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Abstract

T HE majority of elements beyond the Fe peak are produced by neutron cap-
ture processes which can be rapid (r-process) or slow (s-process) relative
to the β-decay in nuclei. Understanding which are the astrophysical for-

mation sites of these two processes has become one of the major challenges in
the field of the chemical evolution of galaxies. The s-process mainly takes place
in low-intermediate mass stars during the asymptotic giant branch (AGB) phase
and in rotating massive stars, with the latter being particularly relevant at low
metallicities. On the other hand, the r-process sites are still under debate, with
possible main producer candidates being merging of compact objects (neutron
stars or neutron star-black hole) or peculiar supernovae (magneto-rotational su-
pernovae, MR-SNe). In particular, merging neutron stars (MNS) have been sup-
posed to be powerful sources of r-process matter and this has been proved thanks
to the observation of the kilonova AT2017gfo, following the gravitational wave
event GW170817. However, although observations point towards MNS as the ma-
jor astrophysical r-process sites, chemical evolution simulations still struggle to
reproduce the abundance pattern of the [Eu/Fe] vs. [Fe/H] (with Eu being a typ-
ical r-process element) if MNS are the only producers of r-process material and
realistic timescales for merging are assumed.
In this Thesis, we aim to investigate the origin of neutron capture elements by
studying their evolution in time and space in the interstellar medium (ISM) of
galaxies of different morphological types, i.e. dwarf spheroidal, ultra-faint dwarf,
external irregular, elliptical and spiral galaxies, as well as in the Milky Way. The
study of the chemical evolution of galaxies is performed by means of detailed
chemical evolution models that predict the evolution of 40 chemical species, from
H to Fe and the neutron capture elements Y, Zr, Ba, La, Ce, Eu, Mo, Nd and Pr. The
adopted models include gas infall and outflow as well as the chemical enrichment
from low-intermediate mass stars, novae, supernovae of all types (including MR-
SNe) and MNS.
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In the first part of the Thesis, we compute rates of MNS in external galaxies of
different morphological types as well as cosmic MNS rates assuming different
cosmological scenarios. Our aim is to provide predictions of kilonova rates for fu-
ture observations both a low and high redshift. In the adopted models, the MNS
rates are computed by adopting either a constant and short total time delay for
merging (10 Myr) or a distribution function of such delays. The production of
r-process elements either by MNS or core-collapse supernovae is taken into ac-
count in detail. We test our models by comparing results for spiral galaxies with
the observed MNS rate in the Milky Way and with the observed abundance pat-
tern of the [Eu/Fe] vs. [Fe/H], as well as the solar abundances of both Eu and Fe.
In order to get a more complete picture of the cosmic MNS rates evolution, we
also investigate how these quantities evolve on larger scales. We test our models
with the observed cosmic stellar mass density and compare our results with the
cosmic rate of short gamma-ray bursts. In particular, we find that spiral galaxies
are the major contributors to the cosmic MNS rate at all redshifts in hierarchi-
cal scenarios while in a pure luminosity evolution scenario spirals are the major
contributors locally, whereas ellipticals dominate at high redshift. Moreover, the
cosmic rate of short gamma-ray bursts is well reproduced only if the distribution
function of delays is adopted in a hierarchical scenario.

Then, we focus our study on dwarf galaxies by studying the evolution of the Eu
and Ba abundances in Local Group dwarf spheroidal and ultra-faint dwarf galax-
ies and compare our results with new sets of homogeneous abundances. In this
work, we investigate several production scenarios for r-process elements, includ-
ing both MNS and MR-SNe. For MNS we test yields derived from the spectra of the
kilonova AT2017gfo which followed the neutron stars merger GW170817, while
for MR-SNe we adopt different sets of nucleosynthesis yields. Our simulations
show that if r-process material is produced only by a quick source, it is possible
to reproduce the [Eu/Fe] vs. [Fe/H] observed abundance pattern, but those mod-
els fail in reproducing the [Ba/Fe] vs. [Fe/H] one. If r-process elements are pro-
duced only with longer delays then the opposite happens. Finally, if both a quick
source and a delayed one are adopted, such as MR-SNe and MNS with a delay
time distribution respectively, the [Eu/Fe] is successfully reproduced, but models
still struggle in reproducing the [Ba/Fe]. We also investigate the ultra-faint dwarf
galaxy Reticulum II, which stands out among all the other galaxies because of its
peculiar Eu and Ba abundances data, which are concentrated at low metallicities
and also show strong enhancements. We are able to reproduce such a pattern
only if both the Eu and the r-process fraction of Ba are produced on short and
constant time delays during a single merging event (or MR-SNe explosion).

The origin of neutron capture elements is then studied in the Milky Way disc,
by analysing both their abundance patterns and radial gradients. We adopt a
detailed two-infall chemical evolution model for the Galaxy, including state-of-
the-art nucleosynthesis prescriptions for neutron capture elements. In partic-
ular, we consider r-process nucleosynthesis from MNS, MR-SNe and s-process
synthesis from low-intermediate mass stars and rotating massive stars. We also
include the processes which mainly influence the formation of abundance gradi-
ents: the inside-out scenario and a variable star formation efficiency. Predictions
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of our model are compared with data from the sixth data release of the Gaia-
ESO survey, from which we consider 62 open clusters with age ≥ 0.1 Gyr and ∼
1300 Milky Way disc field stars. We confirm that the [Eu/Fe] vs. [Fe/H] diagram
is reproduced by adopting both prompt and delayed sources, with the prompt
source dominating the Eu production. Including rotation in massive stars signif-
icantly contributes to the first peak s-process elements, even if constant initial
rotational velocities are assumed, but MNS and MR-SNe are necessary to match
the observations. Regarding the radial gradients, our predicted [Fe/H] gradient
slope agrees with observations from Gaia-ESO and other high-resolution spec-
troscopic surveys. However, the predicted [Eu/H] radial gradient slope is steeper
than the observed one, regardless of how quick the production of Eu is, prompt-
ing discussions on different Galaxy-formation scenarios and stellar radial migra-
tion effects. Finally, elements in the second s-process peak as well as Nd and Pr,
exhibit a plateau at low-Galactocentric distances, likely due to the enhanced en-
richment from LIMS in the inner regions.

The formation and chemical evolution of the Galactic bulge is also discussed,
with a great focus on the stellar metallicity distribution function (MDF). Follow-
ing previous literature results, we investigate the bimodality of the bulge MDF
suggested by both old and more recent APOGEE data. The MDF is characterized
by two populations, one metal poor (MP) and the other metal rich (MR). We in-
vestigate the possibility that the MP population is formed in situ in a gas-rich
environment characterized by violent and fast star formation, while the MR pop-
ulation is made both by stars which formed in situ and by stars which are accreted
from the innermost part of the Galactic disc region, being their motions strongly
affected by the bar’s gravitational perturbation. We investigate different percent-
ages of stars which might come from the inner disc, in order to reproduce the
bimodality of the MDF and the main α-elements abundance patterns. Finally, we
study how the neutron capture element Ce may be affected by the stellar accre-
tion phenomenon.

In the final part of the Thesis, we present the first of two papers which will
be devoted to the study of the evolution of neutron capture elements in early-
type galaxies. In the first paper, which is presented in this Thesis, we focus on
studying the formation and evolution of elliptical galaxies and how they suppress
star formation and maintain it quenched. We adopt a chemical evolution model
for elliptical galaxies where the SN rates are computed in detail as well as stel-
lar nucleosynthesis. The main novelty of this model is the inclusion of the AGN
feedback, besides that of SNe and stellar winds. The AGN feedback is computed
by considering a Bondi-Eddington limited accretion onto the central supermas-
sive black hole. In particular, we study the evolution of early-type galaxies with
different initial infall of gas mass (between 1010 − 5 × 1012 M⊙). The evolution-
ary scenario that we consider is the following: ellipticals are formed by infall of
gas in a primordial dark matter halo and its evolution is influenced by infall and
outflow of gas as well as by stellar nucleosynthesis. The system goes through an
early intense burst of SF, which is then quenched when strong galactic winds are
produced and the galaxy evolves passively afterwards. This happens when the
thermal energy of the gas in the ISM exceeds its binding energy. We study both
the case in which the gas is thermalized only by stellar winds and SNe of all types,
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and the case in which AGN feedback also contributes to the thermal energy of the
gas. We successfully reproduce several observational features, such as the [α/Fe]
ratios increasing with galaxy mass, mass-metallicity, MBH−σ and MBH −M∗ rela-
tions. We show that stellar feedback, in particular from Type Ia SNe, is necessary
since it has a main role in maintaining quenched the star formation after the oc-
currence of the main galactic wind episode, especially in low-mass ellipticals. For
larger systems, the contribution from AGN to the thermal energy of the gas ap-
pears to be necessary. However, the effect of the AGN on the development of the
main galactic wind is negligible, unless an unreasonable high AGN efficiency or
an extremely low stellar feedback is assumed.
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CHAPTER 1

Introduction

W HERE do elements come from and how are they distributed in the
Universe? The origin of the cosmic abundances is a critical aspect
for understanding the evolution of the Universe, which requires

connections between different fields of modern astrophysics, e.g., stellar evolu-
tion and nucleosynthesis, stellar spectroscopy and chemical evolution of galax-
ies. By knowing the composition of individual stars and that of whole galaxies,
it is possible to learn about the astrophysical events that produce the different
chemical species as well as the history of formation of the galaxies themselves.

The goal of this Thesis is to use constraints coming from chemical abundance
observations to develop chemical evolution models able to study the evolution
of heavy elements in galaxies of different morphological type, in order to shed
light on their stellar sites and timescales of production.

In this Chapter, I outline the framework of this Thesis, by providing a general
introduction on the astrophysical background of this work. I first discuss the
stellar evolution and nucleosynthesis of the lighter elements and then that of
the heavier elements, with emphasis on their main production sites. Then, I in-
troduce the field of the chemical evolution of galaxies, highlighting the model
framework adopted in this work. Finally, I present the structure of this Thesis.
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FIGURE 1.1: From Arcones et al. (2023). Solar System abundances as a function of the mass
number A (A = Z +N , where Z is the number of protons and N the number of neutrons)

normalized to log(N(Si)) = 6.

1.1 The origin of elements

Since the pioneering works of Burbidge et al. (1957) and Cameron (1957) it is
known that only Hydrogen (H, with its isotopes 1,2H), Helium (He, with its iso-
topes 3,4He) and a very small amount of Lithium (7Li) and Beryllium (Be) were
created during the Big Bang. All the other elements beyond He are made in stars
during their lifetime as well as at the moment of their death. The next genera-
tion of stars form from gas clouds than include elements from the previous stellar
generation. Therefore, from the elemental abundances observed in the present-
day stars, we can gain insights on the properties of stars from the past as well as
on the star formation history of the host galaxy. Astronomers refer to all the el-
ements formed only through stellar nucleosynthesis (thus excluding those made
by spallation processes, as 6Li, Be and B) as metals and their abundance is called
metallicity, Z. In Figure 1.1, we show the Solar System abundances of elements.
We see that H and He dominate the abundance budget, making up roughly 74%
and 24% of the total mass of the Sun, respectively. Heavier elements constitute
only about 2% of the mass of the Sun. However, despite their low abundances
relative to lighter elements, they have a crucial role in most of the astrophysical
phenomena.

In the next sections, we will present in some detail the stellar evolution and nu-
cleosynthesis of the different chemical species (for a more comprehensive under-
standing, you can refer to the recent review by Arcones et al., 2023).
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1.1.1 Stellar evolution and nucleosynthesis of elements up to the
Iron group

Inside a star, the gravitational pressure is balanced by the gas pressure generated
by thermonuclear fusion reactions as well as degeneracy pressure. During its life,
a star undergoes different burning stages. First, stars fuse 1H into 4He via the
p-p chains or the CNO cycles, depending on their mass. During the H burning,
the star is on the so-called main sequence (MS) of the Hertzsprung-Russel (HR)
diagram (Russell, 1914; Hertzsprung, 1976, see Figure 1.2), which relates a star
stellar luminosity to its surface temperature (colour). The H burning stage is the
longest phase in the life of a star and therefore most stars are found on the MS.
The MS phase of stellar evolution ends when H in the core is exhausted.

When the H burning can no longer provide enough energy to balance the grav-
itational force, the star contracts until the core reaches a critical central temper-
ature to ignite He. During the He burning, 12C is formed through the triple-alpha
reaction (the fusion of three 4He nuclei into one 12C nucleus; see deBoer et al.,
2017), followed by 16O through a subsequent capture of an alpha particle (and in
case by 20Ne by another alpha capture on 16O). When the central He supply is
exhausted, the star is left with a C-O core and its subsequent evolution is deter-
mined by its mass.

For low- and intermediate-mass stars (M < 8 M⊙) the core becomes degen-
erate before it reaches the temperature for C ignition, therefore the degeneracy
pressure can support the core preventing further burning stages. These stars
evolve through the asymptotic giant branch (AGB) phase in the HR diagram. In
this phase, the star has a C-O core plus two burning shells, an innermost shell
where He is burning and an outermost one where H is burning. This configura-
tion is very unstable and in this phase matter is lost from the star, ending with
the ejection of the entire mantle (causing what is known as a planetary nebula
phase), leaving a stellar remnant known as a C-O White Dwarf (C-O WD).

On the other hand, massive stars (M ≳ 8 M⊙) can reach temperatures high
enough to ignite C into the core. For stars with masses in the range ∼ 7− 10 M⊙
(super-AGB stars), the C-O core is partially degenerate and after C burning it turns
into a degenerate ONeMg core, where the fusion reactions start explosively as the
electron capture begins, making the star explode as an electron-capture super-
nova.

For larger masses, the core remains non-degenerate and the burnings will
start non-catastrophically, until the formation of a Fe core. First C burning, which
forms mainly 20Ne, and subsequently O and Si burning will be ignited. As each
nuclear fuel is exhausted in the center, the burning will continue in a shell. The
star will consist of a sequence of layers differing in composition all the way up to
Fe, in an onion-shell like structure as schematically shown in Figure 1.2. Once
the Si in the core of the star has been burned to Fe, thermonuclear reactions
cease in the center and the gravitational pressure of the star can no longer be
counteracted. In fact, Fe has the maximum binding energy per nucleon. The
core then contracts until it reaches densities of the order of nuclear densities
(∼ 3× 1014 g cm−3). At such high densities, nuclear interactions involve a repul-
sive force which causes the collapse to stop. The sudden stop produces a bounce
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FIGURE 1.2: Left panel: from Iben (1967); paths in the HR diagram for stars of different
initial masses. Luminosity is in solar units, L⊙ = 3.86× 1033 erg/s and surface tempera-
ture is in K. Right panel: from Arcones et al. (2023), composition and burning stages in a

massive star before CC-SN.

and a shock wave is launched outwards in radius. It was at first believed that the
shock wave carries enough energy to cause the final explosion (so-called prompt
explosion mechanism, e.g., Bruenn, 1989a; Bruenn, 1989b). However, the shock
wave loses energy by photodisintegration of heavy nuclei and it stalls at some
point. The mechanism to revive it is still subject of investigation and more mech-
anisms have been proposed (for review of the subject see e.g., Janka et al., 2007;
Janka et al., 2016; Müller, 2016; Burrows et al., 2021). A possible explanation is the
so-called delayed-neutrino heating scenario (Colgate et al., 1966; Arnett, 1966),
in which neutrinos from the freshly formed proto-neutron star (PNS) deposit en-
ergy below the shock. The shock revives and moves through the layers, heating
them and causing their final ejection. As the shock wave propagates, explosive
nucleosynthesis occurs in the different layers. This event is called core-collapse
supernova (CC-SN). The dominant reactions are α-captures, so that elements up
to the Fe group can be synthesized. The remnant of a CC-SNe can be either a
neutron star (NS) or a black hole (BH), depending on the mass of the Fe core.

1.1.2 Nucleosynthesis of elements beyond the Iron group

Up to the Fe group (around A = 56), light elements can ‘easily’ fuse into heavier
ones inside stars, thanks to the right conditions of temperature and density. On
the contrary, for heavier nuclei charged particle reactions become unsustainable
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in stellar environments because of the increasing Coulomb barriers. While for
elements lighter than Fe the fusion of charged nuclei produces energy that can
support the star, for heavier elements it becomes energetically expensive. There-
fore, elements heavier then Fe cannot be produced by stellar fusion (see Holm-
beck et al., 2023 for a review).

The majority of the isotopes beyond Fe are produced by neutron capture pro-
cesses. Neutron captures can be slow or rapid with respect to the β-decay in
the nucleus. When the neutron densities are low, the unstable isotope created
by neutron capture decays in a stable nuclide before it has time to capture an-
other neutron. In this case, the neutron capture process is slow with respect to
the β-decay, and we talk about s-process. The nucleosynthetic path proceeds
along the valley of stability in the nuclear chart (blue arrow in Figure 1.3). On
the other hand, if the neutron density is high, there is time for the unstable iso-
tope to capture many neutrons before the first β-decay occurs. In this case, the
neutron capture process is rapid with respect to the β-decay, and we talk about
r-process. The nucleosynthetic path proceeds along the neutron-rich side in the
nuclear chart (red arrow in Figure 1.3). The final nucleosynthesis patterns that
result from s- and r-process include peaks at the neutron numbers N=50, 82 and
126. In fact, due to higher neutron separation energy in correspondence of these
so-called magic numbers, the neutron capture cross-sections are much smaller
than for neighbouring neutron numbers. Therefore, once one of these values for
N is reached, it becomes less likely for nucleus to capture more neutrons and
matter will accumulate. The solar system abundances pattern is indeed charac-
terized by a double peak structure atA ≃ 80, 130-140 and 195-208, corresponding
to the magic numbers forN , but related to different proton numbersZ for the two
processes.

Because of the different conditions required for the s- and r-process, we ex-
pect them to have place in different astrophysical sites. The s-process can be
decomposed into three sub-processes: (i) the weak s-process, mainly respon-
sible for the production of the first peak s-process elements (Y, Sr, and Zr); (ii)
the main s-process which produces elements belonging to the second s-process
peak (Ba, La, and Ce); and (iii) a strong s-process responsible for the produc-
tion of the third s-process peak elements (Pb, Au, and Bi). Rotating massive stars
(M > 13 M⊙) are the main responsible for the production of the weak s-process.
Neutrons are released via (α,n)-reactions on 22Ne, through the reaction 22Ne(α,
n)25Mg which takes place mainly during core He- and C-burning phases and can
produce elements up to A ∼ 90 (Pignatari et al., 2010; Frischknecht et al., 2016;
Limongi et al., 2018). The main and the strong s-process components occur in
LIMS (M < 8 M⊙) during thermal pulses in their AGB phase. In AGB stars two
major neutron sources are at work: the 13C(α, n)16O reaction, dominant in low-
mass AGB stars, and the 22Ne(α, n)25Mg, more important in more massive AGBs
(Busso et al., 1999; Karakas, 2010; Fishlock et al., 2014; Cristallo et al., 2015), pro-
ducing elements with 90 ≤ A ≤ 208. In general, the bulk of the s-process arises
from LIMS of 1− 3M⊙.

On the contrary, the major r-process production site, is still under debate and
is one of the major challenges in chemical evolution and stellar nucleosynthesis
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FIGURE 1.3: Courtesy of M. Jacobi; Path of nuclear fusion, s-process, i-process, νp-process,
γ-process, and r-process in the nuclear chart.

(for reviews see e.g.: Thielemann et al., 2017; Cowan et al., 2019; Cowan et al.,
2021). The first astrophysical site which has been proposed to produce heavy
elements via r-process is CC-SNe. However, the prompt explosion mechanism,
which was believed to eject extremely neutron-rich matter, has been completely
ruled out by earlier hydrodynamical nucleosynthesis calculations. Simulations
showed not only difficulties in reproducing the high entropy needed to reproduce
the solar r-process abundances (Wanajo, 2006; Arcones et al., 2007), but also that
the neutrino winds, which follow the SNe explosion, are only slightly neutron rich
or even proton rich (Fröhlich et al., 2006; Fischer et al., 2010; Arcones et al., 2013),
providing insufficient conditions for the production of heavy r-process elements.
Among massive stars, a rare class of CC-SNe induced by strong magnetic fields
and fast rotation of the stellar core (magneto-rotationally driven SNe, MR-SNe)
seem to provide a source for the r-process (Winteler et al., 2012; Nishimura et al.,
2015; Mösta et al., 2018; Reichert et al., 2021; Reichert et al., 2023).

A more reliable scenario is the merger of compact objects (neutron star-neutron
star, neutron star-black hole), which already in 1970s was suggested as a poten-
tial candidate for r-process nucleosynthesis. In particular, merging neutron stars
(MNS) have been proved to be powerful sources of r-process matter, thanks to
the observation of the kilonova AT2017gfo, following the gravitational wave event
GW170817 (Abbott et al., 2017), where freshly synthesized Sr was observed (Wat-
son et al., 2019). However, although both the r-process yields and the estimated
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rate of this phenomena seem to point towards MNS as the main r- process as-
tronomical source, strong conclusions can be reached only by mean of chemical
evolution models. In this Thesis, we will investigate the contribution of both MNS
and MR-SNe.

It must be reminded that the s- and r-process alone cannot describe the pres-
ence of all the heavy nuclei observed today. Other processes have been proposed,
such as the γ-process (see e.g., Pignatari et al., 2016; Roberti et al., 2023), the rp-
process (see e.g., Wanajo, 2006) and the intermediate neutron-capture process
(i-process) (e.g., Côté et al., 2018; Denissenkov et al., 2019).

Merging neutron stars

MNS are systems consisting of two neutron stars that gradually spiral inward due
to gravitational radiation and finally collide (for reviews see e.g., Thielemann et
al., 2017; Shibata et al., 2019). In Figure 1.4, we show an illustration from Tauris et
al. (2017) of the formation of a double neutron stars (DNS) system. As described
by the authors, in order to create a DNS system, the initial binary system must
be made of two OB-stars massive enough to end their lives as CC-SNe and live a
NS as a remnant. Furthermore, the two progenitors stars must be close enough
to ensure mass transfer. The secondary (initially less massive) star accretes mass
from the primary (initially more massive) star to reach the threshold limit for core
collapse. If the binary system remains bound after the first SN explosion, it may
be detectable as a radio pulsar orbiting an OB-star (as in the case of PSRs 1259-63,
Johnston et al., 1992, and of J0045-7319, Kaspi et al., 1994), or as a high mass X-
ray binary (HMXB). When the secondary star expands, it fills its Roche-lobe and
the system becomes dynamically unstable, leading to the formation of a com-
mon envelope (CE). The dynamical friction caused by the motion of the NS in-
side the CE may cause extreme loss of angular momentum and ejection of the
H-rich envelope of the giant star. Therefore, if the system survives this phase, it
will consist of a NS orbiting an He-star. Then, depending on the orbital separa-
tion and on the mass of the He-star, an additional phase of mass transfer may be
present (case B RLO). This phase causes extreme stripping of the He-star which
will then die as an ultra-stripped SN. If the system survives this second explosion,
a NS binary system is formed. Then, the system will eventually merge due to
gravitational wave (GW) radiation, leaving a BH (or, depending on the equation
of state, a NS/metastable NS) as a merged final object. From this picture, it ap-
pears clear that the delay between the formation of the progenitors binary system
and the merging event will depend on two delay time: the nuclear lifetime of the
secondary component of the progenitors binary system and the delay due to the
GW radiation. In the next Chapter, we will show how the delay time for MNS is
parametrized in our model.

As described in the last section, MNS are considered one of the major as-
trophysical sites for heavy elements nucleosynthesis through r-process. The ra-
dioactive decay of the r-process elements in the merger ejecta powers a strong
electromagnetic (EM) emission (also known as kilonova), which is the EM coun-
terpart of the GWs. The observation of the spectra of the kilonova is actually used
to measure the production of r-process elements by MNS, as for the kilonova
AT2017gfo following the neutron stars merger GW170817 (Watson et al., 2019).
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FIGURE 1.4: Adapted from Tauris et al. (2017). Illustration of the formation of a double
neutron stars system. Acronyms used in this figure are - ZAMS: zero-age main sequence;
RLO: Roche-lobe overflow; He-star: helium star; SN: supernova; NS: neutron star; HMXB:

high-mass X-ray binary; CE: common envelope; BH: black hole.
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Three components of neutron star merger ejecta contribute to the overall nu-
cleosynthesis: i) dynamical ejecta, ii) neutrinos driven winds and iii) mass out-
flow from the accretion disk. Dynamical ejecta are matter ejected by tidal forces
during the merger of the two neutron stars. This matter is very neutron rich, since
it consists of material from the neutron star itself and, since it is located far away
from the MNS, it is negligible affected by neutrinos and therefore it is an ideal
host for the r-process, potentially contributing to all r-process elements (see e.g.,
Korobkin et al., 2012; Thielemann et al., 2020; Perego et al., 2021; Arcones et al.,
2023). After the dynamic ejecta, a neutrino wind from the merger remnant (NS
or BH surrounded by a massive accretion torus) is emitted which contributes to
the r-process nucleosynthesis. The material which is pushed outwards from the
accretion disk, is less neutron-rich and therefore it synthesizes mainly lighter ele-
ments between the first and second r-process peak (see e.g., Fujibayashi et al.,
2017; Fujibayashi et al., 2023). Finally, mass outflows from the black hole ac-
cretion disc formed after the merger, powered by angular momentum transport
processes and recombination energy, can produce a robust abundance pattern
around the second r-process peak and, depending on the disc viscosity, initial
mass or entropy of the torus, it can reach also the third r-process peak (see e.g.,
Wu et al., 2016; Siegel et al., 2017; Fernández et al., 2023).

Magneto-rotational driven supernovae

The MR-SNe are a rare type of CC-SNe which rely on a different explosion mech-
anism with respect to the neutrino-driven one. In particular, the explosion relies
on the extraction of rotational energy from the core via strong magnetic field (see
e.g., Obergaulinger et al., 2018). While in typical neutrino-driven CC-SNe mat-
ter is processed by neutrinos so that neutrons can react to protons, in MR-SNe
the ejected material is dominantly driven by magnetic pressure and therefore it
preserves neutron rich conditions, making MR-SNe a promising site for the nu-
cleosynthesis of the heaviest elements, at least theoretically. The first theoretical
models of MR-SNe date back to 1970s (e.g., LeBlanc et al., 1970). Early works
have been extended and improved until today where simulations include ele-
ments such as three dimensions, general relativity, neutrino transport, detailed
microphysics (e.g., Obergaulinger et al., 2021; Matsumoto et al., 2022; Varma et
al., 2023) as well as the possibility of combining magnetohydrodynamic (MHD)
simulations with large nuclear reaction networks to calculate the nucleosynthe-
sis. From the recent simulations by Reichert et al. (2023) (see also Reichert et
al., 2021), it emerged that the strongest pre-collapse magnetic fields lead to the
strongest r-process ejecta. In particular, if the magnetic field is strong enough,
it can impact the proto-neutron star shape which can eventually transit into a
toroidal configuration. The change in the neutron star shape may allow ejecta
of very neutron rich material from the proto-neutron star itself on very short
timescales, leading to production of elements up to the second r-process peak
or, for magnetic field high enough, even up to the thrid r-process peak (see Figure
1.5).

On the contrary, from the observational point of view the situation is more
uncertain. There are some observational evidences of very energetic SNe (hyper-
novae, HNe; Iwamoto et al., 1999, and superluminous SNe, SLSNe; Moriya et al.,
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FIGURE 1.5: From Reichert et al. (2021). Integrated nucleosynthetic yields for models with
various magnetic fields and rotation: model 35OC-Rs is the one with the strongest magnetic
field, model 35OC-RRw is the one with the weakest magnetic field, model 35OC-RO has the
same magnetic field of the progenitor (from Woosley et al., 2006b) and model 35OC-Rw has

intermediate magnetic field but the fastest rotation.

2018) associated to powerful long gamma-ray bursts (lGRB; Woosley et al., 2006a),
whose extreme properties may point towards the presence of some extraordinary
conditions of the stellar progenitors and cannot be explained by the neutrino-
driven mechanism, however more investigation is still needed.
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1.2 Chemical evolution of galaxies

As described in Section 1.1, during the Big Bang only light elements were pro-
duced and all the other elements, from C to U and beyond, originated in stars.
Stars reprocess material from which they were born in their interior through nu-
clear reactions. This processed material is then expelled into the ISM in the form
of both newly formed and already existing elements, via stellar wind and SNe ex-
plosions. As time passes, more and more stellar generations succeed one another
with the new ones formed out of gas enriched by the previous stellar genera-
tions. This is the process of chemical evolution (or Galactic archaeology, see e.g.,
Kobayashi et al., 2020; Matteucci, 2021). When a star forms, it locks a snapshot of
the surrounding ISM into its photosphere. Abundances of elements in the pho-
tosphere of a star are observable via spectra analysis and yield insights into the
chemical composition of the ISM at the time of formation of the star. The abun-
dance of a generic element X in the photosphere of a star can be expressed in
absolute values as:

A(X) = log(X/H) + 12, (1.1)

where A(H) = 12. The most common way to express abundance ratios in stars is
relative to the solar chemical composition via the square bracket notation, as:

[X/H] = log(X/H)− log(X/H)⊙, (1.2)

expressed in decimal exponential (dex). In this notation the abundances in the
Sun are [X/H]⊙ = 0.

1.2.1 Chemical evolution models

Chemical evolution models follow the evolution in time and space of the abun-
dances of the different chemical species in the ISM of galaxies of different mor-
phological type. The topic of chemical evolution is highly challenging since it
involves many physical processes, such as stellar nucleosynthesis, galactic gas
flows, the history of star formation of a galaxy as well as its distribution of stellar
mass.

The first seminal papers on chemical evolution date back to 1960s (Schmidt,
1963) and 1970s (Lynden-Bell, 1975; Pagel et al., 1975). However, the chemical
evolution is mainly associated to Beatrice Tinsley, who greatly contributed to the
field. Her seminal review paper, Tinsley (1980), summarizes all the basic ingre-
dients and equations that still today are at the foundation of modern chemical
evolution models.

Numerical chemical evolution models greatly evolved since the very firsts an-
alytical ones, in particular concerning the Milky Way (MW), but also for external
galaxies (e.g., Matteucci et al., 1986; Tosi, 1988; Matteucci et al., 1989; Chiappini
et al., 1997; Chiappini et al., 1999; Lanfranchi et al., 2006; Cescutti, 2008; Schön-
rich et al., 2009; Romano et al., 2010; Kobayashi et al., 2011; Matteucci et al., 2014;
Haywood et al., 2015; Mollá et al., 2015; Grisoni et al., 2017; Spitoni et al., 2019a;
Spitoni et al., 2020). In fact, these models include a more detailed treatment of
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FIGURE 1.6: The Hubble sequence of galaxies.

the stellar lifetimes, of the different gas flows and allow a stochastic and/or a 2D
approach.

Galaxies of different morphological type and the time-delay model

The Hubble sequence is a classification system for describing the morphologi-
cal types of galaxies. It was developed by Edwin Hubble in the 1920s (Hubble,
1926) and is one of the most widely used and recognized schemes for categorizing
galaxies. The Hubble sequence organizes galaxies into various classes based on
their visual appearance and structural characteristics (see Figure 1.6). Early-type
galaxies are represented by elliptical galaxies denoted by the letter E followed by
an integer n representing their degree of ellipticity. The ellipticity increases from
left to right on the Hubble diagram, with near-circular (E0) galaxies situated on
the very left of the diagram and more flattened types characterized by higher n
index. The two parallel branches on the right of the Hubble sequence are those
of spiral galaxies. A spiral galaxy consists of a flattened disk with stars forming
a spiral structure and a central concentration of stars known as the bulge. Spi-
ral galaxies are subdivided into normal and barred. Barred spirals have a bar-like
structure, with the bar extending from the central bulge; they occupy the lower
spiral branch in the diagram and are denoted by the symbol SB, while normal
spirals occupy the upper branch and are denoted by the letter S. According to dif-
ferences in the spiral arms, both type of spirals are further subdivided by adding
a letter to the morphological type. The MW is generally classed between SBb and
SBc. The third category in the Hubble sequence is that of irregular galaxies, which
have no regular structure, with no clear disk and spheroidal components.

The variations in the morphology of different galaxies along the Hubble se-
quence are due to variations in their physical properties. Irregular galaxies are
more gas rich than spirals which however have a much larger gas content than
elliptical galaxies. Moreover, elliptical galaxies are characterized by an old stel-
lar population, whereas going from spirals to irregulars there is an increase of



1.2. Chemical evolution of galaxies 13

FIGURE 1.7: Adapted from Peterken et al. (2021). The star formation history of the Universe
separated into its contributions from galaxies of different morphological type (indicated by
colours). Each color is also stratified by present-day stellar mass (darkest to lightest shades

for most to least massive galaxies).

young stars and of active star formation. The most common interpretation of the
Hubble sequence, in terms of the variations of the physical properties of differ-
ent galaxies, is that it strongly depends on the different star formation histories.
Star formation is very fast and strong in elliptical galaxies and in spheroidal sys-
tems, more moderate in spirals and slow in irregular galaxies (see Figure 1.7; see
Matteucci, 2012 for a review).

The differences in the star formation histories is reflected also in the different
abundance patterns. In particular, the analysis of the abundance ratios, such as
[α/Fe] vs. [Fe/H], can allow us to understand the time-scale of formation of dif-
ferent regions. The time-delay model explains the observed abundance patterns
in terms of different chemical elements produced by different types of stars on
different time-scales. α-elements are mostly produced by CC-SNe on short time-
scales. In fact, CC-SNe originate from massive stars whose lifetime is typically
below 30 Myr. CC-SNe are producing also Fe, however the bulk of it is produced
by Type Ia SNe. Type Ia SNe are results of exploding white dwarfs in binary sys-
tems and live more than 30 Myr and up to 10 Gyr, and therefore the Fe by Type
Ia SNe is produced on longer time-scales. As a consequence, we observe high
[α/Fe] ratios at low [Fe/H] values, where the production of both α-elements and
Fe is due only to CC-SNe, and lower [α/Fe] ratios at high [Fe/H] because of Type
Ia SNe contribution. Moreover, environments where the star formation has been
very intense show higher [α/Fe] ratios which remain almost constant until higher
[Fe/H] values with respect to environments with a slower star formation. This is
shown in Figure 1.8, where predictions for the [α/Fe] vs. [Fe/H] for the Galactic
Bulge (taken as representative of a spheroidal system with an intense star for-
mation), for the solar neighborhood (which reflect the evolution of a typical disc
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FIGURE 1.8: From Matteucci (2012). Predicted [α/Fe] vs. [Fe/H] abundance patterns for
the solar neighborhood (dotted line), for the Galactic Bulge (dashed line) and for the Large

Magellanic Cloud (solid line).

region with moderate star formation) and for the Large Magellanic Cloud (a pro-
totype irregular galaxy with slow star formation) are represented. In regions with
a very intense star formation, CC-SNe are able to enrich substantially the ISM in
Fe and α-elements before Type Ia SNe star exploding. Therefore, the so-called
knee in the [α/Fe] vs. [Fe/H] relation is placed at higher metallicities. In spirals
and in particular in irregular galaxies the opposite happens: a slow star formation
causes the gas to be poorly enriched in metals when Type Ia SNe start ejecting Fe
into the ISM.

The first prediction of the time-delay model dates back to the 90s (Matteucci et
al., 1990). Since then, the [α/Fe] ratios have been widely used as chemical clock to
investigate the evolution of galaxies of different morphological type, from dwarf
irregular galaxies to giant ellipticals (e.g., Lanfranchi et al., 2006; Ballero et al.,
2007; Vincenzo et al., 2014; De Masi et al., 2018).

1.3 Previous results

The first chemical evolution study that addresses the subject of r-process nucle-
osynthesis is Argast et al. (2004). The authors analyzed whether if MNS or normal
CC-SNe were the dominant source of r-process material in the Galaxy, by means
of a inhomogeneous chemical evolution model. Their study ruled out MNS as
the dominant r-process source, mainly because of their low rates of occurrence
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which led to an underproduction of Eu and of the r-process fraction of Ba at low
metallicities.

Indeed, some of the following studies on the nucleosynthesis of neutron cap-
ture elements were excluding MNS as production sites (e.g., Travaglio et al., 2004;
Cescutti et al., 2006; Lanfranchi et al., 2006; Cescutti et al., 2007; Cescutti, 2008;
Lanfranchi et al., 2008) and assumed that r-process nucleosynthesis was happen-
ing only in normal CC-SNe.

Matteucci et al. (2014) explored the production of Eu in the MW by adopting
MNS and/or normal CC-SNe as main Eu production sites. Their main conclu-
sions where that MNS can be entirely responsible for the production of Eu in the
MW, but their coalescence timescale should be no longer than 1 Myr for the bulk
of binary systems. If longer timescales are considered, then CC-SNe should also
contribute to the Eu production.

Similar prescriptions for the r-process nucleosynthesis have been later ap-
plied in the stochastic chemical evolution model of Cescutti et al. (2015). In that
work, the s-process contribution from spinstars was also taken into account. Con-
clusions from Matteucci et al. (2014) were confirmed and, thanks to the inhomo-
geneous mixing of the model, the low-metallicity scatter observed in the Galactic
halo was reproduced as well.

The origin of r-process elements has been analyzed also by Wehmeyer et al.
(2015) with an inhomogeneous approach. In that study, the contribution from
MR-SNe was also taken into account. Once again, the main conclusions pointed
towards a mixed scenario in which both MNS and massive stars produce r-process
elements.

The observation of the gravitational wave GW170817 coming from the merger
of two NSs represented a breakthrough in the field. As already discussed, from
the kilonova following the GW it has been possible to confirm the r-process nu-
cleosynthesis and, moreover, since the event happened in the elliptical galaxy
NGC 4993 and a sGRB (GRB 170817A) was observed in the same sky region ∼ 1.7 s
with respect to the merger time, longer delay times for the coalescence of the DNS
systems were considered to be more plausible. As we explained in Section 1.1.2,
the delay time is determined by both the stellar nuclear lifetime and the gravita-
tional delay time and, therefore, it can largely vary and it depends on a delay time
distribution (DTD). A popular choice in literature is a DTD ∝ t−1 (e.g., Côté et al.,
2017; Hotokezaka et al., 2018), where t is the total coalescence delay time.

Simonetti et al. (2019) (see also Greggio et al., 2021) derived a new DTD for
MNS from theoretical considerations and tested it against the sGRB redshift dis-
tribution and the [Eu/Fe] vs. [Fe/H] trend in the MW. The distribution of SGRBs
was successfully fitted by using the DTD for MNS, but if such longer delays for
merging where assumed a second r-process production site was needed in order
to reproduce the [Eu/Fe] vs. [Fe/H] abundance pattern. The DTD of Simonetti
et al. (2019) is the one adopted throughout this Thesis and will be described in
detail in the next Chapter. DTDs for MNS have been widely adopted in chemical
evolution models (e.g., Rizzuti et al., 2019; Kobayashi et al., 2020; Rizzuti et al.,
2021; Cavallo et al., 2021). However, as already concluded in the past, if proper
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timescales for MNS are considered, then MNS can not be the only source of r-
process material in the Galaxy. Whether the second source is represented by MR-
SNe or by other mechanisms is still a matter of discussion, that we are going to
address in this Thesis.

1.4 Structure of the Thesis

This Thesis is devoted to the development of new chemical evolution models able
to follow the evolution and distribution of neutron capture elements in different
galactic environments, from external galaxies of different morphological type to
Local Group dwarf galaxies, the MW and early-type galaxies.

The Thesis is structured as follows. In Chapter 2, I describe the adopted chemi-
cal evolution models with their fundamental ingredients and the complete equa-
tions of chemical evolution. In the successive Chapters, I show the original results
of my Thesis work. In particular, in Chapter 3, I present the models for external
galaxies of different morphological type as well as for the computation of the cos-
mic rate of MNS in different cosmological scenarios. In Chapter 4, I show the
investigation of the Eu and Ba abundances in Local Group dwarf spheroidal and
ultra-faint dwarf galaxies. In Chapter 5, I present results for abundance patterns
and gradients in the thin disc of the MW for a large sample of neutron capture
elements (Y, Zr, La, Ba, Ce, Eu, Mo, Nd and Pr). In Chapter 6, I present the model
developed to study the chemical evolution of the Galactic Bulge with different
stellar populations and how these prescriptions affect the behavior of the neu-
tron capture element Ce. In Chapter 7, I show a work devoted to the study of the
neutron capture elements in early-type galaxies, in which I present a new formu-
lation for the feedback prescriptions. Finally, in Chapter 8 I summarize the main
conclusions of this Thesis and discuss the future advancements which are neces-
sary for the development of this field.
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CHAPTER 2

Chemical Evolution Models

C HEMICAL evolution models allow us to study the evolution in time and
space of the abundances of chemical species in the ISM of different
galaxies. Light elements, including hydrogen (H), deuterium (D), he-

lium (He), and a small amount of lithium (7Li), were the only ones formed dur-
ing the Big Bang. All the other chemical elements that make up stars and planets
are synthesized in the interiors of stars and then dispersed into the ISM through
stellar winds and supernova explosions. Over time, these elements are incorpo-
rated into new generations of stars and planets, leading to the gradual enrich-
ment of the ISM and the evolution of the galaxy’s chemical composition. The
chemical evolution of galaxies is driven by a complex interplay of physical pro-
cesses, including star formation, stellar nucleosynthesis, gas accretion and gas
outflows. The detailed mechanisms and timescales of these processes depend
on the galaxy properties such as mass, size, and environment, as well as its his-
tory of interactions with other galaxies.

In this Chapter, I present the adopted chemical evolution models for galaxies
of different morphological type. I first describe the basic ingredients for the
chemical evolution and then I introduce the complete set of equations for the
chemical evolution. Finally, I introduce the concept of the delay time distribu-
tion for MNS and how it can affect the chemical evolution of neutron capture
elements.

