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Chemical evolution of galaxies:
from the Local Group to the Local Universe

SUMMARY

The chemical composition of the galaxy interstellar medium continuously evolves
as a function of time because of many environmental physical processes. Restitution
of metals from dying stars, astration of metals due to the star formation activity,
gas inflows and outflows, radial mixing of both gas and stars are all fundamental
mechanisms in driving the chemical evolution of the interstellar medium of galaxies.
Such mechanisms can have very different relative contributions as functions of time
when considering galaxies of different morphological type; that is the main reason
why spiral galaxies display different chemical abundance patterns with respect to
elliptical galaxies or dwarf galaxies: they had different star formation and gas mass
growth histories, as well as different mass distributions of the stars at their birth
(the so-called “initial mass function”). Finally, not all the chemical species are
affected in the same way by the aforementioned physical processes and this fact
can introduce complexity within the models.

Astronomers try to constrain and reconstruct the past evolutionary history of
galaxies, by looking at their present-day observed physical and chemical properties.
Chemical evolution models are very useful tools in this respect, because they can
draw a complete physical description of the galaxy evolution, by solving a set of
physically motivated differential equations. In fact, by assuming the galaxy gas
mass assembly history, initial mass function and stellar nucleosynthetic products,
chemical evolution models can predict not only the temporal evolution of the galaxy
chemical abundances, but also the evolution of the galaxy stellar and gas masses
with time and the star formation history.

In the first part of the Thesis, I introduce the basic concepts lying at the basis
of the galaxy chemical evolution modeling (Chapter 1) and present my original
contributions in the foundation of this field (Chapter 2). In particular, I have
explored — for the first time — the effect of the metallicity and initial mass function
on the stellar yield of oxygen and metals per stellar generation. This quantity is
usually assumed as a free parameter in the analytical models, adjusted to reproduce
the data, without realizing that it is the outcome of stellar evolutionary models,
depending on a variety of factors. One of the main conclusions is that changing
the initial mass function can easily reconcile observations with the theoretical ex-
pectations. Finally, I present a new simple (but effective) method for solving the
chemical evolution of galaxies, by assuming the so-called “instantaneous recycling
approximation” for the chemical elements synthesized and restored by massive stars
and the Delay Time Distribution formalism for the delayed chemical enrichment
by Type Ia Supernovae. I apply this method to reproduce the observed [O/Fe] and
[Si/Fe] versus [Fe/H] abundance patterns in the Milky Way. This method can be
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very useful because it can be easily included in other complementary stellar pop-
ulation synthesis models, enabling them to take into account chemical elements —
such as iron — which are restored with a distribution of delay times from the star
formation event.

The second part of the Thesis is devoted to the study of the classical and
ultra-faint dwarf spheroidal galaxies, satellites of the Milky Way. In particular, in
Chapter 3, I present updated chemical evolution models for two classical dwarf
spheroidals (Sculptor and Carina) and the first detailed chemical evolution models
for two ultra-faint dwarfs (Hercules and Bodtes I), reproducing and explaining most
of the chemical and physical properties which are observed at the present time in
these galaxies. The models for the dwarf spheroidals assume a very slow star
formation rate and relatively high rate of galactic winds, and these characteristics
are more marked in the ultra-faint dwarfs. One of the main conclusions is that
it is unlikely that the actual ultra-faint dwarfs have been the building blocks of
the whole Galactic halo, although more accurate data are necessary to draw firm
conclusions.

In Chapter 4, I explore the effect of the so-called integrated galactic ini-
tial mass function (IGIMF) on the chemical evolution of the Sagittarius dwarf
spheroidal galaxy. The IGIMF theory predicts less massive stars in the regime of
very low star formation rates of dwarf spheroidal galaxies; hence its assumption may
leave peculiar features in the predicted chemical abundance patterns, which can be
directly compared with observations. I explore also different yield prescriptions for
Eu, including the Eu production by neutron star mergers, never tested before for
explaining the Eu abundances in dwarf galaxies. The results of my models support
the idea that the initial mass function in Sagittarius is truncated, hence favouring
the IGIMF theory; moreover, I conclude that the observed Eu abundances can be
reproduced only by assuming a completely alternative channel for the Eu nucle-
osynthesis (merging neutron stars) than the usual rapid neutron-capture process
in massive stars.

In Chapter 5, I present chemical evolution models for the Milky Way, which
assume that the the Galaxy stellar halo assembled by accreting gas and metals
from the surrounding classical and ultra-faint dwarf spheroidal galaxies, through
their galactic outflows. I also show that barium might be the best chemical element
to test the theories suggesting dwarf spheroidal and ultra-faint dwarf galaxies to be
the evolved building blocks of the Galaxy halo; in fact, this chemical element can be
(relatively) easily measured in low metallicity stars. One of the main conclusions is
that the assumptions of the model about the the typical halo formation time-scale
and the threshold for the star formation activity strongly affect our results.

In Chapter 6, I present the results of a novel photochemical evolution model,
which I have developed during my PhD research activity and applied to the study
of the stellar populations in the Sculptor dwarf spheroidal galaxy. This new stellar
population synthesis model starts from the predictions of chemical evolution models
and “lights up” the stars with different mass, metallicity and age of galaxies. In
this way, we can understand how the assumed underlying galaxy formation and
evolution scenario affects the final configuration of the synthetic color-magnitude
diagram.
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In the third part of my Thesis, I pass from the chemical evolution of the Local
Group dwarf galaxies to the star forming galaxies in the Local Universe. In par-
ticular, in Chapter 7, I present detailed chemical evolution models to explain the
nitrogen and oxygen abundances, which have been inferred in a sample of Sloan
Digital Sky Survey galaxies in the Local Universe. The dataset — integrated with
the nitrogen and oxygen abundances derived in metal-poor, star forming dwarf
galaxies — spans a wide metallicity range, enabling us to recover the trend of the
(N/O) vs. (O/H) relation with a precision never reached before. In particular,
this collection of data clearly demonstrates the existence of a plateau in the (N/O)
ratio at very low metallicity, followed by an increase of this ratio which steepens
as the metallicity increases. The conclusions are that primary nitrogen production
by massive stars is always needed to reproduce the plateau at very low metallicity,
together with differential galactic winds, which are responsible for the steepening
of the (N/O) vs. (O/H) relation at large metallicities. I conclude also that the
secondary nitrogen component by low- and intermediate-mass stars, increasing as
a function of the metallicity, is also necessary to explain the final high (N/O) ratios
in the data. Finally, in Chapter 8, I show how — by making use of an analytical
chemical evolution model, which assumes the gas infall history to obey a decaying
exponential law with time — we can characterize the local population of star form-
ing and passive galaxies, in terms of their typical ages, gas accretion time scales,
infall masses, star formation efficiencies and wind loading factors.

The natural prosecution of this Thesis work would be to exploit the recently
released MaNGA data, which resolve a sample of Sloan Digital Sky Survey galaxies
in very great detail. In particular, we can derive the metallicity as a function of the
galactocentric distance for a large statistical sample of galaxies, representative of
the Local Universe. In this way, we can study variations in the metallicity profile for
galaxies with different stellar mass and we will better constrain the main physical
mechanisms shaping the galaxy chemical evolution across the cosmic epochs.

VISTO

(L.LAMCJEK.\> C F. HATTEC CCI)
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Part 1

Introduction: foundations of
the chemical evolution of
galaxies






Oh, but if I had the stars from the darkest night
And the diamonds from the deepest ocean

I'd forsake them all for your sweet kiss

For that’s all I'm wishin’ to be ownin’

“Boots Of Spanish Leather”, Bob Dylan

Preliminary concepts

1.1 Overview

The term “metals” for astronomers include all the chemical elements in the periodic
table which are heavier than helium; accordingly, the “metallicity”, Z, is defined as
the observed total abundance by mass of all the metals present in the gas mixture
of an astrophysical source, as follows:

Mz

Z = ,
Mgas

(1.1)

where the numerator represents the total gas mass of metals and the denominator
the total gas mass, which include all the chemical elements in the gas mixture from
hydrogen to the heaviest ones.

Chemical abundances can be directly measured in the atmospheres of the stars
in the Milky Way and its dwarf galaxy satellites, starting from the analysis of the
absorption lines in the stellar spectra (see Nissen 2011 for an interesting discussion
on the topic). Beyond our Galaxy and its nearby satellites, we still cannot resolve
single stars for high resolution spectroscopic studies. Historically, in extragalactic
systems, the chemical abundances of carbon, nitrogen, oxygen, sulphur, and some
other elements, have been mostly measured from the emission lines in the HII re-
gions; this method turns out to be very accurate and straightforward when dealing
with the weak “auroral” lines, such as [O111]A4363 or [NII]A5755 (see, for example,
Pagel et al. 1992; Izotov et al. 2006), however, it is strongly biased by the assumed
calibration (either empirical or theoretical, by making use of photoionisation mod-
els) when only strong emission lines are available (e.g., Kewley & Ellison 2008).
Nevertheless, quite accurate chemical abundances in some extragalactic systems

3
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can also be obtained from the spectral analysis of the so-called red and blue su-
pergiant stars, which are very luminous and evolved stars, lying in the upper part
of the color-magnitude diagram of galaxies (Kudritzki et al., 2008; Gazak et al.,
2015).

Many calibrations have been determined in the years between distinctive fea-
tures in the integrated spectrum of galaxies (usually, absorption line strengths)
and the metallicity of the dominant galaxy stellar populations; the most used in
the literature are the so-called “Lick indices”, such as the Mg, or Fe5270 indices
(Faber, 1973; Faber et al., 1985; Worthey et al., 1994; Thomas et al., 2010). Al-
though largely approximate, these calibrations have been instrumental in the past
to show, for example, that the most massive elliptical galaxies in the Universe
formed — on average — at high redshift, on very short typical time-scales, and expe-
rienced an initial very intense burst of star formation (Matteucci, 1994). Finally, at
high redshift, the abundances of several chemical elements in the gas-phase of the
galaxy interstellar medium can be measured with very high resolution, when ab-
sorption systems lie along the line of sight towards a quasar; such systems are called
Damped Lya, because of the higher neutral hydrogen column densities which char-
acterize them with respect to the most common Ly« systems in the quasar spectra
(see Wolfe et al. 2005 for a review on the topic).

In summary, chemical abundances in galaxies can be measured either within
the gas-phase of the galaxy interstellar medium or within the stellar atmospheres.
Although the gas can be observed only because it is lightened up by the surround-
ing stars (we observe the emission lines superimposed on the integrated galaxy
spectrum), gas-phase and stellar chemical abundances can be significantly differ-
ent between each other, and not only because of the effect of the dust depletion,
which efficiently removes part of the so-called “refractory” elements (mainly silicon
and carbon) from the gas-phase.

The main reasons why gas-phase and stellar chemical abundances are concep-
tually different can be summarized as follows.

e The abundance patterns in the gas-phase represent a snapshot of the chem-
ical composition of the galaxy interstellar medium at the present time. We
cannot obtain any direct information about the past chemical composition of
the interstellar medium only by measuring gas-phase abundances; in partic-
ular, in order to reconstruct the chemical evolution of the galaxy interstellar
medium with time, we have to rely on the results of models, which must be
able to reproduce many other observed physical properties beyond the chem-
ical abundances, such as — for example — the galaxy gas and stellar mass and
the galaxy spectro-photometric properties.

e The chemical abundances as derived in the stellar photospheres represent a
fossil record of the chemical composition of the galaxy interstellar medium
when the stars originated (this is particularly true for F and G main sequence
stars and, with more caution, for K sub-giants). Since the stars we observe at
the present time have a distribution of ages, they display different chemical
abundance patterns with respect to each other and hence they sample the
chemical composition of the interstellar medium at different epochs of the
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galaxy evolution.

The chemical composition of the galaxy interstellar medium continuously evolves
as a function of time because of many environmental physical processes acting on
it, which can be summarized as follows: a) returned metals from dying stars; b)
astration of metals due to the star formation activity itself; c) gas inflows and
outflows; d) radial mixing of both gas and stars. All these physical processes can
have very different relative contributions when passing from a galaxy to an other,
according also to the galaxy morphological type; for example, that is the main rea-
son why spiral galaxies display different chemical abundance patterns with respect
to elliptical galaxies or dwarf galaxies. Finally, not all the chemical elements are
affected in the same way by the aforementioned physical processes; this fact in-
troduces complexity in chemical evolution models and must be taken into account
if we want to reproduce the abundance pattern of each single chemical element in
detail.

In the case of unresolved stellar systems, the estimate of the average galaxy
gas-phase metallicity, (Zgas), is a measure of the global metal budget in the galaxy
at the present-time, while the average galaxy stellar metallicity, (Z,), is mostly
sensitive to the physical properties of the stellar populations which dominate in the
integrated light of the galaxy at the present time. Therefore, (Z,) can be as complex
and uncertain to estimate as (Zgas), both because of inherent completeness limits in
the galaxy surveys and because of possible degeneracies (e.g., there is a well-known
age-metallicity degeneracy for red giant branch stars). The quantity (Z,) is, in fact,
strongly model-dependent, since it depends not only on the assumptions about the
galaxy star formation history and mass distribution function of the stars at their
birth (the so-called “initial mass function”), but also on the assumed database of
isochrones and stellar spectra.

It is worth remarking that, although we often speak about “average galaxy
metallicity”, the metallicity is a local physical quantity; in fact, the metallicity can
vary when investigating different regions of a stellar system, both in the gas and in
the stellar components. For example, we observe a systematic variety in metallicity
among the main stellar constituents of our Galaxy; in particular, Bulge stars display
a different metallicity distribution function with respect to Halo but also disc stars.
Furthermore, metallicity gradients can be measured within the interstellar medium
of galaxies in the Local Universe thanks to the most recent surveys working with
Integral Field Unit, such as CALIFA or MaNGa (see, for example, Belfiore et al.
2015; Zinchenko et al. 2016; Ibarra-Medel et al. 2016). Moreover, the metallicity is
also observed to vary within single Hir regions, such as the Orion Nebula. Finally,
there is growing observational evidence — from both photometric and spectroscopic
studies — that globular clusters host multiple stellar populations, characterized by
different ages and metallicities, at variance with the findings of the earliest studies.

Oxygen is the most abundant chemical element in galaxies beyond hydrogen
and helium; for this reason, oxygen represents the best proxy for the stellar and
gas-phase metallicity. An other chemical element which is frequently taken as a
metallicity indicator in stars is iron, mainly because its abundance is much more
straightforward to derive in stars than the oxygen abundance. In fact, iron atoms
leave in the stellar spectrum a variety of well defined absorption lines, which can
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be eventually used all together in the abundance analysis. Nevertheless, the iron
enrichment history of the interstellar medium is more complex than the oxygen one,
and hence the two chemical elements do not trace in the same way the evolution
of the metal content during most of the lifetime of galaxies.

The amount of metals is observed to be — on average — relatively low everywhere
and at every time in the Universe; in particular, the metallicity in the stellar
photospheres or in the interstellar medium of galaxies is always < 4-5 per cent,
with the exact value changing according to the degree of evolution of the object
under study. For example, one of the most comprehensive and cited studies in
the literature on the chemical composition of the Sun is given by Asplund et al.
(2009), which measured a solar metallicity Zs = 0.0134, mostly dominated by the
oxygen and carbon contributions; the remaining mass fraction, as derived in the
present-day solar photosphere, is given by the hydrogen (X = 0.7381) and helium
(Y = 0.2485) contents. On the other hand, Big Bang nucleosynthesis predicts the
early cosmic plasma to be essentially free of metals, which hence must have been
synthesized later as the first population of stars eventually appeared. Therefore,
the terrestrial and solar abundance of chemical elements like carbon, nitrogen,
oxygen or silicon — which are fundamental for life on Earth and predominate in
the atmosphere and crust of our planet — can be explained only by invoking a
sequence of stellar generations which increasingly polluted the interstellar medium
from which, between 4 and 5 Gyr ago, the Sun and Earth originated.

Stellar interiors represent the best place in the Universe where to find the right
physical conditions for fusion reactions to occur; in principle, by means of this kind
of mechanism (i.e. hydrostatic or explosive thermonuclear burning within stars),
one can explain the origin of all the chemical elements from carbon to iron. The
lighter chemical elements, in particular hydrogen and helium, were almost entirely
synthesized during the primordial nucleosynthesis and later destroyed inside stars —
stellar generation by stellar generation — for the production of the heavier chemical
elements. Chemical elements with atomic weight A > 56 cannot be synthesized via
thermonuclear burning, since this process is not convenient for their production
in terms of energy balance. In particular, for A > 56, the binding energy per
nucleon almost continuously diminishes and the nuclear reactions would require
large energy consumption at the expense of the environment to occur. Therefore,
an other physical process must be invoked for the production of the heavy elements
which lie in the periodic table beyond iron.

The main physical mechanism for the nucleosynthesis of the chemical elements
heavier than iron is given by the so-called “neutron-capture process” inside stars,
namely by a series of neutron-captures onto an increasingly heavier atomic nucleus,
followed by S~ decays of the captured neutrons. If the neutron-captures proceed
with an higher rate with respect to the 8~ decays (condition of high neutron
fluxes), then the reactions give rise to an r-process element, where the letter “r”
stands for “rapid’; otherwise, the reactions give rise to an s-process element, where
“s” obviously stands for “slow”. Each neutron-capture element can have both an s-
and r-process channel of nucleosynthesis; europium is predominantly produced as

an r-process element, while barium is mostly an s-process element.

6
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Figure 1.1: In this Figure, we show how the stellar isochrones move in the (T, L) plane
when continuously varying the initial stellar metallicity, Z. The age of all the isochrones is
assumed to be 12.6 Gyr. The isochrone database is PARSEC (Bressan et al., 2012; Tang et
al., 2014; Chen et al., 2015).

Notation. In this thesis, we will extensively use the following notation for the
chemical abundance ratios in stars:

o) @)

where Ny and Ny represent the number density of atoms in the form of the
chemical species X and Y, respectively. Therefore, for example, if we measure
[Fe/H] ~ —1.0dex in the photosphere of a given red giant star in our Galaxy, then
the ratio Np./Ny in the star is nearly one order of magnitude lower than in the
Sun.

1.2 Basic ingredients

We can think at galaxies as composite stellar populations, namely as a collection
of stars which are characterized by a present-day distribution of masses, ages and
metallicities. In this Section, many theoretical concepts and notions about stars
and galaxies — which are extensively used in astrophysics for interpreting observa-
tions and are fundamental for the study of the chemical evolution of galaxies — will
be introduced and summarized.

1.2.1 Fundamental stellar parameters

From a theoretical point of view, the main three fundamental parameters which
define the photometric and spectroscopic properties of stars are the following.
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Figure 1.2: In this Figure, we show the effect of continuously varying the age of the stellar
isochrones for a fixed value of the stellar metallicity Z = 1.0 x 10™%. The isochrone database
is PARSEC (Bressan et al., 2012; Tang et al., 2014; Chen et al., 2015).

Stellar mass. It is probably the most important stellar parameter, strongly deter-
mining the evolution of the internal structure of the star as a function of time,
as well as its final fate. Since stars with different mass have different lifetimes
and enrich the interstellar medium at their death with different fractions of
a given chemical element, different chemical elements enrich the interstellar
medium of galaxies on different typical time-scales. Such a process lies at
the core of galaxy chemical evolution models and it is basically driven by
the mass of the stars. On the one hand, massive stars (with m 2 8 Mg)
are the most important metal-producers in the Universe; in particular, most
of the so-called a-elements (O, Mg, Ne, Si, S, Ca, and Ti) have been syn-
thesized by massive stars, on short typical time scales. On the other hand,
low- and intermediate-mass stars (with 0.8 < m < 8 Mg) provide most of
the carbon, nitrogen and heavy s-process elements (e.g., Ba, Sr, Zr) and
pollute the galaxy interstellar medium on relatively long typical time scales.
Although iron is mostly synthesized by Type Ia Supernovae, a significant
amount of iron is also synthesized by massive stars during the explosive Si
burning (roughly ~ 1/3 of the total, with standard Salpeter-like initial mass
functions).

Stellar age. As a star evolves along its various different evolutionary stages, its
luminosity, effective temperature and surface gravity can strongly vary, influ-
encing the distribution of the emitted energy flux at the various wavelengths.
Main sequence stars do not shine as red-giant branch stars or horizontal
branch stars. The stellar age is a fundamental stellar parameter, particularly
important for the construction of spectro-photometric population synthesis
models.
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Figure 1.3: In this Figure, we show how the stellar mass varies when moving along a single
stellar isochrone. The age of the isochrone is 12.6 Gyr, while the metallicity of the stars is
7 =1.0x 1072, The isochrone database is PARSEC (Bressan et al., 2012; Tang et al., 2014;
Chen et al., 2015).

Stellar metallicity. It can have a strong influence on the effective temperature
and compactness of the stellar object. For example, by increasing the metal-
licity, the radiative opacity in the stellar atmosphere becomes higher and
higher, and hence the star becomes at the same time colder and less lumi-
nous, eventually having larger lifetimes (the turn-off mass increases by only
increasing the stellar metallicity). The stellar metallicity is a fundamen-
tal parameter both for the construction of spectro-photometric population
synthesis models and for chemical evolution models.

Most of the predictions and results of stellar evolutionary models are given
in terms of the aforementioned fundamental stellar parameters. For example, the
stellar nucleosynthetic products are usually computed by stellar models over a
discrete two-dimensional grid of different initial stellar masses and metallicities
(see Section 1.2.4). An other example is given by the stellar isochrones, which
provide the results of the stellar models about the photometric properties of the
stars. Stellar isochrones are usually computed over a discrete two-dimensional grid
of different stellar ages and metallicities; one moves along each single isochrone by
increasing the initial mass of the star. In particular, the larger the stellar mass, the
later is the evolutionary stage experienced by the star along the isochrone. This
is due to the fact that massive stars evolve faster than low-mass stars (namely,
stellar lifetimes decrease as functions of the stellar mass). In Figures 1.1, 1.2, and
1.3, we show how the stars move in the (T, L) plane, when varying the initial
stellar metallicity, age and mass, respectively; the database of stellar isochrones
assumed to produce these figures is PARSEC (Bressan et al., 2012; Tang et al.,
2014; Chen et al., 2015). Finally, the most recent databases of stellar spectra are
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computed over a discrete three-dimensional grid of different metallicities, effective
temperatures, and surface gravities. Nevertheless, one can easily pass from the
(m, g, Terr) space of the stellar spectra to the more theoretical (m, Z, ) space by
using stellar evolutionary tracks or isochrones. Incidentally, a further parameter
which is usually taken into account to compute even more precise stellar spectra is
given by the [a/Fe] abundance ratio in the star.

By starting from the distribution of the fundamental stellar parameters in
galaxies, we can introduce three fundamental ingredients for galaxy formation and
evolution models, as follows.

e The distribution of the stellar ages reflects the galaxy star formation history.

e The distribution of the stellar masses is determined by the so-called initial
mass function.

e The distribution of the stellar metallicities is a direct consequence of the
galazxy chemical evolution.

The three aforementioned ingredients do not lie at the same level in the models;
in particular, the chemical evolution can be computed only if we know the galaxy
star formation history and initial mass function. In fact, to compute the galaxy
chemical evolution, we have to reconstruct the birth time and the number of all the
stars which are dying at each time of the galaxy evolution: the time of formation
of the dying stars comes from the past galaxy star formation history, while their
number comes from the assumed initial mass function. This is due to the fact that
— as the stars die — they expel metals into the galaxy interstellar medium and hence
crucially contribute to the galaxy chemical evolution. Chemical evolution models
enter in the broad area of studies, which is called in the literature as galaxy Astro-
Archaeology; roughly speaking, we struggle to reconstruct the past evolutionary
history of galaxies, starting from their observed physical and chemical properties
at the present time.

We remark on the fact that numerical codes of chemical evolution can provide
— in principle — a complete physical description of the galaxy evolution; by only
starting from the assumption of a galaxy gas mass assembly history, they are
capable of predicting the run of the galaxy stellar and gas masses with time, as well
as the galaxy star formation history, hence not only the evolution of the galaxy
chemical abundances with time.

The star formation history is regulated by all the physical processes which alter
the gas content within galaxies, and chemical evolution itself must be included in
these processes. As the star formation proceeds, the gas is continuously locked up
into stars. Then, as the stars die, part of the “locked” gas is re-injected into the
galaxy interstellar medium. From the expelled gas by dying stars, further stars
in the future will form, causing a continuous recycling of the galaxy interstellar
medium. Such a recycling has an influence on the galaxy star formation history,
which must be taken into account. In summary, the chemical evolution is strictly
coupled with the galaxy star formation history: one cannot fully understand the
former without precisely knowing the latter, and viceversa.

10
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Figure 1.4: In this figure, we show how the stellar lifetimes we have derived from the PARSEC
stellar evolutionary tracks vary as functions of the stellar mass and metallicity. The dashed
black curve corresponds to the stellar lifetimes of Padovani & Matteucci (1993).

1.2.2 The stellar lifetimes

When dealing with the chemical evolution of galaxies, we have always to take into
account the delay time which elapses between the star formation event and the
moment at which the stars die and hence enrich the galaxy interstellar medium.
This distribution of delay times defines the so-called stellar lifetimes, 7,,, which
are basically driven by the initial stellar mass and metallicity. In reality, stars
continuously enrich the galaxy interstellar medium through winds as they evolve;
nevertheless, for the sake of simplicity, chemical evolution models consider the
restitution of chemical elements by stars only at the stellar death, in a cumulative
way. That is the reason why the age of the stars is not a fundamental parameter
for chemical evolution models.

The stellar lifetimes can be computed from the isochrone tables, by associating
the maximum stellar mass of each single isochrone with the age of the isochrone
itself. In Vincenzo, Matteucci, de Boer, Cignoni & Tosi (2016), we have derived the
stellar lifetimes from the PARSEC database of stellar evolutionary tracks (Bressan
et al., 2012; Tang et al., 2014; Chen et al., 2015), by assuming the following fitting
function:

T(Z) = A(Z) % exp [B(Z) m—C<Z>], (1.3)

where A(Z), B(Z) and C(Z) are the fitting parameters as functions of the metallic-
ity Z. In Fig. 6.2 we compare our derived stellar lifetimes with the ones of Padovani
& Matteucci (1993), which do not depend on metallicity and are extensively used
in chemical evolution models.
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1.2.3 Simple and composite stellar populations

Let us assume that a galaxy G experienced star formation activity over a finite
period of time Atgp = [t1,t2] in the past. At every short time interval Atggp <
Atgr during the star formation activity, a simple stellar population is assumed to
originate, namely a population of stars which were born during a burst of star
formation (namely as a response to a Dirac delta function in the star formation
activity), all characterized by the same age and metallicity. The best examples
of simple stellar populations in the Universe are the oldest globular clusters in
the Galaxy halo, which host stars with nearly constant age and metallicity, likely
originating from a single bursty episode of star formation. From a theoretical point
of view, simple stellar populations are represented by the stellar isochrones in the
color-magnitude diagram.

We can define a galaxy as a linear combination of simple stellar populations
with continuously increasing ages and different metallicities. For this reason, galax-
ies are defined as composite stellar populations. By varying the weight of any given
simple stellar population in the linear combination, the galaxy can be significantly
different, at any time of its evolution. Such weights, wgsp, in the linear combina-
tion define in a unique way both the galaxy star formation history — since we can
reconstruct how many stars form as a function of time (and hence the present-day
distribution of the stellar ages, if we know the stellar lifetimes) — and the metal-
licity evolution of the galaxy interstellar medium — which is represented by the
metallicity of the stars at their birth.

In summary, from a theoretical point of view, any given galaxy physical prop-
erty, @g, can be expressed in the following way:

Z wssp (t:) Ossp (t — ti, Z(t:)), (1.4)

where the sum is made over all the times t; of star formation, which are prior to the
current one; wsgp (;) represents the weight associated to the stellar population born
at t;; finally, Ossp (1,Z) is the given physical property, as predicted for a simple
stellar population with age 7 and metallicity Z = Z(7). We remind the reader
that equation (1.4) describes unresolved galaxies, where only the cumulative effect
of the stars alive at the present time can be studied.

In equation (1.4), the mass of the stars (which is the third fundamental stellar
parameter beyond the stellar age and metalhmty) is hidden in the computation of
the quantity Ossp( Z). Very generally, Ossp can be computed as follows:

OSSP 7- Z Zf* mg,T, Z (mk7T7 Z): (15)

where the quantities f,(mg, 7, Z) physically represents the total number of stars
in the simple stellar population with mass my, age 7 and metallicity Z, with
O, (my, 7, Z) being their corresponding predicted physical property under exami-
nation, as given — for example — by stellar isochrones.

In the astrophysics literature, the quantity fi(m, 7, Z) in equation (1.5) — which
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represents the contribution of all the stars with mass m, metallicity Z and age 7 to
the quantity @SSP(T, Z) —is assumed to depend only upon the mass, m, of the star.
This is a very strong assumption. In practice, it means that the mass distribution
function of the stars of a simple stellar population is a universal function and hence
it does not depend upon the place or time of birth of the stars of the simple stellar
population”.

By inserting equation (1.5) into equation (1.4) and by assuming that f, =
fx(m) , we can eventually find the following equation for the generic galaxy physical
property, @g:

@g(t) = Z Z wssp(ti) f*(mk) @* (mk,t — ti, Z(tz>) <16)

ti<t mp

By looking at equation (1.6), the quantity f,(my) physically represents the fraction
of wssp (t;) contributed by the stars with mass my.

Let us assume that Og in equation (1.6) is the total galaxy stellar mass, M,.
Historically, this particular case is used to define the normalization of the quantity
f«» and the physical dimensions of wggp. In particular, by accordingly assuming
O, (my, 7, Z) = my,, we have the following equation:

M, () = (Zwssp(ti)> x (Zf*(mk)mk) (1.7)

t; <t

In order to have physically consistent results we have to assume what follows.

o wssp(t;) physically represents the total mass of stars which were born at t;,
namely the total mass of the simple stellar population with age 7 =t — t;
and metallicity Z(t¢;). Therefore, it has the dimensions of a mass (hence the
units of Mg).

o The quantity fi(my) is directly proportional to the number of stars which
were born with mass my, in a simple stellar population. It is normalized such

that >, my fo(mi) = 1.

As we will see in the following discussion, the quantities wssp and f, are directly
related to the star formation rate and initial mass function, respectively; their
product in equation (1.6) is also strictly related to the so-called “stellar birthrate
function”, which we will introduce in what follows.

*A further — very subtle — assumption is made, which is not recognized in the literature:
f+ should depend — in principle — also on the observable @*, but we always neglect this
effect. For example, this means that we subtly assume that the stars in a given mass range
m1 < m < mg contribute to any physical quantity of their simple stellar population with
always the same amount (it could be the B-band luminosity, the I-band one, or the total
stellar mass itself). This is not obvious.
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The stellar birthrate function

The number of stars which were born in the time interval ¢,¢ + dt and with mass
in the range m, m + dm represents, by definition, the so-called stellar birthrate
function, B(t,m). This quantity is assumed to be the product of the initial mass
function, ¢(m), with the galaxy star formation rate, 1(t), according to the following
formula:

B(t,m) = 1(t) p(m) dt dm. (1.8)

There is no physical reason for such a factorization in the time and mass depen-
dence of the stellar birthrate faction, except our ignorance about the star formation
process in galaxies. The physical definitions of star formation rate and initial mass
function are the following ones.

The star formation rate. It is defined as the amount of mass within the galaxy
interstellar medium which is converted into stars per unit time. It is usu-
ally expressed in terms of My yr—!. Star formation rate is observed to cor-
relate in galaxies with many fundamental physical quantities, such as the
total galaxy stellar mass and the average metallicity of the galaxy interstel-
lar medium. Nevertheless, the best example of correlation is the so-called
Schmidt-Kennicutt law (Schmidt, 1959; Kennicutt, 1998) between the density
of star formation rate and the galaxy gas mass density. Historically, based on
the suggestions of the early work by Schmidt (1959), galaxy formation and
evolution models have always assumed the following empirical law for mod-
eling the star formation process: ¥(r,t) oc v pg(r, t)*, where pg represents the
volume (or surface) gas mass density of the galaxy interstellar medium, the
index k lies in the interval [1, 2], and v represents the so-called star formation
efficiency, whose dimensions are the inverse of a time. As aforementioned,
this law was originally proposed by Schmidt (1959) to fit observational data.
Later, Kennicutt (1998) derived k = 1.4 + 0.15 for star-forming spiral and
starburst galaxies in the Local Universe. Other parametrizations of the star
formation law have been explored in the literature; they make use — for ex-
ample — of the dynamical timescale or the angular rotation speed (Boissier,
2013).

The initial mass function. It represents the mass spectrum with which stars
distribute in mass at their birth. The initial mass function is usually normal-

o 100 M
ized in mass such that fo . M®®

which have been proposed in the literature to fit Solar neighborhood data are
defined as a single- or multi-slope power law of the form: ¢(m) oc m~1+%),
The most famous initial mass function is the one by Salpeter (1955), which
assumes x = 1.35. The assumption of different initial mass functions can
strongly affect the chemical evolution of galaxies, since this quantity deter-
mines the relative numbers of stars which lie in different mass ranges and
hence the amount of the restitution of chemical elements by dying stars.
The initial mass function is observed to be strongly biased towards low-mass
stars, since they have the largest lifetimes and hence the largest probability
to be observed at the present time.

dmm ¢(m). Most of the initial mass functions
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Fundamental galaxy integrated properties

By starting from the galaxy star formation history and assuming a particular ini-
tial mass function, one can compute the temporal evolution of many fundamental
galaxy properties. In what follows, some examples are given to illustrate this.

The total galaxy stellar mass. By assuming that muax (¢, t) represents the mass
of a star having lifetime 7 = |t — ¢’| (all the stars born at ¢/, having mass larger
than mmax, are already dead at t), the run of the total galaxy stellar mass with
time can be computed by means of the following equation:

t Mmax (t',t)
M, (t) = /dt'w(t') / dm ¢(m) m, (1.9)
0 0.1Mg

where the integral over mass represents the mass fraction of the stars which formed
at the time ¢’ and can be still observed as alive at the time ¢, namely all the stars
with mass m < muyax(t’,t), born at the time ', can be still observed as alive at the
time ¢t. The functional behavior of my.x is simply given by the inverse function of
the stellar lifetimes.

The galaxy integrated spectrum. Similarly, the integrated galaxy spectrum at
the time ¢ can be computed as follows.

t mmax(tlvt)
Falt) = / at' (1) / dm §(m) fr(m, ¢/, Z(t"), (1.10)
0 0.1Mg

where fy (m, t, Z(t/)) is the spectrum of a star with mass m, age |t —t'|, and initial
metallicity Z(t'). In equation (1.10), the integrated galaxy spectrum is computed
by summing up only the contribution of the stars which can be still observed as
alive at the time ¢.

The rate of death of stars. A fundamental quantity for chemical evolution models
is the rate of death of the stars as a function of the galaxy lifetime. This quantity
can be computed if we know the behavior of the galaxy star formation rate as a
function of time, the initial mass function and the stellar lifetimes. In particular,
the rate of death of the stars having mass in the range m; < m < mg, at the time
t of the galaxy evolution, is given by the following formula:

ma2

R(t) = /dmgb(m)@/}(t—Tm), (1.11)

mi

where — with the purpose of simplifying the formula — we have assumed that the
galaxy has undergone a continuous star formation activity over its entire lifetime
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and that the time ¢ is such that m,.x(0,1) < mi. We remind the reader that the
quantity 7, in equation (1.11) represents the lifetime of a star with mass m.

The physical meaning of equation (1.11) is that each single time ¢’ < ¢ of the
galaxy evolution is univocally associated to a particular star, which was born at
the time ¢’ and dies at the time ¢, having mass m such that its corresponding
lifetime is 7, = |t — t’|. Stars with very small stellar masses are associated to
the earliest stages of the galaxy evolution, while massive stars can only come from
epochs which are very close to the present time.

The monotonic (continuously decreasing) relation between the stellar lifetimes
and stellar mass allows us to rewrite the integral over mass in equation (1.11) as
an integral over all the previous times of star formation; in fact, as aforementioned,
each star dying at the time t originated at a given previous time ¢’ < ¢, which
is univocally determined by the initial stellar mass. In particular, we can rewrite
equation (1.11) as follows.

R(t) = /dr‘dm(T) ] d(m) bt — 1), (1.12)

where the quantity m(7) represents the inverse stellar lifetimes, namely the mass
of a star with lifetime 7. Usually, chemical evolution models compute the quantity
R(t) by using equation (1.12).

The stellar restitution rate of chemical elements. Let us assume that px(m, Z)
represents the stellar nucleosynthetic yields of the chemical element X, namely
the mass in the form of the chemical element X which is freshly synthesized by a
star with mass m and metallicity Z, and later ejected into the galaxy interstellar
medium at the stellar death (see also Section 1.2.4). The rate of restitution of the
newly produced quantity of X, by all the stars with mass in the range m; < m <
ma, at the time ¢, can be computed by means of the following formula:

ma2

Rx(t) :/dmgb(m)@b(t—Tm)px(m,Z(t—Tm)). (1.13)

mi1

In equation (1.13), the initial mass function plays a fundamental role, together with
the stellar lifetimes. In particular, the initial mass function gives different weights
to stars (and hence stellar yields) belonging to different mass ranges, whereas the
stellar lifetimes regulate the delay time with which stars enrich the interstellar
medium at their death. Low-mass stars have the highest weights in the initial mass
function but also the largest typical lifetimes; hence low-mass stars are expected
to heavily pollute the interstellar medium with their nucleosynthetic products on
long typical time-scales. On the other hand, massive stars enrich the interstellar
medium on very short typical time scales from the star formation event.
In chemical evolution models, it is customary to assume:

o M1 = Mpax(0,t) = mp(t), which is the minimum mass of the stars dying
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at the time t (“D” stands for “dead”) or, equivalently, the maximum mass
of the stars alive at the time t. This quantity continuously decreases as a
function of the galaxy lifetime.

e my = 100Mg, which is the assumed maximum stellar mass that can be
formed in the star formation process.

By comparing equation (1.13) with equation (1.10), lying at the basis of chemi-
cal and spectro-photometric galaxy evolutionary codes, respectively, we can appre-
ciate that the population of stars contributing to the galaxy chemical enrichment
are complementary with respect to the stars contributing to the galaxy integrated
light. In particular, chemical evolution is determined by all the stars dying at the
time ¢, while the integrated galaxy light is given by all the stars still alive at ¢.

1.2.4 The nucleosynthetic stellar yields

As already anticipated in the discussion above, the amount of mass of the newly
formed chemical element X, as synthesized by a star during its various evolutionary
phases, is called stellar yield of the chemical element X. The assumed stellar
yield database is probably the most important quantity for the development of an
accurate galaxy chemical evolution model.

Stellar yields are provided by stellar evolutionary models; many groups in the
astronomical community compete in the development of these models. The com-
plexity and accuracy of stellar models have reached nowadays very high levels, since
they are capable of taking into account most of the relevant physical processes influ-
encing the production and diffusion of the chemical elements within stars, together
with a very accurate treatment of the thermodynamics of the stellar interiors. For
example, the most advanced stellar models take into account the combined effect
of stellar rotation, convection and mass loss. Most of the stellar models are able
to compute the explosive nucleosynthesis of the chemical elements, by assuming a
particular Supernova explosion mechanism and by including a comprehensive net-
work of nuclear reactions which are solved together with the differential equations
for the stellar evolution.

Although a lot of progress has been made in the development of the stellar
models in the last decades, there is still not a consensus in the literature about
the precise values of the nucleosynthetic stellar yields; the typical difference in the
final chemical abundances, as introduced by the assumptions of different stellar
yield compilations, is of the order of ~ 0.2dex. Although the uncertainty is still
not negligible for most of the chemical elements, the majority of the works in the
literature agree about the production mechanism and site of the various chemical
elements within stars. Nevertheless, concerning this point, there are still few (im-
portant) open problems, such as the primary nitrogen production in massive stars,
at very low metallicity; the Eu nucleosynthesis (recently, an alternative scenario
with respect to the classical r-process in massive stars has been proposed, namely
the Eu nucleosynthesis in neutron star mergers); the chemical elements produced
by the first Population III of stars. In summary, there are chemical elements (like
oxygen) for which stellar models converge towards an agreement for their stellar
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yields; for other chemical elements (like titanium, and some other a-elements) the
situation is still critical and their stellar yields are not reliable.

Chemical elements can be produced by stars either during the hydrostatic ther-
monuclear burnings (this is valid both for low- and intermediate-mass stars and
massive stars), or through the final explosive thermonuclear burnings, occurring as
massive stars eventually explode as core-collapse Supernovae. Although the release
of the chemical elements into the galaxy interstellar medium might be continuous
as the star evolves towards the latest evolutionary phases and stellar winds de-
velop, chemical evolution models assume that the chemical enrichment occurs at
the “stellar death”, namely at the end of the stellar lifetime, in a cumulative way.

As aforementioned, the stellar yields are provided in the literature as functions
of the stellar mass and metallicity. There is still some confusion in the literature
about the exact definition of “stellar yield”; in particular — although the original
works define the stellar yields by including only the fresh chemical elements as
newly formed by the star — many works define it as the total amount of X which
is expelled by the star at its death. The two quantities are conceptually different;
in this Thesis, we will conform to the original definition.

The following equation explains how to recover the stellar yield of the chemical
element X from the total amount of X which is expelled by the star:

px(m,Z) :Mej’X(m,Z)—ZX (m—Mrem(m,Z)), (114)

where px represents the stellar yield of X; the quantity M,; x is the total amount
of X ejected by the star at its death; Zx is the abundance by mass of X in the
original gas mixture from which the star originated; finally, M;en, represents the
stellar remnant, as left by the star at its death. The second addend in the right-
hand side of equation (1.14) represents the original quantity of X which is ejected
without being nuclearly processed by the star.

In chemical evolution models, stars are broadly sub-divided into two main
classes, according to their initial mass and hence their final fate: a) low- and
intermediate-mass stars (0.8 < m < 8 M), which end their lives as white dwarfs;
b) massive stars (m > 8 M), exploding as core-collapse Supernovae and leaving a
neutron star or a black hole as a remnant. We remind the reader that stars with
m < 0.8 Mg have lifetimes equal or larger than the Hubble time and hence they
play a marginal role in chemical evolution models, since they do not contribute to
the galactic chemical enrichment.

In what follows, we schematically summarize the contribution of the two classes
to the chemical enrichment of galaxies.

