between the upper
(µ = 0) and lower limit (µ = 0.75). Finally, the Ueda et al. (2005) model is
qualitatively in agreement with the average of the DLA dust abundance ratios.

In conclusion, we have shown that the range of values of Si/Fe and Mg/Fe
dust abundance ratios in DLA systems is consistent with empirical measure-
ments of the same dust ratios in the ISM of our Galaxy. The comparison with
the data suggests that the iron fraction in a non-silicate component, µ, in-
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creases with increasing metallicity. Obviously, the dust grain model with fixed
parameters cannot explain the evolution of the dust abundance ratios with the
metallicity (Fig. 3.9). In the next paragraph we will let evolve the grain model
parameters, trying to reproduce the observed evolutionary trend.

Metal dependent parameters

In this paragraph we explain how we can vary the parameters of our grain
composition model, on the basis of simple assumptions. To simplify our model
we assume that the ratio of NMg/(NMg + NFe)

d in olivines and pyroxenes is
the same. In other words, we are setting the parameters of our model as x = y.

Then, we assume that the Mg/Fe ratios in the dust phase scales with the
total Mg/Fe ratios of the ISM. In this way, x and y vary as a function of the
abundances predicted by the chemical evolution model (CEM):

x = y =

(
Mg

Mg + Fe

)
CEM

(3.20)

In other words we assume that in galactic magnesium-rich environments x and
y will be higher than in magnesium-poor ones.

To model µ, we assume that the fraction of iron-rich, non-silicate grains,
grows with the fraction of the total Si/Fe ratio in the ISM. In this way, the
lower is the [Si/Fe] ratio, the higher will be the fraction of iron which can be
included in a non-silicate dust component. Specifically, we adopt the functional
form:

µ =
µmax

1 + (Si/Fe)
CEM

(3.21)

where we fixed µmax = 1. In this way, when Si is absent, we assume that
silicates are not produced and all iron is in a non-silicate form and µ → µmax.
Vice versa, when Fe is absent, all Fe in form of dust is incorporated in silicates
and µ→ 0.

Concerning the parameter α of eq. (3.12), we consider two distinct cases for
(Si/Fe)d and (Mg/Fe)d. For (Si/Fe)d, since our chemical evolution model
does not predict the ratio of the pyroxenes/olivines mixture, we consider differ-
ent cases for fixed α. For (Mg/Fe)d case, α is not important because this ratio
is independent from α when x = y. In fact assuming x = y Eq. 3.19 becomes:(

Mg

Fe

)
d

=
(1− µ) · x

(1− x)
(3.22)

With the above equations (3.20 and 3.21) we are able to estimate the pa-
rameters x, y and µ by means of our chemical evolution model, and to calculate
the ratios of (Si/Fe)d and (Mg/Fe)d as functions of metallicity for comparison
with the results obtained in Section 3.4.1. The different curves in the top panel
of Fig. 3.12 show the predicted evolution of (Si/Fe)d versus metallicity, for dif-
ferent α values (as shown in the legend). The idealized dust grain model is in
agreement with the observed trend in metalllicity: as the metallicity increases
the (Si/Fe)d decreases indicating that the iron to dust abundance increases in
a different way with respect to silicon. As α decreases, the curve shifts to lower
values and we obtain the best agreement for α = 0.0, i.e. for a silicate com-
position of only olivines. The predominance of olivines is in line with previous



3.4. DUST CHEMICAL COMPOSITION 73

−2.0 −1.5 −1.0 −0.5 0.0 0.5

[Fe/H]

−1.5

−1.0

−0.5

0.0

0.5

1.0

1.5

lo
g
(S
i/
Fe

)d

α=0. 0

α=0. 2

α=0. 5

α=1. 0

−2.0 −1.5 −1.0 −0.5 0.0 0.5

[Fe/H]

−1.5

−1.0

−0.5

0.0

0.5

1.0

1.5

lo
g
(M

g
/F
e
)d

Figure 3.12: Chemical abundance ratios in the dust phase of (Si/Fe)d and
(Mg/Fe)d versus metallicity in the top and bottom panels, respectively. Differ-
ent lines represent dust models with different constant values of α (as shown in
the legend) and when parameters x, y and µ depend on the chemical evolution
model, according to equations (3.20) and (3.21), respectively. Abundances and
error bars (black dots) are taken from equations (3.7), (3.18) and (3.18). The
curve (Mg/Fe)d is independent of α.
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studies on the composition of silicate grains made in many different environ-
ments. Zeegers et al. (2017) have performed new laboratory measurements of
silicate compounds and made the comparison with the observed absorption fea-
ture in the line of sight of a X-Ray binary. Their best fit to the data is obtained
when interstellar dust mainly consists of olivine. Xie et al. (2017) analyzed the
silicate composition in a sample of 93 AGNs: for the majority of them they found
a mixture of pyroxenes plus olivines or a olivine composition only, whereas only
2 out of the whole sample showed a pure pyroxene mixture. Other works have
investigated the properties of the silicate feature at 13 µm (Aller et al., 2014a,b)
and 9.7 µm (Kulkarni et al., 2007) in the spectra of QSO-absorbers, which rep-
resent a more similar environment to the one studied here. In particular, Aller
et al. (2014a) found a general agreement between models and observations when
an olivine-rich dust composition is adopted, even if they found variations in dif-
ferent absorbers which may indicate different silicate grain properties from one
object to another.

In the bottom panel of Fig. 3.12, we show the evolution of (Mg/Fe)d versus
metallicity: also in this case our model qualitatively follows the observational
trend, even though the paucity of data makes the conclusion less robust. As
already pointed out, in the case of (Mg/Fe)d we do not obtain different model
predictions as it is independent from the parameter α, when x = y is assumed.
Given the fact that the predicted curve is obtained fixing all parameters, the
agreement with the data is encouraging.

3.5 Conclusions

In this Chapter we have presented our results of our chemical evolution model
which accounts for the presence of dust, for a typical dwarf irregular galaxy. We
have studied the dust production rate and the processes occurring in the ISM
during the galactic lifetime of a typical irregular galaxy. We have computed
the evolution of dust by considering dust production (Type II SNe, AGB stars),
destruction and accretion processes. It is worth noting that we excluded the
Type Ia SNe as dust producers since there is no observational evidence for that.

Our predictions become even more important when we compare models with
chemical abundances in Damped Lyman Alpha systems. We showed how is
possible to observe the depletion patterns of the main refractory elements and
how many information on dust properties are achievable.

Furthermore, we have presented an alternative method to constrain the
element-to-element abundance ratios into dust grains. We have compared those
measurements with 1) the prediction provided by our chemical evolution model
and 2) with a model of dust grain with silicates and iron-rich dust. In the first
case we have understood which dust processes are the main responsible for the
observed trend as a function of the metallicity, whereas in the second case we
have investigated which kind of dust grains should be more abundant.

Below, we summarize our main results:

• Our model reproduces the observed trend between the dust-to-gas ratios
and the metallicity in irregular galaxies. We have found that dust accretion
plays a fundamental role in dust evolution and in certain phases it becomes
the dominant process, governing the evolution of the dust mass in the ISM,
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as predicted by Asano et al. (2013). In particular, this process is necessary
to reproduce the highest values of the dust-to-gas ratio at high metallicity

• We have investigated the impact of the cut-off of high mass stars (from 18
to 80Mo) on the chemical evolution of a typical irregular galaxy. We fail
in reproducing the metallicity values observed in dwarf irregulars when the
cut-off mass is assumed to be in the range 18-25M�. On the other hand,
this effect does not deeply influence the predicted range of dust-to-gas
ratio.

• We have compared the dust formation when both Piovan et al. (2011) and
Dwek (1998) condensation efficiencies are adopted. We have found that the
production rate of carbon is almost the same using different prescriptions,
whereas a larger mass of silicates is produced by stars when Dwek (1998)
are adopted.

• Dust destruction represents a negligible process in dwarf irregulars, whereas
the galactic wind is an important mechanism which can affect dust evolu-
tion: we have showed that it can be the main responsible for stopping the
accretion process in the ISM.

• We have compared our model for irregulars with the data of DLA systems
and we have found that these objects can indeed be irregular galaxies, as
already suggested in previous papers (e.g. Matteucci et al., 1997; Calura
et al., 2003). We have found a particular combination of parameters which
best fit the DLAs. In particular, our comparison shows that the depletion
pattern of silicon in these objects is well reproduced by the dust contribu-
tions by Type II SNe, AGBs and by the accretion process.

• In the case of iron, at variance with the case of silicon, we have found a
good agreement with the data only when an extra dust source is consid-
ered: in particular, we tested the case of adding dust production by Type
Ia SNe and the case of a more efficient accretion in the ISM. The different
behavior of iron and silicon brings new evidence that a significant frac-
tion of iron has to be incorporated into a dust population different from
silicates, as suggested by previous works (e.g. Sofia et al., 2006; Voshchin-
nikov & Henning, 2010; Dwek, 2004b; Draine & Hensley, 2012, 2013).
Furthermore, since part of iron dust should be decoupled from silicates, it
is possible that such species could originate in a different way: in partic-
ular, our results are consistent with a metallicity-dependent accretion of
iron nano-particles.

• We have presented a new method to obtain the chemical abundances in
the dust phase of the ISM. This method is based on DLA column density
measurements and the ratio between volatile and refractory elements. The
ratios of (Si/Fe)d and (Mg/Fe)d in the dust phase decrease with the
metallicity: this suggests, that the chemical abundances inside dust grains
approximately follow the variation of the abundances in the ISM.

• We compare the element-to-element abundance ratios in dust grains with
the ones predicted by our chemical evolution model with dust. This com-
parison represents an independent test, since our model utilizes theoretical
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prescriptions. We find that the evolution in metallicity of (Si/Fe)d and
(Mg/Fe)d can be divided in two regions, dominated by different dust
processes. In the first low-metallicity region ([Fe/H] < −0.6), Type
II SNe represent the most important source. In the metal-rich region
([Fe/H] > −0.6), dust accretion is the most important process and the
relation between the dust abundance ratios and the metallicity becomes
steeper. The existence of this transition strengthens that Fe-rich dust
should preferably form by growth in the ISM than in the stellar ejecta.

• Finally, we have interpreted the obtained dust chemical composition on
the basis of a simple dust model whose parameters are: α, that represents
the fraction between pyroxenes and olivines, µ, that represents the fraction
of Fe-rich dust out of silicates, x and y which indicate the Mg-rich com-
position of pyroxenes and olivines, respectively. When those parameters
are kept constant, as in previous studies, it is impossible to reproduce the
observed trend. On the other hand, we have obtained a good agreement
when we let the parameters to vary according to our chemical evolution
model.

• The best agreement is obtained for low values of α. Therefore, our study
seems to prefer a silicate composition mainly made of olivine-type com-
pounds, in agreement with other works and laboratory experiments (Xie
et al., 2017; Zeegers et al., 2017).



Chapter 4

Dust in the Milky Way: the
Galactic Habitable Zone

4.1 Introduction

The Galactic Habitable Zone (GHZ) is defined as the region with sufficiently high
abundances of heavy elements to form planetary systems in which terrestrial
planets could be found and might be capable of sustaining life, after surviving
to supernova explosion events (Gonzalez et al., 2001). The degree of complexity
to study in detail the habitable factors is very high, since it asks for the solution
of non linear problems and involves many different fields such as astrophysics,
geophysics, climatology and biology (Gonzalez, 2005). Because of that difficulty,
the physical processes underlying the GHZ are hard to identify and even harder
to quantify. For this reason the study of the GHZ has been also criticized, and
maybe we are far away from drawing a significant conclusion about its extension
(Prantzos, 2008).

Despite of this, the GHZ has generated a great deal of interest in the As-
trophysics community, and its study has been extended even on other galaxies
(e.g. Andromeda Galaxy, Carigi et al., 2013; Spitoni et al., 2014). Recently,
the GHZ has also been studied in the cosmological context (ΛCDM) by Gobat
& Hong (2016), Vukotić et al. (2016), Zackrisson et al. (2016) and Forgan et
al. (2017). These studies showed which types of halos can give rise to galactic
structures in which habitable planets can be formed.

In this Chapter we mainly focus on the study of the GHZ by mean of chemical
evolution models, because of its affinity with this thesis. In the next paragraph
we will show why chemical evolution models represent very useful tools in this
context and the most important progresses reached in the last years.

4.1.1 Studying the GHZ with chemical evolution models

The GHZ concept was first introduced by Gonzalez et al. (2001) as an exten-
sion of the most common Circumstellar Habitable Zone (Huang, 1959; Sagan &
Shklovskij, 1978; Hart, 1979). It was defined as that region in the Milky Way
where an Earth-like planet can retain liquid water on its surface and provide a
long-term habitat for animal-like aerobic life. One of the main important as-
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sumption is that a certain minimum abundance of heavy elements is needed to
fully assemble Earth-sized planets, and therefore its location is variable inside
the Galaxy due to the evolution of the chemical abundances in the Interstellar
Medium. The GHZ is also sensible to destructive events for life, such as super-
novae explosions. In this way chemical evolution models become a very useful
tool to study the GHZ, as they aim at studying the evolution of both metallicity
and SN rates. Gonzalez et al. (2001) used a Galactic chemical evolution model
to find that at least half that of the metallicity of the Sun is required to build a
habitable terrestrial planet. Since their pioneering work, several purely chemical
evolution models have studied the habitable zones of our Galaxy as functions
of the time and distance (Lineweaver, 2001; Lineweaver et al., 2004; Prantzos,
2008; Carigi et al., 2013; Spitoni et al., 2014).

The possible migration of gas giant planets in extrasolar systems may be
another destructive factor for smaller planets, and therefore life (Lin et al., 1996;
Lineweaver, 2001). The terms giant planets, gas giants, or simply Jupiters refer
to large planets, typically >10 M⊕, that are not composed primarily of rock
or other solid matter. When orbiting close to the host star, they are referred
to as hot Jupiters or very hot Jupiters. Gas giant planets are believed to form
in a core-accretion scenario: a core of heavy elements is built by accretion of
planetesimals and then, as the core grows, its ability to accrete gas from the
surrounding disk increases. When the core is sufficiently massive, rapid gas
accretion occurs onto the core and the gas giant is formed (Safronov & Zvjagina,
1969; Goldreich & Ward, 1973; Pollack et al., 1996; Matsuo et al., 2007).

This ”core accretion model” is the most widely accepted one in the litera-
ture for gas giant formation, and the next stochastic migration due to turbulent
fluctuations in the disk could destroy the terrestrial planets. Rice & Armitage
(2003) showed that the formation of Jupiter can be accelerated by almost an or-
der of magnitude if the growing core executes a random walk with an amplitude
of ≈ 0.5 AU. Today, about three thousand planets have been discovered, and the
statistics is good enough to confirm that most planetary systems host planets
that are not present in our solar system, such as hot Jupiters or super-Earths.
Lineweaver (2001) studied, for the first time in the context of the GHZ, the
metallicity relation of the destructive effect of gas giant planets on Earth-like
ones. In fact, a well-established correlation between metallicity of the stars and
the presence of giant implicates that more metallic stars preferably host giant
planets (Gonzalez, 1997; Gonzalez et al., 2001; Santos et al., 2001, 2004; Fischer
& Valenti, 2005; Udry et al., 2006, 2007; Mortier et al., 2012; Johnson et al.,
2010). In particular, Fischer & Valenti (2005) and Sousa et al. (2011) presented
the probabilities of the formation of giant planets as a function of [Fe/H] values
observed in the host star. In Sozzetti et al. (2009); Mortier et al. (2013a,b) these
probabilities are reported for different samples of stars.

Concerning Earth-sized planets, the relation between their occurrence and
the metallicity of the host star is not totally clear. As we already stated, Gon-
zalez (1997) discussed for the first time the need for a minimum metallicity to
form planets. On the other hand, simulations of numerical models of planetary
formation tell us that the presence of small planets may be independent from
metallicity, at variance from gas giants (Mordasini et al., 2006; Prantzos, 2008).
In the study of the GHZ of Prantzos (2008) a constant probability of forming
Earth-like planets was adopted for the first time.

In the following years, the observable confirmation of no dependence between
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metallicity and earth-like planet frequency has been provided by Buchhave et
al. (2012). Analyzing the mission Kepler, they found that the frequencies of the
planets with Earth-like sizes are almost independent of the metallicity, at least
up to [Fe/H] values ∼ 0.6 dex.

The work of Spitoni et al. (2014) comes as an updated study in the GHZ
scenario: they took into account the possibility of planet destruction from gas
giant migration and a constant probability of forming Earth-like planets in a
chemical evolution model with radial gas flows. They confirmed previous results
of Lineweaver et al. (2004) and found that the maximum number of stars that
can host habitable terrestrial planets are located in the solar neighborhood, that
is, in the region centered at 8 kpc and 2 kpc wide.

Nowadays, ongoing surveys are collecting more and more data, and there-
fore more and more information about host stars. These data are fundamental
to understand possible correlations between the occurrence of exoplanets and
stellar properties. Data from Kepler mission show that the occurrence rate for
terrestrial planets (R = 1− 2R⊕) with periods P < 400 days around FGK stars
is about ∼ 20% (Petigura et al., 2013). On the other hand, the same occurrence
for small rocky planets of R = 0.5− 4R⊕ orbiting M-dwarf stars is even higher,
and can reach up to the 90 or 100%, depending on the selected periods and/or
mass (Dressing & Charbonneau, 2013, 2015; Tuomi et al., 2014). Gaidos &
Mann (2014) suggested that the power law for the occurrence of Hot Jupiters
for low mass M-dwarf differs from the one of solar-type stars (Fischer & Valenti,
2005). Recently, Zackrisson et al. (2016) took advantage of the observed plan-
etary occurrences to perform different probabilities of finding gas giant planets
around FGK and M-dwarf stars. Therefore, in their study of the GHZ, they
differentiated the probabilities by stellar type.

In this work we present the study of the galactic habitable zone in the Milky
Way with a detailed chemical evolution model as in Spitoni et al. (2014), with at
least two main improvements: 1) we use the most updated probabilities related
to the formation of gas giant planets as functions of [Fe/H] as well as the stellar
mass for FGK and M stars (Zackrisson et al., 2016), and 2) we connect our study
with the evolution of dust in the Milky Way. In the next paragraph, we explain
why is fundamental to include dust in a chemical evolution model, especially in
the study of the GHZ.