The theoretical background for this Chapter is taken from the book Chemical
evolution of galaxies, by Matteucci (2012).
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2.1 Fundamental ingredients

There are four basic ingredients for modeling galactic chemical evolution:

• Initial conditions

• The stellar birthrate function

• The stellar yields

• Gas flows and their chemical composition

Once these ingredients are provided, it is possible to write a set of equations that
describe the temporal and spatial variation of the gas content and its chemical
composition. In the next Sections, I provide a description of these ingredients.

2.1.1 Initial conditions

The initial conditions for a model of galactic chemical evolution consist in spec-
ify:

• The chemical composition of the initial gas

• The boundaries of the studied system

The chemical composition of the initial gas can be primordial or pre-enriched by
a pre-galactic stellar generation. The assumption that I adopted during this The-
sis is to have an initial primordial chemical composition. Therefore, the chemical
composition of the initial gas is made by the elements produced during the Big
Bang (see Chapter 1).

The system can be considered a closed or an open box, depending on possible
exchange of gas between the galaxy and the surrounding environment via infall
and/or outflows of gas. In this Thesis, the studied systems are assumed to be
open.

2.1.2 Birthrate function

The stellar birthrate functionB(m, t) represents the number of stars formed in the
time interval [t, t + dt] with mass in the range [m,m + dm]. It is usually expressed
as the product of two independent functions, one depending only on the mass m
and the other one depending only on the time t:

B(m, t) = ψ(t)ϕ(m), (2.1)

where ψ(t) is the star formation rate (SFR) and ϕ(m) is the initial mass function
(IMF) in number. In the following, I describe these two quantities in detail.
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The star formation rate

The SFR indicates how many solar masses of gas in the ISM are converted into
stars per unit of time. It is expressed in units of M⊙ pc

−2 yr−1 or M⊙ yr
−1. A com-

mon parametrization of the SFR is the Schmidt-Kennicutt law (Kennicutt, 1998;
Schmidt, 1959):

ψ(t) = νσk
gas, (2.2)

where σk
gas is the gas surface density, expressed inM⊙ pc

−2, the index k has usually
values between 1 and 2 and ν is the star formation efficiency, which is a free pa-
rameter and represents the SFR per unit mass of gas, with the dimensions of the
inverse of a time.

For star forming regions with roughly constant scaleheights, the surface den-
sity in Eq. 2.2 is equivalent to the volume density one (see Romano et al., 2015).
By assuming that the Schmidt-Kennicutt law indicates that the SFR is controlled
by the gas self-gravity, one can write:

ψ(t) =
ϵ

tff
ρk

′

gas = ν ′ρk
′

gas, (2.3)

where tff ∝ 1/
√
ρgas, ϵ is a free parameter and k′ = 1. Integrating over the volume,

we can write Eq. 2.3 as:
ψ(t) = ν ′Mk′

gas, (2.4)

where Mgas is the gas mass withing the galaxy.
In this Thesis, I adopt the surface expression of Eq. 2.2 to model the MW

galaxy, and the expression of Eq. 2.4 for external galaxies.

The initial mass function

The IMF is the distribution of stellar masses at birth. It’s form has been derived
only for the solar vicinity, and it is usually approximated by either a one-slope or
a multi-slope power law and is assumed to be constant in space and time. The
most common example of a one-slope IMF is the Salpeter (1955):

ϕ(m) = am−(1+x), (2.5)

with x = 1.35 and with a being the normalization constant derived by imposing
that:

1 =

∫ 100

0.1

φ(m) dm =

∫ 100

0.1

mϕ(m) dm, (2.6)

where φ(m) is the IMF in mass.
Since the work of Salpeter (1955), many other multi-slope IMF have been de-

rived. In this Thesis, I made use of the ones by Scalo (1986) (the approximate
expression by Chiappini et al., 2000):

ϕ(m) ∝

{
m−(1+1.35) if m < 6M⊙

m−(1+1.7) if m ≥ 6M⊙,
(2.7)
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FIGURE 2.1: Left panel: Salpeter (1955), Scalo (1986), Yoshii et al. (1987), Kroupa et al.
(1993) and Chabrier (2003) IMFs. Right panel: same as left panel but with each IMFs di-
vided by the Salpeter one to allow a better comparison of the different mass distributions.

by Kroupa et al. (1993):

ϕ(m) ∝


m−(1+0.3) if m ≤ 0.5M⊙

m−(1+1.2) if 0.5 < m/M⊙ < 1.0

m−(1+1.7) if m > 1.0M⊙,

(2.8)

and by Chabrier (2003), who proposed a log-normal form for the low-mass part
of the IMF:

ϕ(m) ∝

{
e−(logm−logmc)2/2σ2

if m ≤ 1.0M⊙

m−(1+1.3) if m > 1.0M⊙,
(2.9)

with mc = 0.079M⊙ and σc = 0.69.
The Kroupa et al. (1993) IMF is usually preferred to model the chemical evo-

lution of the solar neighborhood (Romano et al., 2005), while the Chabrier (2003)
is preferred for the evolution of spheroids. In this Thesis, I adopt the Kroupa
et al. (1993) IMF for the evolution of the MW disc, the Chabrier (2003) IMF for
modelling the MW bulge and the Salpeter (1955) IMF for dSph and UFD galax-
ies. For elliptical galaxies I followed the work of De Masi et al. (2018) who as-
sumed that the IMF goes from being bottom heavy in less massive galaxies to top
heavy in more massive ones, producing a downsizing in SF, favouring massive
stars in larger galaxies. Therefore, I used the Scalo (1986) IMF for low-mass el-
liptical galaxies, the Salpeter (1955) for intermediate mass galaxies and the Yoshii
et al. (1987) IMF for high-mass galaxies, which is a one-slope IMF with x = 0.95.

The IMFs are shown in Figure 2.1, where it is possible to appreciate the differ-
ences between a one-slope and multi-slope IMFs.

2.1.3 Stellar yields

The stellar yields describe the amount of both newly formed and pre-existing ele-
ments ejected into the ISM by stars. They represent a fundamental ingredient for
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modelling chemical evolution and are computed by means of stellar evolution
and nucleosynthesis models.

Stars of different masses produce different chemical elements:

• Stars with mass < 0.8M⊙: these stars have a lifetime longer than the age of
the Universe. They never ignite H, therefore they do not contribute to the
chemical enrichment of the ISM, but they affect the chemical evolution by
subtracting gas to the star formation process;

• LIMS in the mass range 0.8M⊙ − 8M⊙, which are divided into single stars
and binary systems which can give rise to Type Ia SNe:

– Single stars, which contribute to the chemical enrichment of the ISM
through post-MS mass loss and the final ejection of a planetary nebula.
These stars produce mainly 4He, 12C and 14N plus some CNO isotopes
and heavy (A > 90) s-process elements.

– Type Ia SNe, which originate from the explosion of a C-O white dwarf
triggered by accretion of material from a companion, which can either
be a red giant or another white dwarf. They produce mostly iron (≃
0.626 M⊙ per event), and enrich the medium with traces of elements
from C to Si. They also contribute to other elements, such as C, Ne, Ca
and Mg, but in negligible amounts with respect to Type II SNe.

• Massive stars with masses > 8M⊙:

– Stars in the mass range 7 − 10M⊙ explode as e-capture SNe. Electron
capture triggers instability in the stars and at the same time O ignites
explosively in the ONeMg degenerate core.

– Stars in the mass range 10M⊙ −MWR, end their life as Type II SNe and
explode by core collapse. The explosion can lead to the formation of
either a neutron star or a black hole, depending on the amount of the
ejected material which falls back on the contracting core during the
explosion. The upper limit of the mass range, MWR, is the minimum
mass for the formation of a Wolf-Rayet star, it is rather uncertain since
it depends on the stellar mass loss, which in turn depends on the ini-
tial stellar mass and metallicity (e.g. for a solar chemical composition
MWR ≃ 25M⊙).

– Stars with masses aboveMWR, because of the large mass loss, end up as
Type Ib/c SNe and explode also by core collapse. They are linked to the
long Gamma Ray Burts (LGRBs) and some of them can be particularly
energetic (with an initial blast wave energy of ∼ 1052− 1053 erg) so to be
known as HNe (see Chapter 1).

Massive stars are responsible for the production of most ofα-elements, some
Fe-peak elements, light (A < 90) s-process elements (especially if stellar ro-
tation is included) and, as discussed in Chapter 1, may contribute also to
r-process nucleosynthesis (if strong magnetic field and fast rotation are in-
cluded).
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• Merging of compact object and in particular neutron stars binary systems
discussed in Chapter 1 are also a powerful source of r-process material.

The most important factor governing the nucleosynthesis production is the
initial stellar mass. However, also the initial metallicity, rotation and magnetic
fields play an important role. In this Thesis, I adopt different sets of yields for mas-
sive stars and for LIMS, including stellar rotation and magnetic fields, to explore
the impact on the production of neutron capture elements. In the next Chapters,
I will provide details of the datasets included in the chemical evolution models.

2.1.4 Gas flows

Gas flows are of fundamental importance for studying the chemical evolution of
galaxies, since they are required to explain several features, such as the abun-
dance gradients along galactic disks and the heavy element abundances in the
intracluster medium.

Gas flows can be divided in infall and outflow. In chemical evolution models,
the infall rate is commonly parameterised as an exponentially decaying law:

Σ̇inf (t) ∝ e−t/τinf , (2.10)

where τinf is the infall timescale defined as the time at which half of the total mass
of the galaxy has assembled. The chemical composition of the infalling material
can be assumed to be primordial or pre-enriched.

Gas outflows are defined as galactic winds if they leave the galaxy potential
well, or as galactic fountains if they fall back into the galaxy. In both cases, the
chemical composition of the gas is that of the system. In the case of galactic
winds, they develop when the thermal energy of the gas, heated by SNe explo-
sions, stellar winds and eventually AGN feedback (see Chapter 7), exceeds its
binding energy. Except for the specific MW models which will be presented in
Chapters 5 and 6 that do not include winds, in this Thesis I adopt two different
wind parametrizations:

• a wind rate proportional to the SFR:

˙Σout(t) = −ωψ(t) (2.11)

where ω is a free parameter measuring the efficiency of the wind and which
can vary according to the morphological type of the galaxy. In that way,
galactic winds can be treated as continuous processes depending just on
the SFR. This parametrization is adopted in the study of external irregular
and spiral galaxies (Chapter 3) as well as for dSph and UFD galaxies (Chap-
ter 4).

• a sudden wind occurring when the thermal energy of the gas in the ISM
exceeds its binding energy and all the gas is lost. Afterwards, the galaxy is
assumed to evolve passively. This formulation is adopted in the study of
elliptical galaxies (Chapter 7).
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2.2 Chemical evolution equations

Once the fundamental ingredients have been specified, we can write a complete
set of equations describing the evolution, in time and space, of the gas and its
chemical composition.

Let us defineG(t) as the surface mass density at the time t in the ISM (ΣISM(t))
normalized to the total surface mass density accreted to the galaxy at the present
time tf (Σinf (tf )):

G(t) =
ΣISM(t)

Σinf (tf )
, (2.12)

andGi(t) as the normalized surface mass density of the element i at the time t, as:

Gi(t) = G(t)Xi(t), (2.13)

where Xi(t) indicates the abundance by mass of the element i (with
∑

iXi = 1).
Therefore, the complete equation for the evolution of the generic chemical ele-
ment i can be written as:

Ġi(r, t) = −ψ(r, t)Xi(r, t) +Ri(r, t) + Ġi,inf (r, t)− Ġi,out(r, t), (2.14)

where ψ(t)Xi(t) is the rate at which the element i is subtracted by the ISM to be
included in stars, Ġi,inf (t) is the rate at which the element i is accreted through
infall of gas and Ġi,out(t) represents the rate at which the element i is lost through
galactic wind. The termRi(t) is the rate of restitution of matter from the stars with
different masses into the ISM in the form of the element i, and it corresponds to:

Ri(r, t) =

∫ MBm

ML

ψ(t− τm)Qmi(t− τm)ϕ(m) dm+

+ A

∫ MBM

MBm

ϕ(m)
[ ∫ 0.5

µmin

f(µ)ψ(t− τm2)Qmi(t− τm2) dµ
]
dm+

+ (1− A)

∫ MBM

Bm

ψ(t− τm)Qmi(t− τm)ϕ(m) dm+

+

∫ MU

MBM

ψ(t− τm)Qmi(t− τm)ϕ(m) dm.

(2.15)

The termQmi(t−τm) corresponds to
∑

j Qij(m)Xj(t−τm), whereQij(m) is the pro-
duction matrix (Talbot et al., 1973), which takes into account the newly formed
element i originating from the element j and the already present in the star of
mass m. Xj(t− τm) is the abundance of the element j (which is later transformed
into the element i and ejected) present into the star at the time of its birth (t−τm).
The function τm describes the stellar lifetimes as a function of mass (see Romano
et al., 2005). In this Thesis, I adopt the relation of Schaller et al. (1992) with the
polynomial fit of Gibson (1997).
The first integral of Eq. 2.15 takes into account the contribution from stars with
masses in the range [ML −MBm], where ML represents the minimum mass dying
at the time t (equal to ML ≃ 0.9M⊙ for t ≃ 14Gyr).
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The second integral refers to the total mass of a binary system which can give rise
to a Type Ia SN event. In this case, the rate is calculated assuming a binary sys-
tem made of a C-O WD and a red giant companion (single-degenerate scenario).
In Matteucci et al. (2009) it has been shown that this scenario is equivalent to
the double degenerate one of Greggio (2005), from the point of view of Galactic
chemical evolution. MBm and MBM are the minimum and maximum mass of the
whole binary system, in particular MBm = 3M⊙ to make sure that both the WDs
would reach the Chandrasekhar mass after accretion from the companion, while
MBM = 16M⊙ to make sure that the mass of both component of the binary sys-
tem do not exceed the maximum mass which can give rise to a C-O WD, which
is Mup = 8M⊙. The function f(µ) is the distribution of the mass ratio of the sec-
ondary star of the binary system, being µ = m2/mB, namely the ratio between the
mass of the secondary component (m2) and the total mass of the binary system
(mB). µmin is the minimum mass fraction producing a Type Ia SN at the time t and
f(µ) has the following form:

f(µ) = 21+γ(1 + γ)µγ, (2.16)

with γ = 2 to favour values of µ towards 0.5 (see Matteucci et al., 2001). The con-
stant A is a free parameter representing the fractions of binary systems with the
right properties to give rise to a Type Ia SN and it is fixed in order to reproduce
the present time Type Ia SNe rate in the studied galaxy. The quantity τm2 is the
lifetime of the secondary star of the binary system and therefore it represents the
clock of the system in the SD scenario. This second integral, without the matrix
Qmi, represents the rate of Type Ia SNe.
The third integral represent the contribution from stars with masses in the range
[MBm −MBM ] which can end their lives either as C-O WDs or as Type II SNe.
Finally, the fourth integral refers to the material restored into the ISM by stars
ending their lives as CC-SNe, where MU is the upper mass limit for stars con-
tributing to the chemical evolution.

2.3 The rate of merging neutron stars

As described in Chapter 1, the two main sites that have been identified for the
production of neutron capture process elements are massive stars and MNS. The
challenge is to better understand the r-process and its nucleosynthetic site(s) us-
ing observable constraints such as the current rate of events linked to those sites
and the measurements of stellar chemical abundances.

In the context of chemical evolution of galaxies, the timescales for the produc-
tion of each elements are of great importance. In the case of massive stars, the
timescale is given by the nuclear lifetime of the massive stars. On the other hand,
for what concerns MNS, the timescale is given by the sum of the progenitors life-
time and the delay due to gravitational radiation, which mainly depends on the
initial separation of the binary system and on the masses of the two components.

In this Thesis, the rate of MNS in galaxies of different morphological type has
been computed using two different approaches. The first one, consisted in as-
suming a constant delay time between the formation of the neutron stars binary
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system and the merging event, while the second one consisted in assuming a
probability distribution of delay times.

The DTD for MNS represents the distribution of the coalescence times of MNS
formed in an instantaneous burst of star formation, namely, a single stellar popu-
lation. It gives the probability of the merging event to occur at a given time t from
the formation of the neutron stars binary system progenitors. Then, the MNS rate
is simply obtained as the convolution of a given DTD with a given SFR:

RMNS(t) = kα

∫ min(t,τx)

τi

αMNS(τ)Ψ(t− τ)fMNS(τ) dτ, (2.17)

where Ψ is the SFR and fMNS is the DTD. αMNS is the fraction of neutron stars
binary systems which can give rise to a merging event, and in principle it can
vary with time. τ is the total delay time defined in the range (τi, τx), so that:∫ τx

τi

fMNS(τ) dτ = 1, (2.18)

where τi is the minimum delay time of occurrence for MNS (here fixed at 10Myr)
and τx is the maximum delay time which can be larger than a Hubble time. Fi-
nally, kα is the number of stars per unit mass in a stellar generation and it depends
on the IMF, in particular:

kα =

∫ mM

mm

φ(m) dm, (2.19)

where mm and mM are the progenitor minimum and maximum mass to produce
a neutron star, respectively.

In this Thesis, we used the DTD derived by Simonetti et al. (2019) (see also
Greggio et al., 2021). Here we will review the main steps of its derivation.

2.3.1 The delay time distribution for MNS

Simonetti et al. (2019) derived a new DTD for MNS, following the formalism of
the DTD for Type Ia SNe found by Greggio (2005) (see next Section).

For MNS the delay time is given by the sum of the nuclear lifetime and the
delay due to the emission of gravitational waves, namely the gravitational time
delay. This last term can be expressed by the Landau et al. (1966) relation:

τgw = 0.15
A4

m1m2(m1 +m2)
Gyr, (2.20)

as a function of the system initial separation A and of the masses m1 and m2 of
the primary and secondary star of the system, respectively. Simonetti et al. (2019)
simplified this relation, demonstrating that the gravitational time delay can be
expressed as a function of the total mass of the system, instead that of the masses
of the two components, with a negligible error. In particular, they found that:

τgw = 0.6
A4

M3
Gyr, (2.21)
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withM = m1+m2 being the total mass of the system. According to this last equa-
tion, the distribution of the gravitational time delays now depends on the initial
separationA and on the total massM . Since these two variables are independent,
it is possible to factorize the number of systems with gravitational delay time be-
tween τgw and τgw +dτgw as the product of two different functions, one depending
only on A and the other only on M :

df(τgw) = df(A,M) = g(A)h(M)dAdM. (2.22)

The function g(A) describes the initial separations, while h(M) is the distribution
of the total masses of the systems that will merge. Both of these functions can be
expressed as a power law, however in order to simplify the calculation, in the case
of h(M) it is assumed a flat distribution, so that:{

g(A) ∝ Aβ

h(M) ∝ const,
(2.23)

where the parameter β parametrizes the shape of the distribution of initial sepa-
rations.

The number of systems which merge with a gravitational time delay τgw is:

n(τgw) = f(τgw)dτgw = dτgw

∫ AM

Am

g(A)h(M)

∣∣∣∣∣ ∂M∂τgw
∣∣∣∣∣ dA, (2.24)

where Am and AM are the minimum and maximum separations for systems, re-
spectively:

Am =
(M3

mτgw
0.6

)1/4

, (2.25)

AM =
(M3

Mτgw
0.6

)1/4

, (2.26)

and M can vary between Mm = 2 M⊙ and MM = 4 M⊙. From these two last
expressions, it is possible to derive M as:

M =
(0.6A4

τgw

)1/3

, (2.27)

so that, after deriving it with respect to τgw and substituting it in Eq. 2.24, the
number of systems which merge with a gravitational time delay τgw, becomes:

f(τgw) ∝
∫ AM

Am

Aβ
( A

τgw

)4/3

dA =
1

τgw4/3(β + 7/3)
[Aβ+7/3]AM

Am
. (2.28)

Using the relations 2.25 and 2.26, one obtains:

f(τgw) ∝ τ (1/4)β−3/4
gw (M3/4(β+7/3)

m −M
3/4(β+7/3)
M ). (2.29)

Following the result of Greggio (2005) to develop a DTD for binary white dwarfs,
the following distribution of the total (nuclear plus gravitational) delay time for
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FIGURE 2.2: Delay time distributions for MNS computed for the three different values of β.
A normalization factor of 1 has been assumed.

MNS can be constructed:

f(τ) ∝


0 if τ < 10Myr

p1 if 10 < τ < 40Myr

p2τ
0.25β−0.75(M

0.75(β+2.33)
m −M

0.75(β+2.33)
M ) if 40Myr < τ < 13.7Gyr

(2.30)

where p1 and p2 must be chosen in order to obtain a continuous and normalized
function. In Figure 2.2, we show the DTDs obtained for four different values of
β. As one can see, the first portion of the distribution ends with the formation
of the first double neutron star system, with 10 Myr being the nuclear lifetime of
a typical massive star. The second portion refers to systems which merge soon
after the formation of the double neutron star systems. This portion of the dis-
tribution is described by a flat plateau, up to the lifetime of the minimum mass
progenitor of a neutron star. The third part of the distribution is the distribution
of the gravitational delay times and attains to those systems for which the time
delay is dominated by gravitational radiation.
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2.4 Delay time distribution for Type Ia SNe

As described in Section 2.2, the rate of Type Ia SNe can be computed by assuming
a SD scenario or a double-degenerate (DD) one, with very few differences from
the chemical evolution point of view. Throughout this Thesis we mainly adopt
the SD scenario, except that for the evolution of external galaxies (Chapter 3) for
which the DD one has been tested. In this case, by adopting the same formulation
used for the rate of MNS, the rate in number of Type Ia SNe can be computed as:

RIa(t) = kα,Ia

∫ min(t,τx)

τi

αIa(τ)Ψ(t− τ)fIa(τ) dτ, (2.31)

whereαIa is the fraction of binary systems giving rise to Type Ia SNe. This quantity
can vary with time, but here we assume it to be constant. fIa is the DTD of Type Ia
SNe which, in analogy with the DTD for MNS, represents the distribution of the
explosion times from an instantaneous burst of star formation of unitary mass. It
must be normalized to 1 in the allowed range for the delay time τ :∫ τx

τi

fIa(τ) dτ = 1, (2.32)

where τi is the minimum total delay time of occurrence of Type Ia SNe, here fixed
at 40 Myr (corresponding to the lifetime of a 8 M⊙ star) and τx is the maximum
total delay time which can be larger than a Hubble time, according to the chosen
progenitor model. We adopted for Type Ia SNe the DTD suggested by Greggio,
2005 for the wide DD scenario:

fIa ∝
∫ min(τn,x,τ)

τn,i

n(τn)S(τ, τn), dτn, (2.33)

where τn,i and τn,x are the nuclear lifetimes of the most and least massive sec-
ondary in the progenitor binary systems, respectively. n(τn) is the distribution
function of the nuclear delays of the Type Ia SN progenitors and

S(τ, τn) =


(M0.75βIa+1.75

m −M0.75βIa+1.75
M )(τ − τn)

−0.75+0.25βIa

if τn ≤ τ − τgw,i

0 if τn ≥ τ − τgw,i

(2.34)

where τgw,i is the minimum gravitational time delay. We adopted a distribution
characterized by an initial separation function with exponent equal to βIa = −0.9
(as also suggested by Matteucci et al., 2009) and a maximum nuclear delay time
τn,x = 0.4 Gyr. Finally, kα,Ia is the number of stars per unit mass in a stellar gener-
ation, in particular:

kα,Ia =

∫ mU

mL

φ(m) dm, (2.35)

where mL = 0.1M⊙ and mU = 100M⊙. For a Salpeter (1955), we have kα,Ia = 2.83.



29

CHAPTER 3

External Galaxies and the Cosmic Merging
Neutron Stars Rate

I N this Chapter, I present our computed rates of MNS in external galaxies of
different morphological type (ellipticals, spirals and irregulars), as well as
the cosmic MNS rate for different cosmological scenarios, with the aim of

providing predictions of kilonova rates for future observations, both at low and
high redshift.

The Chapter is organized as follows. In Section 3.1, I give a brief introduction to
the context to which this Chapter belongs. In Section 3.2, I describe the chemi-
cal evolution model adopted. In Section 3.3, I show our results for the MNS rate
in external galaxies as well as our predictions for the [Eu/Fe] vs. [Fe/H] abun-
dance patterns. In Section 3.4, I present results for the cosmic MNS rate. Finally,
Section 3.5 summarizes the results and conclusions.

The results presented in this Chapter are described in the published paper Molero
et al. (2021b).
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3.1 Introduction

As introduced in Chapter 1, the merging of two neutron stars due to gravitational
wave radiation produces a strong GW signal together with its optical counterpart,
the kilonova (powered by the decay of heavy r-process elements synthesized dur-
ing the merging event) and possibly a short gamma-ray burst (sGRB). The strong
connection between all these different physical phenomena with neutron stars
merging has been proved thanks to the detection of the event GW170817, by the
Laser Interferometer Gravitational-Wave Observatory (LIGO) (Abbott et al., 2017),
the first detection of a GW due to a MNS. Moreover, the observation of the kilo-
nova AT2017gfo following the event, allowed us to detect the presence of heavy
nuclei (Watson et al., 2019; Pian et al., 2017; Smartt et al., 2017), as well as to
the localize the neutron star binary system in the galaxy NGC 4993, an early-type
galaxy with an old stellar population (Coulter et al., 2017). However, it is not to
rule out the probability that the galaxy NGC 4993 underwent a recent galactic
merger (Ebrová et al., 2020), thus the neutron stars binary system which gave rise
to GW170817 may have come from the second accreted galaxy, which can poten-
tially be a smaller late-type galaxy.

In this Chapter, we are investigating on the production of Eu in different galax-
ies which, as already discussed, can be produced in massive stars and/or MNS. In
the context of galactic chemical evolution, it is possible to investigate the sites
of production of chemical elements by using observational constraints such as
the present day rate and the stellar chemical abundances. In several chemical
evolution models, the MNS have been included as r-process element producers.
In some of these models (Cescutti et al., 2015; Matteucci et al., 2014) a constant
gravitational time delay has been adopted for all the systems, whereas in oth-
ers a more realistic delay time distribution function for such timescales has been
tested (Hotokezaka et al., 2018; Côté et al., 2019; Simonetti et al., 2019, from now
on S19). Long time delays for merging are also requested by the fact that the event
GW170817 occurred in an early-type galaxy where star formation has stopped
several Gyrs ago, and by the cosmic rate of sGRBs.

The preferred model for the sGRBs is the merger of two compact objects (neu-
tron stars and/or black holes), as a result of gravitational inspiral Narayan et al.
(1992). Previous results (S19) have showed that the distribution of sGRBs is better
reproduced with DTD ∝ t−1, while too short timescales are not able to produce a
good agreement with observations. Another problem with short timescales arises
also from the fact that ≃ 30% of the 26 sGRBs with classified host galaxies are
found in early-type galaxies Berger (2014) and D’Avanzo (2015) and a similar frac-
tion has been derived by Fong et al. (2017) with the 36 sGRBs detected between
2004 and 2017. This fact appears to be strongly in favour of long coalescence
timescales for MNS. S19 also concluded that if one wants to reconcile the ob-
served occurrence of MNS with the cosmic sGRB rate and the [Eu/Fe] vs. [Fe/H]
in the MW by assuming that only MNS produce Eu, then the DTD should contain
long delay times but the fraction of binary systems giving rise to MNS should vary
in time, an hypothesis that still needs to be proven.

Here we aim at computing, for the first time, the rate of MNS in galaxies of
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different morphological type (ellipticals, spirals and irregulars), and making pre-
dictions for future observations (e.g. LSST, VST, THESEUS). Moreover, we study
the effect of MNS on the evolution of the [Eu/Fe] vs. [Fe/H]. In order to do that,
we use both a DTD containing long delays and a constant delay time for MNS. We
compare our results of the MNS rate for a typical spiral galaxy with the MW obser-
vations, such as the local rate of MNS (∼ 80+200

−60 Myr−1) derived by Kalogera et al.
(2004) and the [Eu/Fe] vs. [Fe/H] pattern, and derive constraints on the main Eu
producers. In particular, we compare the Eu enrichment of MNS to that of mas-
sive stars. Finally, we compute the cosmic MNS rate (CMNSR) in three different
cosmological scenarios of galaxy formation and compare the theoretical CMNSR
with that observed by LIGO/Virgo (1540+3200

−1220Gpc−3yr−1, Abbott et al., 2017). and
also with the sGRBs redshift distribution reconstructed by Ghirlanda et al. (2016).
From these comparisons we derive constrains on the origin of r-process elements
as well as on the formation and evolution of galaxies of different morphological
type.

3.2 The model

In this work, the evolution of external galaxies of different morphological type
(ellipticals, spirals and irregulars) has been studied. It is assumed that galaxies
form by infall of primordial gas in a pre-existing diffuse dark matter halo. The
stellar lifetimes are taken into account, thus relaxing the instantaneous recycling
approximation (IRA). The model is able to follow in detail the chemical evolution
of 22 elements, from H to Eu during 14 Gyr, with timesteps of 2 Myr.

The set of equations which describes the evolution of the surface mass density
of the gas in the form of the generic element i is the described by equation 2.14.
Here, we adopt a Schmidt-Kennicutt law (Schmidt, 1959; Kennicutt, 1998) with
k = 1 for the SF (see equation 2.2), an exponentially decaying law for the infall
rate (see equation 2.10) and a wind rate proportional to the SFR (see equation
2.11).

The input parameters adopted for the different galaxies are reported in Ta-
ble 3.1, where we specified in the first column the type of galaxy, in the second
column the infall mass, in the third column the star formation efficiency, in the
fourth column the infall timescale, in the fifth column the effective radius and
in the sixth column the wind parameter. The parameters for spiral and irregular
galaxies have been fine tuned in order to reproduce the measured present day
SFR for the MW disc (1.9 ± 0.4 M⊙yr

−1; Chomiuk et al., 2011) and in the Small
Magellanic Cloud (0.053+0.03

−0.02 M⊙yr
−1; Rubele et al., 2015), respectively (see Fig-

ure 3.1). For elliptical galaxies, instead, the parameters adopted trace the typical
behaviour of an elliptical galaxy with a quenching of the star formation, deter-
mined by the action of the galactic winds, after an initial and very intense burst
(see Pipino et al., 2004). The SFR of ellipticals is higher than the one of irregulars
and spirals, according to the downsizing scenario for which larger galaxies have
higher star formation efficiency (Matteucci, 1994). On the other hand, the simu-
lated spiral galaxy is characterized by a continuous SFR which is higher than the
one of irregulars.
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TABLE 3.1: Parameters used for the chemical evolution models
of spiral, irregular and elliptical galaxies. In the first column it
is reported the morphological type of the galaxy, in the second,
third, fourth and fifth column the infall mass Minfall, the star
formation efficiency ν, the infall timescale τinfall, the effective

radius Reff , and the wind parameter ωi, respectively.

Type Minfall (M⊙) ν (Gyr−1) τinfall (Gyr) Reff (pc) ωi

Spiral 5.0× 1010 1 7 3.5× 103 0.2
Irregular 5.5× 108 0.1 7 1× 103 0.5
Elliptical 5.0× 1011 17 0.2 7× 103 10

FIGURE 3.1: Predicted SFRs for galaxies of different morphological type as a function of
time. Red dashed, green solid and blue dotted lines represent elliptical, spiral and irregular
galaxies, respectively. Present time data are taken from Chomiuk et al. (2011) (green circle)
and Rubele et al. (2015) (blue circle) for the Galaxy and for the Small Magellanic Cloud,

respectively.
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For all the stars sufficiently massive to die in a Hubble time, the following stel-
lar yields have been adopted:

• For LIMS with mass lower than 6M⊙ we used the yields by Karakas (2010);

• For super-AGB stars and e-capture SNe with masses between 6M⊙ and 10M⊙
we used the yields by Doherty et al. (2014);

• For massive stars that explode as CC-SNe we used the yields by Nomoto et
al. (2013);

• For Type Ia SNe we used the yields by Iwamoto et al. (1999). Their rate
has been computed by convolving the adopted SFR with the Greggio (2005)
DTD for wide double degenerate Type Ia SNe (see previous Chapter).

For what concerns the yields of Eu from massive stars, they are the same adopted
by Simon (2019), which are a modified version of those found in Argast et al.
(2004) (their model SN2050) and also used by Matteucci et al. (2014), in partic-
ular:

• For stars in the 20 − 23 M⊙ mass range, a constant yield of 3.8 × 10−8 M⊙ of
Eu has been used;

• A decreasing yield from 3.8× 10−8 M⊙ of Eu for a 23 M⊙ star to 1.7× 10−9 M⊙
of Eu for a 50 M⊙ star has been used.

It should be noted that we assume that Eu is produced only by a fraction of
massive stars, in particular from those in the range 20-50 M⊙. Therefore, the rate
of massive stars producing Eu is only a fraction (a factor of ∼ 5 less) of the total
CC-SN rate, which is related to the entire range of massive stars from 8 to 100 M⊙.

The yield of Eu from MNS, instead, is described following the theoretical cal-
culations of Korobkin et al. (2012), who estimate the production of Eu from each
event to be in the range of 10−7 − 10−5 M⊙.

It is worth noting that there is a degeneracy between the Eu yields and the
rates of its progenitors (MNS and CC-SNe). In fact, Matteucci et al. (2014) first
showed that it is possible to reproduce the [Eu/Fe] vs [Fe/H] pattern in the Galaxy
only with MNS by adopting a specific yield from a merging event. However, if one
allows CC-SNe to produce Eu as well, then the yield of Eu from MNS should be
lower.

The rate of MNS in the different galaxies has been computed using two dif-
ferent approaches. The first one consisted in assuming a constant delay time be-
tween the formation of the neutron stars binary system and the merging event,
while the second one consisted in assuming a DTD, as described by equations
2.31 and 2.30 (see Chapter 2, Section 2.3 for a complete discussion). Here, we test
the DTDs corresponding to the four different values β shown in Figure 2.2.
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3.3 Simulations for galaxies of different morphologi-
cal type

In order to predict the rate of MNS and the [Eu/Fe] vs. [Fe/H] pattern in galaxies
of different morphological type (Ellipticals, Spirals and Irregulars) we run several
chemical evolution models where we need to specify the following parameters:

1. The DTD of MNS;

2. The fraction of neutron stars in binaries which produce a MNS, αMNS;

3. The production of Eu by CC-SNe;

4. The Eu produced per merging event.

In particular:

• We tested four different DTDs derived by S19 corresponding to four different
values of β parameter (−1.5, −0.9, 0.0, 0.9), as well as a constant total delay
time (which includes both the nuclear lifetime and the time necessary to
merge) for all the neutron stars binary systems, equal to 10 Myr;

• The parameter αMNS has been fixed in order to reproduce, for spiral galaxies,
the MNS rate in the MW as suggested by Kalogera et al. (2004), ∼ 80+200

−60 Myr−1;

• For half of the models we considered the Eu to be co-produced by CC-SNe
and MNS, while for the other half we assumed that MNS were the only Eu
producers in the simulated galaxy;

• The yield of Eu per merging event has been fixed in order to reproduce, for
spiral galaxies, the solar absolute abundance of Eu as derived by Lodders et
al. (2009). In particular, we compared the ISM Eu abundance at 9 Gyr since
the beginning of the star formation, with the solar abundance.

On the other hand, the parameters left constant are:

1. The progenitor mass range for MNS, between 9 and 50 M⊙;

2. The mass range of the CC-SNe producing Eu, between 20 and 50 M⊙, with
prescriptions for the yield of Eu, as described in Section 3.2;

3. Prescriptions about IMF, SFR and yield of elements other than Eu, which are
also specified in Section 3.2;

4. The DTD for Type Ia SNe, as described in Section 2.4.

The different models that we run are reported in Table 3.2 and in Table 3.3,
together with their predictions. For both Tables, in the first column it is specified
the name of the model; in the second column is reported the type of simulated
galaxy; in the third column it is specified if CC-SNe contributed to the Eu produc-
tion; in the fourth and fifth columns are reported the adopted DTD for Type Ia and
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the occurrence probability αIa, respectively; in the sixth and seventh columns are
shown the DTD for MNS and their occurrence probability αMNS, respectively; in
the eighth column it is reported the yield of Eu per merging event and in the last
column the predicted MNS rate.

3.3.1 Predicted MNS rate

First, we show the results of our simulations for spiral galaxies. The predicted rate
of MNS as a function of time can be seen in Figure 3.2, where we show the rate
of MNS both in the case of a DTD and in the case of a constant total delay time
of 10 Myr for all neutron star binary systems. As it is clear from the Figure, the
constant and short time delay predicts a higher MNS rate at early times, relative
to the cases adopting DTDs including also long delay times. On the other hand,
no much difference is predicted for the present time MNS rate by all the studied
cases. This is due to the fact that a typical spiral suffers continuous star formation
until the present time. A large difference in the present time value of the MNS rate
is instead predicted for ellipticals (see later). As it is possible to see from Tables
3.2 and 3.3, all of our simulations for spiral galaxies give us results consistent with
the observed MNS rate for the MW. More precisely, the rate is best represented
by DTDs with lower values of β, so by bottom heavy distributions, in particular
the one corresponding to β = −0.9. We also remind that lower values of β imply
systems with small initial separations. Also the case of a constant total delay time
of 10 Myr appears to be a good candidate to represent the MNS rate. In those two
cases, the occurrence probability of MNS (αMNS) is found to be 5.42% and 6.15%,
respectively.

In Figure 3.3, we show the predicted rates of MNS for elliptical, spiral and ir-
regular galaxies. In particular, in panel (a) we report the results of the simulations
in the case of a DTD for MNS with β = −0.9 and in panel (b) we report the re-
sults of the simulations in the case of a constant total delay time of 10 Myr. In
the case of elliptical galaxies, our results show clearly which is the main effect of
using a DTD instead of a constant delay time. In fact, in the case of a constant
and short total delay time, the rate of MNS follows the evolution of the SFR of the
simulated galaxy. Therefore, we would not expect to observe any merging event
in galaxies with no SF at the present time, such as ellipticals (see Tables 3.2 and
3.3). On the other hand, when we hypothesize a probability distribution of delay
times including long ones, the dependence of the MNS rate on the given SFR is
not as strong as in the case of a constant delay time (as it is clearly expressed by
equation 2.31). As a consequence, in this case the rate of MNS differs from zero in
elliptical galaxies. This is a result which must be taken into account, given the fact
that the host galaxy of the GW170817 event has a predominantly old population
and probably no recent star formation (Abbott et al., 2017). Therefore, we con-
clude that a DTD including long delay times should be preferred for computing
the MNS rate. In particular, among the DTDs tested here we consider as the best
the one with β = −0.9, since it reproduces very well the present time observed
MNS rate of Kalogera et al. (2004) for the MW.

Concerning the observed present time rate in ellipticals, there are indications
(Berger, 2014; D’Avanzo, 2015; Fong et al., 2017) that it should be lower ( ∼ 30%
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FIGURE 3.2: Predicted rate of MNS in spiral galaxies as a function of time for the four
different DTDs derived by S19 corresponding to four different values of β (−1.5, −0.9, 0.0,

0.9) and for a constant total delay time equal to 10 Myr.

of the total) but comparable with the one in spirals. Our predicted present time
MNS rate in ellipticals, when assuming a DTD with long time delays, is a factor
of 10 lower than the one predicted for spirals. However, our predictions cannot
be really compared to those data, since they refer to a single typical galaxy for
each morphological type, while the observations refer to group of galaxies with
different masses and rates.

3.3.2 Predicted [Eu/Fe] vs [Fe/H] pattern in spiral galaxies

For what concerns our predictions for the [Eu/Fe] vs. [Fe/H] patterns, for spi-
ral galaxies we tested the ability of our models to reproduce the evolution of the
abundance of Eu in the MW. In both panels of Figure 3.4, we report the observed
[Eu/Fe] vs. [Fe/H] relation for the Galaxy as well as the results of our simulations.
For what concerns the observational data, it is possible to see that there is a large
spread in the [Eu/Fe] ratio at low [Fe/H], which decreases with increasing metal-
licity, becoming nearly negligible for [Fe/H]≥ −2.0 dex. This spread in the data
has been analysed by several authors (e.g. Cescutti et al., 2015; Wehmeyer et al.,
2015), which interpreted it as due to an initial inhomogeneous mixing. We remind
that our goal here is to reproduce the main trend in the data and not the spread.
The main [Eu/Fe] pattern in the MW is similar to that of a typical α-element, with
a plateau in the halo phase and a decrease of the [Eu/Fe] ratio for [Fe/H]≥ −1.0
dex, due to the fact that for [Fe/H] ≥ −1.0 dex, Type Ia SNe start contributing in a
substantial way to the Fe enrichment. Therefore, we have first verified the ability
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FIGURE 3.3: Predicted MNS rates for galaxies of different morphological type as a function
of time. Left panel: case of a total delay time for all neutron stars binary systems equal to

10 Myr; right panel: case of a DTD for MNS with β = −0.9.

of our model to reproduce the expected behaviours of four α-elements (O, Mg,
S, Ca). Those are reported in Figure 3.5, where it is possible to see a quite good
agreement with the observational data. We also remind that, since the decreas-
ing trend at higher metallicities originates from the extra production of Fe by Type
Ia SNe (Matteucci et al., 2009), the production of Eu should occur on timescales
shorter than Type Ia SNe.

In the left panel of Figure 3.4, we show the results of the models (1 − 5)Sa in
which we consider the Eu production from CC-SNe, while in the right panel we
show the results of the models (1− 5)Sb where MNS are the only producers of Eu
(as reported in Tables 3.2 and 3.3).

In the case in which CC-SNe are not allowed to produce Eu, the DTDs derived
by S19 are not able to reproduce neither the decreasing trend in the [Eu/Fe] for
[Fe/H]≥ −1.0 dex, nor the plateau at lower metallicities, under-producing the
[Eu/Fe] over the entire range of [Fe/H]. However, if we drop the assumption of Eu
produced only by MNS and we include CC-SNe as Eu producers, we can see from
the upper panel of Figure 3.4 that the agreement with the data is improved, mak-
ing us able to reproduce both the plateau in the halo phase and the decreasing
trend for [Fe/H]≥ −1.0 dex. However, in this case the models (1− 4)A, which dif-
fer between themselves only for the assumed DTD for MNS, do not show much
differences in their results. This is due to the fact that we have tuned the parame-
ter αMNS and the yield of Eu from MNS, in order to reproduce the rate of MNS and
the solar abundance of Eu at the same time. With those prescriptions, CC-SNe ap-
pear to be the major producers of Eu in the simulated galaxy. For what concerns
the knee at [Fe/H]≃ −3.5 dex, the interpretation is that only for [Fe/H]> −3.5 dex
stars with M ≤ 23 M⊙ start to die and for such stars we assumed higher yields of
Eu.