Low- and intermediate-mass stars

The stars with 0.8 < m < 8 Mg are the most important producers of “He, '2C,
13C, 1N, 170 and s-process elements like Ba, La, Sr and Zr in the Universe. Low-
and intermediate-mass stars play also a fundamental role in the dust production,
from the asymptotic giant branch to the planetary nebula phase. Their atmosphere
starts being very diffuse during the asymptotic giant branch phase, along which
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Figure 1.5: In this figure, we show the Ventura et al. (2013) stellar yields of low- and
intermediate-mass stars for carbon (dashed blue line), oxygen {dashed-dotted red line), pri-
mary nitrogen (dotted black line) and secondary nitrogen (solid black line}, as computed at
Z = 0.0003, 0.001, 0.004, 0.008, 0.018, and 0.04. The various quantities do not include the
amount of ejected mass which was initially present in the star and has not been nuclearly
processed; so the finding of negative values for the stellar yields means that the final total
ejected amount of the generic element X is smaller than the one which was initially present
in the star at its birth and has been later ejected into the interstellar medium without any
nuclear processing.

these stars move towards very high luminosities and low effective temperatures;
then, intense stellar winds can develop and the chemically enriched material in the
outer atmosphere can diffuse into the interstellar medium, crucially contributing
to the galaxy chemical enrichment.

An important role during the evolution of asymptotic giant branch stars is
played by the so-called “dredge-up” episodes, which are due to a deeper surface
convection in the star, establishing itself after each thermal pulse and bringing the
nucleosynthetic products from the inner burning zones towards the outer enve-
lope. Particularly important for chemical evolution studies is the third dredge-up
in asymptotic giant branch stars, since it can occur in conjuction with the so-called
“hot-bottom burning”, which is the CNO burning at the base of the convective
envelope in the outer shell of the star: in this way, the C and O nuclei, as syn-
thesized in the inner He burning zone, can be brought by convection towards the
outer CNO burning zone, where 13C and N can be later synthesized.

The amount of *N which is produced during hot-bottom burning is called to
have a primary origin, since it is synthesized only at the expense of the H and He
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originally present in the star at its birth; in fact, the C and O nuclei — after being
produced by the star through the triple-a process in the inner He-burning zone —
migrate to the outer H-burning shell where they are used to synthesize “primary”
N. Nevertheless, '*N has mostly a secondary origin in low- and intermediate-mass
stars, since in the majority of the cases the CNO cycle involves C and O nuclei
which were already present in the stars at its birth.

In summary, the stellar yields of the secondary elements scale with the initial
metallicity of the star, since their nucleosynthesis crucially depends upon the initial
amount of metals in the star (they act as seeds for the production of the secondary
elements), while the stellar yields of the primary elements do not correlate with
metallicity, since the metals which might be necessary for their production are
synthesized by the star itself.

Beyond nitrogen, the other very important chemical element which is syn-
thesized by low- and intermediate-mass stars is carbon. In particular, the most
important carbon producers are the stars with mass in the range 1 < m < 3Mg,
which — incidentally — also significantly contribute to the initial mass function.
Stars within that mass range are also responsible for the production of Ba and
other heavy s-process elements, like Sr or La.

In summary:

o Low-mass stars with mass in the range 0.08 < m < 0.5 Mg only ignite H in
their core. They die as He-white dwarfs and their helium core is supported
against further collapse by the electron-degeneracy pressure. Their core be-
comes electron-degenerate before reaching the necessary temperatures for
the He burning.

o Low-mass stars with mass in the range 0.5 < m < 2.25 Mg end their lives as
CO white dwarfs. Before leaving the red giant branch, they are character-
ized by a highly electron-degenerate helium core. At the tip of the red giant
branch, namely at the time of the He ignition, the helium core has grown up
to a value which is predicted to be always around ~ 0.48-0.50 M. Then, as
first triple-a reactions start in the core, they cause a sudden increase in the
central temperature of the star, which is not accompanied by an expansion of
the core, since it is still highly electron-degenerate. Therefore, stellar mod-
els predict a sort of positive feedback between the central temperature and
the triple-a reaction rate; in particular, they predict a “thermal runaway”
together with a very large release of nuclear energy over very a short amount
of time (few seconds). Roughly speaking, a spike is predicted to occur in
the light curve of these stars (that is the so-called helium flash), as they
start burning helium in their core and hence start moving towards the blue
horizontal branch.

o Intermediate-mass stars with mass in the range 2.25 < m < 8 Mg end their
lives as CO white dwarfs. They are predicted to leave the red giant branch
with a non-degenerate helium core, without any helium flash.

The first widely assumed stellar yield compilation for low- and intermediate-
mass stars is the one by Renzini & Voli (1981). Then, the work by van den Hoek
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Figure 1.6: In this figure, we report the ejected mass of oxygen as a function of the progenitor
mass, for different initial stellar metallicities. This set of stellar yields is from Romano et al.
(2010). The solid line in black corresponds to the stellar yields at Z = 1.0 x 10~ '°; the dashed
line in red to Z = 1.0 x 10~2; the black dotted line to Z = 1.0 x 1073 the dashed-dotted line
in blue to Z = 3 x 1072, and the green squares to the stellar yields at Z = 2.0 x 10~ 2.

& Groenewegen (1997) provided a detailed compilation of stellar yields for stars
with mass in the range 0.8 < m < 8Mg and metallicities Z = 0.001, 0.004,
0.008, 0.02, and 0.04. A more recent compilation of stellar yields for low- and
intermediate-mass stars is the one by Karakas (2010), which is assumed by almost
all the current chemical evolution models which are capable of reproducing the
Milky Way chemical abundance patterns (Romano et al., 2010). Finally, a recent
stellar yield compilation is the one provided by the Paolo Ventura’s group at the
Astronomical Observatory of Rome (see, for example, Ventura et al. 2013), which
has been assumed by Vincenzo et al. (2016b) to reproduce the N and O abundances
as observed in a sample of Sloan Digital Sky Survey galaxies.

In Fig. 1.5, we show how the stellar yields of Ventura et al. (2013) for C,
O, and primary and secondary N vary as functions of the initial stellar mass, for
different metallicities. The stellar yield of a given chemical element X is defined as
the ejected amount of mass of the newly formed X. By looking at the figure, the
stellar yields of secondary N increase with metallicity, by means of the consumption
of the C and O nuclei originally present in the star. In fact, during the CNO
cycle, the global abundance of the CNO nuclei remains constant, while the relative
abundances of each CNO element can significantly vary. By looking at Fig. 1.5,
the stellar producers of primary N have masses in the range between ~ 3 Mg and
6 M. Furthermore, the production of primary N does not show any correlation
with the consumption of the original C and O in the star, as expected.
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Figure 1.7: In this figure, we show how the ejected mass of oxygen vary as a function of
the progenitor mass, for different initial stellar metallicities, when assuming the Nomoto et al.
(2013) stellar yields. The solid line in black corresponds to the stellar yields at Z = 0.0; the
dotted line in black to Z = 1.0 x 10™2; the dashed-dotted line in blue to Z = 4.0 x 10™2; the
solid line in magenta to Z = 8.0 x 1073 the solid line in green to Z = 2.0 x 1072, and the
solid line in cyan to the stellar yields at Z = 5.0 x 1072,

Massive stars

Massive stars are defined as having mass m 2 8 M, although the limiting mass is
still highly uncertain. In summary:

22

o Stars with mass 8 < m < 10 Mg give rise to the so-called “super asymptotic

giant branch stars” and develop an electron-degenerate O-Ne-Mg core; as
the core reaches a critical density of the order of ~ 4 x 10° g cm™3, corre-
sponding to a mass around ~ 1.38 M, e-captures onto the Mg nuclei cause
the degenerate pressure to decrease and the core to collapse; then, the O

explosively ignites, giving eventually rise to an e-capture Supernova.

Stars with mass in the range 10Mgy < m < Mwr(Z) give rise to Type II
Supernovae and are the most important metal-producers in the Universe,
despite the fact that their contribution in the initial mass function is much
minor with respect to low-mass stars. Mg is the minimum mass for the
formation of a Wolf-Rayet star, which is highly uncertain since it depends
on the prescriptions about the stellar mass loss, which in turn depend both
on the initial stellar mass and on the metallicity (the higher the metallicity,
the lower turns out to be Mwg). Massive stars, before exploding as Type 11
Supernovae, develop an onion-like structure with a central non-degenerate
iron core and a series of surrounding burning shells (Si, O, Ne, C, He, and H,
from inside out). As the iron core reaches the Chandrasekhar’s mass limit
Mcy ~ 1.44 Mg, because of the continuous accretion of iron-group elements
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from the surrounding Si burning shell, the electron-degeneracy pressure can-
not prevent anymore the core from the gravitational collapse. The iron core —
as it collapses and reaches always higher densities — passes through the stages
of “photo-disintegration” of the iron nuclei and a-particles, and finally “neu-
tronization”. At the end, these stars can leave either a neutron star or — if
the degeneracy pressure of the neutrons cannot sustain the core (this occurs
for core masses 2 3Mg) — a black hole as remnants. During the violent
core-collapse, a Supernova explosion of Type II takes place. They can enrich
the interstellar medium either through stellar winds, as the star evolves in
its “normal” evolutionary stages, or at the very final explosive stages, as the
burning shells are partly blown away by the shockwaves originating from the
so-called “core bounce”, which takes place when the collapsing core reaches
so extremely high densities that the strong nuclear forces suddenly halt the
collapse; the mass expulsion is later reinforced by high-energy neutrinos. The
limiting initial mass of the star for the formation of a black hole is still highly
uncertain; it is thought to be of the order of ~ 40 M. The presence of a
black hole as a remnant might cause the fallback of a substantial part of the
expelled material, hence strongly reducing the stellar yields. Concerning the
nucleosynthesis of the chemical elements, %0 is mostly produced during the
hydrostatic He burning; 2>Na during the hydrostatic C, Ne and H burnings;
24Mg and 27 Al during the hydrostatic C and Ne burnings; 2®Si and 4°Ca can
be produced both during the hydrostatic and during the explosive O burn-
ing: finally, chemical elements like *®Ti, 52Cr, ®*Mn, and °°Fe are mainly
synthesized during the explosive Si burning. A fraction of the neutrons pro-
duced by the iron photo-disintegration could be successively involved in the
production of r-process elements like Eu.

Stars with mass in the range Mwr(Z) < m < 100Mg undergo very in-
tense stellar winds which remove their external H-rich envelopes. They be-
come Wolf-Rayet stars and are expected to die by eventually exploding as
Type Ib/c Supernovae, which are currently thought to be directly linked to
long Gamma Ray Bursts, because of the observed similarity of their spectra.
These stars contribute to the galaxy chemical enrichment mainly with “He,
12¢, 13C, 22Ne, N, and '®0, concerning the hydrostatic chemical elements;
the heavier chemical elements are synthesized during the final Supernova
explosion.

The most widely used compilation of stellar yields for massive stars is the one by
Woosley & Weaver (1995). A recent compilation of stellar yields for massive stars is
the one assumed by Romano et al. (2010), where the He, C, N and O stellar yields
are taken from the results of the Geneva stellar models of massive stars, taking
into account the combined effect of mass loss and rotation, but only assuming
hydrostatic burning (Meynet & Maeder, 2002; Hirschi et al., 2005; Hirschi, 2007;
Ekstrom et al., 2008); for heavier elements, Romano et al. (2010) assume the stellar
yields of massive stars by Kobayashi et al. (2006), which do include standard mass
loss and the explosive nucleosynthesis but not the effect of rotation.

The mass loss driven by rotation turns out to be particularly important at
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almost solar metallicity and above in depressing the oxygen stellar yields of the most
massive stars (M 2 30-40 Mg). In fact, mass loss increases with stellar metallicity
and stars of high metal content loose H, He, but also C, through radiatively line
driven winds. Therefore, the C production is increased by mass loss whereas the
oxygen production is decreased, since part of C which would have been transformed
into O, is lost from the star (Maeder, 1992). Finally, the effect of rotation is to
produce mixing and enhances mass loss, with the efficiency of the mixing process
being larger at lower metallicities (see also Chiappini et al. 2008, and references
therein).

An other compilation of stellar yields of massive stars is the one by Nomoto
et al. (2013), which is a review, combining the results of the works by Nomoto et
al. 2006; Kobayashi et al. 2006, 2011. Finally, an other group working on stellar
evolutionary models of massive stars is the one of Marco Chieffi and Paolo Limongi
at the Astronomical Observatory of Rome, who include in their models the com-
bined effect of mass and rotation and take into account also the final explosive
nucleosynthesis (Chieffi & Limongi, 2013).

In Figures 1.6 and 1.7, we show how the oxygen stellar yields of Romano et
al. (2010) and Nomoto et al. (2013), respectively, vary as functions of the initial
stellar mass and for different metallicities. The Geneva stellar yields are available
only up 60 My and we therefore assume in our standard case that the yields from
60 to 100 M are constant. On the other hand, the stellar yields of massive stars
of Kobayashi et al. (2006, included in Romano et al. 2010, for the elements heavier
than oxygen) and Nomoto et al. (2013) are available only up to 40 Mg and thus
we keep them constant for stars with larger initial mass. We remark on the fact
that very massive stars are expected to leave a black hole as a remnant; therefore,
a significant fraction of the stellar nucleosythetic products in the ejecta of very
massive stars may eventually fall back onto the black hole. This process might
cause a reduction of the stellar yields of very massive stars.

1.2.5 Type la Supernovae

Type la Supernovae play a fundamental role both in the pollution and in the heating
of the interstellar medium of galaxies. Each Type Ia Supernova releases an amount
of energy which is ~ 10°! erg; moreover, Type Ia Supernovae are responsible for
the nucleosynthesis of most of the iron and iron-peak elements in galaxies, together
with a significant amount of silicon, calcium and other light elements. Therefore,
the effect of Type Ia Supernovae must be taken into account by the galaxy evolution
models which aim at being accurate and complete.

Type Ia Supernovae are observed to explode in all kind of galaxies, from the
early to the late morphological types, at variance with Type IT Supernovae which
are preferentially observed to explode in the late-type star-forming ones. Further-
more, as Type la Supernovae explode, they do not leave any remnant and almost
all the material is explosively synthesized to eventually produce large amounts of
iron; in Type II Supernovae, the majority of the iron remains “locked up” in the
remnant. That explains why Type Il Supernovae do not contribute to the iron
chemical enrichment as Type Ia Supernovae.
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Type Ia Supernovae have been extensively used as standard candles in the past
because they display a nearly universal light curve profile, which is powered by
the decay of almost ~ 0.6 My of °Ni into 56Co (it takes nearly 9 days), which
eventually decays into *°Fe after roughly 114 days. From an observational point
of view, the spectra of Type Ia Supernovae do not show any evidence of H or He
lines and — at the peak of the light curve — they clearly display silicon and sulphur
lines; later on, strong iron lines appear.

Two alternative models have been proposed in the literature to explain the
origin of Type Ia Supernovae. Both scenarios involve an (electron-degenerate) CO
white dwarf, belonging to a binary system and exceeding — at a certain point of
its evolution — the Chandrasekhar mass limit; this happens (a) either because of
the mass transfer from a main sequence or red-giant companion (this is the so-
called single-degenerate scenario), or (b) because of the coalescence with an other
CO white dwarf, which lost angular momentum via gravitational wave emission
and eventually collided with the companion, undergoing the same process (double-
degenerate scenario). In both cases, deflagration rather than detonation is needed
to ignite carbon and propagate the burning front; in fact, deflagration is the only
mechanism with which there is a significant nucleosynthesis of chemical elements
lighter than the iron-peak ones, in agreement with what is observed in the spectra
of all Type Ia Supernovae.

In summary, the mechanism for the explosion of Type Ia Supernovae involves
low- and intermediate-mass stars, which must have masses in the range 0.8 < m <
8 Mg, in order to have a CO white dwarf in a Hubble time. Therefore, Type Ia
Supernovae can explode over a large range of typical time-scales from the star
formation event, from a minimum time delay which is nearly ~ 30 Myr (this is
almost the lifetime of an 8 M star) to a Hubble time. In the single-degenerate
scenario, we have two low- and intermediate-mass stars: the most massive one is
the so-called primary star, which becomes an electron-degenerate CO white dwarf
and accretes material from the companion; the less massive one is the so-called
secondary star, which evolves more slowly and feeds the (primary) CO white dwarf
with its stellar wind. The main parameter which regulates the “clock” for the
explosion is given by the mass of the secondary star, since the mass primarily
determines the lifetime of the star.

The Type Ia Supernova rate in galaxies can be theoretically recovered if we
know the galaxy star formation history and the distribution function of the delay
times with which Type Ia Supernovae explode since the formation of the original bi-
nary system. Many Delay Time Distributions have been proposed in the literature
to reproduce the Type Ia Supernova rate in galaxies.

By definition, the Delay Time Distribution of Type Ia Supernovae, DTDy,(7),
is the response of the Type Ia Supernova rate to a burst of star formation (namely,
to a Dirac delta function in the star formation history): after a time 7 from the
burst of star formation, it gives the number of Type Ia Supernovae exploding per
unit time. By following the formalism originally developed by Ruiz-Lapuente &
Canal (1998), the Type Ia Supernova rate, Ry,(t), is defined as the convolution of
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the galaxy star formation rate with a suitable Delay Time Distribution, as follows.

min(t,72)
Ria(t) = Cra / dT DTDyu (1) 9(t — 1), (1.15)

T1

where 7 and 7o are suitable values depending on the adopted scenario for the
DTD. The normalization constant Ci, is related to the fraction of stars in the
binary systems giving rise to Type la Supernovae and it can vary from galaxy
to galaxy and is usually determined by fitting the observed present-day Type Ia
Supernova rate in galaxies, when observed.

In Vincenzo, Matteucci & Spitoni (2016), we have proposed an alternative
method to compute the constant Cp, in the models, providing an excellent agree-
ment with the observed chemical abundance patterns of the Milky Way. In partic-
ular, observations suggest an integrated number of Type Ia Supernovae in galaxies,
which is ~ 1 Supernova per M, = 103 Mg of stellar mass formed, with a scatter
of about 2-10 around this value (Bell et al., 2003; Maoz et al., 2014). Therefore,
the normalization constants of the Delay Time Distributions can be chosen so as
to fulfill this criterium; in particular, the constant Cr, in equation (1.15) can be
computed by requiring the following constraint:

f(f “dt’ Ria(t') _ 2Supernovae

Jiear gy 10°Mg

: (1.16)

where the numerator represents the integrated number of Type Ia Supernovae and
the denominator the total galaxy stellar mass formed.

In what follows, we briefly summarize the main ways which have been proposed
in the literature for modeling the Type Ia Supernova rate in galaxies.

Double degenerate scenario According to Greggio (2005), the double degenerate
scenario — in which Type Ia Supernovae originate from binary systems of white
dwarfs losing angular momentum via gravitational wave emission — can be modeled
by assuming DTDy,(7) o< 1/7 (see also Totani et al. 2008), which provides almost
the same final results for the Type la Supernova rate in galaxies as the Delay Time
Distribution proposed by Schonrich & Binney (2009).

Bimodal Delay Time Distribution An other widely used Delay Time Distribution
often assumed in the literature is the so-called “bimodal Delay Time Distribution”
as determined by Mannucci et al. (2006). It was originally defined with the following
functional form:

(1 —1)?

DTDy,(7) = Cha [Al exp (—20—/2

) —|—A2€Xp<—7’/7’D>j|, (1.17)

where the constants A; ~ 19.95 and Ay ~ 0.17 guarantee that the two terms in
the equation equally contribute by 50 per cent; the parameters determining the
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prompt Gaussian function are 7/ = 0.05 Gyr and ¢’ = 0.01 Gyr; finally, the time
scale of the tardy declining exponential component is 7o = 3 Gyr.

Single degenerate scenario If Type Ia Supernovae are assumed to originate from
the C-deflagration of a white dwarf accreting material from a red giant or main
sequence companion (the single degenerate scenario), then the Type Ia Supernova
rate can be computed by means of the following theoretical formula (Greggio &
Renzini, 1983; Matteucci, 1986; Matteucci & Recchi, 2001):

16 Mg 0.5
Ria(r,t) = Ap / Mg ¢(Mp) / i F() bt =)y (L18)
3 Mg 0.158

where the binary fraction Ap can be determined with equation (1.16) and can
span the range ~ 0.01-0.1, according to the assumed initial mass function and
the galaxy under study; Mg = mi + mo is the total mass of the binary system:;
i = mo /Mg is the mass fraction of the secondary star, the “clock” for the explosion,
and f(p) = 2177 (1 + ) i represents the mass distribution of the secondary star,
with v = 2. Therefore, in this formalism, the primary star (the most massive and
finally exploding one) has mass m; = (1—p)Mp, while the secondary (less massive)
star is characterized by ms = pMp and lifetime 7 = 7,,,,. Both m; and mqy are
usually defined in the mass range 1.5 < m < 8.0 Mg, to ensure the Chandasekhar
mass to be reached at the final evolutionary stage of both stars.

1.2.6 The stellar delay time distribution

We can rewrite equation (1.12), to define the stellar delay time distribution (Vin-
cenzo, Matteucci & Spitoni, 2016). In particular, if a given chemical element X is
restored into the galaxy interstellar medium by long-lived stars with mass in the
range m1 < m < mso, the rate of death of its stellar producers at a given time ¢ of
the galaxy evolution and at a given galactocentric radius r can be written by the
following formula:

T2

= /dTDTD*(T)ZZ)(t—T), (1.19)

T1

where 7, represents the lifetime of a star with mass m; m(7) the mass of a star
with lifetime 7; ¢(m) the assumed initial mass function and, finally, ¥ (¢) the star
formation rate. By looking at equation (1.19), the delay time distribution of long-
lived stars is a universal function and it only depends upon the inverse stellar
lifetimes and the initial mass function, according to the following formula (see also
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Figure 1.8: In this figure, we show how the stellar delay time distribution varies as a function
of the delay time, for different initial mass functions. Bottom-heavy initial mass functions like
the one by Kroupa et al. (1993, hosting a large number of low- and intermediate-mass stars)
predict large delay times for the chemical enrichment to be more frequent than top-heavy
initial mass functions like the one by Chabrier (2003, with a large number of massive stars).

Ciotti et al. 1991; Greggio 2005):

dm(T)
dr

DTD,(7) = ’ ’qﬁ(m(T))- (1.20)
The quantity DTD, (7) physically represents the number of stars with mass m and
lifetime 7,,, = 7, which are expected to die at the time t = 7 from a burst of star
formation at t = 0, per unit mass of the simple stellar population and per unit
time of duration of the burst. In Figure 1.8, we show how DTD,(7) is predicted
to evolve as a function of the delay time 7, for different initial mass functions. As
expected, large delay times turn out to be more frequent if the assumed initial
mass function contains also larger numbers of low- and intermediate-mass stars.
In Figure 1.8, we assume the stellar lifetimes of Padovani & Matteucci (1993). An
example of bottom-heavy initial mass function is the one by Kroupa et al. (1993),
which is usually assumed for modeling the chemical evolution of the Milky Way
(see also Romano et al. 2010).

1.3 The galaxy chemical evolution models

In this Section, we review the differential equations which are solved by numerical

codes of chemical evolution, we describe in detail the various terms in the equations
and the method to solve them. The books by Matteucci (2001, 2012) and Pagel
(2009) present an exhaustive and detailed description of chemical evolution models.
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1.3.1 The differential equations for the galaxy chemical evolution

By defining o x (7, t) as the surface gas mass density of the generic chemical element
X within the galaxy interstellar medium at the time ¢ and galactocentric radius r,
the chemical evolution models solve the following integro-differential equation:

dox(r,t
XD _ (o) (o) + R (r,8) ~ Ox (1) +
dt -~ ——— N —
star formation yields outflows
+Ix(rt)+ Fx(rt) + Mx(rt) , (1.21)
N———— ———— ———
infall radial gas flows  stellar migrations

where Zx(r,t) = ox(r,t)/osm(r,t) is the abundance by mass of the chemical
element X within the galaxy interstellar medium, defined such that ), Z;(r,t) =1,
where the sum is over all the metals. The quantity ¢ (r,t) represents the galaxy
star formation rate with the units of My yr~! pc=2. We remark on the fact that
equation (1.21) refers to the evolution of the chemical abundances within the galaxy
interstellar medium; we can make direct comparisons between the predictions of the
models and the observed stellar abundances both because stars have a distribution
of ages at the present time and because their atmosphere is assumed to retain the
chemical composition of the galaxy interstellar medium at the stellar birth. The
physical meaning of the various terms in the right-hand side of equation (1.21) are
summarized in the following subsections.

Astration of metals due to the star formation activity

The first term in the right-hand side of equation (1.21) represents the amount
of the chemical element X which is removed per unit time and surface from the
galaxy interstellar medium because of the star formation activity. Usually, chemical
evolution models assume for the star formation rate a Schmidt-Kennicutt law,
namely

W(r,t) oc v(r) ogas(r, )", (1.22)

where v(r) is the so-called star formation efficiency, a free parameter of the model,
which has the units of Gyr~! and physically represents the inverse of the typical
time-scale over which the gas mass within the galaxy would be consumed if only
the star formation activity process were present. The total galaxy surface gas
mass density ogas(r,t) is computed as the sum of the surface gas mass densities
of all the chemical elements X, from hydrogen to the heaviest ones. Many works
assume a threshold in the surface gas mass density below which the star formation
is suppressed; such a threshold is about ogas tn ~ 5-10 Mg pc~2 for the Galaxy disc,
according also to the works of Kennicutt (1989, 1998); Martin & Kennicutt (2001);
Boissier et al. (2003); Schaye (2004).
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Restitution rate of metals from dying stars and Supernovae

The second term in the right-hand side of equation (1.21) lies at the core of chemical
evolution models, since it represents the rate with which the chemical element X
is returned back into the galaxy interstellar medium by dying stars (low- and
intermediate-mass stars through their asymptotic giant branch phase and core-
collapse Supernovae) and Type Ia Supernovae. Hence this term subsumes all the
prescription about the Supernova progenitor models and stellar nucleosynthetic
yields. Its mathematical form consists in a sum of integrals, each having the same
form as equation (1.13) and corresponding to the contribution of the stars in a
given mass range.

Most of chemical evolution models assume for the restitution rate of the chem-
ical element X the following sum of integrals, where the single degenerate scenario
is assumed for modeling Type Ia Supernovae (see also equation 1.18):

3Mg

R (r,) = / dm §(m) ¥ (t = ) px (m, Z(t = 7)) +
Miow (1)
16 Mg
+ (1 Ap) / dm ¢(m) ¥ (t — 7m) px (m, Z(t — 7n)) +
3Mg
100 Mg
+ / dm ¢(m) ¢ (t — ) px (m, Z(t — 7n)) +
16 Mg

+ (px1a) Ria(r,t), (1.23)

where the quantity px(m, Z) corresponds to the nucleosynthetic stellar yield of
the chemical element X of a star with initial mass m and metallicity Z; the stellar
yields represent a fundamental assumption of the models.

The first and the third integrals in equation (1.23) represent the contribution
of low-mass stars (ending their lives as CO white dwarfs) and massive stars (ex-
ploding as core-collapse Supernovae), which are not in the same mass range of the
binary systems giving rise to Type Ia Supernovae (which is 3 < Mp < 16 Mg,
see also equation 1.18); the quantity mjow (t) represents the minimum mass of the
stars which can die at the time ¢: this quantity diminishes as a function of the
galaxy lifetime and cannot be lower than 0.8 M. Furthermore, the last term in
the right-hand side of equation (1.23) corresponds to the restitution rate of the
chemical element X by Type Ia Supernovae, with (px 1) being the nucleosynthetic
products of Type Ia Supernovae; in the most sophisticated models, like the one
of the Matteucci’s group, the last term includes also the chemical elements which
are restituted by the primary (most massive) star of the binary system during the
asymptotic giant branch phase, before becoming a CO white dwarf and exploding
as Type la Supernova.

Finally, the third integral in equation (1.23) represents the chemical enrichment
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by single stars which have the same mass as the whole binary systems giving rise
to Type Ia Supernovae and end their lives either as CO white dwarfs or as core-
collapse Supernovae.

Galactic winds

The third term in the right-hand side of equation (1.21) takes into account the
possibility for the galaxy to lose gas via galactic winds, which are assumed to
develop when the thermal energy of the gas — as heated by Type II and Type Ia
Supernovae, and stellar winds from low- and intermediate-mass stars — exceeds the
binding energy of the gas to the galaxy potential well, according to the formulation
as presented in Bradamante et al. (1998, see also Pipino et al. 2002).

The outflow rate is assumed to be directly proportional to the star formation
rate, namely

Ox(r,t) =wx (r,t), (1.24)

where the parameter wx represents the so-called mass loading factor. Observations
generally suggest that star-forming galaxies experience time-averaged outflow load-
ing factors of order unity (Lilly et al., 2013; Peng et al., 2015; Belfiore et al., 2015;
Lu et al., 2015) at stellar masses around log(M, /Mg) ~ 10, close to the knee of
the luminosity function. It is, however, likely that less massive galaxies experience
much higher loading factors. The mass loading factor might be the same for all
the chemical elements (in this case we refer to a “normal wind”), or preferentially
carry out of the galaxy potential well some chemical elements rather than others
(“differential wind”); nevertheless, the assumption of a differential galactic wind
is highly uncertain and it does not rely on firm theoretical and observational find-
ings; further detailed investigations are needed, by looking — for example — at the
chemical abundances in the halo of the MW or in quasar absorption lines, which
were also related in the past to galactic winds.

The assumption of a differential outflow enhanced in the a-elements might be
justified by the fact that massive stars (the progenitors of core-collapse Supernovae
and the most important oxygen producers in the Universe) are observed to be
highly clustered and so, as they explode, they create a region of the interstellar
medium in which the filling factor closely approaches to unity; hence the ejecta of
Type II Supernovae might gain enough thermal energy to escape from the galaxy
potential well (see Marconi et al. 1994; Recchi et al. 2001). An opposite result
has been obtained by Recchi et al. (2001), by simulating the effect of a burst of
star formation on the chemical and hydrodynamical evolution of a dwarf irregular
galaxy. In particular, Recchi et al. (2001) found that iron should be lost easier
than a-elements, firstly because Type Ia Supernovae can inject into the galaxy
interstellar medium more energy than Type II Supernovae; secondly, Type Ia Su-
pernovae are characterized by longer typical time scales than Type II Supernovae
and hence they release their nucleosynthetic products in an interstellar medium
which has been already perturbed and heated by a large number of Type II Su-
pernovae. Nevertheless, the results of Recchi et al. (2001) might not be correct for
the case of a continuous star formation activity, lasting several billion years as in
most of the galaxies in the Universe.
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As aforementioned, galactic winds are assumed to develop when the gas thermal
energy, Eggs(t) exceeds its binding energy, Egas(t), namely when:

th b

Eas(t) 2 Egag(t). (1.25)
The gas thermal energy is computed by summing up the contributions of Type

Ia and Type II Supernovae and stellar winds, according to the following formula:

Eégs( ) = Bk (t) + ESu(t) + Eba (1), (1.26)

where E (¢), B (t) and E&L,(¢) are the energy fraction deposited in the gas by
stellar winds from massive stars and by Type Ia and Type II Supernova explosions,
respectively. Not all the energy produced in these events is stored into the galaxy
interstellar medium, since a fraction of it can be lost by cooling. The supernova
contributions are given by:

¢
Efmu(t) = / dt’ esnm R (1), (1.27)

and:

t
ESNIa( ) —/ dt’ €sn1a Rsnta(t'), (1.28)
0

with Rgnir(t) and Rgnia(t) being the rates of Type IT and Type Ia Supernova ex-
plosions, respectively, and egnyr and egnia being the energy injected and effectively
thermalized from Supernovae explosions, defined by:

esnit = nsnit Fo, (1.29)

€SNIa = 7)SNIa Eo- (1.30)

The quantity Ey = 10°! erg is the assumed total energy released by a Supernova
explosion, while ngnr ~ 0.03 and nsnia ~ 1.00 are the adopted efficiencies of the
energy transfer from the Supernova explosions into the galaxy interstellar medium
(Bradamante et al., 1998).

The different values of n assigned to the two types of Supernovae are easily ex-
plained by the fact that Type Ia Supernovae explode in a hotter and more rarefied
medium, already warmed up by Type II Supernovae; consequently, the efficiency
of the energy transfer from Type Ia Supernovae is higher than the one from Type
IT Supernovae. We remark on the fact that this formulation depicts an ideal case
when the interstellar medium is uniform and had no interaction with other Super-
nova remnants or interstellar clouds. In particular, when a Supernova explodes,
the stellar material is assumed to be violently ejected into the galaxy interstellar
medium, gradually slowing down.

In the case of the stellar winds, one has:

100 Mg
th mP(m) €gw, .
B (1) = /dtwm/g dm §(m) (1.31)

.0 Mg

32



1.3. The galaxy chemical evolution models

where:
€sw = Tsw Esw (132)

is the energy injected and effectively thermalized from stellar winds by massive
stars, assuming Fg, = 10%° erg and 75, = nsnr = 0.03 (Bradamante et al., 1998).

To compute Egas(t), the binding energy of the gas, we follow the assumptions
of Bradamante et al. (1998). In particular, each galaxy has been assumed to be
made up by a dark matter halo, with the binding energy of the gas described as:

Egas = WL(t) + WLD (t)a (133)
where: Mo (8 M (3
WL(t) = —0.5-G - Mgas(t) M1(t) (1.34)
TL
represents the potential well due to the luminous (baryonic) matter, and:
M as t M ar
Win(t) = —G - wyp ez (t) Maark (1.35)

L

represents the potential well due to the interaction between the dark and the lu-
minous matter. The quantity wy,p has is defined as follows:

1
WID ~ %5(14-1.375), (1.36)

where S = rp,/rp is the ratio between the galaxy effective radius (the quantity rp,)
and the radius of the dark matter core (the quantity rp); typically, S ~ 0.3.

The equations above for the binding energy of the gas have been originally de-
veloped by Bertin et al. (1992) and — in principle — are valid only for S defined in the
range 0.10 < S < 0.45. Moreover, it is worth noting that the original formulation
of Bertin et al. (1992) was thought only for the massive elliptical galaxies.

The galaxy gas mass assembly history

The forth term in the right-hand side of equation (1.21) represents the galaxy gas
mass assembly history, namely the infall rate of gas, which is accreted as a function
of time into the galaxy potential well from an external reservoir. The infall material
can be either of primordial chemical composition or pre-enriched with metals by
previous stellar generations. Chemical evolution models customarily assume the
infall rate to be composed of several accretion episodes, each obeying a decaying
exponential law. In particular, in most of the cases, we assume for the infall rate
the following law:

Tx(r,t) = Ax(r) exp ( _ t/ﬁnf(r)), (1.37)
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where Tin¢(r) is the so-called infall time scale at the galactocentric radius r, a free
parameter of the model, and Ax(r) is a normalization constant such that

> / At Tx (r,t) = oror (1, ta), (1.38)
X0

where o104 (7, tg) is the radial profile of the total surface mass density, as observed
at the present time. In the case of primordial infall material, the quantity Ax (r)
is different from zero only for H and He.

The abundance gradients in disc galaxies can be well reproduced only by assum-
ing that the gas accretion history differs as a function of the galactocentric radius;
this can be simulated by the models by assuming, for example, an exponential
profile for the present-day total surface mass density, namely

Ttot (1, tG) = 00 e”"/™ (1.39)

and an inside-out formation for the galactic disc (Larson, 1976), in which the
innermost regions are assumed to assemble on much shorter typical time-scales
than the outermost ones; hence Tinf = Ting(r) in equation (1.37) is a monotonically
increasing function of the galactocentric distance r.

By assuming an inside-out formation for spiral galaxies, chemical evolution
models can simulate that the galaxy disc continuously grows both in size and
in mass, naturally leading also to abundance gradients in the galaxy interstellar
medium (see, for example, Matteucci & Francois 1989; Boissier & Prantzos 1999).
We remark on the fact that the present-day abundance gradients in the outermost
disc regions can be reproduced only by assuming a threshold in the star formation
rate together with the inside-out growth of the galaxy, as shown — for example —
by Colavitti et al. (2009).

Radial gas flows

Most of the chemical evolution models in the literature only assume the first four
terms in equation (1.21). This means that, in the majority of the works, the
galaxy is assumed to be composed of several concentric shells (or annulii in the
case of disc galaxies) which do not interact with each other, with the gas mass
(and metals) accreted at a certain radius r remaining there over the whole galaxy
lifetime, together with all the gas mass (and metals) returned by dying stars.

The fifth term in equation (1.21) physically represents radial gas flows, which
mix the metals coming from different galactic zones. The most interesting recent
works in the literature including radial gas flows in chemical evolution models are
those of Portinari & Chiosi (2000); Schonrich & Binney (2009); Spitoni & Matteucci
(2011); Bilitewski & Schonrich (2012); Mott et al. (2013); Pezzulli & Fraternali
(2016), which refer to the theoretical framework as presented in the very early
work by Lacey & Fall (1985).

From a physical point of view, radial gas flows are thought to establish them-
selves as a consequence of the different angular momenta between the infalling
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material and the disc, in order to re-estabilish the conservation of the total angu-
lar momentum; in fact, it is highly improbable that the infalling material has the
same rotational velocity component as the one of the disc at the moment — and
point — of the impact. Also large-scale shocks induced by the spiral arms — as they
interact with the gas on the disc — may cause dissipation and hence the gas to
drift inward (Bertin & Lin, 1996). Although radial gas flows cannot be invoked as
the only mechanism responsible for the abundance gradients in the galactic discs,
they should be taken into account for a complete physical description of the galaxy
chemical evolution.

The quantity Fx (r,t) in the right-hand side of equation (1.21) physically repre-
sents the amount of the chemical element X, which flows per unit time and surface
through the shell at the radius r and time ¢; it can be expressed as follows:

Jox (r,t)

Fx(r,t) = vaow(r, t) 5

(1.40)
where vgow(r,t) is the velocity of the net radial motion of gas though the galaxy
disc. Typical values of the velocities of the radial gas flows are between —1 and
—5kms™!, hence very low and difficult to observe directly.

By imposing the angular momentum conservation, Bilitewski & Schonrich
(2012) have been able to relate the accreted gas mass onto the disc, d Mine(r,t),
in a short time-step dt and at the radius r, with the net total gas mass radially
flowing from (and into) the adjacent rings in the same interval of time and through
the same annulus (0 M;aq(r,t)); in particular, they have found the following equa-
tion for the k-th annulus:

OMaow (ri,t) — 2a(4k° + 6k + 4k + 1) N 2(1 — b)(3k? + 3k + 1)
SMins(ri, t) 4N (2k + 1) 3(2k + 1) ’

(1.41)

where N is the total number of rings, and the parameters a and b follow from the
assumption of the following velocity profile for the infalling material:

Vinf(1) = Vieire (b + aRR : ) : (1.42)

where Ve and Ry, are the galaxy circular velocity (at sufficiently large radii)
and the outermost galactocentric distance, respectively. All the aforementioned
quantities have been shown by Bilitewski & Schonrich (2012) to obey the same
equations, which were originally derived by Lacey & Fall (1985) for the radial
gas flows in the chemical evolution models; these equations can be summarized as
follows:

IMeow(r,t) = 277 Ogas (1, t) X VAow (7, t) 0t (1.43)

O Miow Oinf T (vinf - ‘/;:irc)
ow 7t = = — . 1.44
v (T ) 2mr Ogas ot Ogas Veire ( )

We remark on the fact that the inclusion of radial gas flows in the chemical
evolution models can modify the normalization criterium for the galaxy gas ac-
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cretion history at a given radius r, as expressed by equation (1.38). As pointed
out by Pezzulli & Fraternali (2016), it should be the so-called effective accretion
to constrain the present-day total surface mass density of the galaxy disc, rather
than the “pure” accretion, which is not corrected for the gas mass flowing through
each given annulus. In particular, by following the work by Pitts & Tayler (1989),
Pezzulli & Fraternali (2016) define the “effective accretion” by including both the
external contribution from the intergalactic medium (the original accretion term)
and the internal contribution from the radial motions due to gas flows, which can
modify the evolution of the surface gas mass density at a given radius. This fact
has been also acknowledged by Portinari & Chiosi (2000), which claimed that the
predicted present-day total surface mass densities with or without radial gas flows
do not deviate substantially, because of the very low typical velocities of the gas
flows themselves.

The main effect of radial gas flows is to steepen the abundance gradients in the
outer parts of the disc of spiral galaxies with respect to the models without radial
gas flows, where only the inside-out growth of the galaxy is assumed to produce
the gradients. Typical values of the gas flow velocity are of the order of —1kms™?!,
hence they are typically directed inwards; this is due to the fact that — on average —
there is a deficit in the angular momentum of the infalling material with respect to
the galactic disc. The steepest abundance gradients can be obtained by assuming
a radial velocity pattern where the modulus of the velocity increases as a function

of the galactocentric distance (see also (Mott et al., 2013)).

Stellar migrations

The last term in the right-hand side of equation (1.21) is related to the effect of
stellar migrations on the chemical evolution of galaxies. The seminal works on this
topic are the ones by Schonrich & Binney (2009); Minchev et al. (2013); Wang
& Zhao (2013); Kubryk et al. (2015a,b); Spitoni (2015). Stellar migration can
have a significant effect on the evolution and distribution of the chemical elements
which are produced by long-lived stellar sources, such as iron — mainly produced
by Type Ia Supernovae — carbon, nitrogen, as well as s-process elements, which
are mainly synthesized by low- and intermediate-mass stars. The main effect of
stellar migration is that stars die and pollute the interstellar medium at a different
place with the respect to the one they were born, causing a mixing of the stellar
populations born at different radii.

The effect of stellar migration at the galactocentric radius r can be studied
by means of the following formula, which computes the death rate of the stellar
producers of the chemical element X, by assuming them to possess mass in the
range my < m < my and corresponding lifetimes 75 < 7(m) < 7:

MX(T; t) = Mmigr,in (’I", t) - Mmigr,out (7", t)a (145)

where the first term in the right-hand side of equation (1.45) corresponds to the
contribution from outside to the number of stars dying at the radius r and can be
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computed as follows:

Rmax T2
Munigr,in(1, 1) = / dr’ / dr(r';t — 7) DTDy(T) Punige (7', 7, t — 7); (1.46)
0 1

the quantity Pmigr(Tin, Tfin, tin) appearing in equation (1.46) is of fundamental im-
portance and it represents the probability for a star born at the time ¢;;, of the
galaxy evolution to migrate from the initial radius r;, to the final radius rgy; it is
given by dynamical models for the galaxy formation and evolution; the function
Pumigr is usually asymmetric in the radial dependence, whereas its time-dependence
mainly resides within its width parameter, which increases as a function of time
(see Wang & Zhao 2013 and references therein). Moreover, the quantity DTD, (r, t)
in equation (1.46) is the so-called “stellar delay-time distribution”, as defined in
equation (1.20).

