
UNIVERSITÀ DEGLI STUDI DI TRIESTE

DIPARTIMENTO DI FISICA, SEZIONE DI ASTRONOMIA

XXII CICLO DEL

DOTTORATO DI RICERCA IN

FISICA

The Effects of Galactic Fountains
on the Chemical evolution of Galaxies

SETTORE SCIENTIFICO-DISCIPLINARE FIS/05

DOTTORANDO: EMANUELE SPITONI

RESPONSABILE DOTTORATO DI RICERCA

PROF. GAETANO SENATORE − UNIVERSITÀ DI TRIESTE
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Abstract

In this thesis we study the effect of galactic fountains, namely gas and flows
from the disk of galaxies produced by multiple supernova explosions, on the chemical
evolution of galaxies. Sequential supernova explosions create a superbubble, whereas
the swept up interstellar medium is concentrated in a supershell which can break
out a stratified medium, producing bipolar outflows. The gas of the supershells
can fragment into clouds which eventually fall toward the disk producing so-called
galactic fountains.

Many works in literature have dealt with superbubble expansion in stratified
media. However, very few papers in the past have taken into account the chemical
evolution of the superbubble and how the supershell get polluted from the metals
produced by supernova explosions. With this thesis for the first time the effect of
galactic fountains we consider in a detailed chemical evolution model for the Milky
Way.

In the first part of our work we study the expansion law and chemical enrichment
of a supershell powered by the energetic feedback of a typical Galactic OB associ-
ation at various galactocentric radii. We follow the orbits of the fragments created
when the supershell breaks out and we compare their kinetic and chemical properties
with the available observations of high - and intermediate - velocity clouds. We use
the Kompaneets (1960) approximation for the evolution of the superbubble driven
by sequential supernova explosions and we compute the abundances of oxygen and
iron residing in the thin cold supershell. Due to Rayleigh-Taylor instabilities we
assume that supershells are fragmented and we follow the orbit of the clouds either
ballistically or by means of a hybrid model considering viscous interaction between
the clouds and the extra-planar gas. We find that if the initial metallicity is solar,
the pollution from the dying stars of the OB association has a negligible effect on
the chemical composition of the clouds. The maximum height reached by the clouds
above the plane seldom exceeds 2 kpc and when averaging over different throwing
angles, the landing coordinate differs from the throwing coordinate by only 1 kpc.
Therefore, it is unlikely that galactic fountains can affect abundance gradients on
large scales. The range of heights and [O/Fe] ratios spanned by our clouds suggest
that the high velocity clouds cannot have a Galactic origin, whereas intermediate
velocity clouds have kinematic properties similar to our predicted clouds but have
observed overabundances of the [O/Fe] ratios that can be reproduced only with
initial metallicities which are too low compared to those of the Galaxy disk.
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Even if it is unlikely that galactic fountains can affect abundance gradients on
large scales, they can still affect the chemical enrichment of the interstellar medium
(ISM) because of the time-delay due to the non-negligible time taken by fountains
to orbit around and fall back into the Galaxy. This implies a delay in the mixing of
metals in ISM which conflicts with the instantaneous mixing approximation (IMA)
usually assumed in all models in literature. We test whether relaxing this approxi-
mation in a detailed chemical evolution model can improve or worsen the agreement
with observations. To do that, we investigate two possible causes for relaxing of the
instantaneous mixing: i) the “galactic fountain time delay effect” and ii) the “metal
cooling time delay effect”. We find that the effect of galactic fountains is negligible if
an average time delay of 0.1 Gyr, as suggested by our model, is assumed. Longer time
delays produce differences in the results but they are not realistic. The metal cooling
time delays produce strong effects on the evolution of the chemical abundances only
if we adopt stellar yields depending on metallicity. If, instead, the yields computed
for the solar chemical composition are adopted, negligible effects are produced, as in
the case of the galactic fountain delay. The relaxation of the IMA by means of the
galactic fountain model, where the delay is considered only for massive stars and
only in the disk, does not affect the chemical evolution results. The combination
of metal dependent yields and time delay in the chemical enrichment from all stars
starting from the halo phase, instead, produces results at variance with observations.
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Introduction

Galactic fountains are created by multiple supernova (SN) explosions in the disk
of galaxies and consist of gas flows from the disk (Bregman 1980): these gas flows
reach a certain height above the galactic plane and then fall back.

In this thesis we study the physical mechanism producing such fountains in the
Milky Way (hereafter MW) and external galaxies and its effects on the chemical
enrichment. To do that we need to introduce some basic concepts such as stellar
populations of the MW, SNe (II,I) and OB associations.

0.1 Stellar populations of the Milky Way

Following the Hubble classification, the morphological type of the MW is the
Sbc one, namely it is a barred spiral galaxy with relatively loosely-wound arms.
The MW and the Andromeda Galaxy are a binary system of giant spiral galaxies
belonging to a group of ∼ 50 closely bound galaxies known as the Local Group,
itself being part of the Virgo Supercluster.

The MW can be described as a centrally flattened disk of gas and stars with a
stellar bulge and a bar in the center, surrounded by a spherical halo of stars and
globular cluster (see Fig. 1). The MW possesses also an extended and massive halo
of dark matter. We can distinguish at least four distinct stellar population in the
Galaxy (Matteucci et al. 2001):

• Halo population: star with metallicities [Fe/H] < −1.0 dex, height above the
galactic plane larger than ∼ 900 pc , galacticentric distances up to ∼ 100 kpc
and eccentric and elongated orbits. They are among the oldest stars in the
Galaxy.

• Bulge population: stars with metallicities in the range −1.5 < [Fe/H] < +1.0
dex and kinematics like the halo stellar population but concentrated in the
innermost ∼ 3 kpc of the Galaxy. They are also old stars as the halo stars.

• Thick-disk population: stars with metallicities in the range −1.0 < [Fe/H] <
−0.6 dex, height above the the galactic plane between ∼ 250 and ∼ 900 pc
and kinematics intermediate between the halo and the thin disk stars. They
are probably younger than the halo stars.
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• Thin-disk population: stars with metallicities [Fe/H] > −0.6 dex, height above
the the galactic plane inside ∼ 250 and circular orbits. Their ages span a large
range from ∼ 9 − 10 Gyr to few million years.

Figure 1: An image of the MW stellar populations in an artist’s rendering. (Swin-
burne Astronomy Online)

0.2 Supernovae

SNe are exploding stars. They represent the very final stages of evolution for
some stars or systems of stars (binaries). The remains of the matter which is ejected
away from the star is known as a supernova remnant. SNe were first studied in 1934
by the astronomers Fritz Zwicky and Walter Baade.

0.2.1 Supernova taxonomy

SNe are classified according to the absorption lines of different chemical elements
that appear in their early spectra (see e.g. Filippenko 1997 for a review). One of
the primary reasons for subdividing SNe into well-defined Types according to their
observed characteristics is that careful classification often constitutes the foundation
for a more complete physical description of the phenomena.
Minkowskii (1941) was the first who noticed that there are at least two different
Types of SNe: Type II and Type I SNe according to the fact that they show
hydrogen lines in their spectra or not, respectively. Among those Types, there are
finer subdivisions according to the presence of lines from other elements and the
shape of the light curve1.

A SN with no H lines is defined as Type I. Furthermore, if it shows a strong SiII
absorption line at about 6150 Å is designed as Type Ia (see e.g. Leibundgut 2000

1Supernova’s apparent magnitude (or luminosity) versus time
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for a review). This Type of SNe is discovered in all morphological types of galaxies
(Barbon et al. 1999) and is not associated with arms of spirals as strongly as other
SN Types (e.g. Trimble 1982; Wheeler 1982). The early spectra are characterized
by strong Fe lines plus lines of intermediate mass elements (Ca, O, Si and S). In the
’80s, it was recognized (e.g. Panagia 1985) that a number of peculiar Type I SN ,
missing in the spectrum near maximum the typical Si feature at ∼ 6510Å, had a
completely different nebular spectrum dominated by forbidden Ca and O emissions
instead of Fe lines. Examining more carefully the near maximum spectra it was
noticed that these Type I SNe come in at least two flavors: those showing strong He
lines, first observed by Bertola in 1964, were labeled Ib (Elias et al. 1981; Harkness
et al 1987), the others Ic. These two Types of SNe appear only in spirals (Barbon
et al. 1999; Porter & Filippenko 1987) and have been associated with a parent
population of massive stars (e.g. Van Dyk et al 1999). After maximum, SNe Ia
show strong emissions of FeII and FeIII, while SNe Ib/c are dominated by CaII and
OI.

The SN taxonomy based on spectra near maximum may be somewhat confusing
when one tries to build a coherent progenitor scenario. The fact that the nebular
spectrum of Type Ib/c SNe is similar to that of SNe II, but for the H emission,
suggests a similar explosion mechanism. Instead, the weakness of intermediate ele-
ment emissions, in particular O, in the nebular spectrum of SNe Ia suggests that the
progenitors of SNe Ia are not massive stars. Indeed a more physical classification
could be based on the distinction between SNe arising from the collapse of massive
stars, the so called Core-Collapse SNe (SNe II and SNe Ib/c) and those due to
thermonuclear explosions of low mass stars (Type Ia SNe) (see Fig. 2). The de-
tailed classification of SNe requires not only the identification of specific features in
the early spectra, but also the analysis of the line profiles, luminosity and spectral
evolutions.

The differences between the various Types of SNe (in both spectra and light
curves) are basically due to the different nature of the stellar progenitors, ending
their lives on different timescales and by different explosion mechanisms.

0.2.2 Type II Supernovae

Type II SNe are probably produced by the core collapse of massive stars, namely
stars more massive than 8M⊙ (e.g. Iben & Renzini 1983; Woosley & Weaver 1986)
and less massive than 40M⊙ (e.g. Maeder 1984). The mass range is consistent with
the observation that SNe II can be found only in galaxies that have efficient, ongoing
star formation, such as spiral and irregular galaxies (preferentially occurring in spiral
arms; e.g. Maza & van den Bergh 1976). Thus, the lifetime of a SN II progenitor is
shorter than about 30 million years (and can be as short as a few million years). The
details of the explosion mechanism of a star as a SN II are well explained by several
authors, for example Miyaji et al. (1980), Nomoto (1981), Woosley & Weaver (1986,
1995). In synthesis, a massive star, once its central hydrogen fuel is exhausted, can
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Figure 2: The classification scheme of SNe. Type Ia SNe are associated with the
thermonuclear explosion of accreting white dwarfs. Other SN types are associated
with the core collapse of massive stars.

ignite helium in its core and then, subsequently, heavier elements up to iron and
nickel. In fact, the binding energy per nucleon has a peak in correspondence with
these elements and the fusion of heavier elements does not produce energy. This
iron-nickel core photo-dissociates into helium nuclei and free protons and collapses
until reaching densities similar to the density of the nuclei of the atoms (∼ 1014 g
cm−3). At this point the strong force prevents further collapse and the surrounding
layers of the stars bounce back, creating a shock wave able to expel all the external
mantel of the star (only the collapsed core remains).

From a chemical point of view, Type II SNe are responsible for producing the bulk
of heavy elements, in particular the elements such as 16O,20 Ne,24 Mg, 28Si,32 S,40 Ca
(so called α elements) and r-process elements.

0.2.3 Type Ib/c Supernovae

Type Ib and Ic SNe are actually similar to Type II, because they, too, are thought
to be Core-Collapse SNe, namely, as for Type II SNe, the explosion is triggered by
the collapse of their Fe core. The Type II and Ib/c SNe occur only in regions
in which the star formation is still ongoing (near HII regions and in Late Type
galaxies), which confirms their association with massive stars. The only difference
with Type II SNe should be therefore that the progenitors of SNeIb and SNeIc have
lost, before the explosion, all their H envelope (SNeIb) and eventually also the He
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envelope (SNeIc). For this reason, Type Ib SNe have strong He lines, whereas Type
Ic SNe have weak or no He lines in their spectra. The most likely progenitors of
these Type of SNe are the Wolf-Rayet stars (with masses 40 ≤ M∗/M⊙ ≤ 100) which
eject their H envelope (and possibly He envelope) by means of intense stellar winds.
These stars can in fact produce the observed amount of 56Ni (e.g. Filippenko &
Sargent 1986). Other possible progenitors could be close binary systems composed
by a He star and a white dwarf (WD; e.g. Baron 1992; Pols 1997). Recently, other
candidates such as massive stars (M > 10M⊙) in close binary systems have been
proposed as progenitors of Type Ib SNe.

From a chemical point of view, after the explosion Type Ib and Ic SNe produce
the same chemical species that Type II SNe produce. If the progenitors of these SNe
are Wolf-Rayet stars, then the stellar winds of these objects produce also substantial
amounts of He, C, Ne and N.

0.2.4 Type Ia Supernovae

Type Ia SNe have become very popular in the last decade because of their role in
determining the geometry of the Universe. In fact, the similarities of absolute mag-
nitude peaks make them very good standard candles, which, due to their intrinsic
high luminosities, can be observed also in very distant galaxies. Although it is now
clear that differences of more than one order of magnitude in the peak luminosity
can be observed between different SNeIa, these objects can be still used efficiently
as standard candles by means of a proper calibration. In fact, it has been shown
that the peak luminosity strongly correlates with the rate of decline in magnitude
in the 15 days after the maximum light.

As already mentioned, Type Ia SNe are discovered in all types of galaxies, also
in ellipticals (Barbon et al. 1995), and are not associated with the arms of spirals
as strongly as other SN types (McMillan & Ciardullo 1996; Van Dyk et al. 1999),
therefore their progenitors should have a broad range of masses (and, consequently,
lifetimes). The spectra are characterized by strong Fe lines plus lines of intermediate
mass elements such as calcium, oxygen, silicon and sulfur during the peak phase and
by the absence of H at any time. The contribution of the Fe lines increases with
time and several months past the maximum the spectra are dominated by [Fe II] and
[Fe III] lines. The overall homogeneous spectroscopic and photometric behavior has
led to a general consensus that they are associated with the thermonuclear explosion
of a white dwarf in a binary system. In fact, in this case the WD can accrete material
from the companion star, either because the envelope of the companion (for instance
during the red giant phase) overcomes its Roche lobe and enters in the Roche lobe
of the WD, or because the companion becomes a WD itself and the two WDs lose
energy via gravitational wave radiation until merging. In both cases, an explosion is
expected when the mass of the WD approaches the Chandrasekhar limit of ∼ 1.38
M⊙, namely the mass above which the pressure of degenerate electrons (as the ones
in the WD) cannot balance anymore the gravity and the WD explodes. In this way,
the explosion always occurs in a WD of similar mass and similar structure, hence



14

the SNeIa parameters (light curves, peaks of brightness, spectra) are similar among
different SNeIa.

We recall here the most common models for the progenitors of Type Ia SNe
proposed insofar:

• The merging of two C-O WDs, due to gravitational wave radiation, which
reach the Chandrasekhar mass and explode by C-deflagration (Iben & Tutukov
1984). This is known as double-degenerate (DD) scenario.

• The C-deflagration of a Chandrasekhar mass C-O WD after accretion from
a non-degenerate companion (Whelan & Iben 1973; Munari & Renzini 1992;
Kenyon et al. 1993). This model is known as the single-degenerate (SD) one.

• A sub-Chandrasekhar C-O WD exploding by He-detonation induced by accre-
tion of He-rich material from a He star companion (Tornambé & Matteucci
1987; Limongi & Tornambé 1991).

From a chemical point of view, SNeIa produce the bulk of iron-peak elements
plus traces of other light elements.

0.3 OB associations

Brown et al. (2001) defined OB associations as young (.50 Myr) stellar group-
ings of low density, such that they are likely to be unbound, containing a significant
population of B stars. Their observed dimensions range from ∼10 to ∼100 pc.

The nearby OB associations offer an uniquely detailed view of the relation be-
tween early-type stars and the interstellar medium, hereafter ISM (Brown et al.
2001) which helps us to understand the impact of associations on the interstellar
matter throughout the Galaxy. Much work has been done, concentrating especially
on the ISM around Ori OB1. The characteristics of the ISM related to Sco OB2
were summarized in Blaauw (1991) and de Geuss (1992).

Analyzing the distribution of HI around Orion over the velocity range −1 to
+8 km s−1, one can clearly distinguish a cavity surrounded by a shell of HI, the
Orion-Eridanus bubble, and the whole of the cavity is filled with very hot gas,
∼106 K, emitting in X-rays (Burrows 1993, Brown 1995, Snowden et al. 1995).
The shell has a measured expansion velocity of about 40 km s−1 and a mass of
2.3 ± 0.7 × 105 M⊙. Taking into account the initial mass function (IMF) and the
ages of the subgroups, the mechanical energy output in the form of stellar winds
and supernovae over the lifetime of the association was estimated to be ∼1052 ergs
(Brown et al. 1994). Using semi-analytic models of wind-blown bubbles which take
the density stratification of the Galactic HI layer into account (Koo & McKee 1990),
it was shown that this energy is indeed enough to account for the size as well as for
the expansion velocity of the HI shell (Brown 1995).

Early-type stars also have a large effect on the ISM through their ionizing radi-
ation, producing both localized HII regions and diffuse ionized gas. Based on the
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distribution of OB associations in the Galaxy, it was shown that their luminosity
function can be fit with a truncated power law, and that there probably is a physical
limit to the maximum size of HII regions in the Galaxy (McKee & Williams 1997).
A comparison with the distribution of giant molecular clouds (Williams & McKee
1997) showed that a 106 M⊙ cloud is expected to survive about 30 Myr, and that on
average 10 per cent of its mass is converted into stars by the time it is destroyed. The
overall distribution of associations is also important for understanding the hot-gas
filling factor of the ISM (Ferriere 1995, Ferriere 1998).

A comprehensive census of the stellar content of the OB associations within 1
kpc from the Sun is presented in de Zeeuw et al. (1999). The census is based
on Hipparcos positions, proper motions, and parallaxes. It is a key part of a long-
term project to study the formation, structure, and evolution of nearby young stellar
groups and related starforming regions. The Galactic OB stars studied are the three
subgroups Upper Scorpius, Upper Centaurus Lupus, and Lower Centaurus Crux of
Sco OB2, as well as Vel OB2, Tr 10, Col 121, Per OB2, a Persei (Per OB3), Cas
Tau, Lac OB1, Cep OB2, and a new group in Cepheus, designated as Cep OB6. In
Table 2.7 we report the number of Wolf-Rayet stars (WR), O, B and A stars for
each OB association.

0.4 The Galactic fountains

In the galactic fountain model (Shapiro & Field 1976; Houck & Bregman 1990),
hot gas is ejected out of the Galactic disk by SN explosions, and part of this gas
falls back in the form of condensed neutral clouds. Sequential explosions of SNe
from an OB association in a stratified medium create a superbubble: a large thin
shell of cold gas surrounding a hot pressurized interior. Theoretical models of su-
perbubble expansion in a stratified medium come in many varieties (see Chapter 1).
Kompaneets (1960) found a semi-analytic solution for the expansion of a blast wave
in an exponential atmosphere and an analytic expression for the shape of the super-
bubble during its expansion. The time-evolution of the supershell can be found by
numerical integration. The supershell can eventually blowout at the transition from
deceleration to acceleration upwards. After some time, a region of the supershell
can fragment due to the occurrence of Rayleigh-Taylor instabilities (hereafter RTIs).
Therefore, condensed neutral gas clouds can form and fall back into the galactic disk
forming so called galactic fountains. An artist’s rendering of the Galactic fountain
process is reported in Fig. 3. From a sequential explosion of Type II SNe in a OB
association (blue dots), the superbubble rises up (pink region). After the blow-up
and fragmentation phases, clouds of HI could be formed (light-blue circles). These
clouds leave the stellar disk, orbit around and fall back to the disk.

Numerous non-homogenous filamentary structures observed in the extra-planar
thick HI disk in edge-on galaxies like NGC 5775 (Collins et al. 2000) and NGC 891
(Fraternali et al. 2004) suggest that the kinematics of these halos could be inter-
preted with ballistic models. Ballistic models describe the gas as an inhomogeneous
collection of clouds, subject only to the gravitational potential of the galaxy: for
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example, in the galactic fountain model the ejected gas from SN events falls back
ballistically (Bregman 1980). These models are able to explain the vertical motion
of the cold and warm gas components observed in several spiral galaxies (e.g. Frater-
nali et al. 2004; Boomsma et al. 2005). In the MW, the evidence has mainly been in
the form of fragments and vertical structures in the large scale maps of the ISM. A
multi-wavelength survey of the halos of several star forming galaxies (e.g., Dettmar
2005) has revealed a correlation of these halos with the rates of star formation and
the energy input rates by SNe, suggesting that gaseous halos are associated to star
formation processes in the disk.

Shapiro & Field (1976) first proposed the idea that galactic fountain induced
by SN explosions would cause gas circulation between the disk and the halo. This
scenario was afterwards explored analytically in detail by Bregman (1980) and Kahn
(1981).

Figure 3: An artist’s rendering of the Galactic fountain driven by a sequential
explosion of Type II SNe in a OB association (Pearson Education, Inc., publishing
as Addisono Wesley, 2006).

Extensive work on the formation of galactic fountains in the MW has been carried
out over the last decades; e.g., de Avillez (2000) showed results of a three-dimensional
model for disk-halo interaction. The model considers explicitly the input of energy
and mass by isolated and correlated SNe in the disk. The approach adopted assumes
that the Galactic fountains are intimately related to the vertical structure of the
thick gas disk and to the rate occurrence of SNe per unit area in the disk.

An observed feature which seems to be correlated to gas circulation in galactic
fountains are the so-called intermediate and high-velocity-clouds (IVCs and HVCs,
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Figure 4: Map of the galactic gas and its environment: it combines radio observations
of neutral hydrogen (HI) of the environment with a visible light image of the MW
(the galactic disk in the middle). The high and intermediate-velocity clouds of
hydrogen, such as complexes A and C, are located above and below the disk. A
galactic fountain is also identified in the map.(Figure taken by de Gouveia Dal Pino
et al 2008).

respectively).

These are mainly neutral hydrogen (HI) clouds observed in the halo of the MW
and in other star forming galaxies. The distinction between HVCs and IVCs is
loosely based on the observed radial velocities of the clouds; IVCs have radial ve-
locities with respect to the Local Standard of Rest (LSR) of 30 km s −1 ≤ |VLSR| ≤
90 km s−1 while HVCs have typical velocities |VLSR| > 90 km s−1.