4.1.2 Dust in the GHZ

As we already pointed out in this thesis, dust is very important because it is
involved in almost all astrophysical processes which include light transmission,
both in photometry and spectroscopy. Dust is also important in the field of
planetary formation, as it represents the solid compounds of the matter forming
rocky planetesimals, which are the necessary building blocks to form planets.

We know very little about the formation of planetary systems. In particular,
the transition from a protoplanetary disk to a planetary system is poorly under-
stood. In this transition, dust and gas rapidly evolve in very different ways as
a result of many processes (Armitage, 2013) such as dust growth, gas photoe-
vaporization (Alexander et al., 2014) and gas accretion onto the star (Gammie,
1996). The first fundamental step to understand and explain the origin of the
observed diversity of exoplanetary systems is to measure the stellar disk prop-
erties, especially the disk mass. Dust grains of µm size are directly observed
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in protoplanetary disks and then, dust coagulation increases their size up to
mm (Dullemond & Dominik, 2005). On the other hand, observations of the
gas are almost forbidden because it is relatively cool and in molecular form.
In most cases, the mass of the gas is fixed starting from the mass of the dust,
by assuming a guess value for the dust-to-gas ratio (D/G) conversion factor.
Unfortunately, this practice has several uncertainties (Williams & Best, 2014).
Models of planetary formation commonly use an average value of 10−2 for the
initial condition of the dust-to-gas ratio in a protoplanetary disk (Bohlin et al.,
1978).

Moreover, even though Buchhave et al. (2012) showed that planets with radii
smaller than 4 R⊕ do not present any metallicity correlation, the theoretical
work of Johnson & Li (2012) predicted that first Earth-like planets likely formed
from circumstellar disks with metallicities Z ≥ 0.1 Z�.

Here, we present our chemical evolution model with dust specifically de-
signed for the study of the Milky Way, and we study the dust mass evolution
as a function of the galactic time and galactocentric distance. We discuss the
connection between ISM metallicity and the D/G ratio (especially for the solar
neighborhood). In this way, we can link the metallicity of stars, which is obser-
vationally related to the probability of the presence of hosted planets, with the
initial D/G of the protoplanetary disks (the D/G of the ISM at the instant of
the protoplanetary disk formation).

Below, we present in Section 4.2 the probabilities of finding terrestrial planets
around M and FGK stars, in Section 4.3 we describe the Milky Way chemical
evolution model including dust, and we present the main results in Section 4.4.
Finally, our conclusions are summarized in Section 4.5.

4.2 Probabilities of finding planets around FGK
and M stars

The probability of forming Earth-like planets (PFE , where FE stands for ”form-
ing earths”) depends on the metallicity, and this relation has varied during the
past decades. Lineweaver (2001) assumed an exponential law in which Earth-
like planets likely to form on relative high values of [Fe/H]. Years later, Prantzos
(2008) fixed the probability of forming Earth-like planets at a value of 0.4 for
[Fe/H] ≥ -1 dex. The minimum metallicity assumed for the formation of such
a kind of planets was [Fe/H] = −1, dex: in other words, PFE = 0 was assumed
for [Fe/H]< 1. Prantzos (2008) chose the value of PFE= 0.4 to reproduce the
metallicity-integrated probability of Lineweaver (2001). This assumption was
also adopted by Carigi et al. (2013) and in Spitoni et al. (2014), reinforced by
the observational confirmation of Buchhave et al. (2012). Buchhave et al. (2012)
analyzed the Kepler mission and found that the frequencies of the planets with
Earth-like sizes are almost independent of the metallicity of the host star down
to [Fe/H] abundance values lower than 0.5 dex.

The probability of forming Earth-like planets may be not enough to prop-
erly study the GHZ. In fact, it is also important to consider the processes able
to vary their orbital stability, and therefore destroy them. Armitage (2003)
pointed out the potentially hazardous effects of the gas giant planet migration
on the formation of Earth-like planets and suggested that these planets pref-
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erentially exist in systems where massive giants did not migrate significantly.
Matsumura et al. (2013) studied the orbital evolution of terrestrial planets when
gas giants become dynamically unstable. The authors showed that Earth-like
planets far away from giants can also be removed. This possibility has been al-
ready adopted in previous works (e.g. Prantzos, 2008; Spitoni et al., 2014), even
though various numerical simulations found that the formation of earths is not
necessarily prevented by the gas giant planet migration, when eccentricity ex-
citation timescales for (proto-)terrestrial planets are longer than the migration
timescales of giant ones (e.g., Mandell & Sigurdsson 2003; Lufkin et al. 2006;
Raymond et al. 2006.

The probability of the formation of a gaseous giant planet as a function of
the iron abundance in the host star is given by Fischer & Valenti (2005):

PGGP ([Fe/H]) = 0.03× 102.0[Fe/H]. (4.1)

A possible theoretical explanation of this relation is that the high metallicity
observed in stars host giant planets represents the original composition in which
the protostellar (and the protoplanetary molecular clouds) were formed. In
this scenario, the higher the metallicity of the primordial cloud, the higher the
proportion of D/G in the protoplanetary disk. This facilitates the condensation
and accelerates the protoplanetary accretion before the disk gas is lost Pollack et
al. (1996). Giant planets are subsequently formed by runaway accretion of gas
onto such rocky cores with M ≈ 10M⊕ instead of by gravitational instabilities
in a gaseous disk, which predicts a formation that is much less sensitive to
metallicity Boss (2002).

The novelty of our work is that we consider the following new probabilities
for gas giant planets formation reported by Zackrisson et al. (2016), which use
observed relation of Fischer & Valenti (2005) for FGK and of Gaidos & Mann
(2014) for M stars. These probabilities are also functions of the masses of the
hosting stars:

PGGP/FGK ([Fe/H],M?) = 0.07× 101.8[Fe/H]
(
M?

M�

)
(4.2)

for FGK stars, and

PGGP/M ([Fe/H],M?) = 0.07× 101.06[Fe/H]
(
M?

M�

)
(4.3)

for M stars, where M? is the mass of the host star in units of solar masses. We
assume that the mass range spanned by M -type stars is 0.08 ≤ M?

M�
≤ 0.45,

whereas for FGK stars, the range is 0.45 ≤ M?

M�
≤ 1.40.

The probability of forming terrestrial planets around FGK/M stars but not
gaseous giant planets is given by

PE/FGK,M = PFE × (1− PGGP/FGK,M ). (4.4)

Here, we adopt the conservative assumption of Prantzos (2008) and Spitoni et
al. (2014) that the PFE probability is constant at the value of 0.4 for all stellar
types. On the other hand, Zackrisson et al. (2016) presented results where
PFE = 0.4 around FGK stars, and PFE = 1 around M stars.
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We define PGHZ(FGK/M,R, t) as the fraction of all FGK/M stars that host
Earths (but no gas giant planets) that survived supernova (SN) explosions as a
function of the Galactic radius and time:

PGHZ(FGK/M,R, t) =

=

∫ t
0
SFR(R, t′)PE/FGK,M (R, t′)PSN (R, t′)dt′∫ t

0
SFR(R, t′)dt′.

(4.5)

This quantity must be interpreted as the relative probability to have complex
life around one star at a given position. In Eq. (4.5), SFR(R, t′) is the star for-
mation rate (SFR) at the time t′ and Galactocentric distance R, and PSN (R, t′)
is the probability of surviving a SN explosion.

Hard radiation caused by close-by SN explosions may lead to the depletion of
the ozone layer in a terrestrial atmosphere (Ruderman, 1974). At this point, the
ultraviolet radiation from the host star can penetrate the atmosphere, altering
and damaging the DNA and eventually causing the total sterilization of the
planet Gehrels et al. (2003). The effect of sterilization of a habitable planet due
to nearby supernovae explosion is hardly be quantifiable, because of our limits
on the knowledge on how robust life really is (Prantzos, 2008). Carigi et al.
(2013) explored different cases for the life annihilation on formed planets by SN
explosions. Among those they assumed that the SN destruction is effective if
the SN rate at any time and at any radius has been higher than < RSNSV >,
the average SN rate in the solar neighborhood during the last 4.5 Gyr of the
Milky Way’s life. Also Spitoni et al. (2014) tested different cases of SN rate
thresholds in which life annihilation is effective.

Here, we adopt for this value 2× < RSNSV >, which has been used in
Spitoni et al. (2014), and it is almost the same as that used by Carigi et al.
(2013) to describe their best models, motivated by the fact that life on Earth
has proven to be highly resistant. Therefore, we impose that if the SN rate is
higher than 2× < RSNSV >, then PSN (R, t) = 0, else PSN (R, t) = 1. We also
show results when SN effects are not taken into account: in this case, we simply
impose PSN (R, t) = 1 at any time and galactic radius. For < RSNSV > we
adopt the value of 0.01356 Gyr−1 pc−2 using the results of the ”S2IT” model of
Spitoni & Matteucci (2011) and Spitoni et al. (2014).

Finally, we define the total number of stars formed at a certain time t and
Galactocentric distance R that host an Earth-like planet with life as

N? life(FGK/M,R, t) = PGHZ ×N?tot, (4.6)

where N?tot(FGK/M,R, t) is the total number of stars created up to a time t
at the Galactocentric distance R.

4.3 Milky Way chemical evolution model that
includes dust

In this Section we describe the adopted chemical evolution model to study the
GHZ. We adopt the best ”classical” chemical evolution of the Milky Way as
already adopted in (Spitoni et al., 2014), and first presented by Spitoni & Mat-
teucci (2011) as the ”S2IT” (Two-infall model). In this work, we adopt an
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updated version of this model, in which we consider the dust evolution using
the new prescriptions of explained in Gioannini et al. (2017a) and presented in
Section 2.2 of this thesis.

4.3.1 Two-infall model

To follow the chemical evolution of the Milky Way, we adopt the S2IT model of
Spitoni & Matteucci (2011) which is an updated version of the two infall model
(Chiappini et al., 1997, 2001) model.

We define Gi(t) = G(t)Xi(t) as the fractional mass of the element i at the
time t in the ISM, where Xi(t) represents the abundance of the element i in the
ISM at the time t. The temporal evolution of Gi(t) in the ISM is described by
the following expression:

Ġi(t) = −ψ(t)Xi(t) +Ri(t) + Ġi,inf (t). (4.7)

The first term on the right side of Eq. (4.7) represents the rate at which the
fraction of the element i is subtracted by the ISM due to the SFR process.
Ri(t) is the returned mass fraction of the element i injected into the ISM from
stars thanks to stellar winds and SN explosions. This term takes into account
nucleosynthesis prescriptions concerning stellar yields and supernova progenitor
models. The third term of Eq.(4.7) represents the rate of the infall of the element
i. The infalling gas is not pre-enriched and has a pure primordial composition.

The two-infall model assumes that the halo-thick disk forms out of an infall
episode independent of that which formed the disk. In this approach the law
for the infall rate is given by:

Ġi,inf (t) = a(r)e−t/τH + b(r)e−(t−tmax)/τD(r), (4.8)

where τH is the typical timescale for the formation of the halo and thick disk,
and it is fixed to the value of 0.8 Gyr, while tmax = 1 Gyr is the time for the
maximum infall onto the thin disk. The coefficients a(r) and b(r) are obtained
by imposing a fit to the observed current total surface mass density in the thin
disk as a function of Galactocentric distance given by

Σ(r) = Σ0e
−R/RD , (4.9)

where Σ0 = 531 M� pc−2 is the central total surface mass density and RD =
3.5 kpc is the scale length.

Moreover, the formation timescale of the thin disk τD(r) is assumed to be
a function of the Galactocentric distance, leading to an inside-out scenario for
the Galaxy disk build-up. In particular, we assume that

τD(r) = 1.033R (kpc)− 1.267 Gyr. (4.10)

The Galactic thin disk is approximated by several independent rings, 2 kpc
wide, without exchange of matter between them. A threshold gas density of 7
M� pc−2 in the SF process (Kennicutt, 1989, 1998; Martin & Kennicutt, 2001;
Schaye, 2004) is also adopted for the disk. The halo has a constant surface mass
density as a function of the Galactocentric distance at the present time equal to
17 M� pc−2 and a threshold for the star formation in the halo phase of 4 M�
pc−2, as assumed for model B of Chiappini et al. (2001).
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Model S2IT Units
Infall type 2 infall Gyr

τd 1.033 R[kpc]-1.27 Gyr
τH 0.8 Gyr
ν 1 Gyr−1

Threshold 7 (thin disc) M�pc−2

Threshold 4 (halo-thick disk) M�pc−2

Table 4.1: Chemical evolution model of the Milky Way: we report the main
characteristics and the adopted parameter of the two-infall model. In the second
raw the infall type is reported, in the third and forth ones the time-scale τd of the
thin disk formation, and the time-scale τH of the halo formation are drawn. The
adopted star formation efficiency is shown in raw 4 and the adopted threshold in
the surface gas density for the star formation in the thin disc and in halo-thick
disc are reported in raw 5 and 6, respectively

The assumed IMF is the one of Scalo (1986), which is assumed to be constant
in time and space.

The adopted law for the SFR is a Schmidt (1959) like one:

Ψ = νΣkgas(r, t), (4.11)

where Σgas(r, t) is the surface gas density with the exponent k equal to 1.5 (see
Kennicutt 1998; Chiappini et al. 1997. The quantity ν is the efficiency of the
star formation process, and it is fixed at the constant value of 1 Gyr −1. Finally,
we remind that the chemical abundances are normalized to the solar values of
Asplund et al. (2009). In Table 4.3.1 we resume the principal characteristics of
the S2IT model just now discussed.

Evolution of dust

We already gave a detailed explanation of our chemical evolution model which
accounts for the presence of dust in Section 2.2. In this Chapter, the same
dust model is applied to the Milky Way, where a specific chemical evolution
model (the ”two-infall”) is adopted. In this paragraph we briefly remind the
main ingredients and prescriptions of the dust model.

Defining Gi,dust(t) as the mass fraction of the element i at the time t in the
dust phase, we can write the equation for dust evolution as follows:

Ġi,dust(t) = −ψ(t)Xi,dust(t) + δiRi(t) +

(
Gi,dust(t)

τaccr

)
−
(
Gi,dust(t)

τdestr

)
.

(4.12)

The right-hand side of this equation contains all the processes that govern the
so-called ”dust cycle” : the first term represents the amount of dust removed
from the ISM as a result of star formation, the second takes into account dust
pollution by stars, while the third and fourth terms represent dust accretion and
destruction in the ISM, respectively. Dust production is provided by taking into
account the condensation efficiencies δi as provided by Piovan et al. (2011). The
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dust yields δiRi(t) are not only metallicity dependent, but also depend on the
mass of the progenitor star. In this work we consider as dust producers type II
SNe (M? > 8M�) and low- to intermediate-mass stars (1.0M� < M? < 8.0M�).
For dust accretion and destruction, we calculated the respective metallicity-
dependent time-scales (τaccr and τdestr) as described in Asano et al. (2013).

4.4 Results

In this section we first present the main results of our Milky Way chemical
evolution model when dust is included. In particular, we focus on the study
of the dust mass assembly in space and time, and on the relation between the
dust-to-gas ratio and metallicity. Moreover, we show the PE/FGK,M probabili-
ties of finding Earth-like planets, but no gas giants around FGK and M stars,
computed with detailed chemical evolution model for the Galactic disk at dif-
ferent Galactocentric distances. We express these probabilities in terms of the
dust-to-gas ratio

(
D
G

)
obtained by our ISM chemical evolution models. Finally,

we present the maps of habitability of our Galaxy as functions of Galactic time
and Galactocentric distances in terms of the total number of FGK and M stars
that could host habitable Earth-like planets and not gas giant planets.

4.4.1 Milky Way disk with dust

In Fig. 4.1 we show the time evolution of the SFR (panel A), the [Fe/H] abun-
dances (panel B), the SN rates (panel C), and finally of the total dust (panel
D) as functions of the Galactocentric distance. In panel A) we see the effect of
the inside-out formation on the SFR in the thin-disk phase. During the halo
and thick-disk phase (up to 1 Gyr since the beginning of the star formation), all
the Galactocentric distances show the same star formation history (for all radii
we assume the same surface gas density and same formation timescales in the
halo and thick-disk phase, for details see Section 3). In the inner regions the
SFR in the thin-disk phase is higher because the gas density is higher and the
gas accretion timescale is longer than in the outer regions. In the outer regions
the effect of the threshold on the gas density is more pronounced: the SFR
reaches zero when the gas density is below the threshold. We also note that the
same SFR history is obtained at all Galactocentric distances in the halo and
thick-disk phase.

In panel B) we show the age-metallicity relation in terms of [Fe/H] ratio vs
Galactic time. The effects of the inside-out formation are clear in this case as
well: the inner regions exhibit a faster and more efficient chemical enrichment,
with higher values of [Fe/H]. At early times, in correspondence to the beginning
of the second infall of gas (thin-disk phase), the [Fe/H] abundance values de-
crease. This decrease is more evident in the inner regions of the Galactic disk.
The reason is that the second infall of primordial gas related to the thin-disk
phase is more massive in the inner regions and it occurs on shorter timescales,
therefore the chemical abundances are more diluted at the beginning of the
thin-disk phase in the inner Galactic regions than in the external regions.

In panel C) of Fig. 4.1 we present the total SN rates as functions of the
Galactic time and Galactocentric distances. With the red line we show the limit
we adopted here and in Paper I to take the destruction effects of SN explosions
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Figure 4.1: Panel A): SFR as the function of the Galactic time. Panel B): time
evolution of the [Fe/H] abundances with the two-infall chemical evolution model
for the Milky Way disk (the “age-metallicity” relation). Panel C): evolution in
time of the type II SN rates plus the type Ia SN rates. With the red line we
show the quantity 2× < RSNSV >, which represents the minimum SN rate
value (adopted in this work and in Paper I) for destruction effects from SN
explosions. Panel D): time evolution of the total dust surface mass density. The
color code in the four panels indicates the different Galactocentric distances.
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on the Galactic habitable zone modeling into account (2× < RSNSV >). Above
this SN rate limit, we assume that there is zero probability of life on a terrestrial
planet.