In the same Figure 3.4 models 5Sa and 5Sb are also shown, where all binary
neutron stars systems are supposed to merge on a fixed timescale of 10 Myr. With
this assumption, we are able to reproduce the expected pattern of [Eu/Fe] either
in the case of Eu produced only by MNS or in the case in which Eu is produced by
both MNS and CC-SNe. In particular, the model 5Sb (with no Eu from CC-SNe)
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FIGURE 3.4: Upper panel: results of models (1-5)A with Eu production from both CC-SNe
and MNS; bottom panel: results of models (1-5)B with no Eu production from CC-SNe.
Observational data used: 428 MW halo stars from JINABase and 374 MW thin disk stars

from Battistini et al. (2016).
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FIGURE 3.5: [α/Fe] vs [Fe/H] predicted patterns in spiral galaxies for O, Mg, S and Ca.
The observational data used are those of the MW and are from Cayrel et al. (2004) (pur-
ple upside-down triangles), Reddy et al. (2003) (red triangles), Gratton et al. (2003) (green
stars), Reddy et al. (2006) (orange points), Ramya et al. (2012) (black crosses), Caffau et al.

(2005) (purple diamonds) and (n.d.[b]) (green upside-down triangles).

produces a higher track with respect to that produced by the model 5Sa (with Eu
from CC-SNe). This is again due to the fact that when CC-SNe do not produce
Eu, we are forced to assume a higher yield of Eu from MNS (keeping fixed αMNS),
in order to reproduce the observed solar abundance. It can also be observed that
the model 5B does not reproduce the flat trend of the [Eu/Fe] for [Fe/H]< −1.0
dex, producing instead an increasing relation. This is probably due to the fact
that, while for MNS we are assuming a constant total delay time of 10 Myr, for
SNeIa (the major Fe producers) we are assuming a DTD. Moreover, the nuclear
lifetimes for the progenitors of MNS are assumed to be much shorter than those
of the progenitors of SNeIa, which range from 40 Myr to a Hubble time.

The fact that Fe is mainly produced by Type Ia SNe can complicate the inter-
pretation of the abundance ratio of [Eu/Fe] vs. [Fe/H]. As suggested by Skúladóttir
et al. (2019), it could be useful to study also the [Eu/Mg] vs. [Fe/H], since Mg is
a good tracer of CC-SNe. In Figure 3.6, are reported the observed abundances of
[Eu/Mg] vs. [Fe/H] in the MW, together with results of models (1−5)Sa. It is possi-
ble to see a flat trend of [Eu/Mg] with [Fe/H] data, with an average [Eu/Mg]≃ 0 at
all [Fe/H] and with an increasing scatter toward the lowest metallicities. If there
was a significant delay in the production of Eu with respect to that of Mg, we
would expect an increasing trend of the [Eu/Mg] vs. [Fe/H]. The absence of such
a trend in the observational data of the [Eu/Mg] for the Galaxy, suggests that the
timescales of Eu and Mg production are quite similar. As we can see from the
same Figure, models (1−5)Sa are able to reproduce the flat trend. Even in this case
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FIGURE 3.6: [Eu/Mg] vs [Fe/H] as reproduced by models (1-5)A. Observational data are a
collection of 412 MW halo stars from JINABase and 216 thin disk stars from a Venn et al.,

2004).

the model which best fits the data is the model 5Sa. However, this should be not
surprising, since for this model we are assuming a fixed short merging timescale
for all neutron stars systems, therefore it should not be expected a delay in the
enrichment of Eu with respect to Mg. On the other hand, models (1 − 4)Sa for
which a delay in the coalescence time is assumed, also show a flat trend for all
[Fe/H], but with a slight increase toward high metallicities, as expected.

In conclusion, it is possible to state that when MNS are the only producers
of Eu, the model which best reproduces the [Eu/Fe] vs. [Fe/H] pattern in the
Galaxy is the one with a constant and short total delay time of 10 Myr, equal for
all neutron star binary systems. In this case, the yield of Eu should be equal to
2.0 × 10−6 M⊙ per merging event. On the other hand, if a DTD including longer
timescales is assumed, the [Eu/Fe] pattern can be reproduced only if CC-SNe are
included as Eu producers. In this case the yield of Eu per merging event is reduced
to 0.5× 10−6 M⊙. Our values for the yields of Eu are slightly lower than those esti-
mated from the kilonova AT2017gfo (which are in the range of (3− 15)× 10−6 M⊙),
but they are well inside the theoretical range of (10−7 − 10−5) M⊙ predicted by
Korobkin et al. (2012).The best DTD in the case with MNS and CC-SNe as Eu pro-
ducers is again that with β = −0.9, therefore we will adopt only this DTD since
now on.

3.3.3 Predicted [Eu/Fe] vs [Fe/H] patterns for ellipticals and ir-
regulars

In Section 3.3.1, we showed that we are not able to observe any merging event
in elliptical galaxies if a constant delay time of 10 Myr is assumed. Since the
event GW170817 has been observed to come from an early-type galaxy, here we
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FIGURE 3.7: Predicted [Eu/Fe] vs. [Fe/H] by models 1S(a-b), 1I(a-b) and 1E(a-b) in which a
DTD with β = −0.9 has been assumed. Panel (a): results of models with Eu from CC-SNe;

panel (b): results of models with no Eu from CC-SNe.

will show our predictions of the [Eu/Fe] vs. [Fe/H] patterns in galaxies of differ-
ent morphological type excluding the case of a constant delay of 10 Myr.

In particular, in Figure 3.7 we show the results of models 1S(a-b), 1I(a-b) and
1E(a-b), for which a DTD with β = −0.9 has been adopted. In panel (a) are shown
the results of the models with Eu production from CC-SNe and in panel (b) are
shown the results of the models for which MNS are assumed to be the only pro-
ducers of Eu.

As one can see, our predictions are those expected on the basis of the time-
delay model, according to which we would expect to find a larger plateau of the
[Eu/Fe] ratio at low metallicities for ellipticals than for spirals and irregulars (see
Matteucci, 2012). The same behaviour holds for the α-elements, as shown in Fig-
ure 3.8 where the predicted [α/Fe] vs. [Fe/H] patterns are reported. In fact, for
galaxies with an intense SF (ellipticals), the Fe abundance grows more rapidly be-
cause of Type II SNe (they also produce part of Fe). Therefore, when Type Ia SNe
(the main Fe producers) appear and the ratio [α/Fe] begins to decrease, the Fe
abundance is higher than in galaxies with a lower SF (spirals). As a consequence,
the [α/Fe] plateau extends for a larger range of metallicity (as described in Chap-
ter 1). On the other hand, when the SF proceeds slowly, the Fe abundance grows
less rapidly and it will be lower with respect to spirals. Therefore, for spirals and
irregulars galaxies (which have an even lower SF), the [α/Fe] plateau extends for a
smaller range of [Fe/H]. Our predicted trend for the [Eu/Fe] vs. [Fe/H] seems also
to be in agreement with those obtained by Grisoni et al. (2020) for the three main
Galactic components (thick disc, thin disc and bulge) for which they adopt differ-
ent timescales of formation and star formation efficiencies, similarly to what we
assume for our simulated elliptical, spiral and irregular galaxies.

3.4 Cosmic rates

In this Section, we present our analysis of the evolution of the cosmic rate of MNS
(CMNSR). We define a cosmic rate as the rate in a comoving unitary volume of
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FIGURE 3.8: Predicted [α/Fe] vs. [Fe/H] patterns in galaxies with different SF histories for
O, Mg, S and Ca for the same models of Figure ??.

the Universe and we compute it as the result of the contribution of galaxies of
different morphological type which are weighted according to their number den-
sities. As already done in previous studies concerning the cosmic star formation
rate (CSFR) (Gioannini et al., 2017; Calura et al., 2003; Vincoletto et al., 2012) and
the cosmic SN rates Grieco et al. (2012b), here we will assume the galaxy number
density to be a function of redshift. In particular, if nk is the number density of
galaxies of the k-th morphological type, its evolution with the redshift z can be
written in the following way:

nk = nk,0(1 + z)γk , (3.1)

where nk,0 is the number density at z = 0 and γk is the parameter which deter-
mines the evolution of the number density.
We consider the following cosmological scenarios:

1. A pure luminosity evolution scenario (PLE), which consists of the case of
γk = 0, therefore the number density of galaxies is constant and does not
evolve with redshift. In other words, all galaxies started forming at the same
redshift and the number density of each morphological type has been con-
stant since then;

2. A number density evolution scenario (DE), which consists of the case of
γk ̸= 0, therefore the number density will evolve with redshift according
to equation 3.1, with the parameter shown in Table 3.4, the same suggested
by Vincoletto et al. (2012). This scenario is a typical hierarchical clustering
scheme for galaxy formation, where spirals form first and then ellipticals
form by subsequent mergers of spirals. In the first column we specify the
morphological type of the galaxy, in the second column the number density
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TABLE 3.4: Parameters used for the evolution of the number density for galaxies of different
morphological type. In the 1st column it is reported the type of galaxy, in the 2nd column the
adopted number density at redshift z = 0 and in the 3rd column the parameter γk. These

parameters are the same as those adopted in Gioannini et al. (2017)

.

Type n0 (×10−3)Mpc−3 γk
Spirals 8.4 0.9
Irregular 0.6 0.0
Ellipticals 2.24 −2.5

at z = 0 and in the third column the parameter γk. These parameters were
chosen in order to reproduce the present time number densities of galaxies,
as in Marzke et al. (1998);

3. An alternative observationally based scenario, as suggested by Pozzi et al.
(2015) and adopted by Gioannini et al. (2017), where the number density of
spiral galaxies increases from z = 0 to z = 2.3 according to equation 3.1, and
decreases exponentially for higher redshifts as

nS = n0,S(1 + z)e−(1+z)/2. (3.2)

In this context, ellipticals are assumed to start forming at z = 5 and half of
them form in the range 1 ≤ z ≤ 2.

3.4.1 Cosmic stellar mass density

In order to compute the CMNSR, we first verify the ability of our model to repro-
duce the cosmic stellar mass density (CSMD). We define the CSMD as

CSMD =
∑
k

ρ∗,k(t)nk, (3.3)

where nk is the galaxy number density for the k-th morphological type of galaxy
defined in the previous section. The quantity ρ∗(t) is the stellar mass density,
namely the total mass density of long-lived stars (see also Madau et al., 2014).

We have computed this quantity in details by means of our galaxy models:
our results for the three different cosmological scenarios of galaxy formation are
shown in Figure 3.9, together with data from Madau et al. (2014).

In both the DE and the alternative scenario the CSMD increases regularly over
all the range of redshift, with the only difference that is steeper in the case of the
alternative scenario.

On the other hand, in the PLE scenario the CSMD is characterized by a rapid
increase from redshift z = 10 to redshift z ≃ 7.5 caused by elliptical galaxies,
followed by an almost constant growth until z ≃ 2 and a second slight increase
until present time. Similar patterns have also been found for the cosmic dust
mass density evolution, as shown in Gioannini et al. (2017).

All the three different scenarios are in good agreement with data at low redshift
(0 ≤ z ≤ 1). However, the DE and in particular the PLE scenarios both predict an
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FIGURE 3.9: Cosmic stellar mass density as a function of redshift for the three different cos-
mological scenario of galaxy formation. Observational data are a collection from Madau

et al. (2014).

evolution which is too high for z ≥ 2. On the other hand, the trend in the data
seems to be quite well reproduced by the alternative scenario.

By the way a comparison with the CSFR shows also that the alternative sce-
nario is the best, as shown in Gioannini et al. (2017).

3.4.2 Cosmic merging neutron stars rate

We define the CMNSR as:

CMNSR =
∑
k

RMNS,k(t)nk, (3.4)

where RMNS,k is the rate of MNS at the time t as defined by equation 2.31 for the
k-th morphological type of galaxy. We compute the CMNSR in the three different
cosmological scenarios, both in the case of a DTD with β = −0.9 and in the case
of a constant total delay time of 10 Myr.

In the upper panels of Figure 3.10, it is reported the behaviour of the CMNSR
for the PLE scenario for galaxies of different morphological type, both in the case
of a total delay time of 10 Myr (left panel) and in the one of a DTD with β = −0.9
(right panel). In the case of a constant total delay time, since the rate of MNS is es-
sentially given by the integral of the SFR, we expect no contribution to the CMNSR
from elliptical galaxies from redshift z ≃ 7.5 to the present day. On the other hand,
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when we adopt the DTD, the elliptical galaxies contribute to the CMNSR for the
whole redshift range.

In the middle and lower panels of the same Figure, are shown the evolution of
the CMNSR for the DE and for the alternative scenario, respectively, for galaxies
of different morphological type, either in the case of a total delay time of 10 Myr
(left panels) and in the one of a DTD with β = −0.9 (right panels). Also in these
scenarios, it appears evident the effect of adopting a DTD rather than a constant
time delay. However, it must be noted that in both these two scenarios the con-
tribution to the CMNSR from elliptical galaxies has a lower impact than that of
spirals. Therefore, the effect of using a DTD or a constant time delay will have
almost no consequences on the total CMNSR behaviour.

Our results for the total CMNSR rate for the three different cosmological sce-
narios are shown in Figure 3.11, where in the top panel are reported the results of
our simulations in the case of a constant total delay time and in the lower panel
are reported the results in the case of the assumed DTD for MNS.

For what concerns the PLE scenario, in the case of a constant total delay time
of 10 Myr, the CMNSR shows two peaks: the first peak is at z ≃ 8 and a second
one is at redshift z ≃ 2. In analogy with the CSFR ( see Gioannini et al., 2017), the
first peak is due to elliptical galaxies, which dominate the PLE scenario at highest
redshift. When the star formation of elliptical galaxies stops, the CMNSR abruptly
decreases and from that moment on its evolution will be due to spiral galaxies.

In the case of a DTD with β = −0.9, the CMNSR decrease after the first peak,
is smoother. As we explained this is the main effect of using a DTD.

In the DE scenario, both in the case of a constant total delay time and of a DTD,
the CMNSR does not show the high redshift peak, because of the lower impact of
elliptical galaxies.

For what concerns the alternative scenario, the CMNSR is dominated by spi-
rals for all the range of redshifts, with a peak around z = 3.

Finally, in Table 3.5 both the total CMNSR and the single contributions to the
CMNSR from galaxies of different morphological type, in the three different sce-
narios, are reported. In particular, in the first column we specify the DTD for
MNS, in the second column the total CMNSR for the PLE, DE and alternative sce-
nario, in the third column it is reported the contribution to the total CMNSR from
spiral galaxies, in the fourth the contribution from ellipticals galaxies and in the
last column that from irregular galaxies. By the end of the Table there are also
reported the observed MNS rate. Our predictions for the total CMNSR in all the
three different cosmological scenarios, both in the case of a constant total delay
time and in the case of a DTD with β = −0.9, are consistent, within the error bars,
with the rate of MNS predicted by LIGO/Virgo and equal to 1540+3200

−1220 Gpc−3yr−1.
Moreover, the rate of MNS in the Galaxy estimated by Kalogera et al. (2004) and
equal to∼ 80+200

−60 Myr−1 can be converted to a cosmic rate of MNS equal to 800+2000
−600 Gpc−3yr−1

for a Galaxy number density of ∼ 10−2 Mpc−3 Della Valle et al. (2018). Our pre-
dictions for the total CMNSR seem to be in a very good agreement with this last
estimate.
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FIGURE 3.10: Contributions to the CMNSR from galaxies of different morphological type
for the PLE, DE and alternative scenarios, in the case of a total delay time of 10 Myr (left

panels) and in the case of a DTD with β = −0.9 (right panels).
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FIGURE 3.11: CMNSR as a function of the redshift for the three different scenarios (PLE,
DE and alternative) in the case of a total delay time of 10Myr (upper panel) and in the case

of a DTD with β = −0.9 (lower panel).
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3.4.3 Comparison with the SGRB redshift distribution

Our predicted redshift distributions of the total CMNSR is directly comparable
with the redshift distributions of SGRBs derived by Ghirlanda et al. (2016). To
make the comparison possible, the SGRBs redshift distribution has been multi-
plied by a suitable factor in order to reproduce the cosmic rate of MNS. The com-
parison can be seen in Figure 3.12, for the three cosmological scenarios and both
in the case of a total delay time of 10Myr (top panel) and in the case of DTD for
MNS with β = −0.9 (bottom panel). We remind that our cosmic rate has been ob-
tained by weighting the rate of MNS in galaxies of different morphological type.
We do not compare our predicted rate of MNS in a single galaxy with the ob-
served SGRBs rate. In fact, we model only one typical galaxy per morphological
type, while observations refers to galaxy of the same type but different masses.

We will consider the alternative scenario as the best one, since it also best re-
produces both the CSMD (3.4.1) and the cosmic star formation rate (CSFR), as
shown in previous studies (Grieco et al., 2012b; Gioannini et al., 2017). The PLE
scenario, in fact, is probably unrealistic at high redshift (due to the fact that in
this scenario we are neglecting the evolution of the number density) and it also
underestimates data at low redshift. The DE scenario, on the other hand, has a
smoother evolution, but it is shown to overestimate data at low redshift.

With that in mind, our results seem to be in good agreement with those previ-
ously found by S19. In other words, the rate of SGRBs as proposed by Ghirlanda et
al. (2016) is best represented by a bottom heavy distribution, which here is given
by a DTD for MNS with β = −0.9. This value of β gives rise to a distribution of time
delays which scales basically as ∝ t−1. On the other hand, in the case of a total de-
lay time of 10Myr we are not able to obtain a good agreement with Ghirlanda et al.
(2016) SGRBs distributions, since we are producing a maximum which seems to
overestimate those predicted by Ghirlanda et al. (2016) by a significant factor.

Ghirlanda et al. (2016) find an isotropic rate of SGRBs equal to 0.2 yr−1Gpc−3

(their model (a)). After comparison a posteriori their derived rate with the rate of
MNS derived from population synthesis models and from the statistics of Galactic
binaries, they infer an average opening angle θ of 3◦ − 6◦. From this value, we can
derive a beaming correction factor1 of (183−730), so that the true rate will be (36−
146) yr−1Gpc−3. We can compare this value with the one obtained by Wanderman
et al. (2015), which find an isotropic rate of SGRBs of 4.1 yr−1Gpc−3 and suggest
that a typical beaming correction factor would be 30 (as also suggested by Fong
et al. (2012)). By correcting their observed rate by this factor, we find a true rate of
123 yr−1Gpc−3, comparable with that derived by Ghirlanda et al. (2016).

3.4.4 Predicted number of Kilonovae detections for future sur-
veys

On the basis of our results for the contributions to the CMNSR from galaxies of
different morphological type (Figure 3.10), we can predict the number of Kilo-
novae detections for future LSST and VST surveys. The sky areas and the corre-
sponding volumes patrolled by LSST and VST for Kilonovae detections have been

1f−1
b ≡ (1− cosθ)−1, where θ is the jet opening angle.
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FIGURE 3.12: Redshift distributions of SGRB as found by Ghirlanda et al. (2016) (their case
’a’, orange dashed line; their case ’c’, red dashed line) against our predicted redshift distri-
bution of MNS rate in the three different cosmological scenarios (PLE, DE and alternative),
in the case of assuming a total delay time of 10 Myr (upper panel) and in the case of a DTD

for MNS with β = −0.9 (lower panel)).
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TABLE 3.6: Predicted Kilonovae rates (yr−1Gpc−3) for LSST and VST surveys in the case
of a DTD with β = −0.9. In the 1st it is specified the type of galaxy, in the 2nd column the
cosmological scenario, in the 4th and 5th columns the predicted Kilonovae detections for

LSST and VST surveys, respectively.

Type Scenario LSST VST
Spiral PLE 1850 91

Irregular PLE 21 1
Elliptical PLE 74 4
Elliptical DE 17 0
Elliptical alternative 130 6

TABLE 3.7: Predicted Kilonovae rates (yr−1Gpc−3) for LSST and VST surveys in the case
of a constant total delay time of 10 Myr. In the 1st it is specified the type of galaxy, in the
2nd column the cosmological scenario, in the 4th and 5th columns the predicted Kilonovae

detections for LSST and VST surveys, respectively.

Type Scenario LSST VST
Spiral PLE 2215 100

Irregular PLE 28 1
Elliptical PLE 0 0
Elliptical DE 0 0
Elliptical alternative 0 0

taken from Della Valle et al. (2018) and are equal to ≃ 2.1 Gpc3 and ≃ 0.13 Gpc3,
respectively. The predicted number of Kilonovae detections in different morpho-
logical type of galaxies and for the three cosmological scenarios are reported in
Tables 3.6 and 3.7. In particular, in Table 3.6 we report the predicted rates ob-
tained hypothesizing a DTD with β = −0.9 and in Table 3.7 are reported those
computed adopting a constant delay of 10 Myr. In both Tables we report in the
first column the morphological type of galaxies, in the second column the cosmo-
logical scenario and in the third and fourth columns the predicted rate for LSST
and VST, respectively. For spiral and irregular galaxies we report only the pre-
dicted detections in the PLE scenario, since there are no significant differences in
the CMNSR among different cosmological scenarios.

These predictions should be corrected by a factor η that accounts for the "ef-
ficiency" of a given survey. η depends on several parameters, such as the control
time (i.e. a quantity that depends on the survey cadence and on the photometric
time scale evolution of the transient, see e.g. Cappellaro et al., 1999b), sky con-
ditions, technical downtime and scheduling constraints. Typical values are of the
order of η ≃ 50%, but they can be as low as 5% Grado et al. (2020).

The Transient High-Energy Sky and Early Surveyor (THESEUS) space mission
Amati et al. (2018), currently under study by the European Space Agency (ESA) for
a possible launch in 2032, would be able to reveal electromagnetic counterparts
of MNS ad SGRBs up to z ∼ 1 Stratta et al. (2018). THESEUS should detect a few
dozens of SGRBs on-axis per year.
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3.5 Conclusions

In this Chapter, we have computed for the first time the rate of MNS in galaxies
of different morphological type (ellipticals, spirals and irregulars) and we have
studied the effect of these events on the chemical evolution of a typical r-process
element, namely the Eu, in the MW, taken as a typical spiral galaxy. The models
for galaxies of different type differ mainly by the history of star formation, with
the ellipticals suffering a strong and short burst of star formation, while the spi-
rals and even more the irregulars suffer a continuous and more moderate star
formation. The adopted galaxy models can reproduce the main features of typ-
ical galaxies of each type, as shown by Gioannini et al. (2017). The evolution of
the Eu in the MW has been investigated by assuming either that MNS are the only
producers of this element or that both CC-SNe and MNS contribute to the Eu en-
richment. For the MW we also tested four different delay time distributions, the
same derived by S19 and corresponding to four different values of the β parame-
ter (−1.5, −0.9, 0.0, 0.9), as well as a constant total delay time of 10 Myr equal for
all neutron star binary systems. In particular, we have tuned the parameters of
our simulations in order to reproduce the following observational constraints of
the MW: the present time rate of MNS, the solar Eu and Fe abundances and the
[Eu/Fe] vs. [Fe/H] relation.
Our main results for spiral galaxies can be then summarized as follows:

• The present time rate of MNS in the Galaxy is well reproduced either by as-
suming a DTD with parameter β = −0.9 (DTD ∝ t−1) or a constant total
delay time of 10 Myr. In the first case, the occurrence probability of MNS is
5.42% while in the second case it is found to be 6.15%;

• The [Eu/Fe] vs. [Fe/H] in the MW can be reproduced by assuming only MNS
as Eu producers only if a constant total delay time (stellar lifetime plus grav-
itational time delay) of 10 Myr is adopted, a result already suggested by pre-
vious works (e.g., Matteucci et al., 2014; Cescutti et al., 2015). In this case,
the yield of Eu for merging event should be 2.0 × 10−6M⊙, which is slightly
lower than those estimated from the kilonova AT2017gfo, but well inside the
theoretical range of (10−7 − 10−5) M⊙ predicted by Korobkin et al. (2012) ;

• If a DTD including long time delays for MNS is assumed, the [Eu/Fe] vs.
[Fe/H] in the MW is reproduced only if CC-SNe are also included as Eu pro-
ducers. The best DTD has β = −0.9. In this case, the yield of Eu for merging
event should be 0.5×10−6 M⊙, while the yield of Eu from CC-SNe is the mod-
ified version of the model SN20150 from Argast et al. (2004). In this case, CC-
SNe become the main production site of Eu, in agreement with S19 results
for the MW.

For what concerns the chemical evolution of ellipticals and irregulars, our
main results can be summarized as follows:

• We are not able to see any merging event at the present time in ellipticals
galaxies if a constant total delay time of 10 Myr is assumed, since in this
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case the rate of MNS will follow the evolution of the SFR, which has stopped
1 ∼ 10 Gyr ago in elliptical galaxies;

• If we instead assume a DTD (β = −0.9), namely a distribution of gravita-
tional time delays, the present time rate of MNS is different from zero. This
fact is in agreement with the probability that the galaxy NGC 4993, host of
the event GW170817, is an early-type galaxy with an old dominant stellar
population Abbott et al. (2017);

• The predicted [Eu/Fe] vs. [Fe/H] patterns in galaxies of different morpho-
logical type follow the expectations of the time-delay model, either in the
case of MNS being the only Eu producers or if CC-SNe also participate to
the Eu production.This means a longer plateau for [Eu/Fe] in the case of el-
lipticals with higher SFR, and a shorter plateau for irregulars with a weak
SFR. (see Matteucci, 2012).

We have also studied the cosmic evolution of the stellar mass density and MNS
rate in three cosmological scenarios: (i) a PLE (pure luminosity evolution) sce-
nario, in which the number density of the different morphological types of galax-
ies does not evolve with redshift; (ii) a DE (density evolution) scenario, in which
the number density is assumed to evolve with redshift in order to reproduce a typ-
ical hierarchical galaxy formation; (iii) an alternative scenario, where both spirals
and ellipticals are assumed to evolve on the basis of observational constraints
(see Pozzi et al., 2015), which is very similar to the DE scenario. The CMNSR has
been computed both in the case of a DTD with β = −0.9 and of a constant total
delay time of 10 Myr. Our results have been then compared with the redshift dis-
tributions of SGRBs, as derived by Ghirlanda et al. (2016).
Our conclusion are the following:

• The CSMD is best reproduced in the case of an alternative scenario of galaxy
formation. By the way, this same scenario is also the best to reproduce the
CSFR, as shown already by Gioannini et al. (2017).On the other hand, in both
the PLE and the DE scenarios our results overestimate the data for redshift
z ≥ 2;

• The CMNSR in the PLE scenario, with a constant delay time for MNS, shows
a first peak at redshift z ∼ 8, due to the high redshift formation of ellipticals.
When the star formation in ellipticals stops, the CMNSR abruptly decreases
and its evolution is then due to spiral galaxies, leading to a second peak at
redshift z ∼ 2;

• If a DTD for MNS is assumed, the decrease of the CMNSR after the high
redshift peak in the PLE scenario is smoother, since it does not stop with the
quench of star formation. Therefore, in this case the elliptical galaxies will
contribute to the CMNSR during the whole range of redshift. In particular,
the contribution from ellipticals appears to be dominant at high redshift,
whereas that from spirals is dominant at lower redshift;

• Both in the DE and alternative scenario, the contribution to the CMNSR
from elliptical galaxies has a lower impact with respect to that of spirals.
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Therefore, the effect of using a DTD or a constant and short time delay has
almost no consequences on the total CMNSR behaviour;

• Our predictions of the present time CMNSR in all the three different cosmo-
logical scenarios, both in the cases of a constant total delay time and DTD,
are consistent with the rate of MNS observed by LIGO/Virgo and the one
estimated by Della Valle et al. (2018);

• Assuming the alternative scenario as the best one (see also Gioannini et al.,
2017), the SGRBs redshift distribution proposed by G16 is best represented
by our CMNSR with an assumed DTD ∝ t−1. On the other hand, in the case
of a constant delay time too many events at higher redshift with respect to
G16 are produced. Therefore, we conclude that in order to reproduce the
SGRB rate, the assumption of a constant total delay time should be rejected.
However, S19 found a way to reconcile a short time delay, good for reproduc-
ing the [Eu/Fe] ratio in the Galaxy, with the SGRBs rate; that is by assuming
that the percentage of systems giving rise to a MNS event (αMNS) is variable
in time. The adoption of a variable αMNS will be the subject of future work.

Finally, for what it concerns our predictions of the number of Kilonovae de-
tections for the LSST and VST surveys, we can conclude that:

• On the basis of the results shown in Tables 3.6 and 3.7, it is possible to state
that, at least in principle, the observations of the number of MNS can be
used to discriminate the different scenarios at play. However, Kilonovae are
intrinsically weak objects detectable only up to z ∼ 0.25 and z ∼ 0.05 with
LSST and VST, respectively. A comparison with Figure 3.10 indicates that
the number of MNS detections occurring in spirals and irregulars at low z
cannot be used to disentangle among different scenarios, since they pro-
vide similar results. Differences in results emerge only at very high values of
redshift, which, unfortunately are not observable with current/future struc-
tures. On the other hand, each scenario is capable of predicting significantly
different Kilonovae rates in ellipticals even at very low z. Therefore, obser-
vations of MNS in early-type galaxies are of the utmost importance because
they can effectively help to discriminate models characterized by a constant
total delay (10 Myr) or by delay time distribution functions.
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CHAPTER 4

Dwarf Spheroidal and Ultra Faint Dwarf
Galaxies

I N this Chapter, I present our work on the evolution of Eu and Ba abun-
dances in Local Group dwarf spheroidal and ultrafaint dwarf galaxies. We
investigate on the production of r-process material by MNS and MR-SNe

with different yields and time-scales prescriptions, and compare our results with
a new sets of homogeneous abundances.

The Chapter is organized as follows. In Section 4.1, I outline the context of this
Chapter. In Section 4.2, I present the observational data which have been con-
sidered to make a comparison with the predictions of the chemical evolution
model. In Sections 4.3 and 4.4, I describe the chemical evolution model and
the adopted stellar yields, respectively. In Section 4.5, I present our results for
Sculptor, Fornax and Reticulum II. Finally, in Section 4.6 I summarize our con-
clusions.

The results presented in this Chapter are described in the published paper Molero
et al. (2021a).
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4.1 Introduction

Among the MW satellites it is possible to distinguish between classical and ultra-
faint dwarf spheroidal galaxies. Classical dwarf spheroidal galaxies (dSphs) are
among the least luminous and most dark-matter-dominated galaxies observed.
They can be classified as early-type galaxies, since they are characterized by low
present time gas mass and iron-poor stars (Koch, 2009; Tolstoy et al., 2009; Mc-
Connachie, 2012). Ultrafaint dwarf (UFD) spheroidals have very similar physical
properties to dSph galaxies, but are characterized by even smaller average surface
brightness and effective radii (see Simon, 2019 for a recent review). Dwarf galax-
ies show metal-poor and old or intermediate-aged stellar populations, with only
some of them hosting younger stars (indication of a recent SF activity). They are
thought to be the surviving building blocks of the halos of more massive galax-
ies, formed in part through accretion (e.g., De Lucia et al., 2008; Starkenburg et
al., 2013; Mackereth et al., 2019) and, in particular, to have contributed to the
outer halo of the MW, being important sources of very metal-poor stars (e.g., Sal-
vadori et al., 2009). Moreover, Local Group dwarf galaxies are close enough for
spectroscopic analyses of individual stars and for derivation of their ‘true’ SF his-
tories through colour-magnitude diagrams (CMDs), which allow chemical evolu-
tion models to perform a more detailed analysis of these objects (Romano et al.,
2006; Lanfranchi et al., 2010; Romano et al., 2013). In general, dwarf galaxies of-
fer a good opportunity to investigate fundamental properties of galaxy formation
and chemical evolution across different environments and they can play a key
role in the development of more sophisticated galaxy formation models.

As described in Chapter 1, the majority of heavy elements beyond the Fe peak
originate via neutron capture processes, which can be rapid (r-process) or slow (s-
process) depending on the timescales with respect to the β-decay in nuclei. The
s-process takes place in LIMS during the AGB phase via the reaction 13C(α,n)16O
and in massive stars as a weak s-process (Langer et al., 1989; Prantzos et al., 1990).
The efficiency of the weak s-process depends on the metallicity and, if rotation is
not considered, nucleosynthesis calculations show that for metallicity lower than
∼ 10−4 the s-process becomes negligible (e.g., Limongi et al., 2003). However,
rotation increases the efficiency of the s-process in massive stars, in particular
at low metallicities where stars are expected to be more compact and to rotate
faster (Chiappini et al., 2011; Frischknecht et al., 2016; Limongi et al., 2018). On
the contrary, the r-process sites are still under debate, with possible candidates
being MNS and peculiar CC-SNe, as the MR-SNe described in Chapter 1. How-
ever, the required rotation rates and magnetic energies for the MR-SNe restrict
the mechanism to a minority of progenitor stars: only 1% of all stars with initial
mass larger than 10 M⊙ may have the necessary conditions to host strong enough
magnetic fields, according to Woosley et al. (2006b). Nevertheless, the rarity of
progenitors with this required initial conditions can provide an explanation for
the observed scatter in the abundance of r-process elements for low-metallicity
stars. On the other hand, according to their observed yields and rate, MNS are
potentially a powerful source of r-process nucleosynthesis. However, as shown
in Chapter 3, because of their time-delayed nature of formation, they predict an
[Eu/Fe] vs. [Fe/H] abundance pattern completely different from what is observed
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in the Galaxy (see e.g., Matteucci et al., 2014; Simonetti et al., 2019; Molero et al.,
2021b; Fraser et al., 2022). The issue can be solved by including a second source
for r-process nucleosynthesis which should be active especially at low metallic-
ities, pointing towards a scenario in which both a quick and a delayed source
produce r-process material. While this scenario can solve the [Eu/Fe] vs. [Fe/H]
‘puzzle’, we are wondering which are its predictions for other neutron-capture
elements. With the goal of better understanding both the r- and the s-process
production sites at low metallicity, here we study the chemical evolution of Eu
and Ba abundances in six dSph and two UFD galaxies for which homogeneous
abundances have been recently published by Reichert et al. (2020).

4.2 Observational Data

We have modelled the chemical evolution of 6 dSph and 2 UFD galaxies, which
are: Böotes I (Boo I), Carina (Car), Fornax (For), Leo I (Leo), Reticulum II (Reticu-
lum II), Sculptor (Scl), Sagittarius (Sgr) and Ursa Minor I (Umi I). Here, we will
focus on the results for Sculptor, Fornax and Reticulum II. Our results for the
other galaxies are provided as Supplementary Material (online only) of the paper
Molero et al. (2021a). We chose Sculptor and Fornax since their results are repre-
sentative of those obtained for all the other dSphs, and Reticulum II because of
its peculiar heavy elements abundances.

We have chosen abundances data of Reichert et al. (2020) for all galaxies, while
for the metallicity distribution functions (MDF) we adopted collections of data
from the SAGA database (Suda et al., 2008) for all galaxies, except for Sculptor, for
which the observational MDF is taken from Romano et al. (2013). All abundances
are scaled to the solar photosphere abundances of Asplund et al. (2009), which is
the one adopted in our chemical evolution code. For comparison, we adopt the
star formation histories (SFH) as derived by color-magnitude diagrams (CMD)
fitting analysis of several authors (Hernandez et al., 2000; Dolphin, 2002; de Boer
et al., 2012b; de Boer et al., 2012a; Brown et al., 2014; de Boer et al., 2015). In
particular, we assumed the same number and duration of the SF episodes of the
CMDs.

4.3 The Model

We use an updated version of the model presented by Lanfranchi et al. (2004) to
describe the chemical evolution of both UFDs and dSphs. Galaxies form by infall
of primordial gas in a pre-existing diffuse dark matter (DM) halo. The model is
a one zone with instantaneous and complete mixing of gas. The stellar lifetimes
are taken into account, thus relaxing the instantaneous recycling approximation
(IRA). The model is able to follow the evolution of 31 elements, from H to Eu,
during 14 Gyr.

The basic equations that follow the evolution of Gi, namely the mass fraction
of the element i in the gas, are described by Eq. 2.14. Here, the dependence on the
radius is relaxed, since the adopted model is a one-zone. We include both infall
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and outflow of gas, with the infall law given by the following relation:

(Ṁgas,i)inf = aXi,infe
t/τinf , (4.1)

where a is a normalization constant constrained to reproduce the present time
total infall mass, Xi,inf describes the chemical abundance of the element i of the
infalling gas (here assumed to be primordial) and τinf is the infall time-scale. As
explained in Chapter 2, the wind rate is assumed to be proportional to the SFR
(see Eq. 2.11) which in this work it is described by a Schmidt-Kennicutt law:

ψ(t) = νMk
gas, (4.2)

with k = 1. For all the galaxies simulated in this work, we assume a Salpeter (1955)
IMF.

4.4 Nucleosynthesis prescriptions

For all the stars sufficiently massive to die in a Hubble time, the following stellar
yields have been adopted:

• For LIMS we included the metallicity-dependent stellar yields of Karakas
(2010);

• For massive stars we assumed yields of Kobayashi et al. (2006);

• For Type Ia SNe we included yields of Iwamoto et al. (1999). We adopted the
SD scenario for Type Ia SNe, in which SNe arise from the explosion via C-
deflagration of a C-O white dwarf in a close binary system as it has reached
the Chandrasekhar mass due to accretion from its red giant companion.

The same stellar yields have been adopted in Vincenzo et al. (2015). Also, a
complete and detailed description of those yields can be found in Romano et al.
(2010).

4.4.1 Eu and Ba yields

For both Eu and the r-process fraction of Ba we considered two different produc-
tion sites: MNS and MR-SNe. We assume r-process elements to be produced by
(i) only MNS, (ii) only MR-SNe, (iii) both MNS and MR-SNe.

In our simulations, MNS are systems of two 1.4 M⊙ neutron stars with progen-
itors in the 9-50 M⊙ mass range. In order to include the production of r-process
elements from MNS in our chemical evolution code, we need to specify the fol-
lowing parameters (see Matteucci et al., 2014):

• the mass of each elements which is produced per merging event, Y MNS
Eu and

Y MNS
Ba ;

• the time delay between the formation of the double neutron star system and
the merging event, τ ;
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TABLE 4.1: Yields of Sr, Eu and Ba from MNS adopted in this work. Yields of Sr are those
measured by Watson et al. (2019) while those of Eu and Ba have been obtained as described

in the text.

YMNS
Sr (M⊙) YMNS

Eu (M⊙) YMNS
Ba (M⊙)

(1− 5)× 10−5 3.0× 10−7 − 1.5× 10−6 3.2× 10−6 − 1.58× 10−5

(1− 5)× 10−4 3.0× 10−6 − 1.5× 10−5 3.2× 10−5 − 1.58× 10−4

(1− 5)× 10−3 3.0× 10−5 − 1.5× 10−4 3.2× 10−4 − 1.58× 10−3

• the fraction of neutron stars in binaries that produce a MNS, αMNS.

For what it concerns the yields of r-process elements from MNS, they have been
obtained by assuming that there is a scaling relation between them and those of
Sr. The adopted scaling factors are equal to 0.03 for Eu and to 3.16 for Ba, and
have been found from the solar system r-process contribution, as determined
by Simmerer et al. (2004). For the yields of Sr, we adopted the value found by
Watson et al. (2019) in the reanalysis of the spectra of the kilonova AT2017gfo
which followed the neutron-star merger GW170817, equal to (1 − 5) × 10−5M⊙
Those yields have also been multiplied by two different factors (1 × 101, 1 × 102)
in order to take into account the uncertainties that could affect them, because of
their model assumptions as well as the scatter of Sr compared to Eu in old stars.
The yields of Sr with the scaled yields of Eu and Ba are reported in Table 4.1.

For the time delay, τ , we adopt two different approaches. The first one consists
in assuming a constant delay time between the formation of the neutron stars
binary system and the merging event (as first done by Argast et al., 2004 and later
by Matteucci et al., 2014), while the second one consists in adopting a DTD. In
the first case we adopt a delay time τ = 1 Myr. This is equivalent to assume that
all neutron stars binary systems would merge on the same time-scale, which is
short and constant. In the second case, we adopt the DTD of Simonetti et al.
(2019) with β = −0.9, as explained in Chapter 2. The parameter αMNS, namely the
probability of the MNS event has been found to be αMNS = 5.42× 10−2 for a DTD
with β = −0.9 for external spiral galaxies by Molero et al. (2021b) (see previous
Chapter), in order to reproduce the observed present time MNS rate in the MW
as the one predicted by Kalogera et al., 2004, equal to ∼ 80+200

−60 Myr−1. For dwarf
galaxies, we adopt a lower probability of MNS in order to take into account the
less efficient r-process material enrichment which characterizes these systems.
In particular, we set αMNS = 2.15× 10−2 and based our consideration on the work
of Bonetti et al. (2019), according to which in low mass galaxies neutron stars
binary systems tend to merge with a large off-set from the host galaxy, because
of the kicks imparted by the two SN explosions. As stated by the authors, the
immediate consequence of a merger location detached from the disc plane, is a
dilution of the amount of r-process material retained by the galaxy.

For the production of r-process elements from MR-SNe, we select a set of
yields from different nucleosynthetic studies as reported in Table 4.2. Another
possibility could have been that of adopting as Ba yields those obtained by scaling
the Eu yields of the studies reported in the Table by taking into account the solar
system r-process contribution, as done for MNS. We checked that this choice did
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TABLE 4.2: Yields of r-process elements from MR-SNe adopted in this work.