Although significant progress has been made in the last few years in exploring
the distribution and chemical composition of IVCs and HVCs in the halo of the
MW (see Fig 4), an overall unified model for their formation is still lacking. These
gas clouds have radial velocities which are not consistent with a simple model of
differential galactic rotation (Richter et al. 2001). Several studies (Lu et al. 1998;
Wakker et al. 1999; Murphy et al. 2000; Bluhm et al. 2001; Sembach et al.
2001) reveal different chemical compositions for several of these clouds in different
directions in the sky. Oort (1970) proposed that these clouds represent condensed
gaseous relics from the formation of the MW. This idea was later revived by Blitz
et al. (1999), who suggested that HVCs represent the building blocks of galaxies
in a hierarchical galaxy formation scenario. Since the Galaxy is surrounded by
smaller satellite galaxies (e.g., the Magellanic Clouds), another explanation is that
IVCs and HVCs are gaseous streams related to the merging and accretion of these
satellites by the MW. In this picture, HVCs would be the gaseous counterparts of
the MW circumgalactic stellar streams, which are believed to represent the relics
of dwarf galaxies that have been accreted by the MW (e.g., Ibata 1994). While all
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these models assume that HVCs are truly extragalactic objects which are about to
merge with the Galaxy from outside, there are other scenarios that see the IVCs
and HVCs as ”galactic fountains”. Whatever the origin of the MW IVCs and HVCs
is, it has become clear that they must play an important role in the evolution of our
Galaxy. Two extremely important parameters to distinguish between the Galactic
and extragalactic models of IVCs and HVCs are the distance and the chemical

composition of these clouds. In the case of the Galactic model, the clouds ejected by
SN explosions must have a velocity high enough to explain the observed distances
and their chemical composition must be correlated with the abundances of the gas
in the disk

0.5 Plan of the thesis

Here we intend to study the galactic fountains and their effect on the chemical
enrichment of the Galactic disk. In Chapter 1 we present an overview of theoretical
models concerning the evolution of a superbubble. First of all we present the well
known analytical results concerning superbubble with spherically symmetric shocks.
Then we show some results in the case of superbubbles in a stratified medium, and
we focus on the study of an exponential atmosphere. We compare the analytic
results, obtained with the Kompaneets (1960) approximation, with the “thin shell”
and hydrodynamical results.

In Chapter 2 we calculate the expansion law and chemical enrichment of a su-
pershell powered by the energetic feedback of a typical Galactic OB association at
various galactocentric radii. We study the orbits of the fragments created when
the supershell breaks out and we compare their kinetic and chemical properties
with the available observations of HVCs and IVCs. We present precise calculations
about the physical and chemical properties of the swept up gas by sequential SN
events. We use the Kompaneets (1960) approximation for the evolution of the su-
perbubble driven by sequential SN explosions and we compute the abundances of
oxygen and iron residing in the thin cold supershell. We assume that supershells
are fragmented by RTIs and we follow the orbits of the clouds either ballistically or
by means of a hybrid model considering viscous interaction between the clouds and
the extra-planar gas and we compare our result with the observed features of HVC
and IVC.

In Chapter 3 we describe the chemical evolution models in which we include
galactic fountains. First of all we present the “simple models”, namely we make
simplifying assumptions about the lifetimes of stars and the mixing of freshly pro-
duced metals, This allows us to solve analytically the equations for the evolution of
gas masses and metallicities. We focus on models in which the outflow is differen-
tial, namely in which the heavy elements (or some of the heavy elements) can leave
the parent galaxy more easily than the whole gas. In this context, we present new
analytical solutions in the case of the simple model in presence of galactic fountains.
Finally, we present the detailed chemical evolution model for the MW that we used
to test the effects of galactic fountains.
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In Chapter 4 we explore the effect of galactic fountains on the chemical evolution
of galaxies. It is the first time that such dynamical effect is taken into account in this
kind of models. First of all, we implement the galactic fountain effect on the detailed
chemical evolution model of François et al. (2004). Galactic fountains can affect the
chemical enrichment because of the time-delay due to the non-negligible time taken
by fountains to orbit around and fall back into the Galaxy. This implies a delay in
the mixing of metals with the ISM, which conflicts with the instantaneous mixing
approximation (IMA) usually assumed in all chemical models. This assumption is
probably not realistic, as indicated by the existence of chemical inhomogeneities,
although current chemical evolution models of the MW can reproduce the major-
ity of the observational constraints under the IMA. We test whether relaxing this
approximation in a detailed chemical evolution model can improve or worsen the
agreement with observations. To do that, we investigate two possible causes for
relaxing the instantaneous mixing: i) the “galactic fountain time delay effect” and
ii) the “metal cooling time delay effect”.

Finally, in Chapter 5 we also investigate how different hypotheses about Type
Ia SN progenitors can affect the chemical evolution model for the Galaxy. Type Ia
SNe, in fact, are believed to be the main producers of Fe and the timescale with
which Fe is restored into the ISM depends on the assumed SN progenitor model. We
included different Type Ia SN progenitor models, identified by their distribution of
time delays (DTDs), in a very detailed chemical evolution model for the MW which
follows the evolution of several chemical species.

In Chapter 6 some conclusions are drawn.





Chapter 1

The Superbubble evolution

1.1 Superbubbles with spherically symmetric shocks

Strong stellar winds with thermal velocities of about 1000 km/s from stars of
early spectral type were discovered by Morton (1967). Such winds cause the ejec-
tion of gas with a large amount of kinetic energy into the ISM. Since the velocity
of these winds is highly supersonic (the typical sound speed of the ISM being 10
km/s), a shock wave forms and propagates through the surrounding ISM. Also SN
explosions produce spherical blast waves that propagate through the ISM at very
large velocities (typically 104 km/s), shocking and compressing the surrounding gas
into a spherically symmetric shell. SN 1987A provides an example of such a process
(see the reviews of Imshennik & Nadyozhin 1989 and McCray 1993).

To describe the evolution of a shock wave after a SN explosion, a well known
solution is the self similar one of Sedov (1946) and Taylor (1950) for an adiabatic
blast wave caused by a point explosion in a cold, homogenous, uniform medium.
The hypothesis of an adiabatic expansion is reasonable as long as radiative losses
are negligible compared with the initial explosion energy.

There are only two parameters with independent dimension in this problem: the
energy explosion E0 and the density of the ambient gas ρ0. Using the π theorem of
the theory of dimensions (Sedov 1958, Korobeinikov 1985), it is possible to obtain
the radius of the shock front Rs as a function of time:

Rs =

(

ξ0E0

ρ0

)1/5

t2/5, (1.1)

where ξ0 = 2.02597 (for a ratio of specific heats γ = 5/3) is a constant which follows
from the energy integral and the solution of the self-similar equations (Sedov, 1958).
This result is also known as Sedov-Taylor solution. This solution also shows that
∼ 72% of E0 becomes thermal energy, while the remaining ∼ 28% is organized as
direct kinetic energy. The velocity of a strong spherical shock is then given by:

vs =
dRs

dt
=

2

5

Rs

t
. (1.2)
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The Sedov-Taylor solution is valid until the time tc in which
∫ tc

0
L(t)dt = bE0, where

L(t) is the instantaneous power radiated by the shell. Namely, we can assume the
adiabatic Sedov-Taylor solution only if the total energy lost by the shell is a fraction
b (typically ∼ 30%) of the initial explosion energy E0. Detailed calculations show
that tc is of the order of a few 104 yr (see e.g. Cioffi et al. 1988). After this time, the
shell becomes cool and very thin and its further expansion is driven by the pressure
of the very hot gas inside the cavity. The expansion of the shell slows down from
Rs ∼ t2/5 to Rs ∼ t2/7. It can also happen that the cavity, too, radiates away a
significant fraction of energy. If this happens, the expansion of the shell is no more
sustained by the thermal pressure of the cavity, but is driven by the conservation
of momentum, hence by the kinetic pressure. In this case it is Rs ∼ t1/4. The
expansion of the shell terminates when the expansion velocity becomes comparable
with the local sound speed (typically after a few Myr).

The evolution of a wind-driven bubble (the bubble produced by a stellar wind)
is not very different from the evolution of the remnant of a SN explosion, the main
difference being that SNe release their energy (almost) instantaneously, whereas
stellar winds continuously pump energy into the ISM. The principal model for the
interaction of a stellar wind with the circumstellar gas medium has been described
by Pikel’ner (1968), Pikel’ner & Shcheglov (1968), and Dyson (1973). Similarly
to what happens with SN remnant evolution, there is an adiabatic phase, and a
radiative or snow-plow phase when, due to the increasing importance of radiative
cooling, the swept-up gas collapses into a thin cold shell. A comprehensive model
for the evolution of a wind-driven interstellar superbubble has been advanced by
Castor et al. (1975) and Weaver et al. (1977). A schematic view of the radiative

Figure 1.1: Structure of a wind-blown bubble (From Weaver et al. 1977).

wind bubble is shown in Fig. 1.1 taken by Weaver et al. (1977). The bubble has a
four-zone structure: (a) a free-expansion stellar wind zone with a constant expansion
velocity vw which is surrounded by the inner shock surface; (b) a hot, almost isobaric
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region occupied by the shocked interstellar gas evaporated from the dense shell and
stellar wind gas; (c) a dense, cold shell containing most of the swept-up interstellar
gas separated from region (b) by a contact discontinuity; and (d) an undisturbed
interstellar gas region separated from region (c) by the outer shock-wave.

The motion of the bubble shell follows from the equation of mass, momentum
and energy conservation (see Castor et al. 1975), namely:

M =
4

3
πρ0R

3
s, (1.3)

d

dt
(Mus)4π = R2

sPb, (1.4)

dEb

dt
= L0 − 4πR2

sPbus, (1.5)

dRs

dt
= us, (1.6)

Pb = (γ − 1)
3Eb

4πR3
s

. (1.7)

Here ρ0 is the density of the ambient gas, Rs and us are the radius and velocity
of the shell, M is the mass of the swept-up interstellar gas, L0 = 1

2
ṀV 2 is the wind

energy supply rate, Pb is the pressure of the hot interior gas and Eb is the total
thermal energy of the gas. The substitution of M and us from eqs. (1.3) and (1.6)
into eqs. (1.4) and (1.5), then Pb from eq.(1.4) into (1.7) and Eb from eq. (1.7) into
(1.5) yields to the differential equation:

d2

dt2
(R3Ṙ) + (3γ − 2)R−1Ṙ

d

dt
(R3Ṙ) =

9(γ − 1)L0

4πρ0

1

R
. (1.8)

It is easy to see by simple substitution that this equation has a power-law solution
(Castor et. al., 1975; Avedisova, 1971):

Rs =

[

375(γ − 1)L0

28(9γ − 4)πρ0

]1/5

t3/5 (1.9)

us =
3

5

Rs

t
, (1.10)

Pb = 7ρ0

[

3(γ − 1)L0

700(9γ − 4)πρ0

]2/5

t−4/5. (1.11)

As we can see, the wind-blown bubble expands as Rs ∼ t3/5, in this case the time
dependence is stronger than the expansion rate of SN remnants (eq. 1.1).

Within OB associations, the main source of energy is given by Type II SN ex-
plosions. By assuming for simplicity that all the stars with masses larger than 8 M⊙
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end their life as Type II SNe, the SNII rate is given by the death rate of massive
stars, namely:

rSNII =
dN∗

dt
=

dN∗

dM

dM

dt
.

Here is dN∗/dM the number of stars per mass bin, namely the IMF, whereas dM/dt
is derived from the lifetime function of massive stars as a function of mass t =
t(M). The IMF is typically described by a single-slope power law dN∗/dM ∼
M−(1+x) and also the lifetime of massive stars can be well approximated by a function
of the form t(M) ∼ M−b. If we combine these two functions, we obtain rSN =
(dN∗/dM)(dM/dt) ∼ td, where d = x/b − 1. It is usually x ≃ b and therefore
d ≃ 0. This means that, if we assume that each SN releases the same amount of
energy E0 into the ISM, an OB association produces an almost constant luminosity
L = rSNE0, at least until the last Type II SN explodes. A typical period of activity
of an OB association is ∼ 30 Myr since this is the lifetime of a 8 M⊙ star. This
rough estimate of a constant luminosity in a OB association is confirmed by detailed
starburst models (Leitherer et al. 1999).

On the other hand, Mac Low & McCray (1988) (hereafter, MM88) have shown
that, once a cold dense shell with isobaric interior has formed, the temperature
of the interior becomes high enough for a single SN remnant to be subsonic before
collision with the common huge shell (the so called supershell). Thus, the hot interior
gas buffers the discrete SN explosions, allowing us to treat them as a continuous
energy input after the first 5-10 SNe have occurred. We can therefore consider the
superbubble (the bubble formed by the cumulative effect of several SN explosions)
as the scaled-up version of the wind-blown bubble and we can describe it with the
same equations we have described so far. This has been done for instance by McCray
& Kafatos (1987), who assumed that most massive stars are born in compact groups
containing some dozens of hundreds stars. The combined action of these stars will
create an expanding superbubble with radius given by eq. (1.9), which may be
rewritten in astrophysical units as:

Rs = 267(L38/n0)
1/5t7

3/5 pc, (1.12)

where L38 is the energy input rate LSN in 1038 erg/s units, t7 is the time in units of
107 yr, and n0 is the particle number density of the ambient gas.

1.2 Superbubbles in stratified media

1.2.1 Superbubbles with variable luminosity and density

Under normal circumstances, the ISM surrounding a superbubble does not have
a constant density, neither is the luminosity constant with time. Koo & McKee
(1992) found solutions of superbubbles extended to the case of of power-law energy
injection,

L(t) = L0t
ηin−1, (1.13)
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in a medium with a power-law density distribution

ρ = ρ0r
−kρ . (1.14)

The self similar solution for the evolution of the superbubble with a variable lumi-
nosity and density is:

Rs =

[

(3 − kρ)ΓradξL0

3ηinρ0

]1/(5−kρ)

tη (1.15)

where η = 2+ηin

5−kρ
, ξ is a numerical constant of order unity, and Γrad is the fraction of

the injected energy Ein in the superbubble at time t , allowing for possible radiative
losses from the shocked ambient medium. ηin = 1 corresponds to the normal wind-
blown bubble at constant luminosity, whereas for ηin → 0 we approach the blast
wave solution of Sedov-Taylor for point explosions expressed in eq. (1.1).

It is important to notice here that a critical slope of the density distribution kρ

exists, above which η is larger than 1. This critical value is given by 3−ηin (2 in the
case of a constant luminosity). If η > 1, vs = dRs/dt increases with time (in other
words, the shock accelerates). Although very useful in some circumstances, the
utility of this solution is limited by the fact that it assumes a spherically symmetric
distribution of gas surrounding the source of energy (the OB association in the case
of the superbubble), although with a non-constant density. It is therefore a one-
dimensional solution, whereas in many astrophysical problems we need (at least) a
two-dimensional solution. A typical example is a disk galaxy, where the density is
(almost) constant along the disk but the distribution of gas is stratified along the
polar direction. In order to describe the superbubble evolution in a disk galaxy
(or in general in a stratified atmosphere) we need more sophisticated mathematical
tools. The Kompaneets approximation is one of those.

1.2.2 The Kompaneets approximation: an analytical
model

A general result of superbubble expansion in a disk galaxy is that, if the scale
height of the disk is very large (or if the luminosity driving the superbubble is
moderate), the pressure of the ISM in the disk can be enough to counter-balance the
expansion of the supershell, which therefore stalls and remains confined in the disk.
If instead the luminosity of the superbubble is very large or the disk scale-height
is small, then the superbubble overcomes soon in the vertical direction the scale
height. After having reached a particular height above the disk (typically 3 times
the scale height of the disk; see below), it starts accelerating. This phase (usually
called blow-out) is very important because the acceleration makes the supershell
Rayleigh-Taylor unstable and leads to its fragmentation.

The first analytic discussion of two-dimensional shock waves was presented by
Kompaneets (1960), who developed a model that can fairly well describe the evo-
lution of a shock in a stratified medium (like the one of a disk galaxy). The Kom-
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paneets approximation assumes the following: uniform pressure within the super-
bubble, superbubble expansion in a direction normal to the local surface and an
expansion speed implied by a strong shock (i.e., the internal pressure dominates the
external pressure).

The Kompaneets model considers the propagation of an adiabatic shock wave
from a point explosion located at z = 0 in a plane-stratified exponential atmosphere
with the gas density distribution

ρ(z) = ρ0 exp(−z/H), (1.16)

where H is the scale height. In the work of Kompaneets it was assumed that for
z < 0 the ISM was denser than the gas residing above the disk. Therefore, in this
approximation, the superbubble has an asymmetric evolution with respect to the
plane of the galaxy. There are three independent dimensional parameters in the
problem: the mid-plane density ρ0, the characteristic scale height of the gas density
H, and the thermal energy of the explosion Eth. Thus it is not possible to extend the
self-similar method to describe shock-wave propagation in this case. The main idea
of the Kompaneets approach is to calculate the smoothed, averaged parameters of
the hot gas within the remnant only, without considering possible space variations
of the thermodynamical variables. It is assumed that the pressure in the shocked
gas is uniform and equal to:

P = (γ − 1)
Eth

Ω
, (1.17)

where γ is the ratio of specific heats, Eth is the thermal energy of the superbubble,
and the volume Ω of the remnant is defined in cylindrical symmetric coordinates
(r, z) by the integral:

Ω = π

∫ z1

z2

r2(z, t) dz, (1.18)

in which z1 and z2 (< 0) are the top and bottom of the remnant, respectively.
The physical reasons for this simplification are the high temperature and great

sound speed in the shocked gas, which permit redistribution of the internal energy
to a nearly isobaric state before the shock front moves an appreciable distance.
As already said, the Kompaneets approximation assumes that the shock is strong,
i.e., the ambient gas pressure is negligible. Since the internal pressure dominates
the external pressure, Hugoniot conditions determine the normal component of the
expansion velocity at any point in the shock front as function of time:

vn =

√

γ + 1

2

P (t)

ρ(z)
. (1.19)

where ρ(z) is the density of the ambient interstellar gas. We can define the surface
of the shock front as f(r, z, t)=0. The time derivative of this function is

df

dt
=

∂f

∂t
+

∂f

∂z
vz +

∂f

∂r
vr = 0. (1.20)
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The component of the arbitrary vector v, which is normal to the surface, may be
expressed as:

vn = nzvz + nrvr =
1

|∇f |

(

∂f

∂z
vz +

∂f

∂r
vr

)

. (1.21)

Using Eqs. (1.20) and (1.21) we have an expression for the shock-wave velocity in
the form (see also Shapiro,1979):

vn = −∂f/∂t

|∇f | . (1.22)

Assuming that the equation of the shock surface may be written in the evident form
r = r(z, t) and equating (1.22) to (1.19), we get an equation for the evolution of the
shock front, (see also Bisnovatyi-Kogan & Silich 1995):

(

∂r

∂y

)2

− ρ(z)

ρ0

[

(

∂r

∂z

)2

+ 1

]

= 0. (1.23)

In equation (1.23), y is a transformed variable (with units of length) defined by:

y =

∫ t

0

√

γ2 − 1

2

Eth

ρ0Ω
dt. (1.24)

Kompaneets (1960) showed that equation (1.23) could be solved analytically by
separation of variables, yielding the relation:

r(z, y) = 2H arccos

[

1

2
ez/2H

(

1 − y2

4H2
+ e−z/H

)]

. (1.25)

Equation (1.25) describes a sequence of shapes for the shock front, which change as
the parameter y varies from 0 to 2H, at which time the top of the remnant formally
reaches infinity.

The top and bottom of the remnant, where r = 0, are located at:

zL,H = −2H ln
(

1 ∓ y

2H

)

. (1.26)

A solution of eq. (1.26) exists for 0 ≤ y < 2H. When y approaches 2H and the
physical time t also remains finite, the top of the remnant reaches infinity. Physically
this means infinite shock acceleration in the z direction due to the strong density
gradient. In other words, the supershell experiences blowout. The bottom of the
shock wave:

zH = −2H ln 2, (1.27)

does not penetrate downward more than ∼ 1.4 scale heights in this model, as a
consequence of the the assumption of uniform pressure within the cavity (see Laum-
bach & Probstein, 1969). When the shock wave blows out, the remnant volume
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Figure 1.2: The superbubble shape (see Kompaneets 1960) under the assumption
that the density below the plane is constant (see text). Some physical quantities
are reported: the height of the superbubble in the exponential atmosphere (zL) and
below the plane (zH), and the semi-minor axis (b). Figure taken from Kompaneets
(1960).

goes to infinity, while internal gas pressure and downstream velocity drop to zero.
The maximum cylindrical radius of the blastwave can be obtained from eq. (1.25),
where ∂r/∂z = 0:

b = 2H arcsin
( y

2H

)

. (1.28)

The radius cannot exceed the critical value rc = πH for any explosion energy,
because a larger fraction of the explosion energy is escaping away from the plane of
the explosion z = 0 in the direction of the steepest density gradient.

Eq. (1.25) illustrates an important property of the Kompaneets model; the spa-
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tial solution is independent of the time evolution. The shock front evolves through
the sequence of shapes given by eq. (1.25) which is a consequence only of the atmo-
spheric structure. However, the rate at which it evolves does depend on the details
of the energy input into the superbubble, i.e., whether the energy is input at one
instant or in a continuous fashion, and at what rate. In fact, for a SN explosion (as
considered originally by Kompaneets) the term Eth to insert in eq. (1.17) is just
the explosion energy of the SN and does not depend on time. If we instead want
to apply the Kompaneets approximation to a superbubble model, we just have to
replace Eth with

∫ t

0
L(τ)dτ (Lt if we consider a constant luminosity). Hence, the

shape of an observed bubble can supply information about the ambient atmosphere
independent of any knowledge of the energetics of the driving source.

The Kompaneets solution has been used and adapted for application to various
astrophysical phenomena, including relativistic blast waves (Shapiro 1979), active
galaxy winds (Schiano 1985), and impacts within the deep gaseous envelopes of
giant planets (Korycansky 1992). By “Kompaneets approximation” we denote the
method in which i) the shock velocity at each point is directed normal to the layer,
ii) the energy density behind the shock is taken as a constant part of the average
total energy of the bubble. A further improvement of this method, in which dynamic
equation for thin-layer motion are solved directly and simplifications i) and ii) are not
used they are called “the thin layer approximation” or “thin shell approximation”.
We stress this difference here, because both methods are sometimes referred to in
the literature by the same name, “Kompaneets approximation” (MM88)

1.2.3 Superbubble blowout dynamics

The “thin shell approximation”

More sophisticated models of superbubble expansion include the thin shell ap-
proximation (MM88, Bisnovatyi-Kogan et al. 1989). The thin shell approximation
is based on two simplifying assumptions: i) all swept-up intercloud gas accumu-
lates into an infinitesimally thin shell just behind the shock front and moves with
the post-shock velocity; ii) the pressure inside the cavity is uniform and therefore
depends only on time. By means of this approximation it is possible to calculate
the dynamics of the superbubble either by means of analytical or semi-analytical
calculations, or through direct numerical integration of the momentum equation for
various segments of the thin shell of swept-up gas.

As we have already mentioned, in a disk galaxy superbubbles suffer two possible
fates. Either they blow out through one or both sides of the H I disk, producing a
“worm” (Heiles 1979, 1984) or “chimney” (Tomisaka & Ikeuchi 1986), or they begin
to collapse in on them. Following the definition used by MM88, by “blow-out” we
indicate the superbubble begining to accelerate upward. In both cases, Rayleigh-
Taylor (hereafter R-T) instabilities will eventually break up the supershell, either
when it begins to accelerate into the halo, or when it begins to collapse inward under
the influence of the ISM pressure and the galactic gravitational field.

It is possible to understand this behavior qualitatively from a dimensional analy-
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sis. Since radiative cooling of the interior is usually negligible before the superbubble
becomes dynamically unstable (MM88), we neglect it in the following analysis. An
appropriate time scale is the dynamical time defined by equation:

tD ≈ H5/3(ρ0/LSN)1/3, (1.29)

where H is the density stratification scale height, LSN = N∗ESN/tOB with N∗ is the
number of stars which will become SNe over the lifetime, tOB, of the OB association,
and ESN is the average energy per SN. The scale length is H, the mass scale is ρ0H

3

, and thermal energy scale is PeH
3, where Pe is the pressure of the external ISM.