Finally, in panel D) of Fig. 4.1 we show the time evolution of the total surface
mass density of dust at different Galactocentric radii. Dust production by stars
is the main source of dust in the early phases of the Milky Way evolution. For
this reason, in the inner regions, the dust amount is higher because type II
SNe during the initial burst of star formation produce more dust, as is visible
in panel A). On the other hand, dust accretion becomes important at later
epochs, and the dust mass tends to increase at all Galactocentric distances. The
observed oscillation of the model occurs when the rates of dust accretion and
dust destruction are similar. In this case, there is a gain of the total mass surface
density of dust caused by the dust growth, rapidly followed by a decrease that
is due to the dust destruction rate, which exceeds dust accretion. This turnover
between these processes occurs especially in the quiescent phases of the Galactic
evolution.

4.4.2 Evolution of the Dust-to-gas ratio

In this paragraph we provide a useful theoretical tool to set the proper initial
conditions for the formation of protoplanetary disks. As underlined in Sec-
tion 4.1.2, while dust grains of µm are directly observed in protoplanetary disks,
the amount of gas mass is set starting from the dust mass and by assuming a
value for the dust-to-gas ratio. Unfortunately, this practice has several uncer-
tainties (Williams & Best, 2014). Here, we connect the evolution of the dust-
to-gas ratios at different Galactocentric distances with the chemical enrichment
expressed in terms of [Fe/H]. Because of the well-known age-metallicity relation
reported in panel C) of Fig. 4.1, the relation between the dust-to-gas ratio
(D/G) and [Fe/H] can be seen as the time evolution of the dust-to-gas ratio,
(D/G)(t).

In the upper panel of Fig. 4.2 we present the evolution of the D/G ratio as
a function of [Fe/H] at different Galactocentric distances. As expected, higher
metallicities are reached in the inner radii, where the star formation is higher.
The dust-to-gas ratio D/G increases in time for two reasons: the first is that
dust production in star-forming regions is high, especially from type II SNe,
while the second reason is related to dust accretion. Dust accretion is a very
important process occurring in the ISM, and it becomes the most important
process when the critical metallicity is reached1

As dust grains are formed by metals, dust accretion becomes more efficient
as the metallicity in the ISM increases. For this reason, we found higher values
of dust-to-gas ratio at high [Fe/H]. The relation between the [Fe/H] and the
dust-to-gas ratio is important because it can provide the probability of planet
formation depending on the amount of dust in the ISM, and on the other hand,
it provides an estimate of the dust-to-gas ratio in the ISM during the formation
of a protoplanetary disk.

The solar dust-to-gas ratio
(
D
G

)
� predicted by our model (value computed

in the solar neighborhood at 9.5 Gyr) is 0.01066. In the lower panel of Fig. 4.2

1The critical metallicity is the metallicity at which the contribution of dust accretion
exceeds the dust production from stars, see Chapter 3.2.3.
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we show the D/G as a function of the [Fe/H] values only for the shell centered
at 8 kpc and 2 kpc wide (the solar neighborhood). In the same plot, we present
the sixth-degree polynomial fit that exactly follows the [Fe/H] vs (D/G) in the
range of [Fe/H] between -1 dex and 0.5 dex. The expression of this fit is:

[Fe/H] =

6∑
n=0

αn

(
D

G

)n
. (4.13)

All the coefficients αn and n are reported in the footnote2.
We found that for [Fe/H] values higher than -0.6 dex a linear fit is able to

reproduce the computed [Fe/H] vs
(
D
G

)
relation in the solar vicinity well. The

equation of the linear fit reported in the lower panel of Fig. 4.2 is:

[Fe/H] = 96.49

(
D

G

)
− 0.92. (4.14)

This relation is important to connect the dust-to-gas ratio with the [Fe/H] abun-
dance. When we combine it with Eq. (4.4), we obtain the probability of having
terrestrial planets, but no gas giants, depending on the amount of dust in the
ISM.

Both the linear and polynomial fit are plotted in Fig. 4.2 in dotted red and
solid green lines, respectively.

4.4.3 Terrestrial habitable planets around FGK and M
stars

Computed probabilities PGGP/FGK,M with the two-infall chemical evo-
lution model

To compute the probabilities PGGP/FGK,M presented in Eqs. (4.2) and (4.3)
with our chemical evolution model, we considered the weighted values on the
IMF using the following expressions:

< PGGP/FGK(R, t) >IMF=

0.07× 101.8[Fe/H](R,t)model

(
<
M?,FGK

M�
>IMF

)
(4.15)

for the FGK stars, and

< PGGP/M (R, t) >IMF=

0.07× 101.06[Fe/H](R,t)model

(
<
M?,M

M�
>IMF

)
(4.16)

for M stars.
The [Fe/H](R, t)model quantity is the computed iron abundance with our

chemical evolution model adopting the Scalo (1986) IMF at the Galactic time t
and Galactocentric distance R.

2[Fe/H]=−1.48 + 1.05 104
(

D
G

)
− 4.91 105

(
D
G

)2
+ 1.14108

(
D
G

)3
− 1.32 1010

(
D
G

)4
+

7.57 1011
(

D
G

)5
− 1.69 1013

(
D
G

)6
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Figure 4.2: Upper panel: evolution of the abundance ratio [Fe/H] as a function
of the dust-to-gas ratio D/G predicted by our chemical evolution model of the
Milky Way disk. As in Fig. 4.1, the color code indicates different Galactocentric
distances. Lower panel: with the black solid line we report the [Fe/H] ratio vs(
D
G

)
computed at 8 kpc (solar neighborhood) using the chemical evolution model

of the Milky Way. With the green solid line we show the fit obtained by means
of a sixth-order polynomial fit. With the red dashed line we report the linear
fit at 8 kpc. In both panels with the orange triangle we label the value of the
[Fe/H] as a function of the dust-to-gas ratio D/G for the model computed in
the solar neighborhood at the Galactic time of 9.5 Gyr (i.e., model solar value).
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To compute < PGGP/M >IMF and <PGGP/FGK>IMF quantities, we have
only to know the weighted stellar mass on the IMF in the mass range of M and
FGK stars, respectively. The weighted stellar masses on the Scalo (1986) IMF
are:

<
M?,FGK

M�
>IMF=

∫ 1.4M�
0.45M�

m−1.35dm∫ 1.4M�
0.45M�

m−2.35dm
= 0.72584 (4.17)

and

<
M?,M

M�
>IMF=

∫ 0.45M�
0.08M�

m−1.35dm∫ 0.45M�
0.08M�

m−2.35dm
= 0.15504. (4.18)

In top panel of Fig. 4.3 we show the evolution of < PGGP/FGK >IMF and
< PGGP/M >IMF probabilities as a function of the [Fe/H] abundance ratio
computed at different Galactocentric distances using our chemical evolution
model. Because of the inside-out formation, the inner regions exhibit a faster
and more efficient chemical enrichment. The model computed at 4 kpc reaches
at the present time a [Fe/H] of 0.55 dex; instead, at 20 kpc, the maximum [Fe/H]
is equal to -0.1 dex. We see that the two probabilities are substantially different
for super-solar values in the inner regions. For instance, at the present time,
at the maximum values of the [Fe/H] abundance in panel C of Fig. 4.1, at 4
kpc, the probabilities < PGGP/FGK >IMF and < PGGP/M >IMF show values
of 0.43 and 0.04, respectively.

In the bottom panel of Fig. 4.3 we show the evolution of < PE/FGK >IMF

and < PE/M >IMF as a function of the metallicity, computed at different radius.
These probabilities are computed following Eq. (4.4) and strongly depends on
the probability < PGGP/FGK >IMF and < PGGP/M >IMF , computed for giant
planets.

PGHZ probabilities around FGK and M stars

In the upper panels of Fig. 4.4 (A and B) we show the evolution in time of the
PGHZ values for FGK and M stars as functions of the Galactocentric distance
when SN destruction effects are not taken into account.

We note that the < PGHZ/M >IMF and < PGHZ/FGK >IMF probabil-
ities are identical at large Galactocentric distances. The reason is that the
< PE/FGK >IMF and < PE/M >IMF probabilities are similar for sub-solar
values of [Fe/H]. The chemical evolution in the outer parts of the Galaxy is slow
and has longer time-scales because of the inside-out formation. The maximum
values of [Fe/H] are lower than in the inner region and are sub-solar (see the
age-metallicity relation reported in panel B of Fig. 4.1).

Moreover, in the inner regions, the< PGHZ,M >IMF and< PGHZ,FGK >IMF

probabilities become different only for Galactic times longer than 8 Gyr. As ex-
pected, the higher probabilities are related to the M stars. Even when the
< PE/FGK >IMF and < PE/M >IMF probabilities are substantially different
for [Fe/H]> 0.2 (see Fig. 4.3), the two associated PGHZ probabilities are sim-
ilar. The reason is the definition of PGHZ(t): at each Galactic time, the SFR
× PE quantity is integrated from 0 to t. In other words, we are weighting the
PE quantity on the SFR. From panel C) of Fig. 4.1 it is clear that the peak of
the SFR in the inner regions (annular region between 3 and 7 kpc) is around
3 Gyr. From the age-metallicity relation reported in panel B) of Fig. 4.1, we
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Figure 4.3: Top panel: probabilities <PGGP/FGK>IMF and <PGGP/M>IMF

of finding gas giant planets around FGK and M stars, respectively, as func-
tions of the abundance ratio [Fe/H] using our chemical evolution model for
the Milky Way disk and adopting the prescriptions given by Gaidos & Mann
(2014). Bottom panel: probabilities < PE/FGK >IMF and < PE/M >IMF of
finding terrestrial planets but not gas giant planets around FGK and M stars,
respectively. The color code indicates the Galactocentric distance.
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Figure 4.4: Upper panels: probability <PGHZ>IMF of finding terrestrial habit-
able planets, but not gas giant around FGK stars (panel A) and M stars (panel
B) as a function of the Galactocentric radius. In this case, we do not consider the
destructive effects from nearby SN explosions. The color code indicates different
Galactic times. Lower panels: probability PGHZ of finding terrestrial habitable
planets, but not gas giant around FGK stars (panel C) and M stars (panel D)
as a function of the Galactocentric radius, taking (panel D) as a function of the
Galactocentric radius, taking the destructive effects from nearby SN explosions
into account. The color code indicates different Galactic times.
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derive that at this age, the mean Galactic [Fe/H] is -0.5 dex. At this metallicity,
as stated above, the PE.FGK and PE.M values are almost the same. This is the
reason why the two PGHZ probabilities are similar even at late time in the inner
regions.

In the lower panels of Fig. 4.4 (C and D) we show that the PGHZ probabilities
for FGK and M stars as functions of the Galactocentric distances and time are
almost identical when the SN destruction effects have been taken into account.
As already found in Spitoni et al. (2014), the Galactocentric distance with the
highest probability that a star (FGK or M type) hosts a terrestrial planet, but
no gas giants, is 10 kpc.

4.4.4 GHZ maps for FGK and M stars

In order to recover the total number of stars at the Galactic time t and Galacto-
centric distance R that host habitable planets, the total number of stars created
up to time t at the Galactocentric distance R (N?tot quantity in Eq. 4.6) is
required.

Our chemical evolution model reproduces very well the observed total local
stellar surface mass density of 35 ± 5 M� pc−2 (Gilmore et al., 1989; Spitoni
et al., 2015). Our predicted value for the total surface mass density of stars is
35.039 M� pc−2. Moreover, we find that this value for M stars alone is 24.923
M� pc−2 and the one for FGK stars is 9.579 M� pc−2.

In Fig. 4.5 we show the number of FGK stars (upper panel) and M stars
(lower panel) that host habitable terrestrial planets, but no gas giant planets,
as functions of the Galactic time and Galactocentric radius (quantity N? life of
Eq. 4.6).

We note that for both FGK and M stars, the GHZ maps, in terms of the total
number of stars that host planets with life, peaks at 8 kpc. On the other hand,
as we showed above, the maximum fraction of stars that can host habitable
terrestrial planets peaks at 10 kpc (see panels C and D of Fig. 4.4). The reason
why the GHZ peaks at galactocentric smaller distances than when it is expressed
in terms of the fraction of stars is that in the external regions, the number of
stars formed at any time is smaller than in the inner regions because the SFR
is lower. This is in agreement with the results of Prantzos (2008) and Spitoni
et al. (2014).

We see that at the present time, in the solar neighborhood the number
N?,M,life/N?,FGK,life=10.60. This ratio is consistent with the IMF we adopted
in our model. The ratio between the fraction of M stars over FGK stars (by
number) in a newborn population adopting a Scalo IMF is:

(
Mnumber

FGKnumber

)
Scalo IMF

=

∫ 0.45M�
0.08M�

m−2.35dm∫ 1.4M�
0.45M�

m−2.35dm
= 11.85. (4.19)

Finally, the predicted local surface mass density of M stars that host habit-
able planets predicted by our model is 5.446 M� pc−2, and the value for FGK
stars is 2.40 M� pc−2.
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Figure 4.5: Total number of FGK stars (upper panel) and M stars (lower panel)
with habitable terrestrial planets, but no gas giants, as functions of the Galac-
tocentric distance and the Galactic time (the N? life quantity in Eq. 4.6) where
SN destructive effects are taken into account. The number of stars is computed
within concentric rings that are 2 kpc wide.
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4.5 Conclusions

In this Chapter we have studied the evolution of dust in the Milky Way by using
a specific model of chemical evolution tuned to reproduce the main observables
of the Galaxy. We have investigated the Galactic habitable zone of the Milky
Way by adopting the most updated prescriptions for the probabilities of finding
terrestrial planets and gas giant planets around FGK and M stars. Furthermore,
we have studied the dust mass evolution in the Milky Way and we focused on
the relation between the dust-to-gas ratio and the metallicity of the ISM. To do
this, we adopted a chemical evolution model of the Milky Way that follows the
evolution of the chemical abundances both in the gas and dust.

The main results can be summarized as follows:

• Thanks to the multi-zone model of the Milky Way, we find that the dust
mass differs at varying the galactocentric distances. In particular, we find
that it decreases as the distance from the Galactic center increases.

• As pointed out by several previous works, we find that the stellar pro-
duction represents the main important source of dust during the initial
phases of the star formation until a critical metallicity is reached. From
this point the dust growth becomes the most important process. Here, we
also find that the transition between the two processes (the critical metal-
licity) at different radii is reached at different times and metallicities, and
it is caused by the different star formation history assumed at different
galactocentric distances.

• The probabilities that an FGK or M star could host habitable planets
are roughly identical. Slight differences arise only at Galactic times longer
than 9 Gyr, where the probability of finding gas giant planets around FGK
becomes substantially different from the probability associated to M stars.

• By adopting the same prescriptions for the destructive effects from close-
by SN explosions of Spitoni et al. (2014), we find that the largest number
of FGK and M stars with habitable planets are found in the solar neigh-
borhood in the annular region between 7 and 9 kpc.

• At the present time, the total number of M stars with habitable terrestrial
planets without gas giants are ' 10 times the number of FGK stars. This
result is consistent with the Scalo (1986) IMF adopted here.

• When we adopt the Scalo (1986) IMF, the probabilities of finding gas giant
planets around FGK and M stars computed with the two-infall chemical
evolution model start to differ from super-solar values of [Fe/H]. In par-
ticular, substantial differences are present in the annular region centered
at 4 kpc from the Galactic center.

• We provide for the first time a sixth-order polynomial fit (and a linear fit,
in the Solar neighborhood) for the relation found in the chemical evolution
model between the [Fe/H] abundances and the D/G ratio. With this
relation, it is possible to express the Gaidos & Mann (2014) probabilities
of finding gaseous giant planets around FGK or M stars in terms of the
D/G ratio.
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• We provide a useful theoretical tool to set the proper initial condition for
the formation of protoplanetary disks by connecting the evolution of the
dust-to-gas ratios at different Galactocentric distances with the chemical
enrichment expressed in terms of [Fe/H].



Chapter 5

Dust in elliptical galaxies

In this Chapter we focus on the study of the formation and evolution of dust
in elliptical galaxies. The star formation history of a typical elliptical galaxy
is completely different from the ones of irregulars or spirals we discussed in
Chapters 3 and 4, respectively: their chemical composition is consistent with
a strong and rapid episode of star formation (Larson, 1974; Matteucci, 1994;
Pipino & Matteucci, 2004). During the initial starburst, an elliptical galaxy
can reach a solar or super-solar metallicity due to stellar activity (Calura &
Matteucci, 2004). Also dust seems to have a considerable mass in the initial
phases, and it is extremely important to understand the responsible mechanisms
of its formation.

During the past decade, large dust masses > 107M� have been detected
in the redshift range 5<z<9, thanks to observations in the millimeter (mm)
and sub-millimeter (sub-mm) wavelengths (e.g. Bertoldi et al., 2003; Beelen et
al., 2006; Micha lowski et al., 2010; Carilli & Walter, 2013; Watson et al., 2015;
Maiolino et al., 2015). Cooray et al. (2014) detected a huge amount of dust
of 3 × 108M� in a z=6.34 galaxy with an extreme ongoing star formation of
∼ 830M�yr

−1. Observations at high redshift are biased to efficient starburst
galaxies which are more luminous than less active ones, which instead are more
numerous. Thanks to the Atacama Large Millimeter Array (ALMA), Maiolino
et al. (2015) inferred dust upper limits on ”normal” galaxies at redshift ∼ 7,
and during the last years, the gravitational lensing technique successfully solved
the problem of dust detection in galaxies of moderate luminosity at very high
redshift (Ota et al., 2014; Watson et al., 2015; Zavala et al., 2015). On the other
hand, interferometric studies also reported no-detections of dust in galaxies
between redshifts 6<z<8 (Walter et al., 2012; Ouchi et al., 2013; Berger et al.,
2014; González-López et al., 2014; Schneider et al., 2015). In this context, it
is not yet clear if the presence or absence of dust in high redshift systems is a
common rule rather than an exception.