The second term in the right-hand side of equation (1.45) removes the stars
which were born at r and then migrate towards the other galaxy zones; in partic-
ular, it can be computed as follows:

Ruax T2
Muigr,out (T, t) = / dr’ / dr(r,t — 7) DTDo(T) Puige(r, 7', t — 7). (1.47)
0 T1

By suitably adjusting the extremes of the integrals in the various equations
which define the quantity Mx(r,t) and assuming the correct Delay Time Distri-
bution, one could also take into account the effect of migration of the Type Ia
Supernova progenitor systems. This work has never been done in the context of
chemical evolution models and could provide interesting results. In fact, an excess
of the radial distribution of the Type Ia Supernova remnants in the outer galaxy
zones might be explained as an effect of radial migration of the Type Ia Supernova
progenitor systems; this might have an effect on the chemical evolution of iron,
since it is the chemical element mostly produced by Type Ia Supernovae.

1.3.2 Numerical methods to solve the equations

In this Section, we briefly summarize the numerical methods which are employed
by chemical evolution models to solve equation (1.21).

If we normalize the “physical” gas mass with respect to the present-day total
surface mass density, then we can rewrite equation (1.21) for a given radius in the
following way:

dG;(t)
dt

where G;(t) = 0;(r,t)/otot(r, tc) is the normalized surface gas mass density in the
form of the chemical element i. The first term in the right-hand side of equation
(1.48) takes into account the amount of mass which is removed per unit time
and surface by the star formation activity and galactic winds; in particular, the

= —u(t) Gi(t) + W;(¢), (1.48)
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parameter  is defined as follows:

_ Y t)+O(rt) 1
U= 0 = (v+w) GFL(t), (1.49)

where the star formation rate, ¥(t) oc v G¥(t), is expressed in terms of the nor-
malized total surface gas mass density, G(t) = 0gas(7,t)/0t0t(7, tc), and v and w
represent the star formation efficiency and mass loading factor, respectively.

The quantity 7, as defined in equation (1.49), include the free parameters of
all the physical processes whose intensity is assumed to be directly proportional to
the star formation rate; that is the reason why we include in the definition of ©
also the effect of the galactic wind, O(r,t).

Finally, the second term in the right-hand side of equation (1.48), W;(r,t),
include all the physical processes which are not directly proportional to the star
formation rate, including all the integrals defining the returned mass rate from
dying stars (see equation 1.23).

Equation (1.48) is an equation of the following form:

dz—f) = a(t)y(t) + b(t), (1.50)

for which the formal analytical solution is

o) =vito) exp ([ aga@) ) + [ acs@ e ( [ waw), s

to to 3

where y(%o) is the initial condition at the time ¢ = ;. By making use of equations
(1.48) and (1.51), we can compute the advancement in the solution for the surface
gas mass density of the chemical element i, as follows:

t+4t
Gi(t + 6t) = Gy(t) e XL+ 4 / dt’ Wi(t') e x(tt+0t) (1.52)
t

where

to

x(t1,t2) = / dt' o(t). (1.53)
ty

By assuming that the time step dt¢ is sufficiently small such that the quantities

v(t) and W;(t) can be considered as constant (we take their average values at the

midpoint of the time step, namely 7 and W), then the equation (1.52) can be

rewritten in the following way:

Gi(t+0t) = Gi(t) e 7o + W, (1.54)

Since both 7 and W; crucially depend on the value of G;(t + dt) itself, an iteration
procedure is required so as to converge towards the exact solution within a fixed
tolerance. Hence we have to solve equation (1.54) with respect to G;(t+0t), namely
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we have to find the roots of the following function:

_ I e—ﬁ(r) ot
— . —v(x) ot )
flx)=Gi(t)e + W @)

where x = G;(t+6t). Since f(z) only depends linearly upon W, the iteration over
W, can be neglected; this is also due to the fact that the quantity W; includes the
convolution integral of the stellar yields and stellar birthrate function over all the
past galaxy star formation history, hence it is less sensitive to the exact value of
G;(t+ dt). By applying the Newton-Raphson method, the (j + 1)-th correction for
the solution can be found as follows:

—x, (1.55)

(7)
Gy _ ) _ S
x =z Fa0) (1.56)
with some algebraic passages, one can find:
_ 1 —ev@at 1 _ V@)t gy
f/<{L‘> = —5tGi(t) e_VBt—Wi 6_2 +WZ 515% @—1. (157)
U 1% ox

The explicit solution for the (j + 1)-th iteration is the following one:
G/ =67 (1+47). (1.58)

where, for sake of simplicity, we assume G; = G;(t + dt), and the (j)-th correction,
65] ), can be computed according to the following equations:

G) _ 9P -4

3 - Bz_gz(J)’ o o

o—— (Gi(t) - Wi) + W (1.59)
W

Bi=} gl [ - ) B —are (G - )

One can easily demonstrate that, in equation (1.59), the quantity g ll:llg =k—1,

where k represents the power index of the assumed Schmidt-Kennicutt law. The

iteration stops when 5§j ) < Smax; We usually assume Gpax = 1074

Including radial gas flows in the numerical code

The numerical prescriptions to include radial gas flows in chemical evolution codes
can be found in Portinari & Chiosi (2000); Spitoni & Matteucci (2011), where we
address the reader for further details.

The variation of the surface gas mass density of the chemical element X at the
radius r;, because of the effect of radial gas flows, can be expressed in the following
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way:

dox 1
T = - Fx(rji1,t)—F ~_,,t], 1.60
( dt )ﬂow 7T<r2 2 1){ X(Tg+% ) X(?"g 1 ) ( )
Jj+s J—3

where F'(r) represents the gas flow at the radius r;, which can be expressed as
Fx(rj,t) =2mrjv(rj,t)ox(r;,t). (1.61)

The quantity v(r;, ) in equation (1.61) represents the velocity of the net radial gas
motion, which is usually assumed to be negative if directed inward.

Since all the quantities in the numerical code of chemical evolution are normal-
ized with respect to the present-day total mass density (see also equation 1.48),
it can be demonstrated with some algebraic passages that equation (1.60) can be
rewritten as

de(T~,t)
(TJ%W = =B Gx(rs,t) + 7 Gx (1541, 1), (1.62)
where
= 2 Ti—1+T;
B =~y * [v-4 AR -
'7‘ - _+ X |:’U 1 Tj—‘—rj"rl :| Utot('f'j.i,_l,tG) ( * )
’ rjp DL Itz rjrmria oot (Tjta)

In practice, one re-defines the quantitis 7 in equation (1.49) in the following way:
U= (v+w)G"(rj,t) + B, (1.64)

while the second term in the right-hand side of equation (1.62), namely the product
v; Gx(rj+1,t), is included in the definition of Wx (r;,t), which is the second term
in the right-hand side of equation (1.48).
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Analytical models of chemical evolution

2.1 Introduction

Analytical models of chemical evolution have been widely used in the past by
theorists and observers to predict the metallicity evolution of a stellar system in a
simplified but, at the same time, highly predictive fashion. In fact, although these
models have many intrinsic assumptions (the most famous one is the so-called
“instantaneous recycling approximation”; see the discussion below), they provide
a very good approximation for the evolution of chemical elements like oxygen,
which are restored on short typical time scales from the star formation event.
Incidentally, oxygen is also the dominant chemical species among the metals in the
galaxy interstellar medium, since it is mainly synthesized by massive stars, with
lifetimes 7 < 30 Myr, dying as core-collapse Supernovae.

Beyond the metallicity evolution, analytical models of chemical evolution are
able to predict also the evolution of the galaxy stellar and gas mass with time;
hence they can draw — in principle — an approximate but complete physical picture
for the evolution of the various galaxy mass components. We remind the reader
that the galaxy star formation history simply follows from the gas mass evolution,
because of the Schmidt-Kennicutt law which is always assumed in the models.

In the literature, in order to solve the set of differential equations for the galaxy
gas mass, total mass and metallicity and hence obtain analytical solutions for these
quantities, most of the works assume an infall rate of gas which is directly propor-
tional to the star formation rate over the entire galaxy evolution; historically, the
first work making this assumption was Matteucci & Chiosi (1983). We remark on
the fact that this assumption is not physical and it represents a strong simplifica-
tion in the models. Nevertheless, by exploring the effect of different prescriptions
for the infall term in the equations, the final predicted physical properties of the

43



Chapter 2. Analytical models of chemical evolution

galaxy with an infall rate proportional to the galaxy star formation rate have been
found not to deviate substantially from the case of a generic “exponential” infall
law (Recchi et al., 2008), as assumed in almost all the detailed chemical evolution
models.

A remarkable advancement in the assumptions of analytical chemical evolution
models is represented by the recent work by Spitoni, Vincenzo & Matteucci (2017),
where we find analytical solutions for the galaxy metallicity, star formation history
and total mass with an “exponential” infall law. This work represents a step
forward for the galaxy chemical evolution models, because any assumed (smooth)
infall law can be expressed with good approximation in terms of a finite sum of
exponentials, and the solutions for the star formation history associated to the
various exponentials simply add up, thanks to the mathematical properties of first
order linear differential equations.

In the first two Sections of this Chapter, we summarize the main assumptions
and equations at the basis of analytical models of chemical evolution. Then, in the
third and forth Sections, we present our contribution in this field. In particular,
(a) we have shown in Vincenzo, Matteucci, Belfiore & Maiolino (2016) that the so-
called yield per stellar generation — which is a fundamental quantity assumed in all
analytical models of chemical evolution, often treated as a free parameter, adjusted
to reproduce the data — is the outcome of stellar models and depends on the as-
sumed IMF and stellar metallicity; (b) we have developed a novel method to follow
the chemical evolution of galaxies in a “semi-analytical“ fashion, by assuming the
instantaneous recycling approxrimation and the Delay Time Distribution formalism
for the chemical enrichment by Type Ia Supernovae; by means of our new model,
we are able to follow chemical elements which are restored with a certain delay
time from the star formation event (see also Section 1.2.5).

2.2 Basic assumptions

The main assumptions of analytical models of chemical evolution are the following
(Tinsley, 1980):

o The initial mass function (IMF) is constant in time and space, which means
that every galaxy stellar generation hosts stars with mass sampling an uni-
versal distribution, whatever is the age, metallicity and birthplace of the
stellar generation.

o The gas is well mixed at any time of the galaxy evolution (instantaneous
mixing approzimation).

o Stars with mass m > 1My die instantaneously, as soon as they form (in-
stantaneous recycling approximation), while stars with mass m < 1 Mg have
infinite lifetime. This way, the effect of stellar lifetimes in the equations can
be neglected and the effect subsumed into a net return fraction (R; see the
further discussion).
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2.2. Basic assumptions

By making these simplifying assumptions, one can derive analytical formulas for
the evolution of the main galaxy physical properties, such as the metallicity Z,
star formation rate, gas and stellar mass; the two following quantities appear in
the various differential equations:

o]
R = / dm (m — Mg) ¢(m), (2.1)
1 Mg
which represents the so-called returned mass fraction, where ¢(m) is the IMF and
Mg the mass of the stellar remnant, and

1 (o]

Yz = —— dmmpz(m) ¢(m) (2.2)
which represents the so-called yield of metals per stellar generation, with pz(m)
being the fraction of the newly produced and ejected metals by a star of mass m.
The values of yz and R might depend both on the IMF and metallicity of the
stellar generation, as shown by Vincenzo, Matteucci, Belfiore & Maiolino (2016)
(see Section 2.5).

Although the instantaneous recycling approximation is strong, it still repre-
sents a good approximation for those chemical elements produced and restored by
stars with short lifetimes. The best example of such chemical elements is given by
oxygen, which is also representative of the global metallicity Z, since it is the most
abundant heavy element by mass. On the other hand, the evolution of chemical
elements produced by long-lifetime sources cannot be followed by analytical models
working with the instantaneous recycling approximation. Examples of such chem-
ical elements are nitrogen and carbon, which are mainly synthesized by low- and
intermediate-mass stars, and iron, mainly produced by Type Ia Supernovae. To
take into account the stellar lifetimes with a high level of detail, numerical models
of chemical evolution should be used (see Matteucci 2012).

The star formation rate is usually assumed to follow a linear Schmidt (1959)
law of the following form:

¢(t) = VMgas(t)7 (23)

where here v(t) has the units of Mg Gyr ™!, Mg.s(t) is the galaxy gas mass at
the time t, and v is the so-called star formation efficiency, a free parameter of
our model which has the units of Gyr~'. The infall rate is usually assumed to be
directly proportional to the galaxy star formation rate, according to the suggestions
of the early work by Matteucci & Chiosi (1983); nevertheless, solutions have been
found both for a constant infall law, which gives rise to the so-called bathtub or gas
requlatory models (Bouché et al., 2010; Lilly et al., 2013), and for a (more physical)
decaying exponential law with time (Spitoni, Vincenzo & Matteucci, 2017).

In the models, outflow gas episodes in galaxies are usually taken into account.
The outflow rate is always assumed to be directly proportional to the SFR in the
galaxy (see Matteucci 2012):

O(t) x A(t), (2.4)

with the wind parameter A being a dimensionless quantity and representing the
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so-called mass loading factor. In analytical models, the galactic wind is assumed to
be active over the whole galaxy lifetime; physically, we can justify it, by considering
the outflow as moving the gas from the cold phase of the interstellar medium to
the diffuse hot phase.

2.3 Models with the infall rate proportional to the
galaxy star formation rate

Analytical chemical evolution models with the infall rate directly proportional to
the galaxy star formation rate are still widely used in the literature to interpret the
observed metallicity in galaxies. The most recent works are the ones by Kudritzki et
al. (2015, 2016), which were able to characterize the chemical evolution of a sample
of nearby star forming disc galaxies within a complete simple analytical framework;
in particular, they were able to derive from the model the predicted radial profile
of the galaxy metallicity, by starting only from the observed radial profile of the
(Mgas /M*) ratio in their assumed sample of galaxies. Other recent works are the
ones by Hunt et al. (2016a,b), where they assumed an analytical chemical evolution
model with the gas mass assembly history being directly proportional to the galaxy
star formation history, to interpret the fundamental metallicity relation which their
sample of galaxies have been observed to exhibit up to redshift z = 3.7.

One of the first works in the literature using this kind of models, with the infall
rate proportional to the star formation rate, aimed at characterizing the physical
and chemical properties of galaxies in the Local Universe, is given by Spitoni et
al. (2010), where the readers can also find a summary of most of the solutions of
analytical models of chemical evolution. Finally, in Spitoni (2015), analytical so-
lutions for the metallicity evolution of a stellar system, accreting enriched material
from a companion galaxy satellite, are presented for the first time.

In the models with the infall rate proportional to the star formation rate, to
simplify the analytical expressions for the solutions, the infall and outflow rates are
usually expressed in the following way:

T(t) = A (1 — R)¥(t) (infall); (2.5)

O@t)=A(1—=R)¢(t) (outflow), (2.6)

where A and A are the infall and wind parameters, respectively, and R represents
the return mass fraction, as defined in equation (2.1).

The set of differential equations to be solved for the total galaxy gas mass,
Mgs(t), metallicity, Z(t), and total mass, Mo (t), are the following ones:

dMgas()
dt

d(Z(t) Mgas(t)>
at

= —(t) + R(t) + I(t) — O(t); (2.7)

=—ZW)Y(t)+Rz(t) + Zint Z(t) — Z(t) O(t); (2.8)
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rate

d Mot (t)
dt
where R(t) and Rz(t) represent the restitution rates of gas and metals from dying

stars, respectively, including both processed and unprocessed material; in particu-
lar, these quantities are defined as follows:

= I(t) — Ot), (2.9)

RO = [ dm (m = M) bt =) 6m); (2.10)

Mlow (t)

Ry(t) = / dm [(m — Mg) Z(t — ) + mpz(m)] Dt — 1) d(m), (2.11)
mlow(t)
where myow(t) is the minimum mass of the star dying at the time ¢. By means
of the instantaneous recycling approximation, equations (2.10) and (2.11) can be
simplified as follows:
R(t) = ¥(t) R; (2.12)

Rz(t) =¥(t) RZ(t) +yz (1 — R) ¥(t), (2.13)
where R and yz are defined by the equations (2.1) and (2.2), respectively.

It can be demonstrated that the general solution for the galaxy metallicity is
the following one (Recchi et al., 2008):

Z:W{l_ [(A_/\)—(A—)\—l),u_l}"—&—l}, (2.14)

where f1 = Mgas/(Mgas + M,) represents the gas mass fraction.

By assuming a linear Schmidt-Kennicutt law, namely 1(t) = v Mgas(t), with v
being the assumed star formation efficiency, the solutions for the total galaxy gas
mass and stellar mass are the following ones:

Mgas(t) = Mgas(0) exp {—1/ (1-R)[1—(A=N)] t} (2.15)

Mgas (0)

M, (t) = M,(0) + T-(A-N [1 — exp {—1/ (1-R)[1—-(A=N)] t}] . (2.16)

Equations (2.14), (2.15) and (2.16) enable us — in principle — to draw a detailed
physical and chemical description for the galaxy evolution. One can predict also
abundance gradients, by assuming the gas mass fraction, u, to vary as a function
of the galactocentric distance, according to the observations. As aforementioned,
this has been done — for the first time — by Kudritzki et al. (2015), which have been
able to obtain very good agreements between models and the observed metallicity
gradients in a sample of nearby galaxies.

47



Chapter 2. Analytical models of chemical evolution

2.4 Models with the exponential infall law

Most of the detailed numerical codes of chemical evolution assume a decaying
exponential infall rate of gas with time over the entire galaxy lifetime, namely:

I(t) = Aet/mnt, (2.17)

where Ti,¢ is the so-called infall time scale, which determines the typical time scale
over which the galaxy is assumed to assemble, and A is a constant constrained by
the total infall gas mass (Mij,s) by means of the following equation:

Minf
7'(1 — e—tG/Tinf) ’

ta
/ dt Ae /Tt = My, = A= (2.18)
0

where the quantity Mij,s represents the so-called infall mass, namely the external
reservoir of gas, accreted into the galaxy potential well, from which the galaxy is
assumed to assemble.

As aforementioned, any smooth complex galaxy gas mass assembly history
could be well approximated with a sum of exponentials; for example, by assuming
the gas infall histories as inferred by Faucher-Giguere et al. (2011) from the analysis
of cosmological hydrodynamical simulations, the galaxy gas mass assembly history
of a present-day dark matter halo with mass Mpy = 10'2 M, can be well fitted
with a sum of three exponentials, which have similar fitting parameters as the ones
assumed in the so-called three-infall model for the chemical evolution of the Milky
Way, as developed by Micali et al. (2013). Therefore, if we know the analytical
solution for the galaxy metallicity, gas mass and stellar mass for a generic model
with an exponential infall law, then the solutions for a sum of exponentials can be
easily retrieved.

The first work in the literature showing analytical solutions for a decaying ex-
ponential infall rate of gas is given by Spitoni, Vincenzo & Matteucci (2017), which
aim at characterizing the local population of star-forming and passive galaxies in
terms of the free parameters of the model. It can be demonstrated that, by as-
suming a linear Schmidt-Kennicutt law for the galaxy star formation rate and the
following law for the galactic wind:

O(t) = A(t), (2.19)

where there is not the extra factor (1 — R) as in equation (2.6) (it is often included
as a mathematical trick to simplify the solutions), the galaxy metallicity evolves
according to the following equation:

yzv(l—R)
0 e
Mgas(0) t ( Ting — 1)* + A Ting {t — Tinf (1 + at) + Ting e® t_t/Tinf]
x (2.20)

ATyt (%= — 1) + Myus(0) (7 — 1)
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metallicity

The evolution of the galaxy gas mass in presence of a decaying exponential infall
rate is given by the following equation:

A[e‘”“““’at — 1] Tinf

aTmf—'l

Mygas(t) = e ! ( + Mgas(0)> : (2.21)

Finally, the run of the galaxy total mass with time is given as follows:

Mot (t) = Migas(0) g ()\ et 4 R)+

6—at)
(1= R) ATing — Aripget/mme 4 2 . (2.22)

v A A Ting (Tinf e /Tt —
a « Glﬂnf_])

+

The quantity @« = (1 — XA+ R)v = 1/7., in the equations above turns out to be
the inverse of the so-called “equilibrium time-scale” of the bathtub models (Lilly et
al., 2013) or gas regulatory models (Bouché et al., 2010), which has been shown by
Peng & Maiolino (2014) to be the typical time-scale over which galaxies tend to
reach their asymptotic physical and chemical properties under the condition of a
constant infall rate of gas. Nevertheless, we remark on the fact that the assumption
of a constant infall rate of gas over the entire galaxy lifetime — although motivated
by “cosmological” reasons — is unphysical and contrary to the observations in the
Local Universe.

It can be demonstrated that the asymptotic equilibrium condition for the mod-
els with a decaying exponential infall rate of gas occurs over a “critical” time-scale
Te, which involves the following harmonic mean between the parameter 7oq = 1/«

and the infall time-scale 7i,s:
1 1\
Te = ( — —> : (2.23)
Tinf Teq

it turns out that galaxies with larger values of 7. have also larger metallicities, Zq,
when the equilibrium is reached.

The system of equations (2.20), (2.21) and (2.22) can be used also to mimic
an inside-out growth of galaxies in the context of analytical models of chemical
evolution. In particular, this can be obtained — for example — by assuming that
each galaxy annulus is characterized by a typical infall time-scale, which increases
as a function of the galactocentric distance. In this way, one can eventually predict
also metallicity gradients within the galaxy interstellar medium.

2.5 Modern yields per stellar generation: the effect
of the IMF and metallicity

The blooming of extensive spectroscopic surveys of local and distant galaxies have
fostered the use of metallicities to constrain the star formation history, feedback
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processes (outflows) and gas inflows across the cosmic epoch, by comparing the
observations with the expectations of analytical and numerical models of chemical
evolution. One key element in such a comparison is the yield per stellar generation,
Yz, i.e. the quantity of metals that a stellar population releases into the interstel-
lar medium, which is often assumed as a fixed fiducial value, or varied as a free
parameter to reproduce the observed data, without realizing that it is the outcome
of stellar evolutionary models, depending on a variety of factors.

For example, a net yield of oxygen yo = 0.015 is assumed in Peeples et al.
(2014), whereas yo = 5.7 x 1073 in Zahid et al. (2014) and yo = 3.13 x 1073 in
Ho et al. (2015); particularly high are the values yo = 0.040-0.045 assumed in De
Lucia et al. (2004), yo = 0.03 in Croton et al. (2006), and yo = 0.04 in Bower et
al. (2008). However, since the net yield is a combination of yields from different
stellar masses, it is clear that it must depend on the IMF. This has sometimes
been acknowledged (e.g. Henry et al. 2000; Kobayashi et al. 2011; Ho et al. 2015),
but never really taken into consideration when using the net yield in the various
models. In particular, several works derive the stellar mass and star formation rate
by assuming a given IMF and then adopt a fiducial net yield that is derived from
a completely different IMF. Moreover, there is some evidence that the IMF may
vary in different classes of galaxies. This implies that different yields per stellar
generation should be used. Finally, since the stellar nucleosynthetic yield have a
metallicity dependence, it is important to check the effect of metallicity on the
integrated net yield.

In the literature, deviations of the observed metallicity from the expected value
of yz are often used to quantify the effect of outflows or inflows of gas, or even as
evidence for biased metallicity calibrations or inaccurate metallicity diagnostics.
Nevertheless, if the yield associated with the appropriate IMF is not used, this can
produce inconsistent results and large systematic errors; fortunately, the depen-
dence on the metallicity of the yield is reassuringly small.

In Vincenzo, Matteucci, Belfiore & Maiolino (2016), we calculate yields per stel-
lar generation for the most commonly adopted IMFs and investigate their metal-
licity dependence, by comparing the results for two modern compilations of nu-
cleosynthetic yields (Romano et al., 2010; Nomoto et al., 2013), which have been
throughly tested in the past against the best available data for galaxies, although
we remark on the fact that each of them is still affected by specific limitations. We
mostly focus on the yield of oxygen, which is the element most commonly used as a
tracer of the global metallicity, and for which the instantaneous recycling approx-
imation is appropriate. However, we also provide the yield per stellar generation
for the total mass of metals, although this should be used with caution, given the
enrichment delay of various elements (e.g. iron, nitrogen, carbon, etc...), for which
the instantaneous recycling approximation is arguable.
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2.5. Modern yields per stellar generation: the effect of the IMF and
metallicity

2.5.1 Definitions and assumptions

Yield per stellar generation and return mass fraction

We recall that the yield per stellar generation y;(Z), or net yield, is defined as
the ratio of the global gas mass in the form of a given chemical element ¢ newly
produced and restored into the interstellar medium by a simple stellar population
with initial metallicity Z to the amount of mass locked up in low mass stars and
stellar remnants (Tinsley, 1980; Maeder, 1992; Matteucci, 2001):

1 mpi(m, Z) g(m) dm

yi(Z) = L : (2.24)
1—-R(Z) 0.1 My, mo(m) dm
where:
e pi(m,Z) = W is the stellar yield, which is defined such that m -

pi(m,Z) represents the mass in the form of the i-th chemical element newly
formed and ejected into the interstellar medium by stars with initial mass m
and metallicity Z;

o ¢(m) is the IMF, namely the mass-spectrum over which the stars of each
single stellar generation are distributed at their birth;

e Miong—liv = 1.0Mg is the maximum mass of the so-called long-lived stars,
which do not pollute the interstellar medium, within the framework of the
instantaneous recycling approximation;

e Mmyp is the upper mass cutoff of the initial mass function; in our standard
case, we assume myp = 100 Mg, however in the second part of the article we
will also investigate the effect of varying m,.

Finally, we recall that R represents the return mass fraction, which is defined as the
total mass fraction (including both processed and unprocessed material) returned
into the interstellar medium by a stellar generation:

R(Z) = Jimsomg s (7 = M, Z)) §(m) dim

foﬁu?\/{@ mp(m)dm ’

(2.25)

with Mg (m,Z) being the mass of the stellar remnant left by a stars with initial
mass m and metallicity Z.

If one changes the quantity miong—1iv in accordance to the age of the galaxy,
then one would obtain equations very similar to the ones numerically solved by
current models of chemical evolution (see, for example, Matteucci 2012). In prin-
ciple, the assumption of miong—1iv = 1.0 M provides correct results only for stellar
populations which are older than ~ 7.1 Gyr, which corresponds to the lifetime of
an 1 Mg star, according to Padovani & Matteucci (1993), although the lifetimes
of low-mass stars can also be influenced by metallicity, particularly at very low Z

(Gibson, 1997).
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Table 2.1: In this Table, we report the numerical values of (Po), which is defined as the IMF-
averaged stellar yield of oxygen in the mass range M = 10-40 M, for different metallicities
Z. 'MMO02' and 'HMMO05' stand for Meynet & Maeder (2002) and Hirschi et al. (2005),
respectively, which correspond to the results of the Geneva stellar models also included in
Romano et al. (2010). 'NKT13’ stands for Nomoto et al. (2013).

Stellar yields | vy [km s7!] Z (Po) (Po) (Po) (Po)
Salpeter (1955) Chabrier (2003) Kroupa et al. (1993) Kroupa (2001)

MMO02 0 4.0x 1073 0.004 0.007 0.002 0.007
300 0.006 0.010 0.003 0.010

HMMO05 0 2.0 x 1072 0.006 0.010 0.003 0.010
300 0.009 0.015 0.005 0.014

NKT13 no 4.0 x 1073 0.007 0.011 0.004 0.010
no 2.0 x 1072 0.006 0.009 0.003 0.009

Stellar yields and initial mass function

We use a numerical code of chemical evolution to explore the effect of the metallicity
and IMF on the yields of oxygen per stellar generation and on the return mass
fraction. We provide our results for the following sets of stellar yields:

o the set provided by Romano et al. (2010), which assume the stellar yields of
Karakas (2010) for LIM stars, and the He, C, N and O stellar yields of the
Geneva stellar models for massive stars (Meynet & Maeder, 2002; Hirschi et
al., 2005; Hirschi, 2007; Ekstrom et al., 2008); for heavier elements, which
are not relevant for this study, Romano et al. (2010) assume the stellar yields
of massive stars of Kobayashi et al. (2006);

o the stellar yields of Nomoto et al. (2013), which include the stellar yields of
LIM stars of Karakas (2010), and the stellar yields of Nomoto et al. (2006),
Kobayashi et al. (2006), Kobayashi et al. (2011), Tominaga et al. (unpub-
lished) for core-collapse supernovae (SNe).

The mass of the stellar remnants have been collected by Romano et al. (2010)
from the work of Kobayashi et al. (2006). Nevertheless, according to the Talbot &
Arnett (1973) formalism, we compute the return mass fraction with the Romano et
al. (2010) stellar yields, by summing the ejecta of all the chemical elements (both
the processed and the unprocessed ones) for each stellar mass, and this quantity
turns out to be dominated by the H and He contributions.

The Romano et al. (2010) compilation of stellar yields for He, C, N and O
include the results of models which take into account the combined effect of mass
loss and rotation (see also Maeder 2009 for a detailed discussion), whereas the
Nomoto et al. (2013) stellar yields have been computed by models which do include
standard mass loss but not the effect of rotation. With standard mass loss, only C
and N have been lost before supernova explosions. However, the mass loss driven
by rotation turns out to be particularly important at almost solar metallicity and
above in depressing the oxygen stellar yields of the most massive stars (M 2 30-
40 Mg, see also Fig. 1.6). In fact, mass loss increases with stellar metallicity and
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Figure 2.1: In this figure, we show the trend of the different IMFs studied in this work, as
normalized with respect to the Salpeter (1955) IMF. The dotted line in black corresponds to
the Kroupa et al. (1993) IMF; the dotted-dashed line in red to the Kroupa (2001) IMF; the
dashed line in blue to the Chabrier (2003) IMF, and the solid line in purple corresponds to the
Salpeter (1955) IMF.

stars of high metal content loose H, He, but also C, through radiatively line driven
winds. Therefore, the C production is increased by mass loss whereas the oxygen
production is decreased, since part of C which would have been transformed into
O, is lost from the star (Maeder, 1992). Finally, the effect of rotation is to produce
mixing and enhances mass loss, with the efficiency of the mixing process being
larger at lower metallicities (see also Chiappini et al. 2008, and references therein).

We remark on the fact that Romano et al. (2010) combine results of stellar
models assuming only hydrostatic burning and rotation (Geneva group, for He, C,
N, and O) with the results of models including explosive burning without rotation
(Nomoto group, for heavier elements), giving rise to an inhomogeneous set of stellar
yields, which can be physically incorrect. In the context of this study, the treatment
of Romano et al. (2010) has a marginal effect, since the metallicity is dominated
by the oxygen and carbon contributions. On the other hand, Nomoto et al. (2013)
provide one of the most homogeneous set of stellar yields available at the present
time, although it is still affected by the limitation of not including the effect of
stellar rotation.

In Figures 1.6 and 1.7, we show how the oxygen stellar yields of Romano et
al. (2010) and Nomoto et al. (2013), respectively, vary as functions of the initial
stellar mass and for different metallicities. The Geneva stellar yields are available
only up 60 M and we therefore assume in our standard case that the yields from
60 to 100 M are constant. On the other hand, the stellar yields of massive stars
of Kobayashi et al. (2006, included in Romano et al. 2010, for the elements heavier
than oxygen) and Nomoto et al. (2013) are available only up to 40 My and thus we
keep them constant for stars with larger initial mass. We remark on the fact that
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Figure 2.2: In this figure, we compare the Cappellari et al. (2012, blue dashed line) top-heavy
IMF with the IMFs of Arimoto & Yoshii (1987, red dotted line) and Salpeter (1955, solid line
in magenta). As in Fig. 2.1, all the IMFs are normalized with respect to the Salpeter (1955)
IMF.

very massive stars are expected to leave a black hole as a remnant; therefore, a
significant fraction of stellar nucleosythetic products in the ejecta of very massive
stars may eventually fall back onto the black hole. This process might cause a
reduction of the stellar yields of very massive stars.

At solar metallicity, Romano et al. (2010) include stellar yields which have been
computed by applying a stellar rotational velocity vyot = 300 km s~!. From an
observational point of view, Ramirez-Agudelo et al. (2013) found that almost 80
per cent of nearby stars rotate slower than v.o; = 300 km s~!, which thus can be
considered as an approximate upper limit. To quantify the effect of stellar rotation
in the stellar yields of oxygen from massive stars, in Table 7.1 we compare the
predictions of models with and without stellar rotation, with the quantity (Pg)
being defined as the IMF-averaged yield of oxygen in the mass range M = 10-
40 M. The effect of stellar rotation in the Geneva stellar models is to increase the
average oxygen stellar yield by a factor of ~ 1.5 for stars with initial mass below
40 Mg, (see also Hirschi et al. 2005). Furthermore, at Z = 4.0 x 103, the IMF-
averaged oxygen stellar yield of Nomoto et al. (2013) — which neglect the effect of
stellar rotation — is larger than the value of the Geneva stellar models without stellar
rotation, but rather similar to the corresponding value with rotation; conversely, at
solar metallicity, the Geneva stellar models without rotation agree with Nomoto et
al. (2013). IMFs containing a larger number of massive stars, such as the Chabrier
(2003) and Kroupa (2001) ones, amplify the oxygen enrichment of the interstellar
medium and give rise to larger values of (Pp), whatever be the set of stellar yields
assumed.

In Vincenzo, Matteucci, Belfiore & Maiolino (2016), we study the effect of
different initial mass functions: the Salpeter (1955), the Kroupa et al. (1993), the
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Figure 2.3: In this figure, we show how (yo) is predicted to vary as a function of myp, which
is defined as the upper mass cutoff of the IMF. We have computed (yo), by averaging the
net yield of oxygen over the metallicity range 1.0 x 1072 < Z < 2.0 x 1072, within which
Yo turns out to be nearly constant. Thick lines represent our results for the Romano et al.
(2010) stellar yields, while thin lines represent the Nomoto et al. (2013) stellar yields. The
various curves with different colours correspond to the same IMFs as in Fig. 2.1.

Kroupa (2001), and the Chabrier (2003) ones, which are shown in Fig. 2.1 as
normalized with respect to the Salpeter (1955) IMF. We have chosen these IMFs
since they have been the most widely used by various authors. Moreover, these
IMFs give quite different weights to different stellar mass ranges, hence they will
more clearly display differences in the final predicted net yields and return mass
fractions. As one can notice from Fig. 2.1, the Kroupa et al. (1993) IMF predicts
the largest fraction of intermediate mass stars, while having the lowest number of
massive stars. On the other hand, the Chabrier (2003) and the Kroupa (2001)
IMFs predict a higher number of both intermediate-mass stars and massive stars
than the Salpeter (1955) one.

Finally, we also explore the effect of the top-heavy IMFs of Cappellari et al.
(2012) and Arimoto & Yoshii (1987), which are shown in Fig. 2.2, as normalized
with respect to the one by Salpeter (1955). These IMFs are defined as a single-slope
power law: ¢(m) oc m~ (%) with the Cappellari et al. (2012) one having a slope
x = 0.5 and the one by Arimoto & Yoshii (1987) assuming = = 0.95.

2.5.2 Results

In this Section, we present how the net nucleosynthetic yields of oxygen and metals
and the return fractions vary when considering different IMFs and as functions of
the stellar metallicity. We focus on the yield of oxygen, since it is the element most
commonly measured and taken as representative of the bulk of the metallicity, and
also because it is an element for which the instantaneous recycling approximation
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Figure 2.4: In this figure, we report how the average net yield of oxygen, (yo), varies as a
function of the upper cutoff of the IMF, when assuming the top-heavy IMF of Cappellari et
al. (2012, blue dashed line) and the IMFs of Arimoto & Yoshii (1987, red dotted line) and
Salpeter (1955, solid line in magenta). As in Fig. 2.3, (yo) is computed by averaging yo
over the metallicity range 1.0 x 1072 < Z < 2.0 x 10™2, and the various curves with different
thickness correspond to the same stellar yields as in Fig. 2.3.

is appropriate. However, we provide a value also for the yield of the total mass of
metals, although with some cautionary warnings.

In Table 2.2, we show how the net yield of oxygen per stellar generation varies
as a function of the IMF and metallicity. In our “fiducial” case, reported in Table
2.2, we assume my, = 100Mg. Concerning the dependence on metallicity, the
most interesting result is that the yield yo is roughly constant down to very low
metallicities. This result implies that the assumption of a time-independent net
oxygen yield, as generally treated in analytical models, is a reasonable one. In-
terestingly, we find an enhancement of yo for metal-free stellar populations (case
with Z = 1.0 x 1070 from Ekstrom et al. 2008). In fact, it is well established
that, at very low Z, the mixing induced by rotation is particularly efficient (Chi-
appini et al., 2008); in this way, the nucleosynthetic products of the 3a reaction in
the inner He-burning zone can diffuse to the outer stellar zones, so that radiative
winds and mass loss (boosted by the high surface enrichment in heavy elements)
are highly enriched with the CNO elements; this cannot be obtained by models of
metal-free non-rotating massive stars (see, for example, Maeder 2009, for a detailed
discussion).

We find that yo is strongly dependent on the assumed IMF. The highest oxygen
yield is obtained when adopting the IMF by Chabrier (2003), because it contains
the largest number of massive stars compared to the other IMFs explored in this
work (see Fig. 2.1). The IMF of Kroupa et al. (1993), instead, predicts the lowest
Yo, since it contains the lowest fraction of high mass stars. In this context, it is
important to distinguish the two IMFs suggested by Kroupa. In fact the Kroupa
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Table 2.2: In this Table, we report the numerical values which we predict for the return
mass fraction (R) and the yields of oxygen and metals per stellar generation (yo and yz,
respectively) as functions of the metallicity Z and for different initial mass functions. These
values have been computed by assuming that the upper mass cutoff of the IMF m., = 100 M.
The stellar yields are the ones of Romano et al. (2010).

Stellar yields: Romano et al. (2010)

Z R Yo Yz \ R Yo Yz \ R Yo Yz \ R Yo Yz

IMF: Salpeter (1955) IMEF: Chabrier (2003) IMF: Kroupa et al. (1993) IMF: Kroupa (2001)
1.0 x 10710 | 0.285 0.028 0.042 | 0.436 0.059 0.088 | 0.284 0.015 0.026 0.411 0.053 0.079
1.0 x 1075 | 0.285 0.018 0.028 | 0.436 0.039 0.059 | 0.284 0.009 0.017 0.411 0.035 0.053
50x107° | 0.285 0.018 0.028 | 0.436 0.039 0.059 | 0.284 0.009 0.017 0.411 0.035 0.053
1.0x 107% [ 0.285 0.018 0.029 | 0.436 0.039 0.060 | 0.284 0.009 0.018 0.411 0.035 0.054
5.0x107% | 0.286 0.018 0.029 | 0.437 0.039 0.060 | 0.285 0.009 0.018 0.412  0.035 0.054
1.0 x 1073 | 0.286 0.018 0.029 | 0.438 0.039 0.060 | 0.287 0.009 0.017 0.414 0.035 0.054
5.0 x 1072 | 0.292 0.018 0.027 | 0.447 0.038 0.057 | 0.295 0.009 0.016 0.422 0.034 0.051
1.0x 1072 | 0.295 0.018 0.028 | 0.451 0.038 0.060 | 0.299 0.010 0.017 0.425 0.034 0.054
2.0x 1072 | 0.298 0.018 0.031 | 0.455 0.037 0.065 | 0.302 0.010 0.018 0.430 0.034 0.059

(2001) is very similar to the Chabrier (2003) IMF and predicts a substantially
higher yield than Kroupa et al. (1993). The Salpeter (1955) IMF predicts a net
yield roughly halfway between the Chabrier (2003) and Kroupa et al. (1993) ones.

In Table 2.2, we show also how yz (where Z here is the sum of all metals) is
predicted to vary as a function of different IMFs and metallicity. These values are
shown here only for reference with previous works attempting to model the total
metal content of galaxies, however we caution the reader against a blind application
of analytical models assuming the instantaneous recycling approximation to the
total metal content. Finally, in the same Table, we report the values of the returned
fraction R, which is rather constant as a function of metallicity but shows some
change for different initial mass functions. The approximate constancy of R as a
function of the metallicity is due to the fact that this quantity is strongly dominated
by the H and He contributions.

Our results for yo(Z), yz(Z) and R(Z), as obtained with the Nomoto et al.
(2013) set of stellar yields, are reported in Table 2.3. On the one hand, the effect
of the various IMFs is the same as discussed above for the stellar yields of Romano
et al. (2010, see Table 2.2). On the other hand, by comparing the predicted net
yields of metals and oxygen of Romano et al. (2010) with the ones of Nomoto et al.
(2013), we can quantify the uncertainty introduced by different input stellar yields
by a factor which is ~ 1.5.

In Fig. 2.3, we explore how the choice of the upper cutoft of the IMF, m,,
affects the average net yield of oxygen, where (yo) stands for the net yield of oxygen
as averaged in the metallicity range 1.0 x 1073 < Z < 2.0 x 1072, Our results are
shown for different IMFs (different colors) and different stellar yield compilations
(thick and thin lines represent our results with Romano et al. 2010 and Nomoto et
al. 2013, respectively). By looking at the figure, we see that the difference between
the case with m,, = 100 M and m, = 40 Mg, is as much as a factor of about two.
The difference is only ~ 50 per cent between m,;, = 100 Mg and my, = 60 Mg. We
find that, when assuming the Chabrier (2003) and Kroupa et al. (1993) IMFs, the
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Table 2.3: In this Table, we report the numerical values which we predict for the return
mass fraction (R) and the yields of oxygen and metals per stellar generation (yo and yz,
respectively) as functions of the metallicity Z and for different initial mass functions. These
values have been computed by assuming that the upper mass cutoff of the IMF m, = 100 M.
The stellar yields are the ones of Nomoto et al. (2013).

Stellar yields: Nomoto et al. (2013)
Z R Yo vz | R Yo vz | R Yo Yz | R Yo Yz
IMF: Salpeter (1955) IMF: Chabrier (2003) IMF: Kroupa et al. (1993) IMF: Kroupa (2001)

0.0 0.261 0.021 0.043 | 0.403 0.044 0.087 | 0.244 0.011 0.024 0.380 0.040 0.079
1.0x 1073 | 0.293 0.018 0.026 | 0.450 0.038 0.055 | 0.291 0.009 0.014 0.424 0.034 0.050
5.0x 1073 1 0.300 0.016 0.025 | 0.459 0.034 0.052 | 0.300 0.008 0.013 0.433 0.030 0.047
1.0 x 1072 | 0.302 0.015 0.024 | 0.463 0.032 0.051 | 0.303 0.008 0.013 0.436 0.029 0.046
2.0 x 10721 0.305 0.014 0.023 | 0.466 0.030 0.049 | 0.307 0.007 0.012 0.439 0.027 0.044
5.0x 1072 0.304 0.017 0.023 | 0.466 0.036 0.049 | 0.307 0.009 0.012 0.439 0.032 0.044

differences in (yo) with different upper mass limits are almost doubled and halved,
respectively, with respect to the case with the Salpeter (1955). Fig. 2.3 shows that
the global variation of (yo) spanned by all “classical” IMFs and the possible range
of myp, is nearly a factor of ten.