Thus the luminosity scale may be defined by:

L = PeH
3/tD = PeH

4/3ρ−1/3L
1/3
SN . (1.30)

The dimensional constants may be combined into the dimensionless dynamics pa-
rameter:

D = (LSN/L)3/2

≈ 940L38

(

H

100 pc

)−2 (

Pe

104k dyne cm−2

)−3/2 (

ρ0

µmH

)1/2

, (1.31)

where µ is the mean molecular weight and mH is the proton mass. For D ≈ 1, the
expansion speed of the supershell at one scale height is equal to the effective sound
speed of the disk gas. Thus the parameter D determines whether the supershell will
collapse or blow out, as long as radiative losses from the interior may be neglected.

MM88 discussed expansion into an exponential atmosphere:

n(z) = n0 exp(−|z|/H), (1.32)

and into the more realistic hybrid model atmosphere described by Lockman et al.
(1986). The latter has a Gaussian cloud layer with scale height Hc = 135 pc, and
an exponential H I layer with scale height Hs = 500 pc, giving a density dependence
such as:

n(z) = ns exp(−|z|/Hs) + nc exp(−z2/H2
c ), (1.33)

where n0 = ns + 4.2nc. This atmosphere was derived from combined 21 cm and UV
observations of OB stars at high galactic latitudes. For both these atmospheres they
ran models with different values of the dynamical parameter, D, and different heights
above the plane of the galaxy. Here we report only results referred to the exponential
atmosphere. In Fig. 1.3 we report MM88 results concerning a superbubble with
D = 1000, with the OB association either in the plane of the galaxy or 70 pc above
it. The scale height of the exponential atmosphere is H = 100 pc, the density at the
plane of the galaxy is n0 = 1 cm−3, the ISM temperature is 104 K, and the luminosity
is L38=1.1 (L38 is the luminosity in 1038 erg/s). For the symmetric model in Fig.1.3,
blowout (the transition from deceleration to acceleration upwards) occurs at 5 tD
corresponding to ∼ 6 Myr, when the superbubble has a radius in the plane of just
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Figure 1.3: (a − b) Shape of a superbubble with D = 1000 in an exponential atmo-
sphere with H = 100, L38=1.1, Pe = 104 k dynes cm−2, and n0 = 1 cm−3, implying
td=1.21 Myr. The off-center model is at 0.7 H (70 pc), as marked by the cross. Note
that the cusp at the plane si caused by the double-sided exponential atmosphere.
Figure taken by MM88.

2H, and a height of ∼ 3H. The cusp at the equator is caused by the discontinuity
in the density gradient across the plane of the galaxy in a symmetric exponential
atmosphere. The asymmetric model is high enough above the disk to blow out
only on one side. In MM88 the criterion for one-sided blowouts is that, when the
top starts to accelerate, the bottom part will be decelerating more strongly than
a spherical superbubble would. Using this criterion, they find that superbubbles
will blow out only one side if their centers are above ∼ 0.6 H in an exponential
atmosphere.

In order to show the effects of different values of D on superbubble growth, they
showed the radius and height of such supershells as report in Fig. 1.4. Under the
influence of gravity, low D superbubbles become slightly oblate collapsing in at the
poles, as is illustrated by the D = 10 case (curve B). For a density n0 = 1 cm−3, the
lowest two curves correspond to unrealistically low SN rates; indeed, a strong stellar
wind with L38=0.01 will have D ∼ 10. We can appreciate also in this figure that the
acceleration of the supershell occurs always at ∼ 3 H, irrespective of D. Namely,
the height above the plane at which the supershell accelerates depends only on the
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Figure 1.4: Growth of superbubbles in an exponential atmosphere with the same
parameters as Fig. 1.3. The dimensionless luminosities vary as follows: (curve
A) D = 1 (L38 = 1.1 × 10−3, tD = 12 Myr). (Curve B) D = 10 (L38 = 0.011,
tD = 5.6 Myr), (curve C) D = 100 (L38 = 0.11, tD = 2.6 Myr), (curve D) D = 1000
(L38 = 1.1, tD = 1.2 Myr). Size as a function of time is shown for (a) height above
the plane of the galaxy and (b) radius in the plane. The curves are dashed when the
superbubbles begin to accelerate and become unstable.(From MM88)

gas stratification; only the time needed to reach it changes with the luminosity. The
same result has been obtained with the Kompaneets approximation.

Finally, full numerical integration of the hydrodynamic equations (e.g., Tomisaka
& Ikeuchi 1986; MacLow et al. 1989 (hereafter MMN89); Tenorio-Tagle et al. 1990)
and magnetohydrodynamic equations (Tomisaka 1992, 1998) yield the most com-
plete solutions to date. These models do not make any simplifying assumption
about the thickness of the supershell and the pressure distribution inside the cavity,
at variance with the thin shell approximation. For a review of models of bubble
expansion in the ISM, see Bisnovatyi-Kogan & Silich (1995).

Hydrodynamical models vs “thin-shell approximation”

The best way to check the validity of the thin shell approximation is to refer
to the work of MMN89, who used a two-dimensional hydrodynamics code to model
the blowout of a superbubble from exponential and Gaussian models for the vertical
density stratification, comparing the results to those from the Kompaneets (“thin-
shell”) approximation. They found that this approximation works very well. In Fig.
1.5 we report the MMN89 model results concerning the blowout of a superbubble,
with mechanical luminosity LSN = 1.1 × 1038 erg s−1, in the same exponential ISM
disk used in MM88 (eq. 1.32) and with T = 104 K throughout.

The energy source is 70 pc above the plane of the disk, namely this models must
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Figure 1.5: Blowout of a superbubble for the hydrodynamical model, The shape
of the supershell for the Kompaneets approximation model is shown by the inner
boundary of the thick hatched curve. The models are shown at times: 3.83 Myr
(panel a), 5.02 Myr (panel b), 5.89 Myr (panel c), and 6.87 Myr (panel d) (From
MM89).

be compared with the thin shell model shown in Fig. 1.3 (b). In the figure the con-
tours of density are shown for the hydrodynamical model, with logarithmic spacing
of 0.5 dex from ρ = 10−28 g cm −3. The shape of the supershell for the Kompaneets
approximation model is shown by the inner boundary of the thick hatched curve.
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The models are shown at times: 3.83 Myr (panel a), 5.02 Myr (panel b), 5.89 Myr
(panel c), and 6.87 Myr (panel d). In MM88 they could follow the growth of the
superbubble with confidence only until R-T instabilities set in. In MMN89, using a
hydrodynamical code, they could follow the superbubble growth as the cold, dense
shell fragments, and realizes the hot cavity gas into the rarefied galactic corona.
Blowout of the exponential model, occurs at a time 3.3 tD, when the top has grown
to 2.9 H above the plane (in perfect agreement with the value 3 H found with the
thin shell approximation). The breakup of the supershell follows the classic R-T
spike-and-bubble form. They found that the the cold supershell first begins to ac-
celerate and breaks up at the polar caps, where the external stratified atmosphere
has the lowest density and pressure.

Many more papers in the last decades have dealt with superbubble expansion in
stratified media; we cited only some of the most significant ones. However, in spite
of all the work done on this subject, very few papers in the past have taken into
account the chemical evolution of the superbubble and how the supershell (and the
fragments of the supershell, after it becomes R-T unstable) get polluted from the
metals produced by the OB stars. Moreover, with this thesis for the first time we
consider in a detailed chemical evolution code and in analytical models the effect of
galactic fountains.



Chapter 2

Galactic fountains and their
connection with HVCs and IVCs

2.1 Description of the model

Type II SNe usually occur in OB associations containing several dozen massive
stars. Sequential SN explosions create a superbubble, whereas the swept up gas is
concentrated in a thin cold shell called a supershell. The superbubble expansion
in a stratified medium does not follow a spherical evolution and the Kompaneets
(1960) approximation well describes the way in which the superbubble grows in the
meridional Galaxy plane. After some time, a region of the supershell can fragment
due to the occurrence of RTIs, therefore clouds of gas can form. Once it has left
the stellar disk, the orbit of each cloud can be followed either ballistically or with a
hybrid model considering viscous interaction between the cloud and the extra-planar
gas.

2.1.1 The Kompaneets approximation in our model

In the work of Kompaneets (1960) described in Chapter 1, it was assumed that
for z < 0 the ISM was denser than the gas residing above the disk. Therefore, in this
approximation, the superbubble has an asymmetric evolution as shown in Fig.2.1
with respect to the plane of the galaxy. In our work for the ISM z-profile we assume
the following exponential law

ρ(z) = ρ0 exp(−|z|/H). (2.1)

Hence the superbubble driven by sequential explosion of SNe in the galactic
plane, i.e.z = 0, evolves symmetrically with respect to the galactic plane resulting
in a peanut-like shape, as suggested by MM88 and by Tenorio-Tagle et al. (1999).
The volume of the superbubble can be estimated as:

Ω = 2 · 4

3
πa2b − 4

3
π|zH |3 (2.2)

35
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where zL and zH are obtained from eq.(1.26), a = (zL + |zH |)/2 is the semi-major
axis.

Figure 2.1: The superbubble shape (see Kompaneets 1960) under the assumption
that the density follow the eq. (2.1).

The thermal energy is calculated from the differential equation:

dEth

dt
= L0 − P

dΩ

dt
, (2.3)

where L0 is the wind luminosity.
This equation differs from that used in the blast wave formulation and in the

Kompaneets (1960) approximation reported of the in Chapter 1, in which Eth is
a constant fraction of the energy deposited in an initial blastwave. Equation (2.3)
assumes that the wind luminosity is thermalized at the inner shock front, and that
the only energy loss is due to the work done against the thin shell. The effect of
radiative and evaporative cooling of the bubble interior can also be added here if
desired.
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A numerical integration of eqs. (1.24) and (2.3), with the help of eqs. (1.17) and
(2.2), yields y(t) and Eth which implicitly give the time evolution of the superbubble.
The solution depends on only three parameters: the scale height H, the density
near the source ρ0, and the wind luminosity L0. Hence the problem is solved most
naturally in a system of units determined by these three parameters. The unit of
length is then H0, the unit of mass is ρ0H

3, and the unit of time is (ρ0H
5/L0)

1/3 (see
Table 2.1). We obtain the dimensionless solution by integrating the dimensionless
form of eqs. (1.24) and (2.3). In Figs. 2.2 and 2.3 we report the dimensionless
evolution of y and the velocity dzL/dt. The dimensionless analysis predicts that the
superbubble begins to accelerate at (see Fig. 2.3):

t̃a =
ta

(ρ0H5/L0)1/3
= 1.72, (2.4)

namely when dzL/dt is at a minimum.

Figure 2.2: Evolution in dimensionless space of the quantity ỹ (eq. 1.24) as a
function of t̃. ỹ is related to the top of the superbubble (ZL) evolution from eq.
(1.26). The dimensional time t is given by: t = t̃ × (ρ0H

5/L0)
1/3

The simulated superbubbles, characterized by different values of ρ0, H, L0, reach
the accelerated phase at different times, as shown in eq. (2.4), but they have the
same shape and volume. This is a direct consequence of the self-similar nature of
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Figure 2.3: Evolution in dimensionless space of the velocity dz̃L/dt̃ as function of t̃.
The shell starts accelerating at t̃a = 1.72 .

the Kompaneets solutions. Using the scale height H=141 pc (see Section 2.1.3) we
obtain for the height of the supershell and for the minor semiaxis the values zL = 191
pc and b = 145 pc. From Fig. 2.3 we note that, after the beginning of the accelerated
phase, the velocity remains roughly constant for ∼ 2 t̃

(

t̃ = (ρ0H
5/L0)

1/3
)

. In this
interval of time, the acceleration is negligible. Therefore, we assume that the RTIs
begin to grow when the velocity is increased by a factor of 10%, because from that
moment on we can assume that the acceleration is not negligible. The choice of this
percentage is arbitrary but in this way our results are consistent with the work of
MM88. We have also tested velocity variations of 5% and 20% and the results are
not very different from the ones presented in this work. In our model, we assume
that due to the RTIs, the supershell fragments and we consider each fragment as a
cloud with an initial velocity given by the supershell velocity at the moment of the
fragmentation. RTIs arise when the supershell accelerates since at that moment, the
effective gravity of the supershell exceeds that of the tenuous superbubble. From
Tenorio-Tagle et al. (1987) we can derive an estimate of the time of growth of these
highly irregular structures:

tR−T = 105R2
40

√

λ10

E51(ta + t∆v)
n0 yr, (2.5)



2.1 Description of the model 39

Table 2.1: Units of physical quantities

Physical Quantity Unit

Length H
Time (ρ0H

5/L0)
1/3

Velocity (L0/ρ0H
2)1/3

Acceleration (L2
0/ρ

2
0H

7)1/3

Mass ρ0H
3

Energy (ρ0L
2
0H

5)1/3

Pressure (ρ0L
2
0/H

4)1/3

where λ10 is the perturbation wavelength in units of 10 pc and R40 the remnant
radius measured in units of 40 pc, E51 is the thermal energy measured in units of
1051 erg at the time ta + t∆v, where t∆v is the time necessary to reach an appreciable
acceleration. We are aware that Tenorio-Tagle et al. (1987) studied the specific the
case of the RTIs driven by the acceleration of sequential explosion of supernovae in
a constant ISM, but here we are only interested in a rough estimate of the time scale
processes and we think that the eq. (2.5) is useful for our aims. At the time when
RTIs start growing, the supershell has reached zL=312 and b=228. For simplicity
we consider the formation of a single cloud. For the calculation we consider the
maximum perturbation wavelength for the thin shell, roughly given by the supershell
thickness. In the case of adiabatic expansion of a spherical thin shell, the thickness
δ is given by δ = R/12, where R is the radius of the shell. We assume that δ is the
maximum perturbation wavelength and we make the approximation that R = zL,
therefore, δ = λ = 26 pc. If we define t̃R−T as:

t̃R−T =
tR−T

(ρ0H5/L0)1/3
(2.6)

we obtain the total adimensional time necessary for the growth of instabilities and
for the fragmentation of the bubble:

t̃final = t̃a + t̃∆v + t̃R−T = 4.37, (2.7)

Considering different values of the parameters ρ0, H, L0, we obtain different times
at which the cloud could leave the disk:

tfinal = 4.37(ρ0H
5/L0)

1/3. (2.8)

Since the internal pressure dominates the external pressure, the expansion speed is
that given by the Hugoniot condition for a strong shock:

vn =

√

γ + 1

2

P (t)

ρ(z)
. (2.9)
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2.1.2 Abundances of Fe and O in the superbubble

In this section we compute the total amounts of O and Fe which reside in the
supershell at the time tfinal (see eq.2.8), time at which we suppose the fragmented
shell can leave the stellar disk of the Galaxy. We assume that all the stars with
masses larger than 8 M⊙ explode as Type II SNe and we adopt the following main
sequence lifetimes (Matteucci & Greggio 1986):

τm = 1.2m−1.85 + 0.003Gyr. (2.10)

In our model, the upper mass limit of the OB association is assumed to be 40M⊙.
The lifetime of a 40M⊙ star is, from eq. (2.10), τ40 ≃ 4.30 × 106 yr.

For any parameter choice, at the time at which the shell fragments and leaves
the disk, the smaller mass stars in the OB association are still active. Using eq.
(2.10) we are able to estimate the lower mass limit for a SN event corresponding to
the time at which the cloud forms. The time at which the cloud is formed is given
by tfinal plus the lifetime of the largest considered mass, namely:

τlim = tfinal + τ40. (2.11)

The mass of metals (in our model we consider only O and Fe) ejected by the SNe
considered here is given by:

Mel⋆ =

∫ 40

Minf

mel(m)φ(m)dm, (2.12)

where φ(m) is the IMF assumed to be the Salpeter (1955) one, namely: φ(m) =
Am−(2.35). A is the normalization constant, given by:

∫ 40

8

φ(m)dm = A

∫ 40

8

m−2.35dm = SNe, (2.13)

where SNe is the assumed number of SNe in the OB association. In eq. (2.12) the
term mel(m) is the ejected mass of the element considered (O or Fe) by the star
of initial mass m (Woosley & Weaver 1995). We consider the stellar yields at four
different metallicities: solar metallicity Z⊙, 0.1 Z⊙, 0.01 Z⊙, 10−4Z⊙. We assume
that the ISM in the disk has the same metallicity as the OB association. For the
solar abundances (by mass) we use the Anders & Grevesse (1989) values:

O16⊙ = 9.59 × 10−3 , Fe56⊙ = 1.17 × 10−3. (2.14)

We use this set of solar abundances to be consistent with the yields of Woosley
& Weaver (1995) which refer to Anders & Grevesse (1989) abundances. However
Asplund et al. (2005) recomputed the O solar abundance and deduced a log(O/Fe)⊙
lower by ∼ 0.24 dex than the Anders & Grevesse (1989) one. The total amount
Mshell−el of the mass of the element which resides in the thin shell of the superbubble
is given by the eq.:
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Mshell−el = Mshell · Z + Mel⋆ , (2.15)

where Z is the initial metallicity of the OB association (and consequently of the disk
ISM). We adopt the extreme approximation that the total amount of the ejected
metals from SNe ends up in the shell. Mshell is the mass of the ISM swept up into
the thin shell and is given by:

Mshell(z > 0) = πρ0b
2

∫ zL

0

e−z/H

(

1 −
(

z − a + |zH |
a

)2
)

dz. (2.16)

We underline that for the Fe we use only solar yields for the whole range of
metallicities (Chiappini et al. 2001).

2.1.3 Galaxy model

The potential well of the Galaxy is assumed to be the sum of three components:
a dark matter halo, a bulge and a disk. The dark matter halo gravitational potential
is assumed to follow the Navarro et al.(1996) profile:

Φdm(r) = −4πr2
dm,0 ρdm,0

ln(1 + x)

x
, (2.17)

where ρdm,0 is a reference density, rdm,0 is the scale radius, x = r/rdm,0 and r is the
spherical radius. The halo is truncated at a radius rdm,t beyond which its potential
follows the 1/r profile. The bulge gravitational potential is given by (Hernquist
1990):

Φb(r) = − GMb

rb,0 + r
(2.18)

where rb,0 is the scale radius and Mb is the bulge mass. For the disk potential we have
chosen the axisymmetrical Miyamoto & Nagai (1975) model, which in cylindrical
coordinates (R, z) can be written as:

ΦM(R, z) = − GMd
√

R2 +
(

a +
√

z2 + b2
)2

. (2.19)

Table (2.2) gives the values of all the parameters concerning the Galaxy model. For
the ISM z-density profile we used eq. (2.1) where: ρ0 = n0µmp is the density in
the disk plane; mp is the proton mass and µ is mean molecular weight for the disk
(assumed to be 0.61). For the value of H we adopted the vertical distributions of
the various interstellar components (molecular, cold HI, warm HIa, warm HIb, HII
regions, and diffuse HII) in the solar neighborhood as reported by Cox (2005). We
obtained:

H =
1

ρ0

∫ ∞

0

6
∑

i=1

ρi(z)dz ≃ 141pc. (2.20)
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The ISM density profile along the radius R of the Galaxy is taken from Wolfire et
al. (2003). In our model we consider the presence of an extra-planar gas halo. This
halo can be described by means of the perfect gas law:

P =
ρkT

µmp

. (2.21)

For simplicity we assume an isothermal and self-graviting distribution, hence intro-
ducing the parameter:

β0 =
kT0

µmp

, (2.22)

by means of which eq. (2.21) can be written as:

P = βoρ. (2.23)

Using the hydrostatic equilibrium equation with the assumption of a static halo of
gas we have:

ρ(R, z) = ρ0,he
(−Φtot+Φ0)/β0 , (2.24)

where Φtot = Φdm + Φb + ΦM and Φ0 is the value of Φtot computed at the galactic
center. The temperature To has been chosen following the relation:

3

2
kTo =

3mpµv2
c8

2
, (2.25)

where vc8 is the circular velocity in the plane of Galaxy in the solar neighborhood
and we obtain that:

T0 = 3.7 × 106K (2.26)

for the chosen parameters.

Table 2.2: Galactic parameters.

ρdm,0 Mb Md rdm,0 rdm,t rb,0 a b
10−24 g cm −3 1010M⊙ 1010M⊙ kpc kpc kpc kpc kpc

0.29 3.5 7.69 30.8 347.7 0.8 8.45 0.26

2.1.4 Galactic fountains in a ballistic model

Once the top of the supershell reaches the height above the galactic plane related
to the time tfinal (see eq. 2.8), the thin shell can leave the stellar disk and move
towards the extra-planar gas. Ballistic models describe the gas as an inhomogeneous
collection of clouds, subject only to the gravitational potential of the Galaxy. The
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fragments of the shell have different initial velocity modulus ‖ vo ‖= vn (vn is the
velocity of the top site zL of the supershell) and masses depending on the the number
of SNe in the OB association and the initial throwing radial coordinate. We have
chosen for our simulation Cartesian coordinates with versor (êx, êy, êz). Given a
generic point in this space (x, y, z), it corresponds in the meridional plane of the
Galaxy to (R, z) = (

√

x2 + y2, z), where R is the radial coordinate. Since the ‖ vo ‖
velocities are relative to the local standard of rest for the throwing radial coordinate
R0, in the inertial reference frame of the simulation in Cartesian coordinates:

vinitial(R0) = vo + vc(Ro, 0)êy. (2.27)

We take into account the fact that once the cloud is formed, the direction of throwing
cannot be known a priori (even if the most likely one is the perpendicular to the
Galactic plane); therefore, for each choice of ‖ vo ‖ we consider different direction
of throwing. Given a throwing direction, a generic vector v0 has components along
êx, êz e êy with respect to our inertial frame:























vzinit
= vncosγ

vxinit
= vnsinγcosβ

vyinit
= vnsinγsinβ + vc(R0, 0) .

(2.28)

The parameters γ e β vary in order to recreate, in the local standard of rest, a
symmetrical fountain of clouds:

βi =
iπ

4
with i = 0, 1, ..7 (2.29)

and
γj =

π

2
− π

1 + j
with j = 2, 3, ..5. (2.30)

We consider also the case in which v0 has only a component along êz. Thus, for each
velocity modulus vn we calculate a fountain composed of the 33 different directions
for the ejected cloud.

2.1.5 Beyond the ballistic model: hybrid ballistic-fluid sta-
tionary model

In this work we want to provide some hydrodynamical modifications of previous
ballistic models. In the equations of motion for a single cloud we insert a Stokes
term in order to consider also the viscous interactions between cloud and extra-
planar gas. We introduce the drag time tdrag, i.e the time after which the relative
circular motion between the cloud and halo becomes equal to zero (Barnabè et al.
2005):

tdrag =
8

3CD

rc

vrel

χ, (2.31)
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where CD ≃ 1 is a numerical coefficient, rc is the radius of a typical H I cloud,
vrel is the modulus of the relative velocity between the cloud and the homogeneous
extra-planar gas, and χ ≡ ρc/ρ is the ratio between the cloud and the medium
densities. tdrag was estimated assuming pressure equilibrium between cold and hot
components, from which χ = T/Tc ≈ 3000. A fiducial value of the relative velocity
is obtained by assuming vrel ≈ 2×107 cm s−1, while the cloud radius rc is estimated
as:

4πrc
3ρc/3 = 105M⊙M̃5, (2.32)

where M̃5 is the cloud mass in units of 105 M⊙, thus following the work of Barnabè
et al. (2005) one obtains:

tdrag ≈ 2.7 × 108

(

M̃5

np

)1/3

yr, (2.33)

where np is the numerical density of the extra-planar gas with the density profile
described by eq. (2.24). We note that a viscosity term could not be directly inserted
in a Lagrangian formulation, thus we must write the explicit drag term to add in
the motion equations. The drag term can be derived from the brake force as:

adrag ≡ −v − vg

tdrag

, (2.34)

where v is the velocity of the cloud, and vg is the velocity for the extra-planar gas
that we assumed equal to zero.