Laporte et al. (2017) measured a dust mass of 6× 106M� in a gravitational-
lensed galaxy at the surprising redshift of 8.38, which corresponds to an age of
the Universe of about 600 Myr. This short time-scale suggests that the respon-
sible process for dust formation should be very rapid. In particular, massive
stars exploding as Type II SNe have been advocated for the presence of dust
at high redshift, because of their typical short lifetimes (Padovani & Matteucci,
1993). In particular, the formation of Pop III stars in primordial environments

97
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Minfall[M�] Tinfall[Gyr] ν[Gyr−1] ωi IMF δSNII Dust Accretion

Elliptical reference model

1011 0.3 15 10 Salpeter δSNIIMP yes

Parameter ranges

1011 ≤Minfall ≤ 1012 0.3 15 10 Salpeter δSNIILP − δSNIIMP − δSNIIHP yes-no

Table 5.1: Parameters of the reference model for a typical elliptical galaxy. In
the first column is presented the mass of the infall (in solar masses), in the
second one the the infalling time-scale (in Gyr), in the third the star formation
efficiency (in Gyr−1), in the fourth the wind parameter, in the fifth the adopted
IMF and in the sixth the efficiency of dust production by Type II SNe. In the
last raw, we show the parameter ranges used in our work to study the dust
formation in the starburst of elliptical galaxies.

may represent the first cosmic dust polluters (Marassi et al., 2014, 2015). Also
AGB and super-AGB stars, which have slightly longer stellar lifetimes, can con-
tribute to dust production in a non-negligible way (e.g. Valiante et al., 2009;
Schneider et al., 2015), even if a minimum metallicity for the formation of low
mass stars is needed (Schneider et al., 2003, 2012; Chiaki et al., 2015). However,
a non-stellar source seems to be required, because the only contribution from
stars can hardly account for the amount of dust observed in some high redshift
systems (e.g. Mattsson, 2011; Pipino et al., 2011; Kuo & Hirashita, 2012; Calura
et al., 2014). Such a “dust-budget crisis” can be solved by assuming a top-heavy
IMF (Rowlands et al., 2014) or alternative channels for dust production. In
Pipino et al. (2011) an “extra QSO-dust” source was introduced to explain the
high amount of dust observed in QSOs, but they concluded that this contri-
bution was negligible. Moreover, some authors claim that dust accretion may
play a significant role even on short time-scales (e.g. Micha lowski et al., 2010;
Mancini et al., 2015, 2016). On the other hand, this process may be delayed or
even stopped because of the high temperature of the ISM in the high redshift
Universe (Ferrara et al., 2016).

In what follows, we are going to analyze the formation and the evolution of
the dust mass during the initial burst of star formation in elliptical galaxies,
to cast light on the role played by different processes. In fact, our chemical
evolution model takes into account the stellar lifetimes, and therefore we can
distinguish the contribution of different stellar sources at each time-step.

This Chapter is organized as follows: we describe the model of a typical
elliptical galaxy in Section 5.1 and we present the comparison between our model
and high redshift galaxies in Section 5.2, where we discuss in which way different
processes (dust production, accretion, destruction) affect the dust mass in the
early phases of galactic evolution. Then, in Section 5.3 we quantify the different
dust contribution coming from stellar production, i.e. Type II SNe, AGB stars
and Type Ia SNe. Finally, we summarize our conclusions in Section 5.4
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5.1 The model of an elliptical galaxy

We consider elliptical galaxies to form by a monolithic collapse of a gas cloud,
characterized by a short infalling time-scale (Matteucci & Tornambe, 1987; Mat-
teucci, 1994). This assumption causes a rapid collapse, which triggers an intense
and rapid star formation process. As soon as the thermal energy of the gas,
heated by SN explosions, equates the binding energy of the system, an intensive
galactic wind is produced. this wind stops the star formation and sweeps out all
the residual ISM. After this moment, the galaxy is assumed to evolve passively.

Larson (1974) applied for the first time this methodology and he was able
to reproduce two of the main common properties observed in elliptical galax-
ies: the mas-metallicity relation, i.e. the trend of increasing absorption metal
lines strength with the velocity dispersion (Lequeux et al., 1979; Garnett &
Shields, 1987; Pilyugin et al., 2004; Tremonti et al., 2004; Kewley & Ellison,
2008; Mannucci et al., 2010), and the color-magnitude relation, i.e. the increase
of reddening in more massive galaxies (Bower et al., 1992). Larson (1974) as-
sumed the star formation efficiency to be inversely proportional to the total
mass of the galaxy, and therefore, more massive galaxies with deeper gravi-
tational potentials develop galactic winds later. In this way, massive galaxies
have a prolonged period of star formation which enhances the metallicity and
the reddening.

On the other hand, observations of overabundances of [α/Fe] ratios and the
increase of this ratio in more massive galaxies led to a different interpretation
of the evolution of elliptical galaxies. In this context, chemical evolution models
easily explain the mass-metallicity relation and [α/Fe] abundances thanks to
the so called downsizing scenario, in which the star formation efficiency of a
galaxy increases with the total mass (Matteucci, 1994; Pipino & Matteucci,
2004; Calura et al., 2009b).

These models have been extensively compared with low and high redshift
massive galaxies (Calura et al., 2008; Pipino & Matteucci, 2004; Pipino et al.,
2011; Pipino & Matteucci, 2011). Here, we present a chemical evolution model
which represents a typical elliptical galaxy: we constrain the model parameters
on the basis of previous works that were able to reproduce the main observational
features of ellipticals, such as the chemical abundances, the mass-metallicity
relation, the color-magnitude relation and the Type Ia SN rates (Matteucci
& Tornambe, 1987; Matteucci, 1994; Pipino & Matteucci, 2004; Calura et al.,
2007).

Concerning the dust phase of the ISM, we remind that we adopt stellar
condensation efficiencies (δi) as provided by Piovan et al. (2011) (see Chapter 2).
In particular, the condensation efficiencies of Type II SNe (δSNII) depend on
the hydrogen density of the environment surrounding the explosion: in fact, the
higher the density, the more resistance the shock will encounter, and therefore,
more dust will be destroyed by the reverse shock. Generally, we adopt a median
value of nH = 1 cm−3 to describe the average density of the surrounding ISM
of the SN. In this Chapter, we explore the consequences of adopting different
values for this quantity: when we assume a density of nH = 0.1 cm−3 we call the
highest condensation efficiency as δSNIIHP , for nH = 10 cm−3 we call the lowest
value as δSNIILP and for nH = 1 cm−3 we call the medium value as δSNIIMP .

In Table 5.1 we report the main parameters characterizing our reference
model, namely the mass of the infall, the infalling time-scale, the star formation
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efficiency, the wind efficiency, the adopted IMF and the adopted dust contribu-
tion from Type II SNe.

5.2 Dust mass at high redshift

With our model we are able to differentiate the contributions of different pro-
cesses responsible for the dust formation in the initial evolutionary phases of a
galaxy. For this purpose, we vary some key parameters of the reference model as
shown in Table 5.1. In particular, the most interesting parameters that influence
the dust mass growth in the initial phases are the mass of the infall, the Type
II SN condensation efficiencies and the presence of dust accretion, whereas the
variation of the time of the infall and the variation of the star formation and
wind efficiencies produce negligible effects.

In order to compare our predictions with high redshift observations, we as-
sume a galaxy to form at redshift=10 and let it evolve in a Λ-cold dark matter
(ΛCDM) cosmology withH0 = 67.7Kms−1Mpc−1 (Planck Collaboration et al.,
2016). Fig. 5.1 shows the evolution of the formed dust mass inside the galaxy
for different models. The reference model (red-dashed line) lies below the upper
limits fixed by observations and it reaches a total mass of dust Mdust ≥ 107M�
at its maximum. When we adopt a more efficient dust production from Type II
SNe (δSNIIHP , thin blue dashed), a large amount of dust is produced. This stresses
the importance of massive stars in the firsts evolutionary phases: in fact, they
are responsible for the rapid increase of Mdust during the first ∼ 100 Myr of
galaxy evolution, when the bulk of dust is formed. To reach higher dust masses,
our model needs the most efficient contribution from Type II SNe as well as a
higher mass of the infall (Minfall = 5 × 1011M�, thick blue long-dashed line):
in this scenario a significant dust mass is produced even at z ' 9.6 (Zavala et
al., 2015) and reaches values Mdust > 108M� for z ≤ 6 (Cooray et al., 2014).
A similar result is obtained by the red thick dashed line, which represents the
same prescriptions as the reference model, but with Minfall = 5× 1011M�.

We also tested the case in which dust accretion is avoided (magenta dash-
dotted line): in this case, it is impossible to reproduce high values of Mdust

at z > 6. However, if we consider the highest contribution by Type II SNe,
the predicted Mdust is larger than in the reference model, even without consid-
ering dust accretion (magenta dash-dotted line). Dust growth acts on longer
time-scales with respect to stellar dust production and it becomes particularly
efficient in high metallicity environments. Even if this process has a fundamen-
tal importance in dust evolution, it does not affect the rapid increase of the
initial phases (firsts 0.2 Gyr), which is mainly caused by stellar formation.

Our work also casts light on another important issue related to high redshift
galaxies: the time-scale of dust formation. The simultaneous presence of both
dust-rich (and metal-) and poor objects (e.g. Ouchi et al. 2013) at high redshift
may indicate that the transition between these two populations has to be very
rapid and may take place on a Myr time-scale (Mattsson, 2015). Fig. 5.1 is very
useful to understand the typical time-scale of the the buildup of dust, as well as
by which process it is driven. In the earliest phases, i.e. at times ≤ 0.1 Gyr,
the fast increase of the dust mass is mainly driven by the production by Type
II SNe. This is visible from, e.g., the lack of any difference in the behavior of
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Figure 5.1: Dust mass in elliptical galaxies as a function of redshift (lower x-
axis) and time (upper x-axis). The thin red long-dashed line is our reference
model, whose parameters are shown in Table 5.1. In the models described by
the blue long-dashed and green dotted lines, higher (δSNIIHP ) and lower (δSNIILP )
dust production by Type II SNe are adopted, respectively. The magenta solid
and dot-dashed lines represent models with no accretion: the former assumes a
medium contribution from Type II SNe (δSNIIMP ), whereas the latter assumes the
highest one (δSNIIHP ). The thick lines represent models with a higher infalling
mass (Minfall = 5 × 11M�). Data represent upper limits of the dust mass for
high redshift galaxies by Watson et al. (2015) (red), Cooray et al. (2014) (green),
Zavala et al. (2015) (black), Maiolino et al. (2015) (yellow) and Ota et al. (2014)
(magenta).
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the reference model and the “no accretion” model at these times.
Other works have already shown that in elliptical galaxies, the buildup of

metals occurs on a rapid timescale, with a supersolar metallicity reached after
only 0.1 Gyr from its formation (e.g., Pipino & Matteucci, 2004; Calura et al.,
2014). As heavy elements are the main constituents of dust grains, dust ac-
cretion can start to be significant only after enough metals have been ejected
into the ISM. Therefore, only in high metallicity environments (namely at later
epochs), metals in the gas phase are able to condensate onto pre-existing dust
grains. Moreover, the bulk of dust mass is settled already at ∼ 0.25 Gyr af-
ter the beginning of the star formation. Clearly, in proto-spheroids the rapid
buildup of the dust is also helped by the rapid time-scale of the infall.

The fast increase of the dust mass in the initial phases reaches the maximum
at the time in which the star formation stops (z ∼ 7). Then, the dust mass starts
to decrease as a consequence of many processes. First, due to the short lifetimes
of massive stars, the Type II SN rate traces star formation rate. Therefore, when
the star formation rate is zero, because almost all massive stars have already
died in earlier phases, the dust production from Type II SNe stops. Second,
from this moment the galactic wind starts and the majority of the ISM (gas
and dust) is expelled outside the galaxy. Third, as we have already explained
in Chapter 2.2, dust accretion mainly occurs in molecular clouds, namely in the
regions of the ISM characterized by high densities and low temperatures, where
new stars form. When the galactic wind is active, the thermal energy of the
galaxy, heated by SN explosion events, is relatively high and molecular clouds
(or cold ISM) are missing. For this reason, we stop the dust accretion process
as soon as the star formation stops.

As a result of the previous points, at the moment of the onset of the galactic
wind the only active dust processes are dust destruction and dust production
from AGB stars (which have longer lifetimes than Type II SNe). However,
dust production from low-intermediate mass stars, is negligible with respect to
the contribution of massive ones (see Section 5.3.2), and therefore, the total
dust mass decreases because dust destruction remains the only and the most
important process in the ISM.

5.3 Stellar dust production

In the previous Section, we focused on the distinction between the role played
by dust accretion and dust formation in stars. Here, we focus only on the stellar
contribution because we want to distinguish different stellar sources. First, we
quantify the dust contribution from Type Ia SNe, that in our case are not
considered as dust factories, at variance with previous works. Second, we cast
light on the dust formation time-scales when AGB stars or Type II SNe are
considered: in particular, we show how their relative contribution changes by
varying dust prescriptions during the initial burst of star formation.

5.3.1 The effect of Type Ia SNe

In previous works (e.g. Dwek, 1998; Calura et al., 2008, 2017) Type Ia SNe
were considered as dust producers and therefore, a non-negligible mass of dust
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Figure 5.2: Dust production rate for AGB stars (dashed red line) Type II SNe
(cyan solid line), Type Ia SNe (dotted green line) and the total contribution
(black solid line). Top panel: model without the inclusion of Type Ia SNe
as dust producers, as adopted in this thesis. Bottom panel: model with the
inclusion of Type Ia SNe as dust producers as adopted in previous works (e.g.
Dwek 1998; Calura et al. 2008, 2017)
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was assumed to form after the burst of the star formation. These kind of stars
originate from the explosion of a carbon-oxygen white dwarf, belonging to a
binary system. The mechanism of such event involves low and intermediate mass
stars (0.8M� < m < 8M�), and therefore SNe Ia explode over a large range of
typical time-scales, from a minimum time delay of ∼30 Myr (the lifetime of an
8M�) to a maximum Hubble time. In our work, we do not consider Type Ia SNe
as dust factories, because it is not supported by observational evidence (Blair et
al., 2007; Williams et al., 2012; Gomez et al., 2012). Here we want to quantify
the effect of considering or not dust formation by Type Ia SNe, in particular
after the onset of the galactic wind, namely when the star formation stops. For
the condensation efficiencies of Type Ia SNe we use the ones suggested by Dwek
(1998).

We show in Fig. 5.2 the dust production rate from stellar sources before and
after the onset of the galactic wind with the exclusion or the inclusion of Type
Ia SNe as dust producers (bottom and top panel, respectively). In the first case,
before the galactic wind starts (magenta vertical line), Type II SNe and AGB
stars produce the bulk of dust. In fact, as soon as the star formation stops
(when galactic wind is active), only AGB stars can contribute and produce a
total mass of dust which is ∼3 times lower than the one produced during the
burst of star formation. In the second case (bottom panel of Fig. 5.2), the
situation is the opposite: Type Ia SNe, which continue to explode even after
star formation stops, help the delayed dust production of AGB stars after the
onset of the galactic wind, and the total dust production in the quiescent phase
becomes almost similar or even higher than the one produced in the initial burst.

In this way, our results differ from previous work on the study of dust in
elliptical galaxies (e.g. Calura et al., 2008; Pipino et al., 2011; Calura et al.,
2017). However, we find big differences only after the burst of star formation,
namely during the phase in which the galactic wind is active.

5.3.2 AGB stars versus Type II SNe

We have showed in the previous Section that the bulk of the dust forms during
the initial burst of star formation. Dust production in Type II SN ejecta is
often advocated to explain the origin of dust in the early Universe (e.g. Morgan
& Edmunds, 2003). In fact, the typical time-scale of massive progenitors of
10 − 40M� is τ∗ < 10 Myr (Padovani & Matteucci, 1993), much shorter with
respect to low-intermediate mass stars (1− 8M�). Furthermore, Maiolino et al.
(2004) showed that the extinction curve in a quasar at a redshift > 6 is in very
good agreement with SN dust models.

However, observations show that the effective mass of dust in SN Remnants
are still highly uncertain, varying from SN to SN (Galliano et al., 2011). On
one hand, it seems that the reverse shock produced in the SN explosion can
destroy up to 80% of the total dust produced (Todini & Ferrara, 2001; Dwek,
2005; Nozawa et al., 2006; Zhukovska et al., 2008; Bianchi & Schneider, 2007;
Silvia et al., 2010), but on the other hand a very efficient production from those
massive stars is expected to fit observations. For instance, Dwek et al. (2007)
calculated that extreme conditions for SN-dust formation/evolution (100% dust
condensation efficiencies, and therefore no destruction due to shocks) must be
assumed to reproduce the observed ∼ 108M� in the hyperluminous quasar SDSS
J1148+5251 at z = 6.4.
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Figure 5.3: Evolution of the dust mass produced by Type II SNe and AGB
stars in the initial phases of a typical elliptical galaxy. Different curves (solid
lines) are obtained by varying δSNII from the highest value (upper curve) to the
lowest one (lower curve). The color bar indicates the contribution of AGB stars
among the total stellar dust production. Cyan and red dashed lines represent
the death rate of AGB and Type II SNe, respectively. The vertical magenta line
indicates the time-step of the onset of the galactic wind, namely when the star
formation stops.

The (longer) stellar lifetime argument, does not necessarily implies that
intermediate-mass stars cannot contribute to dust production at early cosmic
epochs. Indeed, the contribution of AGB stars in high redshift galaxies may be
as important as that of SNe (Valiante et al., 2009; Schneider et al., 2015).