By looking at Fig. 2.3, the curves corresponding to the Romano et al. (2010)
stellar yields lie always above the curves with the Nomoto et al. (2013) stellar
yields. This difference enlarges as my, increases, because Romano et al. (2010)
provide the oxygen stellar yields up to 60 My, while Nomoto et al. (2013) only up
to 40 Mg, (see also Fig. 1.6), and we keep these stellar yields constant for stars with
larger initial stellar mass. The latter assumption can introduce a systematic effect
in the final values of yo. We find that, by varying the upper limit of the integral at
the numerator of equation 2.24 and by normalizing the IMF up to m,, = 100 Mg,
the trend of the resulting (yo) is similar to the trend of (yo) as a function of the
upper cutoff of the IMF (see Fig. 2.3).

Assuming a top-heavy IMF can cause an even larger increase of the yield of
oxygen per stellar generation, being larger the number of massive stars which are
present. We explore the effect of two top-heavy IMFs (Cappellari et al., 2012;
Arimoto & Yoshii, 1987), both defined as a single-slope power law. Our results
for the (yo) vs. myp relations are shown in Fig. 2.4 for different IMFs and stellar
yield assumptions. By looking at Fig. 2.4, as the slope is decreased from x = 1.35
(Salpeter, 1955) down to = 0.95 (Arimoto & Yoshii, 1987) and = 0.5 (Cappellari
et al., 2012), the IMF becomes top-heavier and the value of yo becomes larger and
larger; furthermore, the standard deviation of (yo) becomes larger as the slope x
is decreased, indicating that (yo) is slightly more influenced by the metallicity-
dependence of the assumed set of stellar yields.

The predicted values of yo for single-slope top-heavy IMF are very high and
they may either imply that a “top-heavy” star formation mode has only lasted for
a short interval of the galaxy lifetime and not relevant for the integrated metal pro-
duction, or that a single power-law is not a proper representation of the “top-heavy
initial mass function” and that a broken power-law is a more proper description.

There is increasing evidence in the literature that the IMF may vary among
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different types of stellar systems, such as spheroids and disk galaxies, as well as
faint dwarf galaxies (e.g. see Cappellari et al. 2012; Conroy & van Dokkum 2012;
Weidner et al. 2013). Observationally, a Kroupa et al. (1993) IMF is favoured in
describing the chemical evolution of the solar vicinity (see Romano et al. 2010), and
the disk of spirals similar to the Milky Way, while the Kroupa (2001) and Chabrier
(2003) IMFs are probably better for describing the evolution of spheroids such as
bulges and ellipticals (see, for example, Chabrier et al. 2014). We have shown
that the range of commonly adopted IMFs (even neglecting the extreme top-heavy
ones) implies a large variation of net yield per stellar generation. This fact could
add an extra systematic to studies attempting to model the observed abundances,
which should be taken into account by properly using our compilation of yield for
the different classes of galaxies. More specifically, if the IMF is not universal, we
can expect a difference in net yield up to a factor larger than three for classical,
widely-used IMFs, and even much larger for the top-heavy ones.

2.6 Including the delayed production of iron by Type
la Supernovae within analytical models: a novel
method

Analytical models of chemical evolution do not take into account the fact that
the majority of the chemical elements in the ISM usually have more than one
nucleosynthesis channel; to complicate further this scenario, each nucleosynthesis
channel is also characterized by a distinctive distribution of typical time scales for
the chemical enrichment, which differs from the other.

In this Section, we describe a novel method which we have developed for solving
the problem of coupling different nucleosynthesis channels in analytical chemical
evolution models; in particular, in Vincenzo, Matteucci & Spitoni (2016), we show
how the nucleosynthetic products from core-collapse SNe can be coupled with the
one by Type Ia SNe in a simplified but — at the same time — effective theoretical
picture. We think that this method can be useful both for observers and theorists
who wish to decouple the evolution of chemical elements like oxygen and iron,
which do not trace each other and both are usually used as tracers of the galaxy
metallicity.

Our new theoretical method assumes an instantaneous recycling approximation
for chemical elements restored by massive stars and the Delay Time Distribution
formalism for the delayed chemical enrichment by Type Ia Supernovae. The galaxy
gas mass assembly history, together with the assumed stellar yields and initial mass
function, represent the starting point of this method. Then, we derive a very simple
and general equation which closely relates the Laplace transforms of the galaxy gas
accretion and star formation history, which can be used to simplify the problem
of retrieving these quantities in most of current galaxy evolution models. We find
that — once the galaxy star formation history has been reconstructed from our
assumptions — the differential equation for the evolution of the chemical element
X can be suitably solved with classical methods.
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In particular, we solve the following approximate differential equation for the
evolution of the surface gas mass density of a generic chemical element X within
the galaxy ISM, ox (r,t):

dox (’I", t)

o = —X(r ) v(rt) + Ex(rt) + Ox(r,t) + Rx 1a(r, t) (2.26)

where we assume that the infall gas is of primordial chemical composition. The
physical meaning of the various terms in the right-hand side of equation (2.26) can
be summarized as follows.

60

The first term represents the surface gas mass density of X which is removed
per unit time and surface from the galaxy ISM because of the star formation
activity. The quantity X (r,t) = ox(7,t)/0gas(r, t) is the abundance by mass
of the chemical element X.

The second term, Ex (r,t), takes into account both the stellar contributions to
the enrichment of the newly formed chemical element X and the unprocessed
quantity of X, returned per unit time and surface by dying stars without
undergoing any nuclear processing in the stellar interiors. By assuming IRA,
one can easily demonstrate that this term can be approximated as follows
(Maeder, 1992):

gx(?”, t) = X(r,t)(r,t) R+ (yx) (1 — R) W(r,t), (2.27)

where the quantity R represents the so-called “return mass fraction”, namely
the total mass of gas returned into the ISM by a SSP, per unit mass of the SSP
(see also Calura et al. 2014 for a more accurate approximation to compute
the gas mass returned by multiple stellar populations), and (yx) is the net
yield of X per stellar generation (Tinsley, 1980).

The third term in equation (2.26) removes the quantity of the chemical ele-
ment X which is expelled out of the galaxy potential well because of galactic
winds. We assume the galactic wind to be always active over the whole
galaxy lifetime and its intensity is directly proportional to the galaxy SFR,
namely

Ox(r,t) = wip(r,t), (2.28)

with w being the so-called “mass loading factor”, a free parameter in the
models. We can also think at the galactic wind as a continuous feedback
effect of the SFR, which warms up the galaxy ISM; as a consequence of
this, the gas is removed from the cold phase of the ISM and hence it is not
immediately available for further reprocessing by star formation.

The forth term represents the amount of X restored per unit time and surface
by Type Ia SNe, where (mx 1) is the average amount of X synthesized by
each single Type Ia SN event. In particular,

Rxia(r,t) = (mx.1a) Ria(r,t), (2.29)
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with Ry, (r,t) being the Type Ia SN rate, as defined in equation (1.15).

In summary, by specifying all the various terms, we can rewrite equation (2.26) as
follows:

daxd(tr, t) _ —ox(r,t) —01:}(7;:)15) (1+w—-R)+
+ (yx) (1 = R) ¥(r,t) + (mx 1a) Ria(r,t). (2.30)

We remark on the fact that equation (2.30) can be numerically solved with classical
methods (e.g., with the Runge-Kutta algorithm), once the star formation history
(SFH) of the galaxy has been previously determined, either observationally or
theoretically; in Section 2.6.1, we show how we derive this information. In this
work, we solve equation (2.30) for oxygen, silicon and iron, by assuming (yo) =
1.022 x 1072, (ys;) = 8.5 x 1074, (ype) = 5.6 x 107% and R = 0.285, which can be
obtained by assuming the Kroupa et al. (1993) IMF (see also Vincenzo, Matteucci,
Belfiore & Maiolino 2016). We adopt the so-called 3/8-rule forth-order Runge-
Kutta method to solve equation (2.30). Finally, we assume the stellar yields of
Type Ia SNe from Iwamoto et al. (1999).

2.6.1 The galaxy star formation history

We test the effect of two distinct phenomenological laws for the star formation rate:
i) a linear Schmidt-Kennicutt law, as assumed in the majority of analytical and
numerical codes of chemical evolution, and ii) a nonlinear Schmidt-Kennicutt law.
In the first case, the differential equation for the evolution of the galaxy surface
gas mass density is linear and it can be easily solved with the Laplace transform
method, for any assumed smooth gas mass assembly history, acting in the equation
as a source term. In the second case, since the differential equation is nonlinear in
the unknown, a numerical technique is adopted to solve the problem of retrieving
the galaxy star formation history.

Linear Schmidt-Kennicutt law for the galaxy SFR

In the case of a linear Schmidt-Kennicutt law, the galaxy SFR is assumed to be
directly proportional to the galaxy gas mass density, namely

1/}<T7 t) = VL O-gas(r; t)7 (231)

where vy, is the so-called “star formation efficiency”, a free parameter in the models,
having the units of Gyr~!. The galaxy SFH, namely the evolution of the galaxy
SFR with time and radius, can be theoretically recovered under IRA, by solving the
following approximate differential equation for the evolution of the galaxy surface

gas mass density:

da%im) = —1p(r,t) (1 +w — R) +Z(r,1). (2.32)
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The last term in equation (2.32) corresponds to the assumed galaxy gas mass
assembly history, namely Z(r,t) = (dogas/dt)ins. Most of the chemical evolution
models in the literature customarily assume a decaying exponential infall rate of
gas with time. Historically, the first work in the literature suggesting such an infall
law is the one by Chiosi (1980). Nevertheless, equation (2.32) can be numerically
solved for any assumed galaxy gas accretion history with standard techniques (e.g.,
a Runge-Kutta algorithm).

If we compute the Laplace transform of equation (2.32), it is straightforward
to verify that the following equation can be obtained:

s+ «
VL

ﬁ(i—(r, t)) (3) =

E(l/)(?“, t)) (s) — 0gas(r,0), (2.33)

where s is the frequency, with the units of Gyr_l, and a = (1+w— R) v. Equation
(2.33) is very general and closely relates the Laplace transform of the galaxy gas
accretion history, £(I(r,t))(s), with the Laplace transform of the galaxy SFH,
L(¢(r,t))(s), provided the SFR follows a linear Schmidt-Kennicutt law. Equation
(2.33) can be used both to retrieve the galaxy SFH from the assumed gas infall
law and to solve the corresponding inverse problem, namely to reconstruct the
galaxy gas mass assembly history from the observed SFH (one can assume a fitting
function for the galaxy SFH to insert in equation 2.33).

By assuming in equation (2.33) the following law for the galaxy gas mass as-
sembly history:

2(t) = 3 B0 t) = 3 Ay (r) e T Ot~ 1), (2:349)

which corresponds to a summation of separated gas accretion episodes, each obey-
ing a decaying exponential law with time scale 7; and starting at the time ¢;, then
it is straightforward to verify that the solution for the galaxy SFH is the following:

V1) = 2, 22D Ot — 1) [ e/ — et

5

+ VL, 0gas(r,0) e O(1). (2.35)

We remind the reader that the function ©(t) in the equations above is defined
as the Heaviside step function. Finally, the parameter A;(r) is a normalization
constant, which fixes the total gas mass accreted by the jth accretion episode.

For the sake of simplicity, in this work we assume the galaxy gas accretion
history, as defined in equation (2.34), to be composed of a single episode, starting
at t = 0. It can be shown that the functional form for galaxy SFH has the same
expression as given in Spitoni, Vincenzo & Matteucci (2017).

It is worth remarking that a linear relation is inferred in galaxies only between
the galaxy SFR and the molecular hydrogen surface mass density, oy, (?Bigiel et
al., 2008, 2011; Schruba et al., 2011), although the systematic uncertainties in this
kind of studies might be still very large to draw firm conclusions. Nevertheless,
Kennicutt (1998) noticed that the relation between the inferred SFR and the gas
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mass density, ogas(r,t), can be well fit with a linear law, such as equation (2.31),
when the star formation efficiency is defined as the inverse of the typical dynamical
time scale of the system, following the results of a previous theoretical study by
Silk (1997).

Nonlinear Schmidt-Kennicutt law for the galaxy SFR

In this work, we also test the effect of assuming a nonlinear Schmidt-Kennicutt law
for the evolution of the galaxy SFR, which has the following form:

¥(r,t) = SFRg (Gga—(rt)) k , (2.36)

g0

where — following Kennicutt (1998) — we assume 09 = Mg pc~2 and k = 1.4; finally,
the quantity SFRg in equation (2.36) has the units of a star formation rate, namely
Mg pe=2 Gyr™* (see also the discussion below). In our work, we treat the quantity
SFRy as a free parameter, to reproduce the MW chemical abundance patterns.

In the case of a nonlinear Schmidt-Kennicutt law, the global star formation
efficiency varies with time, according to the following equation:

_(rt)  SFRo [ 0gas(rt) "
SFE(r,t)—Ugas(r,t)— el Gvmee . (2.37)

We remark on the fact that, in the original work by Kennicutt (1998), SFR¢ ~
2.5x 1071 Mg pc—2 Gyr_l, which represents an average quantity, derived by fitting
the observed relation between the SFR and 04, in a sample of nearby star forming
disc galaxies, which exhibit a large spread in the SFR-0,,¢ diagram.

In the physical picture drawn by equation (2.36), we can argue that — as a
consequence of a prolongated and continuous star formation activity, which warms
up the galaxy ISM through stellar winds and Type II SNe — the galactic disc
likely respond by regulating its dimensions (and hence its global thermodynamical
quantities) to saturate towards a level of star formation, which is driven by the
quantity SFRy. In summary, the slope and power law index in equation (2.36)
might represent “truly basic physical constants”, as pointed out by Talbot & Arnett
(1975) almost 40 years ago about the SFR law in the galaxy formation and evolution
models.

We are aware that our considerations above are heuristic; in particular, there
should be an underlying physical mechanism, common to almost all actively star
forming stellar systems, which is not explained by our simple phenomenological
recipes for star formation. A detailed physical theory must be developed, involving
— for example — physical quantities in a statistical mechanics framework. In partic-
ular, one should be able to relate the astronomical quantity “star formation rate”
with much more physical quantities, in order to gain a deeper knowledge about
how a small scale phenomenon like the star formation can be regulated by large
scale processes, and viceversa. An interesting attempt to develop a theory for the
star formation activity in galaxies can be found in the work by Silk (1997).
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Figure 2.5: In this Figure, we show the observed data set for the [O/Fe| (upper panel) and
[Si/Fe] (bottom panel) vs. [Fe/H] chemical abundance patterns, that we assume in this work
for the comparison with the predictions of our models. Data with different colors correspond
to different works in the literature. In particular, our set of data include MW halo stars
from Gratton et al. (2003, red squares), Cayrel et al. (2004, blue circles) and Akerman et al.
(2004, magenta triangles), and halo, thin and thick disc stars from Bensby et al. (2014, black
triangles).

When assuming a nonlinear Schmidt-Kennicutt law for the SF in galaxies, the
differential equation for the evolution of og.g(r, t) cannot be solved with standard
mathematical techniques, such as the Laplace transform method, which can be
easily applied to solve only linear ordinary differential equations. Therefore, we
retrieve the run of the galaxy SFR with time by making use of a Runge-Kutta
algorithm. It is worth noting that, if & = 2 in equation (2.36), then equation (2.32)
for the evolution of o4, with time can be put in the form of a Riccati equation,
which can also be solved analytically. Nevertheless, an index k£ = 2 seems to be
ruled out by observations.

In summary, we firstly derive the evolution of oy, with time by solving equation
(2.32) with a numerical algorithm; then, it is straightforward to recover the galaxy
SFR by making use of equation (2.36).

Free parameters and methods

The free parameters of our model are given by i) the star formation efficiency, v,
when the linear Schmidt-Kennicutt law is assumed, or the quantity SFRy in the
case of a nonlinear Schmidt-Kennicutt law; ii) the mass loading factor, w, which
determines the intensity of the galactic winds, and iii) the infall time scale, T,
which characterizes the intensity of the gas infall rate, assumed to be a decaying
exponential law.
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The assumed initial mass function and the set of stellar yields determine the
return mass fraction, R, the net yield of the chemical element X per stellar gen-
eration, (yx), and the yield of X from Type Ia SNe, (mx 1a). Other fundamental
assumptions in the model are given by the DTD for the Type Ia SN rate and the
prescription for the SFR law.

An observational constraint for the calibration of the gas infall history is given
by the radial profile of the present day total surface mass density, oot (7, tg). In this
work, we apply our model to reproduce the observed chemical abundance patterns
in the MW galaxy; hence we normalize the infall law, as given in equation (2.34),
by requiring the following constraint:

ta

/ dtZ(t) = opet(8kpe, ta), (2.38)
0

where we assume tg = 14 Gyr, a single infall episode, and oot (8 kpc, tq) = 54 Mg pe™2,
which represents the present day total surface mass density at the solar neighbor-
hood.

The best model is defined as the one capable of reproducing the observed
trend of the [O/Fe] vs. [Fe/H] chemical abundance pattern, which represent the
best observational constraint for chemical evolution models of the MW. Our best
models is characterized by the following values for the free parameters:

1. v, =2Gyr ! and SFRg = 2Mg pc 2 Gyr 1
2. the infall time scale for the gas mass growth of the MW disc is 7 = 7 Gyr;
3. the mass loading factor is w = 0.4.

Finally, the best models assume the single degenerate scenario for the Type Ia SN
rate.

It is worth noting that the values of our best parameters are in agreement
with previous recent studies (see, for example, Minchev et al. 2013; Nidever et
al. 2014; Spitoni 2015). Furthermore, we remark on the fact that the predicted
[Fe/H]-[O/Fe] relation in the MW is fit by construction using fixed values for the
key free parameters vy, (or SFRy), w and 7.

Once the best set of free parameters is determined, we fix them and explore the
effects of assuming different DTDs for the Type Ia SN rate and different prescrip-
tions for the relation between the SFR and the surface gas mass density, ogas(r,t).
In this way, we can demonstrate the flexibility of our method for solving the chem-
ical evolution of galaxies, by taking into account the major systematics in the
theory.

2.6.2 The observed data set

The data set for the observed [Fe/H]-[O/Fe] and [Fe/H]-[Si/Fe| relations are shown
in Fig.2.5a and Fig.2.5b, respectively, where the data from different works are
drawn with different colors. Our set of data include both MW halo stars from
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Figure 2.6: In this Figure, we show how the stars in the Bensby et al. (2014) sample are
distributed among the various MW stellar components. Halo stars are drawn as magenta
circles; thick disc stars as blue triangles; finally, thin disc stars are shown as blue triangles.
We remind the reader that Bensby et al. (2014) retrieve the membership of the stars in their
sample with a kinematical criterion.

Gratton et al. (2003, red squares), Akerman et al. (2004, magenta triangles), and
Cayrel et al. (2004, blue circles), and MW halo, thin and thick disc stars from
Bensby et al. (2014, black triangles).

The data in Fig.2.5 span a wide metallicity range, from [Fe/H] ~ —4.0dex to
[Fe/H] ~ 0.5 dex; they show a continuous trend in the [O/Fe] and [Si/Fe] abundance
ratios as functions of the [Fe/H] abundances, although highly scattered. There is
an initial, slowly decreasing plateau, followed by steep decrease, which occurs at
different [Fe/H] abundances and with different slopes when halo and disc stars
are considered separately. This is particularly evident when looking at the [Si/Fe]
ratios in Fig.2.5b, where the data of the halo stars by Gratton et al. (2003, red
squares) decrease with a different slope with respect to the disc data by Bensby et
al. (2014, black triangles).

In Fig.2.6, we focus on the data set by Bensby et al. (2014) and show how
the stars of the halo (magenta circles), thick disc (blue triangles) and thin disc
(red triangles) are distribute in the [Fe/H]-[O/Fe| (upper panel) and [Fe/H]-[Si/Fe]
(bottom panel) diagrams. Bensby et al. (2014) were able to assign a membership to
the majority of the stars in their sample, according to the MW stellar component
they likely belong to; in particular, Bensby et al. (2014) adopted a conservative
kinematical criterium to retrieve the membership of the stars in their sample (see
their appendix A). The presence of two well separated sequences between thin
and thick disc stars, as suggested by many recent works in the literature (see, for
example, Nidever et al. 2014; Kordopatis et al. 2015) is still not evident by looking
at the data set in Fig.2.6, since the data are still highly scattered.
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Figure 2.7: In this Figure, we show the comparison between models with different prescriptions
for the galaxy SFR. We examine a linear Schmidt-Kennicutt law (solid curves in blue; see
equation 2.31) and a nonlinear Schmidt-Kennicutt law (dashed curves in black; see equation
2.36). In panel (a), we show the results for the evolution of the SFR as a function of time;
in panel (b}, we show how ogas is predicted to evolve with time; in panel (c), the temporal
evolution of the star formation efficiency, defined as SFE = (7, ¢)/0gas(r, 1), is drawn; finally,
in panel (d), we show the evolutionary path of the models in the [Fe/H]-[O/Fe| diagram, with
the grey triangles corresponding to the observed set of data for the MW (see Section 7.2).
All the models assume a fixed value of the free parameters; in particular, 1 = 2Gyr_1 (blue
solid curves) and SFRg = 2 Mg pc2 Gyr_1 (black dashed curves); infall time scale T = 7 Gyr;
mass loading factor w = 0.4, and the single degenerate scenario for DTD of Type la SNe (see
also Section 2.6.1 for the assumed set of free parameters).

2.6.3 Results: the Milky Way chemical evolution

In this Section, we present the results of our chemical evolution model, which is
based on the methods and equations as described in Section 6.3. We study the MW
chemical evolution, with the aim of reproducing the observed [O/Fe] and [Si/Fe]
abundance ratios as functions of the [Fe/H] abundance.

We firstly explore the effect of different prescriptions for the galaxy SFR. Suc-
cessively, we investigate the effect of assuming different DTDs for Type Ia SNe.

Exploring the effect of different laws for the Galaxy SFR

In Fig.2.7, we compare the predictions of our best model with the linear Schimidt-
Kennicutt law (solid lines in blue) with a similar model assuming a nonlinear
Schmidt-Kennicutt law. In particular, in Fig.2.7a, we show the predicted evolution
of the galaxy SFR as a function the galaxy lifetime; in Fig.2.7b, the predicted
evolution of oy, with time; in Fig.2.7c, we show how the predicted star formation
efficiency evolves as a function of time; finally, in Fig.2.7d, we show our results for
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Figure 2.8: In this Figure, we show the main results of our work for the [O/Fe| (upper panels)
and [Si/Fe] (bottom panels) vs. [Fe/H] chemical abundance patterns. Curves with different
colors correspond to different assumptions for the DTD of Type la SNe. In this work, we
examine the single degenerate scenario (solid curves in blue), the double degenerate scenario
(dashed-dotted red curves) and the bimodal DTD (dashed black curves). The panels {al)
and (a2) on the left show the predictions of the models with the linear Schmidt-Kennicutt law
(see equation 2.31), while the panels (bl) and (b2) on the right show the models with the
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nonlinear Schmidt-Kennicutt law (see equation 2.36).
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the [O/Fe] vs. [Fe/H| chemical abundance pattern.

By looking at Fig.2.7a, the predicted SFR is very similar when assuming the
linear and the nonlinear Schmidt-Kennicutt law, with similar absolute values for
vr, and SFRg. The differences are always remarkable in the evolution of oy, with
time (see Fig.2.7b), particularly in the earliest stages of the galaxy evolution; in
fact, the model with the nonlinear Schmidt-Kennicutt law (dashed line in black)
always predicts higher surface gas mass densities than the model with the linear
Schmidt-Kennicutt law (solid blue line) for ¢ < 10 Gyr. That can be explained by
looking at Fig.2.7c, where we can appreciate that — for galaxy evolutionary times
t < 10 Gyr — the model with the nonlinear law has always higher star formation
efficiencies (see equation 2.37) than the model with the linear law, which has a
fixed star formation efficiency v = 2Gyr~'. Since the predicted evolution of the
galaxy SFR is very similar when assuming a linear or nonlinear Schmidt-Kennicutt
law, the differences in the predicted [O/Fe] vs. [Fe/H] relation are negligible (see
Fig.2.7d).

The predicted evolutionary path of our models in the [Fe/H]-[O/Fe| diagram in
Fig.2.7d can be explained as follows, by means of the so-called “time delay model”
(Tinsley, 1979; Greggio & Renzini, 1983; Matteucci, 1986).

1. The plateau at very low [Fe/H] abundances stems from the chemical enrich-
ment by massive stars, dying as core-collapse SNe, for which we assume IRA
and hence a constant ratio between the net yields of oxygen and iron per
stellar generation.

2. The initial plateau is then followed by a decrease, which is due to the delayed
contribution of Type Ia SNe, injecting large amounts of iron into the galaxy
ISM. The position of the knee in the [Fe/H]-[O/Fe| relation is determined
by the galaxy star formation efficiency. In particular, decreasing the star
formation efficiency determines a slower production of iron and a-elements
by massive stars and hence the decrease of the [O/Fe| ratios occurs at low
[Fe/H] abundances.

If we had assumed the original Kennicutt (1998) law, which prescribes SFRy =
2.5 x 107 Mg pc—2 Gyr ™!, the star formation efficiencies would have been always
roughly one order of magnitude lower than the findings of our best model, deter-
mining a decrease of the [O/Fe| ratios at very low [Fe/H] abundances, at variance
with data.

Exploring the effect of different DTDs for Type la SNe

In Fig.2.8, we show the effect of varying simultaneously the assumed DTDs for
Type Ia SNe (curves with different colors in all the panels) and the prescriptions
for the SFR law (Fig.2.8al and Fig.2.8a2 show the results of the models with the
linear Schmidt-Kennicutt law for [O/Fe] and [Si/Fe| vs. [Fe/H], respectively, while
Fig.2.8b1 and Fig.2.8b2 show the results for the law by Kennicutt 1998).

By looking at Fig.2.8, we can appreciate that different distributions of delay
times for Type Ia SNe determine different behaviors of the models. Whatever is the
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assumed prescription for the galaxy SFR, the best agreement with the set of data
for [O/Fe] vs. [Fe/H] is achieved by the model with the single degenerate scenario
(blue solid lines), while the predicted trend of the [Si/Fe] vs. [Fe/H] with the single
degenerate scenario is always above the data; such an offset for silicon is due to the
still large uncertainty in the nucleosynthetic stellar yields of this chemical element.

The models with the bimodal DTD of Mannucci et al. (2006, dashed curves in
black) predict a remarkable change in the behavior of the declining trend of the
[/ Fe] ratios, which is due to the assumed secondary population of Type Ia SNe,
which contributes by 50 per cent to the global distribution of the delay times; this
tardy component bolsters the iron pollution of the ISM at later times. Moreover,
the [a/Fe] ratios with the bimodal DTD decline with the steepest slope among the
assumed DTDs because of the too large number of prompt Type Ia SNe; this result
is in agreement with the findings of Matteucci et al. (2006, 2009); Yates et al. (2013);
all these studies agree that the average number of prompt Type Ia SNe can vary
from ~ 15 per cent to a maximum of ~ 30 per cent with respect to the integrated
number of Type Ia SNe, hence a percentage which should be lower than the 50 per
cent assumed by Mannucci et al. (2006), although these authors concluded that
for their data also a percentage of 30 per cent could be acceptable. Finally, the
models with the double degenerate scenario (dashed-dotted red curves) predict a
steeper declining trend of the [« /Fe| ratios than the single degenerate scenario as
first Type Ia SNe explode.

2.6.4 Conclusions and discussion

In this Section, we have presented a new theoretical framework for following the
chemical evolution of galaxies, by assuming IRA for chemical elements synthesized
and restored by massive stars on short typical time-scales and the DTD formalism
for the delayed chemical enrichment by Type Ia SNe. The main assumptions of
our model are the galaxy gas mass assembly history, the stellar yields and the
initial mass function. Finally, the SFR law represents also an other fundamental
phenomenological assumption in the model.

We have derived a very simple and general formula (equation 2.33), relating the
Laplace transform of the galaxy SFH with the Laplace transform of the galaxy gas
mass assembly history, provided the galaxy SFR follows a linear Schmidt-Kennicutt
law, namely (7, t) & 0gas(r, t). This formula can be used both to derive the galaxy
SFH from the assumed gas infall law and to solve the corresponding inverse problem
(i.e., retrieving the galaxy gas accretion history from the observed SFH).

We remark on the fact that the Laplace transform method for solving ordinary
differential equations can only be used when the latter are linear. For this reason,
we have also considered the case of a nonlinear ordinary differential equation for the
evolution of the galaxy surface gas mass density with time, which can be obtained
when assuming 1(r,t) X 0gas(r,t)*, with & = 1.4 (nonlinear Schmidt-Kennicutt
law). In this work, we have retrieved the galaxy SFH with a nonlinear law for the
galaxy SFR, by making use of standard numerical techniques.

We have shown that the differential equation for the evolution of a generic
chemical element X can be solved with standard numerical methods (e.g., the
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Runge-Kutta algorithm), once the galaxy SFH has been theoretically determined
from our assumptions. We have applied our model to reproduce the [O/Fe| and
[Si/Fe] vs. [Fe/H] chemical abundance patterns as observed in the MW halo and
disc stars, by exploring the effect of different DTDs for Type Ia SNe and different
prescriptions for the SFR law. We have assumed the Galaxy disc to assemble by
means of a single gas accretion episode, with typical time scale 7 = 7 Gyr. In any
case, our method can be easily extended also for a two-infall model (Chiappini et
al., 1997).

Our model with the single degenerate scenario for Type Ia SNe provides a
very good agreement with the set of data of the MW. Since the nucleosynthetic
stellar yields of the other a-elements still suffer of large uncertainty, the agreement
between model and data for these chemical elements is still not good.

We are aware that a linear relation between the SFR and o4, seems not to be
the best fit to data, unless the star formation efficiency is defined as the inverse of
the typical dynamical time scale of the system. Nevertheless, we have shown that
our models with a nonlinear Schmidt-Kennicutt law provide very similar results
for the galaxy SFR and chemical abundance patterns as the model with the linear
Schmidt-Kennicutt law.

We are aware that the assumption of a constant yield per stellar generation is
a strong approximation, determining the predicted flat trend of the [« /Fe] ratios at
low [Fe/H] abundances, at variance with data showing a remarkable scatter. This
scatter can be reproduced only by introducing an element of stochasticity in the
model (for example, in the stellar yields, in the IMF or in the SFR). Moreover,
the [«/Fe] ratios at very low [Fe/H] abundances show a global trend, which can
be reproduced only by relaxing IRA, and hence by including stellar lifetimes and
variable nucleosynthetic stellar yields of massive stars, as in the detailed numerical
codes of chemical evolution. As Type Ia SNe start exploding, the [a/Fe] ratios
steeply decrease, in excellent agreement with data.

The theoretical method, as presented in this Section, differs from previous
works in the literature, which similarly recover the galaxy chemical evolution from
the assumed SFH (see, for example, Erb et al. 2006; Homma et al. 2015; Weinberg
et al. 2016), because we initially start from the assumption of a galaxy gas mass
assembly history. Then, the galaxy SFH has been retrieved by means of equation
(2.33), which makes use of the Laplace transform to simplify the solution of the
differential equation for the evolution of the galaxy gas mass. Our theoretical
framework can be generalized for any choice of the galaxy gas infall law, as given
— for example — by the analysis of cosmological hydrodynamical simulations (see,
for example, Faucher-Giguere et al. 2011).

Our method for solving chemical evolution of galaxies can be easily included in
other complementary stellar population synthesis models, by taking into account
chemical elements — like iron — which are restored with a time delay from the star
formation event. In this way, one can easily decouple the evolution of iron and
oxygen, which contribute to the total metallicity of the galaxy ISM with different
relative fractions as a function of the galaxy lifetime.
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Chemical evolution of classical and
ultra-faint dwart spheroidal galaxies

3.1 Introduction

Orbiting around the Milky Way, there is a large number of satellite galaxies, most
of which have so low average surface brightnesses and small effective radii that
their detection was very difficult in the past: from 1937 up to 1994, only nine
of them were discovered and that number remained unchanged until 2005. They
are the so-called classical dwarf spheroidal galazies (dSphs), which are among the
least luminous and most dark matter (DM) dominated galaxies which are observed
today in the Universe. Dwarf spheroidal galaxies are classified as early-type since
they are observed to possess very low gas mass at the present time and their stars
are very iron-poor when compared to the Sun (see Tolstoy et al. 2009 and Koch
2009 for an exhaustive review).

Color-magnitude diagram (CMD) fitting analysis revealed star formation rate
(SFR) in dSphs to have been either continuous for a long time or occurring in
bursts. All dSph galaxies host an underlying very old stellar population with age
2 10 Gyr (e.g. Grebel 1997), and some of them are dominated by an intermediate-
age stellar population with age in the range 4 —8 Gyr (Dall’Ora et al., 2003). Very
few dSphs have been observed to host younger stars, which populate the so-called
“blue plume” in the CMD, sign of a relatively recent star formation activity, which
occurred up to ~ 2 — 3 Gyr ago (Monelli et al., 2003).

All such features led cosmologists to hypothesize dSphs to be the evolved small
progenitor systems which merged in the past to form the actual large structures in
the Universe as the stellar halo of the Milky Way, in the framework of the ACDM
standard cosmological model (Helmi & White, 1999; Bullock et al., 2001; Harding
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et al., 2001; Bullock & Johnston, 2005). However, successive deeper investigations
revealed them not to possess all the right properties to be the aforementioned
hypothetical survived progenitors of the Galactic halo (see Helmi et al. 2006 and
Catelan 2009 and references therein).

The Sloan Digital Sky Survey (SDSS) allowed in the past ten years (from 2005
up to the present time) to discover a large number of new dwarf galaxies orbiting
around the Milky Way with physical properties very similar to dSph galaxies but
average surface brightnesses and effective radii even much smaller (see, e.g., Be-
lokurov et al. 2007, 2010): for such reasons, they have been named as ultra-faint
dwarf spheroidal galaxies (UfDs). That is a mere naming convention, without any
real physical motivation, since UfDs extend to fainter magnitudes and lower masses
the same observed physical properties of dSphs. In fact UfD galaxies do not contain
any gas at the present time and their stars are on average very iron-poor, with age
2 10 — 12 Gyr (Okamoto & Arimoto, 2012; Brown et al., 2013). So UfDs do not
show any recent star formation activity. Such stellar systems soon aroused great in-
terest in the scientific community, either for their extreme observed characteristics,
or because such characteristics might shed light on the conditions of the Universe in
the first billion years of its evolution (see Belokurov 2013 for a detailed discussion).
The UfD environment constitutes the best candidate for verifying whether a first
population of very massive and extremely metal-poor stars (the so-called Popula-
tion III) might have existed or not. Such stars, at their death, should have enriched
the interstellar medium (ISM) with some metals and therefore they might have left
a chemical signature in the stars which were born immediately after, as some of
the UfD stars (Ferrara 2012). As Salvadori & Ferrara (2012) had envisaged, this
hypothesis might be supported by the observation of carbon-enhanced metal-poor
(CEMP) stars in some UfD galaxies (Norris et al., 2010; Gilmore et al., 2013),
which might be directly linked to the CEMP-Damped Ly-a systems observed in
the spectra of quasars at high redshift (Cooke et al., 2011a,b). In this scenario,
the latter might be the high-redshift unevolved counterparts of some of the UfD
galaxies.

Aim of this Chapter is to study how dSph and UfD galaxies have evolved, by
reconstructing - going back in time - the chemical enrichment history of their ISM,
starting from the chemical abundances derived today in the atmospheres of their
stars. We will adopt a detailed chemical evolution model which is able to follow
the evolution of several chemical species (H, He, C, N, O, a-elements, Fe-peak
elements, s- and r- process elements). This model is based on that presented by
Lanfranchi & Matteucci (2004) and then used also in the works of Lanfranchi et
al. (2006a), Lanfranchi et al. (2006b), Lanfranchi & Matteucci (2007), Lanfranchi
et al. (2008), Cescutti et al. (2008), and Lanfranchi & Matteucci (2010).

Lanfranchi & Matteucci (2004) modeled the chemical evolution of six dSphs
of the Local Group including Sextans, Sculptor, Sagittarius, Draco, Ursa Minor
and Carina. Their main conclusions were that dSphs suffered from very low star
formation efficiency, which caused the iron pollution from Type Ia SNe to become
important when the [Fe/H] of galaxy ISM was still very low. In this manner, and
by assuming also intense galactic winds, they were able to explain the observed
decrease in the trends of [o/Fe] vs. [Fe/H]. Galactic winds prevent the galaxy to
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form stars soon after the onset of the outflow and this leads the stellar metallicity
distribution function (MDF) in dSphs to be peaked towards low [Fe/H] abundances,
almost 1.5 dex below the one of Milky Way disc in the solar neighborhood, in
agreement with observations.

As interesting papers appeared recently, Romano & Starkenburg (2013) mod-
eled the chemical evolution of Sculptor by means of a new approach in a full
cosmological framework, whereas Koch et al. (2012, 2013) present a first chemical
evolution model of the Hercules UfD, based on the same numerical code we use in
this work.

Here we focus on the chemical evolution of Sculptor and Carina, for which
newer data are available, but especially we model the evolution of UfDs: Hercules
and Bootes I. In Section 3.2 we describe the adopted chemical evolution model.
In Section 3.3 the data sample is presented and in Section 3.4 the results are
shown. Finally, in Section 3.5 some conclusions are drawn. All the results as
presented in this Chapter have been published in Vincenzo, Matteucci, Vattakunnel
& Lanfranchi (2014).

3.2 Assumptions of the model

We assume dSph and UfD galaxies to form by infall of primordial gas in a pre-
existing DM halo. The infall rate obeys a decaying exponential law with very short
typical time-scales, Ti,¢, and the so-called infall mass, Miy¢, represents the reservoir
of the infalling gas from which the stars form. Hence the gas out of which dSph
and UfD galaxies form is assumed to be of primordial chemical composition. In
summary, in our models for the dSph and UfD galaxies, we assume the galaxy gas
mass assembly history to follow a decaying exponential law with time, which is
normalized with respect to the infall mass, M.

We assume for dSphs an infall time-scale 74spn = 0.5 Gyr, while for UfDs we
adopt Typ = 0.005 Gyr, which is equivalent to assume that almost all the gas was
present in the DM halo since the beginning. The reason for these choices will be
clearer in the next sections and are dictated by fitting the observational constraints.

Thanks to the detailed treatment of the main physical processes involved in
the chemical enrichment of the galaxy ISM, we are able to predict the trends of the
chemical abundances of many elements relative to iron as a function of [Fe/H], the
MDF and the total stellar and gas masses at the present time. Other observational
constraints are represented by i) the history of star formation (SFH), which may be
characterized either by a single long episode or by several bursts of star formation,
according to the CMD-fitting analysis; ii) the total mass of the DM halo and,
finally, iii) the effective radius of the luminous baryonic component of the galaxy.
We assume, when we do not have any information, a diffuse dark matter halo for
these galaxies, with S = T;LM between 0.2 and 0.4, where rpy represents the core
radius of each galaxy DM halo.

The main assumptions of the model, which is based on a similar numerical code
as the one used in Lanfranchi & Matteucci (2004), are the following:
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e ecach galaxy is modelled as a one zone with instantaneous and complete mix-
ing of gas within it;

o stellar lifetimes are taken into account (no instantaneous recycling approxi-
mation);

o the nucleosynthesis prescriptions include the yields of Iwamoto et al. (1999)
for Type Ia SNe, the yields of Woosley & Weaver (1995, with the corrections
suggested by Francois et al. 2004) for massive stars, and the metallicity-
dependent yields of van den Hoek & Groenewegen (1997) for low- and intermediate-
mass stars.

The galaxy star formation rate is assumed to follow a linear Schmidt Kennicutt
law, namely: ¢ (t) = v Mgas(t). Moreover, the galaxy can lose gas through galactic
winds, which develop when the thermal energy of the gas E;.h (t) equals its binding
energy to the galaxy potential well, Eg(t). The latter quantity Eg(t) is calculated
by means of assumptions concerning the presence and the distribution of the DM
which, for dSphs and UfDs, is usually represented as a diffuse halo (see Bradamante
et al. 1998), whereas the thermal energy of gas Egh(t) is primarily determined by
the energy deposited by SN explosions into the ISM (see also for more details
Section 1.3). The outflow rate is assumed to be directly proportional to the galaxy
star formation rate, as follows:

O(t) = Ah(t) = w Myas (1), (3.1)

where w = v X is defined as the product of the mass loading factor with the star
formation efficiency and has the units of the inverse of a time. For dSph and UfD
galaxies, we suppose the galactic wind to be normal, namely the w parameter is
equal for all the chemical elements, although we test also models with different
kind of differential winds, following Marconi et al. (1994) and Recchi et al. (2001).

3.3 Data sample

In general, we have selected - when possible - only high-resolution data and we
have scaled all of them to the same Solar abundances (Asplund et al., 2009). The
reason for this was to homogeneize the data as much as possible.

Sculptor dSph

Sculptor is a relatively faint (My ~ —11.1, from Mateo 1998) stellar system, located
at a distance of 79 £+ 4 kpc (Koch, 2009) away from us. Its features make it a fair
representative of a typical dSph galaxy of the Local Group and it is also one of the
most extensively investigated. It hosts the most iron-poor stars ever observed in a
dSph, with [Fe/H] = —3.96 £ 0.06 dex (Tafelmeyer et al., 2010).

We used the dataset of chemical abundances presented by Shetrone et al.
(2003), Tafelmeyer et al. (2010), Frebel (2010) and Kirby & Cohen (2012). The
data sample we used for the MDF is taken from Romano & Starkenburg (2013),
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who combined the data samples of the DART project (Battaglia et al., 2008a;
Starkenburg et al., 2010) and of Kirby et al. (2009, 2010).

Carina dSph

Carina is located at a distance of 94 + 5 kpc and belongs to the faintest dSphs of
the Local Group (My ~ —9.3, uy = 25.5 £ 0.4 mag arcsec™2, from Mateo 1998).
In the dSph realm, Carina is almost unique, since its CMD reveals a bursty SFH,
which gave rise to the today observed multiple stellar populations (Hurley-Keller
et al., 1998; Tolstoy et al., 2003).

The dataset of chemical abundances we used for the comparisons with the
predictions of our models have been taken from the following works: Shetrone et
al. (2003), Koch et al. (2008a), Lemasle et al. (2012) and Venn et al. (2012). The
observed MDF has been taken from Koch et al. (2006).

Hercules UfD

The Hercules UfD was discovered by Belokurov et al. (2007) from the analysis of
Sloan Digital Sky Survey (SDSS) data. The line of sight toward Hercules is heav-
ily contaminated by Galactic foreground stars since it resides at a lower Galactic
latitude than the other UfDs (de Jong et al., 2008). Furthermore, the mean radial
velocity of Hercules stars is very similar to the mean radial velocity of thick disk
stars.