2.2 Our results

2.2.1 Chemical composition of the clouds

In our models we vary the number of SNeII in the OB association (N SNe) and
the throwing radial coordinate (R0). We consider four possible OB associations
containing 10, 50, 100, 500 SNe, respectively. Assuming an explosion energy of
1051 erg, the luminosities L0 of these OB associations are 1037, 5 × 1037, 1038 and
5× 1038 ergs−1 respectively. These numbers of massive stars in OB associations are
consistent with observations (de Zeeuw et al. 1999). We simulate galactic fountains
with 3 different throwing radial coordinates R0: 4, 8, 12 kpc. Given the assumed
Galaxy model, R0 defines the disk density ρ0, whereas the scale height is constant
(see Sect 2.1.3). In Tabs. 2.3, 2.4, 2.5 we summarize the results for fragmentation
times and the velocities of the superbubbles in the direction perpendicular to the
galactic plane at those times for 4 kpc, 8 kpc and 12 kpc.

For all the values of N SNe and R0 considered at the time tfinal at which clouds
are thrown out of the disk, the supershell presents: zL = 448 pc and b = 259 pc.
Our results are in agreement with the work of MM88: instabilities, for roughly the
same luminosity range, become important at 3H height scale. The total mass of gas
swept up by the SN shock wave for positive z-coordinates is given by eq. (2.16).
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Table 2.3: Cloud formation times and cloud velocities for R0 = 4 kpc.

N SNe tfinal vn

[yr] [kms−1]

10 2.29×107 23
50 1.34×107 39
100 1.06×107 49
500 6.21×106 83

Table 2.4: Same as Table 2.3 but for R0 = 8 kpc.

N SNe tfinal vn

[yr] [kms−1]

10 1.90×107 27
50 1.11×107 46
100 8.84×106 58
500 5.17×106 100

Table 2.5: Same as Table 2.3 but for R0 = 12 kpc.

N SNe tfinal vn

[yr] [kms−1]

10 1.67×107 31
50 9.77×106 53
100 7.74×106 67
500 4.53×106 114
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Thus, we obtain that the masses of the ISM swept up into the thin shell for R0=
4, 8, 12 kpc, respectively are:

M4(z > 0) = 10.07 × 105M⊙, (2.35)

M8(z > 0) = 5.79 × 105M⊙, (2.36)

M12(z > 0) = 3.89 × 105M⊙. (2.37)

All the results of the O and Fe abundances in the clouds ejected by sequential SN
explosions as functions of the total number of SNe (N SNe) and R0 are reported in
the Appendix A. M∗Fe56 and M∗O16 are the total amounts of Fe56 and O16 in units
of M⊙, whereas M⋆ej is the total mass ejected by the OB association:

M⋆ej =

∫ 40

Minf

mtot(m)φ(m)dm, (2.38)

where mtot(m) is the total mass ejected by a SN as a function of its initial mass and
metallicity. Mtot, X∗Fe56 , X∗O16 and [O/Fe] are:

Mtot = Mshell + M⋆ej, (2.39)

X∗Fe56 =
MShellFe56

Mtot

, X∗O16 =
MShellO16

Mtot

. (2.40)

[O/Fe] = log

(

MShellO16

MShellFe56

)

− log

(

O16⊙

Fe56⊙

)

. (2.41)

In Fig 2.4 we show the predicted [O/Fe] ratio as a function of the number of SNe
and of the initial metallicity in the solar vicinity. In the meridional plane of the
Galaxy the initial conditions are (R, z)=( 8 kpc, 448 pc). We note that significant
over-abundances of O relative to Fe are found only in the case of a large number
of SNe and low initial metallicity. In Fig. 2.5 we report the same quantities but
using stellar yields given by Kobayashi et al. (2006). In Fig. 2.6 we show [O/Fe]
ratios as functions of the number of SNe assuming solar metallicity but varying the
initial throwing coordinate Ro. We note that larger radial coordinates yield a larger
[O/Fe], because the amount of swept-up pristine gas is smaller (see eq. 2.37) and
therefore the new α elements ejected by SNe are less diluted. In Fig. 2.7 we report
the [O/Fe] ratios by varying the initial throwing coordinate R0 and taking for the
initial ISM metallicities the average observed values obtained by Andrievsky et al.
(2002a,c, 2004) and Luck et al. (2003), as functions of the galactocentric distance,
by analyzing Galactic Cepheids (see Cescutti at al. 2006). Referring to Tab. 4 of
the work of Cescutti et al. (2006), we find: Z = 1.65 × Z⊙ for R0 = 4 kpc and
Z = 0.74 × Z⊙ for R0 = 12 kpc.
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2.2.2 Dynamics of the galactic fountains

Our analysis focuses first on the study of solar neighborhood galactic fountains
(i.e. with R0 = 8 kpc). In Fig. 2.8 we show our results concerning the orbits of the
shell fragments once they leave the stellar disk in the purely ballistic model. The
trajectories of the orbits of each galactic fountain are plotted in the meridional plane
of the Galaxy (R, z). Spatial initial conditions are the same for all the considered
cases: R0 = 8 kpc and z0 = 448 pc, whereas the initial velocities depend on the
number of SNe considered (Tab. 2.4). In Fig. 2.8, we also show the average falling
radial coordinate in the Galaxy plane. As we can see, the clouds are preferentially
thrown outwards, but their final average landing coordinates differ by 1 kpc at most
from the throwing coordinate. This result is consistent with the works of Bregman
(1980), Fraternali & Binney (2008) and Melioli et al. (2008a). Melioli et al. (2009)
presented results for a multiple fountain model produced by randomly clustered
explosions of SNe originating in stellar associations spread over a disk area of 8 kpc
2. As in the case of a single fountain, the spreading of the SN ejecta back into
the disk is not very large. Most of the gas lifted up by fountains falls back within
a distance ∆R=±0.5 kpc. On the other hand, in their hydro-simulations for the
MW disk, Booth & Theuns (2007) found that clouds ejected from galactic fountains
return to the disk at average galactocentric distances several times larger than the
galactocentric distance of the fountain. However, their mass resolution (particle
mass ≃ 1.5 × 105M⊙ in the highest resolution simulation) makes their results more
suitable for understanding the global behavior of the HI in the Galaxy rather than
the evolution of a single superbubble/supershell. In Tab. 2.6 we report the main
radial velocity for each fountain given by:

< vR >=
< ∆R >

< ∆t >
, (2.42)

where ∆R = Rfinal − R0 and ∆t = torbit; the time torbit is the time required for
the cloud to return to the galactic disk once it leaves the supershell. Several chem-
ical evolution studies have suggested that the metallicity gradient disappears if the
velocity of the radial flow is |vf | > 2 km s−1 (see Matteucci 2001).

Table 2.6: Radial flow velocities (in km s−1) in the solar neighborhood (model
without drag) as a function of the radial throwing coordinate.

4 kpc 8 kpc 12 kpc

10 SNe 0.6 0.6 1.1
50 SNe 1.6 2.3 4.2
100 SNe 2.6 4.1 6.6
500 SNe 4.5 13.2 14.4

For the model with viscous interactions we must know also the mass of the cloud
because the drag terms depend on this quantity (see eq. 2.33). Referring to Fig.
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2.1 we assume that the part of the shell which could fragment and move upwards is
the mass included above the s height where dR

dz
= 0. Above this height each point of

the shell has a positive velocity component along the z axis. Therefore, we estimate
that the masses of a gas cloud ejected by sequential SN events in the extra-planar
halo are of the order of:

McloudR0=4
= 2.17 × 105M⊙, (2.43)

McloudR0=8
= 1.24 × 105M⊙, (2.44)

McloudR0=12
= 0.84 × 105M⊙. (2.45)

We note that the masses of the clouds are roughly 20% of the initial supershell mass,
therefore the total amount of the ejected metals in clouds is roughly 20 % of the
metals produced by the OB association, in agreement with the recent Melioli et al.
(2008) hydrodynamical simulation results.

In Fig. 2.9 we show that for the range of initial velocities considered here, the
effect of a viscous term in the motion equations is weak. The most evident effect is
reported in Fig. 2.10 where the hybrid model is compared with the purely ballistic
one in the case of 500 sequential SN explosions at R0= 12 kpc. The natural effect
of a viscous interaction between the cloud and the extra-planar gas is to brake the
motion of the clouds. Therefore, the average radial of the coordinate falling on the
disk for the model with drag < Rfinal >= 12.37 kpc is much smaller than the one
obtained with the purely ballistic model (< Rfinal >= 14.38 kpc)

As shown in Tab. 2.7, it is likely that the most realistic number of massive stars
in OB associations in our Galaxy is about 100. In Fig. 2.11 we have shown various
fountains for the model without drag obtained with 100 sequential SN explosions
respectively at 12, 8, 4 Kpc as radial coordinates. As shown before, different radial
initial conditions imply different ejection velocities for the clouds. In particular, the
throwing coordinate R0=12 kpc is surrounded by a more tenuous disk, therefore the
velocity is larger and the orbits wider. The highest z coordinate that a cloud could
reach in this case is about z= 2.3 kpc.

2.3 Comparison with HVC and IVC observations

In this section we compare our models with observational data concerning dis-
tance and chemical composition of some clouds in our Galaxy. We consider two
cloud systems: Complex C (HVCs) and IV Arch (IVC).

2.3.1 Complex C

In the work of Wakker et al. (2007) the first successful detection of interstellar
Ca ii H and K absorption from HVC complex C was reported. They concluded
that complex C is located at Galactocentric radius <14 kpc, and lies high above the
Galactic plane (z=3–9 kpc).
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Table 2.7: Massive stars in OB associations from de Zeeuw et al. (1998)

OB association WR O B A Total

Upper Scorpius 49 34 83
Upper Centaurus Lupus 66 68 134
Lower Centaurus Crux 42 55 97

Vela OB2 1 81 5 87
Trumpler 10 22 1 23
Collinder 121 1 1 85 8 95
Perseus OB2 17 16 33

α Perseus OB2 33 30 63
Lacerta OB1 1 35 46 82
Cepheus OB2 1 56 10 67

Integrating the H i column density across the cloud, M( H i) was estimated to be
0.7-6.0 ×106M⊙. As we show in eqs. (2.43), (2.44), (2.45), the sizes of our ejected
clouds are considerably smaller. Even if we consider the case of the superbubble
given by 500 SN explosions with R0=12 kpc, the highest z we can reach is about
z ≃ 4.4 kpc and at this height our cloud velocities are roughly zero. In the Tab. 1 of
Wakker et al. (2007) the velocities (relative to the LSR) of complex C are reported
in the direction of different lines of sight, and on average the complex C velocity is
-114 km/s. Therefore, the kinematical data of Complex C are inconsistent with our
results.

A key point for understanding the origin of this HVC is to consider its chemical
composition. Because oxygen is not significantly depleted onto dust grains (Meyer
et al. 1998) and the O i/H i ratio is not altered by ionization effects, we have that
(Oi/Hi) ≈ (O/H). In the work of Richter et al. (2001) the solar values for the
abundances are given by Anders & Grevesse (1989) and Grevesse & Noels (1993).
For oxygen they obtained:

[O/H] ≃ [O i/H i] = −1.03+0.37
−0.31. (2.46)

For the iron abundance in the Complex C:

[Fe/H] ≃ [(Fe ii + Fe iii)/H i]. = −1.15. (2.47)

Based on the data from Fe ii they obtained [Fe/H] = −1.27+0.20
−0.14. Therefore a

low iron abundance in Complex C could be a result of depletion of iron onto Fe
rich dust (Savage & Sembach 1996). A more careful discussion about the possible
effects of dust is given in Sect. 4.3. Hence the relative abundance is [O/Fe] = 0.12.
In our model a similar result is obtained in the case of 500 SNe with the initial
radial throwing coordinate fixed at R0 = 12 kpc and, the disk initial gas metallicity
Z = 0.1 × Z⊙. As we have seen, the most likely metallicity of the disk at R0= 12
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kpc at the present time is 0.74 Z⊙, which is not consistent with the total metallicity
of Complex C (eqs. 2.46 and 2.47). With our model we obtain [O/Fe] = 0.03 dex
only in the case of 500 SNe with a throwing coordinate R0 = 12 kpc and metallicity
fixed at 0.74 Z⊙ (see Fig. 2.7) and such a large number of SNe is unlikely. Given
the inconsistency of the kinematical data with our predictions, we can rule out a
Galactic origin for the Complex C HVC.

2.3.2 IV ARCH

Richter et al. (2001) suggested that IV Arch, given its nearly solar abundance
and its z-height of 0.8-1.5 kpc, has its origin in the MW disk, probably as part
of a Galactic fountain. These heights are consistent with our results, and also the
velocities of IVCs are easily understandable in the framework of galactic fountains.
The abundances measured by Richter et al. (2001) are: [O/H] = −0.01+0.35

−0.27 and
[Fe/H] = −0.26+0.19

−0.15, therefore:

[O/Fe] = [O/H] − [Fe/H] = 0.25 dex. (2.48)

If we assume a Galactic fountain origin, our model yields [O/Fe] = 0.24 dex in
the case of 500 SN explosions, R0= 8 kpc and metallicity Z = 0.01 × Z⊙, and
[O/Fe] = 0.26 dex in the case of 100 SN explosions, R0= 12 kpc and metallicity
Z = 0.01×Z⊙. As we have seen, it is quite unlikely that the initial metallicity of an
OB association is nowadays as low as 0.01 Z⊙ and this low initial metallicity would
be inconsistent with the nearly solar abundance measured in IV Arch. Therefore,
although the kinematic properties of IV Arch are in agreement with our results, its
large [O/Fe] casts some doubt about the Galactic origin of this IVC.

2.3.3 The effect of dust

The work of Lu et al. (1998) showed how important is the depletion of metals (in
particular Fe) into dust in the ISM. Since this can affect out results about [O/Fe]
ratios, here we estimate the time scales of the destruction and accretion of dust in
a superbubble. Referring to the work of Calura et al. (2008) we define, for a given
element i the destruction time-scale τdestr for the dust in the superbubble due to SN
shocks as:

τdestr,i = (ǫMSNR)−1 · σISM

RSN

, (2.49)

where RSN is the total SN rate, MSNR is the mass of the interstellar gas swept up
by the SN remnant and ǫ is the destruction efficiency in a three-phase medium. We
consider for σISM , the surface gas density of the ISM, the value of 10M⊙ pc−2 and
ǫMSNR ≃ 105M⊙. For the SN rate we consider the typical case of the OB association
with 100 SNe. We assume as the radius of the OB association the conservative value
of 100 pc. We obtain that τdestr,i ≃ 0.7 Myr. This timescale is considerably shorter
than the time necessary for the formation of a RT instable supershell in our model
(See sect. 2.2.1 ). If the number of SN is smaller, τdestr is larger but it remains



2.4 Summary 51

considerably smaller than tfinal. Given the complexity of the interaction between
SN shocks and dust (Draine & Salpeter 1979; Jones et al. 1996) this estimate is
necessarily simplified but it leads to the suggestion that only a small amount of dust
can survive in the supershell swept up by the OB association, therefore only a small
fraction of metals in the clouds driven by the galactic fountains is locked into dust
grains. Can this amount significantly increase by dust accretion during the journey
of the cloud? To answer this question we have to compare the dynamical timescale
of our clouds with the typical dust accretion timescale.

Following again the work of Calura et al. (2008), let Xd be the abundance by
mass of the dust and σ the ISM fraction at time t, the quantity σdust = Xd · σ
represents the normalized mass density of the dust at the time t.

The accretion timescale τaccr is given by:

τaccr = τ0/(1 − Xd), (2.50)

for τ0 typical values range between 50 Myr and 200 Myr (see Dwek 1998). The
integration of the equation for the temporal evolution of Xd with the initial condition
Xd,0 ≃ 0 and Xd ≪ 1 gives:

t ≃ τ0,i [ln(Xd/Xd,0) − ln(1)] . (2.51)

Now we can compute the time that it takes to increase the initially small amount
of dust up to a non-negligible value. If we calculate for instance the time necessary
to accrete 10 times the initial dust fraction (e.g. Xd/Xd,0 = 10), we get:

t ≃ 2.3τ0,i. (2.52)

This time is larger than the average time of the cloud orbits (see Table 4.1) , therefore
we can conclude that the depletion of metals into dust does not play a important
role in the supershell evolution.

2.4 Summary

We have studied the evolution of a supershell powered by the energetic feed-
back of a typical Galactic OB association at various Galactocentric radii. Based
on the Kompaneets (1960) approximation, we have found analytical solutions for
the temporal evolution of the supershell and we have established criteria for its
fragmentation, which can create clouds that are thrown out of the disk. Given the
self-similar behavior of the Kompaneets solutions, the clouds are formed at the same
scale height (∼ 450 pc), irrespective of the number of SNe in the OB association
or of the Galactocentric radius at which the OB association lies. Assuming that
the ejecta of the dying stars of the OB association instantaneously mix with the
supershell, we are able to calculate the chemical composition of the clouds and in
particular their [O/Fe].

We have considered four different OB associations (containing 10, 50, 100 and
500 SNe, respectively) and three different initial throwing coordinates (4, 8 and 12
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Kpc, respectively). Once the clouds are formed and can leave the disk, we follow
their orbits either assuming a purely ballistic model, or introducing a viscous force
acting between the cloud and the surrounding hot halo gas. Our main conclusions
can be summarized as follows:

• If the initial metallicity of the OB association is solar, the pollution from the
dying stars has a negligible effect on the chemical composition of the clouds.
In particular, the [O/Fe] abundance ratio reaches at most ∼ 0.025 in a model
in which the throwing coordinate is R0 = 12 kpc. Only starting from very
low metallicities (less than 1/100 Z⊙) it is possible to produce a significant
enrichment of α-elements relative to Fe.

• Both in the ballistic and in the viscous interaction models the maximum height
reached by the clouds is not very large. Only for OB associations composed
of 500 SNe is it possible to eject clouds up to heights larger than 2 kpc above
the plane of the Galaxy.

• The range of the cloud orbits is also quite small. The clouds are generally
directed outwards but the average landing coordinates differ from the throwing
coordinates by ∼ 1 kpc at most. Only for a throwing coordinate of 12 kpc and
an OB association made of 500 SNe does the ballistic model predict a landing
coordinate ∼ 2 kpc larger than the throwing one.

• Models including a viscous interaction between clouds and the extra-planar
gas predict smaller ranges of the cloud orbits. Indeed, the drag experienced
by the cloud brakes it and therefore it shortens its journey above the Galactic
plane.

• The HVC Complex C has a mass, velocity and inferred height above the
plane inconsistent with the results of our models. Its oxygen overabundance
([O/Fe]=0.12 dex) can be reproduced only if we assume a large OB associa-
tion with metallicity 0.1 Z⊙ or smaller, therefore its Galactic origin cannot be
completely ruled out on the basis of its chemical composition alone, but the
kinematical data suggest a different formation mechanism. The IVC Arch IV
instead has velocities and heights above the plane that are easily reproduced
by our models, but its [O/Fe] =0.25 dex is much larger than the one of Com-
plex C and it can be explained only by assuming initial metallicities smaller
than 1/100 Z⊙, which are unlikely at the present time for the Galactic disk.
Therefore, it is unlikely that the two studied clouds originated in a Galactic
fountain motion.
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N SNe

Figure 2.4: [O/Fe] ratios as functions of the number of SNe and of different disk gas
metallicities in the case of R0=8 kpc using stellar yields given by Woosley & Weaver
(1995).
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N SNe

Figure 2.5: As in Fig.2.4 using stellar yields given by Kobayashi et al. (2006).
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N SNe

Figure 2.6: [O/Fe] ratios as functions of the number of SNe and the throwing radial
coordinate in the case of solar metallicity using stellar yields given by Woosley &
Weaver (1995).
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N SNe

Figure 2.7: [O/Fe] ratios as functions of the number of SNe and the initial throwing
radial coordinate, taking for the ISM metallicities the average observed values along
the Galactic disk from Cepheids by Andrievsky et al. (2002a-c, 2004) and Luck et
al. (2003) (see Cescutti et al. 2006).
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Figure 2.8: Galactic fountains in the meridional plane in the purely ballistic model
with the same spatial initial conditions: (R, z)=(8 kpc, 448 pc). Red squares on the
R axis are the average falling radial coordinate.



58 Galactic fountains and their connection with HVCs and IVCs

Figure 2.9: Galactic fountains in a model with drag with the initial radial coordinate
R0=8 kpc. In this case the orbits depend on the mass of the cloud ejected (indicated
on the top of the panels). The natural effect of the viscous interaction is to decelerate
the clouds. Red squares on the R axis are the average falling radial coordinate.
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Figure 2.10: Fountains that reach the maximum height in our model.
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Figure 2.11: Fountains in the purely ballistic model driven by a sequential explosion
of 100 SNe .Red squares on the R axis are the average falling radial coordinate.



Chapter 3

Chemical evolution models

Galactic chemical evolution is the study of the evolution in time and in space
of the abundances of the chemical elements in the interstellar gas in galaxies. This
process is influenced by many parameters such as the initial conditions, the star
formation and evolution, the nucleosynthesis and possible gas flows.

3.1 Simple models

Although the simple models of galactic chemical evolution are not able to follow
the evolution of single elements especially those produced on long timescales since
they assume instantaneous recycling approximation, they can be useful to study
some galactic properties for elements produced on short time-scales such as oxygen
(∼ total metallicity). We are showing here some analytical solution which are often
used in the literature. We also present our new analytical solution for the galactic
fountain in the simple model framework.

3.1.1 Closed model solutions

As it is well known, the so-called Simple Model of chemical evolution is based on
the following assumptions:

1. the system is one-zone and closed, namely there are no inflows or outflows.

2. The initial gas is primordial (no metals).

3. The IMF is constant in time.

4. The gas is well mixed at any time (instantaneous mixing).

5. Stars more massive than 1 M⊙ die instantaneously; stars smaller than 1 M⊙

live forever (instantaneous recycling approximation or IRA).