YMRD
Eu (M⊙) YMRD

Ba (M⊙) Model Reference
1.11× 10−5 2.10× 10−4 – Winteler et al. (2012)1

1.56× 10−6 2.72× 10−6 B12β0.25 Nishimura et al. (2015)
6.85× 10−6 2.58× 10−4 L0.10 Nishimura et al. (2017)
2.81× 10−6 1.23× 10−4 L0.60 "
4.69× 10−7 7.66× 10−6 L0.75 "
5.19× 10−6 2.07× 10−5 35OC-Rs Reichert et al. (2021)

TABLE 4.3: Yields of Eu and r-process Ba of Cescutti et al. (2006) for massive stars in the
mass range 12− 30M⊙.

Mstar (M⊙) YBa (M⊙) YEu (M⊙)
12 9.0× 10−7 4.5× 10−8

15 3.0× 10−8 3.0× 10−9

30 1.0× 10−9 5.0× 10−10

not significantly affect our results. Moreover, we run also models in which we as-
sume that Eu and r-process Ba are produced by massive stars in the mass range
(12 − 30) M⊙ with the yields of Cescutti et al. (2006) (their model 1). Details of
those yields are reported in Table 4.3.

MR-SNe may be indeed important contributors to the enrichment of heavy
elements. However, the required rotation rates and magnetic energies restrict the
mechanism to a minority of progenitor stars (Nishimura et al., 2017; Mösta et al.,
2018; Reichert et al., 2021). Woosley et al. (2006b) speculated that approximately
1% of all stars with initial mass ≥ 10 M⊙ have the necessary conditions to host
strong enough magnetic fields. Therefore, here, we assume that only 1 − 2% of
all stars with initial mass in the mass range (10− 80) M⊙ would explode as a MR-
SNe. Furthermore, it has been suggested that these events occur more frequently
at low metallicities, because of the lower opacity that result in higher rotation
rates and, as a consequence, stronger magnetic fields (see e.g., Brott et al., 2011,
Thielemann et al., 2017). Therefore, we also test models in which the produc-
tion of r-process elements from MR-SNe is active only at metallicity Z ≤ 10−3, as
suggested also in Winteler et al. (2012) (see also Cescutti et al., 2015).

Finally, for the Ba s-process component, which is the predominant one, we
have adopted yields of Busso et al. (2001) for LIMS of (1.5− 3.0) M⊙. Those yields
have a strong dependence on the initial metallicity of the stars. For stars of (1.0−
1.5)M⊙ we have adopted yields of Cescutti et al. (2015), which are obtained simply
by scaling the yields of Busso et al. (2001) to stars of 1.5 M⊙.

Details of the different models that we run are reported in Tables 4.4 and 4.5.

4.5 Results

For each galaxy we set the input parameters of the chemical evolution model
in order to reproduce the star formation, the observed MDF and the [Mg/Fe]

1The values are based on a recent recalculation that was presented in Côté et al. (2020).
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vs [Fe/H] pattern. Except that for Fornax and Reticulum II, in general we fol-
low previous literature results which provide an estimate of the parameters of the
model able to reproduce the relevant data for each galaxy. The input parameters
of chemical evolution models adopted in this work are reported in Table 4.6.

After tuning our models with the observed data, we analysed the production
of neutron capture elements by comparing the results of our models for the evo-
lution of [Eu/Fe], [Ba/Fe] and [Ba/Eu] vs. [Fe/H] with observed patterns. In this
way, it is possible to investigate on the nucleosynthesis of those elements.

4.5.1 Sculptor and Fornax

For Sculptor dSph galaxy, we have adopted similar theoretical prescriptions to
Lanfranchi et al. (2004) (who first modelled the chemical evolution of Sculptor)
and to Vincenzo et al. (2014). We assumed a dark matter halo of mass MDM =
3.4×108 M⊙ (Battaglia et al., 2008) and a core radiusRDM=1 kpc. The effective radius
of the luminous component of the galaxy has been set to RL = 260 pc (Walker et
al., 2009). The SF of Sculptor has been derived from the CMD fitting analysis by
de Boer et al. (2012b) and it consists of one episode of star formation which lasts
7 Gyr. Our predicted SFR as a function of time is shown in panel (a) of Figure 4.1.
It is characterized by an initial fast increase, due to the short time-scale of the
infall, followed by a decline caused by the onset of the galactic wind. Our model
predicts a final stellar mass of M⋆,f = 2.6 × 106 M⊙, similar to the observed one
M⋆,f = 1.2× 106 M⊙ derived by de Boer et al. (2012b) by integrating the SFR up to
the present time.

In panel (b) of the same Figure, we show the [Mg/Fe] vs. [Fe/H] evolution
together with the prediction of our model. The pattern is characterized by a flat
plateau at low metallicities2 followed by a decrease for [Fe/H] ≥ -1.5 dex due to
the fact that, for [Fe/H] ≥ -1.5 dex, SNeIa start contributing in a substantial way
to the Fe enrichment (Matteucci et al., 2001). In fact, we remind that while α-
elements are mainly produced in Type II SNe on short time-scales, the majority
of Fe and Fe-peak elements are produced by Type Ia SNe on longer time-scales
(see Palla, 2021 for a detailed discussion). Also, as the galactic wind is activated,
the SF starts to decline until it stops at 7 Gyr. Consequently, the production of α-
elements by Type II SNe will decrease too. On the other hand, Fe-peak elements
are continuously ejected into the ISM even when there is no SF activity, because
of the long lifetimes of the progenitors of Type Ia SNe. Because of these two facts,
the [Mg/Fe] vs. [Fe/H] trend will be strongly influenced by the efficiency of the SF
(ν) and by the wind parameter (ω): the higher ν is, the longer the [Mg/Fe] plateau
will be, while the higher ω is, more pronounced the [Mg/Fe] decrease will be . As
seen, our model with ν = 0.2 Gyr−1 and with ω = 9 is able to perfectly fit the
observed [Mg/Fe] vs [Fe/H] abundances.

In panel (c) of Figure 4.1 we report the rates of different phenomena predicted
by our simulations. It is possible to see how Type II SNe follow the SF history of the

2The flat plateau is due to the assumption that stars more massive than 20 M⊙ explode as
hypernoavae. If all stars explode as CC-SNe, a [Mg/Fe] trend increasing with decreasing [Fe/H] is
obtained instead (see Romano et al., 2010, their Figure 12). We note that a flat trend fits the data
much better.
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FIGURE 4.1: Results for Sculptor dSph. Panel (a): predicted SF history as a function of time;
panel (b) predicted [Mg/Fe] vs. [Fe/H] pattern together with observational data; panel (c)
predicted rates of Type Ia SNe (turquoise), Type II SNe (green), MNS with a constant delay
time for merging (red) and MNS with a DTD (light blue); panel (d) comparison between

predicted and observed MDF.

simulated galaxy, while Type Ia SNe continue to explode even after the quenching
of the SF. Rates of MNS are also reported in the panel, showing both constant
delay time and DTD. In the case of a constant total delay time, the rate of MNS
follows the evolution of the SFR of Sculptor, so that no MNS event is predicted at
the present time. On the other hand, when we assume a DTD, the dependence
of the MNS rate on the SFR is not so important (see Simonetti et al., 2019; Côté
et al., 2019; Greggio et al., 2021 for an extensive discussion about the delay times
of MNS in the Galaxy). In this case, the evolution of the MNS rate will be similar
to that of Type Ia SNe and its present time value will differ from zero, being equal
to RMNS ≃ 7 events/Gyr.

In panel (d) of the same Figure, the observed MDF together with the predic-
tion from our model is reported. There is a quite good agreement between model
and the data, even if our results appear to be shifted towards higher metallicities.
In order to predict a MDF peaked at lower metallicities one could lower the star
formation efficiency. However, we point out that this may also lead to a higher
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FIGURE 4.2: Same as Figure 4.1 but for Fornax.

MDF peak, as well as a shorter plateau in the [Mg/Fe] abundances ratio. There-
fore, in order not to lose the really good agreement for the [Mg/Fe] evolution, we
do not change our choice of the parameters.

Concerning the chemical evolution of Fornax, we assumed a dark matter halo
of mass MDM = 5× 109 M⊙ and a core radius RDM = 15.5 kpc. The effective radius
of the luminous component has been set to RL = 1.55 kpc. For the SF history,
we take into consideration that of de Boer et al. (2012a), which is derived from
the CMD fitting analysis, according to which Fornax formed stars at all ages, from
as old as 14 Gyr to as young as 0.25 Gyr. In particular, they conclude that, even
if stars are formed continuously during the evolution of the galaxy, most of the
star formation takes place at intermediate ages (see also Coleman et al., 2008).
We model a continuous SF, characterized by one long episode lasting 14 Gyr, with
a constant efficiency equal to ν = 0.1 Gyr−1. Our predicted star formation as a
function of time is reported in panel (a) of Figure 4.2. It is seen that in our model a
high number of stars formed in the first Gyr, and then the gas gets depleted due to
the star formation itself and to the action of galactic winds causing a gas loss until
the present time. Our model predicts a final stellar mass of M⋆,f = 2.9 × 107 M⊙,
similar to the one estimated by de Boer et al., 2012a equal to M⋆,f = 4.3× 107 M⊙.

Panels (b) and (d) of Figure 4.2 show that the results of our model are in agree-
ment with both the observed [Mg/Fe] vs. [Fe/H] and the MDF. A better agreement
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could have been obtained for the MDF by lowering the star formation efficiency
in order to shift our MDF peak towards lower metallicities. However, as we al-
ready pointed out for Sculptor, that would also bring to a higher MDF peak and
to a shorter plateau for the [Mg/Fe] vs. [Fe/H].

Finally, in panel (c) of the same Figure we report the evolution of the rates of
different phenomena. The present time value of the rate of MNS will be different
from zero both in the case in which we adopt a constant total delay time for merg-
ing and in the case in which we adopt a DTD, because of the long and continuous
episode of SF. The rate of MNS in the two cases will be RMNS ≃ 33 events/Gyr and
RDTD

MNS ≃ 125 events/Gyr, respectively.

Results for Eu in Sculptor and Fornax

In Figures 4.3 and 4.4, we report the observed [Eu/Fe] vs. [Fe/H] abundance pat-
tern together with predictions of our models for Sculptor and Fornax dSphs, re-
spectively. We remind that details about different nucleosynthesis prescriptions
implemented in the models are reported in Tables 4.4 and 4.5 of Section 4.4.1.

From the observational point of view, the evolution of the [Eu/Fe] vs. [Fe/H]
shows the typical trend of Eu in the Galaxy, similar to that of an α-element. Es-
pecially in the case of Sculptor, we can easily distinguish the plateau at low to in-
termediate metallicities (from ∼ −2.25 to ∼ −1.25 dex) and the decrease at higher
[Fe/H]. In the case of Fornax it is more difficult to distinguish such a trend. The
data appear to be more concentrated in the high metallicity range of the [Eu/Fe]-
[Fe/H] diagram, so that the results of our models in this range must be considered
just a prediction. We decided not to add more data from other authors, in order
not to loose the homogeneity of our sample. We do however note that additional
high-resolution data containing Ba and Eu are limited. Moreover, from a theoret-
ical point of view, a plateau at low metallicities in Fornax is expected to be present
because of the time-delay model (Matteucci, 2012) which applies to any galaxy.
As already discussed, in the early phases of galaxy evolution we expect a plateau
in the [α/Fe] vs. [Fe/H] due to the sole contribution of CC-SNe, independently of
the SF history. The [Eu/Fe] vs [Fe/H] usually shows a pattern similar to those of
the α-elements, so that a plateau at low metallicities also in the [Eu/Fe] of Fornax
is expected.

In panels (a) of both Figures 4.3 and 4.4, we report results of models C54, C65
and C76, in which we consider Eu production only by MNS with a constant de-
lay time for merging. The model which best reproduces the expected trend is
model C65. In this case, the yield of Eu from MNS is in the range (3.0 × 10−6 −
1.5× 10−5) M⊙, with a lower limit which is in agreement with the one predicted by
Matteucci et al. (2014) for the chemical evolution of the MW. On the other hand,
models C54 and C76 seem to overestimate and underestimate the expected trend,
respectively.

In panels (b) of the same Figures, we present results of models D54, D65 and
D76 for which Eu is produced by only MNS with a DTD. Those models differ from
the previous ones just by the adoption of the DTD. Because of the longer delay
times assumed, there is an increasing trend rather then a plateau at low metal-
licities, as expected. Also, as discussed in the previous section, the adoption of a
DTD causes NS continuing to merge until present time, so that the production of
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Eu from MNS will not stop, even when there is no SF activity (see panel (c) of Fig-
ure 4.1). This results in producing a plateau or even an increasing trend at high
metallicities for Sculptor and Fornax, respectively, rather than a decrease. Be-
cause of that, models D54, D65 and D76 are not able to reproduce the observed
pattern, as seen from the Figures, in agreement with the findings of previous stud-
ies for the MW (e.g.: Simonetti et al., 2019; Côté et al., 2019). Moreover, models
D54 and D76 overestimate and underestimate the general trend for all the range
of metallicities, respectively.

In panels (c), we report the results from models with Eu produced only by
MR-SNe. As already discussed, we try different yields of Eu proposed in literature.
Among those, model N17c with yields from Nishimura et al. (2017) appears to
be the best one for Sculptor, while model N15 with yields from Nishimura et al.
(2015) better reproduce the [Eu/Fe] of Fornax. We remind that in both cases we
assume that (1-2)% of all stars with mass in the range (10− 80) M⊙ would explode
as MR-SNe. Furthermore, we stress that theoretical calculations of the r-process
involve large uncertainties in the modelling (see e.g., Cowan et al., 2019; Horowitz
et al., 2019 for recent reviews).

In panels (d) of the Figure, we show the effect of activating the MR-SNe chan-
nel only at metallicities lower than 10−3, without changing the Eu yield with re-
spect to models N17c and N15 for Sculptor and Fornax, respectively. Model N17cZ
reproduces the plateau at low metallicities in the Sculptor dSph as well as the
decrease at higher [Fe/H]. The decrease is actually faster than that produced by
model N17c, but the data are also well reproduced. On the other hand, activating
MR-SNe only at low metallicities in Fornax results in loosing the agreement with
observations, as expected. Actually, because of the concentration of data at high
[Fe/H], it seems that only a highly implausible scenario in which MR-SNe are act-
ing only at high metallicities can reproduce the expected trend, as represented by
the light green curve of Figure 4.4. Therefore, if MR-SNe are the only producers of
Eu in the Fornax dSph, they must be active at all metallicities.

In panels (e) of Figures 4.3 and 4.4, we show results of models CN54, CN65 and
CN76, in which we assume Eu produced by both MNS with a constant total delay
time for merging together with MR-SNe. Yields of Eu from MR-SNe are those of
Nishimura et al. (2017), and the three models differ because of the different yields
for MNS. Obviously, when more than one channel contribute to the Eu produc-
tion, the Eu yields from each channel should be lower than in the case of only one
active source, in order to maintain the fit.

Finally, in panels (f), we show results of models DN65 and DN65Z in which
both MNS with a DTD and MR-SNe can produce Eu. For both models the yield of
Eu from MNS is in the (3.0 × 10−6 − 1.5 × 10−5) M⊙ range, while that of MR-SNe
is equal the one of Nishimura et al. (2017). The two models differ only for the
range of metallicities in which MR-SNe are active: in model DN65 they act for the
whole range, while in model DN65Z they act only at low metallicities. Both mod-
els seems to be able to reproduce the main trend. In particular, the lack of Eu from
MNS at low metallicities, due to longer delay times for merging, is compensated
by the production of Eu from MR-SNe which, in both models, are active at low
metallicities. In the same way, when in model DN65Z MR-SNe stop to produce
Eu from metallicities higher than 10−3, MNS can compensate. For model DN65
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we get Eu from both MNS and MR-SNe also at high metallicities, resulting in a
slightly higher trend with respect to model DN65Z which, in the case of Fornax, is
more in agreement with the data.

Results for Ba in Sculptor and Fornax

In Figures 4.5 and 4.6, we report predictions for the [Ba/Fe] and [Ba/Eu] vs. [Fe/H]
patterns together with the observational data.

The observed [Ba/Fe] vs. [Fe/H], is characterized by a low abundance of Ba
at low metallicities ([Fe/H]≤-2.25 dex) and by almost solar values from interme-
diate to high metallicities, suggesting different mechanisms for the production
of the s- and r- process fractions of Ba. In fact, at low metallicities Ba is mostly
created by r-process, but as more LIMS go through the AGB phase, the s-process
becomes more important and the [Ba/Fe] ratio increases with increasing [Fe/H]
until a plateau is reached (see also Skúladóttir et al., 2020b). For the [Ba/Eu] vs.
[Fe/H], the data are characterized by a plateau at lower metallicities, followed by
an increase of the [Ba/Eu] at higher [Fe/H]. The plateau is indicative of the fact
that the Ba and Eu elements are growing at the same rate at low metallicities
as a function of Fe. This does not necessarily means that the two elements are
produced by the same events, but they must be produced at least with the same
time delay (Reichert et al., 2020). On the other hand, the increasing trend of the
[Ba/Eu] at higher metallicities sets in when the production of s-process Ba from
LIMS starts to be non negligible. We remind that for all of our simulations, we
fixed the yields of Ba from the s-process and varied only the contribution from
the r-process.

In panels (a) and (b) of Figures 4.5 and 4.6, we show results of models C65
and D65 in which we adopt MNS as the only producers of r-process Ba with and
without a DTD, respectively. In both cases yields of r-process Ba are in the (3.20×
10−5−1.58×10−4)M⊙ range while those of Eu are in the (3.0×10−6−1.5×10−5)M⊙
range. For the [Ba/Fe] (panels (a)), in the case of a constant delay time for merging
models are able to fit the data from intermediate to high metallicities, but fails at
lower ones. On the other hand, if we adopt a DTD for MNS the agreement at low
metallicities is improved, but the data are underestimated at intermediate ones
(-2.6 ≤ [Fe/H] ≤ -1.5), suggesting that a second source should be active. For the
[Ba/Eu], both our models are able to reproduce the plateau in the data, thanks to
the same delay assumed for the production of Eu and r-process Ba, as well as the
increase when the production of s-process Ba from LIMS sets in.

In panels (c) and (d) of the same Figures, we report results of model N17c in
which we assume r-process Ba and Eu produced only by MR-SNe with yields from
Nishimura et al. (2017). Also models in which we adopt yields of Cescutti et al.
(2006) for the r-process production by massive stars are shown. For the [Ba/Fe],
both models fit the data at high metallicities, but fail at lower ones overproduc-
ing the data. In particular, model N17c produces almost a plateau rather than an
increasing trend at low [Fe/H], because of the production of r-process Ba from
stars with initial masses in a too wide range (10− 80M⊙). If a more narrow range
and, in particular, decreasing amount of r-process material with increasing stel-
lar mass, are assumed, as in the case of models with the yields of Cescutti et al.
(2006), we can predict a more intense increase, even though it sets in too early
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FIGURE 4.3: Results of models with different nucleosynthesis prescriptions for the [Eu/Fe]
vs. [Fe/H] pattern for Sculptor dSph. Details of models are in Tables 4.4 and 4.5.
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FIGURE 4.4: Same as Figure 4.3 but for Fornax. Note that in panel (d) the light green curve
refers to the case in which the MR-SNe are producing r-process material only for metallici-

ties higher than 10−3. See text for details.
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with respect to the data. In the case of the [Ba/Eu], models N17c can reproduce
the expected trend for all the range of metallicities for Sculptor, but underesti-
mate the data in the case of Fornax. On the other hand, if the yields of Cescutti et
al. (2006) are adopted, the models overestimate the expected abundance trends
in both galaxies. However, the general pattern is reproduced in all cases, since
Eu and r-process Ba are produced by the same event and therefore with the same
delay.

Finally, in panels (e) and (f), we show results of models CN65 and DN65 in
which r-process Ba and Eu are produced by both MR-SNe and MNS. In model
CN65 we assume a short and constant delay time for MNS, while in model DN65
a DTD is adopted. As expected, both models are not able to reproduce the low
data of [Ba/Fe] at low metallicities. For both models, in fact, the production of
r-process Ba sets in too early and a too high trend is produced at low [Fe/H]. The
models are able to reproduce only the [Ba/Eu], producing the expected plateau
at low metallicities and the increase at larger [Fe/H] thanks to the production of
s-process Ba by LIMS. The plateau is reproduced not only because of the same
delay assumed for the production of the two elements in the case of model CN65,
but also because of the similar r-process Ba/Eu yields between MR-SNe and MNS.

4.5.2 Reticulum II

For the chemical evolution of Reticulum II UFD, we assume a dark matter halo of
mass MDM = 3.0 × 106 mathrmM⊙ and a core radius RDM = 170 pc. The effective
radius of the luminous component of the galaxy has been set at RL = 50 pc. We
predict a present time stellar mass of M⋆,f = 0.6 × 103 M⊙, similar to the one
observed by Bechtol et al. (2015) equal to M⋆,f = 2.6× 103 M⊙.

In panel (a) of Figure 4.7, we show our assumed SFR as a function of time. It
consists of one short episode of SF which lasts 1 Gyr.

In panel (b) of the same Figure, we report the [Mg/Fe] vs. [Fe/H] together with
the prediction of our model. Because of the poor dataset, it is not possible to de-
rive strong conclusions on the observed trend. Therefore, we model the [Mg/Fe]
in order to reproduce the typical evolution of an α-element, characterized by a
plateau at low metallicities and by a decrease which set in when Type Ia SNe start
contributing in a substantial way to the Fe enrichment.

In panel (c) of Figure 4.7, we report the rates of different phenomena. Also in
this case, it is seen that the rate of MNS follows the evolution of the star forma-
tion only in the case of a constant delay time for merging, leading to a predicted
present time rate of MNS equal to zero. In the case of DTD, instead, the present
time rate of MNS will be equal to RMNS ≃ 5× 10−4 events/Gyr.

Finally, in panel (d) we report the observed MDF together with the prediction
from our model. Because of the low number of stars observed in Reticulum II, it
is very difficult to asses the quality of the fit. The observational sample is likely
incomplete. Therefore, our theoretical MDF has to be regarded as a prediction, to
be confirmed (or disproved) by future observations, rather than a fit to the exist-
ing data.
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FIGURE 4.5: Results of models for the evolution of [Ba/Fe] and [Ba/Eu] vs. [Fe/H] for Sculp-
tor dSph. For all models s-process Ba production comes from LIMS. Details of models are

in Tables 4.4 and 4.5.
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FIGURE 4.6: Same as Figure 4.5 but for Fornax.
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FIGURE 4.7: Same as Figures 4.1 and 4.2 but for Reticulum II.

Results for Eu in Reticulum II

In Figure 4.8 we report our results together with the observational data for the
[Eu/Fe] vs. [Fe/H] in the Reticulum II UFD.

Concerning the observational data, Reticulum II stands out among all the other
galaxies because of its peculiar Eu and Ba abundances. The data are concentrated
at low metallicities and also show strong enhancements, which is about 2 orders
of magnitude higher than what is observed in the other dwarf galaxies.

In panel (a), we report results of models in which MNS are the only Eu pro-
ducers and their delay time for merging is assumed to be short and constant. In
this case model C54, in which the yield of Eu from MNS is in the (3.0×10−5−1.5×
10−4) M⊙ range, well reproduce the high [Eu/Fe] abundance ratio. On the other
hand, when we hypothesize a DTD for MNS (panel (b) of the same Figure), we are
no more able to reproduce the observational constraints because of the longer
delay assumed for merging.

In the case in which we assume that Eu is produced only by MR-SNe, models
R21 and W12 are able to reproduce the observed [Eu/Fe] both in the case in which
MR-SNe are active at all metallicities (panel (c)) and in the case in which they are
active only at the low end (panel (d)). Actually, because of the really short SF
assumed for Reticulum II, there are small differences between these two cases.
For these two models the yield of Eu from MR-SNe has been set equal to that
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predicted by Reichert et al. (2021) for model R21 and by Winteler et al. (2012) for
model W12. In panel (c) we report also model N17c for which the yield of Eu
is equal to that of Nishimura et al. (2017), showing how high the yield of Eu is
required to be to fit the data in Reticulum II with respect to the other galaxies.

In panel (e) of the same Figure, we report results of models in which Eu is
produced by both MNS (with no DTD) and MR-SNe. The yield of Eu from MR-
SNe has been set equal to that of model R21. As expected model CR54, is the one
which best reproduce the data. However, models CR65 and CR76 are only slightly
below the observations, showing once again that if a second channel other than
MNS is activated then the yield of Eu from MNS can be lower in order to fit the
data.

In panel (f) of Figure 4.8, we report results of models in which both MNS (with
a DTD) and MR-SNe are producing Eu. In particular, we assumed that MR-SNe
are acting for all metallicities, but we note that we would have obtained basically
the same results even if MR-SNe would have been activated only at low metallici-
ties. The yield of Eu from MNS is equal to (3.0×10−5−1.5×10−4)M⊙ and that from
MR-SNe is that of model R21, equal to 5.19 × 10−6 M⊙ for each event. Because of
the contribution from MR-SNe we are now able to fit the data at low metallicities
despite the longer delay assumed for MNS. An even better agreement would have
been obtained if we adopted even higher yield of Eu from MR-SNe (for example
those of model W12). However one should note that, because of the lack of data
at high metallicities, it is impossible to distinguish which is the best model be-
tween CR54 and DR54, since they differ only in the absence/presence of a DTD
for MNS.

Results for Ba in Reticulum II

In Figure 4.9, we report predictions for the [Ba/Fe] and [Ba/Eu] vs. [Fe/H] together
with the observational data. We remind that for all models the production of the
s-process fraction of Ba comes from LIMS and the adopted yields are those of
Busso et al. (2001), as for the other dwarfs.

In panels (a) and (b), we show results of models C54 and D54 in which we
adopt MNS as the only producers of the r-process Ba and Eu with and with-
out a DTD, respectively. For both models, we chose higher yields of r-process
Ba from MNS with respect to those adopted for the other galaxies, fixing them
in the (3.20 × 10−4 − 1.58 × 10−3) M⊙ range. Yields of Eu from MNS are in the
(3.0 × 10−5 − 1.5 × 10−4) M⊙ range. As seen from the [Ba/Fe], model C54 is able
to fit the data at low metallicities. Then it predicts a constantly decreasing trend,
as expected. On the other hand, model D54 is not able to fit the data, because
of the delay in the production of r-process Ba. For the [Ba/Eu] vs. [Fe/H], since
we are assuming that both Eu and r-process Ba are produced by the same event
(and therefore on the same timescale), the two models are both producing the
expected plateau at low metallicities and are able to fit the observed data. Then,
model C54 predicts an increasing pattern towards high metallicities, because of
the s-process Ba production from LIMS. On the other hand, model D54 in which
we have a DTD for MNS, predicts a constant plateau for all the range of metallic-
ities. This is due to the fact that, because of the high yields of r-process Ba and
of the delay in its production by MNS, the contribution to Ba from LIMS at high
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FIGURE 4.8: Same as Figures 4.3 and 4.4, but for Reticulum II.
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metallicity appears to be negligible. This happens only when we adopt a DTD, be-
cause in this case the contribution to the Ba production from MNS is stronger at
high metallicities (see also panel (a) of the same Figure) with respect to the case in
which we adopt a constant delay time for merging. This is the case, even though
we adopt the same r-process yields for Ba and Eu in both models. We note that
we cannot comment on the nature of Ba and Eu in Reticulum II at higher metal-
licities owing to the lacking observational data.

In panels (c) and (d) of the same Figure, we report results of model N17c in
which we assume r-process Ba and Eu produced only by MR-SNe with yields from
Nishimura et al. (2017). Also the case in which we adopt yields of Cescutti et al.
(2006) for the production of both elements is shown. It clearly appears that, both
models are not able to fit the high abundances of the [Ba/Fe], underproducing
Ba by more than one order of magnitude. We tested also models W12, N12a and
R21 for the [Ba/Fe], since they matched the [Eu/Fe] described in the previous
sections. However, all of them overproduce the observed Ba abundances. In the
case of the [Ba/Eu] vs [Fe/H], the two models produce a similar trend, but none
of them is able to fit the observed data, underproducing or overproducing the
expected abundances, respectively.

In panels (e) and (f), we show results of models DN54 and CN54 in which r-
process elements are produced by both MR-SNe and MNS (with and without a
DTD, respectively). Yields for MR-SNe are those of Nishimura et al. (2017) and
yields for MNS are in the (3.20 × 10−4 − 1.58 × 10−3) M⊙ range. For the [Ba/Fe],
model CN54 in which two fast sources are producing r-process elements are able
to fit the high observed abundances, while model DN54 in which also a delayed
source is active underproduces the data. For [Ba/Eu], model CN54 can produce
the expected plateau at low metallicities and the increasing pattern at higher
[Fe/H], because the production of Eu and r-process Ba happens on the same
timescales. On the other hand, model DN54 produces almost a constant plateau
both at low metallicities, because of the similar r-process Ba/Eu yields between
MR-SNe and MNS, and at higher ones because of the same reasons explained for
model D54 (panel (b) of the same Figure).

A single r-process event

The generally accepted explanation for the high r-process abundances observed
in Reticulum II is that a single nucleosynthetic event produced a large quantity of
r-process material (∼ 10−4.5 M⊙ of Eu according to Ji et al., 2016). As we showed in
the previous sections, the amount of r-process material produced in our model
by MNS should be in the (10−5 − 10−4) M⊙ range for Eu, in agreement with Ji et al.
(2016) estimation, and in the (10−4 − 10−3) M⊙ range for Ba.

However, these yields are 1-2 order of magnitude higher than those estimated
for the other galaxies. The reason why we need high r-process yields in our model
is that we are actually working with a fraction of one enrichment event. During
the first Gyr of SF, in fact, we have a total of 2.39×10−2 events of MNS when a DTD
is adopted and of 5.65× 10−2 events in the case of a constant delay.

Therefore, we performed a test in which we increased the value of the αMNS

parameter to 1 in order to artificially obtain a total of 1 event of MNS in the first
Gyr. A probability of 100% of having a MNS event is a strong condition, but it
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FIGURE 4.9: Same as Figures 4.5 and 4.6 but for Reticulum II.
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FIGURE 4.10: Results of models C54, C65 and C76 for Reticulum II for [Eu/Fe] and [Ba/Fe]
vs [Fe/H] in the case of 1 event of MNS in the first Gyr.

is justified by the low stellar mass content of Reticulum II. We then computed
the [Eu/Fe] and the [Ba/Fe] vs. [Fe/H] abundances for the three sets of yields re-
ported in Table 4.1. The results are shown in Figure 4.10. As one can see, the
observational data can now be reproduced by models which assume more rea-
sonable r-process yields, similar to those of the other dwarfs. The yields can be in
the (1.50− 3.00)× 10−6 M⊙ range for Eu and around 1.50× 10−5 M⊙ for Ba, at least
one order of magnitude lower than those estimated by Ji et al. (2016).

4.6 Conclusions

We modelled the chemical evolution of seven dSph and two UFD galaxies in or-
der to study the evolution of their Eu and Ba abundances. In the main text of the
present work, we focused on the results obtained for Sculptor and Fornax, which
can be taken as representative of those obtained for the others dSphs. Reticu-
lum II UFD was shown for its peculiar elemental abundances. The results for the
other galaxies are provided as Supplementary Material and available online only.
We adopted new nucleosynthesis prescriptions for the production of Eu and the
r-process Ba produced in MNS, scaled to the yields of Sr measured in the spectra
of the kilonova AT2017gfo (Watson et al., 2019). We also tested different nucle-
osynthesis prescriptions for MR-SNe r-process elements. Here, we summarize
our main results and conclusions:

-For both Sculptor and Fornax we can conclude that:

• Models in which r-process elements are produced only by a unique quick
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source, such as MNS with a constant and short delay for merging or MR-
SNe, are able to reproduce the [Eu/Fe] vs. [Fe/H] abundance pattern. How-
ever, those models fail in reproducing the low-metallicity data for [Ba/Fe]
vs. [Fe/H] trend;

• On the contrary, models in which r-process elements are produced only
with longer delays, namely by MNS with a DTD, have difficulties in repro-
ducing the [Eu/Fe] vs. [Fe/H], but succeed in reproducing the low-metallicity
data for [Ba/Fe] vs. [Fe/H];

• If both a quick source and a delayed one are adopted for the production of
r-process elements, the [Eu/Fe] vs. [Fe/H] is successfully reproduced. In
particular, the quick source can be represented by MR-SNe and the delayed
one by MNS with a DTD. However, those models still fail in reproducing the
low-metallicity data for [Ba/Fe] vs. [Fe/H].

It is reasonable to presume that a possible scenario is one in which NS merge
with a DTD and produce Eu together with MR-SNe. In this case, MR-SNe can
produce Eu at all metallicities or only at low ones, without making any significant
difference in the final results. This allows us to reproduce the [Eu/Fe] vs. [Fe/H]
abundances, in agreement with what has been proposed by several authors (e.g.:
Simonetti et al., 2019; Côté et al., 2019; Skúladóttir et al., 2020a; Molero et al.,
2021b). In particular, the amount of Eu produced by each MNS event would be
in the (3.0 × 10−6 − 1.5 × 10−5) M⊙ range, while that produced by MR-SNe would
be in the range of the theoretical calculations of Nishimura et al. (2017) and equal
to 4.69 × 10−7 M⊙. Here we assume that only 1-2% of all stars with initial mass
in the range (10 − 80) M⊙ would explode as MR-SNe (according also to Woosley
et al., 2006b). However, within this scenario the low metallicity data of [Ba/Fe]
vs. [Fe/H] cannot be reproduced. The only way to reproduce them is if only
MNS (with DTD) are producing the r-process fraction of Ba, with yields in the
(3.20 × 10−5 − 1.58 × 10−4) M⊙ range. If also MR-SNe participate to this process,
the agreement with the data is lost. Nevertheless, excluding MR-SNe from the
production of Ba cannot be physical motivated. Moreover, models in which r-
process Ba is produced only by MNS with a DTD, still underestimate the [Ba/Fe]
at intermediate metallicities, suggesting that a source for the production of the
"weak" s-process fraction must be included. In particular, this second source
for the production of s-process elements could be rotating massive stars, which
have already been included in several studies to successfully explain the evolu-
tion of neutron capture elements. In particular, Cescutti et al. (2013), Cescutti
et al. (2014a), and Cescutti et al. (2015) and more recently Rizzuti et al. (2021),
showed that including the s-process from rotating massive stars in chemical evo-
lution models is fundamental in order to explain the heavy element enrichment,
in particular of Sr and Ba.

-For Reticulum II we conclude that:

• A quick source for the r-process production of both Eu and r-process Ba is
needed in order to reproduce both the [Eu/Fe] and [Ba/Fe] vs. [Fe/H] trend.
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This quick source can be represented either by NS with a constant and short
delay time for merging or by MR-SNe. However, the yields must be 1-2 order
of magnitude higher than those estimated for the other galaxies.

• If only one quick event of MNS is assumed to happen, a more realistic r-
process yield can be adopted in order to reproduce both the [Eu/Fe] and
[Ba/Fe] vs. [Fe/H]. However, in this case the probability of having a MNS
event must be 100%.

Therefore, our conclusions for Reticulum II are different from those for the
other galaxies, because of the peculiar r-/s-process elements pattern which char-
acterizes this galaxy.

Actually, a way to reproduce the high abundances observed is to adopt higher
yields of Eu and r-process Ba. Moreover, for this galaxy we are inclined to discard
models which adopt a DTD for MNS because of their inability to fit the [Ba/Fe] at
low metallicities. Therefore, a scenario which well reproduces the Eu and Ba evo-
lution in Reticulum II is the one in which a quick source pollutes the ISM really
fast and with large amount of r-process elements. This source can be represented
either by MR-SNe or by NS which merge in a very short time, contrary to what
happens in other galaxies. In particular, the quantity of r-process material pro-
duced should be in the (10−5−10−4) M⊙ range for Eu (in agreement with previous
estimate of ∼ 10−4.5 M⊙ by Ji et al., 2016).

However, the assumption that the same nucleosynthesis events produce dif-
ferent total amounts of r-process material in different environments needs fur-
ther discussion. As also analysed by Simon (2019), the only way the same mecha-
nism which enriched Reticulum II could account for lower r-process abundances
in other dwarfs is if the gas masses of those systems were much larger than in
Reticulum II or if the retention fraction of r-process ejecta were much lower. How-
ever, analytical calculations (e.g., Safarzadeh et al., 2017; Beniamini et al., 2018;
Safarzadeh et al., 2019; Tarumi et al., 2020) excluded these possibilities. At the
moment, the most common accepted theory is that a single nucleosynthetic event
polluted the galaxy at early times with copious amount of r-process material. We
therefore computed a test in which the rate of MNS was forced to be equal to 1
in the first Gyr of SF. This allowed us to adopt realistic r-process yields, similar to
those obtained for other dwarfs/UFDs. In order to obtain such a rate of MNS we
had to set αMNS = 1, namely we had to assume a probability of 100% of having a
MNS event. This is a strong assumption, which can be justified by the low stel-
lar mass content of Reticulum II. However, in our opinion, the peculiar trend in
Reticulum II needs to be further investigated. In particular, it could also be ex-
plained by a poor mixing of metals into the galaxy gas (see Emerick et al., 2020;
Tarumi et al., 2020) and/or by a low Fe content due to the small number of SN. If
this is the case, it would be difficult to prove it in the framework of a homogeneous
model so that stochastic chemical evolution simulations, which take inhomoge-
neous mixing into account, would be required (e.g., Cescutti et al., 2015).
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CHAPTER 5

Milky Way - The Disc

I N this Chapter, I present our study on the origin of neutron capture ele-
ments in the Galactic disc in which we analyze both their abundance pat-
terns and radial gradients. We adopt a delayed two-infall chemical evo-

lution model for the MW and tested the most up to date nucleosynthesis and
timescales prescriptions for the production of neutron capture elements, ex-
tending our investigation to 9 different chemical species. Our predictions are
compared with data of both open clusters and field stars from the sixth data re-
lease of the Gaia-ESO survey.

The Chapter is organized as follows. In Section 5.1, I introduce the context of
this Chapter. In Section 5.2, I describe the Gaia-ESO sample. In Sections 5.3
and 5.4, I present the details of the chemical evolution models. In Section 5.5, I
show our results first for the [El/Fe] vs. [Fe/H] abundance patterns and then for
the radial gradients of both [Fe/H] and the neutron capture elements. Finally,
in Section 5.6, I draw our summary and conclusions.

The results presented in this Chapter are described in the published paper Molero
et al. (2023b).
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5.1 Introduction

As described throughout this Thesis, the majority of elements beyond the Fe peak
are produced by r- and s-processes. Understanding which are the astrophysical
sites of these two processes has become one of the major challenges in stellar
physics and chemical evolution. While it is now recognised that the s-process
comes from rotating massive stars and AGB stars, the r-process sites are still un-
der debate. A large number of works (e.g., Wehmeyer et al., 2015; Cescutti et al.,
2015; Côté et al., 2019; Simonetti et al., 2019; Kobayashi et al., 2020; Cavallo et al.,
2021; Molero et al., 2021b) point towards a scenario in which both a quick source
and a delayed one produce r-process material. The delayed source is represented
by MNS with a DTD while the quick source is usually represented by massive stars
(e.g. MR-SNe). In such a way, the lack of Eu from MNS at low [Fe/H], due to
their long delay times for merging, is compensated by the production from MR-
SNe. However, as observed in the last Chapter (see Molero et al., 2021a), if these
sources are active also for the production of the r-process component of Ba, then
the above models struggle to reproduce the observed [Ba/Fe] vs. [Fe/H] trend at
low metallicities in Local Group dwarf spheroidal galaxies, suggesting that more
investigation is still needed. The purpose of this work is that of extending our in-
vestigation to all the neutron capture elements for which observational data are
available in order to study their distribution and evolution with the most up to
date prescriptions of both the nucleosynthesis and the timescales of production
from different sites. In order to do that, we need to consider a better obsevation-
ally constrained environment, namely the MW.

We take advantage of the sixth data release (DR) of the Gaia-ESO survey from
which our sample has been collected. The sample consists of 62 open clusters
(OCs) located between ∼5 and 20 kpc in Galactocentric distances, with ages from
0.1 to 7 Gyr and covering a metallicity range of −0.5 < [Fe/H] < 0.4 dex, together
with ∼1300 MW disc field stars in the metallicity range of −1.5 < [Fe/H] < 0.5 dex
(see also Van der Swaelmen et al., 2023; Magrini et al., 2023, hereafter M23). In
fact, OCs are considered excellent tracers of the chemical properties of the thin
disc stellar population and, either by their own or appropriately combined with
other stellar and nebular Galactic tracers, have broadened our understanding of
the thin disc formation and evolution (see e.g., Friel et al., 2002; Chen et al., 2003;
Magrini et al., 2009; Cunha et al., 2016; Méndez-Delgado et al., 2022).

In that sense, a fundamental constraint is represented by abundance gradients
along the Galactic thin disc. Gradients can indeed provide important informa-
tions about both the nucleosynthesis and the timescales of enrichment of chem-
ical elements. Moreover, they can help us to constrain the SF, the gas flows and
stellar migration phenomena. The metallicity gradient is generally characterized
by a decrease outwards from the Galactic Centre. Models of chemical evolution
are able to reproduce such a decrease, by assuming that the disc is formed by in-
fall of gas in an inside-out fashion, namely with a time-scale which increases with
Galactocentric distances (Matteucci et al., 1989; Chiappini et al., 2001; Cescutti et
al., 2007; Schönrich et al., 2017; Grisoni et al., 2018), as well as with a variable
star formation efficiency (Colavitti et al., 2009; Palla et al., 2020) and/or radial gas
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flows (Spitoni et al., 2011; Bilitewski et al., 2012; Cavichia et al., 2014). Here, in or-
der to study both the metallicity and the neutron-capture elements gradients, we
adopt a delayed two-infall chemical evolution model with an inside-out scenario
of formation and with a variable SF efficiency, i.e. higher in the inner regions than
in the outer ones. The delayed two infall model (see Noguchi, 2018; Spitoni et al.,
2019b; Spitoni et al., 2020; Palla et al., 2020) is a variation of the classical two infall
model of Chiappini et al. (1997) and Chiappini et al. (2001) developed in order
to fit the dichotomy in α-element abundances observed both in the solar vicinity
(e.g., Hayden et al., 2014; Recio-Blanco et al., 2014; Mikolaitis et al., 2017) and at
various radii (e.g., Hayden et al., 2015). With respect to classical two infall model,
the delayed one simply assumes a delayed formation of the thin disc of at least
∼ 3 Gyr. We emphasize that the two-infall model adopted here is constrained
to reproduce the chemically thick and thin discs, namely the high-α and low-α
sequences, without aiming at distinguish the thick and thin discs populations ge-
ometrically or kinematically (see Kawata et al., 2016 for a discussion).