Hercules appears clearly highly elongated, without any evidence of internal
rotation (o, ~ 3.72 km s™!, from Adén et al. 2009b). Such a large ellipticity with
no rotational support might imply that Hercules is not in dynamical equilibrium
and it is undergoing strong tidal distortions. Hercules lies at a distance of 132 +12
kpc from us, it has an absolute V-band magnitude My, = —6.6+ 0.3 and a V-band
surface brightness of only uy = 27.240.6 mag arcsec ™2 (see Adén et al. 2009b and
references therein).

The data sample we used for the chemical abundances in the Hercules UfD is
taken from Adén et al. (2011), which provide the chemical abundances of calcium
and iron, the only elements actually available for this galaxy.

Bootes | UfD

The Bootes I UfD was discovered by Belokurov et al. (2006), from the analysis
of SDSS data. Siegel (2006) estimated the distance of Bodtes I by using 15 RR
Lyrae variable stars as standard candles; they found a distance: D = 62 + 4 kpc,
very similar to that of the outermost halo globular clusters in our Galaxy. Finally,
Belokurov et al. (2006) reported an absolute magnitude My = —5.8 and an half-
light radius r;, ~ 220 pc.

The data samples of chemical abundances have been taken from the works of
Norris et al. (2010) and Gilmore et al. (2013) (“NY” analysis, from Norris et al.
2010). The observed MDF has been worked out by Lai et al. (2011), by expanding
their own sample to include non-overlapping stars from Norris et al. (2010) and
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Sculptor: model parameters

v w Tinf SFH A{inf AfDM TL S = rg;\{ IMF
[Gyr ] [Gyr™']  [Gy] [Gyr] Mg Mo [pd
0.01/0.05/0.1/0.2 5/10/15/20 0.5 0—7 1.0x10® 34x10% 260 0.260  Salpeter (1955)

Table 3.1: Table: we summarize here the specific characteristics of all the chemical evolution
models performed for the Sculptor dSph. Columns: (1) star formation efficiency; (2) wind
parameter; (3) infall time-scale; (4) period of major star formation activity (de Boer et al,,
2012); (5) total infall gas mass; (6) mass of the dark matter halo (Battaglia et al., 2008b);
(7) effective radius of the luminous (baryonic) matter (Walker et al., 2009); (8) ratio between
the core radius of the dark matter halo and the effective radius of the luminous matter; (9)

initial mass function.

Sculptor chemical evolution models

Input parameters Model predictions
v M, fin Mgasfin~ twina  [Fe/H] o
[Gyr™1] Mg Mo [Gyr] dex
w=>5Gyr* 0.01 | 0.13x107 0.26 x 10°> 2.48 -1.91
0.05 |021x107 0.12x10* 1.01 —1.73
0.1 0.27 x 107 0.19 x 10*  0.66 —1.62
0.2 0.34 x 107 0.15 x 10*  0.38 —1.42
w=10CGyr ! 001 |0.12x107 0.14x 10% 2.48 —1.93
0.05 | 0.18 x 107 0.67 x 10> 1.01 —1.79
0.1 0.21 x 107 0.69 x 10°  0.66 -1.71
0.2 0.24 x 107 0.29 x 103> 0.38 —1.60
w=15Gyrt 001 |0.12x107 0.97x 10> 2.48 -1.94
0.05 | 0.17x 10" 0.46 x 103> 1.01 —1.81
0.1 0.19 x 107 0.30 x 103>  0.66 —1.74
0.2 0.20 x 107 0.11 x 10>  0.38 —1.67
w=20CGyr! 001 |0.12x107 0.75 x 10> 2.48 —1.94
0.05 |0.17x 107 0.35x 103 1.01 —1.81
0.1 0.17 x 107 0.12 x 10>  0.66 —1.76
0.2 0.18 x 107 0.58 x 102 0.38 -1.71

Table 3.2: Table: we reported for each model its main predictions. Columns: (1) wind
parameter; (2) star formation efficiency; (3) predicted actual total stellar mass; (4) predicted
actual total gas mass; (5) time of the onset of the galactic wind; (6) peak of the stellar MDF

predicted by the models.
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Figure 3.1: In this Figure we show the Sculptor SFR (in Mg /yr) as predicted by our model
with v = 0.05 Gyr_1 and w = 10, which turned out to well reproduce at the same time the
observed abundance ratio patterns and the MDF, as well as the other observed properties of
the Sculptor dSph.

Feltzing et al. (2009). The data sample of Ishigaki et al. (2014), not considered
in this work for its lower resolution than the other studies, shares three stars in
common with Gilmore et al. (2013); in any case, the two data samples turn out to
agree with each other in the final chemical abundances of the a-elements.

3.4 Results

3.4.1 Chemical evolution of the Sculptor dSph

We assume the galaxy to form from the accretion of 1.0 x 10® M, primordial gas,
at an infall rate with a time-scale of 0.5 Gyr. According to what has been inferred
observationally by means of the CMD-fitting analysis (de Boer et al., 2012), the
SFH has been assumed to consist of only one long episode of star formation lasting
7 Gyr. Following the observations, the galaxy is characterized by a massive and
extended dark matter halo, with a mass of 3.4x 10% Mg, (Battaglia et al., 2008b); we
assume a core radius rpy; = 1 kpe. The effective radius of the luminous (baryonic)
component of the galaxy has been set at the value of 260 pc (Walker et al., 2009).
So the ratio between the core radius of the dark matter halo and the effective radius
of the Iuminous matter is S = T;LM = 0.260. We need these quantities in order
to compute the binding energy of the gas and hence the time at which the galaxy
develops the galactic wind.
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Figure 3.2: In this Figure we plot the Sculptor Type Il and Type la supernova rates predicted
by the same model as Fig. 3.1.

The complete set of the parameters characterizing the chemical evolution mod-
els performed for the Sculptor dSph is summarized in Table 3.1. We explore the
parameter space by varying the values of v (efficiency of star formation) and w
(wind parameter), in order to find a model able to reproduce the observed prop-
erties of the galaxy, such as the abundance ratios, the MDF and the present time
gas and stellar masses. We run models with w = 5,10, 15 and 20; then, for each
value of w, we vary the star formation efficiency v, setting it at the following values:
v = 0.01,0.05,0.1, and 0.2 Gyr ™.

In Fig. 3.1 we show the trend of the predicted SFR as a function of time.
By looking at this Figure, in the earliest stages of the galaxy evolution, the SFR
increases very steeply because of the large amount of pristine gas accreted during
the infall in a very short time-scale. In fact, we have assumed the SFR, v (t), to
be proportional to the gas mass. After the majority of the reservoir of gas Mins
has been accreted, the star formation begins to decrease in time, since both the SF
activity and the galactic wind subtract gas from the galaxy ISM.

In Fig. 3.2 we compare the predicted Type II and Type Ia Supernova rates.
While SNe Ia occur on a large range of time-scales (from ~ 35 Myr up to the age
of the Universe), depending on the features of the progenitor system, the Type
IT SN rate traces very closely the trend of the SFR, because of the very short
typical time-scales involved (from ~ 1 up to ~ 35 Myr). Thus, after the infall is
substantially reduced, the Type II SN rate decreases much more steeply than the
Type Ia SN rate. We predict a present time SNIa rate of 6.66 x 10~ SNuM, where
SNuM represents the rate with units of one SN per 100 yr per 10'° M, stellar mass
(Li et al., 2011).
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Figure 3.3: In this Figure, we compare the observed Sculptor [a/Fe] vs. [Fe/H] abundance
patterns for calcium, silicon, titanium and magnesium with the trends predicted by our w =
10 Gyr~! models. Data are from Shetrone et al. (2003, in magenta), Tafelmeyer et al. (2010, in
green), Frebel (2010, in red) and Kirby & Cohen (2012, in purple). The solid line corresponds
to the model with v = 0.01 Gyr_l, the dotted line to the model with v = 0.05 Gyr_l, the
long dashed line to the model with v = 0.1 Gyr~' and the dot-dashed line to the model with
v = 0.2 Gyr—*. Low star formation efficiencies v cause to be small the amount of iron coming
from Type Il SNe. So, when Type la SNe start to pollute the ISM with large amounts of
iron, the [Fe/H] of the ISM is very low. This gives rise to the decrease of [a/Fe| as [Fe/H]
increases. Furthermore, the onset of the galactic wind causes a steepening in the decrease of
[«/Fe] as a function of [Fe/H]

For each of the models we have calculated, Table 3.2 reports its main predictions
regarding the stellar and gas masses at the present time, the time of onset of the
galactic wind, and the [Fe/H]-peak of the stellar MDF. In the first two columns,
Table 3.2 shows again the input parameters (v and w) characterizing each model.

By looking at Table 3.2, for a fixed value of the wind parameter w, models with
increasing star formation efficiencies predict slightly larger final total stellar masses
and, at the same time, slightly lower final total gas masses. This happens both
because star formation is more efficient, and because the galactic wind is predicted
to start earlier and earlier, being larger the number of SN events triggering the
wind.

The wind parameter w - which roughly represents the efficiency with which
the chemical elements are carried out of the galaxy - characterizes the intensity
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Figure 3.4: The Figure shows the comparison between the observed stellar MDF of the
Sculptor dSph and the predictions of our w = 10 Gyr—* models. The observed dataset comes
from Romano & Starkenburg (2013), who combined the data samples of the DART project
(Battaglia et al., 2008a; Starkenburg et al., 2010) and of Kirby et al. (2009, 2010). By
enhancing the star formation efficiency, the peak of the MDF shift towards higher [Fe/H]
abundance ratios, because of the shorter time-scales involved in the chemical enrichment of
the ISM. At the same time, the height of the peak diminishes, because of the stronger outflow
rates (ox 1(t)), which clean up the galaxy of the gas; that is more evident by passing from
v =0.1Gyr " up tov = 0.2 Gyr'. The best agreement is obtained with the v = 0.05
Gyr~! and w = 10 Gyr~* model.

of the outflow rate. By increasing the wind parameter w, our models predict the
final total gas mass to be lower, since the galactic wind removes the interstellar
gas from the galaxy potential well more efficiently. Moreover, as one would expect,
the final total stellar mass slightly decreases if the efficiency of the galactic wind is
strengthened.

All the models at Table 3.2 predict final stellar masses which are of the same
order of magnitude as the observed one M, s = (1.2 £0.6) x 10% My, which has
been derived by de Boer et al. (2012) by integrating the SFR up to the present
time; however, this mass is still quite uncertain, since it strongly depends not only
on the IMF adopted, but also on the overall CMD-fitting technique. Moreover, all
the models predict very low final gas masses (~ 10?2 — 103 Mg), which are lower
than My, ~ 1.0 x 10* Mg estimated by Mateo (1998) and very much lower than
the most recent estimate of Greevich & Putman (2009), which inferred for Sculptor
an upper limit in the HI mass of My, < 2.34 x 10° M, although affected by a very
large uncertainty.

Finally, from Table 3.2, it is possible to appreciate the net effect of changing
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the star formation efficiency v and the wind parameter w on the MDF-peak. The
lowest [Fe/H] at which the MDF has its peak is obtained by the models with the
lowest v and the highest w.

Sculptor dSph: abundance ratios and interpretation

As already mentioned, the a-elements are mainly produced by Type II SNe, on
short time-scales, whereas the bulk of iron and iron-peak elements (~ 2/3 of the
total) are produced by Type Ia SNe on a very large range of typical time-scales.
The residual quantities of iron and iron-peak elements (~ 1/3 of the total) are
synthesized by Type II SNe.

Different typical star formation time-scales can affect the [«/Fe] vs. [Fe/H]
diagram with a typical signature (Matteucci & Brocato, 1990; Matteucci, 2001).
In fact, low star formation efficiencies cause the amount of iron from Type IT SNe
to grow very slowly within the ISM. As the first Type Ia SNe start to explode, they
deposit a large quantity of iron into the ISM and the [a/Fe] ratio is expected to
steeply decrease at still very low [Fe/H]. Conversely, high star formation efficiencies
give rise to large fractions of iron produced by Type II SNe. In this case, a plateau
in the [a/Fe] vs. [Fe/H] diagram is predicted and the decrease occurs at relatively
high [Fe/H] abundances (see Matteucci 2001). Therefore, the abundance ratios in
dSph reflect their low SFR (Lanfranchi & Matteucci, 2004). In Fig. 3.3 we show
the effect of different v values on the predicted [a/Fe] vs. [Fe/H] relations. To
lower further the SFR and thus steepening even more the decrease in the [o/Fe]
vs. [Fe/H], one can adopt higher values of the wind parameter w. In fact, the
galactic wind subtracts gas to the SF and makes it to decrease. In the models of
Fig. 3.3, we assume the outflow to remove all the chemical elements with the same
efficiency, i.e. with same w parameter.

We note that in Fig. 3.3 the data relative to Mg lie below our model predictions.
The reason for this can be uncertainties in the data or more likely uncertainties
in the Mg yields. These anomalous low-Mg stars have been often associated with
inhomogeneous enrichment on small scales from, e.g., single or at least few SNe
(Koch et al., 2008a,b; Simon et al., 2010; Frebel & Bromm, 2012; Keller et al., 2014).
However, in small systems we should expect that different regions of the ISM mix
on small typical timescales and, if the star formation timescales are large enough
(and this is the case for dSphs and UfDs), the ISM should have had enough time
to mix before new star formation occurs. So we should expect that the enrichment
in low-mass and small-scale systems, with very low star formation efficiencies, is
more homogeneous rather than more inhomogeneous. In fact, the cooling time
for these small systems could be quite low (see Recchi et al. 2002). Furthermore,
dSphs seem to be supported by the random motions of stars rather than by regular
motions. So, we expect that the thermalisation processes have been efficient and
that the one-zone assumption is reasonable. Finally, small systems do not show
evident abundance gradients and this is another indicator of a well mixed ISM.
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Carina: model parameters

v w Tinf SFH Afjnf AIDM T, S = T:)L“ IMF
[Gyr™']  [Gyr'] [Gy] [Gyr] e Mo [pd]

0.05/0.1/0.2 5/10/20 0.5 0-2;2—-4;7-9;9—11 1.0x108 4.0x107 290 0.3625 Salpeter (1955)

Table 3.3: Table: we summarize here the specific characteristics of all the chemical evolution
models performed for the Carina dSph. Columns: (1) star formation efficiency; (2) wind
parameter; (3) infall time-scale; (4) period of major star formation activity (Rizzi et al.,
2003); (5) total infall gas mass; (6) mass of the dark matter halo (Gilmore et al., 2007); (7)
effective radius of the luminous (baryonic) matter (Gilmore et al., 2007); (8) ratio between
the core radius of the dark matter halo (Gilmore et al., 2007) and the effective radius of the
luminous matter; (9) initial mass function.

Sculptor dSph: MDF and interpretation

An other important constraint to verify the goodness of a chemical evolution model
is to check whether it is able to reproduce the observed stellar MDF. In Fig. 3.4,
we show the comparison between the observed stellar MDF and our w = 10 Gyf1
models. As shown in this Figure, by increasing the star formation efficiency, the
predicted stellar MDF peaks towards higher [Fe/H] abundances, since shorter time-
scales are involved in the galactic chemical enrichment produced by successive
generations of stars. At the same time, by increasing the v parameter (especially
from v = 0.1 Gyr ! to v = 0.2 Gyr '), the height of the MDF peak diminishes
because of the stronger outflow rate (ox v (t)) which leaves, on average, less gas
available for star formation. The model which best reproduces the MDF shape of
Sculptor is characterized by a star formation efficiency v = 0.05 Gyr™ .

Sculptor dSph: previous models

One of the first detailed chemical evolution models of Sculptor was presented by
Lanfranchi & Matteucci (2004). Here we adopt the same theoretical prescriptions
and the same numerical code used in that first work

Lanfranchi & Matteucci (2004) did not possess yet an observed MDF dataset for
the comparison with the models, since very precise determinations of the Sculptor
SFH and physical characteristics have been obtained only recently.

However, although Lanfranchi & Matteucci (2004) had to work with very poorer
dataset of chemical abundances, their predictions were similar to the results of this
work. The main differences between the models calculated by this work and the
ones of Lanfranchi & Matteucci (2004) are the following ones:

o The galactic wind in Lanfranchi & Matteucci (2004) is differential, i.e. some
elements - in particular the products of SNe Ia - are lost more efficiently than
others from the galaxy, following Recchi et al. (2001).

o The models of Lanfranchi & Matteucci (2004) assume a more extended and
massive dark matter halo (Mpy = 5.0 x 10° Mg and S = 7L =0.1) than
our models.
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Carina chemical evolution models

Input parameters Model predictions
v M, fin Mgasfin~ twina  [Fe/H] oa
[Gyrfl] Me Mo [Gyr] dex
w="5GCGyr 0.05 |0.16 x 107 0.12x 10* 0.77 —1.87
0.1 0.20 x 107 0.96 x 103>  0.45 -1.71
0.2 0.28 x 107 0.12 x 10* 0.24 —1.50
w=10Gyr ™! 0.05 |0.13x107 0.65x10°> 0.77 —~1.90
0.1 0.14 x 107 0.18 x 10>  0.45 —1.88
0.2 |0.17x107 0.24 x 10> 0.24 —1.55
w=20Gyr ! 0.05 |0.12x107 0.31x10% 0.77 —-1.91
0.1 0.11 x 107 0.30 x 10>  0.45 —-1.90
0.2 0.11 x 107 0.51 x 102 0.24 —1.87

Table 3.4: Table: we reported for each model its main predictions. Columns: (1) wind
parameter; (2) star formation efficiency; (3) predicted actual total stellar mass; (4) predicted
actual total gas mass; (5) time of the onset of the galactic wind; (6) peak of the stellar MDF
predicted by the models.

o The infall gas mass in Lanfranchi & Matteucci (2004) is slightly higher than
ours. In fact it is: M, = 5.0 x 10% M.

Lanfranchi & Matteucci (2004) suggested as best model for Sculptor the one
with v = 0.2 Gyr_1 and w; = 13 Gyr_l.

3.4.2 Chemical evolution of the Carina dSph

The most important difference between Sculptor and Carina resides in their SFH.
While the Sculptor SFH is characterized by only one episode, with the SFR con-
tinuous for 7 Gyr, the Carina dSph has been observed, from the analysis of its
CMD, to have undergone a bursty SFH. So, following Rizzi et al. (2003) and the
suggestions of Lanfranchi et al. (2006b), we adopt for the Carina dSph a SFH char-
acterized by 4 episodes, all lasting 2 Gyr, with the first two occurring from 0 to 4
Gyr and the second two occurring from 7 to 11 Gyr.

The galaxy DM halo is characterized by a total mass Mpy = 4.0 x 107 Mg,
and a core radius rpy = 0.8 kpc (Gilmore et al., 2007). The effective radius of
the luminous (baryonic) matter has been set at the value r, = 290 pc (Gilmore et
al., 2007). So, the ratio between the core radius of the DM halo and the effective
radius of the baryonic matter is S = :—S = 0.3625.

According to our model of chemical evolution, the galaxy assembled from the
accretion of an infall mass Mi,s = 1.0 x 108 M, made up of primordial gas, with
the infall time-scale being assumed to be 0.5 Gyr.
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Figure 3.5: In this Figure we show the Carina SFR (in Mg /yr) as predicted by our model
with v = 0.2 Gyr ! and w = 10 Gyr™*.

In Table 3.3, we summarize all the chemical evolution models we have computed
for the Carina dSph. Following the procedure used for the Sculptor dSph, we vary
again only the v and the w parameters, namely the star formation efficiency and
the wind parameter, respectively.

In Fig. 3.5, we show the predicted SFR of the Carina dSph. By looking at
that Figure, we can see that there is almost a continuous transition between the
first (0 — 2 Gyr) and the second burst (2 — 4 Gyr), as well as from the third (7 —9
Gyr) and the fourth burst (9 — 11 Gyr). This is due to the fact that the time
interval between those episodes is so short that nor the galactic wind neither the
gas restored by dying stars might have highly affected the gas mass and therefore
the intensity of the SFR. In fact, the SFR has been assumed to be proportional
to the gas mass in the galaxy. The discontinuity is clear only between the second
(2 — 4 Gyr) and the third (7 — 9 Gyr) burst: during the temporary break (4 — 7
Gyr) of star formation, the gas mass in the galaxy decreases because of the strong
outflow rate. So, at the epoch of the third burst (at 7 Gyr), the intensity of the
SFR is much lower than the intensity of the SFR at the end of the second burst (at
4 Gyr), when there was much more gas. Here we did not consider external effects
on the SFH (see for this Pasetto et al. 2011).

Fig. 3.6 shows the SN rates predicted by the best model. We predict a present
time SNIa rate of 7.16 x 10~% SNuM

In Table 3.4, we report the main predictions of all the chemical evolution models
which we have performed for the Carina dSph. In the first two columns, we list the
input parameters (v and w) characterizing each model. Briefly, by looking at the
Table, the reader can note again that enhancing the star formation efficiency v,
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Figure 3.6: In this Figure we plot the Carina Type Il and Type la supernova rates predicted
by the same model as Fig. 3.5.

for a fixed value of the wind parameter w, will cause the peak of the MDF to shift
towards higher values of [Fe/H], the galactic wind to begin at earlier times, and
the total stellar mass at the present time to be larger. Conversely, for a fixed value
of the star formation efficiency v, models with higher values of the wind parameter
w predict the MDF to shift towards lower [Fe/H], and both the stellar and gas
masses to be lower at the present time. In order to explain such trends, the same
arguments expressed in section 3.4.1 regarding the Sculptor dSph are also valid
here, and we will not repeat them again.

From Table 3.4, all the chemical evolution models we calculated predict both
final gas and stellar masses at the present time which are in agreement with the
observations (Mgas obs < 2.1% 102 Mg, from Greevich & Putman 2009, and M, obs &
1.0 x 10% Mg, from Dekel & Silk 1986).

Carina dSph: abundance ratios and interpretation

Since we adopt low star formation efficiencies, the [o/Fe] ratio is predicted to
decrease at very low [Fe/H], and such a decrease steepens even more once the
galactic wind starts (see also section 3.4.1). These trends are illustrated in Fig.
3.7 for the pattern of the [O/Fe] vs. [Fe/H] abundance ratios and in Fig. 3.8 for
the calcium, silicon, magnesium and titanium abundance ratios. Especially for the
oxygen, there is quite a good agreement between the predictions of our models and
the observations.
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Figure 3.7: In this Figure, we compare the observed [O/Fe] vs. [Fe/H] abundance ratios of
the Carina dSph member stars with the trends predicted by our w = 10 Gyr~' models. The
dataset consists of the data samples of Shetrone et al. (2003, in cyan), Koch et al. (20083,
in magenta) and Venn et al. (2012, in purple). The solid line corresponds to the model with
v = 0.05 Gyr~ ', the dotted line to the model with v = 0.1 Gyr~! and the dashed line to the
model with v = 0.2 Gyr™*.

Carina dSph: MDF and interpretation

In Fig. 3.9, we compare the observed stellar MDF with the one predicted by
our w = 10Gyr~! models. The best matching is given by the model with v =
0.2 Gyr ! and w = 10 Gyr~'. Therefore, star formation in Carina was bursty and
characterized by a higher efficiency - and so by lower typical time-scales - than in
Sculptor. The most evident effect caused by their different typical star formation
time-scales resides in the [Fe/H] of their MDF-peak, which is predicted by the best
model for Sculptor (v = 0.05 Gyr™') to be at [Fe/H] = —1.79 dex, whereas the
Carina best model predicts it at [Fe/H] = —1.55 dex.

Carina dSph: previous models

The first detailed chemical evolution model calculated for the Carina dSph was
presented in Lanfranchi & Matteucci (2004) and its main basic differences from
our models have been already summarized in section 3.4.1. We recall here that
they assumed all dSphs to be characterized by the same infall mass and the same
mass of DM halo. Conversely, they were able to vary the SFH from galaxy to
galaxy, as it was given by the CMD-fitting analysis. They adopted for the Carina
dSph a SFH taken from Hernandez et al. (2000), which was not confirmed by
later and more accurate observations (Rizzi et al., 2003). In a subsequent paper,
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Figure 3.8: In this Figure, we compare the [«/Fe] vs. [Fe/H] abundance ratios for calcium,
silicon, titanium and magnesium as observed in the Carina dSph member stars with the trends
predicted by our w = 10 Gyr~! models. The dataset consists of the data samples of Shetrone
et al. (2003, in cyan), Koch et al. (2008a, in magenta), Lemasle et al. (2012, blue) and
Venn et al. (2012, in purple). The solid line corresponds to the model with v = 0.05 Gyr 1,
the dotted line to the model with » = 0.1 Gyr~* and the dashed line to the model with

v=0.2Gyr "

Lanfranchi et al. (2006b) adopted the SFH from Rizzi et al. (2003) and were able
to reproduce the observed stellar MDF.

The final results of both chemical evolution models (Lanfranchi & Matteucci
(2004) vs. Lanfranchi et al. (2006b)) are very similar to the ones found by this
work, although they adopted a differential galactic wind (Recchi et al., 2001). The
best model of Lanfranchi et al. (2006b) has v = 0.14 Gyr ™! and w; = 5 Gyr ™'

3.4.3 Chemical evolution of the Hercules UfD

The chemical evolution models we have run for the Hercules UfD adopt the same
theoretical prescriptions - and so the same numerical code - as the ones adopted
for the dSph galaxies. The mass of the DM halo Mpy,, the effective radius of the
luminous (baryonic) component of the galaxy, as well as the SFH of the galaxy
have been taken from the observations and kept fixed for all the models. The main
difference resides in the fact that UfDs suffered an even slower SFR than dSphs
(see also Salvadori & Ferrara 2009).
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Hercules: parameters of the models

14 w Tinf SFH ]\'/[inf AfDM TL S = r;LM IMF
[Gyr ] [Gyr™'] [Gyr] [Gyr] Mg Mg [pe]
0.002/0.003/0.005/0.008 10 0.005 0—1 1.0/2.5/5.0x 107 1.9x10° 330 0.3  Salpeter (195!

Table 3.5: Table: we summarize here the specific characteristics of all the chemical evolution
models performed for the Boétes | UfD. Columns: (1) star formation efficiency; (2) wind
parameter; (3) infall time-scale; (4) period of major star formation activity (de Jong et al.,
2008; Sand et al., 2009); (5) total infall gas mass; (6) mass of the dark matter halo (Adén et
al., 2009a); (7) effective radius of the luminous (baryonic) matter (Martin et al., 2008); (8)
ratio between the core radius of the dark matter halo and the effective radius of the luminous

matter; (7) initial mass function.

Hercules chemical evolution models

Input parameters

Model predictions

v w M, gin Mg fin twind  [Fe/H] o
[Gyr™1  [GyrY Mg Mg [Gyr] dex
Mins = 1.0 x 10" Mg 0.002 10 0.11 x 10° 0.35 x 10'  0.97 —3.06
0.003 10 0.14 x 10° 0.49 x 10'  0.76 -3.03
0.005 10 0.17 x 10> 0.18 x 10 0.56 —2.99
0.008 10 0.21 x 10° 0.82x 10°  0.41 —2.94
Mipe = 2.5 x 107 Mg, 0.002 10 0.28 x 10°  0.88 x 10* 2.41 —3.05
0.003 10 0.42 x 10> 0.13 x 102 1.36 —2.87
0.005 10 0.66 x 10° 0.22 x 102 0.92 —2.67
0.008 10 0.85 x 10° 0.22 x 102 0.71 —2.62
M = 5.0 x 107 Mg 0.002 10 0.55 x 10° 0.48 x 108 no wind  —3.05
0.003 10 0.85x 10> 0.26 x 102 6.76 —2.87
0.005 10 0.14 x 10 0.44 x 102 1.68 —2.65
0.008 10 0.22 x 106 0.71 x 10> 1.07 —2.43

Table 3.6: Table: we reported for each model with normal wind its main predictions. Columns:
(1) Infall mass; (2) star formation efficiency; (3) wind parameter; (4) predicted actual total
stellar mass; (5) predicted actual total gas mass; (6) time of the onset of the galactic wind;

(7) peak of the stellar MDF predicted by the models.
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Figure 3.9: The Figure shows the comparison between the observed stellar MDF in the Carina
dSph (data from Koch et al. 2006) and the stellar MDFs predicted by our w = 10 Gyr~! mod-
els. The model which best reproduces the observed MDF is characterized by v = 0.2 Gyr~*

and w = 10Gyr™!.

We assume for the Hercules UfD a DM halo with mass Mpy = 1.9 x 10 M
(Adén et al., 2009a). The fraction between the core radius of the DM halo and
the effective radius of the baryonic component of the galaxy has been set at S =
7l = 0.3, where the effective radius of the luminous (baryonic) component of the
galaxy has been assumed to be r, = 330 pc (Martin et al., 2008).

Since the CMD-fitting analysis derived a SFH concentrated in the very early
epochs of the galaxy evolution (de Jong et al., 2008; Sand et al., 2009), we assumed
the galaxy to have formed stars in the first Gyr of its evolution (see Table 3.5).
This is the only SFH which allowed us to reproduce all the observed features of the
galaxy.

Table 3.5 summarizes the parameters of the most relevant models we calculated
for the chemical evolution of the Hercules UfD. We test models with three different
infall masses: Mi,s = 1.0, 2.5, and 5.0 x 107 M, which have been accreted inside
the potential well of the dark matter halo in a very short infall time-scale: 7if =
0.005 Gyr. This is equivalent to assume that the gas mass is all present since the
beginning. The chemical composition of the infalling gas has been assumed to be

primordial.
Three different implementations of the galactic wind were tested:

e normal wind: all the chemical elements are characterized by the same wind
parameter w. This means that the galactic wind expels all the elements with

same efficiency.
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Figure 3.10: In this Figure, we compare the [Ca/Fe] vs. [Fe/H] trends in Hercules predicted
by models with different implemenentations of the galactic wind. The dataset has been taken
from Adén et al. (2011). The curve in solid line corresponds to the model with iron-enhanced
differential wind (Recchi et al., 2001); the dotted line corresponds to the prediction of the
model with «-enhanced differential wind (Marconi et al., 1994) , whereas the dashed line
represents the prediction of the model with normal wind. The observed dataset (blue squares
with errorbars) are from Adén et al. (2011).

o «-enhanced differential wind (Marconi et al., 1994): the a-elements are ex-
pelled by galactic winds with more efficiency than the iron. This means
that wy, > wpe. We implemented this galactic wind by adopting: w, = w
and wpe = 0.3 X w. This can be explained if we assume that massive stars
explode in clusters and therefore they transfer more efficiently their energy
into the ISM than isolated SNe such as Type Ia ones.

e Iron-enhanced differential wind (Recchi et al., 2001): the iron is expelled
by galactic winds more efficiently than the a-elements . This means that
Wre > Wq. This assumption is based on the fact that SNe Ia explode in a
medium already heated and diluted by the previous activity of SNe II, as
suggested by Recchi et al. (2001). However, Recchi et al. (2004) have later
shown that this conclusion is valid only for an isolated starburst.

In Table 3.6, we report the predictions of our models; the first two columns
specify each model in terms of its input parameters Mi,¢, v, and w. All the models
predict a very small total gas mass at the present time, in agreement with the
observations (Mgasobs < 466 Mg, from Greevich & Putman 2009). The actual
total stellar mass of the galaxy (M ops = 7.2:%:? x 10* M@, from Martin et al.
2008) is quite well reproduced by our models. However, we have to stress that such
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Figure 3.11: In this Figure, we compare the [Ca/Fe| vs. [Fe/H] abundance pattern as observed
in the Hercules UfD member stars (data from Adén et al. 2011) with the predictions of our
models with w = 10 Gyr~* (normal wind) and My = 1.0 X 10" M. We show also the
abundance pattern of [Ca/Fe] vs. [Fe/H] as observed in Galactic halo stars (red triangles,
data from Gratton et al. 2003; Reddy et al. 2003; Cayrel et al. 2004; Reddy et al. 2006).
The prediction of the model with » = 0.002 Gyr—' is in long dashed line; the model with
v = 0.003 Gyr_1 is in solid line; the model with v = 0.005 Gyr_1 is illustrated in dotted line,
whereas the model with v = 0.008 Gyr~! is represented by the dashed line. By looking at
this Figure, it is clear that Hercules UfD member stars suggest different trend of [Ca/Fe] as
a function of [Fe/H]J.

observed quantities remain still rather uncertain at the present time.

All our models predict the MDF to peak at extremely low [Fe/H| abundances.
This is an effect both of the very low star formation efficiencies and of the very shal-
low potential well, which allows the galactic wind to develop earlier and, therefore,
to diminish further the SFR in the subsequent evolution of the galaxy. Although
we varied the v parameter within a small range (from v = 0.002 Gyr ! up to
v = 0.008 Gyrfl), we obtain significant variations in the final predicted features
of the galaxy.

As one can see in Table 3.6, diminishing the infall mass Mj,s will cause the
MDF to peak at smaller [Fe/H] values, once the other parameters are fixed. That
is because the SFR has been assumed to be proportional to the gas mass inside
the galaxy. In fact, the larger the gas mass available, the higher will be the star
formation activity; so the chemical enrichment of the ISM will proceed at higher
rates, shifting the MDF towards higher [Fe/H].
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Figure 3.12: In this Figure, we show the comparison between the observed stellar MDF
of the Hercules UfD (data from Adén et al. 2011) and the predictions of our models with
w = 10Gyr~! (normal wind) and M = 1.0 x 10" M. The dataset is built up on a sample
of only 28 RGB stars, with [Fe/H] values in a very tight range, between [Fe/H] = —3.1 dex
and [Fe/H] = —2.9 dex and very low relative numbers of stars in the other bins towards both
lower and higher [Fe/H] abundances. The MDF predicted by our models are based on a large
number of artificial stars, according to the SFH and to the IMF assumed. We are not able
to reproduce the height of the observed-MDF peak. Our choice of the best model is oriented
towards the model which reproduces the [Fe/H] ., abundance of the observed MDF, which

turns out to have v = 0.003 Gyr~! and w = 10 Gyr™*.

Hercules UfD: abundance ratios and interpretation

At extremely low [Fe/H], it turns out that [Ca/Fe] in the Hercules UfD steeply
decreases from abundances above the solar values ([Ca/Fe] = +0.32 + 0.22 dex at
[Fe/H] = —3.10 £ 0.16 dex) down to [Ca/Fe] = —0.51 + —0,21 dex at [Fe/H] =
—2.03£0.14 dex (Adén et al., 2011). In order to reproduce such a trend, confirmed
also by successive observational spectroscopic studies of UfD stars (Gilmore et al.,
2013; Vargas et al., 2013), we test a formation scenario characterized by a very
short infall time-scale (7,5 = 0.005 Gyr) and very low star formation efficiencies
(0.003 Gyr_1 < v <0.008 Gyr_l), even lower than for dSphs and in agreement
with previous studies (Salvadori & Ferrara, 2009). The short infall time-scale gives
rise to an enhanced SFR in the earliest stages of galaxy evolution, during which
large amounts of a-elements were likely to be ejected by Type II SN explosions into
the ISM, whereas the extremely low star formation efficiency produces a very slow
growth of the [Fe/H] abundance; so when SNe Ia occur, the [Fe/H] is still very low
and the [Ca/Fe| steeply decreases.

In Fig. 3.10, we show the effect of the various wind implementations on the
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Bootes I: parameters of the models

v w Tinf SFH A/[inf ]\'JDM 1, S = rg]‘\{ IMF
[Gyr™'] [Gyr™'] [Gyr] [Gy] Mo Mo [pd

0.002/0.005/0.01/0.05 10/15  0.005 0—4 1.0/2.5/5.0 x 107 0.30 x 107 242 0.2 Salpeter (1955)

Table 3.7: Table: we summarize here the specific characteristics of all the chemical evolution
models performed for the Bodtes | UfD. Columns: (1) star formation efficiency; (2) wind
parameter; (3) infall time-scale; (4) period of major star formation activity (de Jong et al.,
2008); (5) total infall gas mass; (6) mass of the dark matter halo (Collins et al., 2013); (7)
effective radius of the luminous (baryonic) matter (Martin et al., 2008); (8) ratio between the
core radius of the dark matter halo and the effective radius of the luminous matter; (7) initial
mass function.

[Ca/Fe| vs. [Fe/H] diagram. An iron-enhanced differential wind is not able to
reproduce the observed steep decrease in [Ca/Fe| vs. [Fe/H]. Conversely, models
with normal and a-enhanced differential wind agree with the observations. By
looking at this Figure, the three models predict the galactic wind to start at the
same time. In fact, by fixing the 7,f and Mj,¢ parameters, the time of the galactic
wind onset depends only upon the features of the galaxy potential well (which
affects the binding energy of the gas) and upon the SFH of the galaxy (which
affects the computation of the thermal energy of the ISM). Therefore, the only
parameter affecting the time of onset of the galactic wind is the v parameter,
whereas the w parameter, as well as its particular implementation, comes into play
only after the wind has started. An iron-enhanced differential wind predicts the
[Ca/Fe] to increase as [Fe/H] grows, soon after the wind onset, at variance with
observations. In fact, while SNe Ia enrich the ISM with large amounts of iron,
causing the [Fe/H] in the ISM to grow with time, the iron is also expelled by the
galactic wind with higher efficiency than the a-elements as the calcium.

Since we do not still have evidences of galactic outflows enriched in a-elements,
we preferred as best models those with normal galactic wind.

In Fig. 3.11, we show the effect of changing the v parameter on the [Ca/Fe]
vs. [Fe/H] diagram, with w = 10Gyr™" (normal wind) and Mj,; = 1.0 x 107 M.
The model which best reproduces the overall trend suggested by the dataset is
characterized by v = 0.003 Gyr ! and w = 10 Gyr_l. In this Figure, we report
also the observed [Ca/Fe] vs. [Fe/H| abundance pattern of Galactic halo stars.
Although more data are necessary, Hercules UfD stars and Galactic halo stars
display different trends of [Ca/Fe| vs. [Fe/H]. In particular, halo stars do not
share the fast decline in [a/Fe] exhibited by the stars in Hercules. This fact seems
to rule out the hypothesis that UfDs would have been the building blocks of the
stellar halo of the Milky Way. In fact, models (e.g. Brusadin et al. 2013) suggest
that the Galactic halo have formed on a time-scale of ~ 0.2 Gyr with a SF efficiency
v=202 Gryr_1 and wind parameter ~ 14.
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Bootes I chemical evolution models

Input parameters Model predictions
v w M, fn Mgasfin~ twina  [Fe/H] e
[Gyr™'] [Gyr™'] Mo Mg [Gy1] dex
Mps =1.0x% 10" Mg 0.002 10 0.14 x 10° 0.35 x 10'  1.17 —2.99
0.005 10 0.21 x 10> 0.50 x 10! 0.68 —2.91
0.01 10 0.29 x 10> 0.14 x 10t 0.45 —2.81
0.05 10 0.68 x 10° 0.68 x 10°  0.16 —2.55
Mipp =25%10" Mg 0.002 10 0.58 x 10° 0.90 x 10 2.01 —2.68
0.005 10 0.75 x 10>  0.57 x 10> 2.65 —2.69
0.01 10 0.11 x 10° 0.39 x 102 0.76 —2.51
0.05 10 0.25 x 106 0.55 x 10 0.29 —2.31
M;np =5.0x 10" Mg 0.002 10 0.19 x 106 0.19 x 10> 3.21 —2.39
0.005 10 0.25 x 10 0.45 x 102 1.72 —2.34
0.01 10 0.33 x 106 0.89 x 102 1.12 —2.28
0.05 10 0.70 x 106 0.35 x 102> 0.44 —2.06

Table 3.8: Table: we reported for each model its main predictions. Columns: (1) wind
parameter; (2) star formation efficiency; (3) predicted actual total stellar mass; (4) predicted
actual total gas mass; (5) time of the onset of the galactic wind; (6) peak of the stellar MDF
predicted by the models.

Hercules UfD: MDF and interpretation

The observed stellar MDF (Adén et al., 2011) is built up on a very poor statistical
sample, which consists of only 28 RGB stars - the most luminous ones - previously
identified and studied by Adén et al. (2009b). It turns out that most of the stars
in the Adén et al. (2011) sample resides in a very tight metallicity range, between
[Fe/H] = —3.1 dex and [Fe/H] = —2.9 dex, with very low relative numbers of stars
in the other bins towards both lower and higher [Fe/H] abundances. Conversely,
our predicted stellar MDF is based upon a very large number of artificial stars
determined from the assumed SFR and IMF. So, when we normalize the number
of stars counted in a specific [Fe/H]-bin to the total number of stars, the height of
the peak in the observed stellar MDF' turns always out much higher than the more
“populated” and dispersed MDF of our models.

In Fig. 3.12, we have reported the comparisons between the observed MDF
and our models with M, = 1.0 x 10" M. By looking at the Figure, the only
model matching the observations is characterized by a star formation efficiency
v = 0.003 Gyr~'; it is able to reproduce the [Fe/HJ-position of the peak, as well as
the width of the observed MDF, although it predicts a rather large relative number
of stars in the extremely low [Fe/H]-wing, which spectroscopic observations have
not yet been able to cover, because of the extremely low flux coming from those
UfD member stars and the still relative low signal-to-noise ratio affecting the ob-
servations. By supposing that at extremely low [Fe/H] abundances a hypothetical
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previous very massive population of stars might have enriched the medium with
metals, the predicted relative number of stars with very low [Fe/H] could be dimin-
ished, as it was similarly suggested in the past for solving the so-called G- dwarf
problem in the solar neighborhood. Here we only envisage this hypothesis but we
did not test its validity. Finally, by supposing that the chemical composition of
the initial infall gas mass is not primordial but rather pre-enriched with metals by
a previous population of stars, the observed enhanced a-element abundances at
extremely low [Fe/H| might be explained. In fact, this might increase the initial
metal content within the ISM and allow to build up that “common metallicity
floor” to all the various different galaxy types, as suggested by Ferrara (2012).

Our best model for Hercules requires v = 0.003 Gyr ', w = 10Gyr ' and
Mine = 1.0 x 107 Mg,.

3.4.4 Chemical evolution of the Bootes | UfD

We assume for the Bootes I UfD a dark matter halo with mass Mpy = 0.30 x
10" Mg (Collins et al., 2013). The ratio between the core radius of the DM halo
and the effective radius of the galaxy baryonic component has been assumed to be
S = ;2= = 0.2, where the effective radius of the baryonic (luminous) component of

the galaxy is r, = 242 pc (Martin et al., 2008). The SFH has been assumed to be
made of only one episode lasting 4 Gyr, from 0 up to 4 Gyr (de Jong et al., 2008).

The infall mass of primordial gas from which the galaxy formed by accretion
has been varied; we tested models with M, = 1.0, 2.5 and 5.0 x 107 Mg. The
infall time-scale of such initial reservoir of gas has been assumed to be very short,
Tint = 0.005 Gyr. In Table 3.7, we reported the parameters of our Bootes I chemical
evolution models. All the models are characterized by a normal galactic wind.