61
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These simplifying assumptions allow us to calculate analytically the chemical evo-
lution of the galaxies. We define here the fundamental quantity R, the returned
fraction,

R =

∫ ∞

1
(m − MR)φ(m)dm
∫ ∞

0
mφ(m)dm

, (3.1)

namely the total mass fraction of gas restored by a stellar generation; φ(m) is the
IMF and MR is the mass of the remnant. For the IMF we use the normalization as
follow:

∫ ∞

0

mφ(m)dm = 1. (3.2)

We also introduce the galactic yield yz defined as:

yZ =
1

1 − R

∫ ∞

1

mpZ,mφ(m)dm, (3.3)

namely the ratio between the total mass of newly formed and ejected by all stars
larger than 1 M⊙ and the amount of mass locked up in low mass stars and remnants.
pZ,m is the stellar yield by a star of mass m. The well known solution of the closed
box model (Tinsley 1980) is:

Z = yZ ln(µ−1), (3.4)

where µ is the gas fraction Mg(t)/Mtot(t) and Z = Mz/Mg is the total gas metallicity.
This result is obtained by assuming that the galaxy initially contains only gas and
has the remarkable property that it does not depend on the particular star formation
history of the galaxy. To obtain eq. (3.4) one has to assume that yZ does not
depend on metallicity. Nucleosynthesis can indeed depend on metallicity, especially
for secondary elements. In the general case in which yZ = f(Z) the evolution of the
metallicity is governed by the following equation:

∫ Z

0

dw

f(w)
= ln(µ−1). (3.5)

3.1.2 Leaky box solutions

Relaxing the first of the assumptions of the simple model, we obtain models
including gas flows, also known as leaky box models. Analytical solutions of simple
models of chemical evolution including infall or outflow are known since at least 30
years (Pagel & Patchett 1975; Hartwick 1976; Twarog 1980; Edmunds 1990). Here,
we follow the approach and the terminology of Tinsley (1980) and Matteucci (2001),
namely we assume for simplicity linear flows (we assume gas flows proportional to
the star formation rate (SFR)). Therefore, the outflow or wind rate W (t) is given
by:

W (t) = λ(1 − R)ψ(t), (3.6)
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where ψ(t) is the SFR, and the infall rate A(t) is given by:

A(t) = Λ(1 − R)ψ(t). (3.7)

Here λ and Λ are two proportionality constants larger than zero. The first assump-
tion is justified by the fact that, the larger the SFR is, the more intense are the
energetic events associated with it (in particular SN explosions and stellar winds),
therefore the larger is the chance of having a large-scale outflow (see e.g. Silk 2003).
A proportionality between A(t) and ψ(t) instead does not have a clear physical
justification. .

The system of equations we need to solve is therefore:







































dMtot

dt
= (Λ − λ)(1 − R)ψ(t),

dMg

dt
= (Λ − λ − 1)(1 − R)ψ(t),

dMZ

dt
= (1 − R)ψ(t)[ΛZA + yZ − (λ + 1)Z].

(3.8)

where MZ is the mass of metals (MZ = Z · Mg) and ZA is the metallicity of the
infalling gas.

The general solution of this system in the presence of infall of gas with a general
metallicity ZA and outflow is:

Z =
ΛZA + yZ

Λ

{

1 −
[

(Λ − λ) − (Λ − λ − 1)µ−1
]

Λ
Λ−λ−1

}

. (3.9)

To find this solution we have made use of the initial conditions Z(0) = 0, Mg(0) =
Mtot(0) = Mg,0. It is worth pointing out that the explicit dependence of Z on time
is hidden in the time dependence of µ.

We show in Fig. 3.1 the evolution of Z/yZ versus µ in the case ZA = 0 for
different values of λ and Λ. It is worth reminding that µ = 1 at the beginning of the
evolution of the galaxy and its value decreases with time. Therefore, the time axis is
inverted compared to the µ-axis in this figure and in similar ones. We can see that
all the models with gas flows produce metallicities smaller than the ones predicted
by the closed box model (solid line). This is in agreement with the first and the third
of Edmund’s theorems (Edmunds 1990), since we have assumed that the infalling
gas is pristine (ZA = 0). Fig. 3.2 shows the effective yields yeff = Z/ ln(µ−1)
(normalized to yZ) of the same models presented in Fig 3.1. yeff is often used in
literature to interpret data and to analyze to what extent the chemical evolution of a
galaxy deviates from the behavior predicted by the closed box model (Garnett 2002;
Tremonti et al. 2004). We can notice from eq. (3.9) that the solution diverges for
models in which λ > Λ when µ approaches 0, therefore, we show Z/yZ and yeff/yZ

versus µ only until µ ∼ 0.1. Indeed, Prantzos & Aubert (1995) pointed out that
IRA cannot be applied in situations in which low µ values are obtained, because
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Figure 3.1: Evolution of the metallicity as a function of µ for the closed box model
(solid line) and models with gas flows: λ = 2 and Λ = 0 (dotted line); λ = 0 and
Λ = 2 (short-dashed line); λ = 3 and Λ = 1 (long-dashed line); λ = 1 and Λ = 3
(dot-dashed line). The metallicity of the infalling gas ZA is assumed to be 0.
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Figure 3.2: Normalized effective yield as a function of µ. Notation as in Fig. 3.1
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the amount of gas ejected by low mass stars at late times can substantially modify
the final abundances, also for elements produced on short timescales by massive
stars. We notice here also that, in models in which the infall rate is larger than the
outflow rate, not all the values of µ are possible. Solving the first two equations of
the system (3.8), we get:

µ =
Λ − λ − 1

Λ − λ
+

1

Λ − λ

Mg,0

Mg

. (3.10)

In the models in which Λ > λ + 1, Mg is always increasing (eq. 3.8), therefore µ
ranges between 1 and a minimum value:

µmin =
Λ − λ − 1

Λ − λ
. (3.11)

For models in which λ + 1 > Λ > λ there is no µmin but there is a upper limit
reachable by the gas mass which is given by Mg,lim = Mg,0/(λ + 1 − Λ). For this
reason, we plotted in Figs. 3.1 and 3.2 the model with λ = 0 and Λ = 2 (short-dashed
line) and the model with λ = 1 and Λ = 3 (dot-dashed line) only for µ ≥ µmin = 0.5.

3.2 The galactic fountain in Simple models

3.2.1 The framework of the differential winds

We present in this section the chemical evolution of galaxies in which a differential
wind is assumed, namely in which the metals are more easily channelled out of
the parent galaxy than the pristine gas. The easiest way to consider a differential
wind in the framework of simple models of chemical evolution is to assume that
the metallicity of the gas carried out in the galactic wind is proportional to the
metallicity of the ISM with a proportionality constant larger than one. If we define
Zo as the metallicity of the outflowing gas, this condition implies that Zo = αZ with
the ejection efficiency α > 1. In the metallicity budget (third equation in (3.8)) we
assume that the negative term due to the galactic wind is given by W (t)Zo =
αZλ(1 − R)ψ(t). With our simple approach we are able to determine analytical
expressions for the evolution of Z, which allow us to understand more clearly the
effect of galactic winds on the chemical evolution of galaxies.

The set of the equations we have to solve in this case is very similar to (3.8),
with the only difference given by the metallicity budget equation, which we modify
as follows:

dMZ

dt
= (1 − R)ψ(t)[ΛZA + yZ − (λα + 1)Z]. (3.12)

The solution of this new set of equations is given by:

Z =
ΛZA + yZ

Λ + (α − 1)λ

{

1 −
[

(Λ − λ) − (Λ − λ − 1)µ−1
]

Λ+(α−1)λ
Λ−λ−1

}

. (3.13)
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It is straightforward to see that we can obtain eq. (3.9) in the case α = 1 (i.e. in
the case in which the galactic wind is not differential). We remind here that this
solution is valid only for primary elements. The evolution of secondary elements
(namely elements synthesized from the metals present in the stars at birth) in the
framework of simple models with gas flows has been extensively studied by Köppen
& Edmunds (1999) and we refer the reader to this paper to find out more about it.

Assuming again for simplicity an infall of pristine gas (i.e. ZA = 0) we can
see how the chemical evolution of the galaxy varies with the ejection efficiency α.
In Figs. 3.3 and 3.4 we show Z/yZ vs. µ for different values of α and gas flow
parameters (λ, Λ) taken as (3, 1) and (1, 3), respectively. The first couple of values
can be attributed to objects in which galactic winds have a prominent role. This is
usually the case in dwarf galaxies, since the potential well of these objects is very
shallow and large-scale outflows must be common (Dekel & Silk 1986). The second
set of parameters (λ = 1, Λ = 3) can more properly refer to spiral galaxies, although
large outflow episodes in massive spirals are not very likely. In general, the effect of
differential winds can be more clearly distinguished in models in which the outflow
is prominent compared to the infall.

As expected, the differential wind determines a significant reduction of the metal-
licity of the galaxy. It can be shown analytically that, for each value of α > 1, eq.
(3.13) produces metallicities systematically smaller that the ones obtained from eq.
(3.9). Moreover, it is evident from these plots that the asymptotic trend of Z/yZ as
µ approaches 0 or µmin. From eq. (3.13) it is easy to see that, in both cases, Z/yZ

asymptotically tends to the value [(α − 1)λ + Λ]−1 provided that ZA = 0, therefore
Z/yZ decreases almost linearly with α when µ is small and α ≫ 1.

3.2.2 The analytical solution in the presence of galactic foun-
tains

A special case of variable infall metallicity is represented by the situation in
which ZA = Zo = αZ, namely the metallicity of the infalling gas is set to be always
proportional to the one of the ISM of the galaxy as for the wind. This condition
implies therefore that the very same gas that has been driven out of the galaxy by
energetic events can subsequently rain back to the galaxy, due to the pull of its
gravitational potential. In order to solve the chemical evolution in this special case,
we have necessarily to assume that λ ≥ Λ since the reservoir for the infall gas is
given by the gas expelled out of the galaxy through galactic winds. The solution of
the chemical evolution in the presence of galactic fountains is given by:

Z =
yZ

(λ − Λ)(α − 1)

{

1 −
[

(Λ − λ) − (Λ − λ − 1)µ−1
]

(λ−Λ)(α−1)
Λ−λ−1

}

. (3.14)

A comparison of this solution with the solution of eq. (3.13) with infall of pristine
gas (ZA = 0) is shown in Fig. 3.5. For both models plotted in this figure we have
assumed λ = 3, Λ = 1 and α = 5. As expected, the galactic fountain model predicts
larger values for Z.
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Figure 3.3: Evolution of the metallicity as a function of µ for simple models with
differential winds, λ = 3, Λ = 1 and ZA = 0. Plotted are models with the differential
wind parameter α = 2 (dotted line), 5 (short-dashed line), 10 (long-dashed line) and
50 (dot-dashed line). For reference, also the model with α = 1 (normal wind) is
plotted (solid line).
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Figure 3.4: As in Fig. 3.3 but for λ = 1 and Λ = 3
.
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Figure 3.5: Comparison of the chemical evolution of a galactic fountain model (solid
line) with a model with infall of pristine gas (ZA = 0, dotted line). For both models,
λ = 3, Λ = 1 and α = 5.
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From eqs. (3.13) and (3.14) we can also notice that the metallicity ratio tends
asymptotically to the value [(α − 1)λ + Λ]/[(λ − Λ)(α − 1)] which is always larger
than one (for the special choice of parameters it is equal to 13/8) but it tends to 1 for
α ≫ 1. In our example, only an infall of pre-enriched gas, whose metallicity is larger
than 5/8 yZ can therefore produce a metallicity in the galaxy larger than the one
attained by the galactic fountain model. From eq. (3.14) we can also see that, in the
special case in which λ = Λ, Z/yZ tends to the solution of the closed box model (eq.
3.4). This is due to the fact that, in the framework of the simple models of chemical
evolution, having outflow and infall with the same rate and metallicity or not having
gas flows at all is formally the same. Indeed, as we have shown in Chapter 2 the
fountains take a finite and non-negligible time to orbit around and fall back to the
galaxy. This implies a delay in the mixing of metals in the ISM, which conflicts
with the fourth assumption of the simple models of chemical evolution (Sect. 3.1.1),
therefore only detailed numerical models can ascertain the effect of this delay on the
chemical evolution of galaxies.

3.3 Numerical models of chemical evolution

In order to build a detailed chemical evolution model one needs to specify the
initial conditions, namely whether the system is closed or open and whether the gas
is primordial (no metals) or already chemically enriched. Then, it is necessary to
define the stellar birthrate function, which is generally expressed as the product of
two independent functions, the SFR and the IMF, namely:

B(m, t) = ψ(t)ϕ(m) dt dm (3.15)

where ϕ(t) is the SFR and ψ(m) is the IMF. The SFR is assumed to be only a
function of the time and the IMF only a function of the mass. This oversimplification
is due to the absence of a clear knowledge of the star formation process.

Moreover, it is necessary to know the stellar lifetime and the nuclear burnings
which take place in the stellar interiors during the stellar lifetime and produce new
chemical elements, in particular metals. These metals, together with the pristine
stellar material are restored into the ISM at the star death. This process clearly
affects crucially the chemical evolution of the ISM. Finally, supplementary parame-
ters as the infall of extragalactic gas, radial flows and galactic winds, are important
ingredients in building galactic chemical evolution models.

The SFR is one of the most important drivers of galactic chemical evolution: it
describes the rate at which the gas is turned into stars in galaxies. Since the physics
of the star formation process is still not well known, several parameterizations are
used to describe the SFR. A common aspect to the different formulations of the SFR
is that they include a dependence upon the gas density. Here we recall the most
commonly used parameterizations for the SFR adopted so far in the literature. An
exponentially decreasing SFR provides an easy to handle formula:

ψ(t) = νe−t/τ⋆ (3.16)
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with τ⋆ = 5-15 Gyr in order to obtain a good fit to the properties of the solar
neighborhood (Tosi, 1988) and ν= 1 - 2 Gyr−1, being ν the efficiency of star forma-
tion which is expressed as the inverse of the timescale of star formation. However,
the most famous formulation and most widely adopted for the SFR is the Schmidt
(1959) law:

ψ(t) = νσk
gas (3.17)

which assumes that the SFR is proportional to some power of the volume or surface
gas density (σgas). The exponent suggested by Schmidt was k = 2 but Kennicutt
(1998) suggested that the best fit to the observational data on spiral disks and
starburst galaxies is obtained with an exponent k = 1.4± 0.15. A more complex
formulation, including a dependence also on the total surface mass density (σtot),
which is induced by the SN feedback, was suggested by the observations of Dopita
& Ryder (1994) who proposed the following formulation:

ψ(t) = νσk1
totσ

k2
gas (3.18)

Kennicutt suggested also an alternative law to the Schmidt-like one discussed above:

ψ(t) = 0.017Ωgasσgas (3.19)

being Ωgas the angular rotation speed of the gas.
The most common parameterization for the IMF is that proposed by Salpeter

(1955), which assumes a one-slope power law with x = 1.35, in particular:

ϕ(m) = Am−(1+x) (3.20)

ϕ(m) is the number of stars with masses in the interval M, M+dM, and A is a
normalization constant. More recently, multi-slope expressions of the IMF have
been adopted since they better describe the luminosity function of the main sequence
stars in the solar vicinity (Scalo 1986, 1998; Kroupa et al. 1993). Generally, the
IMF is assumed to be constant in space and time, with some exceptions such as the
one suggested by Larson (1998), which adopts a variable slope:

x = 1.35(1 + m/m1)
−1 (3.21)

where m1 is variable with time and associated to the Jeans mass, (the typical mass at
which the internal pressure is no longer strong enough to prevent gravitational col-
lapse). The effects of a variable IMF on the galactic disk properties have been studied
by Chiappini et al. (2000), who concluded that only a very “ad hoc” variation of the
IMF can reproduce the majority of observational constraints, thus favoring chemical
evolution models with IMF constant in space and time.

The stellar yields are fundamental ingredients in galactic chemical evolution. In
the past ten years a large number of calculations has become available for stars of
all masses and metallicities. However, uncertainties in stellar yields are still present.
This is due to uncertainties in the nuclear reaction rates, treatment of convection,
mass cut, explosion energies, neutron fluxes and possible fall-back of matter onto
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the proto-neutron star. Moreover, the 14N nucleosynthesis and its primary and/or
secondary nature are still under debate. Depending on the galactic system, the infall
rate (IR) can be assumed to be constant in space and time, or more realistically the
infall rate can be variable in space and time:

IR(r, t) = A(r)e−t/τ(r) (3.22)

with τ(r) constant or varying along the disk. The parameter A(r) is derived by fitting
the present time total surface mass density in the disk of the Galaxy, σtot(tnow).
Otherwise, for the formation of the Galaxy one can assume two independent episodes
of infall during which the halo and perhaps part of the thick-disk formed first and
then the thin-disk, as in the two-infall model of Chiappini et al. (1997).

For the rate of gas outflow or galactic wind there are no specific prescriptions
but generally one simply assumes that the wind rate (W) is proportional to the SFR
(Hartwick 1976, Matteucci & Chiosi 1983):

W (t) ∝ λψ(t) (3.23)

with λ being a free parameter.
A good model of chemical evolution should be able to reproduce a minimum

number of observational constraints and the number of independent observational
constraints should be larger than the number of free parameters which are: τ , k1,
k2, the ϕ(m) slope(s) and the parameter describing the wind, λ if adopted.

The main observational constraints in the MW, in particular in the solar vicinity,
that a good model should reproduce (see Chiappini et al. 2001) are:

• The present time surface gas density: Σgas = 13±3 M⊙pc−2

• The present time surface star density Σ⋆= 35±5 M⊙pc−2

• The present time total surface mass density: Σtot = 48±9 M⊙pc−2

• The present time SFR: ψ0 = 2 - 5M⊙ pc−2Gyr−1

• The present time infall rate: 0.3 - 1.5M⊙ pc−2 Gyr−1

• The present day mass function (PDMF).

• The solar abundances, namely the chemical abundances of the ISM at the time
of birth of the solar system 4.5 Gyr ago.

• The age-metallicity relation, namely the relation between the ages of the stars
and the metal abundances of their photospheres, assumed to be equivalent to
the stellar [Fe/H]1.

1We adopt the usual spectroscopic notations that [A/B]= log10(NA/NB)⋆ − log10(NA/NB)⊙
and that logǫ(A) = log10(NA/NH) + 12.0, for elements A and B
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• The G-dwarf metallicity distribution, namely the number of stars with a life-
time equal or larger than the age of the Galaxy as a function of their metal-
licities.

• The distributions of gas and stars formation rate along the disk.

• The average SNII and Ia rates along the disk (SNII=1.2±0.8 cen−1 and SNIa=0.3±0.2
cen−1).

• The observed abundances in the stars and the [A/Fe] vs. [Fe/H] relations.

The chemical compositions of stars of all Galactic generations contains very
important information about the cumulative nucleosynthesis history of our Galaxy.
The difference in the timescales for the occurrence of SNII and Ia produces a timede-
lay in the Fe production relative to the α-elements (Tinsley 1979; Greggio & Ren-
zini 1983b; Matteucci 1986). In fact, in the single degenerate scenario for a SNIa,
originally proposed by Whelan and Iben (1973), the SNIa explodes due to a C-
deflagration in a C-O white dwarf (WD) reaching the Chandrasekhar mass limit,
MCh= 1.44M⊙, after accreting material from a red giant companion. The progeni-
tors of C-O WDs lie in the range 0.8 - 8.0M⊙, therefore, the most massive binary
system of two C-O WDs is the 8M⊙ + 8M⊙ one. The clock of the system in this
scenario is provided by the lifetime of the secondary star (i.e. the less massive one
in the binary system). This implies that the minimum timescale for the appearence
of the first type Ia SNe is the lifetime of the most massive secondary star. In this
case the time is tSNIamin=0.03 Gyr (Greggio & Renzini 1983a; Matteucci & Greggio,
1986; Matteucci & Recchi, 2001). On this basis we can interpret all the observed
abundance ratios plotted as functions of metallicity. In particular, this interpreta-
tion is known as time-delay model and only a model including both contributions
in the percentages of 30% (SNII) and 70% (SNIa) can reproduce the data.

3.4 The detailed chemical evolution model for the

Milky Way of François et al. (2004).

We started from the model of François et al. (2004) (hereafter F04) which is
an upgrade of the original model of Chiappini et al. (1997), where the Galaxy is
assumed to have formed by means of two main infall episodes. The first formed the
halo and the thick disk, the second the thin disk. The time-scale for the formation
of the halo-thick disk is 0.8 Gyr and the entire formation period does not last more
than 2 Gyr. The time-scale for the thin disk is much longer, 7 Gyr in the solar
vicinity, implying that the infalling gas forming the thin disk comes mainly from the
intergalactic medium and not only from the halo. Moreover, the formation timescale
of the thin disk is assumed to be a function of the galactocentric distance, leading
to an inside out scenario for the Galaxy disk build-up (Matteucci & François 1989).
The galactic thin disk is approximated by several independent rings, 2 kpc wide,
without exchange of matter between them.
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The main characteristic of the two-infall model is an almost independent evo-
lution between the halo and the thin disk (see also Pagel & Tautvaisienne 1995).
A threshold gas density of 7M⊙pc−2 in the star formation process (Kennicutt 1989,
1998, Martin & Kennicutt 2001) is also adopted for the disk.

This model already reproduces an extended set of observational constraints.
Some of the most important observational constraints are represented by the various
relations between the abundances of metals (C,N,O,α-elements, iron peak elements)
as functions of the [Fe/H] abundance (see Chiappini et al. 2003a, b and F04) and by
the G-dwarf metallicity distribution. Although this model is probably not unique,
in this respect it reproduces the majority of the observed features of the MW. Many
of the assumptions of the model have been shared by other authors (e.g. Prantzos
& Boissier 2000, Alibés et al. 2001, Chang et al. 1999).

The equation below describes the time evolution of Gi, namely the mass fraction
of the element i in the gas:

Ġi(r, t) = −ψ(r, t)Xi(r, t)

+

MBm
∫

ML

ψ(r, t − τm)Qmi(t − τm)φ(m)dm

+AIa

MBM
∫

MBm

φ(MB) ·





0.5
∫

µm

f(µ)ψ(r, t − τm2)Q
SNIa
mi (t − τm2)dµ



 dMB

+(1 − AIa)

MBM
∫

MBm

ψ(r, t − τm)Qmi(t − τm)φ(m)dm

+

MU
∫

MBM

ψ(r, t − τm)Qmi(t − τm)φ(m)dm

+XAi
A(r, t) (3.24)

where Xi(r, t) is the abundance by mass of the element i and Qmi indicates the
fraction of mass restored by a star of mass m in form of the element i, the so-called
“production matrix” as originally defined by Talbot & Arnett (1973). We indicate
with ML the lightest mass which contributes to the chemical enrichment and it is
set at 0.8M⊙; the upper mass limit, MU , is set at 100M⊙.

The SFR ψ(r, t) is defined as:

ψ(r, t) = ν

(

Σ(r, t)

Σ(r⊙, t)

)2(k−1) (

Σ(r, tGal)

Σ(r, t)

)k−1

Gk
gas(r, t), (3.25)
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where ν is the efficiency of the star formation process and is set to be 2 Gyr−1

for the Galactic halo and 1 Gyr−1 for the disk. Σ(r, t) is the total surface mass
density, Σ(r⊙, t) the total surface mass density at the solar position, Ggas(r, t) the
surface density normalized to the present time total surface mass density in the disk
ΣD(r, tGal), where tGal = 14 Gyr is the age assumed for the MW and r⊙ = 8 kpc
is the solar galactocentric distance (Reid 1993). The gas surface exponent, k, is set
equal to 1.5. With these values of the parameters, the observational constraints, in
particular in the solar vicinity, are well fitted. Below a critical threshold of the gas
surface density (7M⊙pc−2), we assume no star formation. This naturally produces
a hiatus in the SFR between the halo-thick disk and the thin disk phases.

The Scalo (1986) IMF, constant in time and space is adopted. τm is the evolu-
tionary lifetime of stars as a function of their mass m (Maeder & Maynet 1989).