5.2 Observational Data

The Gaia-ESO survey is a large public spectroscopic survey that observed for 340
nights at the VLT from the end of 2011 to 2018 using the FLAMES spectrograph
(Randich et al., 2022; Gilmore et al., 2022). During the survey, FLAMES was used
at intermediate spectral resolution with GIRAFFE, and at high resolution with
UVES. In this work, we select the spectra of FGK stars obtained with UVES at
R=47000, covering the spectral range 480.0−680.0 nm. The spectra were anal-
ysed by the Gaia-ESO Working Group (WG 11) dedicated to the analysis of FGK
stars. We refer the reader to Randich et al. (2022) and Gilmore et al. (2022) for
a general description of the structure of Gaia-ESO and of the analysis procedure.
The final catalogue containing among others atmospheric parameters, elemental
abundances, radial and projected rotational velocities is publicly available in the
ESO archive 1. The high spectral resolution of UVES and the large collecting area
of VLT make it possible to obtain precise abundances of many neutron capture el-
ements: the slow-process elements Y, Zr, Ba, La, and Ce, and the mixed/r-process
elements Mo, Pr, Nd, and Eu. Throughout the paper, we use these abundances,
normalizing them to the Solar scale as in Viscasillas Vázquez et al. (2022a) and
Magrini et al. (2023).

Other surveys as the Apache Point Observatory Galactic Evolution Experiment
(APOGEE-1 and APOGEE-2; Majewski et al., 2017a) and the Galactic Archaeology
with HERMES (GALAH; De Silva et al., 2015) are providing abundances of some
neutron-capture elements as well. For example, APOGEE provides for a limited
percentage of stars abundances of Ge, Rb, Ce, Nd, and Yb, but only Ce has been
used in scientific works (Cunha et al., 2017; Donor et al., 2020). Recently, Hayes et
al. (2022) explored weak and blended species in the APOGEE database, providing
also new and improved abundances of Ce and Nd. The GALAH survey provided
in its third data release (Buder et al., 2021) abundances of several neutron cap-
ture elements, namely Y, Ba, La, Rb, Mo, Ru, Nd, Sm, and of Eu. However, their

1https://www.eso.org/qi/catalogQuery/index/393

https://www.eso.org/qi/catalogQuery/index/393
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accuracy is often limited because of the lower spectral resolution. The quality of
the neutron-capture abundances in the UVES spectra of Gaia-ESO remains, thus,
unrivalled.

5.2.1 The data samples

In this work, we used two different samples of stars: a first sample composed by
stars that are members of open clusters, and a second sample of field stars. For
the former, we benefit of the large sample of stars members of open star clusters,
located at various Galactocentric distances and covering a wide age range, from
a few million years to about 7 Gyr. Star clusters, containing groups of coeval and
chemically homogeneous stars, allow, indeed, a more accurate determination of
age and chemical properties with respect to field stars. The latter is, instead, com-
posed of stars of the main sequence turn off (MSTO), (see Stonkutė et al., 2016,
for the description of the selection function).

The sample of open clusters

In the present paper, we consider among the sample of open clusters observed
by Gaia-ESO, the 62 clusters older than 100 Myr, as done in Magrini et al. (2023).
The motivation is twofold: younger stars might be affected by problems in the
spectral analysis, as shown by (Baratella et al., 2020; Baratella et al., 2021; Spina
et al., 2021); young clusters represent only the last moments of global galactic
chemical evolution, with negligible variations of the abundance with respect to
the overall time scale. The distribution in age and distances of our sample open
clusters is given in Viscasillas Vázquez et al. (2022a, see their Figure 1). For each
cluster, we considered the average abundances of its member stars. The mem-
bership analysis is performed as in Viscasillas Vázquez et al. (2022a), based on
three-dimensional kinematics, complementing the radial velocities from Gaia-
ESO with proper motions and parallaxes from Gaia DR3 (Gaia Collaboration et
al., 2021). Ages and Galactocentric distances are homogeneously derived with
Gaia DR2 data in Cantat-Gaudin et al. (2020). In the paper, we use the open clus-
ter sample to trace the abundance radial gradients, and thanks to the wide age
range, also their evolution over time.

The sample of field stars

The sample of field stars is composed, as in Viscasillas Vázquez et al. (2022a), by
stars selected through the GES_FLD keywords related to the field stars (GES_MW
for general MW fields, GES_MW_BL for fields in the direction of the Galactic bulge,
GES_K2 for stars observed in Kepler2 (K2) fields, GES_CR for stars observed in
CoRoT fields, and benchmark stars GES_SD), and stars which are non-members
of open clusters. We combined the two samples, applying a further selection on
the signal-to-noise ratio (SNR) and on the uncertainties on the stellar parameters:
SNR > 20; σTeff < 150 K, σlog g < 0.25, σ[Fe/H] < 0.20 and σξ < 0.20 km s−1. A final
selection was introduced considering only stars with at least one measurement of
the abundances of one of the considered neutron capture elements, and with an
uncertainty eA(El) < 0.1. These selections produce a sample of approximately
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1300 stars. Due to the selection function of the Gaia-ESO survey (see Stonkutė
et al., 2016), this sample is dominated by stars at the MSTO, with some giant stars
which are non members of open clusters. Due to the wide metallicity range cov-
ered by the field stars, we use them to study the evolution in the [El/Fe] vs. [Fe/H]
planes.

5.3 The Model

The adopted chemical evolution model is the one of Spitoni et al. (2019b), which
derives from the two-infall model originally developed by Chiappini et al. (1997).
Here we use the revised version of Palla et al. (2020) focusing our study on the
disc only, without taking into account the evolution of the Galactic halo. In Spi-
toni et al. (2019b), the classical two-infall chemical evolution model is revised in
order to reproduce the data from the APOKASC (APOGEE + Kepler Asteroseismol-
ogy Science Consortium) catalogue by Silva Aguirre et al. (2018). The data sam-
ple suggested the existence of a clear distinction between two sequences of disc
stars in the [α/Fe] vs. [Fe/H] diagram, known as the high-α and low-α sequences
(dichotomy observed also in the APOGEE data, Nidever et al., 2014; Hayden et
al., 2015, and also confirmed by the Gaia-ESO survey, Recio-Blanco et al., 2014;
Rojas-Arriagada et al., 2016, and the AMBRE project, Mikolaitis et al., 2017).

The two-infall model assumes that the MW disc forms as a result of two dis-
tinct accretion episodes of gas. The first one forms the high-α sequence while the
second one, delayed with respect to the first, is responsible for the creation of the
low-α sequence.

The disc is approximated by independent rings 2 kpc wide and in each ring
the basic equations which describe the evolution of the fraction of gas mass in
the form of a generic element i, Gi, are those described in Eq. 2.14, where, in the
case of the two-infall model, the gas accretion rate is computed in the following
way:

Ġi,inf (R, t) = A(R)Xi,infe
−t/τ1 + θ(t− tmax)B(R)Xi,infe

−(t−tmax)/τ2 , (5.1)

where Gi,inf(R, t) is the infalling material in the form of the elements i and Xi,inf is
the composition of the infalling gas, here assumed to be primordial. τ1 and τ2(R)
are the infall time-scales for the first and the second accretion episodes onto the
disc, respectively. We fix τ1 = 1Gyr and let τ2 vary with the radius according to the
inside-out scenario (e.g.: Matteucci et al., 1989; Romano et al., 2000; Chiappini
et al., 2001) as:

τ2(R) =
(
1.033

R

kpc
− 1.267

)
Gyr. (5.2)

tmax is the time for the maximum infall on the second accretion episode and indi-
cates the delay of the beginning of the second infall. The typical value assumed
for tmax in previous models (e.g.: Chiappini et al., 2001; Spitoni et al., 2009; Ro-
mano et al., 2010; Grisoni et al., 2018) is ∼ 1 Gyr. However, more recent works
found out that the gap between the formation of the two discs should be higher
in order to reproduce both stellar abundance constraints and ages. Here, we fol-
low the prescriptions adopted in Palla et al. (2020), who found a best value of
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tmax ≃ 3.25 Gyr (in agreement with Spitoni et al., 2019b; Spitoni et al., 2020). The
parameters A(R) and B(R) are fixed in order to reproduce the present time total
surface mass densities of the high-α and low-α sequence stars, as a function of
the radius. Here we assume that the surface mass densities of the disc both follow
exponential laws. In particular we adopt the following profiles:

Σ1(R) = Σ0,1e
−R/2.3. (5.3)

Σ2(R) = Σ0,2e
−R/3.5, (5.4)

where Σ0,2= 531 M⊙ pc−2 is the central surface mass density, and Σ0,1 is fixed in
order to obtain Σ1(8 kpc) = 12 M⊙ pc−2. As explained in Palla et al. (2020), these
choices for the disc surface mass densities allow us to obtainΣ2(8 kpc) ∼ 54 M⊙pc

−2

(in agreement with Bovy et al., 2013 and Read, 2014) and a ratioΣ2(8 kpc)/Σ1(8 kpc) ∼ 4
(in agreement with Spitoni et al., 2020).

In this model for the MW, we do not include galactic winds. In fact, it is found
that in galactic discs galactic fountains are more likely to occur which do no alter
significantly the chemical evolution of the disc as a whole (see Spitoni et al., 2009;
Melioli et al., 2009).

For what concerns the SFR and the IMF functions, for the former we adopt
a Schmidt-Kennicutt law (see Eq. 2.2) with k = 1.5 and with a star formation
efficiency ν variable as a function of the Galactocentric distance, while for the
latter a Kroupa et al. (1993) is adopted.

5.4 Nucleosynthesis Prescriptions

For all stars sufficiently massive to die in a Hubble time, the following stellar yields
have been adopted:

• For LIMS (1 ≤ M/M⊙ ≤ 8) we adopted the non-rotational set of yields avail-
able on the web pages of the FRUITY data base2 (Cristallo et al., 2009; Cristallo
et al., 2011; Cristallo et al., 2015).

• For massive stars we implemented Limongi et al. (2018)’s recommended
yield set R where mass loss and rotation are taken into account.

• For Type Ia SNe we assumed the SD scenario (see Matteucci et al., 2001;
Palla, 2021 for details) for the progenitors. The adopted stellar yields are
from Iwamoto et al. (1999) (model W7).

• We consider also chemical enrichment from novae. They do not affect the
heavy elements treated here, but they can be important for the production
of 7Li and CNO isotopes (see José et al., 2007).

5.4.1 Heavy elements production

All the neutron capture elements studied in this work (apart from Eu) are as-
sumed to be partially produced by the r- and s-processes.

2http://fruity.oa-teramo.inaf.it

http://fruity.oa-teramo.inaf.it
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The s-process nucleosynthesis takes place in LIMS during the (AGB) phase
and in rotating massive stars, with yields specified in the previous paragraph.
Neutrons are produced via the reactions 13C(α, n)16O and 22Ne(α, n)25Mg, with the
former reaction being the dominant contribution in low-mass stars and the latter
in more massive AGBs (see Cristallo et al., 2011; Cristallo et al., 2015 for details)
and massive stars (Longland et al., 2012).

For the r-process nucleosynthesis we considered two channels: MNS and MR-
SNe. MNS are computed as systems of two neutron stars of 1.4 M⊙ with progen-
itors in the 9− 50 M⊙ mass range. Their rate is computed as the convolution be-
tween a DTD and the SFR, as explained in Chapter 2. Here, we adopt the DTD of
Simonetti et al. (2019) with β = −0.9. In this work, the αMNS parameter, namely
the fraction of stars in the correct mass range which can give rise to a double neu-
tron star merging event, is fine tuned in order to reproduce the latest estimation
of the MNS rate of Abbott et al. (2021).

The yields from MNS of the various elements considered in this study have
been obtained as in Molero et al. (2021a) by assuming a scaling relation between
them and those of Sr. The adopted yield of Sr is equal to YMNS

Sr = 1× 10−4 M⊙,
which corresponds to that measured by Watson et al. (2019) in the reanalysis of
the spectra of the kilonova AT2017gfo multiplied by a factor of 10 (see Chapter 3
for details).

For what concerns MR-SNe, although they are theorized to be among the most
important contributors to the enrichment of r-process material, Woosley et al.
(2006b) speculated that only 1% of stars with initial mass ≥ 10 M⊙ can have the
necessary conditions to die as a MR-SNe. A common assumption in chemical
evolution models is that only 10% of all stars with initial mass in the 10− 80 M⊙
range end their lives as MR-SNe (e.g. Cescutti et al., 2014b; Cescutti et al., 2015;
Rizzuti et al., 2019; Rizzuti et al., 2021; Molero et al., 2021a, see also Chapter 3).
Both the percentage of stars, their mass range and the yields of r-process mate-
rial are free parameters in chemical evolution simulations and they are usually
fine tuned in order to reproduce the observations of abundances. In order to
avoid degeneracy issues, in this work we fixed the mass range and yields, while
keeping the percentage of stars as a free parameter. The mass range is reduced
to 10− 25 M⊙ in order to be consistent with the set of yields adopted for massive
stars. In fact, in Limongi et al. (2018)’s set R, stars more massive than 25 M⊙ are
assumed to fully collapse to a black hole and their chemical enrichment is due
to the stellar winds. Therefore, in these conditions it would be impossible for the
star to develop magnetic fields strong enough to generate a MR-SNe. It must be
noted that this variation in the mass range will not produce a too significant dif-
ference in the results, because of the adopted IMF (here a Kroupa et al., 1993),
which is known to be top-light, i.e. which disfavours the presence of very massive
stars due to its steep high mass end slope (see Figure 2.1 of Chapter 2). The set of
yields adopted for the MR-SNe is the one of Nishimura et al. (2017), their model
L0.75, chosen in order to be consistent with the best model of our previous work
(Molero et al., 2021a). For some of the studied elements for which those yields
predicted a much higher/lower production (Y, Zr, Mo, Nd and Pr) they have been
scaled to the one of Eu according to the solar abundances. Finally, the percentage
of stars able to explode as MR-SNe has been fine tuned in order to fit the observed
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TABLE 5.1: Nucleosynthesis prescriptions. In the 1st column we report the name of the
model, in the 2nd the initial rotational velocities for massive stars. In the 3rd, 4th and 5th

columns we list whether LIMS, MR-SNe and MNS channels are active or not, respectively.
We point out that in the case of model ’R-150 MNS’ MNS are assumed to merge with a short

and constant time delay of 10 Myr instead that with a DTD.

Model vMS (km/s) LIMS MR-SNe MNS
R-0 0 ✓ ✓ ✓
R-150 150 ✓ ✓ ✓
R-300 300 ✓ ✓ ✓
R-150 MNS 150 ✓ X ✓
R-150 MRD 150 ✓ ✓ X
noR-0 0 ✓ X X
noR-150 150 ✓ X X
noR-300 300 ✓ X X

[Eu/Fe] vs. [Fe/H] relation (see next sections), and set to 20%.
In Table 5.1, we summarize the adopted nucleosynthesis prescriptions.

5.5 Results

Before discussing the comparison between our model predictions and the rele-
vant observations for neutron capture elements, we show the evolution of some
important quantities as functions of time.

In the left panel of Figure 5.1, we report the time evolution of the SFR as pre-
dicted by our model at different Galactocentric radii. In contrast with Grisoni et
al. (2018), the SFR during the first infall phase is not the same for every Galacto-
centric distance up to 18 kpc, since we do not assume a constant disc mass den-
sity, but rather an exponentially decaying surface density profile, as described in
Palla et al. (2020). As in the previously mentioned works, even without assuming
a threshold for the SF, we are still able to obtain a quenching in the SF between the
the two infall phases. The observed SFR in the solar neighborhood (see Guesten
et al., 1982; Prantzos et al., 2018) is well reproduced by our model, as shown in the
zoomed plot.

In the right panel of Figure 5.1, we report our predictions for the rates of Type
Ia SNe, Type II SNe and MNS, averaged over the whole disc. The observational
data are taken from Cappellaro et al. (1999a) for Type Ia and Type II SNe. For
MNS we consider the latest cosmic rate observed by Abbott et al. (2021), i.e.,
320+490

−240 Gpc−3yr−1. We then applied the same conversion procedure developed
by Simonetti et al. (2019) in order to convert the cosmic rate into a Galactic one.
The rate so obtained is RMNS = 32+49

−24 Myr−1, in agreement within the error bars
with the rate of Kalogera et al. (2004), derived from binary pulsars (see Chapter
3).
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FIGURE 5.1: Upper panel: time evolution of the SFR as predicted by our models at vari-
ous Galactocentric distances. Right corner plot: predicted SFR in the solar neighborhood
compared to present day estimates (Guesten et al., 1982; Prantzos et al., 2018); lower panel:
predicted Type Ia SNe, Type II SNe and MNS rates compared to present day observations
from Cappellaro et al. (1999a) (for SNe) and estimate from Abbott et al. (2021) (for MNS).

5.5.1 Abundance ratios vs. metallicity trends

In the next sections we will show results for the evolution of the [El/Fe] vs. [Fe/H]
abundance patterns of the neutron capture elements studied in this work. First,
we will discuss results for Eu, a pure r-process element, and then for the other
s-process and mixed/r- process elements.

Europium

In Figure 5.2, we report the [Eu/Fe] vs. [Fe/H] abundance pattern traced by the
observational data (field stars and OCs) and compare it to the predictions of our
models. As reported by Van der Swaelmen et al. (2023), who investigated the
same Eu data, only for metallicity lower than ∼ −0.8 dex it is possible to distin-
guish the famous Eu plateau at [Eu/Fe] ∼ 0.4 dex for the field stars sample. More-
over, the plateau is visible more clearly only for stars belonging to the inner disc
(RGC < 7 kpc). For inner disc stars, a scatter of ∼ 1 dex is present below [Fe/H]
∼ −1.8. However, this is due most probably to measurement errors rather than
the stochastic enrichment of Eu characteristic of the halo (see Cescutti et al.,
2014b; Cescutti et al., 2015; Wanajo et al., 2021). On the other hand, the field
stars sample does not extend below [Fe/H] = −1.2 (−0.5) dex for 7 < RGC/kpc < 9
(RGC > 9 kpc). The OC sample well overlaps with the field one for all RGC and it is
affected by a lower scatter, especially in the inner disc region.

Figure 5.2 shows results of model R-150 computed at RGC = 12 kpc, RGC =
8 kpc and RGC = 6 kpc compared with outer-disc, local and inner-disc data, re-
spectively. No difference is expected if the rotational velocity of massive stars is
changed, since in our model rotation does not affect Eu production. The curves
are color coded by the age of the stars created by the chemical evolution code. At
Age ≃ 10.44 Gyr, we notice the characteristic loop feature of the model due to the
second infall phase. The accretion of pristine gas has the effect of decreasing the
metallicity while having little impact on the [Eu/Fe] ratio. When the SF resumes,
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FIGURE 5.2: Predicted [Eu/Fe] vs [Fe/H] abundance patterns for the outer (RGC = 12 kpc),
local (RGC = 8 kpc) and inner disc (RGC = 6 kpc). The curves refer to the predictions of
model R-150 (see Table 5.1)and are color coded by the age of the stars created by the chem-

ical evolution code. The grey small dots refer to the sample of field stars.

a rise in the [Eu/Fe] ratio is produced, then the ratio decreases while [Fe/H] in-
creases because of the enrichment from Type Ia SNe (see also Figures 3 and 4 of
Spitoni et al., 2019b). The model tends to overestimate the age of the clusters in
the outer zone, since the OCs have Age≲ 7 Gyr. However, the observed [Eu/Fe]
vs. [Fe/H] trend is overall well reproduced for all the three different regions. We
fixed the percentage of MR-SNe in order to fit the main trend, rather than the so-
lar value. In order to reproduce the solar abundance of Eu, a smaller percentage
of MR-SNe progenitors should be assumed, of the order of 15%. The local and the
inner-disc curves slightly underestimate the metallicity reached by the observa-
tional data. This may be due to a too low SF efficiency and/or fraction of Type
Ia SN systems. However, the model seems to reproduce rather well the SF and
Type Ia rates at the present time in the solar neighborhood (see Figure 5.1). We
also remind that in our model we do not include stellar migration effects which in
principle can help reproducing the stars with larger [Fe/H] values (see e.g. Spitoni
et al., 2015; Palla et al., 2022). We confirm once again that the best scenario is the
one in which both a quick source and a delayed one are responsible for the pro-
duction of Eu. Here, the quick source is represented by MR-SNe and the delayed
one by MNS with a DTD. This is not a novelty in chemical evolution simulations
(e.g.: Matteucci et al., 2014; Cescutti et al., 2015; Simonetti et al., 2019; Côté et al.,
2019; Molero et al., 2021b). However, it must be noted that the quick source com-
pletely dominate the production of Eu. In fact, without the contribution from
MNS, we would still be able to reproduce the observed abundance pattern. On
the other hand, the [Eu/Fe] vs. [Fe/H] pattern cannot be reproduced if MNS were
the only producers of Eu, if a DTD is adopted. Only by assuming a constant and
short time delay (∼ 1 Myr) it is possible to explain the Eu enrichment as due to
MNS alone (see Matteucci et al., 2014). Our model and prescriptions are slightly
different from those adopted in Van der Swaelmen et al. (2023), but we confirm
their same conclusion: Eu is produced mainly by a quick source and there is no
need for an additional source at late times, at least in order to reproduce the ob-
served Eu abundance pattern in the thin disc. However, it must be pointed out
that MNS are the only source of heavy elements observed up to date, and because
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FIGURE 5.3: [Y/Fe] and [Ba/Fe] vs. [Fe/H] for our sample of field stars (in grey) and OCs
(magenta, green and blue dots) at all Galactocentric distances.

of that they cannot be excluded from chemical evolution simulations.

s-process elements

The s-process elements studied in this work are: Ba, La, Zr, Y and Ce. In Figure 5.3
we report the observational data for both the field stars and the OC sets at each
galactocentric radius for [Y/Fe] and [Ba/Fe] vs. [Fe/H], taken as representative of
the abundance pattern of s-process elements belonging to the first and second
peak, respectively. A characteristic s-process elements ‘banana’ shape is clearly
seen at high metallicity, more pronounced in the [Ba/Fe] than in the [Y/Fe]. This
shape is assumed to reflect the pollution from LIMS during the AGB phase, which
enrich the ISM with s-process material at later times creating the peak at [Fe/H]
∼ −0.04 dex. The decrease for higher metallicity values is then due to Fe produc-
tion from Type Ia SNe. This pattern is visible both in the field and in OCs. In
particular, the OCs belonging to the outer disc have lower [Fe/H] and are char-
acterized by an increasing pattern, the ones belonging to the solar region have
nearly solar metallicity and display the peak followed by a slight decrease and fi-
nally the inner disc OCs, which have the highest [Fe/H], are characterized by a
decreasing pattern, even if some of them overlaps with the trend defined by the
solar-vicinity ones.

According to Prantzos et al. (2020) the fraction of the s-process elements stud-
ied in this work which is produced by the s-process is 78%, 82%, 89%, 80% and



96 Chapter 5. Milky Way - The Disc

85% for Y, Zr, Ba, La and Ce, respectively, with the remaining fractions due mainly
to the r-process (and in negligible or null amount to the p-process). Although the
r-process fractions of those elements is not the predominant one, we will show
that from a chemical evolution point of view it is necessary to include it as well,
in order to reproduce the observed abundance trends. Therefore, as a first step,
we focus on the results of our model obtained when no r-process nucleosynthe-
sis is taken into account by showing what happens when only rotating massive
stars and LIMS contribute to the s-process elements production. Results of our
model together with the observed abundance patterns for the s-process elements
Y and Ba are reported in Figure 5.4. Outer, local and inner data are compared
with our predicted evolution for RGC = 12 kpc, RGC = 8 kpc and RGC = 6 kpc, re-
spectively. The three different curves refer to the three different initial rotational
velocities for massive stars: 0, 150 and 300 km/s (see Table 5.1). The effect of
rotation is clearly that of increasing the production of the s-process elements, es-
pecially for the elements belonging to the first s-process peak (Y in the Figure), as
expected. For the elements which belong to the second s-process peak (Ba in the
Figure), rotation must be increased to 300 km/s in order to see a significant en-
hancement in the stellar production. The second s-process production channel is
represented by LIMS. With respect to previous chemical evolution studies, which
adopted only yields from LIMS in the range 1.5− 3.0 M⊙, here we extend the mass
range to 1.5− 8.0 M⊙. We adopt yields from Cristallo et al. (2009), Cristallo et al.
(2011), and Cristallo et al. (2015) up to 6.0 M⊙ and yields obtained by extrapola-
tion in the range 6.0− 8.0 M⊙. Moreover, since those yields tend to overproduce
the solar abundances of the s-process elements, we reduced them by a factor of
2, as suggested by Rizzuti et al. (2019) (see also Rizzuti et al., 2021).

In Figure 5.5, we report the results of model R-150 for the evolution of all the
s-process elements studied in this work with both the s- and the r-process as-
trophysical sites activated. We are showing only the model with massive stars
with initial rotational velocities of 150 km/s since, once the contribution from MR-
SNe is considered, the differences in the predicted abundance patterns between
model assuming vrot = 0 and 150 km/s are negligible and, as previously shown,
models with vrot=300 km/s overestimate the observed abundance trends. The pre-
dicted curves are color coded by the ages of the synthetic stars. We notice that
the model is able to reproduce the main observed trends in the data, especially
in the OC sample. The rise in the outer disc data as well as the peak followed
by the decrease in the local and inner-disc data are reproduced by our model at
RGC = 12, 8 and 6 kpc. The only exceptions are represented by the [Y/Fe] and
the [Zr/Fe] vs. [Fe/H] trends in the outer region for which the model does not
produce the expected increase, but rather a decrease. This is probably due to the
combination of too high MR-SNe yields and too low LIMS ones for those two ele-
ments. Because of the MR-SNe yields, the model predicts high [Y/Fe] and [Zr/Fe]
value at relatively low metallicities and it is not able to produce an increasing
trend at higher ones because LIMS are not producing enough Zr and Y abun-
dances. However, it must be reminded that LIMS are not supposed to be among
the main producers of Y and Zr, since those two elements belong to the first s-
process peak. [La/Fe] vs. [Fe/H] is slightly overproduced by the model in the local
and inner disc regions. The [Ce/Fe] vs. [Fe/H] has recently been already studied
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FIGURE 5.4: Predicted abundance patterns for [Y/Fe] and [Ba/Fe] vs. [Fe/H] for outer
(RGC = 12 kpc), local (RGC = 8 kpc) and inner (RGC = 6 kpc) disc regions. We assume that
only massive stars and LIMS are Y and Ba producers. The three lines in each plot corre-
sponds to different initial rotational velocities of massive stars (see legend and Table 5.1).

by Contursi et al. (2023) in the MW halo and disc component through a high qual-
ity samples of GSP-Spec Ce abundances. They find a rather flat trend at a mean
level of [Ce/Fe]∼ 0.2 dex for −0.7 < [M/H] < 0.3 dex which are able to reproduce
by means of the three-infall chemical evolution model by Spitoni et al. (2023).
On the other hand, our OC sample clearly show the characteristic banana shape
of s-process elements, rather than a flat trend, which is well reproduced by our
two-infall model. The three curves reach metallicities of [Fe/H] ∼ −0.16, 0.16 and
0.33 dex in the outer, local and inner-disc, respectively, which slightly underesti-
mate the ones observed in the OC samples for the outer and local disc, similarly
to what happen for Eu (see previous Section).

Mixed-process elements

In Figure 5.6, we report the observed abundance patterns for both field stars and
OCs in our Gaia-ESO DR6 samples together with the predictions from our model
for Mo, Nd and Pr. We refer to those elements as mixed process elements. In
fact, even if for all the elements studied in this work both the contributions from
the s- and the r-process have been considered, Mo, Nd and Pr are found to owe
a large fraction of their Galactic abundances to the r-process. As also discussed
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FIGURE 5.5: Predictions from model R-150 for the s-process elements abundance patterns
vs. [Fe/H] for outer (RGC = 12 kpc), local (RGC = 8 kpc) and inner (RGC = 6 kpc) disc re-
gions. The channels considered for the production of the s-process components are: massive
stars with initial rotational velocities of 150 km/s and LIMS. The channels for the r-process
components are: MR-SNe and MNS with a DTD. The curves are color coded by the age of

the stars created by the chemical evolution code.
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by Van der Swaelmen et al. (2023), different studies (e.g. Sneden et al., 2008; Bis-
terzo et al., 2014; Prantzos et al., 2020) agree in assigning ∼ 40% of the r-process
component to Nd and ∼ 50% to Pr. On the other hand, the contributions of the
different processes to the abundance of Mo in the Sun differ from one author
to another. According to Hansen et al. (2014), who presented a study of both
Mo and Ru abundances in the MW covering both dwarfs and giants from [Fe/H]
∼ −0.7down to∼ −3.2 dex, Mo can be considered as a highly mixed element, with
contributions from the main and weak s-processes as well as from the p-process
and, in a smaller fraction, from the main r-process. In agreement with that study,
more recently Prantzos et al. (2020) proposed for Mo a contribution of 50% from
s-process, 27% from r-process and 23% from p-process. Van der Swaelmen et al.
(2023), which adopted our same data set, examined also the origin of these ele-
ments from an observational point of view, comparing their abundance with that
of Eu. From their study, it appears that Nd should be characterized by a signifi-
cant s-process contribution, whereas for Pr they expect a lower contribution from
the s-process. Results of our model are not in agreement with these hypotheses
for Nd and Pr. In fact, as shown in Figure 5.6, our model predicts a too low [Nd/Fe]
vs. [Fe/H] abundance pattern with respect to the observed one. This discrepancy
between predictions and observations may be attributed to LIMS which produce
a too low amount of Nd with respect to what is expected in Van der Swaelmen et
al. (2023). On the other hand, our model fits properly the [Pr/Fe] vs. [Fe/H] trend,
only slightly overproducing the observed pattern in the local and inner parts. This
may be due both to a too strong production of Pr by massive stars and by LIMS,
contrary to what happens for Nd. It is worth noting that the observed abundance
pattern of [Pr/Fe] vs. [Fe/H] resembles more that of an s-process elements than
the one of the [Nd/Fe] vs. [Fe/H], at least when considering the Gaia-ESO OC
data. In fact, in the case of Pr we distinguish a rise in the abundances in the outer
region, followed by a peak and then a decrease in the local and inner regions. On
the other hand, this typical ’banana’ shape is not recognisable in the observed
abundance pattern of Nd.

The behaviour of Mo is much more uncertain. As discussed in Van der Swael-
men et al. (2023), the elusive nature of this chemical element together with the
difficulty in measuring its abundance caused chemical evolution studies to reach
discordant conclusions about its cosmic origin. In Mishenina et al. (2019), the
[Mo/Fe] vs. [Fe/H] abundance pattern has been studied in a wider range of metal-
licities with respect to our samples and with chemical evolution models from
Travaglio et al. (2004), Prantzos et al. (2018) and with the open-source galactic
chemical evolution code OMEGA+ (Côté et al., 2018). Their main conclusion is
that canonical stellar sources of heavy elements are not producing a sufficient
amount of Mo to reproduce observations. They showed that, despite the fact that
the r-process contributes to a small fraction of the solar Mo, it is of significant
importance especially at low metallicities, where the s-process contribution from
AGB stars is negligible. In fact, in Mishenina et al. (2019) the model that bet-
ter agrees with the data is the one in which the r-process component of Mo is
produced on quick timescales (the r-process production site considered is asso-
ciated with MNS with a short and constant delay time for merging). Our results
for the [Mo/Fe] vs. [Fe/H] abundance pattern are in agreement with Mishenina
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FIGURE 5.6: Predictions from model R-150 for the mixed-process elements abundance pat-
terns vs. [Fe/H] for outer (RGC = 12 kpc), local (RGC = 8 kpc) and inner (RGC = 6 kpc) disc
regions. The curves are color coded by the age of stars created by the chemical evolution

code.
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et al. (2019) conclusions. In fact, even with a quick r-process source activated
(in our case represented by MR-SNe) the predicted trends appear to slightly un-
derestimate the observed ones at each Galactocentric radius. However, this is
most probably due to the lack in our model of an additional contribution from
neutrino-driven SNe which may be important producers of Mo at all metallicities
(see e.g., Bliss et al., 2018; Bliss et al., 2020).

Comparison with previous studies

Similar prescription to those adopted in this work have been already included in
chemical evolution studies by Prantzos et al. (2018) (from now on P18) and Riz-
zuti et al. (2019) (from now on R19) in order to study the contribution from rotat-
ing massive stars to the enrichment of different chemical species in the MW. The
main differences between the work of R19 and this one are: i) the set of Limongi
et al. (2018) for rotating massive stars used by R19 is the Set F whereas we adopt
Limongi et al. (2018)’s recommended Set R (see also Romano et al., 2019); ii) in
R19 LIMS in the 1.3− 3.0 M⊙ mass range are assumed to produce s-process el-
ements, whereas we extend the mass range to 1.3− 8.0 M⊙; iii) for the r-process
nucleosynthesis we use both MR-SNe and MNS, with these latter characterized by
having a DTD, while R19 used either one source or the other (with the coalescence
time-scale for MNS constant and equal to 1 Myr); iv) the iron yields from CC-SNe
adopted in R19 are those from Kobayashi et al. (2006), while for consistency here
we adopt the ones from Limongi et al. (2018). On the other hand, the main differ-
ences between the work of P18 and our are: i) in P18 r-process elements are as-
sumed to be produced in CC-SNe and their yields are scaled to the yield of oxygen
according to the solar system r-process contribution as determined by Sneden et
al. (2008). The yields so obtained, are functions of the mass and of the metallicity
of the star; ii) the yields of rotating massive stars are weighted with a metallicity
dependent function empirically determined.

The main difference between our results and those of R19 is that in their model
it appears that the contribution from MR-SNe is not the dominant one at really
low metallicities. In fact, it is still possible to appreciate differences between their
model in which massive stars have an initial rotational velocity of 150 km/s and
the one in which massive stars do not rotate at all, even when the MR-SNe chan-
nel is active (their models LC000+MRD and LC150+MRD). These differences are
visible only at really low metallicities (< −4 dex). For higher [Fe/H] the two mod-
els are very similar, exactly as it happens in our case. So that, for the metallici-
ties we are interested in this work, we do not expect significant differences. The
dissimilarities in the prescriptions adopted for MR-SNe nucleosynthesis between
our work and that of R19 may be responsible for the slightly different results be-
tween the two studies.

The discrepancies between our predictions and those of P18 are not so strong,
even if their prescriptions for the production of heavy elements from massive
stars is substantially different from ours. In fact, they assume that all CC-SNe can
produce heavy elements and scale their yields to the one of oxygen, whereas in
our case only a small fraction of massive stars can produce r-/s- process material
with the nucleosynthesis of Nishimura et al. (2017). The major issue which results
from our approach is that the adopted yields are not a function of the mass of the



102 Chapter 5. Milky Way - The Disc

progenitor. That means that all the assumed 20% of stars with progenitor mass of
10− 25 M⊙ are producing the same amount of r- process material independently,
which is of course an oversimplification. P18 assumed that the yield of each heavy
element considered scales with another element produced exclusively by mas-
sive stars which reproduce the solar abundance, with this latter being already a
function of mass (and metallicity, which may be an issue for r-process nucleosyn-
thesis). This method still has some uncertainties but it can be reliable for the pur-
pose of P18, which is the study of the effect of rotating massive stars yields. In our
case, the primary goal is that of studying the origin of neutron capture elements
by adopting the state-of-the-art in the nucleosynthesis prescriptions and, as a re-
sult, to reveal the main uncertainties in both the chemical evolution models and
the nucleosynthesis itself.

5.5.2 Gradients

Here, we present the abundance gradients of the studied elements. We first show
our predictions for the present time abundance gradients along the disc and then
discuss their time evolution.

Present day radial abundance gradients

In Figure 5.7, we compare the theoretical present-day gradients of [Fe/H] and
[Eu/H] to the observational data. In order to compare present day results of
our model with the observations, we restricted our OC sample to clusters with
Age ≤ 3 Gyr. As discussed in Magrini et al. (2023) (from now on M23; see also
references therein) there is a general agreement about the existence of a steeper
[Fe/H] gradient in the inner disc and an extended plateau in the outer region, with
a cutoff point at RGC ∼ 11.2 kpc. This change of slope is evident in the OC sample
used in this work and it is still visible when we restrict our sample to OCs younger
than 3 Gyr. Considering the entire OC sample and a weighted single slope fit, M23
find a slope of the [Fe/H] gradient of −0.054± 0.004 dex kpc−1. Considering the
two radial region they obtain a steeper inner gradient (−0.081± 0.008 dex kpc−1)
and a much flatter outer plateau (−0.044± 0.014 dex kpc−1). The slopes of the re-
stricted OC sample are in good agreement with the ones of the whole sample, as
reported in Table 5.2. The slope of the [Fe/H] gradient predicted by our model is
equal to −0.067± 0.003 dex kpc−1. As shown in Figure 5.7, this is slightly steeper
both with respect to the gradients of the restricted OC sample (upper panel) and
to the one of the Cepheid sample including the data of Luck et al. (2011) and Gen-
ovali et al. (2015) (lower panel). However, our result is in good agreement with
other recent literature slopes of the [Fe/H] gradient from OC samples, (Carrera et
al., 2019; Donor et al., 2020; Zhang et al., 2021; Spina et al., 2021; Spina et al., 2022,
see Table 1 in M23). If instead of adoptingRGC to compute the gradient of the OCs
sample, one adopts the guiding radius, Rmean (defined as the average between
the minimum and maximum radius of the orbits calculated with the GALPY code
and with the axisymmetric potential MWPotential 2014 from Bovy, 2015, see M23
for details), then the obtained gradient is equal to −0.060± 0.005 dex kpc−1, much
more in agreement with the one predicted by our simulation.
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TABLE 5.2: Slopes of the [Fe/H] and [Eu/H] gradients of the reduced (Age ≤ 3 Gyr) OC
sample and as predicted by our model for the all, inner (RGC < 11.2 kpc) and outer
(RGC > 11.2 kpc) radial region. For comparison we show also the one obtained from the
Cepheid sample of Luck et al. (2011) and Genovali et al. (2015). In the case of Eu we show
predictions also of models in which Eu is produced either by MR-SNe or by MNS with a

constant and short delay time for merging.

[Fe/H] [Eu/H]
mtot minner mouter mtot minner mouter

(dex kpc−1) (dex kpc−1) (dex kpc−1) (dex kpc−1) (dex kpc−1) (dex kpc−1)
OCs −0.049± 0.005 −0.081± 0.013 −0.045± 0.017 −0.017± 0.003 −0.024± 0.009 −0.015± 0.014
Cepheids −0.046± 0.003 - - −0.031± 0.004 - -
Model R-150 var ν −0.067± 0.002 −0.064± 0.008 −0.063± 0.007 −0.051± 0.003 −0.038± 0.004 −0.057± 0.007
Model R-150 con ν −0.021± 0.004 −0.044± 0.008 −0.007± 0.001 −0.014± 0.003 −0.029± 0.006 −0.004± 0.001
Model R-150 MRD - - - −0.049± 0.003 −0.034± 0.003 −0.057± 0.007
Model R-150 MNS - - - −0.049± 0.003 −0.034± 0.003 −0.057± 0.007

In the right panels of Figure 5.7 we compare the slopes predicted by our model
under different assumptions (see Table 5.1) for the [Eu/H] gradient with those ob-
served in the restricted OC sample and in the Cepheid one from Luck et al. (2011).
The OC restricted sample shows a flat [Eu/H] gradient, with a global slope equal
to −0.017± 0.004 dex kpc−1 and an inner slope slightly steeper than the outer one
(see Table 5.2). In general, elements which are produced on longer timescales are
characterized by steeper gradients than elements produced on fast timescales.
For example, α-elements have flatter slopes than Fe-peak elements (even if there
may be differences also between elements of the same group). Therefore, the
shape of the [Eu/H] gradient points towards a short timescale of production. We
remind that in model R-150 (variable ν) the r-process material comes from both
a quick source (MR-SNe) and a delayed one (MNS with a DTD). In Figure 5.7
this model is represented by the olive line. It predicts a global slope equal to
−0.051± 0.003 dex kpc−1, which is too steep with respect to the one observed from
the OC sample. The agreement with the data does not improve even if we assume
that Eu is produced on short timescales only (purple and teal lines in the Figure,
corresponding to Eu production from solely MR-SNe and MNS with a constant
and short (10 Myr) delay time for merging, respectively). Moreover, these two
models predict the same slope of the [Eu/H] gradient, equal to−0.049± 0.003 dex kpc−1.
Our results do not improve noticeably even if the contribution from the delayed
source is suppressed, since MNS with DTD are not the main source of r-process
material in model R-150. In fact, even if their Eu yield is higher with respect to
that of MR-SNe, their rate is low (see Figure 5.1). We stress once again that MNS
are the only source of r-process material confirmed by observations and there-
fore they must be included in the computation. However, when compared with
the MR-SNe, they are not the dominant source. On the other hand, by including
them the agreement between our predicted [Eu/H] inner slope and the observed
one improves, especially for models with no delayed source (see Table 5.2). Con-
trary to Fe, in the case of Eu, computing the gradient of the OCs sample withRmean

instead that with RGC does not improve the agreement with our models.
To reproduce flatter present-day abundances gradients we tested also a model

with constant SF efficiency (ν = 1Gyr−1). Results for the [Fe/H] and for the [Eu/H]
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FIGURE 5.7: Prediction of the present day slope of the [Fe/H] and [Eu/H] gradients from
our models with variable (olive line) and constant (dashed turquoise line) SF efficiency
compared to the the one of the restricted (Age ≤ 3 Gyr) OC sample (upper panel) and the
Cepheid sample (lower panel) with data from Luck et al. (2011) (grey diamonds) and Gen-
ovali et al. (2015) (grey stars). For the [Eu/H] we show also models with Eu produced only
by MR-SNe (purple line) and Eu produced only by MNS with a constant and short delay
time for merging (teal line). The grey lines represent the linear fit of the observational data.

are reported in Figure 5.7 as well as in Table 5.2. By assuming a constant SF effi-
ciency we obtain a satisfactory agreement with the OCs [Eu/H] gradient. On the
other hand, we lose the agreement with the observed [Fe/H] gradient, in partic-
ular in the outer regions where the predicted SF turns out to be too intense. As
already pointed out by Grisoni et al. (2018), the inside-out scenario, although is a
key ingredient for the formation of the Galactic discs, is not enough to explain the
abundance pattern at different Galactocentric distances and the abundance gra-
dients by itself. Models with only an inside-out scenario usually predicts too flat
present day gradients, as is the case of our model with constant SF efficiency. In
order to steepen the gradients further assumptions are needed. In particular, one
need to consider either a variable SF efficiency, or radial gas flows or a combina-
tion of both (Palla et al., 2020). Models with decreasing SF efficiency with increas-
ing Galactic radius produce a steeper gradient, since they boost the chemical en-
richment in the inner regions relative to the outer ones. Radial migration of stars,
which is not taken into account in any of our models, on the contrary, should
have the effect of flattening the gradient on long enough timescales (Minchev et
al., 2018; Quillen et al., 2018). Whether clusters are affected by migration as much
as field stars is not completely understood yet. If also clusters with Age < 3 Gyr
are affected by migration, the discrepancy between our models and the data (es-
pecially in the outer region) may be partially due to the moving outward of "old"
clusters formed in the inner disc (see M23 and references therein). In favor of
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this hypothesis, the slopes of the [Eu/H] gradient predicted by our models with
variable SF efficiency are in better agreement with the one computed from the
younger Cepheid sample of Luck et al. (2011), shown in the lower panels of Figure
5.7 (see Table 5.2).