In Table 3.8, we report the main predictions of our chemical evolution models.
In the first two columns, we listed the input parameters: M, and v. From the
Table, the lower the star formation efficiency v - as well as the lower the infall mass
Miyg - the lower will be the [Fe/H] at which the stellar MDF has its peak. Our
models predict extremely low total gas content at the present time, as well as much
lower total stellar mass than in dSph galaxies. This is again an effect both of the low
initial infall gas mass and of the very low star formation efficiencies. The predicted
final total gas masses are in agreement with the observed values (Mgas obs < 86 Mg,
from Greevich & Putman 2009), as well as the predicted final total stellar masses
agree quite well with the observed value My obs = (6.7 £ 0.6) x 10* Mg, from
Martin et al. (2008), which is however very uncertain since it was inferred from a
poor number of hypothetical stars belonging to the galaxy: N, = 324:%2, derived
by means of a maximum likelihood algorithm applied to SDSS data. Furthermore,
the observed total stellar mass strongly depends also on the IMF adopted and here
we report the quantity derived by Martin et al. (2008) when using the Salpeter
(1955) IMF.
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Figure 3.13: In this Figure, we compare the [«/Fe] vs. [Fe/H] abundance ratios for calcium,
silicon, titanium and magnesium as observed in the Bodtes | UfD member stars with the
trends predicted by our models with w = 10 Gyr~* (normal wind) and M, = 2.5 X 10" M.
The dataset consists of the data samples of Norris et al. (2010, blue squares) and Gilmore
et al. (2013, red triangles) (“NY" analysis, from Norris et al. 2010). The model with v =
0.002 Gyr~! is given by the solid line; the model with v = 0.005 Gyr™' is given by the
long dashed line, whereas the model with v = 0.01 Gyr™' is represented by the dotted line.
Eventually, the model with v = 0.05 Gyr~! is represented by the dashed line. We show also
the abundance patterns of [«/Fe] vs. [Fe/H] as observed in Galactic halo stars (grey triangles,
data from Gratton et al. 2003; Reddy et al. 2003; Cayrel et al. 2004; Reddy et al. 2006).

Bootes | UfD: abundance ratios and interpretation

In order to reproduce the [a/Fe| vs. [Fe/H] observed trends (Gilmore et al., 2013;
Norris et al., 2010), which are indeed rather uncertain, we adopted a very short
infall time-scale - which enhances the SFR in the earliest stages of the galaxy
evolution, giving rise to high [a/Fe] abundances at extremely low [Fe/H] - coupled
with very low star formation efficiencies - which cause the decrease in the a-element
abundances to start at very low [Fe/H]. We show our results in Fig. (3.13), where
we compare our theoretical curves with the observed dataset of the [a/Fe| vs.
[Fe/H| abundance patterns for calcium, silicon, titanium and magnesium. In this
Figure, we compare also the chemical abundances of Bodtes I UfD member stars
with those of Galactic halo stars.

The best agreement with the observed dataset is obtained by the model with
v = 0.01 Gyr_l, w = 1()Gryr_1 and M = 2.5 x 10° My. At extremely low
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[Fe/H], the stars of Bootes I display enhanced [Ca/Fe| abundance ratios. Although
our theoretical curves are able to reproduce the titanium, magnesium and silicon
abundance patterns, there is still a discrepancy with calcium. That is probably
due to the large uncertainty in the calcium yields from massive stars.

Bootes | UfD: MDF and interpretation

The observed stellar MDF has been taken from Lai et al. (2011). Originally, their
data sample was constituted by low-resolution spectra of 25 stars, which then was
extended to 41 stars by adding non-overlapping stars from Norris et al. (2010) and
Feltzing et al. (2009). This gave rise to an inhomogeneous collection of datasets,
which is also a rather poor statistical sample.

As in the case of the Hercules stellar MDF (see section 3.4.3), also here we
are not able to reproduce the height of the observed MDF-peak. This is clearly
illustrated in Fig. 3.14, where we also show that the only model able to reproduce
the peak and the width of the observed MDF is characterized by v = 0.01 Gyr™*,
w=10Gyr * and M, = 2.5 x 107 M.

3.5 Conclusions

Summary on dSph chemical evolution

We have assumed that dSph galaxies form by accretion of an infall mass of Mi,s =
1.0 x 108 M, with primordial chemical composition. The infall rate obeys to a
decaying exponential law with an infall time- scale Ti,¢ = 0.5 Gyr. The mass content
and the core radius of the DM halo have been taken from the observations. In
particular, here we modeled Sculptor and Carina and our results can be summarized
as follows.

e Only by assuming low star formation efficiencies (v = 0.05 — 0.5 Gyr_l)
relative to the Milky Way (v ~ 1 Gyr_1 in the solar vicinity, Chiappini et
al. 1997), we have been able to explain the decline in the [a/Fe| abundance
ratios observed at very low [Fe/H]. In fact, the lower the v parameter, the
lower is the amount of iron produced by Type II SNe; this causes the [Fe/H]
of the ISM, at which Type Ia SNe become predominant in the iron pollution,
to be lower. This precisely determines the decrease in the [« /Fe| at very low
[Fe/H]. This is due to the fact that most of a-elements originates in Type
IT SNe whereas most of Fe originates in Type Ia SNe exploding on a large
range of times (time-delay model).

o Low star formation efficiencies increase the star formation time-scales, giving
rise to stellar MDFs peaked towards very low [Fe/H], in very good agreement
with the observations indicating that dSphs are very metal-poor stellar sys-
tems.

o Galactic winds - driven by SN explosions - play a relevant role in the dSph
chemical evolution. We adopted for dSphs a normal wind, i.e. a wind with
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Figure 3.14: In this Figure, we show the comparison between the observed stellar MDF of the
Bootes | UfD (data from Lai et al. 2011) and the predictions of our models with w = 10 Gyr™*
(normal wind) and M, = 2.5 X 107 Mg. Again, as in the case of the Hercules UfD, the
dataset is built up on a sample of only 41 stars, highly concentrated in a very tight [Fe/H]

range.
which best reproduces the [Fe/H]

We are not able to reproduce the height of the observed-MDF peak. The model

peak abundance of the observed MDF turns out to have

v =0.01 Gyr " and w = 10 Gyr™*.
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an efficiency equal for all the chemical elements. The net effect of the galactic
wind is to diminish further the SFR and cause the [a/Fe| to follow a steeper
decline as [Fe/H] increases. Thanks to the strong outflow rates, our models
predict very low final total gas masses, according to observations.

Only by adopting star formation episodes occurring far beyond the reioniza-
tion epoch, our models were able to build up final total stellar masses of the
same order of magnitude as the observed ones (M, obs ~ 106 Mg), and they
could also reproduce the other observed features of dSph galaxies. Our as-
sumptions were based on the results of the CMD-fitting analysis, which have
been able, in the past few years, to derive the SFH of many dwarf galaxies
of the Local Group.

We adopted the Salpeter (1955) IMF for all the models. In a recent paper,
McWilliam et al. (2013) suggested that to explain the abundance data in
Sagittarius an IMF with a lower fraction of massive stars than a Salpeter-
like IMF should be preferred (see the next Chapter).

Our best models are in good agreement with the previous works (Lanfranchi
& Matteucci, 2004; Lanfranchi et al., 2006b) and confirm their goodness. Our
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best model for Sculptor requires v = 0.05 Gyr ™! and w = 10 Gyr_l, whereas
our best model for Carina requires v = 0.2 Gyr ' and w = 10 Gyr~ .

Summary on UfD chemical evolution

We have modeled Hercules and Bootes I, by adopting the same numerical code
of dSphs but with different characteristic input parameters. In what follows, we
summarize the main features of our UfD chemical evolution models:

e Since UfDs are known today to be the faintest and most DM dominated
galaxies, we adopted infall masses M, = (1.0 — 5.0) x 107 Mg, which are
lower than the ones assumed for dSphs and supported by observations. Such
initial reservoir of gas, with primordial chemical composition, was accreted
in the galaxy DM halo on a very short typical time-scale (7, = 0.005 Gyr).

e Our best model for Hercules requires v = 0.003 Gyr ', w = 10Gyr *,
M = 1.0 x 10" Mg, and 7iu¢ = 0.005 Gyr, whereas our best model for
Bodétes I requires v = 0.01 Gyr_l, w =10 Gyr_l, Mine = 2.5 x 107 M, and
Tint = 0.005 Gyr.

o The [a/Fe] abundance ratios are observed to steeply decrease at very low
[Fe/H]. This is clearly a signature of very low star formation efficiencies
(v = 0.001 — 0.01 Gyr™'), even lower than for the dSph ones (v ~ 0.05 —
0.5 Gyr_l). In fact, Type Ia SNe start to dominate in the iron pollution
of the ISM when the [Fe/H] of the ISM is still very low. This result is in
agreement with the previous studies of UfD galaxies, such as Salvadori &
Ferrara (2009)

e The very low adopted star formation efficiencies cause the stellar MDFSs to
be peaked at very low [Fe/H], in very good agreement with observations.

e From the CMD-fitting analysis, as well as from the study of the pulsation
and metallicity properties of their variable stars, UfDs host very old stel-
lar populations, with ages > 10 — 12 Gyr. So, we have assumed them to
have undergone star formation only in the first billion years of their chem-
ical evolution history. This fact, coupled with the very low star forma-
tion efficiencies, causes the building up of very low final total stellar masses
M, fin ~ 10* — 10° Mg, which are much lower than in the observed dSph
ones, and in agreement with observational values.

e The actual total gas masses in UfDs are negligible or even undetected. This
is a clear evidence of intense galactic winds, which are efficient in the gas
removal from the galaxy potential well and started very soon in the galaxy
evolution. We tested models with normal wind, a-enhanced differential wind,
and iron-enhanced differential wind. All such models agree in predicting
negligible final total gas masses but each of them has a different effect in the
[a/Fe] vs. [Fe/H] diagram.

o Both normal and a-enhanced galactic winds predict a trend of the [«/Fe]
vs. [Fe/H] diagram which well agrees with observations. On the other hand,
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an iron-enhanced differential wind predicts the [a/Fe] to increase as [Fe/H]
grows once the galactic wind has started, at variance with observations. We
suggest the galactic wind to be normal with an efficiency w = 10Gyr ™!,
which is the same value adopted here for reproducing the main properties of
dSph galaxies.

Our chemical evolution models have been able to reproduce, at the same
time and reasonably well, all the observed features of the two UfD galaxies
studied, such as the abundance ratio patterns of the a-elements, the stellar
MDF, and the total stellar and gas masses at the present time. From the
main characteristics of our chemical evolution models and from the observed
trend of the UfD chemical abundances, we suggest that the hypothesis that
UfDs would have been the survived “building blocks” of the Milky Way
halo is unlikely, since the two seem to have undergone very different galactic
chemical enrichment histories. In particular, the Galactic halo abundance
pattern suggests more vigorous star formation and galactic wind, together
with a longer time-scale of gas accretion (see Brusadin et al. 2013). However,
more data on UfDs are necessary before drawing firm conclusions.
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The integrated galactic initial mass
function and neutron star mergers in the
Sagittarius dwarf spheroidal galaxy

4.1 Introduction

The Sagittarius (Sgr) dwarf galaxy was the last classical dwarf spheroidal (dSph)
discovered before the advent of the Sloan Digital Sky Survey. Its discovery was
made by Ibata et al. (1994) and it was identified while performing a spectroscopic
radial velocity survey of the Galactic bulge stars (Ibata et al., 1997). Its heliocentric
distance (Dg = 26 £ 2 kpc, from Simon et al. 2011) makes it the second closest
known satellite galaxy of the Milky Way (MW) and, because of the strong tidal
interaction suffered by the Sgr dSph during its orbit, it has left behind a well-known
stellar stream (Ibata et al., 2001; Majewski et al., 2003; Belokurov et al., 2006),
whose chemical characteristics have been recently studied and compared with the
ones of the Sgr main body and other dSph galaxies by de Boer et al. (2014). The
Sgr dwarf galaxy has been classified as a dSph because of its very low central surface
brightness (uy = 25.240.3 mag arcsec™ 2, from Majewski et al. 2003), its very small
total amount of gas (Mg ops ~ 10* Mg, from McConnachie 2012) and because of
the age and metallicity of its main stellar population, which dates back to the age
of the Universe and it is on average very iron poor. Chemical abundances in Sgr
have been measured by many authors up to now (see Lanfranchi et al. 2006 and
references therein). Most of these studies have shown that the abundance patterns
in Sgr are different than those in the MW.

In this Chapter, we present the results of the work by Vincenzo, Matteucci,
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Recchi, Calura, McWilliam & Lanfranchi (2015); in particular, we aim at testing
the suggestions of McWilliam et al. (2013), which claimed that the a-element defi-
ciencies observed in the Sgr dSph galaxy cannot be explained only by means of the
time-delay model (Tinsley, 1979; Greggio & Renzini, 1983; Matteucci, 1986) but
they rather result from an initial mass function (IMF) deficient in the highest mass
stars. On the other hand, Lanfranchi & Matteucci (2003, 2004) suggested that the
low values of the [« /Fe] ratios, as observed in dSphs, can be interpreted as due to
the time-delay model (a-elements produced on short time-scales by core-collapse
SNe and Fe by SNe Ia with a time delay) coupled with a low star formation rate
(SFR), assuming a Salpeter (1955) IMF.

McWilliam et al. (2013) also suggested that the Eu abundances in the Sgr
galaxy might be explained by core-collapse SNe, whose progenitors are stars less
massive than the main oxygen producers, as previously envisaged also by Wanajo
et al. (2003). Since many studies of nucleosynthesis have pointed out the difficulty
of producing r-process elements during SN explosions (Arcones et al., 2007), in
Vincenzo, Matteucci, Vattakunnel & Lanfranchi (2014), we test different scenarios
for the Eu production, both the one in which Eu is produced by core-collapse SNe
and the most recent one, where the Eu is synthesized in neutron star mergers
(NSMs, Korobkin et al. 2012; Tsujimoto & Shigeyama 2014; Shen et al. 2014; van
de Voort et al. 2015). The latter scenario was explored in the context of a detailed
chemical evolution model by Matteucci et al. (2014), where they were able to well
match the [Eu/Fe] abundance ratios observed in the MW stars.

Here, we study the detailed chemical evolution of Sgr by comparing the effect of
the integrated galactic initial mass function (IGIMF, in the formulation of Recchi
et al. 2014, hereafter R14) with the predictions of the canonical Salpeter (1955)
and Chabrier (2003) IMFs. The main effect of the metallicity-dependent IGIMF
of R14 is a dependence of the maximum possible stellar mass, that can be formed
within a stellar cluster, on the [Fe/H] abundance and on the SFR, especially if the
latter is very low. Since the dSphs turn out to have been characterized by very
low SFRs, the effect of the IGIMF on their evolution is expected to be important.
In this way, we will be able to test if the hypothesis of McWilliam et al. (2013) is
correct.

In the past, the effect of the IGIMF in the chemical evolution of elliptical galax-
ies has been studied by Recchi et al. (2009), while Calura et al. (2010) modelled
the chemical evolution of the solar neighbourhood when assuming the IGIMF. The
originality of this work resides in the fact that we test the effect of a metallicity-
dependent IMF, a study never done before in the framework of a detailed chemical
evolution model. As a further element of originality, we include for the first time
the Eu from NSMs in a chemical evolution model of a dSph galaxy.

This Chapter is organized as follows. In Section 4.2, we describe the metallicity-
dependent IGIMF formalism that we include in our models. In Section 4.3, the
data sample is presented. In Section 4.4, we describe the chemical evolution model
adopted for the Sgr dSph and in Section 4.5 we show and discuss the results of our
study. Finally, in Section 4.6, we summarize the main conclusions of our work.
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4.2 The integrated galactic initial mass function

Following Kroupa & Weidner (2003) and Weidner & Kroupa (2005),the IGIMF is
defined by weighting the classical IMF, ¢(m), with the mass distribution function of
the stellar clusters, £oc1(Mec1), within which the star formation process is assumed
to take place:

Srammr (m, (), [Fe/H]) =

Mecl,max(w(t))
- / dMecl gecl(Mecl)qb(m S Mmax; [FG/H]) <41)

Mecl,rnin

The IGIMF is normalized in mass, such that

/ " e v (m, (8), [Fe/H]) = 1.

Mmin

The functional form of the IGIMF that we test in this work depends both on the
SFR and on the [Fe/H] abundance of the parent galaxy, following the mild model
of R14. The IGIMF is based on the following assumptions, based on observations.

e The mass spectrum of the embedded stellar clusters is assumed to be a power
law, &eep o M;f, with a slope § = 2 (Zhang & Fall, 1999; Recchi et al., 2009).
In accordance with the mass of the smallest star-forming stellar cluster known
(the Tauris—Auriga aggregate), we assumed Mecl, min = D M@, whereas the
upper mass limit of the embedded cluster is a function of the SFR (Weidner

& Kroupa, 2004):

¥(t)

IOg Mecl,max =A+B 10g M yI'_l ) <42)
®

with A =4.83 and B = 0.75.

o Within each embedded stellar cluster of a given mass M. and [Fe/H] abun-
dance, the IMF is assumed to be invariant. In our study, we assume an IMF
which is defined as a two-slope power law:

Am—™ for 0.08 My < m < 0.5Mg

¢(m) = { Bm %2 for 0.5 M@ < m < Mmax, (43)

where a; = 1.30 and as = 2.35 as in the original work of Weidner & Kroupa
(2005), and ag = 2.3 + 0.0572 - [Fe/H] in the mild formulation of R14. The
latter relation was adapted by R14 from the original work of Marks et al.
(2012). It turns out from equation (4.3) that the overall [Fe/H] dependence
entirely resides in the slope of the IMF in the high-mass range. The maximum
stellar mass mmax that can occur in the cluster and up to which the IMF is
sampled, is calculated according to the mass of the embedded cluster, M,.;
furthermore, my.x must be in any case smaller than the empirical limit,
which here has been assumed to be 150 Mg, (see, for more details, Weidner
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& Kroupa 2004). The mpax—Mec relation is simply due to the fact that, in
the case of very low SFRs, the small clusters may not have enough mass to
give rise to very massive stars; on the other hand, in the case of large SFRs,
the maximum possible mass of the embedded clusters may be very large and
so very massive stars are able to originate (see R14). So mpax depends both
on the SFR and, to a lesser extent, on the [Fe/H] abundance of the parent
galaxy.

It is worth remarking that recent studies (Weidner et al., 2011; Kroupa et al., 2013;
Weidner et al., 2013) suggest that the star cluster IMFs can become top-heavy at
SFRs larger than ~ 10 M, yr~!. This range of SFRs is clearly out of reach for Sgr,
therefore we have neglected this modification of the IGIMF theory in our study.

In Fig. 4.1, we show what is the effect of the dependence of the IGIMF upon
the SFR. For very low SFRs (< 1 Mgyr~1), the IGIMF turns out to be very much
truncated and the maximum mass that can be formed strongly depends on the
SFR itself. This is due to the fact that, in galaxies with a low SFR, the mass
distribution function of the embedded clusters is truncated at low values of M.
(see equation 4.2) and small embedded clusters cannot produce very massive stars.

In Fig. 4.2, we illustrate how muyax is determined both by the SFR and by the
[Fe/H] abundance. The effect of the [Fe/H]-dependence is clearly opposite to that
of the SFR-dependence. As time passes by, one would expect that the iron content
within the galaxy insterstellar medium (ISM) increases; so, in this formulation, if
the SFR is constant, the maximum stellar mass that can be formed within each
embedded cluster is expected to decrease in time. In any case, it is worth noting
that the dependence of m .« upon the SFR is much stronger than the dependence
upon [Fe/H] when the SFRs under play are extremely low.

4.3 Data sample

We use the data set of chemical abundances from the works of Bonifacio et al.
(2000, 2004), Sbordone et al. (2007) and McWilliam et al. (2013). Bonifacio et al.
(2000) derived the abundances of many chemical elements for two giant stars in
Sgr, observed with the high-resolution Ultraviolet and Visual Echelle Spectrograph
(UVES) at the Kueyen-Very Large Telescope (VLT). Bonifacio et al. (2004) did a
similar work as Bonifacio et al. (2000), including the two stars previously analysed.
From the former work we took the abundances of Eu, while from the latter one we
took the abundances of Mg and O. Shordone et al. (2007) presented the chemical
abundances of 12 red giant stars belonging to the Sgr main body and the chemical
abundances of five red giant stars belonging to the Sgr globular cluster Terzan
7, acquired with the UVES at the European Southern Observatory (ESO) VLT.
McWilliam et al. (2013) derived the abundances of several chemical elements from
high-resolution spectra of three stars lying on the faint red giant branch of M54,
which is considered the most populous globular cluster of Sgr, lying in the densest
regions of the galaxy. McWilliam et al. (2013) acquired the spectra using the
Magellan Echelle spectrograph (MIKE) and their three stars were confirmed from
their kinematics to belong to the Sgr galaxy by Bellazzini et al. (2008). McWilliam
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Figure 4.1: In this figure, we show the predicted IGIMF, &cve, as a function of the stellar
mass m in the case of solar iron abundance and for various SFRs: from 9 (t) = 107 Mgyr—!
up to (t) = 1 Mgyr~'. The net effect of lowering the SFR is to truncate the IGIMF towards
lower stellar masses.

et al. (2013) found their chemical abundances of Eu and Mg consistent with those
of Bonifacio et al. (2000, 2004).

4.4 The chemical evolution model

4.4.1 The general model for dSphs

The Sgr dSph is assumed to assemble from infall of primordial gas into a pre-
existing dark matter (DM) halo, in a relatively short typical time-scale. The infall
gas mass has been set to M, = 5.0 x 10% Mg and the infall time-scale has been
set to T = 0.5 Gyr, following the results of Lanfranchi et al. (2006). We assume
Sgr to have a massive and diffuse DM halo, with a mass Mpy = 1.2 x 108 Mg
(Walker et al., 2009) and S = r,/rpm = 0.1, where ri, = 1550 pc (Walker et al.,
2009) represents the effective radius of the baryonic matter and rpy is the core
radius of the DM halo. We remind the reader that we need the latter quantities
in order to compute the potential well of the gas and the time of the onset of the
galactic wind, which is triggered by the energy released into the ISM by the stellar
winds and by the core-collapse (Type II, Type Ib, Type Ic) and Type Ia SNe (see,
for more details, Bradamante et al. 1998 and Yin et al. 2011). Once the wind has
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Figure 4.2: This figure shows how the maximum stellar mass (on the y-axis) varies as a
function of the SFR (on the z-axis) and as a function of the [Fe/H] abundance (colour-
coding: from —7 dex up to 1 dex). Increasing the [Fe/H] abundance has an opposite effect
oNn Mmax With respect to the increasing of the SFR.

started”, the intensity of the outflow rate is directly proportional to the SFR.

The galaxy is modelled as a one-zone within which the mixing of the gas is
instantaneous and complete and the stellar lifetimes are taken into account. We
include the metallicity-dependent stellar yields of Karakas (2010) for the low- and
intermediate-mass stars. For massive stars, we assume the He, C, N and O stellar
yields at the various metallicities of Meynet & Maeder (2002), Hirschi et al. (2005),
Hirschi (2007) and Ekstrom et al. (2008) and, for heavier elements, the yields of
Kobayashi et al. (2006). Finally, we include the yields of Iwamoto et al. (1999)
for the Type Ia SNe. We assume the same stellar yields as Matteucci et al. (2014,
see also Romano et al. 2010 for a detailed description, and Chapter 2.5 of this
Thesis). It is worth noting that the yields of Romano et al. (2010) have been
selected because they are, at the present time, the best in order to reproduce the
abundance patterns in the solar vicinity.

We test in our model, separately, three different Eu nucleosynthetic yields:

o the yields of Cescutti et al. (2006, model 1, table 2), in which the Eu is
produced by core-collapse SNe, whose progenitors are massive stars with
mass in the range M = 12-30 M;

o the yields of Ishimaru et al. (2004), which can be found tabled in Cescutti
et al. (2006, model 4, table 2), where the Eu is produced by massive stars
with mass in the range M = 8-10 M), exploding as core-collapse SNe;

o the yield prescriptions of Matteucci et al. (2014), where we address the reader

“In our model, the galactic wind develops when the thermal energy of the gas exceeds
its binding energy to the galaxy.
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0.1

0.0001

t [Gyr]

Figure 4.3: In this figure, we compare the temporal evolution of the SFR as predicted by
assuming the metallicity-dependent IGIMF of R14 (black solid line) with the same quantity
predicted by assuming the Salpeter (1955, dotted line in red) and Chabrier (2003, blue dashed
line) IMFs. The trend of the SFR traces that of the gas mass content within the galaxy. In
all the cases considered here, the SFR is always much lower than 1 Mayr~'. Notice that the
various curves almost overlap. This is due to the fact that the IMF has little effect on the
global mass budget.

for details, for the Eu produced by NSMs. T The first case we test is the
model Mod3NS’ (see fig. 6 of Matteucci et al. 2014), where we assume that
the Eu mass per NSM event is Mgy, nsm = 3.0 X 10-6 Mg; the progenitors
of neutron stars lie in the range 9-50 My ; the fraction of binary systems in
this mass range becoming NSMs is angy = 0.02, and the time delay for NS
coalescence is Atngy = 1 Myr (we check also 100 Myr as shown in Section
4.5.1). Moreover, we test also a model with Mg, nsm = 107 Mg per merger
event, and the other parameters being the same as Mod3NS’. This value of
the Eu yield is in agreement with the results of recent calculations (Bauswein
et al., 2014; Just et al., 2015; Wanajo et al., 2014).

The prescriptions for the galaxy star formation rate and galactic winds are
the same as explained in Chapter 3 for the chemical evolution of the classical
and ultra-faint dwarf spheroidal galaxies. In particular, we assume the galaxy
star formation rate to be directly proportional to the global gas mass within the
interstellar medium; finally, the galactic wind is assumed to be normal, namely all
the chemical elements are carried out of the galaxy potential well with the same

"Note that because of a typo mistake, the correct yield of Eu in Matteucci et al. (2014)
was 3.0 x 107% My, instead of 3.0 x 1077 Mg, (see Matteucci et al. 2015).
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Figure 4.4: Given the temporal evolution of the SFR and of the [Fe/H] abundance predicted
by our chemical evolution model, this figure reports how the maximum stellar mass that can be
formed at every time t evolves as a function of the time itself, when assuming the metallicity-
dependent IGIMF of R14. It is clear how much the truncation becomes important when the
IGIMF is adopted in a detailed chemical evolution model of a galaxy with very low SFRs.

efficiency w (in units of Gyr™).

4.4.2 The model for Sagittarius

In this study we follow the results of Lanfranchi et al. (2006), which provide an
estimate of the parameters of the chemical evolution model for Sgr able to reproduce
the observational data. They found that Sgr should have been characterized by
intermediate values of the star formation efficiencies v, included between 1 and 5
Gyr—!, and by intense galactic winds, with efficiencies w varying between 9 and 13
Gyr~!. We remark on the fact that Lanfranchi et al. (2006) assumed a constant
Salpeter (1955) IMF.

In accordance to the observations, we assume that Sgr is composed of two
distinct stellar populations, one of old age > 10 Gyr (the blue horizontal branch
population discovered by Monaco et al. 2003) and one of intermediate age, which
dates back to 8.0 £ 1.5 Gyr (the so-called Population A, studied by Bellazzini et
al. 2006). So we adopt for the galaxy a star formation history with two separate
episodes, the first one occurring between 0 and 4 Gyr since the beginning of the
galaxy evolution, the second one between 4.5 and 7.5 Gyr. Thus, according to
these observational evidences, the star formation is set to zero outside those time
intervals. During the star formation episodes, the SFR follows the classical linear
Schmidt-Kennicutt law.
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[Fe/H]

t [Gyr]

Figure 4.5: In this figure, the predicted age—metallicity relation is shown. The y-axis reports
the [Fe/H] abundance of the galaxy ISM as predicted by our chemical evolution models, while
the x-axis reports the time in Gyr since the beginning of the galaxy evolution. The iron content
within the ISM increases very steeply in the first billion years, then its trend flattens. The
different IMFs considered in this work predict very similar age-metallicity relations. We remark
on the fact that the [Fe/H] abundance in this figure refers to the abundance in the ISM; if
one wants to see how many stars formed at a given time and therefore at a given [Fe/H] of
the ISM, one should look at the stellar MDF (see Section 4.5). The lines correspond to the
same IMFs as in Fig. 4.3.

In order to test what is the effect of the IGIMF in the framework of a detailed
chemical evolution model, we fix the following values for the parameters of the
model: v = 3 Gyr~! and w = 9 Gyr~!, which are the best parameters found
by Lanfranchi et al. (2006). We then compare the results obtained by assuming
the IGIMF with the ones obtained by assuming the canonical Salpeter (1955) and
Chabrier (2003) IMFs.

As a reminder for the reader, the Salpeter (1955) IMF is a single-slope power
law, which has the following form:

é(m) oc m~235 for 0.1 < Mﬂ@ < 100, (4.4)

whereas the Chabrier (2003) has a log-normal distribution function for low-mass
stars:

7 exp(— el 0T) for 0.1 < g < 1

4.5
m~23, for 1 < o < 100. (4.5)
©

]

In our chemical evolution model the minimum possible stellar mass is Moy =
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Figure 4.6: This figure reports the core-collapse SN rate predicted as a function of the time.
Because of the truncation of the IGIMF, the core-collapse SN rate predicted by the IGIMF is
always lower than the one predicted by the classical IMFs. The lines correspond to the same
IMFs as in Fig. 4.3.

0.1 Mg, whereas the maximum possible stellar mass is M, = 100 Mg; so, if the
maximum stellar mass of the IGIMF turns out to be larger than M,,, we set it
at the maximum possible value of 100 M. The reason for that resides in the fact
that stars more massive than 100 M have a negligible effect in any IMF and it is
difficult to find yields for them in the literature.

4.5 Results

This work is based on the chemical evolution model described in Section 4.4 and
our aim is to investigate the effect of three different IMFs: the canonical Salpeter
(1955), the Chabrier (2003) IMF and the metallicity-dependent IGIMF of R14.

The galaxy is always predicted to possess at the present time a very small
total amount of gas. In particular, the total HI mass results My, ~ 1.8 x 104 Mg
with the Chabrier (2003) IMF, My; ~ 1.3 x 10* My, with the Salpeter (1955) IMF
and My ~ 1.8 x 10* Mg with the IGIMF. All the latter quantities are almost in
agreement with the upper limit of the total HT mass derived by Koribalski et al.
(1994), which is Murobs ~ 10* M.

The model with the IGIMF predicts the largest final total stellar mass for the
galaxy, which is M, g, ~ 1.1 x 108 M. In fact, the model with the Salpeter (1955)
and Chabrier (2003) IMFs predict M, g, ~ 7.9x 107 Mg, and M, g6, =~ 5.2 x 107 Mg,
respectively, which have the same order of magnitude of the observed total stellar
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Figure 4.7: In this figure, we compare the Type la SN rate as a function of the time. The
integrated number of SNe la predicted with the Chabrier (2003) IMF turns out to be the
largest one. The lines correspond to the same IMFs as in Fig. 4.3.

mass M, ~ 2.1 x 10" My (see McConnachie 2012 and references therein). In this
study, we have neglected the fact that Sgr has lost many stars after its SF ceased;
this may explain why the actual stellar mass predicted by our chemical evolution
models is larger than the present-day observed mass.

The model with the IGIMF predicts the galactic wind to develop for the first
time at tgw = 30 Myr while the model with the Salpeter (1955) and the Chabrier
(2003) IMFs predict the onset of the galactic wind at tgw = 25 and 20 Myr,
respectively. Since we assume the SFR to proceed since the beginning, the retarded
onset of the galactic wind with the IGIMF is likely due to the strong truncation of
IGIMF itself, which inhibits the formation of very massive stars, the ones having
the shortest typical lifetimes and exploding as core-collapse Supernovae. This can
be confirmed by the intensity of the SFRs under play; if they are < 1 Mgyr~?!, then
the truncation is important. By looking at Fig. 4.3, where the predicted trend of
the SFR is plotted as a function of time, it turns out that the predicted SFRs in Sgr
are always much lower than 1 Muyr~!. The temporal evolution of the maximum
stellar mass that can be formed during the star formation activity, in the case of the
IGIMF, is shown in Fig. 4.4. The steep increasing trend of m,ax at the beginning
is due to the rapid increase of the SFR during the initial infall event. Then, myax
decreases because of the declining SFR. The [Fe/H] dependence is crucial during the
initial infall event, when the [Fe/H] abundance rapidly increases, counterbalancing
the SFR dependence and preventing the IGIMF to reach masses very close to the
empirical limit of 150 M. In fact, the bulk of chemical enrichment in this galaxy
occurs in the first Gyr of its evolution; then, the age—metallicity relation becomes
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Figure 4.8: In this figure, we compare the stellar MDF as predicted by the various models.
The theoretical MDFs have been smoothed with a Gaussian function having ¢ = 0.2. The
IGIMF and the Salpeter (1955) IMF predict the MDF to peak at [Fe/H] = —0.48dex and
[Fe/H] = —0.51 dex, respectively, in agreement with the mean value ([Fe/H]) = —0.5 £ 0.2
dex, measured by Cole (2001). The Chabrier (2003) predicts the peak to occur at [Fe/H] =
—0.26 dex. The lines correspond to the same IMFs as in Fig. 4.3.

much more shallow and the main role is played by the SFR, which decreases very
steeply. In Fig. 4.5, we report the age—metallicity relations predicted by assuming
the different IMFs. The small fluctuations visible in Fig. 4.5 are due to the bursting
mode of star formation and the

The core-collapse SN rate as a function of time is shown in Fig. 4.6. The
progenitors of core-collapse SNe are assumed to be massive stars with mass M >
8 M, which have very short typical lifetimes since star formation, in the range
1 Myr < 7y < 30 Myr. As one can see from the figure, the IGIMF predicts numbers
of core-collapse SNe per unit time which are always lower than the ones predicted
by the classical IMFs. Among the IMFs here considered, the highest number of stars
over the entire high-mass range originate when assuming the Chabrier (2003) IMF
(see also Romano et al. 2005). In fact, the Chabrier (2003) IMF for M > 1 Mg has
a slope achap. = —2.3 (see equation 4.5), which is flatter than the Salpeter (1955)
one (aga, = —2.35, see equation 4.4). For this reason, the core-collapse SN rate
with the Chabrier (2003) exceeds the other.

In Fig. 4.7, we report the predicted Type Ia SN rate as a function of time. We
assume Type Ia SNe to originate from white dwarfs in binary systems exploding by
C-deflagration. We adopt the single-degenerate model, with the same prescriptions
as in Matteucci (2001, see also Chapter 1 of this Thesis). According to this partic-
ular progenitor model, a degenerate C—O white dwarf (the primary, initially more
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Figure 4.9: In this figure, we report the [«/Fe] versus [Fe/H] abundance ratio patterns as
predicted by the IGIMF of R14 (black solid line) and by the Salpeter (1955, dashed line in red)
and Chabrier (2003, blue dashed line) IMFs. The data are from Bonifacio et al. (2000, 2004,
blue squares), Sbordone et al. (2007, grey triangles) and McWilliam et al. (2013, magenta
stars). The trend can be easily explained by means of the time-delay model (Matteucci &
Brocato, 1990; Matteucci, 2001; Lanfranchi & Matteucci, 2004) and by looking at the core-
collapse and Type la SN rates in Fig. 4.6 and 4.7, respectively. The lines correspond to the
same IMFs as in Fig. 4.3.

massive, star) accretes material from a red giant or main-sequence companion (the
secondary, initially less massive, star); in summary, when the white dwarf reaches
the Chandrasekhar mass, the C-deflagration occurs and the white dwarf explodes
as a Type Ia Supernova (for more details, see Matteucci 2001). Depending primar-
ily on the mass of the secondary star, which is the clock for the explosion, Type Ia
SNe can explode over a very large interval of time-scales since the star formation,
which can vary between 30 Myr and the age of the Universe. By looking at Fig.
4.7, the Type Ia SN rate with the Chabrier (2003) IMF dominates over the other
two; in fact, the Chabrier (2003) IMF predicts also a higher number of low- and
intermediate-mass stars with M > 1 M (Romano et al., 2005).

4.5.1 MDF and chemical abundances

The stellar metallicity distribution function (MDF) predicted by the model with
the IGIMF has the peak at [Fe/H]= — 0.48 dex, close to the position of the peak
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Figure 4.10: In this figure, we study the effect on the predicted [« /Fe] versus [Fe/H] abun-
dance pattern of suppressing Type la SNe. The dotted lines correspond to the model with the
inclusion of Type la SNe, while the solid lines represent the model when the contribution of
Type la SNe has been suppressed. The dotted lines correspond to the same IMFs as in Fig.
4.9.

predicted by the model with the Salpeter (1955) IMF, which is at [Fe/H] = —0.51
dex. Conversely, the [Fe/H| peak of the MDF with the Chabrier (2003) IMF occurs
at [Fe/H] = —0.26 dex, which is much higher than the other two values. This can be
seen in Fig. 4.8 and it is due to the fact that the integrated number of Type Ia and
core-collapse SNe with the Chabrier (2003) IMF is much higher than that predicted
when assuming the IGIMF or the Salpeter (1955) IMF (see Figs 4.6 and 4.7). So,
on average, fixing all the other parameters of the model, a quite enhanced iron
pollution from SNe is expected when adopting the Chabrier (2003) IMF. Finally,
the IGIMF and the Salpeter (1955) IMF predict a [Fe/H] abundance for the peak of
the stellar MDF which is in agreement with the mean value ([Fe/H]) = —0.5£0.2
dex, measured by Cole (2001) for the Sgr main stellar population.

In Fig. 4.9, we compare the predicted [a/Fe] abundance ratios as a function of
the [Fe/H] abundances with the observational data of Bonifacio et al. (2000, 2004),
Sbordone et al. (2007) and McWilliam et al. (2013). We remind the reader that
Type Ia SNe enrich the ISM mainly with iron (almost 2/3 of the total content) and
iron-peak elements, whereas the a-elements are mainly produced by core-collapse
SNe, which also provide some iron, typically ~ 1/3 of the total. However, some
a-elements, such as the calcium and the silicon, are also synthesized by Type Ia
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Figure 4.11: In these figures, we compare the predictions of our models with different IMFs
for the [Eu/Fe] and [Eu/O] versus [Fe/H] abundance patterns, when the yield of Cescutti et
al. (2006) are included. The latter assume the Eu to be produced by massive stars with mass
in the range M = 12-30 M, which explode as core-collapse SNe. None of the models with
these yields is able to reproduce both the [Eu/Fe] and [Eu/O] abundance ratio patterns at
the same time. The various lines correspond to the same IMFs as in Fig. 4.3.

SNe, although in smaller quantities than those coming from core-collapse SNe. We
have also to remark the fact that the fraction of the total iron content coming from
Type II and Type Ia SNe depends on the assumed IMF and the aforementioned
proportions have been calculated by assuming Salpeter-like IMFs (see for more
details, Matteucci 2014).

By looking at Fig. 4.9, the overall trend predicted by assuming the three dif-
ferent IMFs is quite similar and it can be easily explained by the time-delay model
(Matteucci & Brocato, 1990; Matteucci, 2001; Lanfranchi & Matteucci, 2004),
which can be resumed as follows: the decrease of [a/Fe] at very low [Fe/H] is
due to the very low SFRs under play, which cause Type Ia SNe to be important
in the iron pollution when the ISM was not yet heavily enriched with iron by core-
collapse SNe; then, the further steepening of [a/Fe] is due to the strong outflow
rate. The fundamental role played by the so-called time-delay model in shaping
the trend of the [o/Fe] ratios, as a function of [Fe/H], is shown in Fig. 4.10, where
we study the effect of suppressing Type Ia SNe in the chemical enrichment process.
As one can see from the figure, if there are no Type Ia SNe, which are the most
important Fe producers in galaxies, a truncated IMF such as the IGIMF would
never be able to reproduce the data by itself. Furthermore, only by means of Type
Ia SNe the galaxy can reach the observed [Fe/H| abundances. In fact, the pre-
dicted trend reflects only the contribution of core-collapse SNe to Fe. It is only
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Figure 4.12: In the top- and bottom-left figures, we compare the predictions of our models
with different IMFs for the [Eu/Fe] and [Eu/O] versus [Fe/H] abundance patterns, when the
yield of Ishimaru et al. (2004) are included. The latter assume the Eu to be produced by
stars with mass in the range M = 8-10 M, which explode as core-collapse SNe. None of the
models with these yields is able to reproduce both the [Eu/Fe] and [Eu/O] abundance ratio
patterns at the same time. In the top- and bottom-right figures, we show the predictions of
our models when the Eu yields of Ishimaru et al. (2004) are multiplied by a factor of 3; in this
case, we can obtain a better results both for the [Eu/Fe] and the [Eu/O] abundance ratios,
which can be reproduced by the model the IGIMF. The various lines correspond to the same
IMFs as in Fig. 4.3.

the contribution of Type Ia SNe that can explain the decrease of [«/Fe] ratios and
produce the right amount of Fe.

The position of the knee in the [o/Fe] ratios as a function of [Fe/H] varies
from galaxy to galaxy and it primarily depends upon the total mass of the galaxy,
where the dSphs with larger mass exhibit the knee preferentially at higher [Fe/H].
We explain this fact by assuming higher efficiency of SF for dwarf galaxies of
larger total mass, with the low mass ultrafaint dwarf spheroidals needing the lowest
SF efficiencies (Salvadori & Ferrara, 2009; Vincenzo, Matteucci, Vattakunnel &
Lanfranchi, 2014).

By looking at Fig. 4.9, for a given value of [Fe/H], the model with the IGIMF
predicts the lowest [«/Fe] abundances while the highest [a/Fe] ratios are reached
when assuming the Chabrier (2003) IMF. In order to obtain the same high values of
[a/Fe] in a model with the IGIMF, one should slightly increase the star formation
efficiency. This can be also explained by looking at Fig. 4.6, from which one
can conclude that the Chabrier (2003) IMF predicts the highest core-collapse SN
rates, whereas the IGIMF the lowest ones, over the entire galaxy lifetime. So in
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Figure 4.13: In this figure, we compare the [Eu/Fe] and [Eu/O] as functions of [Fe/H] as
predicted by the IGIMF and by the classical Salpeter (1955) and Chabrier (2003) IMFs. The
models which assume an Eu mass per NSM event Mg,nsm = 1.0 X 1073 Mg correspond to
the thick coloured lines, whereas the models with Mg, nsm = 3.0 X 1076 Mg to the thin grey
lines. The line crossing in the top figure around [Fe/H] = —1.1 is due to SNe la, which in the
case of the IGIMF and Salpeter IMF start to explode when the [Fe/H] abundance of the ISM
is lower than in the case with the Chabrier IMF. The various lines within each set correspond
to the same IMFs as in Fig. 4.3.

conclusion, given a particular value of the galaxy gas mass fraction p = Mgas/Miot,
the Chabrier (2003) IMF predicts the highest metal content in the galaxy while
the IGIMF predicts the lowest one.