The Type Ia SN rate has been computed by assuming as progenitor model for
Type Ia SNe the single degenerate model (see also Chapter 5). We followed Greggio
& Renzini (1983a) and Matteucci & Greggio (1986) formulation which is expressed
as:

RSNeIa = AIa

MBM
∫

MBm

φ(MB)





0.5
∫

µm

f(µ)ψ(t − τM2)dµ



 dMB (3.26)

where M2 is the mass of the secondary, MB is the total mass of the binary system,
µ = M2/MB, µm = max [M2(t)/MB, (MB − 0.5MBM)/MB], MBm = 3M⊙, MBM =
16M⊙. The IMF is represented by φ(MB) and refers to the total mass of the binary
system for the computation of the Type Ia SN rate, f(µ) is the distribution function
for the mass fraction of the secondary:

f(µ) = 21+γ(1 + γ)µγ (3.27)

with γ = 2; AIa is the fraction of systems in the appropriate mass range, which
can give rise to Type Ia SN events. This quantity is fixed to 0.05 by reproducing
the observed Type Ia SN rate at the present time (Mannucci et al. 2005). Note
that in the case of the Type Ia SNe the“production matrix” is indicated with QSNIa

mi

because of its different nucleosynthesis contribution (for details see Matteucci &
Greggio 1986 and Matteucci 2001).

The term A(r, t) represents the accretion term and is defined as:

A(r, t) = a(r)e−t/τH(r) + b(r)e−(t−tmax)/τD(r). (3.28)

XAi
are the abundances in the infalling material, which is assumed to be primordial,

while tmax = 1 Gyr is the time for the maximum infall on the thin disk, τH = 0.8 Gyr
is the time scale for the formation of the halo thick-disk and τD(r) is the timescale
for the formation of the thin disk and is a function of the galactocentric distance
(inside-out formation, Matteucci and François, 1989; Chiappini et al. 2001).

In particular, it is assumed that:

τD = 1.033r(kpc) − 1.267 Gyr. (3.29)
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Finally, 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) = σDe−r/rD , (3.30)

where σD=531 M⊙ pc−2 is the central total surface mass density and rD = 3.5 kpc
is the scale length assumed for the disk of the Galaxy.

3.4.1 Nucleosynthesis prescriptions

For the nucleosynthesis prescriptions of the Fe and the other elements (namely O,
S, Si, Ca, Mg, Sc, Ti, V, Cr, Zn, Cu, Ni, Co and Mn ), we adopted those suggested
in F04. They compared theoretical predictions for the [el/Fe] vs. [Fe/H] trends in
the solar neighborhood for the above mentioned elements and they selected the best
sets of yields required to best fit the data. In particular, for the yields of SNe II
they found that the Woosley & Weaver (1995) (hereafter WW95) ones provide the
best fit to the data. No modifications are required for the yields of Ca, Fe, Zn and
Ni as computed for solar chemical composition. For oxygen, the best results are
given by the WW95 yields computed as functions of the metallicity. For the other
elements, variations in the predicted yields are required to best fit the data (see F04
for details).

In particular, the Mg yields require some adjustments since Mg yields from
massive stars are generally too low and predict a too low Mg solar abundance.
However, this fact does not affect the [Mg/Fe] vs. [Fe/H] diagram if the predicted
ratios are normalized to the predicted solar abundances. What matters in these
diagrams are the proportions of a given element produced in different mass ranges:
Mg is mainly produced in massive stars and therefore, irrespective of the predicted
Mg abundance, one always obtains an overabundance of Mg relative to Fe in metal
poor stars followed by a decrease of the Mg/Fe ratio at the onset of Type Ia SNe
which produce the bulk of Fe. F04 artificially increased the yields of Mg from
WW95 to obtain also a good solar Mg abundance and to give an indication to
nucleosynthesis modelers about what might be necessary to fit the absolute Mg
abundance. For the Fe-peak elements, the situation is more complex and still very
uncertain and we do not show results for these elements in this work. Concerning
O, the best agreement with the [O/Fe] vs. [Fe/H] and the solar O abundance, as
measured by Asplund et al. (2005), is obtained by adopting the original WW95
yields from massive stars as functions of metallicity. The same is not true for Fe:
it was already known from the paper of Timmes & al. (1995) that the Fe yields as
functions of metallicity overestimate the solar Fe and many people use those yields
divided by a factor of 2. Alternatively, one can use the yields for solar chemical
composition for the whole galactic lifetime and the result is the same. This is due
to the still existing uncertainties in the Fe yields.

Concerning the yields from Type SNeIa, revisions in the theoretical yields by
Iwamoto et al.(1999) are required for Mg, Ti, Sc, K, Co, Ni and Zn to best fit the
data. The prescription for single low-intermediate mass stars is by van den Hoek
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& Groenewegen (1997), for the case of the mass loss parameter, which varies with
metallicity (see Chiappini et al. 2003a, model5).

3.5 Inserting Galactic Fountains in a detailed chem-

ical evolution model

As we have shown in Chapter 2 the range of the cloud orbits originated from the
break out of a supershell is quite small. The clouds are generally directed outwards
but the average landing coordinates differ from the throwing coordinates by at most
∼ 1 kpc. Therefore, it is unlikely that galactic fountains can affect abundance
gradients on large scales. However the fountains take a finite and non-negligible
time to orbit around and fall back into the Galaxy. This implies a delay in the
mixing of metals in the ISM, which conflicts with the IMA assumption.

In this thesis we also test the effect on the chemical evolution of different values of
the delay generated by sequential SN explosions at different galactocentric distances.

3.5.1 The relaxation of the IMA

While the IRA has been relaxed in most of the recent chemical evolution models,
there have been only a few attempts to relax the IMA mainly because of difficulties
in estimating the dispersal and mixing time of the chemical elements (Roy & Kunth
1995) and because models which retain the IMA provide nevertheless an excellent fit
to the data in the MW (e.g. Chiappini et al. 1997). Although there is no doubt that
IMA is not realistic (Schmidt 1963; Tinsley 1975), the validity of this assumption
depends on the time-scale of the mixing processes. Malinie et al.(1993) claimed that
due to chemical inhomogeneities in the disk, mixing and star formation could be
delayed by 108−9 yr.

One of the very few studies in which IMA has been relaxed is the one of Thomas et
al. (1998). They proposed a model in which relaxing IMA was included by splitting
the gas components into two different phases: the inactive and active gas phases.
The first one consists of a hot and not homogeneously distributed component; stars
cannot form out of this phase. The active phase is instead assumed to be cool and
well mixed. They discussed various time-scales for the mixing of the stellar ejecta,
and they found that a delay of the order of 108 years leads to a better fit of the
observational data in the [Mg/Fe]-[Fe/H] diagram than in the IMA hypothesis.

We test the relaxation of the IMA in the detailed chemical evolution model of
F04, considering two physically motivated time delays: i) the “galactic fountain time
delay” effect and ii) the delay produced by the cooling of the metals (“metal cooling
delay model”).

The second delay is due to the fact that stars form only in cold gas and that hot
gas takes a finite time to cool. However, there is still some debate in the literature
on the cooling time-scale. Recchi et al. (2001) studied the effect of a single, in-
stantaneous starburst on the dynamical and chemical evolution of a gas-rich dwarf
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galaxy. They found that most of the metals already reside in the cold gas phase
after a few tens of Myr. This result is mainly due to the assumed low SNII heating
efficiency, and justifies the generally adopted homogeneous and instantaneous mix-
ing of gas in chemical evolution models. On the other hand, Rieschick & Hensler
(2000) presented a chemodynamical model for the evolution of a dwarf galaxy in
which most of the metals undergo a cycle lasting almost 1 Gyr before being incor-
porated into the ISM. A similar result has been obtained by Tenorio-Tagle (1996).
More recently, in the work of Harfst et al. (2006), a multi-phase description of the
ISM was implemented: the ISM was treated as two dynamically independent gas
phases: a cloudy and a diffuse one. The two gas phases are linked by the processes
of condensation/evaporation and a drag force. In this model, it is assumed that
stars form in clouds and that clouds are destroyed by stellar feedback, thereby self-
regulating the star formation. Each cloud is assumed to form stars only after a

time of inactivity, because not all the gas in clouds is dense or unstable enough for
immediate star formation. In this work the time of inactivity considered is a few
hundred Myr.

Here, we simply implement our “metal cooling delay model” in the detailed
chemical evolution model of F04 by means of a delay in the chemical enrichment.

The galactic fountain delay model

We implemented this delay in the chemical evolution model of F04 only during
the thin disk phase. In fact, the dynamical effect of a galactic fountain requires the
presence of a stratified ISM, which arises only after the end of the halo phase. In
the past, several authors (i.e. MM89 and Tenorio-Tagle 1996) studied the supershell
evolution produced by a sequential explosion of Type II SNe. They emphasized that
a break-out event, necessary for a galactic fountain, requires that the OB associations
must sit on a plane stratified disk where the density decreases along the z direction.
In the work of MM89 a scale height of 100 pc for the ISM was considered. This is
the reason why OB associations existed at early times during the formation of the
halo but did not produce galactic fountains. Galactic fountains could have formed
perhaps during the thick disk phase. However, by computing a fountain with a
scale height of 1 kpc (typical of the thick disk), the fountains start at ≃ 3 kpc, i.e.
well within the halo. At this height, the stratification is much weaker and the ISM
temperature is high, therefore the sound speed is high and the shock can be easily
dissipated through sound waves. Moreover the thick disk phase lasts for a very short
time (see Fig. 4.1). We can then conclude that (hypothetical) thick disk fountains
would have a negligible impact on the chemical evolution of the Galaxy.

Therefore, we consider the galactic fountain delay only for ejecta from massive
stars (with mass > 8 M⊙) born after the halo-thick disk transition.

The metal cooling delay model

Roy & Kunth (1995) studied the dispersal and mixing of oxygen in the ISM
of gas-rich galaxies. Due to a variety of hydrodynamical processes operating at
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scales ranging from 1 pc to greater than 10 kpc in the ISM, there are difficulties
in estimating the dispersal and mixing timescale: (i) on large galactic scales (1
≥ l ≥ 10 kpc), turbulent diffusion of interstellar clouds in the shear flow of galactic
differential rotation is able to remove azimuthal O/H fluctuations in less than 109 yrs;
(ii) at the intermediate scale (100 ≥ l ≥ 1000 pc), cloud collisions and expanding
supershells driven by evolving associations of massive stars, differential rotation and
triggered star formation will redistribute and mix gas efficiently in about 108 yrs;
(iii) at small scales (1 ≥ l ≥ 100 pc), turbulent diffusion may be the dominant
mechanism in cold clouds, while Rayleigh-Taylor and Kelvin-Helmhotz instabilities
quickly develop in regions of gas ionized by massive stars, leading to full mixing in
≤ 2 × 106 yrs. Malinie et al. (1993) claimed that due to chemical inhomogeneities
observed for example in the age-metallicity relation in the solar neighborhood, re-
mixing and star formation may be delayed by 108−9 yr.

Following the work of Thomas et al. (1998), we relaxed the IMA in the chemical
evolution model by splitting the gas component into two different phases (cold and
warm). The gas in the interstellar medium is heated by SN events and the stars
cannot form in this “warm gas phase”; only after the gas cools can stars form and
then pollute the ISM. We implemented the two gas phases simply by means of a
delay in the chemical enrichment. In this case: i) all stellar masses (both Type II
and Type Ia SNe) and ii) both halo and disk stars, are affected by this delay.

The implementation of a delay in the chemical evolution model

We treated the time delay in the mixing by simply considering a time delay in
the stars deaths due to galactic fountains (∆t1) and gas cooling (∆t2). In particular
in eq. (3.24)

Concerning the galactic fountain delay model, in eq. (3.24) in all quantitities
related to Type II SNe we replace (t − τm) (in the SFR, ψ and in the fraction of
mass restored by a star of mass m, Qmi) with (t − τm − ∆t1). Since the galactic
fountain delay affect only Type II SNe, all the quantities appearing in the second
integral remain as function of (t − τm2).

For the gas cooling model all stellar masses (both Type II and Type Ia SNe) are
affected by this delay and we replace in all quantities (t − τm) with (t − τm − ∆t2)
and (t − τm2) with (t − τm2 − ∆t2) .

In our model the SFR history is not modified, we have simply delayed the pol-
lution of the ISM by died stars.

We want to stress out that for the model with the galactic fountain delay we
expect an halt in the pollution of the α-elements, at the time t0 of the death of the
first type II SNe affected by the galactic fountains the Fe from Type Ia SNe continues
to be produced. Then in the classical plot of chemical evolution model [α/Fe] vs
[Fe/H] we forecast a drop in the [α/Fe] quantity in the interval [t0, t0 + ∆t1].
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3.6 Considering different Type Ia SN Progenitors

in the chemical evolution model

The Type Ia SN rate, which depends on the SN Ia progenitor model and the star
formation history, is a fundamental ingredient in models of galactic chemical evo-
lution. The progenitor model can be described simply by a delay time distribution
(DTD) function, which is the distribution of the explosion times. In the pioneering
work of Greggio & Renzini (1983a, hereafter GR83) there was, for the first time, an
expression for the Type Ia SN rate in the scenario of the single degenerate model.
The DTD of this model arises from the scenario described in the introduction and
predicts the explosion times of binary systems with the appropriate characteris-
tics. An alternative model for progenitors of Type Ia SNe was proposed by Iben &
Tutukov (1984) considering the double white progenitor model.

Tornambé & Matteucci (1986) formulated a Type Ia SN rate in this scenario
and applied it to galactic chemical evolution models. In the following, Matteucci
& Greggio (1986) tested the GR83 rate by means of a detailed chemical evolution
model of the MW and interpreted the [α/Fe] ratios versus [Fe/H] as due to the
delay in the Fe production from Type Ia SNe, thus confirming previous suggestions
(Tinsley, 1979; Greggio & Renzini 1983b). In the chemical evolution model of F04
described above it was considered this implementation for the type Ia SN rate (see
eq. 3.26).
In recent years other authors (Dahlen et al. 2004; Strolger et al. 2004; Mannucci
et al. 2005, 2006; Scannapieco & Bildsten, 2005; Sullivan et al. 2006; Aubourg et
al. 2008; Pritchet et al. 2008; Totani et al. 2008) have proposed Type Ia SN rates
based on DTDs derived empirically. One example is the rate of Mannucci et al.
(2005;2006): they suggested that two populations of progenitors of Type Ia SNe are
needed to explain the dependence of the rates on the colors of the parent galaxy.
The presence of Type Ia SNe in old, red, quiescent galaxies is an indication that part
of these SNe originate from old stellar populations. On the contrary, the increase
of the rate in blue galaxies (by a factor of 30 going from (B-K) ∼2 to (B-K) ∼ 4.5)
shows that part of the SN Ia progenitors is related to young stars and closely follows
the evolution of the SFR. Mannucci et al.(2006, hereafter MVP06), on the basis of
the previously described relation between the Type Ia SN rate and the color of the
parent galaxies, their radio power as measured by Della Valle et al. (2005), and
cosmic age, concluded that there are two populations of progenitors of Type Ia SNe.
They have suggested (but see Greggio et al. 2008) that the current observations can
be accounted for only if about half of the SNe Ia (prompt SNe Ia) explode within
108 years after the formation of their progenitors, while the rest explode during
a wide period of time extending up to 10 Gyrs (tardy SNe Ia). Matteucci et al.
(2006) applied this formulation of the Type Ia SN rate to chemical evolution models
of galaxies of different morphological type. They concluded that a fraction of 50%
of prompt Type Ia SNe worsens the agreement with abundance data, especially in
the MW, and suggested that prompt Type Ia SNe should indeed exist but their
fraction should not be larger than 30%. They also found a possible scenario for SN
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Ia progenitors in the MVP06 framework: a possible justification for this strongly
bimodal DTD can be found in the framework of the single degenerate model for the
progenitors of Type Ia SNe. In fact, such a DTD can be found if one assumes that
the function describing the distribution of mass ratios inside the binary systems,
is a multi-slope function. In particular, this choice means that in the range 5-8
M⊙ are preferred the systems where M1 ∼ M2, whereas for lower mass progenitors
are favored systems where M1 >> M2. Another suggestion came from Dahlen et al.
(2004) and Strolger et al.(2004, 2005), on the basis of the observational cosmic Type
Ia SN rate. They suggested a DTD with no prompt Type Ia SNe with a maximum
occurring at 3-4Gyr. More recently, a direct determination of the DTD function
has been reported by Totani et al. (2008), on the basis of the faint variable objects
detected in Subaru/XMM-Newton Deep Survey (SXDS). They concluded that the
DTD function is inversely proportional to the delay time, i.e. the DTD can be well
described by a featureless power law (DTD ∝ t−n, with n ∼ 1). A similar suggestion
came from Pritchet et al. (2008), who suggested a DTD ∝ t−0.5±0.2.

The maximum at which the Type Ia SN rate occurs is a very important parameter
which affects the shape of the [α/Fe] relation in galaxies. This timescale depends
on the fraction of prompt/tardy Type Ia SNe and on the specific history of star
formation in galaxies, as shown by Matteucci & Recchi (2001), being shorter than
in the solar neighbourhood for ellipticals and longer for irregular systems.

In this work, for the first time we show the effects of adopting different DTDs
in a model for the chemical evolution of the MW: in particular, we will focus on
three relevant observational costraints: i) the [O/Fe] vs.[Fe/H] relation in the solar
vicinity for which many accurate data are now available, ii) the Type Ia SN rate
at the present time and iii) the G-dwarf metallicity distribution. To do that we we
adopt five different DTDs, two of which are empirically derived (see Chapter 5).



Chapter 4

Effects of Galactic Fountains and
delayed mixing in the chemical
evolution of the Milky Way

In this Chapter we show our results concerning the relaxation of the IMA in
the detailed chemical evolution model described before by means the i) the galactic
fountain delay effect and ii) the metal cooling delay effect, presented in the previous
Chapter.

4.1 The time delay originated by a galactic foun-

tain

In Chapter 2 we used the Kompaneets (1960) approximation for the evolution
of the superbubble driven by sequential supernova explosions. We assumed that
supershells are fragmented by Rayleigh-Taylor instabilities, and considered each
fragment as a cloud with an initial velocity given by the supershell velocity at
the moment of fragmentation. Then, we followed the orbit of the clouds either
ballistically (the cloud is subject only to the gravitational potential of the Galaxy)
or taking into account viscous interaction between the extra-planar halo gas and the
cloud.

In Tables 2.3-2.5 the results are summarized for fragmentation times (tfinal) and
the velocities (vn) of the supershells in the direction perpendicular to the galactic
plane at those times for initial throwing coordinates fixed at 4 kpc, 8 kpc and 12
kpc. In Table 4.1 we report the average time < ttotal > necessary to create a cloud
from a supershell plus the time necessary for the cloud to fall back onto the Galactic
disk:

< ttotal >= tfinal+ < torbit >, (4.1)

where < torbit > is the average time required for a cloud to return to the galactic
disk once it leaves the supershell. These average values are calculated in the case of
OB associations with 10, 50, 100, 500 SNe at 3 galactocentric distances: 4 kpc, 8
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kpc, 12 kpc. In Table 4.2 we show the maximum delay time ttotal , at a fixed initial
galactocentric distance of ejection.

As explained in Chapter 3, we consider the galactic fountain delay only for ejecta
from massive stars (with mass > 8 M⊙) born after the halo-thick disk transition.
In Fig. 4.1 we show the predicted SFR expressed in M⊙ pc−2 Gyr−1 as a function
of the galactic time (Gyr) predicted by our chemical evolution model. We note that
the SFR is the same for all galactocentric distances during the halo phase. The
effect of the two infall model in presence of the threshold in the star formation is
clearly shown: the star formation halts during the halo-thin disk transition and
the duration of the gap varies as a function of galactocentric distance. At the solar
neighborhood the gap is ≃ 0.3 Gyr. This gap seems to be observed in the abundance
ratio distribution as shown in Gratton et al. (2000) and Fuhrmann (1999). In Table
4.3 we report the times at different galactocentric distances at which the SFR in
the thin disk begins (tSFR). At late times the substantially effect of the threshold
is to produce a oscillating SFR on very short timescales resulting in practice in a
constant SFR. Ejecta of intermediate-mass stars and Type Ia SNe (which are most
probably not clumped in OB associations) are not subject to the galactic fountain
delay.

Table 4.1: The average time < ttotal > [Myr].

4 kpc 8 kpc 12 kpc

10 SNe 43 53 75
50 SNe 36 54 87
100 SNe 36 57 96
500 SNe 38 75 133

Table 4.2: The maximum ttotal as a function of the galactocentric distance.

4 kpc 8 kpc 12 kpc

Maximum delay 48 Myr 114 Myr 245 Myr

As shown in Table 4.2, a single superbubble can produce a delay in the mixing
up to ∼ 250 Myr, but the average values are smaller, spanning the range between
40 - 140 Myr (Table 4.1). In the simulation, we considered different values up to
1 Gyr. It is possible that the MW formed super-star clusters during more intense
phases of star formation, as observed in M82 (Melo et al. 2005). A delay of 1 Gyr
can then be obtained if the number of massive stars in a cluster is ∼ 104, which
is consistent with the mass of the largest super-star clusters observed in M82. We
considered this long delay as an extreme case.
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Figure 4.1: The SFR expressed in M⊙ pc−2 Gyr−1 as a function of the galactic time
(in Gyr), as predicted by the standard two infall model at 4 (dotted line), 8 (dashed
line) and 12 kpc (solid line).



86 Effects of Galactic Fountains and delayed mixing

Table 4.3: Beginning of the star formation in the disk after the halo-thick disk
transition (tSFR).

4 kpc 8 kpc 12 kpc

Beginning of SF in the disk 1.1 Gyr 1.3 Gyr 1.7 Gyr

4.2 Observational data

We used the collection of data elaborated in the work of F04, who adopted a
data sample for stars in the solar neighborhood spanning a metallicity range from
−4 dex to solar. In particular, for the very metal poor stars ([Fe/H] between −4
and -3 dex), the results from the UVES Large Program “ First Stars” (Cayrel et al.
2003) were adopted.

For the abundances in the remaining range of [Fe/H], they adopted already
published data in the literature from various sources: for all the elements studied
here (O, Mg, Si), F04 used the data of Carney et al. (1997), Nissen & Schuster
(1997), Ryan et al. (1991), Edvardsson et al. (1993), Matteucci et al. (1993 and
references therein). Moreover, concerning the Mg and Si, but not O, the collection
of F04 includes the data of Stephens (1999), Carretta et al. (2002), McWilliam et
al. (1995), Fulbright (2000), Gratton & Sneden (1988). For the O, F04 also used
the data of Nissen et al. (2002). Here, for O, we also took into account the data of
Bensby et al. (2004).

All of these data are normalized to the solar abundances of Grevesse & Sauval
(1998) with the exception of oxygen for which we adopted the value of Asplund et
al. (2005).

For the galactic abundance gradient for the oxygen, we used the set of data given
by Andrievsky et al. (2002a,b) and Luck et al. (2003) (see also Cescutti at al. 2007).

4.3 Results

In this section we discuss our results. First we show how a galactic fountain
delay can affect the chemical evolution model, then we present the results for the
metal cooling delay model.