Main sequence lifetimes of stars with masses lower than 3M� are shorter
than 300Myr (Padovani & Matteucci, 1993), quite below 1 Gyr (about the age
of the Universe z ∼ 6). In addition, 1−8M� stars are generally more numerous
than (10− 100)M� ones, even if their proportion depends on the adopted IMF.
Assuming a certain IMF φ, the fraction of AGB stars and SNe with respect the
total number of stars can be expressed as following:

fAGB =

∫ 8M�
1M�

φ(m)dm∫ 100M�
0.1M�

φ(m)dm
(5.1)

fSN =

∫ 100M�
8M�

φ(m)dm∫ 100M�
0.1M�

φ(m)dm
(5.2)

These fractions vary as a function of the adopted IMF and extremes of the
integrals. With a Salpeter IMF (eq.(2.4)), ∼ 47% of the stars will evolve through
the AGB phase, whereas only ∼ 3% will end their lives as core-collapse SNe. For
a Scalo IMF (eq.(2.4)), we find a fraction of AGB and Type II SNe of ∼ 47% and
∼ 1.5%, respectively. This difference is found also when we assume a top-heavy
IMF (biased towards high mass stars): e.g. for a Chabrier IMF, (Chabrier,
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2003), the fraction of AGB stars is ∼ 37% and the one of SNe progenitors
reaches ∼ 23%. In the previous calculations, we adopted for the mass ranges
[1.0,8.0] and [8.0,100] for AGB stars and Type II SNe, respectively.

The contribution of AGB stars and SNe to the total dust budget in a galaxy
depends on the SFH, stellar metallicity and on the stellar yields, more than the
time-scales (Valiante et al., 2009, 2011). Here, we study how their contribution
depends on the adopted stellar yields, in the framework of a typical high-redshift
starburst galaxy. To investigate the role of SN dust yields in what follows we
vary the SN dust condensation efficiency from the highest value δSNIIHP to the
lowest one δSNIILP .

Fig. 5.3 shows the total dust mass produced by stellar sources as a function
of the time (solid curves) for a single burst of star formation. We compare
three cases of δSNII , which reflect different dust destruction efficiencies caused
by the reverse shock. The case of the highest δSNIIHP reproduces observations
in historical SN remnants and produces the highest solid curve of Fig. 5.3,
whereas the lowest case assumes that only ∼10% of dust survives after the
reverse shock and leads to the lowest curve. Along the curves, different colors
represent the fraction of dust from AGB relative to the total production (AGB
+ SNe), as shown by the color-bar on the right side of the Figure. AGB-
driven dust production is > 50% already at early times for both the lowest and
medium value of δSNII . On the other hand, the highest δSNII leads to a larger
contribution from SNe (∼ 80%).

In Fig. 5.3, we also show the death rate of SNe and AGB stars. The SN
rate almost traces the one of the star formation because of their typical short
time-scales: in fact, it reaches the peak at 0.2 Gyr, when the star formation
is maximum, and then it decreases until 0.8 Gyr when it assumes a zero value
as soon as the galactic wind starts (vertical violet line). On the other hand,
AGB stars die on longer time-scales and their death rate is shifted to higher
galactic times with respect to Type II SNe. Then, the AGB rate decreases but it
remains larger than zero even after the onset of the galactic wind. In particular,
is important to notice that the peak is reached before the galactic wind, and
therefore they mostly contribute to dust formation in the initial phases. In other
words, it means that AGB stars can potentially contribute in a significant way
to the initial dust production, but the relative contribution with Type II SNe
strongly depends on the adopted prescriptions (δSNII and δAGB).

To study the effects on the relative contribution of dust formation between
low-intermediate and massive stars at varying different AGB condensation effi-
ciencies, we also consider the new δAGB provided by Dell’Agli et al. (2017). We
show in Fig. 5.4 the difference between the inclusion of δAGB from Dell’Agli et
al. (2017) and Piovan et al. (2011) in a model with a SFH for a typical elliptical
galaxy. Generally, Piovan et al. (2011) prescriptions lead to a major dust con-
tribution from AGB stars, except for the first evolutionary phases. The reason
of this trend, is that Dell’Agli et al. (2017) prescriptions of δAGB are larger than
Piovan et al. (2011) ones only at very low metallicities.

However, the results we have presented in this paragraph are almost indepen-
dent from the adopted δAGB . For this reason, we conclude that the relative dust
contribution between Type II SNe and AGBs mainly depends on the adopted
prescriptions for δSNII , which we remind are affected by large uncertainties.
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Figure 5.4: Dust mass produced by AGB stars versus the time in the initial
phases of a typical elliptical galaxy, when AGB condensation efficiencies (δAGB)
from Piovan et al. (2011) (solid green line) or from Dell’Agli et al. (2017) (blue
dashed line) are adopted.

5.4 Conclusions

In this Chapter we have studied how different dust processes contribute to the
dust mass assembly in the initial phases of a typical elliptical galaxy. We have
investigated several aspects of dust-related issues on these objects and we can
summarize our conclusions as follows:

• Our reference model provide a consistent amount of dust (> 107M�) at
intermediate redshift (5<z<7), in agreement with current observations.

• The dust mass increases very fast in the initial burst of star formation.
In particular, we found that the bulk of dust is already settled after 250
Myr.

• Type II SNe mainly contribute to the fast increase of the initial phases of
the galactic evolution. The dust accretion indeed represents a fundamental
process for dust evolution, but it becomes important on longer time-scales
with respect the dust injection in the ISM from stellar sources.

• As soon as the star formation stops, the most important dust processes in
the ISM become dust destruction and dust loss via galactic wind. For this
reason, after the fast increase in the initial phases due to stellar production
Mdust decreases.

• We quantified the effect of including in our model the dust production from
Type Ia SNe. When we include them (using Dwek 1998 prescriptions), we
find that they highly contribute to the total mass produced, and they
also exceed the contribution of AGB stars. In particular, in the case
of a typical elliptical galaxy, the contribution of such stars is extremely
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important during the quiescent phases, after the onset of the galactic wind.
In this thesis, we do not include Type Ia SNe as dust factories because of
the lack of observational evidences. This choice influences the comparison
between our predictions and previous models, in which Type Ia SNe were
considered important dust contributors.

• We found that AGB stars contribute in a negligible way to the total stellar
production in the initial burst with respect to Type II SNe. However, we
have shown that the peak of the AGB death rate occurs before the onset
of the galactic wind, and therefore, their small contribution is not due to
the longer time-scales involved in such stars, but strongly depends on the
adopted condensation efficiencies of Type II SNe δSNII .



Chapter 6

Dust rate across the
Universe

6.1 Introduction

Interstellar dust mainly absorbs ultraviolet (UV) photons and re-emits in the in-
frared (IR) waveband (Calzetti, 2001): this dust property is particularly intrigu-
ing in the measure of the star formation rate (SFR) (Kennicutt, 1998; Madau &
Dickinson, 2014). Observational tracers of star formation fundamentally mea-
sure the formation rate of massive stars, because these stars are responsible
for most of the energy from a young stellar population. For example, the SFR
can be constrained by Hα emissions, whose primary origin is from HII regions
photoionized by O stars (Kennicutt, 1998; Hanish et al., 2006). Another way
to infer star formation is to account for the UV continuum, which is dominated
by the emission from massive stars, but with a broader mass range than Hα
emissions (Hopkins, 2004; Madau & Dickinson, 2014). However, UV dust ex-
tinction can dramatically suppress or modify the emerging emission, producing
an excess at IR wavelengths. The total IR luminosity represents a measurement
of the energy that was absorbed by dust, namely an indirect measurement of the
UV emission, and therefore another way to measure star formation (e.g. Bell et
al., 2005). A good knowledge of dust is fundamental, because a dust emission
model is needed to interpret the total IR luminosity.

In summary, the presence of dust is strictly correlated with the SFR mea-
surements, and the best we know about dust the best we can constrain the
cosmic SFR.

Chemical evolution models have been adopted to study the evolution of the
SFR during the cosmic time. First, Calura & Matteucci (2003) studied the
evolution of the luminosity density in U, B, V, J, K bands and the stellar mass
density of galaxies of different morphological type. They compared models and
observations to obtain the number density evolution of galaxies in the context
of two reference scenarios of galaxy formation: the monolithic collapse, where
ellipticals and bulges formed at high redshift, as the result of a violent burst of
star formation (Larson, 1974; Matteucci, 1994), and the hierarchical clustering
(HC) picture, developed mainly to study the behavior of the dark matter in
which small dark matter halos are the first to collapse and then merge to form
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larger halos in a Λ-Cold dark Matter (ΛCDM)-dominated Universe (Press &
Schechter, 1974). Then, they reconstructed the history of the cosmic star for-
mation rate (CSFR), namely the rate of SF in a unitary volume of the Universe
as a function of redshift.

The work of Calura & Matteucci (2003) has been the pioneering one for the
study of the cosmic rates through chemical evolution models. Later, Calura &
Matteucci (2004) studied the evolution of the cosmic metallicity and computed
in detail the fraction of each element locked up in stars, interstellar gas and
intergalactic medium. Vincoletto et al. (2012) utilized a more precise chemo-
photometric model than the one of Calura & Matteucci (2004) and studied
in detail the evolution of the luminosity function of galaxies. In that work,
they studied the luminosity function, namely the distribution of galaxies per
unit volume in the luminosity interval [L, L + dL] (Schechter, 1976), through
α and β parameters to obtain the relative distribution of galaxies of different
morphological type as a function of redshift:

Φ(L)
dL

L∗
= Φ0(1 + z)β

(
L

L∗

)−α
e−L/L∗

L

L∗
, (6.1)

where Φ0 = Φ∗(z = 0) is the present-day number density of galaxies per unit
volume, L∗ is the characteristic luminosity which separates bright sources from
faint ones. They fixed the parameters (α β) to obtain the best agreement
between the model predictions and the photometric curves, and finally studied
the CSFR by means of such a galactic evolutionary scenario. Grieco et al. (2014)
applied the same method of Vincoletto et al. (2012) to study the evolution of
the dust rates, e.g. how dust evolves during the cosmic time.

The main topic of this thesis is the study of dust across the Universe, and
therefore our main goal is to study the cosmic dust rate (CDR). We also intend
to study the cosmic star formation rate (CSFR) and the cosmic mean metallicity
(CMM), because all these three rates are strictly connected. In fact, as we have
already pointed out at the beginning of this Paragraph, dust deeply influences
the UV photometric light, and therefore the CSFR measurements; on the other
hand, the CSFR represents a crucial phenomenon for the evolution of the metal-
licity, because metals originate from the stellar evolution, after star formation
episodes. Finally, dust is substantially made of metals, and thanks to our mod-
els we can study the fraction of metals present in the different component of the
ISM (gas and dust phase). Moreover, the CSFR has been intensively studied,
and despite of large uncertainties, several observational constraints have been
fixed up to redshift 8 (Hopkins, 2007; Noeske et al., 2007; Madau & Dickinson,
2014). On the other side, for the CDR we do not have observational constraints,
exception for the total amount of dust in the Universe (Ωdust) which is only in-
ferred at low redshift (e.g. Fukugita, 2011; Ménard & Fukugita, 2012). For
this reason, before making any predictions on the CDR or the CMM, it is ex-
tremely important to compare our models with the observed CSFR and trying
to reproduce its evolutionary trend as a function of the redshift.

In this Chapter, we present our study on the cosmic rates, with noticeable
improvements with respect to previous works, especially concerning interstellar
dust: first, we constrain our reference models of irregular, spiral and elliptical
galaxies by the comparison with the observed dust and metals in each galaxy
type; second, we use a chemical evolution model with updated and detailed dust
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prescriptions (see Chapter 2); third, we explore more evolutionary scenarios of
galaxy formation than previously done: i) a pure luminosity scenario (PLE, as
in Calura & Matteucci 2003), ii) a number density evolution scenario (DE, as in
Vincoletto et al. 2012), representing the classical hierarchical clustering scenario
and iii) an alternative scenario, in which both spirals and ellipticals are allowed
to evolve in number on an observationally motivated basis.

In Section 6.2 of this Chapter we present and summarize the chemical evo-
lution models we adopt to describe galaxies of different morphological type (el-
lipticals, spirals and irregulars). Our reference model for each galaxy Type is
tuned through observational constraints: in particular, we constrained our mod-
els of irregular and spiral by reproducing the relation between the dust-to-gas
ratio and the metallicity. In Section 6.3 we present the results of the evolution
of the CDR, CSFR and the CMM evolution. Finally, we draw our conclusions
in Section 6.4.

6.2 Evolution of galaxies of different morpholog-
ical type

In this Section, we present the chemical evolution models we adopt to describe
galaxies of different morphological type in order to study the cosmic rates. In
particular, we consider three types of galaxies: irregulars, spirals and ellipticals.
In Chapter 2, we gave a detailed description of the concepts, the parameters and
the equations of our chemical evolution model. Depending on the parameters, we
are able to reproduce the observable features of galaxies of different morphology.

Previous works have constrained the parameters of chemical evolution mod-
els for these galaxies. Many of those also showed the effects of varying the model
parameters: Bradamante et al. (1998) varied the star formation efficiency, IMF
and SFH, Romano et al. (2005) - Mollá et al. (2015) the IMF, Calura et al.
(2009b) the star formation efficiency, Romano et al. (2010) the stellar yields.
Recently Côté et al. (2016) studied the uncertainties in galactic chemical evo-
lution models for the Milky Way, but without making a direct comparison with
observational data. Our purpose is not focused on the precise characterization
of a peculiar galaxy, rather we like to find models which represent the typical
behavior of different galaxies, and study their contribution to the cosmic rates
(see Section 6.3). We will call reference model, the model of a certain galaxy
type with the best set of parameters able to fit the most important physical
observables related to their type.

In our approach, the main difference between galaxies is the star formation
history: in ellipticals it is assumed a very fast and intense star formation rate,
and this rate decreases going towards spirals, irregulars and smaller galaxies.
Our prescriptions lead to a galactic evolution in which more massive galaxies
have higher star formation efficiency, namely stronger episodes of star formation.
This technique has been already adopted in previous work: for instance, in this
way Calura et al. (2009b) reproduced the mass-metallicity relation of different
galaxies.

For a detailed description of the elliptical model we refer the reader to Chap-
ter 5, where we deeply investigated dust evolution in high redshift galaxies.
Concerning spiral galaxies, we refer to the Milky Way as a typical object. Chi-
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appini et al. (1997) described the formation of our Galaxy as a result of two
main infalls which gave rise first to the galactic halo and thick disk on a time-
scale of ∼ 1 Gyr and later to the thin disk ∼ 8 Gyr. More recently, Micali
et al. (2013) computed a three-infall model, where the formation of the halo,
the thick disk and the thin disk are originated in three different gas accretion
episodes with time-scales of ∼ 0.2,∼ 1.25 and ∼ 6 Gyr, respectively. Here, we
compare our predictions with observations of galactic disks, and therefore, we
decide to use a chemical evolution model which consists of a single episode of
infalling material on the typical time-scale for the formation of the thin disk in
the Milky Way. For this model we adopt a Scalo IMF (Scalo 1986, eq. (2.4)).
This choice is based on results of previous studies on chemical abundances: in
fact, it is known that a Salpeter IMF reproduces the observed chemical pat-
tern of local ellipticals and irregulars (Pipino & Matteucci, 2004; Recchi et al.,
2002), whereas it overestimates the metal content of disk-like galaxies, for which
a Scalo IMF is preferred (Romano et al., 2005; Calura et al., 2009b; Romano et
al., 2010).
Finally, irregular galaxies are assumed to assemble with different star formation
and infalling timescales with respect to spirals (Bradamante et al., 1998; Calura
et al., 2008, 2009b; Grieco et al., 2014). In particular, irregulars have a lower
mass with respect to spirals and ellipticals, and therefore we assume a smaller
star formation efficiency.

In Fig. 6.1 we show the star formation history of the reference models we
adopt for the irregular, spiral and elliptical galaxies. The spiral galaxy is charac-
terized by a continuous SFR which is higher than the one of irregulars. The mod-
els are able to reproduce the present day SFR observed in irregulars (Chomiuk
& Povich, 2011) and spirals (Harris & Zaritsky, 2009), respectively. The SFH of
the elliptical model consists of an intense burst of star formation, which stops
before 1 Gyr due to the onset of galactic winds. Elliptical galaxies in the Local
Universe are characterized by a quiescent phase where they lack of star forma-
tion and therefore we cannot compare the SFR between model and observation
at the present time.

In Table 6.1, we summarize the main parameters of our chemical evolution
models for galaxies of different morphological type. We show in the second col-
umn the mass of the infall, in the third column the time-scale of the infall, in
the fourth the star formation efficiency, in the fifth the efficiency of the wind
and in the sixth the adopted IMF. In column seven, we report the adopted con-
densation efficiencies for Type II SNe, namely the efficiency of dust production
in those stars. We remind here that, depending on the assumed density of the
surrounding ISM of the SN explosion, the reverse shock can destroy little or
almost all the produced dust. The real effect of the reverse shock is highly un-
certain and, depending on the conditions, Type II SNe can produce dust with
high efficiency (δSNIIHP ), with low efficiency (δSNIILP ) or with a ”medium”efficiency
(δSNIIMP ), as we already shown in Chapter 2.2.1.

6.2.1 The dust-to-gas ratio in the Local Universe

In this Section we focus on the study of the dust-to-gas ratio (G/D) versus
metallicity in spiral and irregular galaxies. This study has been performed in
order to test how dust evolves in these galaxies by varying the parameters of
the chemical evolution models.
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Type Minfall[M�] Tinfall[Gyr] ν[Gyr−1] ωi IMF δSNII

Irregular 1010 5.0 0.2 0.7 Salpeter δSNIIHP

Spiral 5× 1010 7.0 2.0 0.3 Scalo δSNIIMP

Elliptical 1011 0.3 15 10 Salpeter δSNIIMP

Table 6.1: Parameters of the reference models for galaxies of different morpho-
logical type. In the first column the morphological Type is shown, in the second
one the mass of the infall (in solar masses), in the third the infalling time-scale
(in Gyr), in the fourth the star formation efficiency (in Gyr−1), in the fifth the
wind parameter, in the sixth the adopted IMF and in the seventh the efficiency
of dust production by Type II SNe.
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Figure 6.1: Star formation histories of the reference models for irregular (solid
green), spiral (dotted blue) and elliptical (dashed red) galaxies. The SFR is
expressed in unit of M�yr

−1 and it is plotted as a function of the Time in
Gyr. Present-time data of SFR are taken from Chomiuk & Povich (2011) (blue
square) and Harris & Zaritsky (2009) (green circle) for our Galaxy and the Large
Magellanic Cloud, respectively.
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In fact, the dust-to-gas ratio is a very important diagnostic tools concerning
dust evolution because it connects the amount of metals locked up into dust
grains with the ones still present in the gas phase. The observed G/D of in-
tegrated galaxies as a function of metallicity has been intensively studied over
the past decades (e.g. Issa et al., 1990; Lisenfeld & Ferrara, 1998; Hirashita et
al., 2002; Draine & Li, 2007; Engelbracht et al., 2008; Galametz et al., 2011;
Rémy-Ruyer et al., 2014). Generally, the dust-to-gas ratio increases as a func-
tion of metallicity, but we are still far from having a good interpretation of this
relation.