In Fig. 4.11, we show the predictions of our models with the Eu yields of
Cescutti et al. (2006) for the [Eu/Fe] versus [Fe/H] abundance ratio patterns. We
remind the reader that in this case the Eu is assumed to be produced by core-
collapse SNe in the range M = 12-30 M and the stellar yields were determined ad
hoc to reproduce the observational trend observed in the MW stars. We find that
neither the IGIMF nor the classical IMFs are able to reproduce the observed data
set when adopting those yields.

Wanajo et al. (2003) and McWilliam et al. (2013) proposed that Eu could be
produced by core-collapse SNe whose progenitors are less massive than the stars
more important in oxygen production, which have masses 2 30 M. We tested
this scenario in our chemical evolution model of the Sgr dwarf. Therefore, we have
included in our models the Eu yields by Ishimaru et al. (2004) from core-collapse
SNe in the range 8-10 M. According to these yields, the Eu is produced as an
r-process element, with X2 = 3.1 x 10" My /M, being the fraction of Eu ejected
by a star of mass M,. The results which we obtain by assuming the yields of

125



Chapter 4. The integrated galactic initial mass function and neutron star
mergers in the Sagittarius dwarf spheroidal galaxy

[Eu/Fe]

[Eu/Fe]

[Fe/H]

Figure 4.14: In this figure, we show the effect on the [Eu/Fe] versus [Fe/H] relations of
varying the delay time for the coalescence of the NS close binary system from Atysm = 1 Myr
(top figure) to 100 Myr (bottom figure). The various lines correspond to the same IMFs as in
Fig. 4.3 and all the models assume a mass of Eu per NSM event Mg, nsm = 1.0 X 1075 Mg .

Ishimaru et al. (2004) can be seen in Fig. 4.12, where we show the [Fe/H]-[Eu/Fe]
relation, as predicted by our models with different IMFs. In that figure, we show
also the results of our models with the Ishimaru et al. (2004) yields artificially
increased by a factor of 3.

We find that the models with the original Ishimaru et al. (2004) yields are
not able to reproduce [Eu/Fe] and [Eu/O] at the same time. In fact, while the
[Eu/Fe] ratios can be better explained by the models with the Chabrier (2003)
IMF, because of the higher weight of the 8-10 My stars in this IMF, the high
[Eu/O] ratios cannot be reproduced even by the model with the IGIMF, which
predicts a lack of O. By increasing the Ishimaru et al. (2004) yields, we obtain
a better result and, in principle, we could explain in this way the observed Eu
abundances in this galaxy.

Since the r-process nucleosynthesis is still debated in the literature, we also
tested the case in which NSM events are the main responsible for the production
of Eu in galaxies, a hypothesis which has received a large interest recently (e.g.
Mennekens & Vanbeveren 2014; Matteucci et al. 2014; van de Voort et al. 2015;
Wehmeyer et al. 2015). In Fig. 4.13, the [Eu/Fe| and [Eu/O] ratios as predicted
by our models with Mg, nsm = 1.0 X 107° M (thick lines) are compared with the
ones predicted by our models assuming Mg, sy = 3.0 X 1076 Mg, (thin lines), as
in Matteucci et al. (2014). In both cases, the truncation of the IGIMF strongly
affects the predicted [Eu/O] ratios, which are always higher than the [Eu/O] ratios
predicted with the standard IMFs.
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Figure 4.15: In this figure, we report the predictions of our models for the [O/Si] ratios
(hydrostatic over explosive a-element ratios) as functions of [Fe/H], in order to ascertain if
the data suggest a truncated IMF. The various lines correspond to the same IMFs as in Fig.
4.3.

Our models with Mg, nsm = 3.0 x 1079 Mg, are still not able to reproduce the
abundance ratios in the Sgr dwarf. The choice of the Mg, nsm = 3.0 X 1079 Mg
derives from the best value quoted by Matteucci et al. (2014) to reproduce Eu in
the solar vicinity: however, the yields of Eu per event can be as high as Mg, nsm =
1.0x 107° Mg, in agreement with the upper limit of Korobkin et al. (2012) and with
current calculations adopting more recent nuclear data (e.g., Wanajo et al. 2014).
With this value we can clearly better reproduce both the [Eu/Fe] and the [Eu/O]
abundance ratios observed in this galaxy. Because of the mentioned still existing
nucleosynthesis uncertainties and the small number of observations available for
dSph galaxies and Sgr galaxy in particular, our results can only safely demonstrate
that the idea of McWilliam et al. (2013) is correct and that the [Eu/O] ratio can
be a possible diagnostic in future observations and studies of chemical evolution.

In this context, we do not wish to explore all the possible combinations for Eu
production sites, as in Matteucci et al. (2014) where models including both core-
collapse and NSMs were considered. The paucity of data for Sgr, in fact, prevents
us from drawing any conclusions on Eu produced in stars with mass as large as
50 Mg, leaving their chemical signature at low metallicities. For the same reason,
we cannot safely conclude anything about the time delay for the coalescence of
neutron stars. To illustrate that, in Fig. 4.14, we show what is the effect on the
predicted [Eu/Fe] versus [Fe/H] relations of varying the delay time for coalescence
from Atnsm = 1 Myr (top figure) to Atnsmy = 100 Myr (bottom figure). We
remark on the fact that these are extreme cases, given the uncertainty still present
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Figure 4.16: In this figure, we show what is the effect of varying the v parameter in the [a/Fe]
versus [Fe/H] abundance pattern when the IGIMF is assumed. The colour-coded curves have
been obtained by varying the SF efficiencies in the range v = 1 — 5 Gyr™!, with the wind
parameter fixed at the value w = 9 Gyr~!. The colour-coding represents the SFR expressed
in units of Mg yr—! and the model with the lowest SF efficiency (v = 1 Gyr—') corresponds
to the lowest edge of the plot, while the model with the highest SF efficiency (v = 5 Gyr™ ')
corresponds to the highest edge. The black solid line, the dotted line in red and the dashed
line in blue correspond to the reference models with v =3 Gyr™! and w = 9 Gyr~! with the
IGIMF, the Salpeter (1955) and the Chabrier (2003) IMFs, respectively, as shown in Fig. 4.9;
also the data are the same as in Fig. 4.9.

in the delay time for NSMs (see Dominik et al. 2012; van de Voort et al. 2015).

In Fig. 4.15, we show also the abundance patterns of [O/Si]. Following the
suggestions of McWilliam et al. (2013), the truncation of the IMF can leave a
signature in the hydrostatic over explosive a-element abundance ratios. The Si is
an explosive a-elements and its stellar yields are not affected by the truncation as
much as those of oxygen. By looking at the Figure, the McWilliam et al. (2013)
data for [O/Si] are well reproduced with the IGIMF, supporting the idea that a
truncated IMF should be preferred in this galaxy. However, the data are still
uncertain and prevent us from drawing firm conclusions.

It is interesting to note that the dispersion in the [r-process/Fe] abundance
ratios observed in the extreme metal-poor halo stars suggests that the frequency
of r-process producers, per SN event, must be ~ 5 per cent (McWilliam et al.,
1995; Fields et al., 2002). This could be considered as a support to the idea of
NSMs as Eu producers, since NSM binaries are a small fraction of the number of
core-collapse SN events (we assume ansm = 0.02, as in Matteucci et al. 2014).
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Table 4.1: We report the differences produced in the averaged abundance ratios by adopting
different sets of stellar yields and different IMFs. ‘Romano’ stands for the yields adopted in
Romano et al. (2010); ‘CL’ stands for the yields of Chieffi and Limongi (private communica-
tion); ‘WW095' stands for the set of yields with Woosley & Weaver (1995), as described in
the text.

A[Si/Fe] 0  AJO/Fe]£ 0 A[Mg/Fe]+o A[Ca/Fe]+o

IMF: Salpeter
Romano/CL 0.033 £0.007 0.03 £0.02 0.22 +£0.03 0.23 £0.09
WW95/CL 0.18 +0.06 0.12 4+ 0.04 0.20 £+ 0.06 0.33 £0.13
Romano/WW95 | 0.15 %+ 0.06 0.13 £0.02 0.08 +0.04 0.10 £ 0.05

IMF: Chabrier
Romano/CL 0.047 £0.006 0.05=£0.03 0.20 £ 0.03 0.254+0.10
WW95/CL 0.18 & 0.06 0.11 £ 0.05 0.18 £ 0.06 0.34 +0.13
Romano/WW95 0.13 £ 0.06 0.12 4+ 0.03 0.07 £ 0.04 0.09 = 0.06

IGIMF
Romano/CL 0.10£0.07 0.284+0.24 048 +0.17 0.11 £0.07
WW95/CL 0.13£0.06 0.24+0.21 0.48+0.30 0.17+0.11
Romano/WW95 | 0.14+0.08 0.12+£0.04 0.12£0.07 0.09 £ 0.06

4.5.2 Exploring the parameter space

In Fig. 4.16, we explore the effect of changing the model parameter v in the [o/Fe]
versus [Fe/H| abundance ratio patterns, when the metallicity-dependent IGIMF of
R14 is assumed. The third dimension (colour-coding) in the figure corresponds to
the SFRs under play and the parameter space that we explore is the one provided by
Lanfranchi et al. (2006), with the SF efficiencies continuously varying in the range
v = 1-5 Gyr~!. We remark on the fact that Lanfranchi et al. (2006) assumed a
Salpeter (1955) IMF.

By looking at Fig. 4.16, by increasing the SF efficiency, it allows us to reach
higher [a/Fe| ratios as well as higher SFRs at a fixed [Fe/H] abundance. Further-
more, the models with v = 3 Gyr~! and w = 9 Gyr~! with the Salpeter (1955) and
Chabrier (2003) IMFs predict always higher [a/Fe] abundances than the models
calculated with the IGIMF. This is due to the extremely low efficiency of formation
of massive stars when the IGIMF is assumed for galaxies with very low SFRs.

The effect of changing the wind parameter w is much lower than varying the
SF efficiency v. For a fixed value of the SF efficiency, the time of the onset of the
galactic wind as well as the [Fe/H] ratio of the ISM at that epoch are always the
same. So different values of the w parameter affect the chemical evolution only
after the onset of the galactic wind. Once the wind has started, both the [o/Fe]
abundance ratios and the SFR decrease further.

We have computed chemical evolution models of the Sgr dwarf with different
stellar yield prescriptions, in order to provide a first estimate of the uncertainties
due to the stellar yields. Our results are reported in Table 4.1. We have tested dif-
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ferent sets of stellar yields besides those of Romano et al. (2010), which we consider
as the best in reproducing the solar vicinity abundance pattern. In particular, in
addition to them, we have tested also:

o the yields of Woosley & Weaver (1995, with the corrections suggested by
Francois et al. 2004) for massive stars, and the yields of van den Hoek &
Groenewegen (1997) for low- and intermediate-mass stars (this set of stellar
yields is the one assumed in the models of Chapter 3);

e the most recent yields from massive stars of the Chieffi and Limongi group
(private communication), and the yields of Karakas (2010) from low- and
intermediate-mass stars.

We find that the models with the Romano et al. (2010) set of stellar yields agree very
well in the predicted [O/Fe] and [Si/Fe| abundance ratios with the models which
include the recent yields of the Chieffi and Limongi group. On the other hand,
there is still quite a large uncertainty in the stellar yields of Mg and Ca, which
affect the results of our models for these two chemical elements; in particular, the
final results for [Mg/Fe] and [Ca/Fe] as a function of [Fe/H] may differ by almost
0.2 dex.

In Table 4.1, we explored also the combined effect of different IMF and stellar
yield assumptions. We find that the effect of assuming different stellar yields is
almost similar for [O/Fe] and [Si/Fe|, if we assume the Salpeter (1955) or the
Chabrier (2003) IMFs. On the other hand, when assuming the IGIMF, we find
that our models become on average more influenced by the assumed stellar yields.

4.6 Conclusions

In this Chapter, we present the results of models testing the effects of different IMFs
on the chemical evolution of Sgr dwarf galaxy. In particular, we have considered
the IGIMF of R14, which depends on the metallicity and SFR, and the invariant
Salpeter (1955) and Chabrier (2003) IMFs. We have run several models by studying
the effect of the various parameters, such as the efficiency of SF and the wind
parameter.

We have compared different scenarios for the production of Eu. In particular,
we have considered the recent NSM scenario of Matteucci et al. (2014) and the
canonical scenario in which Eu is produced by core-collapse SNe.

Finally, we have studied the effect of different stellar yield assumptions on the
predicted abundance ratio patterns in this galaxy and we have explored also the
combined effect of varying both the IMF and the stellar yield assumptions.

In what follows, we summarize the main conclusions of our work.

o The IGIMF tends to predict lower [a/Fe| and [Eu/Fe] ratios in objects with
low SFR than the classical Salpeter (1955) and Chabrier (2003) IMFs. In
fact, in the case of the IGIMF, there is a deficiency in the formation of massive
stars, which are the main contributors of the a-elements. The dependence of
the IGIMF on the SFR is much stronger than that on the metallicity, which
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in fact could be neglected. Our results support the conclusion that the time-
delay model is necessary to explain the trend of the [o/Fe|] and [Eu/Fe]
ratios as a function of [Fe/H]J; furthermore, the assumption of a truncated
IMF such as the IGIMF provides a better qualitative agreement with the
abundance ratio patterns observed in the Sgr galaxy, although both the data
and the stellar yields that we assume in our models are still too uncertain
to draw firm conclusions. It is worth recalling that the effect of changing
the IMF consists mainly in shifting the [X /Fe] (with X the abundance of a
generic element) curves up or down along the Y-axis, whereas the shape of
the [ X /Fe] versus [Fe/H] curves is mainly determined by the lifetimes of the
stellar producers of X and Fe and by the star formation history (time-delay
model).

The oxygen is the hydrostatic a-element which is most sensitive to the cut-
off in mass of the IMF, while the explosive a-elements such as the silicon
and the calcium are much less sensitive. So the hydrostatic over explosive -
element abundance ratios can retain a well-defined signature of a truncated
IMF, as suggested by McWilliam et al. (2013). The O and Si are among the
chemical elements which are less affected by uncertainties relative to their
stellar yields; the results of our models, in particular the comparison of the
[O/Si] versus [Fe/H] relations predicted by our models with the McWilliam
et al. (2013) data, might support the idea that the IMF in the Sgr galaxy
is truncated, with the IGIMF being the favourite among the different IMFs
here explored. However, again, the data are still too uncertain to draw firm
conclusions.

All our models with Eu coming from core-collapse SNe are not able to repro-
duce the [Eu/Fe] and [Eu/O] abundance ratios at the same time, unless the
yields from stars in the range 8-10 M are artificially increased by a factor
of ~ 3. When including the Eu produced by NSMs as the only source of
this element, we are also able to well match the data, by assuming yields as
suggested by recent calculations (Bauswein et al., 2014; Wanajo et al., 2014;
Just et al., 2015).

Since NSMs, which are nowadays considered as more promising sites for Eu
production, arise from stars which have an initial mass in a lower range than
that of the most important oxygen producers, the hypothesis of McWilliam et
al. (2013) remains true. Furthermore, we confirm that in Sgr the truncation
of the IMF might have played a relevant role in the [Eu/O] versus [Fe/H]
relations, while the [Eu/Fe] versus [Fe/H] is due mainly to the time-delay
model.

By exploring the parameter space, and in particular by studying the effect
of the star formation and galactic wind efficiencies, we found that the major
role in determining the final abundance pattern in Sgr galaxy is played by the
star formation efficiency, while the wind parameter has only a small effect.

The IMFs considered here are all able to reproduce the present time observed
total HI mass. On the other hand, the model with the IGIMF predicts final
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total stellar masses which are slightly larger than the ones predicted by the
models with the classical IMFs. This is probably due to the delayed onset
of the galactic wind in IGIMF models, because of the reduced energetic
feedback from massive stars. The galaxy forms stars for a longer period and
thus a large mass in long-living, low-mass stars can accumulate.

e The present results can be useful to study also other dSphs, since the history
of these galaxies is characterized by a low SFR, which implies a truncated
IMF in the formalism of the IGIMF theory.

Our last comment is that combining the chemical evolution models with the
spectro-photometric ones might greatly help to better constrain the role and the
effect of the IGIMF in the evolution of galaxies.
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Are ancient dwarf satellites the building
blocks of the Galactic halo?

5.1 Introduction

The current cosmological A cold dark matter (ACDM) paradigm predicts large-
scale structures in the Universe to assemble from the coalescence of small-scale
ones, via cooling and condensation of gas in always larger dark matter halos (Press
& Schechter, 1974; White & Rees, 1978; Springel et al., 2006). According to this
paradigm, galaxies like the Milky Way (MW) formed through cosmic epochs by
accreting a large number of small satellite systems which, even today, might be
still in the process of merging.

Dwarf spheroidal galaxies (dSphs) were proposed in the past as the best can-
didates of such small progenitor systems, merging through the past cosmic time
to form the actual stellar halo of the Galaxy (e.g. Grebel 2005). In fact, from
an observational point of view, the MW dSph satellites have been for many years
in the past the faintest and most dark matter dominated stellar systems ever ob-
served. Nevertheless, the role played by dSphs in shaping the halo of the MW has
always remained controversial. Major issues were the relatively small number of
discovered dSph satellites (the so-called missing satellite problem, e.g. Bullock et
al. 2010; Klypin et al. 1999; Moore et al. 1999) and the different chemical abun-
dance patterns of the halo and dSph stars (Shetrone et al., 2001; Venn et al., 2004;
Vincenzo, Matteucci, Vattakunnel & Lanfranchi, 2014).

In order to test the capability of the hierarchical galaxy formation scenario
to explain the MW halo metallicity distribution function (MDF'), Prantzos (2008)
developed an analytical chemical evolution model, where the Galaxy halo grows
through successive merger events of small sub-halos, which were assumed to have

135



Chapter 5. Are ancient dwarf satellites the building blocks of the Galactic
halo?

similar physical properties as current dSphs. Although the treatment of the chem-
ical evolution of the interstellar medium (ISM) was approximate, Prantzos (2008)
was able to reproduce the Galaxy halo MDF, only by relying on the stellar mass
distribution function of the merging sub-halo population, which the current hierar-
chical galaxy formation paradigm can predict with very high accuracy. Neverthe-
less, Prantzos (2008) did not discuss any implication on the [«/Fe] versus [Fe/H]
abundance pattern, which is one of the main issues which hierarchical picture has
to deal with, since the abundance patterns of surviving Local Group galaxies do
not match those of the stars in the stellar halo.

In the past literature, interesting works are the ones by Unavane et al. (1996);
Jofré & Weiss (2011), which used the age distributions of the stars in the halo and
dSphs to test the origin of the halo stars. Furthermore, by including a chemical
evolution model within a full cosmological framework, Font et al. (2006) concluded
that the observed discrepancy in the [«/Fe] ratios can be solved if the majority of
the MW halo formed by accreting sub-halos with mass in the range 105-10% M),
which were likely disrupted very early (> 8-9 Gyr ago). Finally, by using RR Lyrae
stars as tracers of the Galactic halo ancient stellar populations, Fiorentino et al.
(2015) showed that dSphs do not appear to be the major building-blocks of the
halo, suggesting an extreme upper limit of 50 per cent to their contribution.

In recent years, Willman et al. (2005); Belokurov et al. (2006a,b, 2007) — by
using the Sloan Digital Sky Survey (SDSS, York et al. 2000) — were able to discover
an entirely new population of hitherto unknown stellar systems: the so-called ultra
faint dwarf spheroidal galaxies (UfDs), which are characterized by extremely low
luminosities, high dark matter content, and very old and iron-poor stellar pop-
ulations (Belokurov et al., 2006a; Norris et al., 2008, 2010; Brown et al., 2012).
Furthermore, UfD systems are observed to be completely gas-free at the present
time. The number of UfDs has increased constantly in the last decade and com-
pleteness estimates suggest that many more of these faint satellites are still to be
discovered in the Local Group (Tollerud et al., 2008).

In the last years, the Dark Energy Survey, PAanSTARRS, ATLAS, and MagLiteS
surveys almost doubled the total number of discovered UfD MW satellites, going
towards always lower luminosities and effective radii (see, for example, the works by
Bechtol et al. 2015, Drlica-Wagner et al. 2015, Kim et al. 2015, Kim & Jerjen 2015,
Koposov et al. 2015, Laevens et al. 2015, Martin et al. 2015, Luque et al. 2016,
Torrealba et al. 2016, and Drlica-Wagner et al. 2016). These recent discoveries
might place the new UfDs as the survived building blocks of the Galaxy stellar
halo, dramatically lacking in the past.

The main aims of this Chapter can be summarized as follows.

e We test the hypothesis that dSph and UfD galaxies have been the building
blocks of the Galactic halo, by assuming that the halo formed by accretion
of stars belonging to these galaxies.

o We explore the scenario, in which the Galactic halo formed by accretion of
chemically enriched gas originating from dSph and UfD galaxies.

All the results of this Chapter have been published in Spitoni, Vincenzo, Matteucci
& Romano (2016).
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This Chapter is organized as follows: in Section 5.2 we present our chemical
evolution models for the Galaxy, dSph and UfD galaxies, in Section 5.3 we describe
the way in which we implement the enriched gas infall on the chemical evolution of
the Galactic halo. The results are presented in Section 5.4. Finally, our conclusions
are summarized in Section 5.5.

5.2 The assumed chemical evolution models

The Galactic halo is assumed to assemble by accreting enriched material, with
chemical abundances identical to those of the gas outflowing/stripped from dSph
and UfD galaxies. In this Section we will give some details about the reference
chemical evolution models for the MW, dSph, and UfD galaxies.

On the one hand, all the MW models assume the following prescription for the
star formation rate (SFR), which resembles a Kennicutt (1998) law:

P(t) VU’;, (5.1)
where v is the star formation efficiency, o, is the surface gas density, and k = 1.5 is
the gas surface exponent. On the other hand, the SFR of dSph and UfD galaxies is
assumed to be proportional to the volume gas density p,, with an exponent k = 1:

b(t) < v py. (5.2)

In Romano et al. (2015), it is recalled that — for star-forming regions with roughly
constant scale heights — the index k = 1.5 for the surface gas mass density can be
turned into an index k = 1 for volume gas mass densities; therefore, equation (5.1)
for the MW is consistent with equation (5.2) for the dSph and UfD galaxies.

5.2.1 The Milky Way

We consider the following two reference chemical evolution models for the MW
galaxy: the so-called two infall model and two infall plus outflow model, as devel-
oped and described in Brusadin et al. (2013). In what follows, we summarize their
main characteristics.

Two infall model for the Milky Way

The two-infall model (2IM) as presented by Brusadin et al. (2013) is an updated
version of the model by Chiappini et al. (1997). The Galaxy is assumed to form
by means of two main infall episodes: the first was responsible for the halo and
the thick disc formation, while the second assembled the thin disc. Both infall
episodes are assumed to obey a decaying exponential law with time. In particular,
the accretion rate of a given element 4, at the time ¢ and Galactocentric distance
r, is defined as follows:

A(r,t,i) = Xa, (a(r) et/ 4 p(r) e_(t_tm‘""‘)/TD(T)>, (5.3)
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Table 5.1: Parameters of the chemical evolution models for the Milky Way (Brusadin et al.
(2013)) in the solar neighborhood.

The Milky Way: the solar neighborhood model parameters

Models Infall type 1 ™ Threshold k v IMF w
[Gyr]  [Gyr] Mepe?) [Gyr ] [Gyr™']
2IM 2 infall 0.8 7 4 (halo-thick disc) 1.5 2 (halo-thick disc) Scalo (1986) /
7 (thin disc) 1 (thin disc)

2IMW 2 infall 0.2 7 4 (halo-thick disc) 1.5 2 (halo-thick disc) Scalo (1986) 14
7 (thin disc) 1 (thin disc)

Table 5.2: Parameters of the chemical evolution model for a general dSph galaxy.

dSphs: parameters of the model

v k w Tinf SFH (99% of stars) Ming Mpm Ty, S = rg;“ IMF tow [Fe/H]pcak
[Gyr™!] [Gyr] [Gyr] (Mo]  [Mo]  [pc] [Gyr] [dex]
0.1 1 10 0.5 0-2.43 107 3.4-10% 260 0.52 Salpeter (1955) 0.013 -2.10

Table 5.3: Parameters of the chemical evolution model for a general UfD galaxy.

UfDs: parameters of the model

v k w  7ine  SFH (99% of stars) My Mpu 1, S= rg;\l IMF tew  [Fe/H]peak
(Gyr™'] [Gyr] [Gyr] (Mo]  [Ma]  [pc] [Gy1] [dex]
0.01 1 10 0.001 0-0.49 10° 106 35 0.1 Salpeter (1955) 0.088 -3.30
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where the quantity X4, = 0;(t)/0gas(t) is the abundance by mass of the element ¢
in the infalling material; .« = 1 Gyr is the time for the maximum infall on the
thin disc; 7y = 0.8 Gyr is the time scale for the formation of the halo and thick-
disc; finally, mp(r) is the timescale for the formation of the thin disc and it is a
function of the galactocentric distance (inside-out formation; Matteucci & Frangois
1989; Chiappini et al. 2001). In the original 2IM model, the abundances X 4, have
primordial gas compositions and are constant in time.

The coefficients a(r) and b(r) in equation (5.3) are obtained by normalizing the
infall law with respect to the present day total surface mass densities of the halo
and thin disc, respectively; for instance, we assume the following radial profile for
the thin disc total surface mass density at the present time:

o(r)=oage /™, (5.4)
where 0y = 531 M pc™? is the central total surface mass density and rp = 3.5 kpc
represents the scale length (see also (Matteucci, 2001)).

The halo total surface mass density at solar position is quite uncertain; we
assume it to be 17Mg pc=2. In fact, the total surface mass density in the solar
vicinity roughly corresponds to ~ 71 Mg pc™? (Kuijken & Gilmore, 1991), including
both the halo and the disc contributions, with ~ 54 M pc™2 corresponding to the

disc contribution.

Two infall plus outflow model for the Milky Way

In the two-infall plus outflow model of Brusadin et al. (2013) (we will indicate it
as the 2IMW model), a gas outflow is assumed to occur during the halo phase.
Following Hartwick (1976), the outflow rate has the following expression:

(%) — —w(t), (5.5)

where w is the outflow efficiency.

Summary of the free parameters and data

In Table 5.1, we summarize the main characteristics of the two chemical evolution
models that we assume for the MW. We only focus on the study of the halo phase,
with the aim of investigating the effects of a pre-enriched infall of gas.

We assume that the halo phase spans a range of [Fe/H] abundances, which is
defined up to —1 dex.

In our model, we do not modify the gas infall laws of the Brusadin et al. (2013)
model, i.e. the way in which the Galaxy assembles remains the same. We only
consider a time dependent enriched infall, i.e. Xa, = Xa,(t), with the same
chemical abundances of the outflowing gas from dSph and UfD galazies.

Concerning the observational data for a-elements and iron, as done in Micali
et al. (2013), we employ only data in which NLTE corrections are considered. In
particular, the data we use for Galactic halo stars are from Gratton et al. (2003);
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Cayrel et al. (2004); Akerman et al. (2004); Mashonkina et al. (2007); Shi et al.
(2009). For barium, we use the data by Frebel (2010), as selected and binned by
Cescutti et al. (2013).

5.2.2 The dSph and UfD galaxies

To model the chemical evolution of dSph and UfD galaxies, we refer to the work by
Vincenzo, Matteucci, Vattakunnel & Lanfranchi (2014), as presented in Chapter 3
of this Thesis. In Tables 5.2 and 5.3, the main parameters of the generic models for
“classical” dSph and UfD galaxies are reported, respectively. We assume that UfD
objects are characterized by a very small star formation efficiency (0.01 Gyr—1!)
and by an extremely short time scale of formation (0.001 Gyr). Hence UfD objects
started to form stars as most of their infall mass, Mj,¢ = 10° M, was accumulated
in their DM potential well (7,6 = 0.001 Gyr) and the star formation efficiency is
very low (v = 0.01 Gyr_l). Our chemical evolution model for a typical dSph galaxy
assumes an infall mass M;,s = 107 Mg, an infall timescale 7i,¢ = 0.5 Gyr, and a star
formation efficiency v = 0.1 Gyr~'. Although the star formation history (SFH) is
assumed to be extended over the entire galaxy lifetime both for the dSph and the
UfD galaxy, it is strongly concentrated in the earliest stages of the galaxy evolution;
in fact, as most of the infall mass has been accumulated and the galactic wind has
started, the intensity of the SFR becomes negligible. We acknowledge that this
kind of SFR history is not representative of the more luminous dSph galaxies (e.g.
Weisz et al. 2014). We point out that, in modeling the dSphs and UfDs, we did
not consider any threshold in the gas density for star formation, as in Vincenzo,
Matteucci, Vattakunnel & Lanfranchi (2014).

For the dSph model, the galactic wind is predicted to occur at 0.013 Gyr af-
ter the galaxy formation, whereas for UfDs at 0.088 Gyr. As expected, the UfD
galaxies develop a wind at later times because of the smaller adopted star formation
efficiency (SFE), which causes the thermal energy of the galaxy ISM — as deposited
by Type II and Type Ia SNe and stellar winds — to increase more slowly. More-
over, because of the shorter typical formation time-scale, the G-dwarf metallicity
distribution function (MDF) of UfD galaxies peaks at lower [Fe/H] values than the
dSph galaxies.

5.2.3 Nucleosynthesis prescriptions

In this work, we adopt the nucleosynthesis prescriptions of Romano et al. (2010,
their model 15), which provide a compilation of stellar yields able to reproduce the
abundance patterns of several chemical elements in the solar neighborhood. We
remind the reader that Romano et al. (2010) include the following sets of stellar
yields (see also Chapter 2.5.1 and Chapter 4.4.1):

1. For low- and intermediate-mass stars (0.8—8 M®), they include the metallicity-
dependent stellar yields of Karakas (2010). For SNe Ia, the adopted nucle-
osynthesis prescriptions are from Iwamoto et al. (1999).

2. For massive stars (M > 8Mg), which are the progenitors of either SNe
IT or HNe, depending on the explosion energy, they assume the metallicity-
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dependent He, C, N and O stellar yields, as computed with the Geneva stellar
evolutionary code, which takes into account the combined effect of mass loss
and rotation Meynet & Maeder (2002); Hirschi et al. (2005); Hirschi (2007);
Ekstrom et al. (2008); for all the elements heavier than oxygen, they assume
the up-to-date stellar evolution calculations by Kobayashi et al. (2006).

For barium, we assume the stellar yields of Cescutti et al. (2006, their model 1,
in table 4). In particular, Cescutti et al. (2006) include the metallicity-dependent
stellar yields of Ba as computed by Busso et al. (2001), in which barium is produced
by low-mass AGB stars, with mass in the range 1.0 < M < 3.0 Mg, as an s-process
neutron capture element. A second channel for the Ba-production was included by
Cescutti et al. (2006), by assuming that massive stars in their final explosive stage
are capable of synthesizing Ba as a primary r-process element. Such r-process Ba
producers have mass in the range 12 < M < 30 M.

We remark on the fact that the contribution to barium from massive stars was
empirically computed by Cescutti et al. (2006), by matching the [Ba/Fe] versus
[Fe/H] abundance pattern as observed in the Galactic halo stars. They assumed
for massive stars the iron stellar yields of Woosley & Weaver (1995), as corrected
by Francois et al. (2004).

5.3 Milky Way models with an enriched infall of gas

We take into account — in a self-consistent way — time-dependent chemical abun-
dances for the infall material in the halo phase; in particular, we assume X4, =
X4, (t) in equation (5.3), with the values of X4, (t) corresponding to the chemical
abundances of the ejected material by dSph and UfD galaxies through their galactic
winds. This is the novelty of our work. Actually, it may well be that the gas heated
by SN explosions is stored in a hot gaseous halo surrounding the satellites, from
which it is stripped owing to the interaction with our Galaxy. In what follows, we
will only mention galactic winds for the sake of simplicity, but this alternate option
(stripping) would work equally well. The gas infall law is the same as in the 2IM
or 2IMW models and we only consider a time dependent chemical composition of
the infall gas mass.
We assume the following two models:

e Model i): The chemical abundance of the infalling gas during the halo
phase is primordial before the onset of the galactic winds in the dSph (or
UfD) galaxies. Successively, namely after the onset of the galactic wind, the
infalling gas has the same chemical abundances as in the galactic wind. In all
our Galactic models, the gas infall laws are identical to the reference model
of Brusadin et al. (2013); the only thing that we modify is the chemical
composition of the infalling gas. In all the successive figures and in the text,
we refer to this kind of models with the label “Name of the reference model
for the MW + dSph”or “Name of the reference model for the MW + UfD”.

e Model ii): we explore the case of a diluted infall of gas during the MW
halo phase. In particular, after the galactic wind develops in the dSph (or

141



Chapter 5. Are ancient dwarf satellites the building blocks of the Galactic
halo?

Qutflow
Si : : dSph

‘\\\\‘\\\\‘\1

I
—_
\\\\‘\\\\‘\\\\‘\\
og)
) oy

~,

j62,5% Mo j74.6.4% M,
| | | | |
T T ‘ T T T

/\‘\11\\\‘\\\\

: Outflow -
Si s i UfD L

v\
\
\
I\

[66.79% My | 94.0% My, [97.6% My 195.1% M
1 1 1 1 1 1 1 1 1

|
o~
T\\\‘\\\\‘\\\\‘\\\\‘\\"Tﬂ\[_

Il
0.2 0.4 0.6 0.8 1
t [Gyr]

(@]

I
d |

-~

\\‘\\\\‘\\\\\‘\\\\“l\\‘\\

-
-~ -
-

\IT\\\\‘\\\‘\\

;

[Fe/H]

Figure 5.1: Upper panels: The evolution in time of the chemical abundances for O, Mg,
Si, Ba, Fe in the gas ejected as galactic wind from dSphs and UfDs. As shown in Tables
2 and 3 in UfDs the onset of the wind happens at later times compared with dSph objects:
tgw(dSph) < tgw(U fD). We also indicate the cumulative ejected gas mass by outflows at
0.2, 0.4, 0.6, and 0.8 Gyr in terms of percentage of the infall mass M;,s. Lower panels: The
abundance ratio [X/Fe] as a function of [Fe/H] for the following chemical elements: O, Mg,
Si, and Ba of the outflowing gas ejected by a dSph galaxy, and by a UfD galaxy.
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Figure 5.2: The abundance ratio [O/Fe] as a function of [Fe/H] of the outflowing gas ejected
by the dSph galaxy (blue solid line) compared with the “mixed” infall model ( dashed gray
line).

UfD) galaxies, the infalling gas has a chemical composition which, by 50
per cent, is contributed by the dSph (or UfD) outflows; the remaining 50
per cent is contributed by primordial gas of a different extra-galactic origin
(in agreement with the work of Fiorentino et al. 2015). As stated above,
the infall law follows the same law as assumed in the 2IM or 2IMW models
presented in Brusadin et al. (2013). In all the successive figures and in the
text, we refer to these models with the labels “Name of the MW model +
dSph (or UfD) MIX”.

In the two upper panels of Fig. 5.1, we show the evolution in time of the
chemical composition of the outflowing gas from the dSph and the UfD galaxy for
O, Mg, Si, Ba and Fe (curves with different colors). It is worth noting that, in
the outflows from UfD galaxies, the Fe and Si abundances are larger than in the
outflows from dSphs.

We recall that Fe is mostly produced by Type Ia SNe and Si is also produced
in a non negligible amount by the same SNe. Since in our models the ratio between
the infall time scales of UfDs and dSphs is extremy low, at later times the pollution
from Type Ia SNe is more evident in the UfD outflow. As shown in Tables 5.2 and
5.3, the onset of the galactic wind in UfDs occurs at later times than in dSphs.

In the two lower panels of Fig. 5.1, we present the [X/Fe] versus [Fe/H] abun-
dance patterns, where X corresponds to O, Mg, Si, and Ba (curves with different
colors).
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Finally, in Fig. 5.2, we show how the [O/Fe] ratio is predicted to vary as a
function of [Fe/H] in the galactic wind of a classical dSph galaxy (see Table 5.2); we
compare this pattern with the “MIX” case, where the abundances of the infalling
gas from dSph galaxies are diluted by 50 per cent with gas of primordial chemical
composition.

5.4 Results

In this Section, we present the results of our chemical evolution models for the
Galactic halo, by assuming that either

o all the stars of the Galactic halo were born in situ in dSph galaxies;

or

o the Galactic halo formed by accretion of pre-enriched material, originating
in dSphs and UfDs (Models i in Section 5.3). We explore also the case in
which the infalling enriched material is diluted by pristine gas of different
extra-galactic origin (Models ii in Section 5.3).

The results are divided into two separate subsections, according to the MW chem-
ical evolution model which is assumed, namely the 2IM (two-infall) or the 2IMW
(two infall plus outflow) model.

5.4.1 Results: the Galactic halo in the model 2IM

In Fig. 5.3, the [O/Fe] vs. [Fe/H] chemical abundance patterns, as predicted by all
our 2IM-based models, are compared with the observed data in the Galactic halo
stars. In order to test the hypothesis that Galactic halo stars have been stripped
from dSph or UfD systems, we show also the predictions of our chemical evolution
models for dSphs and UfDs (long dashed lines in grey and black, respectively); by
looking at the figure, the two models cannot explain the observed [« /Fe] ratios for
[Fe/H| 2 —2.0dex. In fact, halo stars have always larger [O/Fe] ratios than dSph
and UfD stars.

In Fig. 5.3 we show also the predictions of our models assuming the halo to
form by accreting enriched material from the galactic winds of dSph and Ufd galax-
ies. In particular, we compare the reference 2IM model (which assumes primordial
infall) with the “2IM+dSph” and “2IM+UfD” models (where the infall gas is en-
riched according to Model i and ii, respectively; see also Section 5.3); finally, we
show also the “2IM+dSph MIX” and “2IM+UfD MIX” models, where the chemical
abundances of the outflowing gas from dSphs and UfDs is diluted with primordial
gas by 50 per cent.

Firstly, we can appreciate that — for the oxygen data of halo stars — a better
agreement is obtained when assuming an enriched infall for the halo phase. We
recall that a key ingredient of the 2IM model is the presence of a threshold in the
surface gas mass density during the halo-thick disc phase, g ¢, = 4 Mg pc™2, below
which the star formation is assumed to be suppressed. During the halo phase such
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Figure 5.3: The abundance ratio [O/Fe] as a function of [Fe/H] in the solar neighborhood for
the reference model 2IM is drawn with the solid blue line. Models of the Galactic Halo with
the enriched infall from dSph: the magenta dashed dotted line and the red short dashed line
represent the models 2IM+dSph and 2IM+dSph MIX, respectively. Models of the Galactic
Halo with the enriched infall from UfDs: the green dashed dotted line and the yellow short
dashed line represent the models 2IM+UfD and 2IM+UfD MIX, respectively. Thinner lines
indicate the ISM chemical evolution phases in which the SFR did not start yet in the Galactic
halo, and during which stars are no created. Models of the dSph and UfD galaxies: The long
dashed gray line represents the abundance ratios for the dSph galaxies, whereas long dashed
black line for the UfD galaxies. Observational data of the Galactic Halo: Cayrel et al. (2004)
(cyan circles), Akerman et al. (2004) (light green pentagons), Gratton et al. (2003) (dark
green triangles).
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Figure 5.4: Upper panel: The abundance ratio [O/H] as a function of Galactic time in the
solar neighborhood. We compared the 2IM model (blue solid line) with the model where we
have taken into account the enriched infall from dSph galaxies (model 2IM+dSph with dashed
dotted magenta line). With the short dashed red line we represent the model 2IM+dSph MIX.
Lower panel: As in the upper panel but considering the enriched gas from UfD galaxies.
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Figure 5.5: The abundance ratio [Si/Fe] as a function of [Fe/H] in the solar neighborhood.
Models of the Galactic Halo with the enriched infall from dSph: the magenta dashed
dotted line and the red short dashed line represent the models 2IM+dSph and 2IM+dSph
MIX, respectively. Models of the Galactic Halo with the enriched infall from UfDs: the
green dashed dotted line and the yellow short dashed line represent the models 2IM+UfD and
2IM+UfD MIX, respectively. Models of the dSph and UfD galazxies: The long dashed gray
line represents the abundance ratios for the dSph galaxies, whereas long dashed black line
for the UfD galaxies. Observational data of the Galactic Halo: Cayrel et al. (2004) (cyan
circles), Shi et al. (2009) (open brown circles), Reddy et al. (2006) (filled blues squares),
Gratton et al. (2003) (dark green triangles).
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Figure 5.6: The abundance ratio [Mg/Fe] as a function of [Fe/H] in the solar neighborhood.
Models of the Galactic Halo with the enriched infall from dSph: the magenta dashed
dotted line and the red short dashed line represent the models 2IM+dSph and 2IM+dSph
MIX, respectively. Models of the Galactic Halo with the enriched infall from UfDs: the
green dashed dotted line and the yellow short dashed line represent the models 2IM+UfD
and 2IM+UfD MIX, respectively. Models of the dSph and UfD galaxies: The long dashed
gray line represents the abundance ratios for the dSph galaxies, whereas long dashed black
line for the UfD galaxies. Observational data of the Galactic Halo: Cayrel et al. (2004)
(cyan circles), Moshonkina et al. (2007) (yellow triangles), Reddy et al. (2006) (filled blues
squares), Gratton et al. (2003) (dark green triangles).
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Figure 5.7: The abundance ratio [Ba/Fe] as a function of [Fe/H] in the solar neighborhood.
Models of the Galactic Halo with the enriched infall from dSph: the magenta dashed
dotted line and the red short dashed line represent the models 2IM+dSph and 2IM+dSph
MIX, respectively. Models of the Galactic Halo with the enriched infall from UfDs: the
green dashed dotted line and the yellow short dashed line represent the models 2IM+UfD and
2IM+UD MIX, respectively. Models of the dSph and UfD galaxies: The long dashed gray
line represents the abundance ratios for the dSph galaxies, whereas long dashed black line for
the UfD galaxies. Observational data of the Galactic Halo: Frebel (2010).
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a critical threshold is reached only at ¢ = 0.356 Gyr from the Galaxy formation;
therefore, the Galaxy turns out to form stars only for ¢ > 0.356 Gyr. Nevertheless,
we have to consider also the time of the onset of the galactic wind, which — in the
dSph model — occurs at tgw = 0.013 Gyr, before the star formation threshold is
reached.

In summary, the behavior of the different curves with enriched infall in Fig.
5.3 can be explained as follows: during the first 0.356 Gyr, both the “2IM+dSph”
and “2IM+dSph MIX” models do not predict any star formation activity, and the
chemical evolution is solely determined by the “exponential” gas mass growth with
time-dependent chemical abundances (see equation 5.3).