Time evolution of the radial abundance gradients

In the upper left panel of Figure 5.8, we report the time evolution of the radial
[Fe/H] gradients of the completed OC sample divided in three age bins together
with results of our model at 0.5, 2 and 5 Gyr. In the upper right panel of the same
Figure we report the predictions about [Fe/H] evolution as a function of Age for
different radii. The drop atAge ∼ 10.44Gyr, in correspondence of the vertical grey
dotted line, is the effect of the dilution event which happens when the second
infall takes place. Since the OCs in our sample are younger than ∼ 7 Gyr, we are
interested only in the evolution from Age ∼ 10.44 Gyr until the present day.

As observed by M23, the youngest clusters of the sample (Age < 1 Gyr) have
lower metallicity than the older ones in the inner disc (RGC < 10 kpc). As ex-
pected, the trend in the youngest clusters is not in agreement with our chemical
evolution simulations which predict that the oldest population should be less en-
riched than the youngest one (on the other hand, an additional recent third infall
episode produces a chemical impoverishment of the young population; see Spi-
toni et al., 2023). The young clusters also show a flatter [Fe/H] gradient with a
slope of −0.038± 0.004 dex kpc−1 (for Age < 1 Gyr), −0.063± 0.006 dex kpc−1 (for
1 ≤ Age ≤ 3 Gyr) and −0.084± 0.019 dex kpc−1 (for Age > 3 Gyr) (see Table A.10
of M23). The slopes predicted by our model at 5, 2 and 0.5 Gyr reproduce this
trend, but the difference between the three slopes is not that significant (see Ta-
ble 5.3). Larger variations with time of the gradient slopes would be obtained
by comparing our model results at older times. On the other hand, really small
changes are expected in the latest Gyrs, as it appears clear from the upper right
panel of Figure 5.8. According to M23, the observed trend in the youngest clusters
is most likely due to a bias introduced by the standard spectroscopic analysis of
low gravity giant stars. If the gradient of the youngest population is recomputed
by removing giant stars with logg< 2.5 the final gradient is very close to that of OCs
with 1 < Age < 3 Gyr which suggests a limited time evolution of the gradient, in
agreement with our models.

The lower panels of Figure 5.8 are the same as the upper panels, but for Eu.
Here, we show results of our model R-150. Unlike [Fe/H], in the case of Eu the OC
sample gradient does not show different shapes with time. The youngest popula-
tion shows abundances consistent with that of the intermediate and older clus-
ters. Our model is in agreement with this trend, in fact it predicts very similar
slopes for the three different lines corresponding to ages of 0.5, 2 and 5 Gyr (see
Table 5.3). As already discussed previously, we predict a steeper present day slope
with respect to the observed one. This is true also for the different ages shown
in Figure 5.8. However, as for the present day gradients, also at different ages
we obtain a much better agreement with the data of the inner (RGC < 11.5 kpc)
disc rather than with those of the outer parts, where our model struggles to re-
produced the observed plateau. This could be due to the too low SF efficiencies
assumed for the outer part of the disc. However, it must be pointed out that we
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FIGURE 5.8: Left panels: Time evolution of the radial [Fe/H] and [Eu/H] gradients as pre-
dicted by model R-150. The OC sample is divided in three age bins: young (Age < 1 Gyr),
intermediate (1 < Age < 3 Gyr) and old (Age > 3 Gyr). Solid lines are the results for the
[Fe/H] gradient as predicted by our model at 0.5 Gyr, 2 Gyr and 5 Gyr. Right panels: time
evolution of the [Fe/H] and [Eu/H] as predicted by model R-150 for different Galactocentric

distances. Vertical dotted lines indicate the ages considered to compute the gradients.
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TABLE 5.3: Slopes of the [El/H] gradients predicted by our model at Age = 0.5, 2 and 5 Gyr.

Age = 0.5 Gyr Age = 2 Gyr Age = 5 Gyr
[Fe/H] −0.067± 0.002 −0.069± 0.002 −0.073± 0.003
[Eu/H] −0.051± 0.003 −0.053± 0.004 −0.059± 0.004
[Y/H] −0.067± 0.004 −0.070± 0.004 −0.077± 0.005
[Zr/H] −0.075± 0.004 −0.078± 0.004 −0.083± 0.004
[Ba/H] −0.078± 0.008 −0.084± 0.007 −0.095± 0.006
[La/H] −0.073± 0.008 −0.080± 0.007 −0.092± 0.006
[Ce/H] −0.077± 0.011 −0.087± 0.011 −0.105± 0.008
[Mo/H] −0.071± 0.003 −0.073± 0.003 −0.077± 0.004
[Pr/H] −0.078± 0.012 −0.089± 0.012 −0.109± 0.009
[Nd/H] −0.058± 0.004 −0.062± 0.004 −0.070± 0.005

do not expect much higher SF in the outer disc and the SF efficiency has been
fine tuned to reproduce the abundance patterns of the OCs with RGC > 9 kpc, as
shown in the previous sections. Higher values of the SF efficiency would produce
a too high metallicity and the agreement with both the abundance patterns and
the [Fe/H] gradients would be lost.

In Figures 5.9 and 5.10, we display the time evolution of the first and second
peak s-process elements, respectively. In this case, the OC sample shows much
more scatter. According to M23, the OC sample is characterized by an inverse
main trend with respect to [Fe/H], with the youngest clusters being characterized
by lower (or almost equal) abundances of Y, Zr, Ba, La and Ce than their older
counterparts. Predictions of our model are in agreement with these trends. For Y
and Zr the lines corresponding to ages of 0.5 and 2 Gyr show a very similar pattern
and are characterized by both the same slope and almost the same abundances
at all Galactocentric distances. Similarly, in the case of Ba, La and Ce, our model
predicts an almost identical flat or slightly decreasing pattern at all ages in the
inner zones (RGC < 10 kpc), while the predictions diverge for higher RGC values.
The plateau observed for the s-process elements belonging to the second peak
at low Galactocentric distances, is due to the effect of LIMS, which contribution
reaches a maximum value faster in the inner regions than in the outer ones (see
also Casali et al., 2023). The slopes predicted by our model for the first peak s-
process elements are globally flatter with respect to those expected for the second
peak elements. This is because Y and Zr are mainly produced by rotating massive
stars (Limongi et al., 2018) and therefore on quicker timescales with respect to
Ba, La and Ce which, on the other hand, have a production dominated by LIMS
(Cristallo et al., 2009; Cristallo et al., 2011; Cristallo et al., 2015).

The time evolution of the gradients of the other r/mixed-process elements
is reported in Figure 5.11. The OC sample shows a slope similar to that of Eu
(∼ −0.002 dex kpc−1, see M23), but, as in the case of the s-process elements, also
the mixed/r-process elements are characterized by a larger scatter, in particu-
lar Mo and Nd. Unlike the [Fe/H] gradient, in the case of those elements the
youngest population does not appear to be more abundant than the oldest one.
As already discussed in Section 5.5.1, because of the specific nucleosynthesis pre-
scriptions adopted in this study our model underestimates the observed Mo and
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FIGURE 5.9: Same as Figure 5.8 but for 1st peak s-process elements.
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FIGURE 5.10: Same as Figure 5.8 but for 2nd peak s-process elements.
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Nd abundances. It is possible to note that a similar plateau in the inner region
predicted by our model for the s-process elements belonging to the second peak
appears also for Nd and Pr. Once again, this may be due to the contribution from
LIMS which reaches its maximum value faster in the inner regions.

5.6 Conclusions

In this Chapter, we studied the origin of neutron capture elements in the MW
by taking advantage of the large sample of OCs from the Gaia-ESO DR6. To this
aim we adopted the revised two-infall model (Palla et al., 2020; see also Spitoni
et al., 2019b). We investigated the abundance patterns and the radial gradients
of 5 s-process (Y, Zr, Ba, La and Ce) and 4 mixed/r-process elements (Eu, Mo, Nd
and Pr). In order to do that, we adopted the following nucleosynthesis prescrip-
tions: s-process material is produced by i) rotating massive stars (M > 13 M⊙)
with yields from Limongi et al. (2018) with three different initial rotational ve-
locities (0, 150, and 300 km/s) and by ii) LIMS (1 ≤ M/M⊙ ≤ 8) with yields from
the FRUITY data base (Cristallo et al., 2009; Cristallo et al., 2011; Cristallo et al.,
2015) in the 1− 6 M⊙ range, arbitrarily extrapolated up to 8 M⊙. R-process mate-
rial is produced by both a prompt and a delayed source, namely i) MR-SNe which
are supposed to be 20% of all massive stars with initial mass between 10− 25 M⊙
with yields from Nishimura et al. (2017) (model L0.75) and ii) MNS with a DTD
from Simonetti et al. (2019) with β = −0.9 with yields prescriptions from Molero
et al. (2021a) best model. Our conclusions for the abundances patterns of [El/Fe]
vs. [Fe/H] can be summarized as follows:

• The [Eu/Fe] vs. [Fe/H] abundance pattern is well reproduced if both a quick
source and a delayed one act as r-process producers. This is a well known
result in chemical evolution. However, here we stress how with the assumed
prescriptions the quick source completely dominates the production of Eu,
in agreement with the recent work of Van der Swaelmen et al. (2023) ac-
cording to which there is no need for an additional delayed source at least
to reproduce the abundance pattern in the thin disc. However, since MNS
are the only observed source of neutron capture elements up to now, they
cannot be excluded from chemical evolution models computations.

• The s-process elements abundances patterns is not reproduced if one con-
siders only production from typical s-process astrophysical sources as rotat-
ing massive stars and LIMS. Rotation increases the production of s-process
material, especially at low metallicities and for elements belonging to the
first s-process peak, but the r-process component must also be taken into
account.

• When the contribution from MNS and MR-SNe to the production of the r-
process component of the s-process elements is added, MR-SNe dominate
at low metallicities and it is no longer possible to appreciate differences be-
tween different rotational velocities for massive stars (up to ∼ 150 km/s).
The s-process abundance pattern of the OC sample is well reproduced. The
rise in the outer disc data as well as the peak followed by the decrease in the
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FIGURE 5.11: Same as Figure 5.8 but for mixed-process elements.
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local and inner-disc are reproduced by our model at RGC = 12, 8 and 6 kpc.
Only for [Y/Fe] and [Zr/Fe] vs. [Fe/H] in the outer region our model predicts
a decrease rather than the observed increase, due to too low yields of these
elements from LIMS and too high ones from MR-SNe.

• The picture for the mixed/r-process elements is more complex. A good
agreement with the relevant data is obtained for Mo, even if the model still
slightly underestimates the observations, most probably because of the lack
of an additional contribution from neutrino-driven SNe. For Nd and Pr, we
disagree with Van der Swaelmen et al. (2023), who claim that Nd is charac-
terized by a significant s-process contribution, whereas Pr by a lower one.
On the contrary, our model shows a higher production from LIMS of Pr than
of Nd. Also in this case the model underproduces the [Nd/Fe] vs. [Fe/H]
abundance pattern, while nicely reproduces the [Pr/Fe] vs. [Fe/H] one.

As for the abundance gradients, we first compared predictions of our model
for the present day radial gradients of [Fe/H] and [Eu/H] with those traced by GES
DR6 OCs with Age < 3 Gyr and Cepheids from Luck et al. (2011) and Genovali et
al. (2015). Then we discussed the evolution with time of the abundance gradients
of all the neutron capture elements studied in this work in comparison with the
full OC sample. Our conclusions can be summarized as follows:

• The present day slope of the [Fe/H] gradient predicted by our model is−0.067±
0.003 dex kpc−1, slightly steeper both with respect to that of the restricted OC
sample and to the one of the Cepheid sample, yet it agrees with other recent
slopes of the [Fe/H] gradient from OC samples (Carrera et al., 2019; Donor
et al., 2020; Zhang et al., 2021; Spina et al., 2021; Spina et al., 2022) and in
particular with the gradient computed with Rmean.

• The flat slope observed in the OC sample for [Eu/H] is not reproduced by
the model in which Eu is produced by a quick and a delayed source (MR-
SNe + MNS with a DTD). Models with no delayed source (only with MR-SNe
or only with MNS with a constant and short delay time for merging) do not
improve the fit to the data. We discussed the possibility of flattening the
predicted [Eu/H] gradient by adopting a constant SF efficiency. However,
we are not inclined to relax the assumption of a variable SF efficiency, since
it has already been proved by many authors (e.g. Colavitti et al., 2009; Spi-
toni et al., 2015; Grisoni et al., 2018; Palla et al., 2020) that the inside-out
scenario by itself is not able to explain the abundance patterns at different
Galactocentric distances and the abundance gradients for several elements,
as well as the gradient of the SFR and gas density along the thin disc (see
Palla et al., 2020). A reasonable explanation for the discrepancy between
model results and observations could thus be that clusters with interme-
diate age (1 ≤ Age ≤ 3 Gyr) are affected by radial migration. In favor of
this hypothesis, predictions of our model are much more in agreement with
the slopes observed in the inner-disc rather than with the outer ones and a
better agreement is also obtained with the radial gradients of the Cepheid
sample.
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• Regarding the time evolution of the [Fe/H] gradient, results of our model for
Age = 0.5, 2 and 5 Gyr are in agreement with the observed trend if the gradi-
ent of the youngest population is computed by removing all giant stars with
logg< 2.5 (see M23 for details). In particular, a really limited time evolution
of the [Fe/H] gradient between the considered ages should be expected.

• Also for the [Eu/H] gradients a limited evolution with time is predicted by
our model, in agreement with the observations. However, as already seen in
the case of the present day gradient also at different ages we obtain slopes
which are too steep with respect to the observations.

• Predictions of our model for the radial [Y/H] and [Zr/H] gradients show a
very similar pattern forAge = 0.5 and 2 Gyr, in agreement with the OC sam-
ple. Also in the case of Ba, La and Ce the model predicts an almost identical
flat or slightly decreasing pattern for all ages in the inner zone, as observed
in the OC sample.

• As for the abundance patterns, also for the radial gradients much more un-
certainty is present in reproducing the trend of the other mixed/r-process
elements. Due to the adopted nucleosynthesis prescriptions, we underesti-
mate the trends for Mo and Nd, and always produce steeper gradients with
respect to the observed ones.

• For all the elements belonging to the second s-process peak as well as for Nd
and Pr, our model produces a plateau for low Galactocentric distances at all
the considered ages. This is most probably due to the effect of LIMS, whose
production of those elements reaches an equilibrium value before that in
the outer regions, as a consequence of a faster SF.
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CHAPTER 6

Milky Way - The Bulge

I N this Chapter, I present our study of the chemical evolution of both α-
elements and the neutron capture element Ce in the bulge of the MW. We
assume that the bulge is formed by different stellar populations which are

formed both in situ, following a fast and violent star formation episode, and that
are accreted from the inner disc as a consequence of a growing bar.

The Chapter is organized as follows. In Section 6.1, I introduce the context of
this Chapter. In Section 6.2, I describe the APOGEE sample adopted for compar-
ison with our model. In Section 6.3, I present the chemical evolution model and
the nucleosynthesis prescriptions. In Section 6.5, I show results for the bulge
MDF and for the abundance patterns obtained without the inclusion of disc
stars. In Section 6.4, I present results for the MDF with the inclusion of disc
stars. Finally, In Section 6.6, I draw our preliminary conclusions.
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6.1 Introduction

The formation and evolution of the MW bulge has been subject of intense study
during the last decade. According to the original picture, the Galactic bulge can
be considered a classical bulge, namely a spheroidal remnant of mergers of pri-
mordial structures in a Lambda cold dark matter (ΛCDM) context (Ortolani et
al., 1995; Baugh et al., 1996; Abadi et al., 2003a; Abadi et al., 2003b). However,
both observations of our own bulge (e.g., Binney et al., 1991; Bissantz et al., 2002;
López-Corredoira et al., 2005) and observations at higher redshift (e.g., Tacchella
et al., 2015; Nelson et al., 2016; Shen et al., 2023) point towards a much more
complex picture. Contrary of classical bulges, pseudo-bulges should have formed
from disc stars through vertical instability of a stellar bar (Combes et al., 1990).
This scenario should lead to the formation of a triaxial boxy bar structure, the so-
called boxy/peanut (B/P) shape of the Galactic bulge (Weiland et al., 1994; Wegg
et al., 2013; Ness et al., 2016), which also in N-body simulations had been seen
to form from barred stellar disc galaxies (Raha et al., 1991; O’Neill et al., 2003;
Athanassoula, 2005; Ciambur et al., 2021; Ghosh et al., 2023). Moreover, fully
formed bulges or high central SF are observed in galaxies at redshift z ∼ 2 which
suggests that those bulges assembled before the formation of the bar which, in
case of MW type galaxies, should happen at z ∼ 1 (corresponding to ∼ 8 Gyr).
Therefore, the mechanism responsible for the creation of those structures should
rather be a fast and strong primordial collapse of gas responsible for, at least one,
rapid SF episode.

The Galactic bulge region can be very hard to observe, because of the heavy
extinction and crowding. Nevertheless, several spectroscopic (e.g., Gaia-ESO,
Gilmore et al., 2012, APOGEE, Majewski et al., 2017b, Argos, Freeman et al., 2013,
GIBS, Zoccali et al., 2014) and photometric (e.g., the VVVX survey, Minniti et al.,
2010) surveys have been developed in order to shed light on the history of the
bulge (see Barbuy et al., 2018 for a review of the different surveys). The pic-
ture which emerge from observations appears however to be quite complex. The
metallicity distribution function (MDF) of stars observed in the bulge region re-
vealed a bimodal shape (observed for the first time by Hill et al., 2011 and later
confirmed by a large number of studies, e.g., Bensby et al., 2011; Uttenthaler et al.,
2012; Gonzalez et al., 2015; Rojas-Arriagada et al., 2017; Zoccali et al., 2017; Rojas-
Arriagada et al., 2019; Rojas-Arriagada et al., 2020; Queiroz et al., 2020; Queiroz
et al., 2021; Johnson et al., 2022), which can be an indication of two (or more)
stellar populations: a metal-rich (MR) population centered at [Fe/H] ∼ 0.25 and
a metal poor (MP) population centered at [Fe/H] ∼ −0.3. The two stellar popu-
lations may also have different kinematics, with the MR one being rapidly rotat-
ing and dynamically cold and the MP one being dynamically hotter and more
slowly rotating. Babusiaux et al. (2010), who further inspected the kinematics of
the large sample of over 500 RGB stars presented in Zoccali et al. (2008), con-
cluded that the MR population shows a vertex deviation compatible with the MW
bar, while the MP population is compatible with a spheroid (and/or a thick disc).
Moreover, results of the chemodynamical model presented by Portail et al. (2017),
show that MR stars (with [Fe/H] ≥ −0.5) are strongly barred with dynamical prop-
erties consistent with a common disc origin, while MP stars (with [Fe/H] < −0.5)



6.1. Introduction 117

show more kinematic variations with the metallicity, which is interpreted as due
to the contributions from different stellar populations.

As already pointed out by Baba et al. (2020), if the Galactic bar significantly im-
pacts the dynamic of the stars in the bulge (and therefore also in the inner disc,
e.g., Minchev et al., 2016), identifying its formation epoch should be one of the
key questions to understand the history of the MW. As discussed above, the age of
formation of the Galactic bar is very uncertain. From the distribution of infrared
carbon stars, Cole et al. (2002) estimated an age of ∼ 2 Gyr. From observations of
luminous face-on spiral galaxies, Sheth et al. (2008) analyzed the variation with
redshift of the fraction of galactic bars and estimated that the bar in spirals with
similar mass of the MW should form at z ≃ 1 (∼ 8 Gyr ago) (result which is con-
firmed also by zoom-in cosmological simulations from Kraljic et al., 2012). More
recently, the bar formation and building epoch have been estimated to happen
8− 9 Gyr ago also from the study of the Gaia Data Release 2 set of long-period
variables of Grady et al. (2020). However, it should be pointed out that the age
of the stars in the bar does not necessarily correspond to the age of the bar it-
self, since the bar can capture stars which may be formed before its formation
(even if absence of SF in the bar can not be excluded a priori, see e.g., Anderson
et al., 2020). This process is described by Chiba et al. (2021a) (see also Chiba et
al., 2021b; Chiba et al., 2022). According to the authors, the bar experiences an-
gular momentum loss due to dynamical friction by the dark matter halo which
slows its pattern speed Ωp (see also Hernquist et al., 1992; Debattista et al., 2000;
Martinez-Valpuesta et al., 2006a). When the bar slows down, resonance sweeps
radially outwards in radius throughout the disc, sequentially capturing and drag-
ging new stars. A fraction of stars which are trapped into the corotation radius
can than be captured by the bar itself. So, from a chemical point of view, stars in
the bar should reflect the composition of the location where they where trapped
(assuming it is the same where they were born).

The first chemical evolution model for the Galactic bulge which released the
instantaneous recycling approximation has been developed by Matteucci et al.
(1990) in order to explain the results of Rich (1988). The authors suggested that
the Bulge should have formed on short timescales (∼ 0.5 Gyr), with a more top-
heavy IMF than the one of the solar neighbourhood (as Scalo, 1986 or Chabrier,
2003). The prediction of this model was a plateau in the [α/Fe] ratios in bulge
stars longer than in the solar vicinity (see Chapter 1), which was later confirmed
by McWilliam et al. (1994) and is now an observationally established fact. The
prescriptions of the model were then confirmed by updated versions (e.g., Ballero
et al., 2007; Cescutti et al., 2011a). Later on, more chemical evolution models
started to try modelling the bimodal MDF of the bulge (e.g., Grieco et al., 2012a;
Tsujimoto et al., 2012; Grieco et al., 2015), trying to explain it as due to a second
infall/accretion episode. More recently Matteucci et al. (2019), successfully repro-
duced the MR peak of the bulge MDF by assuming a stop of ∼ 250 Myr in the SF of
the bulge and proposed a scenario in which the MR population is made of stars
formed in the inner disc and brought into the bulge by early secular evolution of
the bar. The main goal of this work is to confirm (or disprove) this hypothesis, by
adopting a chemical evolution model which includes both multiple SF episodes
as well as the accretion of stars from the MW disc.
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6.2 Observational data

The observational data adopted in this work as a comparison to our model pre-
dictions are from Rojas-Arriagada et al. (2020), who use data of ∼13000 stars from
the SDSS/APOGEE survey to study the shape of the bulge MDF in the region con-
strained to RGC ≤ 3.5 kpc. According to Rojas-Arriagada et al. (2020), the shape
of their MDF can be represented as the contribution of three overlapping compo-
nents which, once measurement errors are taken into account, is in agreement
with the bimodal MDF found in previous studies (Rojas-Arriagada et al., 2019).
We compared our model with both the MDF and the abundances ratios of the
α-elements Mg, O, Al and Si as well as with the neutron capture element Ce. A
detailed description of the observational sample can be found in Rojas-Arriagada
et al. (2020). Here we report a brief summary.

APOGEE is a high-resolution, NIR spectroscopic survey designed to perform
far-reaching chemical observations of the MW stellar populations, with main tar-
gets being giant stars. Thanks to the NIR observations, APOGEE is able to observe
in region of the Galaxy (such as the Galactic bulge) which are affected by extinc-
tion due to the large amount of dust of the Galactic plane. Spectra of the ob-
served stars are extracted using the pipeline described in Nidever et al. (2015) and
abundances of the different elements are computed using the APOGEE Stellar Pa-
rameters and Chemical Abundances Pipeline (ASPCAP; García Pérez et al., 2016).
Spectro-photometric distances for the whole sample are calculated by following
the method described in Rojas-Arriagada et al. (2017) and Rojas-Arriagada et al.
(2019) and are validated against other established pipelines (e.g., STARHORSE;
Queiroz et al., 2018; Queiroz et al., 2020, and ASTRONN; Leung et al., 2019). The
orbital parameters are estimated by integrating orbits with the GALPY code (Bovy,
2015) under the MWPotential2014 model for the MW gravitational potential. Un-
certainties for the computed orbital parameters are estimated by generating 600
random Gaussian realizations of the set of observed parameters from their indi-
vidual uncertainties, from which 1σ errors are estimated which are used to set the
RGC limit for the stars bulge sample.

6.3 The model

The chemical evolution model adopted for the Galactic bulge is similar to the one
developed by Grieco et al. (2012b) and later used by Matteucci et al. (2019) (see
also Ballero et al., 2007; Cescutti et al., 2011b). We assumed that the bulge forms
by fast infall of gas (see equation 2.10) with a timescale τ = 0.1 Gyr. The gas is
efficiently converted into stars with a SF parametrized by a Schmidt-Kennicutt
law (Schmidt, 1959; Kennicutt, 1998) with k = 1.4 and with an efficiency of SF
ν = 25 Gyr−1. The chemical evolution set of equations is the one described by
equation 2.14. The adopted IMF is a Chabrier (2003), even if we investigated also
the possibility of using a Salpeter (1955) IMF, as done in the previous chemical
evolution works.

After the first main SF episode, mainly responsible for the formation of the MP
population observed in the MDF, a second SF burst is present with a delay with
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respect to the first of the order or 102 Myr. The second burst is partially respon-
sible for the creation of the MR population but, as we show in the next sections,
it is not enough to completely populate the MR peak observed of the MDF. Here,
we assume that also a fraction of stars originally belonging to the innermost part
of the MW disc are populating the Galactic bulge and are partially responsible for
the formation of the MR peak. The disc is modelled as described in Chapter 5.

For both the Galactic bulge and the inner disc the same nucleosynthesis pre-
scriptions are adopted, which are those used in Molero et al. (2023b). In partic-
ular, for massive stars, besides testing the three sets of yields of Limongi et al.
(2018) corresponding to three velocities (0, 150 and 300 km/s), three more sets
have been considered, corresponding to three different theoretical distributions
for the initial rotational velocities. These new sets of yields have been obtained by
assuming that the probability that a star rotates at a certain speed is a function of
the metallicity, Z, with faster initial rotational velocities being most likely at lower
Z. In this way, we obtained the first two distributions (DIS 1 and DIS 2) reported
in Figure 6.1. In DIS 2, velocities of 0 km/s and of 150 km/s are slightly more likely
than in DIS 1 at intermediate and high metallicities. The third distribution shown
in the Figure, DIS 3, is the one adopted by Romano et al. (2019) for studying the
CNO isotopes, according to which rotation becomes negligible beyond a metal-
licity threshold equal to Z = 3.236 × 10−3 (corresponding to [Fe/H]=-1 dex). All
the three distributions are supported by the fact that massive stars are expected
to rotate faster at lower metallicities, where they are more compact. This view is
supported both theoretically (Frischknecht et al., 2016) and by the observations
of an increase ratio of Be/B-type star with increasing metallicity (Martayan et al.,
2007a; Martayan et al., 2007b), as well as by the presence of faster rotating mas-
sive stars in the Small Magellanic Cloud than in the MW (Hunter et al., 2008) and
by observations of stars in the globular cluster NGC6522 with high abundances
of s-process elements (Chiappini et al., 2011). We assume a flat distribution of
the initial rotational velocities with the stellar mass. Although this is a simplifica-
tion, it still finds agreement in theoretical computations (e.g., Frischknecht et al.,
2016) which show that for the same metallicity and initial ratio of surface veloc-
ity to critical velocity (vini/vcrit), the changes in the surface velocity during the MS
phase as a function of mass are relatively small and in any case less than the vari-
ations as a function of metallicity.

As mentioned in the Introduction, the MW bar does not exhibit static rotation.
Indeed, simulations of the Galactic bar in the presence of dark matter indicate
that the bar experiences angular momentum loss, leading to a decrease in its ro-
tational frequency and an expansion of the bar (Hernquist et al., 1992; Martinez-
Valpuesta et al., 2006b; Bhattarai et al., 2022). As described by Chiba et al. (2021a),
as the bar decelerates, the resonance regions sweep through the stellar phase-
space, capturing and dragging a number of stars. Chiba et al. (2021b) estimated
an increase in corotation radius, Rcr, since the formation of the bar (here assumed
to happen 8 Gyr ago) of at least ∆Rcr = 1.6 kpc. If we assume that the bar also
grows by the same fraction, then:

∆Rb = ∆Rcr
Rb

Rcr

= 1.2 kpc, (6.1)
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FIGURE 6.1: Probability distributions of initial rotational velocities (IRV) for massive stars
as a function of the metallicity (Z).

whereRb = 5 kpc is the bar half-length (Wegg et al., 2015) andRcr = 6.6 kpc (Chiba
et al., 2021b; Clarke et al., 2022). The fraction of stellar mass swept away by the
growing bar is then:

f =
2π∆Rb ×RbΣ(R)

Mb

, (6.2)

where Mb ≃ 1010 M⊙ is the bar mass (Bland-Hawthorn et al., 2016). Therefore,
given a stellar surface mass density predicted by our model at RGC = 5 kpc of
Σ(5 kpc) ≃ 143 M⊙/pc

−2, we can compute the fraction of stellar mass which is
trapped by the growing bar at 5 kpc, which is f ≃ 53%. This must be considered
an upper limit since (i) not all the stars that are trapped into the corotation reso-
nance will also be part of the bar and (ii) only a fraction of stars trapped in the bar
will live long enough to populate the Galactic bulge region (which in our model
extends until 3 kpc).

6.4 Results without the bar

In the following sections, we present results for the MDF and the abundance pat-
terns as predicted by the best model proposed in Matteucci et al. (2009), but with
updated yield from rotating massive stars, alongside results obtained from the
newly developed models presented in the last Section (see Table 6.1).

6.4.1 Metallicity distribution function

In Figure 6.2, we report the results of models M19-0, M19-150 and M19-300 ob-
tained with the prescriptions of the best model of Matteucci et al. (2019) (their
model D) but with updated yields for rotating massive stars. None of the three
models is able to reproduce the MDF observed in the new set of observational
data. The predicted MDFs are shifted towards low metallicities, in particular
in the case of model M19-0 where the MDF is peaked at [Fe/H] ≃ −0.6 dex. In
the case of models M19-150 and M19-300 the peak is at higher metallicities, at
[Fe/H] ≃ −0.3 dex, since rotation in massive stars increases the production of Fe.
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TABLE 6.1: Input parameters for the chemical evolution models. In the first column we
specify the name of the model, in the second we indicate the initial rotational velocity of
massive stars, in the third column it is specified the duration of the stop in the SF and in

the last column the adopted IMF.

Model IRV δtSF (Myr) IMF
M19-0 0 km/s 250 Salpeter
M19-150 150 km/s 250 Salpeter
M19-300 300 km/s 250 Salpeter
C-0A 0 km/s 250 Chabrier
C-150 150 km/s 250 Chabrier
C-300 300 km/s 250 Chabrier
D-1 DIS 1 250 Chabrier
D-2A DIS 2 250 Chabrier
D-3A DIS 3 250 Chabrier
C-0B 0 km/s 0 Chabrier
C-0C 0 km/s 150 Chabrier
C-0D 0 km/s 350 Chabrier
D-2B DIS 2 0 Chabrier
D-2C DIS 2 150 Chabrier
D-2D DIS 2 350 Chabrier
D-3B DIS 3 0 Chabrier
D-3C DIS 3 150 Chabrier
D-3D DIS 3 350 Chabrier

Notes. For the first three models, M19-0, M19-150 and M19-300, the ‘M19’ stands for Matteucci
et al. (2019), and the number specifies the adopted initial rotational velocity of massive stars. For
the remaining models, the first letter (‘C’ or ‘D’) stands for ‘constant’ or ‘distribution’ for the
initial rotational velocity of massive stars. The following number specifies the value of the
velocity or the number of the distribution. The second letter, when present, (‘A’, ‘B’, ‘C’ or ‘D’)
refers to the main model (with a stop in the SF of 250 Myr), or to its variations corresponding to
the different durations of the SF stop. So that, for example, model C-0A has a constant initial
rotational velocity of 0 km/s and a stop in the SF of 250 Myr.



122 Chapter 6. Milky Way - The Bulge

FIGURE 6.2: MDFs as predicted by models M19-0, M19-150 and M19-300 obtained with
the prescriptions of Matteucci et al. (2009) best model with yields of rotating massive stars
with initial velocity equal to 0 km/s (left panel), 150 km/s (middle panel) and 300 km/s

(right panel).

However, the observed MR peak is still not reproduced, and, moreover, all of the
models overestimate stars in the low metallicity regime.

In Figure 6.3, we present the results of models C-0A, C-150, and C-300 in the
first row, and of models D-1, D-2A, and D-3A in the second row. All the models
show an improved agreement with data with respect to old models. Specifically,
models C-0A, D-2A, and D-3A effectively reproduce the positions of the first and
second MDF peaks. In contrast, models C-150, C-300, and D-1 show a less good
fit with the data, yielding to similar MDF shapes: the two MP peaks are shifted
towards too high metallicities, with a notable underproduction of stars in the in-
termediate metallicity range (−1 ≤ [Fe/H] ≤ −0.25 dex).

The drop produced by all of the models between the MP and the MR peak
appears to be slightly too deep with respect to the observed one. The depth of the
drop in the MDF increases with the duration of the SF stop. This can be seen in
Figure 6.4, where we increase the duration of the SF stop from 0 to 150, 250 and
350 Myr (models C-0(A-D), D-2(A-D) and D-3(A-D)). The longer the SF stop lasts,
the deeper the drop will get in the MDF and, as a consequence, a higher second
peak in the MDF will be obtained. In the time interval during which the SF is
quenched, no star is produced and the production of Fe slows down because of
the lack of new massive stars (Type Ia SNe are still active, therefore the production
of Fe is not completely stopped). While the SF is quenched, the gas builds up due
to the ongoing infall, hence at the end of a longer stop more gas is accumulated.
When the SF resumes, since it is proportional to the gas available in the ISM, it will
be stronger after a longer stop, and as a consequence the stellar number density
will be larger. This can be seen in Figure 6.5, where we report the evolution of
the SF, [Fe/H] and surface number density of stars as a function of time in case
of a stop in the SF of 150, 250 and 350 Myr. Thus, the height of the MR peak can
be modelled by changing the duration of the SF stop or, as recently analyzed by
Romano et al. (2023) for the chemical enrichment of the bulge fossil Terzan 5, by
removal of a major fraction of the gas left over from the first SF episode.
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FIGURE 6.3: MDFs predicted with a Chabrier IMF and a stop in the SF lasting 250 Myr. The
MDFs differ for the different initial rotational velocities adopted. Models C-0A, C-150 and
C-300 in the first row, with constant initial rotational velocities and models D-1-, D-2A
and D-3A characterized by a diistribution of the initial rotational velocities (see Table 6.1).

FIGURE 6.4: MDFs predicted by models C-0(A-D) (first row), D-2(A-D) (second row) and
D-3(A-D) (third row) characterized by a different duration of the SF stop.
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FIGURE 6.5: SFR, [Fe/H] and surface number density of stars as a function of time predicted
by models C-0(A, C, D).

6.4.2 Abundance patterns

In Figure 6.6, we report the [α/Fe] vs. [Fe/H] abundance patterns of Mg, O, Al and
Si as predicted by models C-0(A-D), D-2(A-D) and D-3(A-D). Models with a stop
in the SF produce a hole in the [α/Fe] vs. [Fe/H] visible also in the APOGEE data
which show indeed two overdensity regions in correspondence of [Fe/H]≃-0.5
dex and [Fe/H]≃0.25 dex. The hole in the abundance patterns occurs because the
stop in the SF causes a stop in the production of α-elements from massive stars,
while the Fe production continues (even if it is strongly slowed down) thanks
to Type Ia SNe and their longer time-delays. The bimodal distribution which is
present in the set of data used in this work is also reported by Queiroz et al. (2021)
(see also Rojas-Arriagada et al., 2019; Queiroz et al., 2020), although in their case
the depression between the two peaks seems to be more pronounced, and the
two sequences are more noticeably distinct. However, the different datasets are
comparable and their differences are not affecting our conclusions.

Rotation in massive stars increases the production of O and Si, while reduces
that of Mg, independently from the metallicity. Only in the case of Al the effects
of rotation is different at different metallicity: it enhances Al production at low
[Fe/H] but diminishes it at higher [Fe/H]. All the models are underestimating the
[Mg/Fe] vs. [Fe/H] trend and overestimating the [Si/Fe] one. Model C-0(A-D)
is the one which best reproduce the [Al/Fe] vs. [Fe/H] as well as the [O/Fe] vs.
[Fe/H], even if deviations at low metallicities are present. The general trend of the
observed abundance ratio is however well reproduced by model C-0(A-D), in par-
ticular with a stop of 250 Myr (model C-0A). Deviations from the observed pattern
are therefore due either to the adopted set of yields or to the IMF, or to a combina-
tion of both. A Salpeter (1955) IMF would indeed predict lower abundance pat-
terns for the α-elements, because of a lower production of massive stars. There-
fore, by keeping the same set of yields, this would improve the agreement with
the [O/Fe] and [Si/Fe] vs. [Fe/H] trends but, at the same time, would worsen the
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FIGURE 6.6: Predicted [Mg/Fe], [O/Fe], [Al/Fe] and [Si/Fe] vs. [Fe/H] trends for models C-
0(A-D), D-2(A-D) and D-3(A-D).

ones with the [Mg/Fe] and [Al/Fe] as well as with the MDF (as shown in the pre-
vious section). Concerning the yields variations, adopting the set of Kobayashi
et al. (2006) (which accounts for mass loss but not for rotation), produces the re-
sults shown in Figure 6.7 for both a Salpeter (1955) and a Chabrier (2003) IMF.
The [Mg/Fe] vs. [Fe/H] trend is improved with respect to model C-0A, in particu-
lar by adopting a Salpeter (1955) IMF (see Matteucci et al., 2019), but for what it
concerns the other elements the fit with the data is poorly improved or gets even
worse.

In Figure 6.8, we report results of models C-0(A-D), D-2(A-D) and D-3(A-D) for
the [Ce/Fe] vs. [Fe/H] abundance pattern. The characteristic ‘banana’ shape of
s-process elements can be seen in the data at −0.77 ≃ [Fe/H] ≃ 0.60 dex. At lower
[Fe/H], dispersion in the data is also present with mean value [Ce/Fe] ≃ 0.20 dex.
The bimodal distribution clearly seen in the α-elements is less evident for Ce.
Indeed, also in the model results, the different duration of the SF stop has very
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FIGURE 6.7: Predicted [Mg/Fe], [O/Fe], [Al/Fe] and [Si/Fe] vs. [Fe/H] trends with yields set
for massive stars from Kobayashi et al. (2006) and different IMFs.

little impact, without affecting too much the comparison with the data. For the
s-process elements, such as Ce, rotation in massive stars increases their produc-
tion, especially at low metallicities (see also Chapter 5). As already discussed in
Chapter 5, it is possible to note the strong effect of the MR-SNe at low metallici-
ties responsible for the creation of the plateau visible in models C-0(A-B). When
higher rotational velocities for massive stars are considered, then their contri-
bution dominates at low [Fe/H]. However, because of the high rotation of mas-
sive stars, models D-3(A-D) are overproducing the [Ce/Fe] vs. [Fe/H] trend at
low [Fe/H], while models D-2(A-D) and C-0(A-D) are more in agreement with the
data. At higher [Fe/H], LIMS dominate the production of s-process elements, cre-
ating a bump in the [Ce/Fe]. With the adopted sets of yields, however, the produc-
tion of Ce from LIMS is too strong, and it should be reduced of at least a factor 4 in
order to have a better agreement with the data, as shown by the blue dashed line
in the Figure, corresponding to models C-0(A-D), but with reduced AGB yields.