Rémy-Ruyer et al. (2014) deeply investigated such a trend by providing more
precise dust measurements of 160 galaxies, thanks to IRAS and Spitzer data.
They used chemical evolution models to investigate the dispersion of this trend
and concluded that the large observed spread results from the different histories
and internal conditions of each single galaxy.

In our work, we separately consider the dust-to-gas ratio of irregular and
spiral galaxies. We find that the two populations cover different regions in the
dust-to-gas ratio versus metallicity space. In this way, we can separately com-
pare the two sub-samples with detailed chemical evolution models of irregulars
and spirals, in order to give a better explanation on this important relation.

Data sample

To study the observed spread in the dust-to-gas ratio, we use in our work a
subsample of the Dwarf Galaxy Survey Madden et al. (2013, DGS) and the
KINGFISH survey (Kennicutt et al., 2011). The information about gas and
dust masses in these galaxies can be found in Rémy-Ruyer et al. (2014) and
Rémy-Ruyer et al. (2015). The DGS sample consists of mostly dwarfs galaxies
in the local Universe, including irregulars and blue compact dwarfs. The main
physical parameters of these galaxies have been provided by Madden et al.
(2013): the sample covers the low metallicity range, from log(O/H) + 12 = 7.52
up to 8.43. On the other hand, the KINGFISH sample contains more metal-
rich galaxies, which are spirals. Contrary to previous studies, we build two
subsamples, according to the different morphological type of these galaxies.

In the plots we are going to present we will refer to the metallicity of the
gas based on the value of log(O/H) + 12, as explained in Rémy-Ruyer et al.
(2014), both in data and models. The dust masses provided by Rémy-Ruyer
et al. (2015) are constrained on the basis of the spectral energy distribution of
each galaxy. They provide two different values for the dust mass depending on
the assumed dust species forming the carbonaceous grains: when carbon dust
is assumed in form of amorphous carbonaceous grains, the dust mass is about
2.5 times lower than the one obtained by a graphite-grain model. Therefore,
using different models for carbonaceous grains only modifies the absolute values
of dust masses, leaving unchanged the observed trend in the dust-to-gas ratio
versus metallicity. As we are mostly interested in this trend, we compare our
models with the average value of the two measurements.

In the top panel of Fig. 6.2 we show the D/G data as a function of the metal-
licity for irregular and spiral galaxies in green pentagons and blue dots, respec-
tively. The yellow and the green stars respectively represent the value (D/G)�
for the solar neighborhood as predicted by Zubko et al. (2004) (BARE-GR-S
model), and the one measured in the Small Magellanic Cloud by Spitzer ob-
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Type Minfall[M�] Tinfall[Gyr] ν[Gyr−1] ωi δSNIIi

Irregular 109 ≤M ≤ 1010 0.5 ≤ Tinfall ≤ 10 0.01 ≤ ν ≤ 0.2 0.1 ≤ ωi ≤ 1.5 δSNIILP, MP, HP

Spiral 5× 1010 7.0 1.0 ≤ ν ≤ 3.0 0.1 ≤ ωi ≤ 1.0 δSNIIMP

Table 6.2: Parameter ranges used in our work for the chemical evolution models
of irregular and spiral galaxies. In the first column we report the morphological
type of the galaxy, in the second, third, fourth and fifth columns the Minfall,
Tinfall, ν and ωi, respectively. In columns six and seven we show the contribu-
tion of Type II SNe.

servations in the far-IR wavebands by Leroy et al. (2007), respectively. Finally,
the black dashed line represents the reference scaling relation which assumes the
D/G to increase proportionally to the inverse of the metallicity Z−1, whereas
the black dotted line represents the linear fit to the data as performed by Rémy-
Ruyer et al. (2014). Both fits are constrained to reproduce the (D/G)� value
of Zubko et al. (2004)

Interpretation through chemical evolution models

To study the observed spread of the dust-to-gas ratios in irregular and spiral
galaxies, we vary the the parameters of our reference models shown in Table 6.2.
We find that some of the studied parameters induce significant variations on the
dust-to-gas ratio and metallicity.

In the top panel of Fig. 6.2 we show the model predictions in the gas-to-dust
ratio versus metallicity space: the green and blue areas represent the regions
occupied by models for various values of the parameters for irregulars and spirals,
respectively. Irregulars mostly lie in a low metallicity range, with a median value
of [log(O/H) + 12]irr = 8.03 and show a large spread of dust-to-gas ratio. This
is mainly due to the efficiency of dust production from Type II SNe (δSNLP , δSNMP ,
or δSNHP ). On the other hand, the minor spread above log(O/H) + 12 ' 8.0
is not due to dust prescriptions, but it can be attributed to the variation of
the time-scale of the infall, the assumed mass of the infalling material or the
efficiency of the galactic wind.

At variance with irregulars, spirals galaxies are more concentrated at higher
metallicities, with a median value of [log(O/H) + 12]spi = 8.37. Furthermore,
both models and data for spirals show a narrower dispersion of the dust-to-gas
ratio with respect to irregulars. In this case, we find that the most important
parameter responsible for the observed spread above log(O/H) + 12 = 8.4 is
the star formation efficiency. As a consequence, galaxies with the same value of
dust-to-gas ratio, but different metallicities, can be interpreted as the result of
the variation of the star formation rate.

In the bottom panel of Fig. 6.2 we show the models we have chosen as
representative cases of each morphological type. These models represent our
reference ones, and their parameters are those showed in Table 6.1. To have a
better comparison between models and data, we have binned the data in metal-
licity: we obtained a good agreement for the irregular and the spiral models, in
green dashed and blue lines, respectively, in the bottom panel of Fig. 6.2.
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Figure 6.2: Dust-to-gas ratio versus log(O/H) + 12. Data: Green pentagons
correspond to irregular galaxies, whereas blue filled circles correspond to spirals.
Yellow and green stars represent the dust-to-gas ratio observed in the solar
neighborhood (Zubko et al., 2004) and in the Small Magellanic Cloud (Leroy
et al., 2007), respectively. The dashed-black line expresses a linear relation
between the dust-to-gas and the metallity, whereas the dotted straight line is
the fit of the whole data sample as done in Rémy-Ruyer et al. (2014). Top
panel: green and blue areas represent the possible values of dust-to-gas ratio
and metallicity achievable by our models by varying the model parameters as
shown in Table 6.2.1 for irregulars and spirals, respectively. Bottom panel:
predictions by the reference models of a typical irregular (dashed green) and
spiral (solid blue). Here, data for irregulars and spirals have been binned in
metallicity, with a minimum dataset of 5 points in each bin (large green squares
and blue circles, respectively). Typical errors in dust-to-gas and metallicity are
expressed by the blue cross in the bottom-right corner.
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6.3 Cosmic Rates

In this Section we present our study of the evolution of the cosmic star forma-
tion rate (CSFR), the CDR and the CMM rates. In general, a cosmic rate is
defined as the rate in a comoving volume of the Universe: it is the result of
the contribution of galaxies of different morphological type, which should be
weighted according to their number density. Since now on, we will consider our
models of irregular, spiral and elliptical of Table 6.1 as representative cases of
each morphological type.

Our method is based on the evolution of the galaxy number density, as
already adopted in previous studies involving the cosmic star formation rate
(Calura & Matteucci, 2003; Vincoletto et al., 2012), the cosmic SN rates (Grieco
et al., 2012; Bonaparte et al., 2013) and the cosmic dust production (Grieco et
al., 2014). We assume that the maximum galaxy formation is at redshift z=10
in a Λ-cold dark matter (ΛCDM) cosmology with H0 = 67.7Kms−1Mpc−1

(Planck Collaboration et al., 2016), with their number density either constant
or varying as a function of the redshift, according to different scenarios.

In Fig. 6.3 we present the redshift evolution of our reference models for the
irregular, spiral and elliptical galaxies. The top left panel shows the SFR: the
elliptical galaxy consists in an intense burst of SF, which stops before 1 Gyr of
evolution due to the occurrence of galactic winds. The SFR in the initial phase
is higher than the one of other types. The spiral galaxy is characterized by a
continuous SFR which is higher than the one of irregulars. In the other panels
of Figure 6.3, the evolution of various processes related to dust evolution (stellar
production, accretion, and destruction) are shown. The stellar dust production
rate (top-right panel of Fig. 6.3) shows a trend which is very similar to the SFR:
this is because during the bursts, dust production from Type II SNe represent
the dominant process and the rate of this kind of SNe traces the one of the
star formation, because these massive stars (M ≥ 8M�) have short life-times
(τ∗ ≤ 30Myr, Padovani & Matteucci 1993). The contribution of AGB stars
(M∗ < 8M�) is mostly visible in the quiescent phases, i. e. at the end of the
burst of star formation of the elliptical galaxy, because of their longer stellar
life-times. In the lowest panels, the dust accretion and destruction rates are
presented. In the cases of spirals and irregulars, dust production by stars has
a dominant role at early epochs, while dust growth in the ISM becomes the
most important process after the critical metallicity is reached1. In our models
we found a critical metallicity of Zcrit,spi = 0.31Z� and Zcrit,irr = 0.19Z�
for spirals and irregulars, respectively. Dust growth is strictly related to star
formation, because it preferentially occurs in molecular clouds. Therefore, in
the elliptical model, dust accretion stops as soon as the SF stops.

At variance with dust accretion, dust destruction never stops and it becomes
the dominant process during the quiescent phases of the elliptical model, leading
to a decrease of the dust mass in the galaxy, as shown in Chapter 5. In the case
of irregular and spiral models, the dust destruction rate plays a marginal and
negligible role with respect to other processes (accretion and stellar production).

The galaxy number density depends on the redshift and represents the rate
at which galaxies have formed during the cosmic time and determines the growth

1The Critical metallicity is the metallicity at which the contribution of dust accretion
overcomes the dust production by stars, see Chapter 2
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Figure 6.3: In the top left panel, the red dashed, blue dotted and green solid
lines show the star formation rate as a function of time and redshift for our
chemical evolution models of an elliptical, a spiral and an irregular galaxy, re-
spectively. All galaxies are assumed to form at redshift 10. Present-time data
on the SFR are taken from Chomiuk & Povich (2011) (blue square) and Har-
ris & Zaritsky (2009) (green circle) for our Galaxy and the Large Magellanic
Cloud, respectively. In clockwise sense, the other panels of the figure show the
rate evolution of dust production, destruction and accretion in solar masses per
year.
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of baryonic structures in the Universe. The study of the cosmic rates can pro-
vide important constraints on galaxy formation mechanisms, such as the for-
mation through the monolithic collapse (MC) or hierarchical clustering (HC).
In the monolithic scenario, violent bursts of star formation originate spheroids
and bulges at high redshift: massive galaxies form with higher star formation
efficiencies with respect to lower ones, reproducing the “downsizing scenario”
(Matteucci, 1994). On the contrary, in the HC scenario, spheroids and bulges
mainly form at later epochs as a result of mergers of less massive galaxies such
as spirals.

If we define nk as the number density of galaxies of the k-th morphological
type, its redshift evolution can be parametrized by the following equation:

nk = nk,0 · (1 + z)βk (6.2)

where nk,0 is the number density at z=0 and βk represents how the number den-
sity (or the luminosity function,) evolves. The parameters we adopted are shown
in Table 6.3: these values have been taken from Vincoletto et al. (2012), who
used a spectrophotometric code to reproduce galaxies of different morphological
types and were able to constrain the slope of the luminosity function. Thanks
to Eq. (6.2), we can study the cosmic rates in different scenarios: the “pure
luminosity evolution” scenario (PLE), which consists in the case of no number
density evolution (βk = 0), and the “density evolution” one (DE), where the
number density evolves with redshift (βk 6= 0) as suggesting by the hierarchi-
cal clustering paradigm for galaxy formation. We also present an alternative
scenario, based on the work of Pozzi et al. (2015) and able to best reproduce
the CSFR (see next paragraph). In this scenario, the number density of spiral
galaxies increases from z=0 up to z=2.3 in a similar way to the case of the DE
model, but it decreases with an exponential law at higher redshifts:

nS = n0(1 + z)e−(1+z)/2. (6.3)

In this context, at early cosmic times, the halo star formation phase is the
dominant process in spiral galaxies, whereas the disk star formation becomes
dominant at lower redshifts. In particular, in the alternative model, the disk
formation is peaked at z ∼ 2, in agreement with recent cosmological simulations
(Murante et al., 2015). Concerning the number density evolution of ellipticals,
Pozzi et al. (2015) used a “backward” approach to interpret of the evolution of
the near-IR and the far-IR luminosity functions (LFs) across the redshift range
0 ≤ z ≤ 3. The spectral evolution of spheroids were described by a single-
mass model, corresponding to a present-day elliptical with a K-band luminosity
comparable to the one of the break of the local early-type luminosity function.
Pozzi et al. (2015) used the redshift distributions and the source counts in the
near-IR and in the far-IR to constrain the main epoch of spheroid formation,
finding that roughly half of them must have formed in the redshift range 2 ≤
z ≤ 5 whereas the rest formed between 1 ≤ z ≤ 2.

6.3.1 CSFR: Cosmic star formation rate

The cosmic star formation rate is defined as the comoving space density of the
global SFR in a unitary volume of the Universe. The CSFR can be defined as:

CSFR =
∑
k

ψk(t) · nk (6.4)
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Galaxy Type n0 [10−3Mpc−3] βk
Irregular 0.6 0.0

Spiral 8.4 0.9
Elliptical 2.24 -2.5

Table 6.3: Parameters adopted for describing the evolution of the number den-
sity for galaxies of different morphological type.

where nk and ψk(t) are the number density (as defined in eq. 6.2) and the
average star formation at the time t for galaxies of the k−th morphological
type, respectively.

The CSFR is manly provided by the integrated light of galaxies in the rest-
frame UV and IR wavebands (Kennicutt, 1998; Kennicutt & Evans, 2012). Mea-
surements are affected by specific corrections related to the metal enrichment
history or the choice of the IMF. In particular, they are deeply affected by the
presence of dust, as it obscures UV region and produces IR emission (Calzetti,
2001): this correction presents several uncertainties, especially when CSFR is
only inferred through UV light. At low redshifts (0<z<1), the CSFR is inferred
from IR measurements, but for small comoving volumes over few independent
sightlines (Madau & Dickinson, 2014, hereafter MD14). For higher redshifts,
wider regions are covered, as the UV rest-frame light is visible using ground-
based optical imaging (up to z' 4), but IR measurements are often unavailable
(MD14). For these reasons, CSFR measurements should be used with caution.

Data collected in MD14 are shown in Fig. 6.4 together with the predictions
of our models for the different scenarios: the data show a general increase of the
CSFR from z=0 to z ' 2.5 and then a decrease until to z=8.

In the PLE model (dashed line), the CSFR shows two peaks: a first very
broad one centered at z ' 2 − 3, and a second one centered at z ' 9 with a
higher value. The latter peak is due to elliptical galaxies, which form at high
redshift with strong star formation in a relatively short time-scale. As the burst
of star formation ends, the CSFR decreases and spiral galaxies become the main
drivers of the CSFR evolution until the present time.
On the other hand, the DE scenario presents a smoother evolution: it is in
good agreement with data at z < 3, whereas it overestimates the observations
at higher redshifts. In this case, the high redshift peak is absent because of
the lower impact of elliptical galaxies, most of which form at lower redshifts by
merging of spirals.
Despite of this, the CSFR still appears much higher than observations. In
Fig. 6.4, we also show the CSFR as predicted in the alternative scenario in which
the formation of ellipticals occurs as suggested by Pozzi et al. (2015) (dash-
dotted line). Assuming this scenario for the formation of elliptical galaxies,
the CSFR at high redshift (z > 5) is clearly dominated by spirals and a good
agreement with data is obtained. At lower redshift, the combination between
the formation of spirals and ellipticals leads the CSFR to peak at z ' 3, and
then to decrease until z = 0.

We suggest the alternative model as the best scenario. In fact, the DE sce-
nario provides a good fit to the CSFR at z < 2 but it predicts a too small density
of ellipticals (5.866× 105M�Mpc−3) in the Local Universe with respect to the
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observational estimate of Fukugita & Peebles (2004) (1.84×108M�Mpc−3). On
the other hand, the alternative scenario provides a local stellar mass density in
spheroids of ∼ 2× 108M�Mpc−3, in better agreement with observations.

As we have already pointed out, both observational and theoretical esti-
mates of the CSFR are highly uncertain, mainly because of the complexity in
performing the dust extinction correction at high redshift. However, the large
discrepancy between the observed CSFR at z > 6 and the one predicted in the
PLE can hardly be explained by these uncertainties only; it is possible that the
observational data at high redshift could represent underestimates of the real
values.

Some examples of CSFR measurements which substantially differ from the
trend shown by the data presented here can be found in, e.g., Faucher-Giguère
et al. (2008) and Kistler et al. (2009). Faucher-Giguère et al. (2008) found a
nearly constant value for both the intergalactic hydrogen photo-ionization rate
and the cosmic star formation density across the redshift range 2 ≤ z ≤ 4.2,
by analyzing the evolution of the Lyman α effective optical depth. Therefore,
they found a roughly constant value of ∼ 0.2M� yr

−1 Mpc−3 for the CSFR in
this redshift range, in contrast with the most accepted decrease of MD14.
In addition, Kistler et al. (2009) measured relative higher values for the CSFR
in the redshift range 6 ≤ z ≤ 8 with respect to MD14. They used a sample of
more than 100 Gamma Ray Bursts (GRBs) detected by Swift (Gehrels et al.,
2004) and correlated the GRB rate with the CSFR. At such high redshift di-
rect measurements of the star formation are quite challenging. However, GRBs
offer a great opportunity to investigate the “faint” Universe and represent ideal
tracers to the faint end of the galaxy luminosity function. As visible in Fig 6.4,
the data of Kistler et al. (2009) (magenta dots) have systematic higher values
and the decreasing trend towards higher redshifts is less steep than the one pre-
dicted by other surveys. Moreover, such data are more in agreement with both
the alternative scenario and the DE one.