We show the model predictions for O, Mg, Si and Fe obtained in particular for
the relations [el/Fe] versus [Fe/H] compared with the observational data and try to
put constraints on the maximum acceptable delay.

4.3.1 Results for the galactic fountain delay model

We have taken into account different values for the delay generated by galactic
fountain events from sequential SN explosions: 0.1 Gyr, 0.2 Gyr, 0.5 Gyr, 1 Gyr.
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We tested the delay effect at different galactocentric distances: 4, 8, 12 kpc.
Concerning the solar neighborhood, in Table 4.4 we report the solar abundances

by mass as predicted by the chemical model with IMA and the delay models com-
pared to the solar values. In Fig. 4.2 we show the results for [O/Fe] versus [Fe/H]
in the solar neighborhood compared to the observational data described in Sect 4.2.
Our results are normalized to the “best model” of F04 values at 9.5 Gyr (the age of
the formation of the solar system). As we can see from this figure and from Table
4.4, the solar abundances predicted by our models are substantially in agreement
with the obtained abundances. The standard model with no delay shows a discon-
tinuity at ∼ −0.8 dex, and this is due to the gap in the SFR discussed before. In
fact, during the gap, O stops being produced whereas Fe keeps being produced by
Type Ia SNe. The effect of the delay due to the fountains is therefore to increase
this effect by increasing the duration of the gap.

Table 4.4: Mass fractions of several elements aspected by the standard chemical
evolution model with IMA and by the delay model at the galactic age of 9.5 Gyr
compared to the solar values of Asplund et al. (2005).

X⊙oss X⊙th

Asplund et al. (2005) François et al. (2004) 0.1 Gyr 0.2 Gyr 0.5 Gyr 1 Gyr

He 2.55 ×10−1 2.52 ×10−1 2.52 ×10−1 2.52 ×10−1 2.52 ×10−1 2.52 ×10−1

C 2.21 ×10−3 2.03 ×10−3 2.05 ×10−3 2.06 ×10−3 2.11 ×10−3 2.17 ×10−3

N 6.32 ×10−4 9.73 ×10−4 9.75 ×10−4 9.77 ×10−4 9.81 ×10−4 9.85 ×10−4

O 5.48 ×10−3 5.27 ×10−3 5.31 ×10−3 5.35 ×10−3 5.46 ×10−3 5.62 ×10−3

Mg 6.17 ×10−4 6.66 ×10−4 6.70 ×10−4 6.74 ×10−4 6.86 ×10−4 7.03 ×10−4

Si 6.80×10−4 8.14 ×10−4 8.17 ×10−4 8.20 ×10−4 8.30 ×10−4 8.43 ×10−4

S 3.31 ×10−4 3.95×10−4 3.97×10−4 3.98×10−4 4.03×10−4 4.09×10−4

Ca 6.13 ×10−5 5.40 ×10−5 5.42 ×10−5 5.44 ×10−5 5.50 ×10−5 5.58 ×10−5

Fe 1.18 ×10−3 1.14 ×10−3 1.15 ×10−3 1.15 ×10−3 1.15 ×10−3 1.16 ×10−3

In the description of the delay model, we emphasized that galactic fountains can
be seen only in disk stars. The typical delay, due to the fact that massive stars
are clumped in OB associations, is 0.1 Gyr. Referring to Fig. 4.2 we present a
first strong result: a delay of 0.1 Gyr produces a negligible effect on the chemical

evolution of the Galaxy in the solar neighborhood. We note that the data show a
spread in the halo-thick disk transition phase ([Fe/H]≃-0.77). This spread can be
explained in terms of a combination of: i) a threshold in the star formation, ii) a
delay in the chemical enrichment from the massive stars as due a to galactic fountain
effect. Moreover, we note that the maximum possible delay, in order not to break
the agreement with data, must be lower than 1 Gyr.

The same effect is shown in Fig. 4.3 and in Fig. 4.4 where we analyzed the
behavior of such a delay in a chemical evolution model for other two α elements:
Mg and Si.

It is also interesting to test the fountain delay at different galactocentric dis-
tances. In Figs. 4.5, 4.6 and 4.7 we report our results for O, Mg and Si, respectively.
In each figure we plot the [el/Fe] vs. [Fe/H] at 4 and 12 kpc galactocentric distances.
We note that the results are strongly dependent on the galactocentric distance. In
fact, as explained before, the drop of the [el/Fe] ratio in the [el/Fe] vs. [Fe/H] plot
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Figure 4.2: The abundance ratio [O/Fe] as a function of [Fe/H] in the solar neighbor-
hood. We compared the François et al. (2004) model (solid line) with our galactic
fountain delay models: dotted line (0.1 Gyr), short dashed line (0.2 Gyr), long
dashed line (0.5 Gyr), dashed dotted line (1 Gyr). The data are taken from the
collection used in François et al. (2004) (filled green triangles) and from Bensby et
al. (2005) (filled blue circles).
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Figure 4.3: The abundance ratio [Mg/Fe] as a function of [Fe/H] in the solar neigh-
borhood. Notation as in Fig. 4.2.
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Figure 4.4: The abundance ratio [Si/Fe] as a function of [Fe/H] in the solar neigh-
borhood. Notation as in Fig. 4.2.



4.3 Results 91

no delay
0.1 Gyr 
0.2 Gyr 
0.5 Gyr 
1 Gyr 

Figure 4.5: The abundance ratio [O/Fe] as a function of [Fe/H] at 4 and 12 kpc.
Notation as in Fig. 4.2.
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no delay
0.1 Gyr 
0.2 Gyr 
0.5 Gyr 
1 Gyr 

Figure 4.6: The abundance ratio [Mg/Fe] as a function of [Fe/H] at 4 and 12 kpc.
Notation as in Fig. 4.2.



4.3 Results 93

no delay
0.1 Gyr 
0.2 Gyr 
0.5 Gyr 
1 Gyr 

Figure 4.7: The abundance ratio [Si/Fe] as a function of [Fe/H] at 4 and 12 kpc
Notation as in Fig. 4.2.
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Figure 4.8: The Type Ia SN rate expressed in pc−2 Gyr−1 as a function of the
galactic time (Gyr), as predicted by the standard two infall model at 4, 8 and 12
kpc.
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no delay

0.05 Gyr 

no delay

0.14 Gyr 

no delay

0.24 Gyr 

Figure 4.9: The abundance ratio [O/Fe] as a function of [Fe/H] at 4, 8 and 12 kpc
for relative maximum delays as reported in Table 4.2.
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Figure 4.10: Predicted and observed O abundance gradients in the galactocentric
distance range 4-14 kpc. The data points are from Cepheids. The large squares with
error bars represent average of the points with their errors. The black solid line is
the François et al. (2004) model normalized to the mean value of the bin centered
at 8 kpc (see Cescutti et al. 2007).

is due to the iron ejected by the Type Ia SNe. The discontinuity predicted at 4 kpc
is larger than that predicted at larger galactocentric distances. This effect is due to
the higher specific Type Ia SN rate at 4 kpc than at larger distances. The specific
Type Ia SN rate is the SNIa rate per unit mass of gas and it increases toward the
Galactic center, the reason being that while the Type Ia SN rate is a factor of 8
higher than that in the solar vicinity, because of the higher SFR, the mass of gas is
higher by only a factor of 2 relative to the solar region. Therefore, the effect of the
pollution by Type Ia SNe during the gap is enhanced.
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Again in Figs. 4.5, 4.6 and 4.7 we note that, at a fixed galactocentric distance,
the effect of the galactic fountain delay depends also on the considered element: the
Si which is also produced by Type Ia SNe in a non negligible amount shows a smaller
drop of the [Si/Fe] quantity compared to O and Mg.

Even if the galactic fountain effect in the [el/Fe] values is larger at 4 kpc because
of the higher rate of Type Ia SNe, the delays expected at 4 kpc are smaller with
respect to the outward galactocentric distances (as shown in Tables 4.1 and 4.2), as
a consequence of the higher gravitational pull. In Fig. 4.9 we show the [O/Fe] vs
[Fe/H] at 4, 8 and 12 kpc considering the maximum delays in each radius. In the
case of a delay produced by a single OB association, the effect of galactic fountains
is negligible.

Finally, we explored the effects of galactic fountains on the abundance gradient
for oxygen. In Fig. 4.10 we plot the [O/H] as a function of the galactocentric
distance. We note that the average delay due to galactic fountains is longer than 0.1
Gyr only for an OB association composed of 500 SNe at 12 kpc (Table 4.1); this event
is very unlikely, thus the delay of 0.1 Gyr can be considered as an average upper
limit for a delay produced by a single OB association at a galactocentric distance
in the range 4-12 kpc. Referring to Fig.4.10 we can conclude that the time delay
produced by a Galactic fountain generated by an OB association has a negligible
effect on the abundance gradient in the Galaxy disk.

4.3.2 Results for the metal cooling delay model

In this section we present the results for the metal cooling delay model. Referring
to Malinie et al. (1993), we considered mixing delays of 0.5 Gyr and 1 Gyr. In Figs.
4.11, 4.12 and 4.13 we show the effect of the metal cooling predicted by our model
using the [el/Fe] vs. [Fe/H] plots. Thomas et al. (1998) already discussed the effect
of a two- phase gas model relative to Mg. Referring to Fig. 4.12 we obtain a similar
result, but the effect of our delay in the mixing is smaller. For the Si we have a
similar behavior as can be seen in the Fig. 4.13. The differences between ours and
Thomas et al.’s results are probably due to the different adopted yields for massive
stars and IMF. In fact, Thomas et al. adopted Thielemann et al. (1996) yields and
the Salpeter (1955) IMF.

A different result is obtained for the [O/Fe] vs [Fe/H] reported in Fig. 4.11. In
this case, we find that the delay in the mixing leads to large differences in terms of
chemical evolution models. We see that in the halo-thick disk phase, the predicted
[O/Fe] values are much smaller than for the model with the IMA. The reason for
this resides in the fact that in the model of F04 (our standard model), the yields
used for O are the WW95 metallicity-dependent ones and in this case the delay
induces a situation where the yields for Z=0, lower than those computed for the other
metallicities, act for a longer time, thus producing the large depression in the [O/Fe]
ratio. To demonstrate that this result is only due to the choice of nucleosynthetic
yields, we plot in Fig. 4.14 the metal cooling delay model results using, for the
oxygen, the yields at solar metallicity given by WW95. As we can see from this



98 Effects of Galactic Fountains and delayed mixing

figure, in this case the models with delay do not differ considerably from the standard
model and the oxygen behaves similarly to the other α-elements. In Fig. 4.15 we
report the [el/Fe] vs. [Fe/H] relations for the Mg and Si using for these two elements
the metallicity dependent yields of WW95. As expected, the [el/Fe] ratios show a
large depression in the halo-thick disk phase as in Fig. 4.11 due to the choice
of metallicity-dependent yields. Therefore, we can conclude that the metallicity-
dependent yields of WW95 are not compatible with a delayed enrichment of the
halo.

Finally, in Figs. 4.16 and 4.17 we report age-metallicity relations in the solar
neighborhood for [Fe/H] and [Mg/H] respectively, predicted by our metal cooling
delay model using the stellar yields adopted in F04. Concerning the evolution of
the [Fe/H], we compare our results with the observational data of Ramirez et al.
(2007). As one can see, the effects of the delays are more visible in the age-metallicity
relations than in the abundance ratios versus [Fe/H], and the reason is that in the
abundance ratios these differences are partly erased. We conclude that all delays
considered are compatible with the observations due to the very large data spread
for the age metallicity relation, but we remind that the age-metallicity relation is
not a good constraint for chemical models.

4.4 Summary

We studied the relaxation of IMA in chemical evolution models by means of the
effects of a delay in the chemical enrichment produced by galactic fountain events
and by means of a delay in the mixing due to chemical inhomogeneities in the disk
(our metal cooling delay model).

Our main conclusions can be summarized as follows:

• In the solar neighborhood, we showed that the average delay produced by the
galactic fountains has a negligible effect on the chemical evolution for all the
α elements, we studied.

• In the [el/Fe] versus [Fe/H] relations, the main feature of the galactic fountain
is an enhancement of the drop in the [el/Fe] ratios occurring because of the
two infall scenario. In fact, the drop in the standard model of F04 is due to
the halt of the SFR which produces a halt in the production of the α-elements
whereas the Fe from Type Ia SNe continues to be produced. The galactic
fountain delay has the effect of increasing the period during which there is no
pollution from Type II SNe.

• Results produced by the model with a galactic fountain delay of 1 Gyr are not
compatible with observational data. On the other hand, any delay < 1 Gyr
could be acceptable, given the observed spread in the data.

• The time delay produced by a Galactic fountain generated by an OB associa-
tion has a negligible effect on the abundance gradients in the Galaxy disk.
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Figure 4.11: The abundance ratio [O/Fe] as a function of [Fe/H] in the solar neigh-
borhood predicted by our metal cooling delay model. For the O we considered the
metallicity dependent yields of WW95. Solid line: model without delay; dotted line
and dashed dotted line: 0.5 and 1 Gyr delays, respectively. Symbols as in Fig. 4.2.
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Figure 4.12: The abundance ratio [Mg/Fe] as a function of [Fe/H] in the solar
neighborhood predicted by our metal cooling delay model. Notation as in Fig. 4.11.
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Figure 4.13: The abundance ratio [Si/Fe] as a function of [Fe/H] in the solar neigh-
borhood predicted by our the metal cooling delay model. Notation as in Fig. 4.11.
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Figure 4.14: The abundance ratio [O/Fe] as a function of [Fe/H] in the solar neigh-
borhood predicted by our metal cooling delay model. For the O we considered the
solar yields of WW95. Notation as in Fig.4.11.
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Figure 4.15: The abundance ratio [el/Fe] as a function of [Fe/H] for the Si and Mg
in the solar neighborhood predicted by our metal cooling delay model. For the Si
and Mg we considered the metal dependent yields of WW95. Notation as in Fig.
4.11.
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Figure 4.16: The abundance ratio [Fe/H] as a function of the galactic time [Gyr] in
the solar neighborhood predicted by our metal cooling delay model. The data are
taken from Ramirez et al. (2007) (filled red triangles). Notation as in Fig. 4.11.
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Figure 4.17: The abundance ratio [Mg/H] as a function of the galactic time [Gyr]
in the solar neighborhood predicted by our metal cooling delay model. Notation as
in Fig. 4.11.
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• The metal cooling delay model with the assumed delays (which are those
suggested in the literature) has a very small effect on the chemical evolution
in the solar neighborhood if yields not depending on metallicity are used.

• On the other hand, in the case of the metal dependent yields of WW95, the
results differ substantially from the reference model of F04 and do not fit the
observations.



Chapter 5

The Effect of Different Type Ia
Supernova Progenitors on Galactic
Chemical Evolution

In this Chapter we show some results relative to the choice of the progenitors
of Type Ia SNe. To do that we assumed the formulation described in Matteucci
et al. (2006) of the delay time distribution (DTD) of the Type Ia SNe explosions,
following Greggio (2005). The DTD describes the explosion times of Type Ia SNe
and if convolved with the SFR if gives Type Ia SNe rate.

5.0.1 The assumed DTDs

As mentioned already in the Introduction there are several progenitor models
proposed for Type Ia SNe. In particular:

• The merging of two C-O WDs, due to gravitational wave radiation, which
reach the Chandrasekhar mass and explode by C-deflagration (Iben & Tutukov
1984). This is known as double-degenerate (DD) scenario. In the original
paper of Iben & Tutukov the progenitor masses are in the range 5-9M⊙ to
ensure two WDs of at least ∼ 0.7M⊙ in order to reach the Chandrasekhar
mass. In Greggio (2005) the range of progenitors is 2.0-8.0M⊙, so that different
combinations of WD masses are allowed, although always leading to exceed
the Chandrasekhar mass. The clock for the explosion in this scenario is given
by the lifetime of the secondary plus the gravitational time delay.

• The C-deflagration of a Chandrasekhar mass C-O WD after accretion from
a non-degenerate companion (Whelan & Iben 1973; Munari & Renzini 1992;
Kenyon et al. 1993). This model is known as the single-degenerate (SD) one.
The main problem with this scenario is the narrow range of permitted values
of the mass accretion rate in order to obtain a stable accretion, instead of an
unstable accretion with a consequent nova explosion and mass loss. In this
case, in fact, the WD never achieves the Chandrasekhar mass. In particular,
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Nomoto et al. (1984) found that a central carbon-deflagration of a WD results
for a high accretion rate (Ṁ > 4 · 10−8 M⊙ yr−1) from the secondary to the
primary star (the WD). They found that ∼ (0.6− 0.7) M⊙ of Fe plus traces of
elements from C to Si are produced in the deflagration, well reproducing the
observed spectra. The clock for the explosion here is given by the lifetime of
the secondary star.

• A sub-Chandrasekhar C-O WD exploding by He-detonation induced by accre-
tion of He-rich material from a He star companion (Tornambé & Matteucci
1987; Limongi & Tornambé 1991).

We test the effects of five DTDs on the detailed chemical evolution of F04:

• The Matteucci & Recchi (2001, hereafter MR01) one, which is practically the
same as Greggio & Renzini (1983) (this model was included in the F04), and is
based on the single degenerate model for Type I SN progenitors (see Matteucci
et al. 2006 for details). In this DTD the fraction of prompt Type Ia SNe (Type
Ia exploding inside the first 100 Myr since the beginning of star formation)
is 13%.This formulation has proven one of the best to describe the chemical
evolution of most galaxies. The very first SNe Ia to explode in this scenario
are systems made of an 8+8 M⊙ which take ∼ 30 − 35 Myr.

• The DTD suggested by Greggio (2005) for the DD scenario: in particular,
the DTD characterized by the exponent of the distribution function of the
final separations, βa = −0.9, by the exponent of the gravitational delay time
distribution βg = −0.75 and by a maximum nuclear delay time (lifetime of
the secondary star) τn,x = 0.4 Gyr. The reason for choosing these parameters
resides in the fact that they ensure a not too flat distribution of separations,
which seems to be required to reproduce the specific Type Ia SN rate in galaxies
as a function of colors (see Greggio & Cappellaro 2009). In this DTD the
fraction of prompt Type Ia SNe is 10%. The very first SNe Ia to explode in
this scenario are systems made of an 8+8 M⊙ which takes ∼ 30− 35 Myr plus
the minimum gravitational time delay (1 Myr, Greggio 2005).

• The DTD of Mannucci et al (2006) (hereafter MVP06). Here the fraction of
prompt Type Ia SNe is 50%. The very first systems explode also after 30-35
Myr. This DTD is practically bimodal with a fraction of also ∼ 50 % of tardy
Type Ia SNe (e.g. exploding after 100 Myr).

• The DTD proposed by Strolger et al. (2004), hereafter S04 with a maximum
at 3-4 Gyr. Here the very first systems explode after 2.5 ·108 years. Therefore,
there are no prompt Type Ia SNe.

• The DTD proposed by Pritchet et al. (2008, PHS08), with DTD ∝ t−0.5,
where the fraction of prompt Type Ia SNe is ∼ 4%. The one proposed by
Totani et al. (2008) goes like t−1 and we did not test it since these authors
have already shown that it is very similar to the DTD of Greggio (2005) for
the DD scenario.
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In Fig. 5.1 we show the different DTDs including those mentioned above. As one
can see, while the DTDs of the SD and DD scenarios are similar, those of MVP06
and S04 and PHS08 are quite different. We did not take into account the Hachisu
et al. (1996; 1999) model since its effects have been already discussed in Kobayashi
et al. (1998) and MR01.

5.0.2 The calculation of the Type Ia SN rate

Once a DTD has been assumed, the Type Ia SN rate is computed according to
Greggio (2005):

RIa(t) = kα

∫ min(t,τx)

τi

A(t − τ)ψ(t − τ)DTD(τ)dτ (5.1)

where ψ(t) is the SFR and A(t− τ) is the fraction of binary systems which give
rise to Type Ia SNe and in principle it can vary in time. Here we will assume A
to be a constant. It is worth noting that the fraction A represents the fraction
of binary systems with those particular characteristics to give rise to Type Ia SNe
relative to the whole range of star masses (0.1-100M⊙). We want to underline that
the formulation used in eq. (3.26) for computing the Type Ia SN rate is equivalent
to eq .(5.1) although A is defined as a fraction of binary systems rise to Type Ia SNe
in the range 3 - 16 M⊙. The time τ is the delay time defined in the range (τi, τx) so
that:

∫ τx

τi

DTD(τ)dτ = 1 (5.2)

where τi is the minimum delay time for the occurrence of Type Ia SNe, in other
words is the time at which the first SNe Ia start occurring, and τx is the maximum
delay time. Clearly these delay times vary according to the assumed progenitor
scenario: in particular, in the SD scenario τx is just the maximum nuclear delay
time, namely the lifetime of the smallest secondary star, whereas in the DD model
is the sum of the maximum nuclear delay time and the maximum gravitational delay
time.

Finally, kα is the number of stars per unit mass in a stellar generation and
contains the IMF.

In particular:

kα =

∫ mU

mL

φ(m)dm (5.3)

with the normalization condition for the IMF being:

∫ mU

mL

mφ(m)dm = 1 (5.4)

where mL = 0.1M⊙ and mU = 100M⊙ and define the whole range of existence
of the stars.
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Figure 5.1: Various DTD functions normalized to their own maximum value: the
continuous blue line is the DTD of MR01; the long dashed green line is the DTD
of Greggio (2005) for the DD wide channel; the dotted magenta line is the DTD for
the DD close channel of Greggio (2005); the dashed red line is the DTD of MVP06;
the short dashed-dotted black line is the DTD of S04, the cyan long dashed-dotted
line is the DTD of PHS08.
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5.1 Predicted [O/Fe] vs. [Fe/H] with different

DTDs

In Fig. 5.2 we show the predicted Type Ia SN rates for the solar vicinity in the
framework of the two-infall model previously described and for the considered DTDs.
We have chosen the parameter A in eq.(5.1) in order to reproduce the present time
Type Ia SN rate in the Galaxy (∼ 0.3 SNe century−1, Cappellaro et al. 1999). It is
worth noting that a value of A∼ 0.0025 for all the DTDs was chosen, in agreement
with Matteucci et al. (2006), with the exception of the PHS08 DTD for which the
parameter A=0.0002. The PHS08 DTD is, in fact, predicting the largest fraction
of SNe Ia exploding with large delays (see Fig. 5.1). That means that a larger
fraction of long-living progenitors (born several Gyr ago, when the SFR was much
higher, relative to the other models, is exploding at the present time. Therefore,
a smaller value of A is required to reproduce the present-time SN Ia rate in the
Galaxy. The oscillating behavior shown by some Type Ia SN rates in the last couple
of Gyr is clearly related to the oscillations in the star formation rate, due to the
assumed threshold in the gas density. In particular, models with a larger percentage
of prompt Type Ia SNe show the oscillations at late times (SD model and MVP06
model), whereas the models of S04, Greggio (2005) and PHS08, having null, 10%
and 4% fractions of prompt Type Ia SNe, respectively, show negligible oscillations.

As one can see, it is evident the effect of the gap in the star formation rate, as
predicted by the two-infall model, for the DTDs of MVP06, SD, DD and PHS08
models. For the DTD of S04, there is no gap since the minimum delay in the
occurrence of Type Ia SNe is much longer than for the other DTDs. There are no
prompt Type Ia SNe and most of the SNe Ia start occurring only after the gap in
the star formation.