6.5 Results with accreted stars

As discussed in the Section 5.1, in this work we are testing the hypothesis put for-
ward by Matteucci et al. (2019), according to which the MR peak of the Galactic
bulge is due to both stars which are formed in situ and by stars which formed in
the innermost part of the Galactic disc and got trapped in the Galactic bar. This
can be also supported by the MDF of the innermost part of the Galactic disc ob-
tained by our model which has a peak at a similar value of [Fe/H] of the MR peak
of the bulge MDF. This is shown in Figure 3 of Matteucci et al. (2019), where the
adopted model for the disc is the one-infall model of Grisoni et al. (2017) with



6.5. Results with accreted stars 127

FIGURE 6.8: Same as Figure 6.6 but for Ce. The purple dashed line correspond to model
DIS2 but with reduced yields from LIMS.
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constant SF efficiency of 1 Gyr−1, a Kroupa et al. (1993) IMF and nucleosynthesis
prescriptions from Romano et al. (2010). Here, for consistency with our previous
more recent works, we are using the delayed two-infall model presented in Chap-
ter 4 (see Spitoni et al., 2019b; Spitoni et al., 2020; Palla et al., 2020; Molero et
al., 2023b) with a SF efficiency of 9 Gyr−1 in the inner region of the disc (see e.g.,
Colavitti et al., 2009), nucleosynthesis prescriptions from Molero et al. (2023b)
best model and a Kroupa et al. (1993) IMF.

In Figure 6.9, we present the results of models C-0(A-C) for the MDF, which
includes the contribution of stars from the inner disc. To account for the frac-
tion of stars, initially calculated as an upper limit in Section 6.3, we performed
tests with varying values, namely f = 10, 20, 30, 40%. As shown in the first row of
the figure, when we do not consider any stop in SF, incorporating a certain per-
centage of stars from the Galactic disc alone does not suffice to replicate the MR
peak observed in the MDF. However, assuming a SF stop of 150 Myr leads to an
improved agreement with the data. Among the models, it is Model C-0A, with a
250 Myr SF stop and an inclusion of f = 40% stars from the inner disc, that best
reproduces the observed results. Both the MP and the MR peaks within the MDF
are notably well-matched, not only in terms of their positions but also in terms of
their relative heights.

6.6 Conclusions

In this Chapter, we presented our preliminary study on the chemical evolution
of the Galactic bulge. The model for the Galactic bulge is based on the previ-
ous model of Matteucci et al. (2019), and it is mainly constrained to the shape of
the bulge MDF as observed in the sample of ∼13000 giant stars coming from the
APOGEE DR16 (Rojas-Arriagada et al., 2020). Our main assumption is that the
MW bulge has been formed by a strong SF episode, triggered by a fast collapse of
primordial gas, which is mainly responsible for the creation of the MP population
observed in the MDF as well as in the [α/Fe] vs. [Fe/H] abundance patterns. A
second, smaller burst of SF as well as accretion of disc stars from the Galactic bar
are the phenomena assumed to be responsible for the creation of the MR stellar
population. Our main preliminary conclusions are the following:

• The best model of Matteucci et al. (2019), which assumes a delay between
the two SF bursts of 250 Myr, is not able to reproduce the observed MDF
function of the bulge represented by the data set of Rojas-Arriagada et al.
(2020), if yields for rotating massive stars from Limongi et al. (2018) are con-
sidered together with a Salpeter (1955) IMF.

• By adopting a Chabrier (2003) IMF, instead than a Salpeter (1955) one, the
agreement with the data is improved. In particular, model which assumes
no rotational velocity in massive stars or a distribution of rotational veloci-
ties which favours slow rotation at the present time are the ones which bet-
ter reproduce the observed MDF.
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FIGURE 6.9: MDF of the Galactic bulge predicted by models C-0(A-C) with no stop in the
SF (first row, model C-0B), 150 Myr of stop (second row, model C-0C) and 250 Myr (third

row, model C-0A) and with different fractions of stars contributing to the bar.

• The observed abundance trends of α-elements are well reproduced with a
delay between the two SF bursts of 250 Myr, but all the models are underpro-
ducing the [Mg/Fe] vs. [Fe/H] trend and overproducing the [Si/Fe] one. The
model with no rotation of massive stars is the one which best reproduces
the [Al/Fe] vs. [Fe/H] as well as the [O/Fe] vs. [Fe/H], even if deviations at
low metallicities are present. The situation is slightly improved by using a
different set of yields (the one from Kobayashi et al., 2006) only in case of
Mg.

• A model with no rotation of massive stars is also the one which best repro-
duces the [Ce/Fe] vs. [Fe/H] trend, mainly because of the contribution from
MR-SNe at low metallicities. However, the abundance pattern is overesti-
mated at high [Fe/H], because of the too strong impact of AGB stars.

• In order to reproduce the MR peak of the MDF we estimate that at least ∼
40% of stars should get trapped by the growing bar. However, if no stop in the
SF is assumed, contamination of stars from the inner disc is not sufficient
to fully reproduce the MR peak of the MDF and a stop in the SF of 250 Myr
must still be considered.
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CHAPTER 7

Elliptical Galaxies - The AGN Feedback

I N this Chapter, I present our study on the formation and evolution of el-
liptical galaxies and on how they suppress star formation and maintain it
quenched. Elliptical galaxies with different infall masses, following a dow-

sizing in star formation scenario are considered, with great emphasis on the
feedback processes. We included heating by stellar wind, CC-SNe, Type Ia SNe
and active galactic nucleus (AGN), which is a novelty in this king of models.

The Chapter is organized as follow. In Section 7.1, I introduce the context of this
work. In Section 7.2, I present the chemical evolution simulations, the nucle-
osynthesis prescriptions and the energetic treatment. In Section 7.3, we show
results obtained when no AGN feedback is adopted. Section 7.4, is devoted to
the description of the adopted treatment for the black hole accretion, luminos-
ity and feedback, and also results obtained with the new energy formulation are
presented. Finally, in Section 7.5 I present our discussion and conclusions.

The results presented in this Chapter are described in the published paper Molero
et al. (2023a).
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7.1 Introduction

Metal abundances are important since they are directly related to stellar mass
loss and SNe ejecta, and they can provide constraints on the history of SF, IMF
and metal enrichment history of the ISM. Early-type galaxies (ETGs) are metal
rich systems characterized by having high [α/Fe] ratios in their dominant stellar
population, with super-solar [Mg/Fe] in the nuclei of bright galaxies (Faber et al.,
1992; Carollo et al., 1993). This is an important indicator of the fact that elliptical
galaxies suffered a short duration of SF, since Type Ia SNe, which occur on a large
interval of timescales, should not have had time to pollute significantly the ISM
before the end of the SF, and therefore could not contribute to lower the [α/Fe]
ratio (according to the time-delay model, Matteucci et al., 2001). Moreover, the
increase of the central [Mg/Fe] ratio with the stellar velocity dispersion suggests,
always on basis of the time-delay model, that the more massive systems evolve
faster than the less massive ones. This process is known as downsizing in star
formation (Cowie et al., 1996; Heavens et al., 2004; Treu et al., 2005).

In order to account for this trend in the SF, the monolithic model for the for-
mation and evolution of ellipticals, first suggested by Larson (1975), assumes that
ellipticals suffer an intense SF and quickly produce galactic winds when the en-
ergy injected into the ISM equates the potential energy of the gas. SF is then
quenched and galaxies are evolving passively afterwards. Then, in order to re-
produce the increasing trend of the [Mg/Fe] with galactic mass, Matteucci (1994)
first computed models for ellipticals with a shorter period of SF in larger systems,
assuming an increasing efficiency of SF with the galactic mass. As a consequence,
galactic winds occur earlier in more massive galaxies (inverse wind scenario) and
the [α/Fe] ratio increases with galaxy stellar mass.

Galactic outflows are both theoretically expected (Tomisaka et al., 1988) and
observationally detected (Heckman et al., 1990). Physically, they are expected
to be driven by the energy released from stars and SNe (Chevalier et al., 1985),
as well as from supermassive black holes (SMBH, Begelman et al., 1991). Active
galactic nucleus (AGN) feedback is fundamental to control the BH growth and the
AGN activity itself, by regulating the evolution of the physical properties of the
surrounding gas, and therefore the BH accretion and luminosity. Outflows and
feedback are fundamental aspects of galaxy formation and evolution, however
the underlying physical mechanisms are complex and it is still debated whether
AGN feedback is the main driver of galaxy evolution and to what level it impacts
on the physical properties of the bulk of the gas in galaxies (Valentini et al., 2021).
Indeed, much more investigation is still needed. There exist many theoretical
works which address this important question by adopting different treatments of
the feedback processes: the energetic output is usually parametrized by invoking
stellar winds, SNe and/or AGNs, or a combination of these.

Results of semi-analytic works, which have been conducted in recent decades,
point out that the most important mechanism able to suppress the SF activity is
stellar feedback (both in form of stellar winds and SN explosions), at least in rel-
atively low-mass elliptical galaxies (Somerville et al., 1999; Benson et al., 2003;
Bower et al., 2006; Bower et al., 2012; Pan et al., 2017). For high mass galaxies
instead, AGN feedback can efficiently regulate the SF activity (Silk et al., 2012; Li
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et al., 2018). On the other hand, theoretical studies based on large-scale cosmo-
logical simulations find that the energy feedback from Type II SNe alone is not
enough to quench the SF activity both in low- and in high-mass elliptical galaxies
and an energy source from radiation, wind and radio jets from the central AGN is
needed (Croton et al., 2006; Lu et al., 2007; Choi et al., 2015; Davé et al., 2016; Tay-
lor et al., 2017; Weinberger et al., 2017). These results are often a consequence of a
poor modelling of the energy feedback from SNe, especially from Type Ia SNe, be-
ing one of the most difficult processes to model in galaxy-formation simulations
(see Kawata et al., 2003 and references therein, but see also Scannapieco et al.,
2006; Scannapieco et al., 2008; Jiménez et al., 2015).

However, as also pointed out by Li et al. (2018), the cosmological simulations,
compared to analytical models, are better at capturing the environmental effects
occurring during the cosmological evolution of galaxies, but the scales on which
the feedback processes operate are much smaller that the typical resolution of
the simulations and a much higher resolution is needed in order to focus on the
relatively small scales of influence of the different feedback processes (even if the
situation is improving in recent years: e.g. Curtis et al., 2016; Costa et al., 2020;
Anglés-Alcázar et al., 2021).

Many hydrodynamical simulations have been carried out in this direction in
order to study the feedback processes in detail, both focusing on the effect of
the AGN feedback (Binney et al., 1995; Choi et al., 2012; Gan et al., 2014; Ciotti
et al., 2017; Yuan et al., 2018; Ciotti et al., 2022) and on the role of SN feedback
(Ciotti et al., 1991; Smith et al., 2018; Lanfranchi et al., 2021). The main advan-
tage of hydrodynamical models is that complex physical effects can be taken into
account with high accuracy. However, the computational times of those simula-
tions are long and sometimes it is useful to search for less time-consuming so-
lutions, usually represented by one-zone models. In this work, we adopt a one-
zone chemical evolution model. These models are very detailed in computing the
chemical abundances and can take into account dynamical processes in a simple
way (Sazonov et al., 2005; Ballero et al., 2008; Matteucci, 2008; Lusso et al., 2011).
Interesting cases that can be identify by those models can then be simulated in
much more detail with hydrodynamical codes.

In this work, we adopt an updated version of Matteucci (1994) chemical evo-
lution model for elliptical galaxies, where the SN rates are computed in details as
well as the stellar nucleosynthesis. The main novelty of this model is the inclu-
sion of the AGN feedback, besides that of SNe and stellar winds. In particular,
we study the evolution of ETGs with different initial infall of gas mass (between
1010 − 5 × 1012 M⊙). The evolutionary scenario that we consider is the follow-
ing: ellipticals are formed by infall of gas in a primordial dark matter halo and
its evolution is influenced by infall and outflow of gas as well as by stellar nucle-
osynthesis. The system goes through an early intense burst of SF, which is then
quenched when strong galactic winds are produced and the galaxy evolves pas-
sively afterwards. This happens when the thermal energy of the gas in the ISM
exceeds its binding energy. We study both the case in which the gas is thermal-
ized only by stellar winds and SNe of all types, with particular attention to Type Ia
SNe, and the case in which AGN feedback also contributes to the thermal energy
of the gas.
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7.2 The model

In order to study the chemical evolution of ETGs, we adopt a new model based
on the main assumptions presented in Matteucci (1994) and similar to the most
recent model of De Masi et al. (2018). The model is one zone but it can be eas-
ily extended to be multi-zone. It assumes instantaneous and complete mixing of
gas. It is able to follow in detail the evolution of 22 chemical species, from H to
Eu, from the beginning of SF up to the present time. It is assumed that galaxies
form by infall of primordial gas in a pre-existing diffuse dark matter halo with a
mass about 10 times the total mass of the galaxy. Stellar lifetimes are taken into
account, thus relaxing the instantaneous recycling approximation (IRA). An early
intense burst of star formation is followed by a massive galactic wind. After this
main wind the galaxy can continue to loose mass or just stop the wind, depend-
ing on the assumptions made on feedback and gravitational potential, as we will
describe in the next Sections.

7.2.1 Basic equations

The fundamental equations which describe the temporal evolution of the mass
fraction of the generic element i in the gas i(t) are the one described by Eq. 2.14,
with the addition of an extra term (−Xi(t)ṀBH(t)) due to the presence of a BH in
the centre of the galaxy which represents the rate at which the mass fraction of gas
in the form of the chemical element i is accreted by the BH (details of this term
will be further described in Section 7.4). Here, the SF is assumed to stop as soon
as galactic winds are generated. Until that moment, the SF follows a Schmidt-
Kennicutt law with k = 1, so that:

ψ(t) =

{
νG(t)k if t < tGW

0 if t ≥ tGW ,
(7.1)

with ν assumed to increase with the galactic mass in order to reproduce the so
called inverse wind model (Matteucci, 1994; Matteucci et al., 1998).

For the infall law, we adopt a one-infall scenario described by Eq. 2.10. The
reason for the choice of a continuous infall rather than hierarchical mergers to
form ellipticals is due to the fact that mergers rise some important problems in
reproducing the properties of stellar populations in these galaxies. In particular,
in Pipino et al. (2008) it was explored the effect of dry mergers on the chemical
properties of stars in elliptical galaxies. It was found that a series of multiple dry
mergers (with no star formation in connection with the mergers), involving build-
ing blocks that have been created ad hoc to satisfy the [Mg/Fe]-mass relation ob-
served in these galaxies, cannot fit the mass metallicity relation and vice versa.
In conclusion, dry mergers alone seem not to explain the need of a more efficient
star formation in the more massive galaxies, as suggested by the [Mg/Fe]-mass re-
lation, as well as the late-time assembly suggested in the hierarchical paradigm to
recover the galaxy downsizing. In addition, there are also simulations taking into
account cosmological infall. In particular, in Colavitti et al. (2008), a cosmologi-
cal infall law is derived based on dark matter halo properties and this resembles
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the exponential infall law predicted for the Galaxy (Chiappini et al., 1997). There-
fore, we think that a continuous gas infall is more appropriate to reproduce the
chemical properties of ellipticals, as we will see in the next paragraphs.

The outflow rate of the element i due to galactic winds develops when the
thermal energy of the gas exceeds its binding energy. The outflow rate has the
following law:

Ġi,w(t) =

{
0 if t < tGW

ωiG(t) if t ≥ tGW

(7.2)

whereωi is the wind parameter (the so called mass-loading factor) for the element
i (see Chapter 2).

As described in Chapter 2, here we adopt different parametrizations for the
IMF, which will be discussed in Section 7.3.1.

7.2.2 Nucleosynthesis prescriptions

For all the stars sufficiently massive to die in a Hubble time, the following stellar
yields have been adopted:

• For LIMS we include the metallicity-dependent yields of Van den Hoek et al.
(1997).

• For massive stars we assume yields of François et al. (2004).

• For Type Ia SNe we include yields of Iwamoto et al. (1999).

7.2.3 Energy prescriptions

The existence of a wind phase at some stage of evolution of elliptical galaxies is
required in order to both explain the observed iron abundance in the intracluster
medium and avoid overproducing gas. Galactic winds develop when the thermal
energy of the gas, Eth

gas(t), exceeds its binding energy Eb
gas(t) (see Matteucci, 1994;

Bradamante et al., 1998):
Eth

gas(t) ≥ Eb
gas(t). (7.3)

In the next Sections we will focus on the description of the different contribu-
tions to those two terms.

Gas thermal energy

The gas thermal energy is given by the sum of the thermal energy deposited in the
gas by SN explosions, Eth

SN(t), stellar winds Eth
wind(t) and AGN feedback Eth

AGN(t):

Eth
gas(t) = Eth

SN(t) + Eth
wind(t) + Eth

AGN(t). (7.4)

In this Section we will focus on the contribution by SNe and stellar winds. The
AGN feedback is further described in Section 7.4.

In particular, Eth
SN(t) is given by the contribution of both Type II SNe (Eth

II , here
Type Ib/c SNe are included in the Type II SNe) and Type Ia SNe (Eth

Ia ), whileEth
wind(t)
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is given by the contribution of both stellar winds from massive stars (Eth
W) and

winds from LIMS (Eth
σ ). So that:

Eth
SN(t) = Eth

II(t) + Eth
Ia(t)

Eth
wind(t) = Eth

W (t) + Eth
σ (t).

(7.5)

We have:

Eth
II(t) =

∫ t

0

ϵIIRII(t
′)dt′

Eth
Ia(t) =

∫ t

0

ϵIaRIa(t
′)dt′

Eth
W (t) =

∫ t

0

∫ mup

8

ϕ(m)ψ(t′)ϵWdmdt
′

Eth
σ (t) =

∫ t

0

∫ 8

0.8

ϕ(m)ψ(t′)σ2(t′)dmdt′,

(7.6)

with σ2 = 0.335GM∗(t)/Re being the stellar velocity dispersion. RII and RIa are
the rates of Type II and Type Ia SNe, respectively (see Chapter 2), and the terms
ϵII/Ia and ϵw are the energies injected into the ISM from supernova explosions and
stellar winds from massive stars, respectively. In particular:

ϵII = ηIIE0

ϵIa = ηIaE0

ϵW = ηWEW ,

(7.7)

where E0 = 1051 erg is the total energy released by a supernova explosion and
Ewind = 1049 erg is the energy injected into the ISM by a typical massive star dur-
ing its all lifetime. ηII, ηIa and ηW are the efficiencies of energy transfer from su-
pernova Type II, Type Ia and stellar winds into the ISM, respectively. According to
Cioffi et al. (1988), due to significant cooling by metal ions, only a few per cent of
the initial 1051 erg can be provided to the ISM by Type II SNe. On the other hand,
since Type Ia SNe explosions occur in a medium already heated by Type II SNe,
they can contribute with a higher percentage of their energy budget (Recchi et al.,
2001; Matteucci et al., 2001; Pipino et al., 2002; De Masi et al., 2018). In this work
we assumed an efficiency of 3% for Type II SNe and stellar winds (see Bradamante
et al., 1998; Melioli et al., 2004) and tested three different values for Type Ia SNe:
80%, 30% and 10%, simulating different cooling conditions.

Gas binding energy

Following Bertin et al. (1991), elliptical galaxies have their luminous mass embed-
ded in massive and diffuse dark matter halos. In this context, the binding energy
of the gas can be expressed as:

Eb
gas(t) = WL(t) +WLD(t), (7.8)
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where WL(t) is the gravitational energy of the gas due to the luminous matter,
given by

WL(t) = −qLG
Mgas(t)ML(t)

Re

, (7.9)

with ML(t) being the total baryonic mass at the time t, Re the effective radius and
qL = 1/2. WLD(t) is the gravitational energy of the gas due to the interaction of
luminous and dark matter:

WLD(t) = −ω̃LDG
Mgas(t)MDM

Re

, (7.10)

where MDM is the mass of the dark matter halo and

ω̃LD =
1

2π

Re

RDM

[
1 + 1.37

( Re

RDM

)]
(7.11)

is the interaction term, withRDM being the radius of the dark matter halo. Accord-
ing to Bertin et al. (1991), the relations for the gravitational interaction between
the gas mass and the total luminous mass of the galaxy, and between the gas mass
and the dark matter, are valid for Re/RDM defined in the range 0.10− 0.45, at least
for massive elliptical galaxies. Here we adopted Re/RDM = 0.1, since that was
considered being the best value in previous works (e.g.: Matteucci, 1992; De Masi
et al., 2018).

Galaxy binding energy

The binding energy of the galaxy is given by:

Eb
gal(t) = BL(t) +BLD(t), (7.12)

where BL(t) is the gravitational energy of the galaxy due to the luminous matter,
given by

BL(t) = −qLG
M2

L(t)

Re

(7.13)

andBLD(t) is the gravitational energy of the galaxy due to the interaction between
luminous and dark matter:

BLD(t) = −ω̃LDG
ML(t)MDM

Re

. (7.14)

7.3 Results

The model for the chemical evolution of elliptical that we run is similar to one of
the best models reported by De Masi et al. (2018) (their model 02b), who used a
chemical evolution code similar to the one used here.

The model explores the evolution of elliptical galaxies in the baryonic mass
range 1010 − 5× 1012 M⊙. The effective radiusRe increases with the baryonic mass
and, according to the inverse wind scenario (Matteucci, 1994), the star formation
efficiency ν increases as well while the infall timescale τ decreases.
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TABLE 7.1: Parameters of the model. We adopted different values for the star formation
efficiency ν, the infall timescale τ and the effective radius Re (columns 2, 3 and 4, respec-
tively) for the different infall masses Mi (column 1). In column 5, 6 and 7 we report the
predicted final stellar mass M∗f , the predicted time for the onset of the galactic wind tw and
the predicted rate of Type Ia SNe RIa. Finally, on the last column we specify the adopted

IMF.

Mi (M⊙) ν (Gyr−1) τi (Gyr) Re (kpc) M∗f (M⊙) tw (Gyr) RIa (SN/century) IMF
1× 1010 3.0 0.5 1 1.0× 109 0.37 0.004 Scalo
5× 1010 6.0 0.4 2 1.5× 1010 0.35 0.031 Salpeter
1× 1011 10 0.4 3 2.0× 1010 0.33 0.072 Salpeter
5× 1011 15 0.3 6 1.5× 1011 0.33 0.524 Arimoto&Yoshii
1× 1012 22 0.2 10 2.0× 1011 0.25 1.178 Arimoto&Yoshii
5× 1012 60 0.1 12 1.5× 1012 0.19 5.024 Arimoto&Yoshii

In Table 7.1, we report the adopted parameters. In particular, in the 1st, 2nd,
3rd and 4th columns we report the adopted infall mass, the star formation effi-
ciency, the infall timescale and the effective radius, respectively. In the 5th, 6th

and 7th columns we report the predicted final stellar mass, time of the onset of
the galactic wind and present day Type Ia Sne rate. In the last column we re-
port the adopted IMF. In particular, according to De Masi et al. (2018), models
with constant IMF for galaxies of different mass fail in reproducing the observed
trends with galactic mass. They tested a varying IMF and found a better agree-
ment with data by assuming that the IMF goes from being bottom heavy in less
massive galaxies to top heavy in more massive ones, producing a downsizing in
star formation, favoring massive stars in larger galaxies. As described in Chap-
ter 2, here we adopt a Scalo (1986) IMF for low mass galaxies, a Salpeter (1955)
IMF for intermediate mass galaxies and a Yoshii et al. (1987) IMF for high mass
galaxies.

As a first step, we try to reproduce the main chemical properties of the stellar
populations dominating the spectra of ETGs.

7.3.1 [α/Fe] ratio and mass-metallicity relations

Our chemical evolution code provides the evolution as a function of time of the
abundances of chemical elements in the ISM. For instance, the upper panels in
Figure 7.1 show the abundances of different α-elements for an elliptical galaxy
of initial infall mass of 1011 M⊙ (left panel) and the [O/Fe] ratios for elliptical
galaxies of different infall masses (right panel). As it is possible to see, we infer
a higher [O/Fe] in the ISM of the more massive galaxies at fixed [Fe/H], as a con-
sequence of the effect of the more efficient SFR in the brightest galaxies relative
to the smaller ones. The metallicity of ellipticals is measured only by means of
metallicity indices obtained from their integrated spectra. The most common
metallicity indicators are Mg2 and < Fe >. In order to pass from metallicity in-
dices to [Fe/H] (and viceversa) one needs to adopt a suitable calibration. In order
to compare the results of our models with the observed averaged stellar abun-
dances of the dominant stellar populations in the galaxies in the dataset, we first
need to compute the mean stellar abundance of the element X. This is defined by
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Pagel et al. (1975) as:

< X/H >≡< ZX >=
1

S0

∫ S0

0

ZX(S)dS, (7.15)

where S0 is the total mass of stars ever born contributing to light at the present
time. We recall that the right procedure should be that of averaging on the stellar
luminosity at the present time since the observed indices are weighted on V-band
luminosity (e.g. Arimoto et al., 1987; Matteucci et al., 1998). However, as it has
been shown by Matteucci et al. (1998), results obtained by averaging on luminos-
ity are not significantly different from those obtained by averaging on mass, at
least for massive galaxies (see also Pipino et al., 2004; De Masi et al., 2018). There-
fore, in this work we will refer only to mass-averaged metallicites. Once the mass-
averaged abundances have been determined, we can convert them into spectral
indices. This is done by using the calibration relations derived from Tantalo et al.
(1998), who consider the Mg/Fe ratios:{
Mg2 = 0.233 + 0.217 < Mg/Fe > +(0.153 + 0.120 < Mg/Fe >) < Fe/H >

< Fe >= 3.078 + 0.341 < Mg/Fe > +(1.654− 0.307 < Mg/Fe >) < Fe/H > .
(7.16)

In Figure 7.1 (lower panels), we compare the predictions of our model with the
observational data. In particular, the continuous black and cyan lines are the
linear regression of the data points and of the model results, respectively, with
the shaded area representing the 1σ uncertainties. The black dotted lines are
the boundaries of the 95% confident region. Our model fit reasonably well the
observed mass-metallicity relation. In particular, the increasing trend of both
< Fe > and Mg2 is successfully reproduced, although the predicted metallicity,
especially at high masses, is slightly to high, reflecting in a higher Mg2 than the
observed one. This difference could be due to different assumptions, such as the
adopted IMF, the prescriptions for the yields, the adopted calibration or a combi-
nation of those factors. For the< Fe >we predict a slope of mmodel

<Fe> = 0.356± 0.084
to be compared to that of the best fitting line of the observational data equal to
mdata

<Fe>0.301±0.019, while for the Mg2 we predict a slope of mmodel
Mg2

= 0.070±0.035 to
be compared to mdata

Mg2
= 0.062± 0.001. Therefore, we have shown that our models

can well reproduce the chemical properties of ETGs stellar populations, formed
before the time at which the galactic wind occurs. At this point, we want to study
the passive evolution of ETGs, after the main wind and consequent stop of SF, and
the effects of SNIa and AGN feedback.

7.3.2 Energies with no AGN feedback

We start by showing the results of models where the AGN feedback is not consid-
ered. In Figure 7.2 we show the evolution as a function of time of the gas ther-
mal energy (Eth

gas), the gas binding energy (Eb
gas) and the galaxy binding energy

(Eb
gal) for elliptical galaxies of initial infall mass of 1010 M⊙, 1011 M⊙, 1012 M⊙ and

5× 1012 M⊙, as predicted by the model.
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FIGURE 7.1: Upper panels: Predicted abundances ratios in the ISM as functions of [Fe/H]
for O, Mg, S, Zn and Ca for an elliptical galaxy with infall gas mass of Mi = 1011M⊙
(left). Predicted [O/Fe] abundance ratio in the ISM as a function of [Fe/H] for galaxies
with 1010M⊙ (dashed line), 1011M⊙ (solid line) and 1012M⊙ (dash-dotted line) initial infall
masses (right). Lower panels: Line-strength indices predicted by the model using Tantalo
et al. (1998) calibrations together with observational data for both < Fe > (left panel) and
Mg2 (right panel). Black dots are the galaxies in the catalogue and the lines are the linear
fit to the data (black line) and to the model (cyan line). The shaded area represents the 1σ
uncertainties, while the black dotted lines are the boundaries of the 95% confident region.
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FIGURE 7.2: Energy balance as a function of time for simulated elliptical galaxies with
initial infall mass of 1010 M⊙, 1011 M⊙, 1012 M⊙ and 5× 1012 M⊙. For each panel, the blue
solid line represents the thermal energy of the gas Eth

gas, the green dashed line its binding
energy, Eb

gas, and the grey dash-dotted line the binding energy of the galaxy, Eb
gal.

As explained in section 7.2.3, when the thermal energy of the gas heated by
SN explosions and stellar winds exceeds its binding energy, the gas present in the
galaxy is swept away and the subsequent evolution of the system is determined
only by the amount of matter and energy which is restored to the ISM by the dy-
ing stellar generations, namely low mass stars, and among SNe, only Type Ia SNe.
Therefore, a fundamental point in the evolution of elliptical galaxies is the time
of the onset of the galactic wind, tw. In particular, in each panel of Figure 7.2 it is
possible to see the different values of tw, which coincide to the points at which the
gas thermal energy becomes larger than the gas binding energy. With increasing
galaxy mass, the value of tw becomes smaller (as also reported in Table 7.1) ac-
cording to the inverse wind scenario (Matteucci, 1994).

In order for a galaxy to be devoided of gas even after the time of the onset
of the galactic wind, the condition Eth

gas ≥ Eb
gas must hold until the present time.

For galaxies with mass M ≤ 1011M⊙, this condition is easily reached. However,
for systems of larger mass, and in particular for a galaxy of initial infall mass of
5× 1012 M⊙ (corresponding to a final stellar mass of 1.5× 1012 M⊙), the thermal
energy of the gas appears to be comparable to its binding energy for all the evo-
lution of the galaxy, creating a border line situation for the occurrence of a wind.
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FIGURE 7.3: Energies for an elliptical galaxies with initial infall mass of 1011 M⊙. Left
panel: contribution to the gas thermal energy by Type II SNe (Eth

II ), Type Ia SNe (Eth
Ia ) and

stellar wind (Eth
W, Eth

σ ). Central panel: contribution to the total gas binding energy from the
gravitational energy of the gas due to luminous matter, WL, and the gravitational energy of
the gas due to the interaction between luminous and dark matter, WLD. Right panel: same

as central panel, but for the galaxy binding energy.

In Figure 7.3 we report the evolution as a function of time of the different com-
ponents of the total energy budget for a galaxy of initial infall mass of 1011 M⊙. As
discussed in section 7.2.3, the ISM is heated by the thermalization of stellar mo-
tions (Eth

W and Eth
σ ) and SNe explosions (both Type II, Eth

II , and Type Ia, Eth
Ia ). The

contribution from Type II SNe dominates at early times but, as soon as the galac-
tic wind occurs, it stops together with the contribution from stellar wind from
massive stars. In fact, star formation halts when the thermal energy of the gas ex-
ceeds its binding energy. After the star formation has stopped, the galactic wind
is maintained only by Type Ia SNe, which continue to explode until present time,
and by the motion of lower mass stars. With a thermal energy of almost 2 orders
of magnitude higher than that of stellar winds, Type Ia SNe appears to be the main
drivers of the evolution of Eth

gas, after the quenching of the SF. Here we assume an
efficiency of energy transfer from Type Ia SNe equal to ηSNIa = 80% and justify
our assumption by the fact that, since Type Ia SNe explosions occur in a medium
already heated by Type II SNe, they should contribute to the total amount of their
energy budget with minimal radiative losses (see Recchi et al., 2001). However,
we tested also other cases in which ηSNIa = 30% and ηSNIa = 10%, whose results
are reported in Figure 7.4, for a galaxy of initial infall mass equal to 1011 M⊙. As
one can see, when the efficiency of energy transfer of Type Ia SNe gets as low as
10%, the thermal energy of the gas appears to be almost comparable to its bind-
ing energy for all the galaxy evolution, so that basically the situation is the same
of that illustrated previously in the lower right panel of Figure 7.2 for a high-mass
system.

It appears then reasonable to conclude that when no AGN feedback is con-
sidered, the thermal energy injected by SNe in the ISM is capable to both drive
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FIGURE 7.4: Comparison between the thermal energy of the gas, Eth
gas (blue solid line), and

its binding energy, Eb
gas (green dotted line), for a galaxy of initial mass Mi = 1011 M⊙, for

different values of the efficiency of energy transfer from Type Ia SNe.

galactic winds at early times and to keep the inefficiency of the SF during the sub-
sequent galaxy evolution. This is true at least for systems with Mi ≤ 1012 M⊙, but
characterized by a high Type Ia SNe efficiency of energy transfer, or for systems of
Mi ≤ 1011 M⊙ but characterized by a low efficiency of energy transfer. Therefore,
in the following sections we will focus first on describing the treatment adopted
to characterize the BH accretion and the AGN feedback, and then we will show
its impact on the evolution and on the energy balance of a high-mass galaxy of
5× 1012 M⊙.

7.4 Black hole accretion and AGN feedback

In our phenomenological treatment of the AGN feedback we consider only ra-
diative feedback, thus neglecting other mechanisms as radiation pressure and
relativistic particles, as well as mechanical phenomena associated with jets. It is
usually assumed that SMBHs are assembled by mergers with other BHs and/or by
accretion of the gas from the surrounding medium. Theoretical studies suggest
that a seed BH with the mass in the range 102 − 106 M⊙ (Valiante et al., 2011) can
form either by rapid collapse of Pop III stars (Heger et al., 2002) or by the direct
collapse of massive hot and dense gas clouds induced by gravitational instabili-
ties (Bromm et al., 2003; Begelman et al., 2006; Volonteri et al., 2009). In this work,
we consider a BH of seed mass equal to 106M⊙ which suffers spherical accretion
of material at the Bondi rate (Bondi, 1952):

ṀB(t) = 4πR2
Bρgcsλ, (7.17)

where ρg and cs are the density and sound speed of the gas, respectively, and RB

is the Bondi radius, namely the gravitational radius of influence of the BH, given
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by:

RB =
GMBHµmp

γkbTV
, (7.18)

with µ being the mean molecular weight of the gas, mp the mass of the proton, kb
the Boltzmann constant, G the gravitational constant and γ the polytropic index
(γ = 1 in the isothermal case). The parameter λ in equation 7.17 is the dimen-
sionless accretion parameter which, as determined by Ciotti et al. (2018) (see also
Mancino et al., 2022), can assume a wide range of values depending on the galaxy
structure. Here we set λ = 2×104 for a galaxy of initial infall massMi = 5×1012M⊙,
even if this choice has a little effect, since the BH growth will be Eddington limited
during the entire period of interest. The virial temperature, TV, is given by:

TV =
1

3kB
µmpσ

2, (7.19)

with σ2 being the stellar velocity dispersion (see Section 7.2.3).
The accretion is limited to the Eddington rate, namely the accretion rate be-

yond which radiation pressure overwhelms gravity:

ṀEdd(t) =
LEdd

ηc2
, (7.20)

where η gives the mass to energy conversion efficiency. In this study we adopt a
fixed value of η = 0.1, which is the mean value for a radiatively efficient Shakura
et al. (1973) accretion onto a Schwarzschild BH, ignoring the possibility of radia-
tively inefficient accretion phases.

The accretion onto the BH is then

ṀBH(t) =

{
ṀB(t) if ṀB(t) ≤ ṀEdd(t)

10−3ṀEdd(t) if ṀB(t) > ṀEdd(t),
(7.21)

where ṀB(t) is the rate from eq. 7.17. The corresponding bolometric luminosity
is computed as:

LBH = ϵṀBHc
2, (7.22)

where ϵ = 0.1. As it is possible to see from eq. 7.21, we are using a reduction factor
of 10−3 to limit the maximum accretion rate. In an ideal simulation, the BH accre-
tion at the Eddington rate limit would fluctuate in time, with shorter and shorter
time scales at increasing spatial and temporal resolution, since the feedback time
scale would decrease by moving nearer and nearer to the BH. Here, we are using a
one-zone model, with a time step limited to 20 Myr. Therefore, in our simulation,
in absence of the reduction factor we would actually greatly overestimate the ac-
cretion. For what concerns the order of magnitude of the reduction factor, we
explored different values in the range 10−3 − 1. As expected, for the value equal
to unity, i.e. for an unphysical continuous Eddington accretion lasting 20 Myr, we
found unrealistic results for both the BH accretion and, as a consequence, the BH
mass MBH and luminosity LBH. Similar results are obtained also for a reduction
factor of ∼ 10−1. Physically reliable solutions are obtained for a reduction factor
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in the range 10−3 − 10−2. We then chose the value of 10−3 and based our consid-
eration on Ciotti et al. (2017) (see also Ciotti et al., 2007) where a duty-cycle of
the order of 10−3 is commonly measured. In practice, the reduction factor should
not be intended as a reduction of the feedback at the peak values of the AGN lu-
minosity, but as a time-average over the length of the numerical time-step to be
adopted in our one-zone simulations.

Finally, we compute the energy per unit time deposited by the BH into the ISM
as:

ĖAGN
th (t) = ξLBHTV n̄p, (7.23)

with TV expressed in K and n̄p being the average number of particles per cm3 near
the galactic centre. We call the quantity ξ the total absorption coefficient: follow-
ing Ciotti et al. (2001) (equations 4 and A10) this parameter can be estimated in
the optical thin regime with values of the order of ∼ 3 × 10−14 for realistic galaxy
sizes and ISM properties. For example, when ξ = 3 × 10−14, TV = 107 K and
n̄p = 102 cm−3, only ∼ 3× 10−5 is actually deposited as thermal energy in the ISM
(see also Binney et al., 1995). Of course, this number can change significantly
during the galaxy evolution. Therefore, due to the intrinsic and unavoidable un-
certainties on the value of ξ, in this work we test four different values, namely:
3×10−14, 3×10−4, 3×10−2 and 1, with this latter two being completely unphysical
as they would certainly predict an AGN thermal feedback with an energy deposi-
tion larger than the available one. In the simulations we used also these extreme
values in order to be sure that we bracketed the true behaviour.

7.4.1 Black hole masses and luminosities

In Figure 7.5 we show the accretion onto the BH evolution as a function of time
together with the corresponding bolometric luminosity and BH mass evolution
(central and right panel, respectively). As it is possible to see from Figure 7.5,
the resulting accretion rate evolution is characterized by a series of spikes, each
with a duration of 40Myr, corresponding to the moments at which ṀB ≤ ṀE.
The spikes are reflected into the luminosity, being this latter proportional to ṀBH

(see central panel of the same Figure) and, as a consequence, it is characterized
by a burst shape representative of the highly intermittent activity that QSOs may
exhibit. The predicted final value of the luminosity is LBH = 2.2×1044 erg/s which
is three order of magnitudes lower than the value that it assumes in the last burst,
equal to LBH = 1.43 × 1047 erg/s. It must be noted that with these values we find
a very good agreement with several observations of AGN bolometric luminosity
both at high and at lower redshift (Dunn et al., 2010; Fiore et al., 2017; Izumi et al.,
2021a; Izumi et al., 2021b).

The BH reaches a mass of 2× 108 M⊙ after 1 Gyr of galaxy evolution and a final
mass of 3.5 × 109 M⊙ at the present time. It is well known that there exist well-
defined correlations between the mass of the SMBH, MBH, and the properties
(e.g. velocity dispersion, σ, and the stellar mass, M∗) of the spheroidal compo-
nent of the host galaxy (Magorrian et al., 1998). Even if there have been claims for
a non-linear relation between MBH and M∗ (Laor, 2001; Wu et al., 2001), Marconi
et al. (2003) re-established the tight linear relation: < MBH/M∗ >∼ 0.002, in good
agreement also with several other estimates (e.g.: McLure et al., 2002; Dunlop et
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FIGURE 7.5: Evolution of the accretion rate, bolometric luminosity and BH mass for an
elliptical galaxy of initial infall mass 5x1012M⊙. Left panel: evolution of the accretion rate
as a function of time. In grey dotted line is reported the Bondi accretion rate, in grey dash-
dotted line is reported the Eddington accretion rate and in cyan continuous line the result-
ing accretion according to equation 7.21. Central panel: bolometric luminosity evolution
as a function of time. Right panel: the BH mass evolution as a function of time, with the
vertical grey dotted lines indicating the mass reached by the BH after 1 Gyr. The grey con-

tinuous line represent the evolution of the mass of gas inside the galaxy.

al., 2003; Häring et al., 2004). In Figure 7.6 we compare predictions of our model
for galaxies of initial infall mass in the 1010 − 5 × 1012 M⊙ range with estimates
for the MBH vs σ (by Gültekin, 2010) and for the MBH vs M∗ (by Marconi et al.,
2003) relations. We remind σ2 = 0.335GM∗(t)/Re being the stellar velocity disper-
sion (see Section 7.2.3). The predictions we are showing here have been obtained
with the physical expected value of ξ = 3× 10−14 and show good agreement with
observations. We show also what happen when higher values of ξ (3× 10−2) are
adopted. The results change very little, without affecting the agreement between
measurements and predictions. This is a noticeable result, given the simplicity of
our model.

7.4.2 Energies with AGN feedback

Figure 7.7 shows the evolution as a function of time of the gas thermal energy
(Eth

gas), the gas binding energy (Eb
gas) and the galaxy binding energy (Eb

gal) for an
elliptical galaxy of initial infall mass of 5× 1012M⊙ and for four different values of
the coefficient ξ (3× 10−14, 3× 10−4, 3× 10−2, 1).