In conclusion, the best agreement with the observed trend of the CSFR is
given by the alternative scenario based on observations. However, due to the
uncertainties in the inferred CSFRs, there is still the possibility of a high-redshift
evolution different than that depicted by the UV surveys. A clearer picture will
hopefully be achievable in the future thanks to next generation telescopes, such
as the James Webb Space Telescope, which will allow us to detect weak H
transitions insensitive to dust extinction up to very high redshift (MD14).

6.3.2 Cosmic dust budget and cosmic dust rate

In this Section we present our results concerning the evolution of the global cos-
mic dust budget. From a theoretical perspective, an accurate assessment of the
total amount of dust in the Universe is not an easy task, owing to several un-
certainties related to dust formation and destruction in different environments,
such as the ISM, galactic halos, the intergalactic medium and high redshift
quasars (Ménard & Fukugita, 2012). An attempt to asses the global amount of
dust in the Universe on a phenomenological basis was performed by Fukugita &
Peebles (2004). They presented the cosmic mean density of several quantities
and estimated the total amount of dust in galactic disks Ωdust ∼ 3 × 10−6, in
units of the critical density of the Universe. Similar results were obtained by
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Driver et al. (2007), which analyzed the B-band attenuation of the galactic bulge
and disk light of more than 10000 galaxies. Fukugita (2011) calculated the total
dust mass produced by stellar sources by integrating the star formation rate as a
function of the cosmic time, and found that the mass produced was higher than
the total mass observed in galactic disks. Ménard & Fukugita (2012) attributed
this mismatch to a missing component of dust in galactic halos. They calculated
this contribution by analyzing the dust contribution present in Mg II absorbers
on background quasars: these absorbers indeed provoke a significant reddening
to foreground galaxies as a function of the relative angular dispersion (Ménard
et al., 2010).

Another efficient method to derive constraints on the dust budget and its
evolution is by studying the cosmic far infrared background (CFIRB), powered
by the UV and optical emission of young stars, absorbed by the dust in galaxies
and then re-emitted in the infrared (IR) wavelengths, as done by De Bernardis
& Cooray (2012).

An accurate estimate of the evolution of the comoving dust mass density is
the one performed by Dunne et al. (2011) by means a wide galaxy sample from
the Herschel-Astrophysical Tera-hertz Large Area Survey (H-ATLAS; Eales et
al. 2010). The sample, consisting of 1867 sources, includes galaxies selected at
250 µm presenting reliable counterparts in the Sloan Digital Sky Survey (SDSS)
at z < 0.5. In the work by Dunne et al. (2011) dust masses were calculated using
both a single-temperature gray-body model for the spectral energy distribution
and a model with multiple temperature components, obtaining no significant
differences in terms of dust temperature evolution between the two methods.
Dunne et al. (2011) found a strong evolution of the dust mass density at red-
shifts z ≤ 0.5.

To perform our study on the evolution of the global dust budget, in analogy
with eq. (6.4) we can define the cosmic dust rate as:

CDR =
∑
k

{Ġprodi,dust + Ġacci,dust − ĠSFRi,dust − Ġdesi,dust − Ġwindi,dust} · nk (6.5)

where the sum of the dust rates include the rate of dust production, accretion,
astration by star formation, destruction and the dust loss via galactic wind.

In Fig. 6.5, we show the evolution of the comoving cosmic dust production,
accretion and destruction rates in the three different scenarios.
In the PLE scenario, we obtain two distinct peaks of dust formation, as already
found in the evolution of the CSFR. Either in the case of the CSFR or the CDR,
the peak at high redshift (z ∼ 8) is due to the presence of high mass elliptical
galaxies, characterized by an intense star formation which is responsible for the
considerable dust mass produced by stars. On the other hand, the peak at lower
redshift (z ∼ 2) is due to the efficient dust accretion rate in disk galaxies.
In the DE scenario, the peak related to the initial bursts of massive galaxies
completely disappears as these objects form via merging of lower mass galaxies,
for which the dust production rates are very low at high redshift. In this case,
we obtain a peak at redshift 2 ≤ z ≤ 3 which is higher with respect to the one
of the PLE scenario. The peak visible in the DE scenario reaches approximately
the value obtained by the sum of the two peaks of the PLE scenario. For this
reason, the total amount of dust produced at z ∼ 0 (see Fig. 6.6) is similar in
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Figure 6.5: Cosmic dust rates versus redshift in the PLE (top panel), DE (middle
panel) and alternative (bottom panel) scenarios. The black solid line refers to
the dust production rate, the red dotted line the dust growth rate and the blue
dash-dotted line is the dust destruction rate. The dashed violet line represents
the total dust rate.

the two cases, although their redshift evolution is different.
On the bottom panel of Fig. 6.5, we show the results for the alternative scenario.
In this case, the evolution of the total dust rate is very similar to that obtained
in DE model.

The cosmic rates presented in Fig. 6.5 correspond to real predictions, because
there are no available observations for these quantities. To compare our model
with observations we need to estimate the total amount of dust in the Universe,
which was computed in previous work on theoretical or observational approaches
(Fukugita & Peebles, 2004; Fukugita, 2011; Ménard & Fukugita, 2012; Dunne
et al., 2011; Popping et al., 2016; McKinnon et al., 2016). For this purpose, we
calculate the comoving dust mass density as:

ρdust =
∑
k

Mdust,k · nk, (6.6)

where Mdust,k is the average dust mass in galaxies of the k-th morphological
type at a given redshift. The dust mass density parameter Ωdust can then be
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derived by dividing ρdust by the critical density of the Universe ρcri = 1.3 ×
1011 M�Mpc−3 (Planck Collaboration et al., 2016).

In Fig. 6.6 we show the evolution of Ωdust as a function of the redshift as
calculated by means of our models, in comparison to other estimates.
In both DE and alternative scenarios, Ωdust increases from z < 6 to z ∼ 2, where
it peaks at a value of ∼ 4× 10−6, and then it starts decreasing to a final value
of ∼ 7× 10−7. The only difference between the DE and the alternative scenario
concerns the evolution of Ωdust at z > 3, which is slightly steeper in the latter
case. This difference reflects the behavior of the CSFR, which in the redshift
interval 3 ≤ z ≤ 8 appears to grow more steeply in the alternative scenario than
in the DE one (see Fig. 6.4).
In the PLE scenarios, the two peaks seen in the evolution of the cosmic dust rate
are reflected into the Ωdust vs z plot as variations in the slope. The fast increase
of Ωdust at redshift ∼ 8 reflects the formation of elliptical galaxies, which is
followed by a nearly constant evolution between 4 ≤ z ≤ 8. Then a considerable
growth is found at 2 ≤ z ≤ 4, similarly to DE and alternative scenarios, but
with lower values of Ωdust. Finally, it decreases until redshift zero.

All scenarios predict present-day values of Ωdust in very good agreement
with the estimate obtained by Dunne et al. (2011) in local galaxies. On the
other hand, the evolution of Ωdust obtained in both DE and alternative sce-
narios are in reasonable agreement with the evolution of the dust content in
H-ATLAS galaxies, whereas the PLE scenario predicts a weaker Ωdust evolution
than indicated by observations. It is worth to stress that the overall satisfactory
agreement between predictions and observations is achieved without any further
fine-tuning of the parameters of our models. One remarkable achievement is the
coherency of the results obtained in the framework of the alternative and DE
scenarios developed here, which allows us to simultaneously account for the evo-
lution of the cosmic SFR and the cosmic dust budget in galaxies, even though
the latter claim is valid only at redshift z < 0.5. The PLE scenario predicts a
much weaker evolution of the dust mass density in galaxies, and this is again
coherent with the results discussed in Sect. 6.3.1. This also confirms that the
behavior of galaxies, as traced by multi-wavelength observations at z < 0.5, can
only be explained with the assumption of an evolution of their number density
across the same redshift range.

In Fig. 6.6, the Ωdust estimates, except those of Dunne et al. (2011), are
generally higher than our predictions. This is mostly because these values also
account for the amount of dust present outside galaxies, i.e. in the intergalactic
medium (IGM) or in galactic halos, hence they cannot be compared to our
results, which pertain to the galactic dust content only. Our models do not
include prescriptions about dust processing outside the galaxy. An assessment
of the dust budget outside galaxies will have to account for the amount of dust
and heavy elements ejected into the IGM throughout the cosmic history, as well
as for the additional creation and destruction processes which may occur in the
intergalactic and intra-cluster media. We also tested the case in which dust
loss is taken into account, and we found that the dust fraction lost by galactic
wind represents a negligible fraction with respect to the total amount inside the
galaxies.

One of the most extended and comprehensive far-IR observational datasets of
galaxies is the Herschel Guaranteed Time Observation (GTO) PACS Evolution-
ary Probe (PEP) Survey (Gruppioni et al., 2013). By means of such a dataset,
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Figure 6.6: Evolution of Ωdust as a function of the redshift in the PLE (black
solid), DE (red dashed) and alternative scenarios. The references to the data
are indicated in the box.

Gruppioni et al. (2013) studied the evolution of the far-IR galactic luminosity
function up to redshift ∼ 4. In such a work, a galactic counterpart was found for
most of the sources (>87%), possibly leaving little room to extra-galactic emis-
sion in the far-IR and consequently to large reservoirs of dust outside galaxies.

6.3.3 Evolution of the cosmic mean metallicity

In this Section we aim at studying how the cosmic mean metallicity of the
Universe evolves, in galaxies of different morphological type. This problem has
been studied first by Calura & Matteucci (2003) by means of chemical and
photometric models to derive the evolution of the total metal content in the
Universe. Furthermore, Calura & Matteucci (2004) studied the evolution of
single elements in order to compute in detail the fraction of each element locked
up in stars, interstellar gas and intergalactic medium.

In this thesis, we study the metallicity evolution in connection with the
evolution of the cosmic dust rate. Dust is indeed composed by metals, and
we want to quantify the fraction of such metals in the gas phase and in the
dust phase of the ISM. We define the cosmic mean metallicity, weighted by
the galaxy number density, as in Edmunds & Phillips (1997) and Calura &
Matteucci (2004):

CMM =

∑
k Zk · nk∑
k nk

, (6.7)
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Figure 6.7: Metallicity evolution versus redshift for PLE (top panel), DE (middle
panel) and the alternative (bottom panel) scenarios. Red dotted, blue dashed
and green dash-dotted lines refer to the metallicity contribution of irregulars,
spirals and ellipticals, respectively. Black solid line represents the total amount
of metallicity as the sum of the different morphological types.
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where Zk is the average interstellar metallicity in galaxies of the k−th morpho-
logical type.

In Figure 6.7 we show the evolution of the cosmic mean metallicity, predicted
by means of our models in the three scenarios considered in this work. In
each panel of Fig. 6.7 we show also the contributions of each morphological
type, defined as nkZk

ntot
, where ntot =

∑
k nk. Clearly, irrespective of the chosen

scenario, the CMM increases as the redshift decreases. The global increase is
only marginally dependent on the galaxy evolution scenario.

In the PLE scenario, the cosmic metallicity is dominated by the contribu-
tion of elliptical galaxies at very high redshift (z > 6) and by the contribution
of spirals at z < 6, with a negligible contribution from irregulars galaxies. This
is the scenario characterized by the the steepest increase of the CMM, and this
is a consequence of the simultaneous, rapid formation of the entire population
of elliptical galaxies, beginning at z = 10. We find the main metal production
in spheroids (ellipticals and bulges) to occur at very early times (∼ 0.25 Gyr),
implying an early peak in the metal production and a subsequent decrease. On
the other hand, the metal production in spirals and irregulars is always increas-
ing with time.
In the DE scenario, the CMM is always completely dominated by the contri-
bution of spirals. In this model, both irregulars and ellipticals give a negligible
contribution to the cosmic mean metallicity at any redshift.
Once again, in the alternative scenario the evolution of the CMM is similar to
the one of the DE scenario, with the only difference of a larger contribution
from elliptical galaxies at redshift < 4.

Our results show that the increase of the CMM is relatively fast every sce-
nario, and that on average, already 0.25 Gyr after the onset of star formation
the interstellar matter has already been enriched to a value of ∼ 0.1 solar. At
z = 0 all scenarios predict a solar CMM. This confirms previous results (Calura
& Matteucci, 2004) obtained on the basis of an approach very similar to the
one adopted here and based on galactic chemical evolution models, estimates
based on an average of the metal abundances in various components (stars and
interstellar matter) in various types of galaxies (Edmunds & Phillips 1997) and
mass- and volume-averaged quantities computed from the integrated spectra of
large databases, such as the Sloan Digital Sky Survey (Gallazzi et al. 2008).

Our estimate of the mean interstellar metallicity discussed above does not
take into account the fraction of heavy elements subtracted from the gas phase
and incorporated into dust grains. This fraction is commonly expressed by the
dust-to-metals ratio, defined as the ratio between the total mass in dust Mdust

and the total interstellar mass in metals MZ , i.e.:

DTM =
Mdust

Mz
(6.8)

Our models for spirals and irregulars produce present-day dust-to-metal ratios
DTMspi = 0.68 and DTMirreg = 0.60. This implies that in the local Universe,
the fraction of metals which will indeed be observable in the ISM represents
∼ 30−40% of the total, and therefore the cosmic mean “undepleted” metallicity
amounts to ∼ 0.005 and ∼ 0.003 in spirals and irregulars, respectively. Our
estimate of the DTMirreg represents a typical value observed in low-metallicity
systems as analyzed by De Cia et al. (2013). Concerning elliptical galaxies, our
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estimate is DTMell = 0.039, which is lower than in spirals and irregulars and
in good agreement with Calura et al. (2008).

6.4 Conclusions

In this Chapter we have presented our study on cosmic evolution of dust, star
formation and metallicity. In order to calibrate the reference models of galaxies
of different morphological type, we have compared our results with the amount
of dust observed in irregular, spiral and elliptical galaxies.

Once we have constrained the models, we have considered three different cos-
mological scenarios of galaxy evolution: (i) a PLE scenario, in which the number
densities of spirals, ellipticals and irregulars are anchored to their present-day
values and are not allowed to vary with redshift; (ii) a DE scenario, in which the
number density is assumed to evolve strongly with redshift in order to mimic a
hierarchical growth, as suggested by the ΛCDM scenario; (iii) an alternative sce-
nario based on the work of Pozzi et al. (2015), where ellipticals and spirals evolve
in an observationally-motivated way. The main results can be summarized as
follows:

• From the study of the dust-to-gas ratios in different galaxies we found that
dust production by stars is the most important process at low metallicity,
whereas it plays a negligible role at high metallicity, in agreement with
previous works (Zhukovska et al. 2008; Asano et al. 2013).

• The most important parameter which can explain the spread of the dust-
to-gas ratio in irregular galaxies is the dust condensation of Type II SNe,
which reflects the density of the ISM in which they explode. In general,
the denser the medium, the more resistance will be encountered by the
SN shock and the more efficient will be the dust destruction.

• Dust formation at high redshift, in each type of galaxy, is dominated by
the contribution of massive stars and also by massive AGB stars. Then,
as the metallicity increases, also dust accretion plays a significant role,
especially in the case of irregulars and spirals. In the case of ellipticals,
dust accretion becomes inefficient as soon as the star formation stops and
the galactic wind starts: therefore, the bulk of dust originates from stellar
sources.

• In our analysis of the evolution of cosmic star formation, the scenario
which provides the best agreement between model results and data is
the alternative one, which allows us to reproduce the most up-to-date
observations up to z ∼ 5. On the other hand, within the DE scenario the
agreement between model results and data is satisfactory only at z < 2,
whereas the PLE scenario appears completely ruled out by present data.
However, the reader has to be aware of the uncertainties affecting the
CSFR data, especially in the high redshift Universe where the UV light
should be corrected for dust extinction, and such a correction is in general
highly uncertain (Madau & Dickinson, 2014).

• We predict the behavior of the dust production rate as a function of red-
shift in the three assumed galaxy formation scenarios. In the DE and
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alternative scenario, we find a peak in the cosmic dust rate in the redshift
range 2 < z < 3, while in the PLE scenario is present an additional peak
at z ∼ 8, due to the high redshift formation of ellipticals.

• In the study of the evolution of the cosmic dust rates, depending on differ-
ent scenarios we find peaks at different redshifts, according to the peaks
predicted in the CSFR. We find a peak at high redshift (z ∼ 8) and one
at low redshift (z ∼ 2) in the case of the PLE scenario, as obtained in
the study of the CSFR. The high redshift peak is caused by the efficient
dust production in the starburst of elliptical galaxies, whereas the latter is
mainly due to dust accretion in spirals. In the DE and alternative scenar-
ios, because the number density of ellipticals becomes important at lower
redshift, we only find a single peak at low redshift (z ∼ 2).

• We compute the evolution of the comoving interstellar dust density param-
eter Ωdust, finding a good agreement between our predictions and available
data at z < 0.5 within the DE and alternative scenarios. Generally, our
estimates of Ωdust are lower than other independent measurements. We
found that the dust ejected by galactic winds is negligible with respect to
the one formed inside galaxies. Therefore, the discrepancy between model
predictions and observations could be attributed to a possible underesti-
mation of our models of the dust lost in the intergalactic medium, or to a
possible overestimation of the global amount of dust.

• The global increase of the cosmic mean metallicity in galaxies with decreas-
ing redshift is only marginally dependent on the adopted galaxy evolution
scenario. The PLE scenario predicts a cosmic metallicity dominated by
the contribution of ellipticals at very high redshift (z > 6), whereas spirals
dominate at z < 6. In the alternative scenario, the evolution of the CMM
is dominated by spirals and it is similar to the one of the DE scenario,
with the only difference of a larger contribution from elliptical galaxies at
redshift z < 4 in the alternative scenario.