In Fig. 5.3 we show the effect of the different DTDs on the [O/Fe] vs. [Fe/H]
diagram. For [Fe/H]> -1.0, the [O/Fe] ratio starts declining as a consequence of the
increase of the Fe production from Type Ia SNe. Clearly, the DTD is fundamental
in determining the moment, and therefore the [Fe/H] value, at which this process
becomes important. We remind that this effect does not depend on details of the star
formation history but mainly on the time delay between the chemical enrichment
from SNe II and SNe Ia. On the basis of what just said, it is therefore important to
see which DTD best fits the abundance data.

For the DTD suggested by S04 where the delay in the appearance of the first
Type Ia SNe is much longer than in the other cases, the [O/Fe] ratio shows a longer
plateau than in the other models, and the knee in the [O/Fe] ratio occurs at [Fe/H]∼
-0.6 dex. The PHS08 DTD produces results not very different from the SD model
but it predicts a too low solar Fe abundance ([Fe/H]⊙=-0.16dex) and a too high
solar [O/Fe]⊙=0.22dex, as opposed to all the other models where the solar [Fe/H]⊙
and [O/Fe]⊙ are very close to zero (see Table 5.1 where we show the predicted solar
ratios). Note that the model results are always normalized to their own predicted
solar values.

A larger number of prompt Type Ia SNe clearly produces lower [O/Fe] ratios
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Figure 5.2: The predicted Type Ia SN rates in the solar vicinity in the framework
of the two-infall model. The five curves refer to different DTDs. In particular, the
dotted line represents the DTD of MVP06; the continuous line represents the SD
model with the DTD from MR01 and the short dashed line the DD model with
the DTD of Greggio (2005) for the DD wide channel. Finally, the long dashed line
represents the DTD suggested by S04 and the dashed-dotted line the DTD of PHS08.
The rates are expressed in SN per century, and are all normalized to reproduce the
present time Type Ia SN rate in the MW.
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Figure 5.3: Comparison of all the models with all the studied DTDs: the short
dashed curve refers to the DTD of MR01; the continuous curve refers tothe DTD
of MVP06; the dotted line represents S04 DTD; the long dashed curve refers to
the DTD of PHS08; the dashed-dotted curve refers to the DTD of the DD scenario
(wide channel) of Greggio (2005). The model results are normalized to their own
predicted solar values. The data are taken from the compilation of F04. The solar
position is marked by a red dot.
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Figure 5.4: The G-dwarf metallicity distribution in the solar vicinity. The data
are from the Geneva-Copenhagen Survey of the Solar Neighborhood, Nordström
et al. (2004) (thick line histogram) and the data by Jørgensen (2000) (thin-line
histogram). The models refer to: S04 DTD (dotted line), PSH08 DTD (long dashed
line), DD model (dashed-dotted line), MVP DTD (continuous line) and SD model
(short dashed line).
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Table 5.1: Predicted [O/Fe]⊙ and [Fe/H]⊙ values at the time of formation of the
solar system. Normalization to the solar values of Asplund et al. (2005). The solar
values in these units are identically zero.

Model [O/Fe]⊙ [Fe/H]⊙

SD 0.095 -0.013
DD 0.095 -0.038

MVP06 0.07 -0.003
S04 0.06 0.01

PHS08 0.22 -0.16

in this [Fe/H] range with respect to models depressing the number of prompt SNe
in favor of tardy ones. Although the spread existing in the data prevents us from
drawing firm conclusions, from this comparison it turns out that the S04 model tends
to predict too high values of [O/Fe] in the range -1.5 ≤ [Fe/H]≤ -0.2. On other
hand, MVP06 DTD predicts too low [O/Fe] in the same range. From numerical
experiments, we can say that the MVP06 DTD with ∼ 30% of prompt SNe would
fit better the data, and it would be still compatible with the findings of MVP06. It
is also interesting to note that the DTDs influence the [Fe/H] at which the gap in
the star formation between the halo-thick disk and the thin disk phases is visible.
This gap produces a loop in the [O/Fe] behaviour and is naturally produced by
assuming a threshold gas density in the star formation. Observationally, a gap in
the abundance ratios has been claimed by Fuhrmann (1998) and Gratton et al.
(2000). In particular, the gap was observed at a [Fe/H] between -1.0 and -0.5
dex, corresponding to the transition phase between the thick and the thin disk. If
confirmed, this gap can impose constraints on the history of star formation. In our
plots the gap occurs at larger [Fe/H] values going from the SD to PHS08, DD and
MVP06 DTD . For the S04 DTD, the gap is not visible and the reason is that Type
Ia SNe start exploding in a non negligible number only after the gap. Therefore, the
effect of the halt of oxygen production, while the Fe is still produced by the Type Ia
SNe exploding during the gap, is lost. This effect produces in the other models the
loop in the [O/Fe] ratio. If the gap really exists this would further strengthen the
conclusion that prompt Type Ia SNe should exist and be a non negligible fraction
of all SNe Ia.
In summary, the SD and DD models together with the bimodal distribution of
MVP06 all produce acceptable results, although a 50% of prompt Type Ia SNe
appears too large. The DTD from PHS08 and S04 are probably less likely although
the spread in the data prevents us from drawing firm conclusions.
Therefore, we checked our results on a very important observational constraint: the
G-dwarf metallicity distribution. In Fig. 5.4 we show the predictions for the G-
dwarf metallicity distribution of all our models compared with observational data.
This Figure shows that two models can be definitely ruled out: the PHS08 and
the S04. Both of these models contain empirically derived DTDs. They predict too



116 The Effect of Different Type Ia Supernova Progenitors

many metal poor stars below [Fe/H]< -1.0 dex (the so-called G-dwarf problem), and
this is due to the fact that in both cases the Fe abundance increases more slowly
that in the other three models (SD, DD, MVP06) thus producing too many metal
poor stars.The reason for that resides in the small number of prompt Type Ia SNe
in the PHS08 and S04 models. In particular, the S04 model shows two distinct
peaks in the G-dwarf metallicity distribution and this is due to the fact that at the
beginning of the thin disk formation only SNeII enrich the gas in Fe and the bulk
of Fe comes with a large delay, thus creating the second peak. On the other hand,
the other models all produce acceptable results, with the DD and MVP06 models
being the best. Note that all the models predict less metal rich stars than observed
by Norström et al. (2004) which is the largest and more accurate survey of G and
F dwarfs. This is a problem for pure models of chemical evolution which do not
take into account the possibility of stellar migration. In fact, because of interaction
between stars and transient spiral density waves (Roskar et al. 2008), stars born in
the inner part of the disk can be scattered at larger galactocentric distances and this
could be the explanation for the existence of metal rich stars in the solar vicinity.
In conclusion, the adoption of the DTD of MR01 which we have adopted throughout
all this thesis is justified by the fact that is among the best ones to reproduce the
main features of the MW.



Chapter 6

Conclusions

The main goal of this thesis work was the study the effects of galactic fountains
on the chemical evolution of the Milky Way.

We first focused on the study of the chemical evolution of the superbubbles
formed by multiple SN explosions and how they get polluted from the metals pro-
duced by SNe. We have studied the evolution of a supershell powered by the ener-
getic feedback of a typical Galactic OB association at various Galactocentric radii.
Based on the Kompaneets (1960) approximation, we have found analytical solutions
for the temporal evolution of the supershell and we have established criteria for its
fragmentation. From this fragmentation clouds are created and thrown out of the
disk.

Given the self-similar behavior of the Kompaneets solution, the clouds are formed
at the same scale height (∼ 450 pc), irrespective of the number of SNe in the
OB association or of the Galactocentric radius at which the OB association lies.
Assuming that the ejecta of the dying stars of the OB association instantaneously
mix with the supershell, we have been able to calculate the chemical composition of
the clouds and in particular their [O/Fe].

We have considered four different types of OB associations (containing 10, 50, 100
and 500 SNe, respectively) and three different initial throwing coordinates (4, 8 and
12 Kpc, respectively). Once the clouds are formed and can leave the disk, producing
so called galactic fountains, we follow their orbits either assuming a purely ballistic
model, or introducing a viscous force acting between the cloud and the surrounding
hot halo gas. Our main conclusions can be summarized as follows:

• If the initial metallicity of the OB association is solar, the pollution from the
dying stars has a negligible effect on the chemical composition of the clouds.
In particular, the [O/Fe] abundance ratio reaches at most ∼ 0.025 dex in a
model in which the throwing coordinate is R0 = 12 kpc. Only starting from
very low metallicities (less than 1/100 Z⊙) it is possible to produce a significant
enrichment of α-elements relative to Fe.

• Both in the ballistic and in the viscous interaction models the maximum height
reached by the clouds is not very large. Only for OB associations composed
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of 500 SNe it is possible to eject clouds up to heights larger than 2 kpc above
the plane of the Galaxy.

• The range of the cloud orbits is also quite small. The clouds are generally
directed outwards but the average landing coordinates differ from the throwing
coordinates by ∼ 1 kpc at most. Only for a throwing coordinate of 12 kpc and
an OB association made of 500 SNe does the ballistic model predict a landing
coordinate ∼ 2 kpc larger than the throwing one.

• Models including a viscous interaction between clouds and the extra-planar
gas predict smaller ranges of the cloud orbits. Indeed, the drag experienced
by the cloud brakes it and therefore it shortens its journey above the Galactic
plane.

• The high velocity cloud Complex C has a mass, velocity and inferred height
above the plane inconsistent with the results of our models. Its oxygen over-
abundance ([O/Fe]=0.12 dex) can be reproduced only if we assume a large
OB association with metallicity 0.1 Z⊙ or smaller, therefore its Galactic ori-
gin cannot be completely ruled out on the basis of its chemical composition
alone, but the kinematical data suggest a different formation mechanism. The
intermediate velocity cloud Arch IV instead has velocities and heights above
the plane that are easily reproduced by our models, but its [O/Fe] =0.25
dex is much larger than the one of Complex C, and it can be explained only
by assuming initial metallicities smaller than 1/100 Z⊙, which are unlikely at
the present time for the Galactic disk. Therefore, it is unlikely that the two
studied clouds originated in a Galactic fountain motion.

With this work for the first time we included in a detailed chemical evolution
model for the Milky Way the effects of galactic fountains. As we have concluded
that the range of the cloud orbits originated from the break out of a supershell is
quite small, it is unlikely that galactic fountains can affect abundance gradients on
large scales. However the fountains take a finite and non-negligible time to orbit
around and fall back into the Galaxy. This implies a delay in the mixing of metals in
the interstellar medium, which conflicts with the instantaneous mixing assumption.

We studied the relaxation of instantaneous mixing approximation in chemical
evolution models by means of the effects of a delay in the chemical enrichment
produced by galactic fountain events. We also studied the case of a delay in mixing
due to the cooling timescale of the gas freshly produced by dying stars.

Our main conclusions can be summarized as follows:

• In the solar neighborhood, we showed that the average delay produced by the
galactic fountains generated by typical OB associations has a negligible effect
on the chemical evolution for all the α elements.

• In the [α/Fe] versus [Fe/H] relations, the main feature of the galactic fountain
is an enhancement of the drop in the [α/Fe] ratios occurring at [Fe/H] ∼ −1.0
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dex in all models and due to the two-infall episodes forming the Milky Way.
In fact, the two infall model plus a gas threshold for star formation produce
a gap in the SFR between halo-thick disk and thin disk formation. This drop
of [α/Fe] is therefore due to the fact that α elements are not produced during
the gap whereas Fe is continuously produced by Type Ia SNe. The galactic
fountain delay has the effect of increasing the period during which there is no
pollution from Type II SNe.

• Results produced by the model with a galactic fountain delay of 1 Gyr are not
compatible with observational data. On the other hand, any delay < 1 Gyr
could be acceptable, given the observed spread in the data. However, a delay
of 1 Gyr can be produced only by super star clusters like the ones observed in
M81 and not by the OB associations observed in the disk of the Galaxy.

• The time delay produced by a Galactic fountain generated by a typical OB as-
sociation has also a negligible effect on the abundance gradients in the Galaxy
disk.

• The metal cooling delay model with the assumed delays (which are those
suggested in the literature) has a very small effect on the chemical evolution
in the solar neighborhood if yields not depending on metallicity are used.

• On the other hand, in the case of the metal dependent yields of Woosley &
Weaver (1995), the results differ substantially from the reference model of
François et al. (2004) and do not fit the observations.

Finally, we also investigated how different hypotheses about Type Ia SN progen-
itors can affect the chemical evolution model for the Galaxy. We found out that the
adoption of the single degenerate progenitor model, which we have adopted through-
out all this thesis is fully justified by the fact that it is one of the best progenitor
models to reproduce the main features of the Milky Way.





Appendix A

Abundances of O and Fe in the
supershell

In the following tables we summarize all our results concerning the abundances of
oxygen and iron calculated with our model for the initial throwing radial coordinates
R0 = 4, 8, 12 kpc and for metallicities: Z⊙, 0.1 × Z⊙, 0.01 × Z⊙, 10−4 × Z⊙.
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Table A.1: Z = Z⊙ 8 kpc

Number M∗F e56
M∗O16

M∗ej MShellF e56
MShellO16

Mtot X∗F e56
X∗O16

[O/Fe]

of SNe

10 0.95 10.28 1.16 × 102 678.40 5.56 × 103 57.91 × 104 1.17 × 10−3 9.60 × 10−3 1.97 × 10−4

50 3.95 49.89 4.77 × 102 681.40 5.60 × 103 57.94 × 104 1.17 × 10−3 9.67 × 10−3 1.36 × 10−3

100 6.99 97.55 8.52 × 102 684.44 5.69 × 103 57.98 × 104 1.18 × 10−3 9.75 × 10−3 3.11 × 10−3

500 24.69 437.46 3.18 × 103 702.14 5.99 × 103 58.22 × 104 1.21 × 10−3 1.03 × 10−2 1.74 × 10−2

Table A.2: Z = 0.1 × Z⊙ 8 kpc

Number M∗F e56
M∗O16

M∗ej MShellF e56
MShellO16

Mtot X∗F e56
X∗O16

[O/Fe]

of SNe

10 0.95 9.33 1.14 × 102 68.70 5.64 × 102 57.91 × 104 1.19 × 10−4 9.75 × 10−4 1.17 × 10−3

50 3.95 45.48 4.81 × 102 71.70 6.01 × 102 57.95 × 104 1.24 × 10−4 1.04 × 10−3 9.55 × 10−3

100 6.99 88.97 8.59 × 102 75.57 6.44 × 102 57.99 × 104 1.30 × 10−4 1.11 × 10−3 1.71 × 10−2

500 24.69 401.60 3.21 × 103 92.43 9.57 × 102 58.22 × 104 1.59 × 10−4 1.64 × 10−3 1.01 × 10−1

Table A.3: Z = 0.01 × Z⊙ 8 kpc

Number M∗F e56
M∗O16

M∗ej MShellF e56
MShellO16

Mtot X∗F e56
X∗O16

[O/Fe]

of SNe

10 0.95 8.96 1.14 × 102 7.72 64.50 57.91 × 104 1.33 × 10−5 1.11 × 10−4 8.29 × 10−3

50 3.95 43.67 4.82 × 102 10.73 99.20 57.95 × 104 1.85 × 10−5 1.71 × 10−4 5.23 × 10−2

100 6.99 85.72 8.61 × 102 13.77 1.41 × 102 57.99 × 104 2.37 × 10−5 2.43 × 10−4 9.74 × 10−2

500 24.69 394.21 3.23 × 103 31.46 4.50 × 102 58.22 × 104 5.40 × 10−5 7.72 × 10−4 2.41 × 10−1
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Table A.4: Z = 10−4 × Z⊙ 8 kpc

Number M∗F e56
M∗O16

M∗ej MShellF e56
MShellO16

Mtot X∗F e56
X∗O16

[O/Fe]

of SNe

10 0.95 8.55 1.14 × 102 1.02 9.10 57.91 × 104 2.09 × 10−6 1.57 × 10−5 3.68 × 10−2

50 3.95 41.54 4.81 × 102 4.02 42.10 57.95 × 104 7.26 × 10−6 7.26 × 10−5 1.06 × 10−1

100 6.99 81.58 8.60 × 102 7.06 82.14 57.99 × 104 1.22 × 10−5 1.42 × 10−4 1.52 × 10−1

500 24.69 377.66 3.23 × 103 24.75 3.78 × 102 58.22 × 104 4.25 × 10−5 6.52 × 10−4 2.70 × 10−1

Table A.5: Z = Z⊙ 12 kpc

Number M∗F e56
M∗O16

M∗ej MShellF e56
MShellO16

Mtot X∗F e56
X∗O16

[O/Fe]

of SNe

10 0.92 10.23 1.13 × 102 456.70 3.75 × 103 38.97 × 104 1.17 × 10−3 9.61 × 10−3 3.13 × 10−4

50 3.74 49.28 4.47 × 102 459.52 3.78 × 103 39.00 × 104 1.18 × 10−3 9.70 × 10−3 2.14 × 10−3

100 6.35 95.73 7.95 × 102 462.13 3.83 × 103 39.03 × 104 1.18 × 10−3 9.81 × 10−3 4.98 × 10−3

500 23.27 421.95 2.95 × 103 479.05 4.16 × 103 39.25 × 104 1.22 × 10−3 1.06 × 10−2 2.48 × 10−2

Table A.6: Z = 0.1 × Z⊙ 12 kpc

Number M∗F e56
M∗O16

M∗ej MShellF e56
MShellO16

Mtot X∗F e56
X∗O16

[O/Fe]

of SNe

10 0.92 9.29 1.11 × 102 46.50 3.83 × 102 38.97 × 104 1.19 × 10−4 9.82 × 10−4 1.98 × 10−3

50 3.74 45.00 4.51 × 102 49.32 4.18 × 102 39.00 × 104 1.26 × 10−4 1.07 × 10−3 1.51 × 10−2

100 6.35 87.27 8.02 × 102 51.92 4.61 × 102 39.03 × 104 1.33 × 10−4 1.18 × 10−3 3.46 × 10−2

500 23.27 388.11 2.97 × 103 68.85 7.62 × 102 39.25 × 104 1.75 × 10−4 1.94 × 10−3 1.30 × 10−1
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Table A.7: Z = 0.01 × Z⊙ 12 kpc

Number M∗F e56
M∗O16

M∗ej MShellF e56
MShellO16

Mtot X∗F e56
X∗O16

[O/Fe]

of SNe

10 0.92 8.93 1.11 × 102 5.48 46.29 38.97 × 104 1.41 × 10−5 1.19 × 10−4 1.31 × 10−2

50 3.74 43.24 4.52 × 102 8.30 80.60 39.00 × 104 2.13 × 10−5 2.07 × 10−4 7.36 × 10−2

100 6.35 84.64 8.06 × 102 10.90 121.82 39.04 × 104 2.79 × 10−5 3.12 × 10−4 1.35 × 10−1

500 23.27 381.99 3.00 × 103 27.83 419.35 39.25 × 104 7.09 × 10−5 1.07 × 10−3 2.64 × 10−1

Table A.8: Z = 10−4 × Z⊙ 12 kpc

Number M∗F e56
M∗O16

M∗ej MShellF e56
MShellO16

Mtot X∗F e56
X∗O16

[O/Fe]

of SNe

10 0.92 8.51 1.11 × 102 0.97 8.88 38.97 × 104 2.49 × 10−6 2.28 × 10−5 4.80 × 10−2

50 3.74 41.13 4.52 × 102 3.79 41.5 39.00 × 104 9.72 × 10−6 1.06 × 10−4 1.26 × 10−1

100 6.35 80.47 8.05 × 102 6.39 80.84 39.04 × 104 1.64 × 10−5 2.07 × 10−4 1.88 × 10−1

500 23.27 367.43 2.99 × 103 23.31 367.81 39.25 × 104 5.94 × 10−5 9.37 × 10−4 2.84 × 10−1

Table A.9: Z = Z⊙ 4 kpc

Number M∗F e56
M∗O16

M∗ej MShellF e56
MShellO16

Mtot X∗F e56
X∗O16

[O/Fe]

of SNe

10 0.97 10.32 1.19 × 102 1179.14 9.67 × 103 100.71 × 104 1.17 × 10−3 9.60 × 10−3 1.04 × 10−4

50 4.26 50.57 5.20 × 102 1182.42 9.71 × 103 100.75 × 104 1.17 × 10−3 9.63 × 10−3 7.02 × 10−4

100 7.79 99.37 9.33 × 102 1185.95 9.76 × 103 100.79 × 104 1.18 × 10−3 9.69 × 10−3 1.58 × 10−3

500 27.36 457.84 3.53 × 103 1205.52 10.11 × 103 101.05 × 104 1.19 × 10−3 1.00 × 10−2 1.01 × 10−2
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Table A.10: Z = 0.1 × Z⊙ 4 kpc

Number M∗F e56
M∗O16

M∗ej MShellF e56
MShellO16

Mtot X∗F e56
X∗O16

[O/Fe]

of SNe

10 0.97 9.36 1.16 × 102 118.79 9.75 × 102 100.71 × 104 1.18 × 10−4 9.68 × 10−4 6.17 × 10−4

50 4.26 45.99 5.19 × 102 122.08 10.11 × 102 100.75 × 104 1.21 × 10−4 1.00 × 10−3 4.77 × 10−3

100 7.79 90.67 9.41 × 102 125.61 10.56 × 102 100.79 × 104 1.25 × 10−4 1.05 × 10−3 1.11 × 10−2

500 27.36 418.89 3.56 × 103 145.17 13.84 × 102 101.05 × 104 1.44 × 10−4 1.37 × 10−3 6.58 × 10−2

Table A.11: Z = 0.01 × Z⊙ 4 kpc

Number M∗F e56
M∗O16

M∗ej MShellF e56
MShellO16

Mtot X∗F e56
X∗O16

[O/Fe]

of SNe

10 0.97 9.00 1.16 × 102 12.76 1.05 × 102 100.71 × 104 1.27 × 10−5 1.05 × 10−4 4.06 × 10−3

50 4.26 44.18 5.20 × 102 16.04 1.41 × 102 100.75 × 104 1.59 × 10−5 1.40 × 10−4 2.96 × 10−2

100 7.79 87.06 9.43 × 102 19.57 1.84 × 102 100.79 × 104 1.94 × 10−5 1.82 × 10−4 5.87 × 10−2

500 27.36 408.93 3.58 × 103 39.14 5.05 × 102 101.06 × 104 3.87 × 10−5 5.00 × 10−4 1.97 × 10−1

Table A.12: Z = 10−4 × Z⊙ 4 kpc

Number M∗F e56
M∗O16

M∗ej MShellF e56
MShellO16

Mtot X∗F e56
X∗O16

[O/Fe]

of SNe

10 0.97 8.58 1.16 × 102 1.09 9.55 100.71 × 104 1.08 × 10−6 9.48 × 10−6 2.89 × 10−2

50 4.26 42.06 5.20 × 102 4.38 43.03 100.75 × 104 4.35 × 10−6 4.27 × 10−5 7.86 × 10−2

100 7.79 82.80 9.42 × 102 7.91 83.77 100.79 × 104 7.85 × 10−6 8.31 × 10−5 1.11 × 10−1

500 27.36 390.33 3.58 × 103 27.47 391.30 101.05 × 104 2.71 × 10−5 3.87 × 10−4 2.40 × 10−1
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