In the upper left panel of Figure 7.7 are reported results for models with ξ =
3 × 10−14. For this model, the effect of the AGN in the evolution of the thermal
energy of the gas is totally negligible and there is no difference between this situ-
ation and that in which AGN feedback is not considered. The coefficient ξ must
be increased by at least ten orders of magnitude before the effect of the AGN on
the thermal energy of the gas appears to be visible (upper left panel of Figure 7.7).
Even if the contribution from the AGN appears to be no longer negligible, the time
at which the galactic wind starts is equal to that of the models with ξ = 3 × 10−14
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FIGURE 7.6: Comparison between our model predictions and observational data from
Gültekin (2010) for the MBH vs σ relation (left panel) and for the MBH vs M∗ relation with
observational data from Marconi et al. (2003) (right panel). In both panel, the solid black
line is the best fit of the observational data and the cyan and red stars are the predictions of
our model for galaxies of initial infall mass equal to 1010, 1011, 1012 and 5 × 1012 M⊙ and

for an absorption coefficient ξ equal to 3× 10−14 and 3× 10−2, respectively.

and with no AGN feedback (tGW = 0.19 Gyr). Therefore, the AGN feedback cannot
be the main cause of the formation of a galactic wind. However, since its contri-
bution to the subsequent evolution of Eth

gas(t) cannot be neglected, its role could
be crucial in maintaining quenched the galaxy after SF suppression. The situa-
tion drastically changes if one adopts a coefficient as high as ξ = 3× 10−2. In this
case, the total thermal energy of the gas, Eth

gas(t), becomes completely dominated
by the AGN feedback for all its evolution. In this model, the galactic wind starts
also at earlier times, tGW = 0.15 Gyr, so that the AGN feedback seems to be its
main driver. Finally, in the lower right panel of Figure 7.7 we show the results for
the energy evolution in the case in which ξ = 1. As one can see, the many bursts
that characterize the shape of Eth

gas, are so powerful to exceed the binding energy
of the galaxy Eb

gal. Since the physical consequence of this is a BH which could po-
tentially disrupt entirely the host galaxy or at the very least remove a very large
fraction of its gas, it seems physically unreasonable that the AGN feedback pro-
cess could be so efficient.

The situation is illustrated in more details in the upper left panel of Figure 7.8,
where we show the evolution of the different components of the thermal energy.
When ξ = 3 × 10−14, the thermal energy due to the AGN is several orders of mag-
nitude lower than that due to the other phenomena. In particular, the thermal-
ization is dominated by the contribution of stellar motions and SN explosions,
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FIGURE 7.7: Energy balance as a function of time for simulated elliptical galaxies with
initial infall mass of 5 × 1012 M⊙ and for different values of the absorption coefficient ξ.
For each panel, the blue solid line represents the thermal energy of the gas Eth

gas, the green
dashed line its binding energy, Eb

gas, and the grey dash-dotted line the binding energy of the
galaxy, Eb

gal.
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FIGURE 7.8: Contributions to the gas thermal energy by Type II SNe (Eth
II ), Type Ia SNe

(Eth
Ia ), stellar wind (Eth

W, Eth
σ ) and AGN feedback (Eth

AGN), for different values of the absorp-
tion coefficient ξ.

both at early and at late times (with Type II SNe being the major contributors at
early times and Type Ia SNe and stellar motions at late times). The evolution of
Eth

AGN(t) reflects the bursty accretion history of the BH, as expected. Due to the
high accretion episodes that we described in the previous section, the BH injects
powerful bursts of thermal energy into the surrounding gas. However, the coef-
ficient ξ must be increased of at least ten orders of magnitude before the effect
of the AGN on the thermal energy of the gas appears to be visible. In fact, in this
case the bursts in the AGN thermal energy appears to be comparable with the en-
ergy injected by SNe and stars. Even if the contribution from the AGN is no longer
negligible, at early times the thermal energy evolution is still dominated by Type
II SNe which continue to be the main driver of the galactic winds. For a coeffi-
cient ξ = 3 × 10−2 the thermal energy injected into the ISM by the AGN is larger
also than that due to Type II SNe and this causes the AGN feedback to be the main
driver of the galactic wind. Finally, for the model with ξ = 1, the energy injected
by the AGN is much larger than that due to the other phenomena and, as stated
above, this cause an unrealistic evolution of the considered galaxy.

In Figure 7.9 we report the evolution of the SFR as a function of time for the
four different cases corresponding to the different values of ξ. As it is possible to
see, the halt of the SF happens at the same time in the model with ξ = 1 × 10−14

and in the model with ξ = 1 × 10−4, as well as in the model in which we do not
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FIGURE 7.9: Evolution of the SFR for a galaxy with initial infall mass of 5 × 1012 M⊙ and
for different values of the absorption coefficient.

consider the effect of the AGN feedback. On the other hand, for the models with
ξ = 1× 10−2 and ξ = 1, the SF stops at 150 Myr and 80 Myr, respectively, due to the
non negligible affect of the AGN feedback at earlier time.

7.5 Conclusions

In this work, we modelled the evolution of ETGs with initial infall mass in the
range 1010 − 5 × 1012 M⊙ by means of a chemical evolution model able to fol-
low the evolution with time of the gas mass and its chemical composition during
the entire galactic lifetime. In this first paper, we focused on the effects of stel-
lar and AGN feedback and their role in suppressing the SF in ellipticals at early
times. In order to do that, we updated the computation of the energetic budget
in our model which now includes, besides core-collapse and Type Ia SNe, both
stellar winds from LIMS and AGN feedback. In this way, the ISM is heated by
stellar winds (both from massive stars and LIMS), SNe of all types and AGN feed-
back, and whenever its thermal energy exceeds its binding energy a strong galac-
tic wind is generated and the SF is suppressed. We recall that as far as SMBH
accretion (and consequently AGN feedback) is concerned, we also take into ac-
count the effect of radiation pressure which stops accretion when the luminosity
exceeds the Eddington luminosity. Therefore, even if not directly, radiation pres-
sure influences the ISM thermal energy. We paid particular attention to the role
of Type Ia SNe feedback in the suppression of SF and the maintenance of such
situation, after the main galactic wind.
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7.5.1 Models without AGN feedback

In the first set of simulations presented in this paper we excluded the contribu-
tion of AGN feedback from the energetic budget. The thermal energy of the gas
depends on SNe (both Type Ia and core-collapse), and on stellar winds (both from
massive stars and LIMS). After the occurrence of the first galactic wind and con-
sequent suppression of SF, only Type Ia SNe contribute to the thermal energy
of the gas which is restored by low mass stars, with the additional contribution
of the thermalization due to the velocity dispersion of the ejecta from the dying
low mass stars. We first tested the model without AGN feedback on the chemical
properties of the dominant stellar populations in ellipticals (e.g. mass metallicity
relation and [α/Fe] ratios) and selected the parameters that best reproduce ob-
servations. From the point of view of the energetic budget, the main conclusions
are the following:

• By assuming an efficiency of energy transfer of ηII = 3% and of ηIa = 80%
for core-collapse and Type Ia SNe (see Recchi et al., 2001), respectively, all
systems are able to develop a first massive galactic wind, when the condi-
tion Eth

gas ≥ Eb
gas is satisfied. The time of the onset of the galactic wind, tGW,

becomes smaller at increasing galaxy mass, according to the inverse wind
scenario of Matteucci (1994), and this is due to an assumed increasing effi-
ciency of star formation with galactic mass.

• All systems with final stellar mass ≲ 1012 M⊙ can satisfy the conditionEth
gas ≥

Eb
gas, for the entire galaxy life, when the above SN efficiencies of energy trans-

fer are adopted. In other words, these galaxies are suffering a continuous
wind for the remaining ∼ 12Gyr, after the main early wind. However, for
higher mass systems the thermal energy of the gas, after the main wind, ap-
pears to be comparable to its binding energy for all the passive period of the
evolution of the galaxy, thus creating a situation in which the gas is not lost
from the system.

• If instead the efficiency of energy transfer of Type Ia SNe is assumed to be
as low as ηIa = 10%, the situation of comparable thermal and binding en-
ergy of the gas, after the main wind, occurs for systems of lower stellar mass
(∼ 1010 M⊙), but for all the smaller galaxies persists the situation of a con-
tinuous wind triggered mainly by Type Ia SNe.

Therefore, it appears reasonable to conclude that when AGN feedback is not
considered, the thermal energy injected by Type Ia and core-collapse SNe in the
ISM is enough for driving global galactic winds at early times as well as to keep
the SF quenched for the entire period of passive evolution. In particular, the SF
is quenched either in systems with stellar mass ≲ 1012 M⊙, but characterized by a
high Type Ia SNe efficiency of energy transfer (∼ 80%), or in systems with stellar
mass ≲ 1010 M⊙, but with an efficiency of energy transfer as low as (∼ 10%). As
a consequence, it appears that for high mass galaxies an additional source of en-
ergy should be required, in particular if the efficiency of energy transfer by Type
Ia SNe is significantly smaller than ∼ 80%, and this additional energy should be
provided by the AGN feedback.
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7.5.2 Models with AGN feedback

In our study we adopted as the additional source of heating the AGN feedback.
We considered the effects of radiative feedback on a galaxy with initial infall mass
of 5× 1012M⊙ (corresponding to a final stellar mass of 1.5× 1012 M⊙), neglecting a
direct effect of radiation pressure and/or other mechanisms associated with jets.
Radiation pressure (as parametrized by the Eddington luminosity) plays an indi-
rect role on ISM heating, because BH accretion and the associated energy injec-
tion are stopped whenever the accretion luminosity is larger than the Eddington
one. In the simulation, the central BH is characterized by a seed mass of 106M⊙
and, as just recalled, it undergoes standard Bondi-Eddington limited accretion.
Due to the one-zone nature of our model, we are forced to fix an absorption co-
efficient ξ, namely the fraction of accretion luminosity actually deposited on the
ISM via Compton heating. This number, in hydrodynamical simulations with ra-
diative transport, is found to be time dependent. Here we use the parametrization
introduced in Ciotti et al. (1997), but we change the value by orders of magnitude,
exploring also some unrealistic cases. As the results change very little even for
large variations in the adopted value of ξ, we are confident that our conclusions
are quite robust. In particular, we considered four different values for the absorp-
tion coefficient ξ, i.e. 3 × 10−14 (the physically expected order of magnitude for
a realistic gaseous atmosphere of an elliptical galaxy, see Section 7.4), 3 × 10−4,
3 × 10−2 and 1 (unrealistically high values used to test the importance of AGN
thermal feedback), which allowed us to isolate four different physical situations.
We reached the following conclusions:

• As expected, due to the indirect role of the radiation pressure which re-
duces the BH accretion whenever the accreted luminosity is larger than the
Eddington one, the evolution of the BH accretion rate is characterized by
a series of spikes, each with a duration of ∼ 40 Myr. The spikes are re-
flected into the luminosity which, as a consequence, is characterized by
a bursting shape. The predicted bolometric luminosities are in the range
1044 − 1047 erg/s, in good agreement with observations.

• For absorption coefficients below ξ = 3 × 10−4, the effect of the AGN on
the evolution of the thermal energy of the gas is totally negligible, with no
difference between this model and the one without AGN feedback.

• For ξ = 3 × 10−4 the effect of the AGN on the thermal energy of the gas
becomes detectable, however the time at which the galactic wind starts is
unchanged with respect to the model without AGN feedback. Therefore,
in this scenario, the AGN cannot be the main cause for the formation of a
galactic wind. However, since its contribution for the subsequent evolution
of Eth

gas cannot be neglected, its role can be crucial in maintaining the SF
quenched.

• For ξ = 3 × 10−2, the total thermal energy of the gas becomes completely
dominated by the AGN feedback during the entire evolution. In this model,
the galactic wind also sets in at earlier times so that the AGN feedback ap-
pears to be its main driver together with core-collapse SNe.
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• In the unphysical case in which ξ = 1, the many bursts that, due to the AGN
feedback, characterize the shape of Eth

gas, are so powerful that they can pro-
vide an energy exceeding the binding energy of the entire galaxy. Therefore,
we are inclined to consider this case physically unacceptable.

• We computed the final BH masses for galaxies of initial infall mass equal
to 1010, 1011, 1012 and 5 × 1012 M⊙. We succeeded in reproducing the ob-
served proportionality between the stellar mass of the host galaxy and that
of the central black hole as well as the Magorrian relation, without the need
of stopping ad hoc the accretion.

In conclusion, the most convincingly scenario is the one in which the ISM is
thermalized by both AGN feedback and SNe of all types. When the efficiency of
energy transfer of Type Ia SNe is ∼ 80%, core-collapse and Type Ia SNe are ca-
pable of both driving a global galactic wind at early times and at keeping the SF
quenched during the passive evolution for systems with stellar mass ≲ 1012 M⊙.
If one adopts only an efficiency of ∼ 10% for Type Ia SNe, simulating the strong
cooling present in the innermost galaxy regions, then the galaxy stellar mass above
which AGN feedback is necessary is ∼ 1010 M⊙. The cooling process is indeed a
complex one and depends strongly on the environmental conditions. When SNe
explode in a cold and dense medium, the cooling is quite effective. On the other
hand, when the environment is warm and rarefied the cooling is negligible. For
example Recchi et al. (2001), by means of a dynamical model, suggested that the
feedback of Type Ia SNe is more effective than that from Type II SNe (Cioffi et al.,
1988; Bradamante et al., 1998; Melioli et al., 2004), since the former explode in
an already heated medium. When the contribution from the AGN is added and
is characterized by the physically expected value for the absorption coefficient of
ξ = 3 × 10−14, the BH feedback appears to be important to regulate the growth
of the BH itself but only marginally important for the galaxy evolution. The first
effects on the thermalization of the ISM manifest when an absorption coefficient
ξ ≃ 10−4 is adopted. In that case, the effect of the AGN on the development of
the main galactic wind is still negligible when compared to that of SNe, but it can
substantially contribute in keeping the SF quenched during the galaxy passive
evolution. This result is supported also by recent hydrodynamical simulations.
In particular, Lanfranchi et al. (2021) (see also Caproni et al., 2015; Caproni et al.,
2017) investigated the effects of outflows from BHs on the gas dynamics in dwarf
spheroidal galaxies (dSphs) by means of 3D hydrodynamic simulations, and con-
cluded that, in an inhomogeneous ISM, the impact of the AGN outflow appears
to be substantially reduced and its contribution to the removal of gas from the
galaxy is almost negligible.
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CHAPTER 8

Final Remarks

I N THIS THESIS, we have investigated the chemical evolution of neutron cap-
ture elements in different galactic environments, from external galaxies of
different morphological type (ellipticals, spirals and irregulars), to Local

Group dSph and UFD galaxies and the MW.

To this aim, I focused first on computing the rate of MNS in different galaxies
and the CMNSR in different cosmological scenarios. Secondly, I studied the
chemical evolution of Eu and Ba in different dSph and UFD galaxies with dif-
ferent prescriptions for the nucleosynthesis and the timescales of production
of r-process material. Then, I extended the study on a larger number of neu-
tron capture elements observed with the Gaia-ESO survey and focused on their
evolution and distribution in the MW galaxy. I then focused on the Bulge of the
MW, in which I first developed new model for the formation and evolution of
this Galactic component and then I compared their predictions to the Ce abun-
dances observed by the APOGEE survey. Finally, I presented a new formulation
for the feedback prescriptions in in early-type galaxy.

In the following Sections, I summarize the main results of this Thesis and out-
line the future perspectives of this work.
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8.1 Summary and conclusions

8.1.1 External galaxies and the cosmic merging neutron stars rate

In Chapter 3, I computed models for the chemical evolution of external galaxies
of different morphological type (ellipticals, spirals and irregulars) in order to give
predictions for the MNS rates in different environments. In the model, galaxies
are formed by infall of primordial gas in a pre-existing diffuse dark matter halo.
The infalling mass of gas, the infall timescale and the efficiency of SF, have been
fine tuned in order to reproduce the measured present day SFR in the solar neigh-
bourhood (for spiral galaxies) and in the Small Magellanic Cloud (for irregular
galaxies). For ellipticals we traced their typical SF behaviour, with a quenching of
the SF determined by the action of galactic winds.

The rate of MNS in the different galaxies has been computed as the convolu-
tion between the SF of the studied galaxy with different DTDs (we adopted the
prescriptions of Simonetti et al., 2019, with different values of the β parameter
which shapes the distribution of the systems initial separation). It has been tested
also the case in which all NS binary systems are merging with the same short de-
lay time (10 Myr, as suggested by Matteucci et al., 2014). The rate of MNS in spiral
galaxies has been fine tuned to reproduce the one suggested by Kalogera et al.
(2004) in the MW, of ∼ 80+200

−60 events/Myr. The [Eu/Fe] vs. [Fe/H] abundance pat-
tern in spiral galaxies has also been considered as an observational constraint.
We considered scenarios in which either MNS are the only producers of Eu or in
which also massive stars contribute to its production. Results have been com-
pared with observations in the MW.

The main results are the following:

• Concerning spiral galaxies, in order to reproduce at the same time the ob-
served present day rate of MNS, the [Eu/Fe] vs. [Fe/H] trend and the ob-
served solar Eu abundances in the Galaxy, we can assume either a DTD with
β = −0.9 or a constant delay time of 10 Myr. In the first case, the occurrence
probability of MNS is 5.42% and the Eu should be co-produced by both MNS
(with a yield of 0.5× 10−6 M⊙ per merging event) and massive stars. In the
second case, the occurrence probability of MNS is found to be 6.15% and
the yield of Eu should be 2.0× 10−6 M⊙. In both cases the yield of Eu is well
inside the theoretical range predicted by Korobkin et al. (2012).

• Concerning elliptical galaxies, we should not be able to see any merging
event at the present time if a short and constant total delay for merging is
assumed. In fact, in this case the dependence of the MNS rate with the SF is
stronger than in the case with a DTD, and the rate will follow the evolution
of the SF (as it happens for massive stars). If, on the other hand, we assume
a DTD then the present day rate of MNS will be different from zero (as in
the case of Type Ia SNe), in agreement with the probability that the event
GW170817 has happened in an early-type galaxy.
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• When comparing the predicted [Eu/Fe] vs. [Fe/H] trend in galaxies of differ-
ent morphological type the time-delay model is found, as expected. Ellipti-
cals, with higher SF, are producing a longer plateau than spirals and irregu-
lars, with weaker SF.

The cosmic evolution of the MNS rate (cosmic MNS rate, CMNSR) has been
computed in three different cosmological scenario: i) a simple PLE scenario, in
which the number density of different galaxies is assumed to be constant with
redshift; ii) a DE scenario, which simulates a typical hierarchical galaxy forma-
tion; iii) an alternative scenario, observationally derived. The CMNSR has been
computed both in the case of DTD with β = −0.9 and in the case of a constant
and short delay time for merging and it has been compared with the redshift dis-
tributions of SGRBs as derived by Ghirlanda et al. (2016). Our main conclusions
are the following:

• In the PLE, the CMNSR computed with a short and constant delay time is
characterized by two peaks. The first peak, at z ∼ 8, is due to the forma-
tion at high redshift of elliptical galaxies, while the second peak, at z ∼ 2
is due to spirals. The CMNSR decreases abruptly after the first peak, be-
cause of the quenching of the SF of early-type galaxies. On the contrary, if
a DTD for MNS is considered, the decrease after the high-redshift peak is
smoother, because the rate of MNS in ellipticals does not stop with the stop
of the SF and, therefore, early-type galaxies can contribute to the CMNSR
for the whole range of redshift. Independently of adopting a DTD, the con-
tribution from elliptical galaxies is dominant at high redshift, whereas that
from spirals is dominant at lower redshift. The present time CMNSR pre-
dicted is in agreement with the one observed by LIGO/Virgo as well as the
one estimated by Della Valle et al. (2018).

• In the DE and in the alternative scenario, the contribution to the CMNSR
from elliptical galaxies has a lower impact with respect to spirals, for the
whole range of redshift, and using a DTD or a constant delay time for merg-
ing has almost no consequences on the overall behavior. Also in these sce-
narios, our predictions for the present day CMNSR are in good agreement
with the observations.

• The alternative scenario can be considered the best one because it nicely
reproduces the cosmic stellar mass density observed by Madau et al. (2014).
Gioannini et al. (2017) also proposed the alternative scenario as the best
one, because of the agreement with the cosmic star formation rate of Madau
et al. (2014). If we assume the alternative scenario as the best one, the SGRBs
redshift distribution proposed by Ghirlanda et al. (2016) is best represented
by a model with a DTD for MNS, otherwise too many events at high redshift
are produced.

8.1.2 Dwarf spheroidal and ultra-faint dwarf galaxies

In Chapter 4, I focused on the chemical evolution of both Eu and Ba in 6 dSph
and 2 UFD galaxies. I presented results for Sculptor and Fornax, as representative
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of those obtained for the other dSphs, and of Reticulum II because of its peculiar
abundance patterns. Results for the other galaxies are provided as Supplemen-
tary Material online of the paper Molero et al. (2021a).

For each galaxy, we first fine tuned the model in order to reproduce the ob-
served SFR, the [Mg/Fe] vs. [Fe/H] abundance pattern, the MDF and the present
day observed number of stars. Then, we focused on the evolution of the neutron
capture elements.

We compered our model with the observational data of Reichert et al. (2020).
Except that for Reticulum II, for all the dwarf galaxies in the sample the observed
[Eu/Fe] vs. [Fe/H] shows a pattern very similar to that observed in the MW, char-
acterized by a plateau at low-intermediate metallicities followed by a decrease.
On the other hand, the [Ba/Fe] vs. [Fe/H] trend is characterized by a low abun-
dance of Ba at low metallicities and by almost solar values from intermediate to
high metallicities. The abundances of Eu and Ba in Reticulum II, on the contrary,
are concentrated only at really low metallicity and are 1-2 order of magnitude
higher than those observed in the other dwarfs.

Concerning the nucleosynthesis of neutron capture elements, we adopted MNS
and/or MR-SNe as r-process producers and LIMS as s-process ones. The yields of
Eu and Ba from MNS have been obtaining by scaling them with the one of Sr
observed by Watson et al. (2019) in the reanalysis of the spectra of the kilonova
AT2017gfo which followed the neutron-star merger GW170817. For MR-SNe, we
tested different sets of yields from the literature and for LIMS we adopted yields
of Busso et al. (2001) for stars in the mass range of 1.0− 3.0 M⊙. MR-SNe are a
quick source for the production of r-process material, while MNS are considered
a delayed one if proper DTDs are adopted. On the contrary, if MNS are assumed
to merge on a short and constant timescales, they are a quick source.

Our main results for Sculptor and Fornax can be summarized as follows:

• Models in which r-process material is produced only by a quick source are
able to produce the [Eu/Fe] vs. [Fe/H] abundance pattern, but fails in repro-
ducing the low-metallicity data of the [Ba/Fe] vs. [Fe/H]. This happens also
when r-process is co-produced by both a quick and a delayed source (such
as MR-SNe + MNS with a DTD).

• On the contrary, models in which r-process material is produced only with
longer delays can reproduce the [Ba/Fe] vs. [Fe/H] trend, but fails to repro-
duce the [Eu/Fe] one.

Therefore, a scenario in which both MR-SNe and MNS with a DTD produce
r-process material is certainly able to reproduce the observed [Eu/Fe] vs. [Fe/H]
in dwarf galaxies as it happens in the MW (in the MW this has already been con-
firmed by several studies, e.g., Matteucci et al., 2014; Cescutti et al., 2015; Côté
et al., 2019; Simonetti et al., 2019). Here, we found that the Eu produced by
each MNS event should be in the range (3.0× 10−6 − 1.5× 10−5 M⊙) range, slightly
higher than the one estimated from the kilonova AT2017gfo, but in agreement
with the one estimated by Korobkin et al. (2012). For MR-SNe, their yields is in
the range of the theoretical calculations of Nishimura et al. (2017), if only 1-2% of
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stars with initial mass in the (10-80) M⊙ range would die as a MR-SNe. However,
when compared to the observed data of the [Ba/Fe] vs. [Fe/H], this model strug-
gles in reproducing the low-metallicity data, because of the too strong produc-
tion from MR-SNe. When only a delayed source is adopted as r-process site, the
agreement with the low-metallicity data of Ba improves, but the model slightly
underestimate the data at intermediate [Fe/H], proving that the contribution to
the s-process nucleosynthesis from rotating massive stars can not be excluded
(see e.g., Rizzuti et al., 2019; Rizzuti et al., 2021).

On the other hand, results for the Reticulum II UFD galaxy are different from
those of the other dwarfs, because of its peculiar abundance patterns. We can
summarize them as follows:

• The low-metallicity high-enhanced data of both the Ba and the Eu abun-
dances can be explained only if a quick source is active for the r-process
production. It can be represented either by MR-SNe or by MNS with a short
delay time for merging, but in any case it should pollute the ISM really fast.
It can be represented by a single event with the same yields adopted in the
other environments (but lower than the ones estimated by Ji et al., 2016). If
the single event coincide with a MNS then, because of the low SF of Reticu-
lum II, the αMNS parameter should be set to 1.

8.1.3 Milky Way - the disc

In Chapter 5, I extended our study on the origin of neutron capture elements by
analyzing both the abundance patterns and radial gradients of the 9 chemical
species (Y, Zr, Ba, La, Ce, Eu, Mo, Nd, Pr) observed by the Gaia-ESO survey in
the MW disc. Gradients can indeed provide important informations about both
the nucleosynthesis and the timescales of production of the different chemical
elements which, in the case of neutron capture elements, can still be very uncer-
tain. In order to study the chemical evolution of the disc, we adopted a delayed
two-infall model with an inside-out scenario of formation and with a variable SF
efficiency. The model has been previously tested (Palla et al., 2020) and it is able to
reproduce the main observational constraints of the MW disc. For the nucleosyn-
thesis and timescales of production of the neutron capture elements we adopted
the most up to date prescriptions. The r-process sites are:

• MNS with a DTD with β = −0.9. Their rate has been fine tuned in order to
reproduce the latest estimation of the MNS rate of Abbott et al. (2021) after
having converted it in a Galactic one, equal to 32+49

−24 Myr−1 (consistent in the
error bars with that from Kalogera et al., 2004). The yields of the different
neutron capture elements from MNS have been obtained as in Chapter 4, by
scaling the one of Sr observed by Watson et al. (2019) according to the solar
system r-process contribution, as determined by Simmerer et al. (2004).

• MR-SNe, which are assumed to be 20% of stars with initial mass in the 10-25
M⊙ with yields by Nishimura et al. (2017). The mass range has been fixed
in order to be consistent with the adopted model for the yields of normal
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CC-SNe. The assumed yields are the same of our best model of Chapter 4
and the percentage of stars dying as a MR-SNe has been fixed by fine tuning
it to the observed [Eu/Fe] vs. [Fe/H] pattern in the solar neighborhood.

The s-process sites are:

• LIMS with yields from the non-rotational set available on the FRUITY data
base (Cristallo et al., 2009; Cristallo et al., 2011; Cristallo et al., 2015).

• Rotating massive stars for which we tested the three different sets of yields
corresponding to three different initial rotational velocities from Limongi et
al. (2018).

Our main results are the following:

• With the previously mentioned prescriptions, the [Eu/Fe] vs. [Fe/H] is well
reproduced both in the inner and in the solar and outer regions, in agree-
ment with the past studies on the subject (e.g., Van der Swaelmen et al.,
2023). However, the quick source completely dominates the production of
Eu. The other neutron capture abundance patterns observed in the adopted
OCs sample are also well reproduced in the three disc regions, but yields
from LIMS must be reduced of at least a factor of two (in agreement with
Rizzuti et al., 2019) and, once MR-SNe contribute to their production, dif-
ferences between different initial rotational velocities of massive stars be-
comes negligible (except that for velocities higher than 150 km/s).

• The present day slope of the [Fe/H] gradient predicted by our model is−0.067± 0.003
dex kpc−1, which is slightly steeper than the one of the OCs sample, but in

agreement with other recent slopes from OC samples (Carrera et al., 2019;
Donor et al., 2020; Zhang et al., 2021; Spina et al., 2021; Spina et al., 2022).
Moreover, if the observed slope is recomputed by adopting the guiding radii
(Rmean) instead that the observed galactocentric distance (RGC), then the
agreement with the model improves noticeable, suggesting that radial mi-
gration might have played a non negligible role.

• The observed [Eu/H] gradient is characterized by a very flat slope. In gen-
eral, we remind that the flatter is the slope of a certain chemical element,
the quicker it is its production. The flat slope observed in the [Eu/H] agrees
well with its presumable quick production from MR-SNe (or any other quick
source). However, our best model with both a quick and a delayed source
(MR-SNe + MNS) is not able to reproduce such a flat slope and even sce-
narios in which there is no delayed source are not able to improve the fit to
the data. If the observed [Eu/H] gradient is recomputed by adopting Rmean

instead of RGC the agreement with our model does not change.

• Concerning the time evolution of the [Fe/H] and the [Eu/H] gradients, re-
sults of our model at Age=0.5, 2 and 5 Gyr are in agreement with the ob-
served trend, with a really limited time evolution of the gradients between
the considered ages. However, as for the present day gradient, also at dif-
ferent ages the [Eu/H] gradients obtained by our model is too steep with
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respect to the observed ones. Finally, for all the elements belonging to the
second s-process peak, our model produces a plateau at low Galactocen-
tric distances most probably due to the effect of LIMS, whose production
reaches an equilibrium value before in the inner regions than in the outer
one, because of a faster SF and a strong production from LIMS.

8.1.4 Milky Way - the bulge

In Chapter 6, I present our study on the chemical evolution of the Galactic bulge.
We mainly constrained our model such that it would reproduce the shape of the
MDF observed in the sample of APOGEE stars of Rojas-Arriagada et al. (2020).
The observed MDF is characterized by two peaks with different metallicities, a
MP one and a MR one. We assume that the MW bulge has been formed by a
strong SF episode, mainly responsible for the creation of the MP population, and
suffered a second burst of SF as well as accretion of stars from the innermost part
of the MW disc, responsible for the creation of the stellar population of the MR
peak. Our main preliminary results are the following:

• Previous chemical evolution models (Matteucci et al., 2019) are not able to
reproduce the bulge MDF of the sample of Rojas-Arriagada et al. (2020) if ro-
tating massive stars are included, unless a Chabrier (2003) IMF is adopted.
In that case, the agreement is improved but models still underproduce the
observed MR peak. Among the sets of rotating massive stars yields from
Limongi et al. (2018), the ones which best reproduce the observed MDF are
those which favour slow or no rotation at the present time. In order to repro-
duce the MR peak, we estimate an upper limit for the fraction of stars which
might have been trapped by the growing bar, which is f ∼ 50%. We tested
different values of f and found that at least 40% of stars from the inner disc
might have contributed to the bulge population.

• The observed abundance patterns for α-elements and for the neutron cap-
ture element Ce is best reproduced by assuming a delay of 250 Myr between
the two SF episodes. However, even if the model fits the general trend, some
deviations are still presents in particular in the case of the [Mg/Fe] and the
[Si/Fe] vs. [Fe/H] patterns. On the contrary, the [Ce/Fe] vs. [Fe/H] is nicely
reproduced at low metallicities by model with no rotation in massive stars
(mainly because of the contribution from MR-SNe), however, at high [Fe/H],
the contribution from AGB stars must be reduced in order to fit the data,
similarly to what we did in Chapter 5. The chemical contribution of stars
accreted by the bar still have to be included in our model and will be subject
of future work on the subject.

8.1.5 Elliptical galaxies - the AGN feedback

In Chapter 7, I presented our study on the formation and evolution of early-type
galaxies and on how they suppress SF. We adopt an updated version of Matteucci
(1994) chemical evolution model for elliptical galaxies, where SN rates where com-
puted in details. The main novelty of this work has been the inclusion of the AGN
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feedback, besides that of SNe and stellar winds. The evolutionary scenario con-
sidered is the following: ellipticals are formed by infall of gas in a primordial dark
matter halo. The gas evolution is influenced by infall and outflow as well as by
stellar nucleosynthesis. The system goes through an early intense burst of SF,
which is then quenched when strong galactic winds are produced and the galaxy
evolves passively afterwards. This happens when the thermal energy of the gas in
the ISM exceeds its binding energy. The thermal energy of the gas is given by the
sum of the thermal energy deposited in the gas by SN explosions, stellar winds
and AGN feedback.

We first presented a set of simulations without the contribution of AGN feed-
back from the energetic budget. In that case, the thermal energy of the gas de-
pends on SNe (of all types) and on stellar winds. In particular, after the develop-
ment of the first main galactic wind episode, only Type Ia SNe contribute to the
thermal energy of the gas, together with the low contribution due to the veloc-
ity dispersion of the ejecta from low mass stars. Our main conclusions are the
following:

• By assuming an efficiency of energy transfer of ηII = 3% and of ηIa = 80%
for core-collapse and Type Ia SNe, respectively, all systems with final stellar
mass ≤ 1012 M⊙ can satisfy the condition Eth

gas ≥ Eb
gas, for the entire galaxy

life, and therefore are suffering a continuous wind after the main early wind
episode. On the contrary, for higher mass system, after the main wind, the
gas is hardly lost from the galaxy. If the efficiency of energy transfer of Type
Ia SNe is assumed to be as low as ηIa = 10%, also systems with lower stellar
mass (∼ 1010 M⊙) struggle to get rid of the gas after the main wind episode.

Therefore, we can conclude that when the AGN feedback is not considered,
the thermal energy injected by Type Ia and core-collapse SNe in the ISM is enough
for driving a global galactic winds at early times as well as to keep the SF quenched
for the entire period of passive evolution. This is valid for system with a stellar
mass ≤ 1012 M⊙ (≤ 1010 M⊙) with an efficiency of energy transfer of Type Ia SNe
of ηIa = 80% (ηIa = 10%). For higher mass galaxies an additional source of energy
should be required.

In our study the additional source of heating adopted has been the AGN feed-
back. In particular, we considered the effect of radiative feedback on a galaxy
with initial infall mass of gas of 5× 1012 M⊙. The central BH is characterized by a
seed mass of 106 M⊙ and it undergoes standard Bondi-Eddington limited accre-
tion. We fix an absorption coefficient ξ, which represents the fraction of accretion
luminosity actually deposited in the ISM via Compton heating, for which we ex-
plored different values. Our main conclusions are the following:

• For absorption coefficients below ξ= 3× 10−4, the effect of the AGN on the
evolution of the thermal energy of the gas is negligible. For ξ= 3× 10−4, the
role of the AGN becomes crucial in maintaining the SF quenched, but it is
not the main cause of formation of a galactic wind. For ξ= 3× 10−2, the
total thermal energy of the gas is dominated by the AGN feedback for the
entire evolution of the galaxy, with the AGN being also the main cause of
the development of the main wind episode. The case in which ξ = 1 is
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unphysical and this is reflected by the results of the simulations in which the
many bursts which characterize the shape of Eth

gas are so powerful that they
can provide an energy exceeding the binding energy of the entire galaxy.

In conclusion, the most convincing scenario is the one in which the ISM is
thermalized by both AGN feedback and SNe of all types. In particular, when the
contribution from the AGN is added and is characterized by the physically ex-
pected value for the absorption coefficient of ξ= 3× 10−14, the BH feedback ap-
pears to be important to regulate the growth of the BH itself, but only marginally
important for the galaxy evolution. The first effects on the thermalization of the
ISM manifest when an absorption coefficient ξ ≃ 10−4 is adopted. In that case,
the effect of the AGN on the development of the main galactic wind is still negligi-
ble when compared to that of SNe, but it can substantially contribute in keeping
the SF quenched during the galaxy passive evolution.
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FIGURE 8.1: Observed [Eu/Fe], [Ba/Fe] and [Sr/Fe] vs. [Fe/H] of Reticulum II (black dots)
and Tucana III (purple dots) compared to those of other UFDs (colored points) and the MW
halo (grey dots). Data are a collection from SAGA database (Suda et al., 2008; Suda et al.,

2011; Yamada et al., 2013; Suda et al., 2017).

8.2 Future prospects

There are still several open questions about the evolution of neutron capture ele-
ments which can be further explored in order to better understand their produc-
tion and distribution. In the following, I propose some future perspectives to my
work.

In Chapter 4, I show the enhanced r-process elements pattern observed in Retic-
ulum II. However, recent observations show that Reticulum II is not the only UFD
galaxy with a stellar population with such a peculiar elemental abundances. In-
deed, some stars in Tucana III show high Eu, Sr and Ba abundances as well. In
Figure 8.1, we report the observed [Eu/Fe], [Ba/Fe] and [Sr/Fe] vs. [Fe/H] abun-
dances pattern for both Reticulum II and Tucana III compared to those of other
UFDs and MW halo stars. We were able to reproduce such a trend in the Reticu-
lum II UFD by assuming that a single and rare r-process event polluted the galaxy
very fast at early times. However, why such a rare event would happen in a galaxy
as small as Reticulum II? And why the Tucana III stars are less r-process enhanced
than the one in Reticulum II? As also pointed out by Hansen et al. (2017), r-I stars
have mostly been identified in more luminous dwarf galaxies which probably had
more gas content at early times and therefore the ejecta from a MNS or a MR-SNe
would have been diluted. Also, the spread in these galaxies similar to the one of
MW halo stars, would point towards an inhomogeneous mixing scenario, which
can be better investigated by stochastic chemical evolution models (Cescutti et
al., 2015).
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In Chapter 5 one question remains open. Why we can not reproduce the flat
[Eu/H] gradient in the disc of the MW as observed in the young OCs sample? As
we discussed, the flatter is the gradient of a chemical element, the quicker is its
production. However, even by imposing a quick production of Eu from MR-SNe
(or MNS with a constant and short delay time for merging), the predicted gradi-
ent is too steep with respect to the observed one. Therefore, the disagreement
between model predictions and data is not to be attributed to the nucleosynthe-
sis prescriptions, but rather to different Galaxy formation mechanisms and/or
radial migration (if clusters are affected by it). A constant SF efficiency for all
Galactocentric distances indeed improved our results. However, this choice has
already been discarded by previous chemical evolution models (see e.g., Grisoni
et al., 2018; Palla et al., 2020). However, the possibility of having a constant SF
efficiency only in the outer part of the MW should still be tested and can be sup-
ported by the fact that our model predicts a better agreement with the data in the
inner region than in the outer ones. If that is the case, then in the future it would
first needed to test the model on the observed MDFs, on the abundance patterns
and on the gradients of also lighter elements in the outer region.

Some of the main uncertainties in the production of r-process elements in chem-
ical evolution models are the adopted prescriptions for MR-SNe. While for MNS
we can rely on observations for the yields (Watson et al., 2019), for the DTDs (from
observations of sGRBs, e.g., Ghirlanda et al., 2016) and for the rate (Kalogera et al.,
2004; Abbott et al., 2021), for MR-SNe we have to arbitrarily choose (i) the frac-
tion of normal CC-SNe which can die as a MR-SNe, (ii) the mass range and (iii)
the yields (since different authors often obtain different results). In Chapters 4
and 5, we show some possibilities in which these free parameters can be fixed in
a self-consistent manner. Nevertheless, ambiguities persist, and the possibility of
a substantial level of degeneracy remains a significant consideration. One of the
improvements which should be addressed in the future is the computation of the
yields for different masses. In the actual chemical evolution models, in fact, the
prescription for one single stellar mass (e.g., 35 M⊙) is interpolated to all the range
of masses considered. Computing yields of MR-SNe for stars of different masses is
not an easy task and it often depends on the limited computational power. How-
ever, different stars would produce different amount of r-process material and,
depending on their mass, on different timescales as well. A similar approach was
done in Cescutti et al. (2006), where different yields of Eu and Ba from massive
stars were assumed ad hoc for different masses (12, 15, 30 M⊙). However, in the
future a proper computation of the yields should be achieved and then it would
be natural to prove it in chemical evolution models.

A second improvement in the nucleosynthesis of neutron capture elements is to
be related to AGB stars. In Chapters 5 and 6, we adopt the yields from the FRUITY
database (Cristallo et al., 2009; Cristallo et al., 2011; Cristallo et al., 2015). How-
ever, extremely precise isotopic ratio measurements in presolar SiC grains (Liu
et al., 2018) demonstrated that the neutron density of FRUITY models is probably
overestimated. Indeed, in chemical evolution models, yields of AGB from FRUITY
are usually reduced by a factor of two or more (see Chapters 5 and 6 as well as



166 Chapter 8. Final Remarks

Rizzuti et al., 2019; Rizzuti et al., 2021). Models for AGB stars have been recently
revised by considering the mixing triggered by magnetic fields (see Vescovi et al.,
2020 for details) for a star of M = 2M⊙ at metallicities Z = 10−2, Z⊙, 2× 10−2. Ex-
tensions of these models also to 1.5, 2.5, 3 M⊙ as well as to more metallicities are
in preparation (Vescovi et al., in prep.). Following the work of Magrini et al. (2021)
and of Viscasillas Vázquez et al. (2022b), we are planning to adopt the new mag-
netic yields from AGB stars to model the evolution of the [s-/α] vs. Age patterns
in the Galactic disc in the range RGC ∼ 6 − 20 kpc and to compare them to the
sample of OCs presented in Chapter 5, in order to investigate on the possibility of
using such relations as chemical clocks in the Galactic disc.

The study on the bulge presented in Chapter 6 still needs to be further devel-
oped. As a first approach we are assuming that the two peaks MDF observed in
the bulge region (RGC ≤ 3.5 kpc) can be reproduced by an early fast and violent
star formation event, mainly responsible for the creation of the MP peak, com-
bined with a stop in the SF of 250 Myr (Matteucci et al., 2019) and a fraction of
disc stars being trapped by a growing bar (with these two last phenomena re-
sponsible for the creation of the MR peak). Although we successfully reproduce
the observed MDF, we still need to investigate on the abundance patterns of both
the α-elements and the neutron capture element Ce. Whether or not stars being
trapped by the bar are then accreted by the bulge can depend on their radial ve-
locity. If that is the case then, depending on the assumed radial velocity and on
where stars are being trapped, only stars with a certain mass will die in the bulge
and will pollute that region. These would then be active agents of chemical evo-
lution (see also Prantzos et al., 2023), namely long-lived nucleosynthesis sources,
such as low mass AGB stars as well as Type Ia SNe. In that case, from the chem-
ical evolution point of view, we would expect variations in the [α/Fe] vs. [Fe/H]
abundance patterns for elements which have a strong contribution from Type Ia
SNe (for example we would not expect any change in the O abundance pattern),
and in particular in the [Ce/Fe] vs. [Fe/H] trend because of the contribution from
AGB stars, probably enhancing it towards higher metallicities. A second ingredi-
ent which can be taken into account, is the presence of cold gas inflows driven by
the Galactic bar from the disc towards the centre (see e.g., Sormani et al., 2023).
If such a gas transport is present, then it can fuel SF activity. Moreover, its chemi-
cal composition will be that of the inner disc, with potential consequences on the
abundance patterns predicted by our model. In the future, different prescriptions
will be tested.
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