• The increase of the CMM is fast in every scenario: on average, already
∼ 0.25 Gyr after the onset of star formation, the interstellar matter has
already been enriched to a metallicity of ∼ 0.1 solar. At z = 0 all sce-
narios predict a roughly solar CMM, confirming previous results based on
galactic chemical evolution models (Calura & Matteucci 2004), and aver-
ages of the metal abundances in various components (stars and interstellar
matter) in various types of galaxies (Edmunds & Phillips 1997), as well
as observationally based estimates (Gallazzi et al. 2008). We predict that
in star-forming galaxies of the local Universe, a large fraction of heavy
elements (∼ 60 − 70%) is incorporated into solid grains, therefore not
observable in the gas phase.
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Conclusions

In this thesis we have presented a study on dust evolution in different galactic
environments. We have performed our study by means of a new galactic chem-
ical evolution model which takes into account the presence of dust and which
was developed in the course of this PhD. We have adopted the most updated
prescriptions for dust production from supernovae and asymptotic giant branch
stars as well as for dust accretion and destruction processes. Our model has
proven to be very useful to study various dust properties such as the dust mass,
the dust-to-gas ratio and the gas chemical composition in galaxies of different
morphological type, i.e. dwarf irregulars, spirals and ellipticals. In our ap-
proach, the main difference between galaxies is the star formation history: in
ellipticals it is assumed a very fast and intense star formation rate, and this rate
decreases going towards spirals, irregulars and smaller galaxies.

During this thesis we have dealt with many issues related to interstellar dust
and we have tried to cast light on several problems. The discussed issues range
from the study of the dust processes during the galaxy evolution to the dust
chemical composition, up to the estimate of the total amount of dust in the
Universe.

Here, we summarize the main results we have reached in this thesis. We
divide our conclusions on the basis of the main topics we have investigated in
each Chapter, namely i) how dust rates evolve during the galactic time, ii) the
comparison between our model and Damped Lyman Alpha systems, iii) the role
of dust in the Milky Way in the context of the Galactic Habitable Zone, iv) the
study of dust evolution in galaxies of different morphological type and v) the
cosmic dust rate across the Universe.

i) The dust in galactic chemical evolution models

As a first step, we have applied our chemical evolution model to the case of
low-mass and low-luminosity galaxies with ongoing star formation, i.e. dwarf
irregular galaxies. In particular, we have focused on the study of the dust
rates (stellar production, accretion and destruction) occurring in the ISM during
the galactic time to identify the most important processes that govern dust
evolution. Furthermore, we have tested how some key parameters of our model
not related to dust such as star formation efficiency, stellar yields and IMF,
influence dust evolution. Below, we highlight the most important considerations:
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• Dust accretion plays a fundamental role in the evolution of dust and in
certain phases it becomes the dominant process in the ISM, in agreement
with previous works. We have calculated the critical metallicity in dwarf
irregular galaxies, namely the metallicity at which dust production from
stellar sources becomes negligible with respect to dust growth in the ISM.

• Dust destruction represents a negligible process in dwarf irregulars, whereas
the galactic wind is an important mechanism which can affect dust evolu-
tion. In fact, the galactic wind can be the main responsible for stopping
the accretion process in the ISM. In particular, we have found that if the
galactic wind is strong enough, the dust growth in the ISM becomes a
negligible process and therefore the critical metallicity is never reached.

• We have investigated the impact of the cut-off of high mass stars (from 18
to 80M�) on the chemical evolution of a typical irregular galaxy. We have
failed in reproducing the metallicity values observed in dwarf irregulars
when the cut-off mass is assumed to be in the range 18-25M�. Therefore,
stars up to 25M� should contribute to galactic enrichment. On the other
hand, we have found that it does not deeply affect the predicted range of
dust-to-gas ratio.

ii) The dust composition in Damped Lyman Alpha systems

To study the chemical composition of dust in the ISM, we have undertaken
a study on DLA systems. In fact, we have shown that they are particularly
interesting concerning the study of the chemical evolution of dust.

DLAs are quasar absorbers characterized by a large reservoir of neutral hy-
drogen and lie in the redshift range 1.6 < z < 5. They are assumed to be the
progenitors of present-day dwarf galaxies and represent the best observable we
have in order to investigate the faint ISM at intermediate and high redshifts.
By means of high resolution spectroscopy (optical/UV) it is possible to measure
the column densities of various elements and therefore measure the chemical
abundances in the ISM at different redshifts, namely at different evolutionary
stages.

We have compared DLA abundances with the ones predicted by our chemical
evolution model of a typical dwarf irregular galaxy. In particular, to understand
the chemical composition of dust, we have studied the relative abundance be-
tween volatile and refractory elements. In our work we have considered Zn and
S as volatiles (elements with low condensation temperatures that preferentially
stay in the gas phase of the ISM), whereas we considered Si, Mg and Fe as
refractories (elements with high condensation temperatures which are mainly
incorporated into dust grains).

Here we summarize the main results we obtained by comparing DLA data
with our chemical evolution model results:

• By studying the abundances of volatile elements we have found that DLA
systems can indeed be associated to irregular galaxies, as already suggested
in previous works (Matteucci et al., 1997; Vladilo et al., 2011). In fact, the
abundance pattern of the volatile elements is typical of irregular galaxies.
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• The depletion pattern of Si in DLAs is well reproduced by our model. The
depletion of Si increases with the metallicity and we can explain this trend
by means of dust production by stars and accretion in the ISM.

• In the case of Fe, the depletion increases very rapidly with metallicity and
we found a good agreement with data only when an extra dust source is
considered. We performed two different tests: 1) we included dust produc-
tion by Type Ia SNe, and 2) we assumed a more efficient Fe accretion in
the ISM. We suggest the second option as the best one, because we obtain
a better agreement with observations with respect to the first case, and be-
cause dust production from Type Ia SNe is not supported by observational
evidences.

• The different behavior of Fe and Si brings new evidence that a significant
fraction of iron should be incorporated into a dust population different
from silicates, as suggested by previous works. It is possible that such an
iron-rich species could originate in a different way with respect to silicates:
in particular, our results are consistent with a metallicity-dependent ac-
cretion of iron nano-particles, in agreement with other independent works
(Draine & Hensley, 2012, 2013).

• In this thesis we have also developed and presented a new method to
estimate the element-to-element abundance ratios inside dust grains. This
technique is very important, because it provides the chemical composition
of dust grains in the ISM of DLAs, which is an information impossible
to obtain with standard optical/UV spectroscopy. We have studied the
evolution of the abundance ratios of Si/Fe and Mg/Fe as functions of the
metallicity and we interpreted the observed trends by means of a new
model of grain composition and our chemical evolution model.

• We have found that the ratios of Si/Fe and Mg/Fe abundances in the
dust phase decrease with increasing metallicity. This suggests, that the
chemical abundances inside dust grains approximately follow the variation
of the abundances in the ISM.

• We have found a good agreement between the dust abundance ratios we
derived from observations and the ones predicted by our chemical evolu-
tion model with dust. We have shown that the evolution in metallicity
of the dust abundance ratios of (Si/Fe) and (Mg/Fe) can be divided in
two regions, dominated by different dust processes. In the low-metallicity
region, Type II SNe represent the most important dust source. In the
metal-rich region ([Fe/H] > −0.6), dust accretion is the most important
process and the trend in metallicity becomes steeper. The reason of this
transition strengthen the fact that Fe-rich dust preferably forms by growth
in the ISM than in the stellar ejecta.

• We have interpreted the observed dust chemical composition on the basis
of a simple model of grain composition whose parameters are: α, which
represents the fraction between pyroxenes and olivines in silicates, µ, that
represents the fraction of Fe-rich dust out of silicates, x and y which in-
dicate the Mg-rich composition of pyroxenes and olivines, respectively.
When those parameters are kept constant, on the basis of observational
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studies, it is impossible to reproduce the observed trend. On the other
hand, we have obtained a good agreement when we have varied the pa-
rameters according to the elemental abundances predicted by our chemical
evolution models.

• We have studied the relative fraction of pyroxenes and olivines in silicates.
We obtained the best agreement with observations, when a dust compo-
sition made of olivines is adopted, with a negligible fraction of pyroxenes.
Our result is in agreement with other studies, where astronomical obser-
vations are strengthened by laboratory experiments on silicates (Xie et al.,
2017; Zeegers et al., 2017).

Dust in the context of the Galactic Habitable Zone

During this work, we have implemented the updated dust prescriptions in a
chemical evolution model which has been specifically adopted to study the Milky
Way (Chiappini et al., 2001; Spitoni & Matteucci, 2011). In this model, the
Galaxy is assumed to have formed by means of two main infall episodes: the
first formed the halo and the thick disk components, whereas the second the
thin disk one.

In this thesis, we have used this Galactic model in the context of the Galac-
tic Habitable Zone (GHZ), which is defined as the region in the Galaxy with
highly enough metallicity to allow the formation of planetary systems capable
of sustaining life (Gonzalez et al., 2001). In this study, we have adopted the
most updated prescriptions for the probabilities of finding terrestrial planets
and gas giants around FGK and M stars. These probabilities depend on the
metallicity of the host stars, and originate from the statistical study of plane-
tary frequencies around stars of different types and properties (Gaidos & Mann,
2014; Zackrisson et al., 2016).

Dust plays a very important role in the study of planetary formation: in fact,
it represents the necessary building block to form more massive and extended
objects (planetesimals) that eventually accrete to form planets. In particular,
the dust-to-gas ratio is a fundamental parameter, adopted in models of planetary
systems formation. By means of our model, we can connect the dust-to-gas
ratio (a fundamental parameter used in models) to the metallicity [Fe/H] (an
observable of the host stars).

Here, we summarize our main results concerning the study of the GHZ in
the Milky Way:

• We have shown that the largest number of FGK and M stars with habitable
planets are found in the solar neighborhood, i.e. in the annular region
between 7 and 9 kpc from the Galactic center.

• At the present time, the total number of M stars with habitable terrestrial
planets without gas giant planets are ' 10 times the number of FGK stars.

• Thanks to the multi-zone model of the Milky Way, we have found that
the dust mass changes with the Galactocentric distance. In particular, it
decreases as the distance from the Galactic center increases.

• The probabilities that a FGK or M star could host habitable planets are
roughly identical. Slight differences arise only at Galactic times longer
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than 9 Gyr, when the probability of finding gas giant planets around FGK
stars becomes substantially lower than the probability associated to M
stars.

• We provide a useful theoretical tool to set the proper initial condition for
the formation of protoplanetary disks by connecting the evolution of the
dust-to-gas ratios at different Galactocentric distances with the chemical
enrichment expressed in terms of [Fe/H]. In particular, we have computed
a linear relation between the dust-to-gas ratio and the metallicity of the
ISM, valid for the solar neighborhood.

iv) Dust evolution in galaxies of different morphology

We have studied dust properties in galaxies of different morphological type, i.e.
irregular, spiral and elliptical galaxies. The key parameters of the chemical
evolution models for each galaxy type have been fixed on the basis of previous
works, able to reproduce the main observable features of these galaxies (e.g. Chi-
appini et al., 2001; Pipino & Matteucci, 2004; Calura et al., 2009b; Romano et
al., 2010). In this work, we have constrained some of the parameters related to
dust by means of observations in different environments. Concerning irregulars
and spirals, we mainly studied the relation between the dust-to-gas ratio and
their metallicity. This relation is very important for our models, because it con-
nects the metallicity (a fundamental observable for chemical evolution models)
to the fraction of embedded metals in the dust phase of the ISM. For what con-
cern ellipticals, we have investigated how dust forms in the initial burst of star
formation of these galaxies and we compared the total mass of dust produced
with the one observed in high redshift systems.

Below, we highlight the most important considerations about the dust evo-
lution in galaxies of different morphological type:

• Our models of irregulars and spirals can reproduce the observed dust-to-
gas ratio: we found that irregular galaxies show a large spread of this
quantity in the low metallicity range (7.5<log(O/H) + 12<8.0), whereas
spirals have a narrower dispersion mainly concentrated at higher metal-
licities. The most important parameter which regulates the spread of the
dust-to-gas ratio in irregular galaxies is the adopted dust condensation
efficiency of Type II SNe, which reflects the density of the ISM in which
they explode.

• Our model of a typical elliptical, which suffer a strong and short starburst
of early times, provides a consistent amount of dust (> 107M�) at in-
termediate redshift (5<z<7), in agreement with current observations. In
particular, the dust mass formation in ellipticals increases very fast in the
initial burst of star formation, and the bulk of dust is already settled after
250 Myr. We have found that the main driver for this rapid increase is the
dust production from Type II SNe, whereas the accretion process becomes
important only on longer time-scales.

• We also tested the effect of including in our model the dust production
from Type Ia SNe. In this case, using Dwek’s (1998) prescriptions, we
found that they strongly contribute to the total dust mass produced, and
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they also exceed the contribution of AGB stars. In particular, in the case
of a typical elliptical galaxy, the contribution of such stars is extremely
important in the quiescent phases, after the onset of the galactic wind.

• We found that AGB stars contribute to the total stellar production in the
initial burst less than Type II SNe. However, we have shown that the
peak of the AGB death rate occurs before the onset of the galactic wind
Therefore, the lower dust contribution of AGB stars with respect to Type
II SNe is not due to the involved stellar life-times, but strongly depends
on the adopted condensation efficiencies.

v) The cosmic dust rate

We have studied the cosmic dust rate across the Universe by assuming that
the cosmic dust abundance results from the contribution of galaxies of differ-
ent morphological type averaged in a unitary volume of the Universe. We have
assumed as maximum redshift of galaxy formation z=10 and we varied their
number density across the cosmic time on the basis of three different scenar-
ios of galaxy formation and evolution: 1) a pure luminosity scenario (PLE) in
which the number densities of spirals, ellipticals and irregulars are constant, 2)
a number density evolution scenario (DE), as suggested by the classical hierar-
chical clustering scenario in the framework of the ΛCDM paradigm, and 3) an
alternative scenario, where the number densities of ellipticals and spirals evolve
in an observationally-motivated way (Pozzi et al., 2015).

In our work, we have studied the cosmic rates of: star formation (CSFR),
dust (CDR) and mean metallicity (CMM). These rates are strictly connected:
in fact, the presence of dust deeply influences the measurements of the star
formation rate, which determines the evolution of metals, which represent the
primary constituents of the interstellar dust.

• On the study of the CSFR.
The PLE model predicts a peak of the CSFR at high redshift (z ∼ 8) due
to the formation of elliptical galaxies and another one at lower redshift
(z ∼ 2). The PLE scenario fails in reproducing the observed CSFR because
it over-estimates the CSFR at high redshifts and under-estimates it at
lower redshifts. The DE scenario produces a smooth evolution for the
CSFR which is in agreement with observations only in the redshift range
between 0 < z < 4. Finally, we have shown that the alternative scenario
reproduces the CSFR from redshift 0 up to redshift 8 much better than
the previous scenarios.

• On the study of the CDR.
Depending on different scenarios we have found peaks at different redshifts,
according to the peaks we mentioned in the case of the CSFR. In the case
of the PLE scenario, we have found a peak at high redshift (z ∼ 8), caused
by dust production in ellipticals, and one at low redshift (z ∼ 2), due to
dust accretion in spirals. In the DE and alternative scenarios, because the
number density of massive ellipticals at high redshift is negligible, we only
find the single peak at redshift (z = 2).

• On the study of the CMM.
The global increase of the CMM in galaxies with decreasing redshift is
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only marginally dependent on the adopted galaxy number density sce-
nario. The PLE scenario predicts a cosmic metallicity dominated by the
contribution of ellipticals at very high redshift (z > 6), whereas spirals
dominate at z < 6. In the DE scenario, the evolution of the CMM is
almost always dominated by spiral galaxies. The alternative scenario is
similar to the DE one and only differs by a larger contribution from ellip-
tical galaxies at redshift z < 4.
We have found that in star-forming galaxies of the Local Universe a large
fraction of heavy elements (∼ 60− 70%) should be incorporated into solid
grains.

• We have computed the evolution of the comoving interstellar dust density
parameter Ωdust, finding a good agreement between our predictions and
available data at z < 0.5 within the DE and alternative scenarios.

• Our study suggests the alternative scenario based on observations as the
best one. In fact, with this scenario we have been able to reproduce
simultaneously both the observed star formation rate and the total dust
mass (Ωdust) during the cosmic time.
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Casasola, V., Cassarà, L. P., Bianchi, S., et al. 2017, A&A, 605, A18

Centurión, M., Bonifacio, P., Molaro, P., & Vladilo, G. 2000, ApJ, 536, 540

Cescutti, G. 2008, A&A, 481, 691

Chabrier, G. 2003, ApJ, 586, L133

Chiaki, G., Marassi, S., Nozawa, T., et al. 2015, MNRAS, 446, 2659

Chiappini, C., Matteucci, F., & Gratton, R. 1997, ApJ, 477, 765

Chiappini, C., Matteucci, F., & Romano, D. 2001, ApJ, 554, 1044

Chomiuk, L., & Povich, M. S. 2011, AJ, 142, 197

Christensen, L., Møller, P., Fynbo, J. P. U., & Zafar, T. 2014, MNRAS, 445,
225

Clark, C. J. R., Dunne, L., Gomez, H. L., et al. 2015, MNRAS, 452, 397

Clayton, D. D., & Nittler, L. R. 2004, ARA&A, 42, 39

Cooke, R., Pettini, M., Steidel, C. C., Rudie, G. C., & Nissen, P. E. 2011,
MNRAS, 417, 1534

Cooke, R. J., Pettini, M., & Jorgenson, R. A. 2015, ApJ, 800, 12

Cooke, R. J., Pettini, M., & Steidel, C. C. 2017, MNRAS, 467, 802

Cooray, A., Calanog, J., Wardlow, J. L., et al. 2014, ApJ, 790, 40

Costantini, E., Freyberg, M. J., & Predehl, P. 2005, A&A, 444, 187
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