In Fig. 5.3 and in all the successive figures, the thin lines in the [X/Fe] vs.
[Fe/H] diagram indicate the evolutionary times when the gas mass density is below
the threshold for star formation; hence thin lines indicate that no stars have been
created at those epochs of the Galaxy evolution.

To summarize, we distinguish three different phases in the halo chemical evo-
lution, as predicted by the “2IM+dSph” model:

o Phase 1): 0-0.013 Gyr, the infall is primordial, the wind in dSphs has not
started yet, and there is no SF;

o Phase 2): 0.013-0.356 Gyr, the infall is enriched by dSphs and the SFR is
Zero;

o Phase 3): 0.356-1Gyr; the infall is enriched by dSphs and the SFR is
different from zero.

During phase 3), the SF takes over, determining a sudden increase of the
[O/Fe] ratios; this is due to the pollution from massive stars, which occurs on short
typical time-scales.

We note that the entire spread of the data cannot be explained by assuming
a time-dependent enriched infall, as in the “2IM+dSph” or the “2IM+dSph MIX”
model, even though the agreement with the halo data is better than the 2IM model
with primordial infall.

It is important to underline that, until the SF is non-zero, no stars are created
and the ISM chemical evolution is only due to the time-dependent enriched infall
from the galactic winds of dSph galaxies. This means that the first stars in the
“2IM+dSph” model have [Fe/H] > —2.4dex. In this case, to explain all the data
with [Fe/H] < —2.4 dex, we need stars formed in dSph systems and then stripped.

Concerning our results with the enriched infall from the UfD outflow, we recall
that the reference UfD model predicts the galactic wind to start at 0.08 Gyr. We
find that the “2IM+UfD” and “2IM+UfD MIX” models for the halo still reproduce
the data but with the same caveat aforementioned.

In Fig. 5.4, we show the time evolution of the oxygen abundance for the 2IM
(primordial infall), “2IM+dSph”, “2IM+dSph MIX”, “2IM+UfD”, and “2IM+UfD
MIX” models. We notice that the reference 2IM model, as explained before, shows
an ISM chemical evolution only for ¢t > 0.356 Gyr, while the models with an en-
riched infall from dSphs predict the fastest chemical enrichment, since the galactic
wind occurs earlier than in UfD systems.
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In Figs. 5.5 and 5.6, we show the results of all our chemical evolution models
with the 2IM scenario for the [Si/Fe] and [Mg/Fe| vs. [Fe/H] chemical abundance
patterns, respectively. The various curves with different colors represent the same
chemical evolution models as in Fig. 5.3. As concluded for the [O/Fe| versus
[Fe/H] abundance diagram, our reference chemical evolution models for dSph and
UfD galaxies cannot explain the observed Galactic halo data over the entire range of
[Fe/H] abundances. This rules out the hypothesis that all Galactic halo stars were
stripped or accreted in the past from dSphs or UfDs. This result is in agreement
with previous works in the literature as the ones of Unavane et al. (1996); Venn
et al. (2004). On the other hand, as stated above, if we assume that the Galactic
halo formed by accreting enriched gas from dSphs or UfDs, we also need a stellar
contribution from dSphs and UfDs to explain the stars at very low [Fe/H] that
currently reside in the halo.

It is worth noting that, for the a-elements studied in this work, all the models
with an enriched infall tend to reach the [a/Fe| ratios of the 2IM reference model
as the [Fe/H] abundance in the halo phase increases. This is due to the fact that
— when the SF becomes active — the pollution from dying stars overcomes effect of
an enriched infall.

We note that a different star formation threshold in the MW model would
modify the duration of phase 2). As shown in Mott et al. (2013), if we do not
take into account radial gas flows (see also Portinari & Chiosi 2000; Spitoni &
Matteucci 2011; Cavichia et al. 2014), a threshold in the gas density is required
to explain the abundance gradients along the Galactic disk; in particular, typical
values of 4 M pc~2 in the halo phase and 7 Mg pc~2 in the thin disk phase provide
the best agreement with data.

In Fig. 5.7, we show the results for the [Ba/Fe] vs. [Fe/H] abundance diagram.
The observational data are from Frebel (2010), as selected and binned by Cescutti
et al. (2013). By looking at the figure, the 2IM model does not provide a good
agreement with the observed data set for [Fe/H] < —2.5dex. The initial increasing
trend of the [Ba/Fe] ratios in the 2IM model is due to the contribution of the first
Ba-producers, which are massive stars with mass in the range 12-30 M.

By looking at Fig. 5.7, one can also appreciate that our chemical evolution
models for dSphs and UfDs fail in reproducing the observed data, since they predict
the [Ba/Fe| ratios to increase at much lower [Fe/H] abundances than the observed
data. Concerning the chemical evolution of barium for dSphs, our predictions are
in agreement with Lanfranchi et al. (2008), where they compared the evolution of
the s- and 7- process elements in our Galaxy with the one in dSph galaxies.

The trend in Fig. 5.7 for dSph and UfD galaxies is due to the very low SFEs
assumed in these objects, which cause the first Ba-polluters to enrich the ISM at
extremely low [Fe/H] abundances. The subsequent decrease of the [Ba/Fe] ratios
is due to the large iron content deposited by Type Ia SNe in the ISM, which
happens at still very low [Fe/H| abundances in dSphs and UfDs. Hence, in the range
—3.5 < [Fe/H] < —2.5dex, while Galactic halo stars exhibit an increasing trend of
the [Ba/Fe] vs. [Fe/H] abundance ratio pattern, UfD stars show a decreasing trend
(see also Koch et al. 2013).

In Fig. 5.7, all our models involving an enriched infall from dSphs and UfDs de-
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viate substantially from the observed trend of the [Ba/Fe] versus [Fe/H] abundance
pattern in Galactic halo stars. Such a discrepancy enlarges for [Fe/H] < —2.4 dex,
where those models predict always larger [Ba/Fe| ratios than the 2IM model.

5.4.2 Results: the Galactic halo in the model 2IMW

I
17‘,/0" 7"'.,' |

}"‘115 ""':')'“ﬁ

S w .N‘

L \\}\ )

~
- Q. T
N L ]

L \\
—0.5
e o
=)

L 2IMW

2IMW+dSph 2IMW+UfD

L 2IMW+dSph MIX

dSph UfD

L L
-4 -3

[Fe/H]

Figure 5.8: The abundance ratio [O/Fe| as a function of [Fe/H] in the solar neighborhood
as in Fig. 5.3 but for the 2IMW model.

In this subsection, we show our results, when the time-dependent enriched infall
from dSph and UfD galaxies is applied to the reference 2IMW model for the MW
halo. In Fig. 5.8, we show the results of our models for the [Fe/H]-[O/Fe] diagram
in the solar neighborhood.

As mentioned in Section 5.2, the reference 2IMW model is characterized in the
halo phase by an outflow of gas with a rate proportional to the SFR. Moreover, the
halo formation timescale, 7y, in the 2IMW model is smaller than in the 2IM model
(see Table 5.1); a shorter formation time-scale leads to a faster chemical evolution
at early times. In fact, as shown by Brusadin et al. (2013, see their figure 2), the
SFR in the 2IMW model starts at ~ 0.05 Gyr, since the critical threshold in the
surface gas mass density is reached earlier than in the 2IM model.

For the “2IMW +dSph” model, we distinguish three different phases in the halo
phase:

o Phase 1): 0-0.013 Gyr, during which the infall is primordial, the wind in
dSphs has not started yet and there is no star formation;
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Figure 5.10: The abundance ratio [Si/Fe| as a function of [Fe/H] in the solar neighborhood.
As in Fig. 5.5 but for the 2IMW model.
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Figure 5.11: The abundance ratio [Mg/Fe] as a function of [Fe/H] in the solar neighborhood.
As in Fig. 5.6 but for the 2IMW model.

o Phase 2): 0.013-0.05 Gyr, during which the infall is enriched by dSphs and
the SFR is zero;

o Phase 3): 0.05-1 Gyr, during which the infall is enriched by dSphs and the
SFR is different from zero.

On one hand, when comparing the “2IMW+dSph” model in Fig. 5.8 with the
“2IM+dSph” model in Fig. 5.3, we can see that the former predicts phase 2)
(infall enriched with no SF activity) to be shorter.

On the other hand, when comparing the “2IMW +UfD” model with the reference
2IMW model in Fig. 5.8 , we can see that the two models overlap over almost the
entire range of [Fe/H| abundances, at variance with the predictions of all the 2IM-
based models (see Fig. 5.3). In fact —since the UfD model predicts the galactic wind
onset at 0.088 Gyr, as the SF is already active in the 2IMW model (the SF activity
begins at 0.05 Gyr) — the phase 2) evolution (namely, chemical evolution without
SF) is not present in the 2IMW+UfD model. Therefore, in the “2IMW4+UfD”,
we cannot distinguish between the effect of an enriched infall from UfDs and the
chemical feedback by Type II SNe born in-situ, namely in the Galactic halo itself,
because the effect of an enriched infall from UfD on the MW halo chemical evolution
becomes negligible.

This can also be appreciated by looking at Fig. 5.9, where we show the pre-
dicted time evolution of the oxygen abundance of all the 2IMW-based models.
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Figure 5.12: The abundance ratio [Ba/Fe] as a function of [Fe/H] in the solar neighborhood.
As in Fig. 5.7 but for the 2IMW model.

We can see that — for the UfD case — the model with an enriched infall is almost
identical to the reference 2IMW model.

In Figs. 5.10 and 5.11, we present the results of our models for the [Si/Fe] and
[Mg/Fe| vs. [Fe/H] diagrams in the solar neighborhood, respectively. As for oxygen
in Fig. 5.8, the effect of an enriched infall from UfD galaxies is almost negligible
compared to the pollution of chemical elements produced by dying halo stars.

Concerning the [Ba/Fe] vs. [Fe/H] abundance pattern, in Fig. 5.12 we compare
the predictions of our models with the Galactic halo data. We notice that the
2IMW model provides now a better agreement with the observed data than the
2IM model, although the predicted [Ba/Fe] ratios at [Fe/H] < —3 dex still lie below
the observed data. By assuming an enriched infall from dSph or UfD galaxies, the
predicted [Ba/Fe] ratios agree with the observed data also at [Fe/H] < —3dex. In
conclusion, in order to reproduce the observed [Ba/Fe] ratios over the entire range
of [Fe/H] abundances, a time-dependent enriched infall in the Galactic halo phase
is required. We are aware that for barium more detailed data are needed, therefore
at this stage we cannot draw firm conclusions.

We note that, in general, the [a/Fe| ratios in dSphs and UfDs overlap with the
ones of halo stars as we move towards lower and lower [Fe/H] abundances, where
the chemical enrichment is dominated — in all galaxies — by the nucleosynthesis
of core collapse SNe. This makes difficult to test whether some stars from dwarf
satellites have indeed been accreted by the halo. Rather, it is likely that a fraction
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as high as 50 per cent of the gas out of which the halo formed has been shed by the
MW galaxy satellites, whose relics we see (in part) nowadays, devoid of their gas.
This is only valid for satellite systems with a very short duration of star formation,
as modeled in this work.

We have identified in the [Ba/Fe| ratios a better discriminant of the origin of
halo stars. The differences predicted for the dwarf galaxies relative to the halo
suggest that it is unlikely that the dSphs and UfDs have been the building blocks
of the halo.

In Fig. 5.13 we show the predicted G-dwarf MDF for the same models as
shown in Figs. 5.3 and 5.8. Our models have been convolved with a Gaussian
function with ¢ = 0.2dex. As pointed out also by Brusadin et al. (2013), the
reference 2IM model is not able to reproduce the peak of the distribution. Only
by assuming a shorter formation time-scale, coupled with a gas outflow event in
the MW halo chemical evolution (model 2IMW), we are able to properly fit the
observed distribution. Anyway, in both cases the enriched infall of gas from dSph
and UfD objects does not affect the predicted distributions. In Fig. 5.14, we show
the G-dwarf distribution of the [O/Fe| ratios; here, both 2IM- and 2IMW-based
models, show a peak at [O/Fe| ~ 0.5 dex.

5.5 Conclusions

We have firstly explored the hypothesis that dSph and UfD galaxies are the survived
building blocks of the Galactic halo, by assuming that the halo formed by accretion
(and stripping) of stars belonging to these galaxies.

Then, we have presented a different scenario in which the Galactic halo formed
by accretion of enriched gas with the same chemical composition as the outflowing
gas from dSphs and UfDs. Finally, we have tested the effect of diluting the infalling
material from dSphs and UfDs with primordial gas of different extra-galactic origin.

Our main conclusions can be summarized as follows:

o We find that the predicted [«/Fe] versus [Fe/H] abundance patterns, as pre-
dicted by UfD and dSph chemical evolution models, deviate substantially
from the observed data of the Galactic halo stars, for [Fe/H| 2 —2 dex; this
means that — at those metallicities — the chemical evolution of the Galactic
halo was different than in the satellite galaxies. We notice that for barium
the chemical evolution models of dSphs and UfDs fail to reproduce the ob-
servational data of the Galactic halo stars over the whole range of [Fe/H]
abundances.

e We can safely rule out the hypothesis that the stellar halo of the MW en-
tirely formed from the merging of galaxies which were the ancestors of the
current dSphs and UfDs. Our results are in agreement with the previous
suggestions of Unavane et al. (1996); Venn et al. (2004). We cannot rule out,
however, the hypothesis that a substantial contribution to the formation
of the Galaxy stellar halo was provided by a population of dwarf galaxies
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Figure 5.13: The G-dwarf metallicity distributions ([Fe/H]) predicted by models with enriched
infall of gas based on the reference 2IM model (left panel) and the ones based on the 2IMW
model (right panel), are compared to the observed distributions by Ryan & Norris (1991,
dotted blue histogram) and Schérck et al. (2009; solid black histogram). Concerning the left
panel, model color lines are the same as in Fig. 5.3, on the other hand in the right panel
color lines are the same as in Fig. 5.8. Our predictions have been convolved with a Gaussian
with an error of 0.2 dex.
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Figure 5.14: The G-dwarf distributions in terms of [O/Fe] predicted by models with enriched
infall of gas based on the reference 2IM model (left panel) and the ones based on the 2IMW
model (right panel). Concerning the left panel, model color lines are the same as in Fig. 5.3,
on the other hand in the right panel color lines are the same as in Fig. 5.8. Our predictions

have been convolved with a Gaussian with an error of 0.2 dex.
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which were more massive and more evolved from the point of view of the
ISM chemical evolution than the current dSphs and UfDs.

o Concerning the chemical evolution models for the MW in the presence of an
enriched gas infall we obtain that: i) the effects on the [a/Fe] vs. [Fe/H]
plots depend on the infall time scale for the formation of the halo; ii) the
presence of a gas threshold in the star formation highly affect the predictions
of the models at low [Fe/H] abundances. In fact, the most evident effects can
be appreciated in the 2IM model (two-infall model), which is characterized
by the longest time scale of formation (g = 0.8 Gyr) and the longest period
without star formation activity among all the models presented here.

e In general, the enriched infall is not capable by itself to explain the observa-
tional spread in the halo data of the [a/Fe] ratios at low [Fe/H] abundances.
Moreover, also if we assume an enriched infall, we need stars produced in situ
in dSph or UfD objects and later accreted to the Galactic halo, to explain
the data at the lowest [Fe/H] values.

e The optimal element to test different theories of halo formation is barium
which is (relatively) easily measured in low-metallicity stars. In fact, we
have shown that the predicted [Ba/Fe] vs. [Fe/H] relation in dSphs and
UfDs is quite different than in the Galactic halo. Moreover, the [Ba/Fe]
ratio can be substantially influenced by the assumption of an enriched infall.
In particular, the two infall plus outflow model can better reproduce the data
in the whole range of [Fe/H] abundances, and this is especially true if also
time-dependent enriched infall during the halo phase is assumed.
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Lighting up stars in chemical evolution
models: the CMD of Sculptor

6.1 Introduction

In this Chapter, we present a novel approach to obtain a synthetic color-magnitude
diagram (CMD) of galaxies, starting from predictions of chemical evolution models.
Our new photo-chemical model ‘lights up’ the stars of chemical evolution models,
according to their initial mass, metallicity and age; in this way, we can obtain a
new set of observational constraints for chemical evolution models beyond the usual
photospheric chemical abundances. The method presented in this work can provide
— in principle — a deeper insight in the interpretation of current observations, since
we can understand how our hypothesis about galaxy formation and evolution can
affect the final configuration of the CMD. All the results of this Chapter have been
published in Vincenzo, Matteucci, de Boer, Cignoni & Tosi (2016).

By solving a set of physically-motivated differential equations, which take into
account the main physical processes taking place and influencing the evolution
of the galaxy interstellar medium (ISM), numerical codes of chemical evolution
are able to provide the galaxy star formation history (SFH) and age-metallicity
relation; the evolution of the galaxy stellar and gas mass, and the run of the ISM
chemical abundances with time. Building up a photo-chemical code consists then
in coupling the output of chemical evolution models with a database of stellar
isochrones, currently available and computed with very high accuracy.

Most of the previous works in the literature recover the SFH of galaxies from
the observed CMD by adopting sophisticated fitting techniques (e.g. Harris &
Zaritsky 2001; Dolphin 2002; Aparicio & Gallart 2004; Tolstoy et al. 2009; Cignoni
& Tosi 2010; Monelli et al. 2010; Hidalgo et al. 2011); in particular, they search for
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the suitable linear combination of simple stellar populations (SSPs) with different
age and metallicity, which provides the best agreement with the observed photo-
metric properties of the galaxy composite stellar population. As a byproduct, this
‘classical’ procedure can also predict an average galaxy age-metallicity relation.
Nevertheless, no underlying approximate physical model is assumed in these works
for the galaxy formation and evolution.

In this work, we focus on reproducing the CMD of the Sculptor dwarf spheroidal
galaxy (dSph). In particular, we investigate whether the best chemical evolution
model for Sculptor — reproducing the galaxy stellar metallicity distribution function
(MDF) — is able to predict a synthetic CMD which agrees with the observed one.

This Chapter is organized as follows: in Section 6.2 we summarize the main
properties of the Sculptor dSph and describe the observed set of data used in
this work for the comparison with our models; in Section 6.3 we present the main
characteristics of our photo-chemical model and the methods we employ to fairly
compare the synthetic with the observed CMD; in Section 6.4 we show our results,
and in Section 6.5 we draw some conclusions.

6.2 The observed dataset

The Sculptor dwarf galaxy was discovered by Shapley (1938). Although it might
appear simple at first glance, from the study of the kinematical, chemical and
spatial distribution of its stellar populations, Tolstoy et al. (2004) were able to dis-
entangle in this galaxy an inner, kinematically ‘cold’, metal-rich stellar population
from an outer ‘hot’ metal-poor one, later on confirmed by Battaglia et al. (2008)
and Walker & Penarrubia (2011). Other studies based on photometric datasets
also were able to identify (or confirm) the existence of stellar populations distinct
in metallicity (Majewski et al., 1999), age and spatial distribution (de Boer et al.,
2011, 2012).

McConnachie (2012) reported for Sculptor an average V-band surface bright-
ness gy = 23.5 £ 0.5 mag arcsec™2, an half-light radius 7, = 283 & 45 pc, and an
absolute V-band magnitude My = —11.1 £ 0.5 mag. We make use of the distance
modulus p = 19.62 £+ 0.04 mag derived by Martinez-Vazquez et al. (2015).

The observed CMD is taken from de Boer et al. (2011, see Fig. 6.1), which
were able to resolve stars down to the oldest main sequence turn-off (MSTO) of the
Sculptor dSph, by taking advantage of the deep wide-field photometry of CTIO/-
MOSAIC. In order to avoid a non-negligible contamination of foreground MW disc
field stars, we consider only stars along the line-of-sight to the Sculptor dSph with
elliptical radius re; < 0.6 deg and corresponding to clean isolated detections; the
percentage of stars with these characteristics in the de Boer et al. (2011) catalog
is about 92 per cent of the entire sample. We find that, for ro; > 0.6deg, the
noisy pattern introduced by foreground stars becomes larger than the “signal” of
the Sculptor CMD one wants to recover (see also figure 5 in de Boer et al. 2011).

The observed stellar MDF is taken from Romano & Starkenburg (2013), which
combined the Kirby et al. (2009, 2010) spectroscopic sample (with Sculptor stars
belonging to the inner 0.2deg of elliptical radius) with the dataset provided by
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Figure 6.1: In this Figure, we show the observed CMD of the Sculptor dSph (de Boer et
al., 2011). The dataset is shown as 2-D histogram, with the bin size in both the z- and
y-dimensions being 0.02 dex; the color coding in the figure corresponds to the number of stars
within each grid element. We consider in our analysis only clean isolated stellar detections
and the Sculptor member stars with an elliptical radius r.n < 0.6 deg.

the Dwarf galaxies Abundances and Radial velocities Team (DART, covering a
much larger radial extent and making use of the calcium triplet equivalent width
to infer the Fe abundances; see Battaglia et al. 2008; Starkenburg et al. 2010),
in order to have an MDF which were representative of the global Sculptor stellar
populations. By looking at Romano & Starkenburg (2013, their figure A1), the low-
metallicity portion of their MDF is almost solely determined by the DART sample,
with the Kirby et al. (2009, 2010) MDF mainly contributing towards larger [Fe/H]
abundances.

6.3 Model, assumptions and methods

6.3.1 Database of stellar isochrones and stellar lifetimes

We make use of the PARSEC stellar isochrones (Bressan et al., 2012; Tang et al.,
2014; Chen et al., 2015), as computed for the following grid of stellar ages and
metallicities, by assuming a Reimers mass loss with efficiency n = 0.2.

e The step in metallicity in our isochrone database is AZ = 1.0 x 1074, from
a minimum metallicity Zyi, = 1.0 x 10™% to a maximum metallicity Z.x =
3.0 x 1072

o The step in age between two adjacent isochrones is Alog(t/yr) = 0.01, from
a minimum age 10g(tmin/yr) = 6.5 to a maximum age log(¢tmax/yr) = 10.12.
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Figure 6.2: In this figure, we show how the stellar lifetimes we have derived from the PARSEC
stellar evolutionary tracks vary as functions of the stellar mass and metallicity. The dashed
black curve corresponds to the stellar lifetimes of Padovani & Matteucci (1993).

For self-consistency, we assume in our model the same stellar lifetimes as the ones
which can be derived from the PARSEC database; in particular, we fit the stellar
lifetimes with the following function:

T(Z) = A(Z) % exp [B(Z) m—C<Z>], (6.1)

where A(Z), B(Z) and C(Z) are the fitting parameters, provided with the corre-
sponding 1-o errors in the supplementary material, as functions of the metallicity
Z. In Fig. 6.2 we compare our derived stellar lifetimes with the ones of Padovani
& Matteucci (1993), which do not depend on metallicity and are extensively used
in chemical evolution models.

6.3.2 Modelling the chemical evolution of Sculptor

The numerical code of chemical evolution is the same as the one adopted in Vin-
cenzo, Matteucci, Vattakunnel & Lanfranchi (2014); Vincenzo et al. (2016) — where
we address the reader for details — for the study of the classical and ultra-faint dSph
galaxies. We make use of an updated version, by assuming the stellar yield compi-
lation of Romano et al. (2010, their model 15; see also Chapter ??7) and the stellar
lifetimes derived from the PARSEC isochrones.

We assume the galaxy to assemble by accreting pristine gas from an external
reservoir, until an infall mass — given by Mj,s —is accumulated at tg = 14 Gyr. The
infall rate is assumed to follow a decaying exponential law, with typical time-scale
Tinf- We assume for the star formation rate the Schmidt-Kennicutt law, namely
SFR(t) = vMgas(t), where v is the so-called star formation efficiency (SFE) and
M,as is the galaxy gas mass. The run of the intensity of the SFR with time is
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Figure 6.3: In this figure, we compare the observed Sculptor stellar MDF (Romano & Starken-
burg, 2013, grey histogram with blue error bars) with the predictions of our best Sculptor
chemical evolution model, having star formation efficiency v = 0.04 Gyr™*, wind efficiency
Awind = 3.0Gyr ™!, infall mass Mi,s = 2.31 x 10° My, and infall time-scale 7ins = 0.3 Gyr.
The predicted MDF is convolved with a Gaussian function with o = 0.2.

crucially regulated by the various physical processes acting on Mg,s, namely inflows
and outflows of gas, returned matter from dying stars and supernovae, astration
due to the star formation activity itself.

A fundamental role in the evolution of dSphs is played by the galactic outflows,
which are predicted to occur very soon in these galaxies because of their shallow
potential well; the intensity of the outflow rate is assumed to be directly propor-
tional to the SFR. On the one hand, if the efficiency for the gas removal is high
(typically Awina =~ 10 Gyr_l), then the galaxy gas mass suddenly decreases and
hence the SFR rapidly drops to zero; on the other hand, if the galactic wind has
a relatively lower efficiency (typically Awing = 1 Gyr_l), then the decrease in the
SFR is smoother and it drops to zero on longer typical time-scales.

The assumed best model

We have explored the parameter space, by running a large number of chemical
evolution models. The best parameters for Sculptor are found by minimizing the
x? figure of merit, with the best model being the one reproducing the shape of the
observed stellar MDF, which represents the most reliable observational constraint
to any slight variation of the free parameters. We vary the SFE in the range
v = 0.03-0.2Gyr™ ', the wind efficiency in the range Aging = 2.0-10 Gyr ™', and
the infall time-scale in the range 7y = 0.1-0.5 Gyr. In order to allow our photo-
chemical model to be more flexible when comparing its predictions with data,
we make the further approximation of assuming the galactic wind to be always
active over the whole galaxy lifetime; since all the galaxy physical properties in
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Figure 6.4: In this figure, we show the predicted SFH (top panel) and age-metallicity relation
(bottom panel) as predicted by our best chemical evolution model for Sculptor. Our best
model for Sculptor predicts that ~ 99 per cent of the stars observable at the present time are
formed within the first 2.16 Gyr of the galaxy evolution; this time corresponds to the vertical
dashed blue line in the figures. Furthermore, the number of stars with initial metallicity
Z < 1.0 x 10™* is roughly ~ 5.72 per cent of the total number of stars alive at the present
time.

our chemical evolution model are normalized with respect to the infall mass, this
assumption causes the predicted stellar MDF not to be influenced by the variation
of the infall mass. In this simplified formulation of the galactic wind, all the galaxy
physical properties (such as the SFR, stellar mass, gas mass, and so on) simply
scale with the infall mass and our results can be easily readjusted for a different
assumption of the cutoff in the elliptical radius of Sculptor stars (here we consider
only stars with ren < 0.6 deg). We find that the best chemical evolution model is
characterized by the following parameters:

o star formation efficiency v = 0.04 Gyr~!;

e wind efficiency Aying = 3.0 Gyr_l;
o infall time-scale 7,y = 0.3 Gyr.

We assume at the beginning a reference infall mass Minfef = 1.0 X 108 My, as
in Vincenzo, Matteucci, Vattakunnel & Lanfranchi (2014), for which we predict a
present-day total stellar mass M, rof = 8.27 X 10° M. The infall mass of the best
model is then obtained by rescaling our results for the reference model so as to have
the same number of stars in the synthetic and observed CMD. We find for our best
model an infall mass Minfpest = 2.31 x 108 M, giving rise to a present-day total
stellar M, pest = 1.91 x 10° M, larger than the value M, = (1.2 +0.6) x 10° M,
estimated by de Boer et al. (2012), but of the same order of magnitude.
According to the fitting formula of Faucher-Giguére et al. (2011), which is
assumed in many recent works to mimic a cosmologically motivated infall in galaxy
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formation and evolution models, dwarf galaxies with M., = 10® M must have
accreted almost 63 per cent of their cumulative infall mass (which turns out to be
Min ~ 1.4 x 103 M) in the first ~ 1.5 Gy of their evolution, namely from redshift
z = 6 to redshift z ~ 4, a larger timescale than the one found by our best model
(Tint = 0.3 Gyr). Nevertheless, we remark on the fact that the Faucher-Giguere
et al. (2011) fitting formula is strictly valid only in the redshift range 0 < z < 6,
namely only after the reionization epoch; therefore, a comparison with the gas mass
assembly history of our model is not straightforward.

In Fig. 6.3 the predicted stellar MDF of the best model (convolved with a
Gaussian function with o = 0.2dex) is compared with the observed one (Romano
& Starkenburg, 2013). The assumed very low SFE causes the MDF to be peaked
at low [Fe/H] abundances. The width of the MDF is mostly determined by the
wind efficiency; in particular, the lower the Aying parameter, the wider is the bulk
of the galaxy star formation activity and hence also the MDF.

In Figure 6.4a) we show the predicted SFH of our best model, while in Figure
6.4b) we show the corresponding age-metallicity relation. In summary, the length
of the bulk of the galaxy star formation activity can be regulated in our model by
suitably varying the main parameters determining the star formation and outflow
intensity and the galaxy gas accretion rate; these parameters are the SFE, which
determines the intensity of the SFR and the rate of thermal energy injection by
supernovae, the wind efficiency, which determines the slope with which the SFR
drops to zero, and the infall time-scale, which crucially determines the evolution
with time of the galaxy potential well.

6.3.3 The photo-chemical model
The stepwise structure of the photo-chemical model is the following.

o« We sample the galaxy SFH, as predicted by our best chemical evolution
model for Sculptor, to randomly extract an age for the formation of a given
star.

o We sample the assumed initial mass function (IMF) to randomly assign a
mass to the star. In this work we assume the Salpeter (1955) IMF for sim-
plicity.

o We use the age-metallicity relation of our best Sculptor chemical evolution
model to find the initial metallicity of the star.

e Given the age, mass and metallicity of the star, we check whether the star is
alive or not at the present time, by assuming the metallicity dependent stellar
lifetimes we have derived from the PARSEC stellar evolutionary tracks (see
Section 6.3.1).

o If the star can be observed at the present time, we store the photometric
properties of the synthetic star, to later draw it in the synthetic CMD.

On the one hand, the strength of our method resides in the very fine grid of
the assumed isochrone database; moreover, in our approach, we start from the
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Figure 6.5: In the left panel of this figure, we show the prediction of our photo-chemical
model for the CMD of the Sculptor dSph, whereas on the right panel we show for comparison
the observed CMD. The synthetic and the observed CMDs are shown as 2-D histograms, with
the bin size in both the x- and y-dimensions being 0.02 dex and the color-coding representing
the number of stars, on a logarithmic scale, residing within each grid element.

predictions of chemical evolution models, assuming ab initio an underlying galaxy
formation and evolution scenario, which is physically-motivated. On the other
hand, the main shortcoming of our model is due to the fact that the lowest available
metallicity in the PARSEC database is Zpin = 1.0 x 1074, We assume that all
the stars with Z < Zn have the same photometric properties as the stars with
Z = Zmin. This fact can introduce a systematic error. By looking at Figs. 6.4a) and
b), according to our best model, the galaxy spends its first 122 Myr at metallicity
Z < 1.0 x 107%; the number of stars with initial metallicity Z < 1.0 x 107% is
roughly ~ 5.72 per cent of the total number of stars alive at the present time.

Methods

To get a fair comparison with the observed CMD, we convolve the synthetic CMD
with the distribution of the observed photometric errors, by assuming that the
latter are Gaussian. In particular, we first divide the observed CMD in an uniform
grid and, for each grid element ij, we compute the average V- and I-band observed
photometric errors, 7;;(V,I), which we adopt as the standard deviations of the
photometric noise in the ij-th grid element. Hence, for any given k-th synthetic
star residing in the ij-th grid element, we add the following noise to its predicted V-
and I-band magnitudes: 75 (V,I) = rp x 7;;(V,I), where r; is a random number,
drawn according to the standard normal distribution. In this way, the model
‘spreads out’ according to the errors in the data and we can fairly compare the
synthetic with the observed CMD.

The synthetic CMD corrected for the photometric noise is then convolved with
the results of the artificial star test performed by de Boer et al. (2011). In par-
ticular, by following a standard procedure, de Boer et al. (2011) inserted in the
observed images a large catalog of artificial stars; after reducing and analyzing the
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altered images, they could compute the fraction of artificial stars recovered in the
data as a function of their input magnitude and color. We use the results of their
test to compute the recovered fraction in each grid element, so as to throw out from
the synthetic CMD the remaining lost fraction. By means of this type of analysis,
one can apply to the synthetic CMD the same completeness profile as is present in
the data. After correcting the synthetic CMD for the incompleteness, the number
of synthetic stars strongly reduces, becoming Niot syn ~ 40636.

6.4 Results

In this Section, we present the results of our photo-chemical model for the CMD
of the Sculptor dSph. The main result of our work in shown in Fig. 6.5, where
the synthetic CMD of Sculptor (left diagram) is compared with the observed one
(right diagram). In order to better understand where the discrepancies between
the observed and the synthetic CMD reside, in Fig. 6.6 we plot the residuals, which
correspond to the color-coding in the figure. In particular, to better visualize the
differences, we define the residual in the ij-th grid element as:

Rij _ Tij,0bs — nij,syn7 <62)
with n;;0bs and n;;syn being the number of stars in the observed and synthetic
CMD, respectively. The regions of the observed Sculptor CMD without any syn-
thetic star are shown in Fig. 6.6 as a greyscale density plot.

On the one hand, by a visual inspection of Figs. 6.5 and 6.6, we can obtain
a quite good agreement for the red giant branch (RGB), the horizontal branch
(HB) and the asymptotic giant branch (AGB) of the observed CMD. On the other
hand, at fainter magnitudes, particularly in the sub-giant branch (SGB) and at
the MSTO, the observed CMD extends towards slightly bluer colors than the syn-
thetic one. Moreover, our model cannot reproduce the observed population of blue
straggler stars which extend the Main Sequence towards blue colors and could be —
in principle — reproduced by including the effect of merging binary stellar systems.
We do not include blue straggler stars in our photo-chemical model.

We remark on the fact that it is not obvious that a model reproducing the
chemical evolution of Sculptor can also capture the main features of the observed
galaxy CMD. In fact, the final configuration of the synthetic CMD turns out to be
highly affected by the variation of the free parameters of chemical evolution models.
In particular, by increasing the SFE, the stellar metallicities accordingly increase
at any fixed galactic time, causing the entire synthetic CMD to shift towards redder
colors. The IMF acts in a similar way as the SFE, with the additional effect of
filling up the various stellar evolutionary phases in the CMD with different relative
fractions. Finally, the wind parameter and the infall time-scale crucially affect the
spread of the predicted CMD, since they determine the length of the bulk of the
galaxy star formation activity.

In Fig. 6.7a), we compare the predicted stellar (V —I')-color distribution (black
solid line) with the observed one (blue histogram); this quantity turns out to be
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Figure 6.6: In this Figure, we show the residuals (see eq. 6.2 ) for the comparison between
the observed and the synthetic CMD. The greyscale density plot represents the regions of the
observed Sculptor CMD where no synthetic stars are predicted. We find a good agreement for
the RGB, HB and AGB stars, whereas the MSTO and the SGB of the observed CMD extend
towards bluer colors than the synthetic CMD. We cannot reproduce the population of blue
straggler stars in the observed CMD, since we do not include them in our model.

particularly sensitive to metallicity variations among the galaxy stellar populations.
In Fig. 6.7b), the predicted stellar luminosity function in the /-band (black solid
line) is compared with the observed one (blue line with error bars, which are shown
as a shaded blue area); the trend of this second quantity is more affected by the
galaxy SFH and stellar lifetimes. An age indicator for the galaxy is given by the
fraction of stars on the HB relative to the one on the RGB; we predict Nyg/Nrap &~
0.17.

At a first glance, our photo-chemical model is able to predict and qualitatively
reproduce the main features of the observed (V' —I')-color distribution; in particular,
the first peak in Fig. 6.7a) (the one at bluer colors) is determined by the MSTO
and SGB stars, whereas the second peak (the one at redder colors) is the signature
left by the ascending RGB and HB stars.

Concerning the blue portion of the color distribution, from a visual inspection
of Fig. 6.7a), we cannot reproduce the observed population of blue straggler stars,
which — as aforementioned — are not included in our photo-chemical model. Fur-
thermore, a remarkable discrepancy resides in the decaying trend of the blue wing
of the predicted color distribution, which contains a lower number of stars than the
data, and in the predicted ‘saddle’, which turns out to be higher than the observed
one. This can be also appreciated by looking at the residual plot in Fig 6.6, where
the observed CMD clearly contains a larger number of MSTO and SGB stars with
blue colors than the synthetic CMD. This discrepancy seems likely the signature of
metal-poor stellar populations in the Sculptor dSph, which our one-zone chemical
evolution model has not been able to capture. Nevertheless, in principle, it could
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Figure 6.7: In the top panel of this figure, we compare the predicted stellar (V' — TI)-color
distribution (black solid line} with the observed one (blue histogram with errorbars). In the
bottom panel, we compare the predicted stellar luminosity function in the I-band (back solid
line) with the observed one (blue line, with the shaded blue area representing the 1-o errors).
MSTO stars are predicted to reside in the synthetic CMD at m; 2 23.0 mag, whereas SGB
stars at 22.0 < my < 23.0mag. The peak in the I-band stellar luminosity function at

~

mr = 19.5mag is caused by HB stars.

also indicate a predicted age-metallicity relation which is steeper than what seems
to be required by observations; in fact, one would obtain a similar discrepancy if
also the synthetic metal-rich stars are older than the observed ones.

Interestingly, by looking at Fig. 6.3, the observed stellar MDF suggests the
presence of two distinct peaks, corresponding to two separated main stellar popu-
lations in the galaxy. The latter feature cannot be resolved by our best chemical
evolution model, which indeed predicts the stellar MDF to have a single peak, ly-
ing between the two of the observed distribution. We remark on the fact that this
feature is peculiar to the Romano & Starkenburg (2013) MDF, which combines
the DART sample — determining the low metallicity portion of the observed MDF
— with the one by Kirby et al. (2009, 2010), concentrated towards slightly higher
metallicity. The regions where the observed CMD contains a larger number of blue
(metal-poor) stars than the synthetic one likely correspond to the low-metallicity
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peak in the observed MDF, which is also the most pronounced one. Accordingly,
the higher ‘saddle’ in the predicted color distribution (see the top panel in Fig. 6.7)
confirms that the model predicts galaxy stellar populations which are intermediate
between the observed metal-poor and metal-rich ones.

The observed stellar MDF, as derived by Romano & Starkenburg (2013), in-
cludes stars with ro; > 0.6 deg, namely beyond the radial cutoff we assume for the
observed CMD. As one moves towards the outer zones of the galaxy, the Sculptor
stellar populations are observed to become increasingly old and metal-poor, de-
termining the observed stellar MDF at low metallicity. Nevertheless, the relative
number of stars also increasingly diminishes when moving outwards, with almost
50 per cent of the Romano & Starkenburg (2013) sample being contributed by
stars with ro; < 0.2dex. Furthermore, the shape of the observed stellar MDF in
the inner radial bins does not significantly vary at low metallicity with respect to
the MDF in the outer bins (see figure 14 of de Boer et al. 2012). Therefore, if we
had applied a radial cutoff at r.;; = 0.6 deg also to the observed MDF, our analysis
would not have been significantly altered.

A viable solution to reduce the discrepancy between the observed and the syn-
thetic CMD would be, for example, to disentangle the two different stellar popu-
lations in the observed MDF, by assuming two underlying separated distributions,
peaked at slightly lower and higher [Fe/H]| abundances than the predicted MDF
of the best model. In this way, the metal-poor stellar population could be repro-
duced by assuming a lower SFE than the metal-rich one. After superimposing the
two stellar populations in the synthetic CMD with appropriate weights, one would
extend the synthetic CMD towards slightly bluer color, hence obtaining a better
agreement with the observed CMD. Finally, we cannot exclude that the lack of
binary stars in our photo-chemical model might also contribute to the discrepancy
between the observed and the synthetic CMD, since their inclusion would cause a
broadening of the MS and therefore a redistribution of the colors of the synthetic
stars in Fig. 6.7a).

In Fig. 6.7b), the observed stellar I-band luminosity function is compared with
the predicted one. For the RGB and AGB stars, there is a good agreement between
the model and data. Furthermore, the model predicts a peak at m; ~ 19.5 mag,
which represents the effect of HB stars; the presence of this peak is not visible
in the observed I-band stellar luminosity function because of the large foreground
contamination in the redder part of the observed CMD, both at fainter and at
brighter I-band magnitudes than the ones of the observed HB. If we had considered
only Sculptor stars in the innermost regions of the galaxy (e.g. with ¢ < 0.2deg),
we would have obtained a well agreement between model and data also for the HB
stars. At fainter magnitudes, the model in Fig. 6.7b) contains a larger number of
MSTO and a lower number of SGB stars than the data; this discrepancy might
be partly due to the inherent uncertainty in the assumed completeness profile,
which is particularly important for these evolutionary stages, as well as it could
also indicate the need for an IMF with a lower number of low-mass stars than the
Salpeter (1955) IMF assumed in this work.
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6.5 Conclusions and discussion

In this Chapter, we have presented a new approach to draw the synthetic CMD of
galaxies. In particular, we have developed ab-initio a new photo-chemical model,
which we have applied to reproduce the observed CMD of Sculptor dSph. Our
numerical code starts from the predictions of chemical evolution models about
the galaxy SFH and age-metallicity relation. Then, by assuming the PARSEC
stellar evolutionary tracks, we can ‘light up’ the stars with different age, mass and
metallicity of chemical evolution models, in order to draw a synthetic CMD. We
have defined the best chemical evolution model for Sculptor as the one reproducing
the observed galaxy stellar MDF.

Several improvements could be done in our photo-chemical model, by consider-
ing for example an underlying cosmological framework, whose primary effect would
be to influence the evolution of the galaxy gas mass assembly with time. Inter-
estingly, a very first attempt to draw the CMD of a dSph galaxy within a full
cosmological framework by making use of a semi-analytical model for the galaxy
formation and evolution is represented by the work of Salvadori et al. (2008), which
adopted the freely available IAC-STAR code (Aparicio & Gallart, 2004), however,
they did not provide a detailed discussion of their findings about the predicted
galaxy CMD. A further improvement in our photo-chemical model would be to
include the effects of unresolved binary stars and foreground contamination in the
synthetic CMD.

The strength of our approach resides in the statistical sampling of the galaxy
predicted SFH and assumed IMF, as well as in the assumption of a very fine grid of
stellar isochrones, both in metallicity and in age. The main shortcoming is related
to the PARSEC stellar isochrones, which are computed only for Z > 104,

The SFH can be regulated in our models for dSphs by suitably varying the main
parameters triggering the onset of the galactic wind and determining its intensity.
In fact, once the galactic wind has started, the SFR rapidly drops to zero, since
most of the infall mass has been accumulated fast within short typical time-scales.
Our best model for Sculptor predicts that ~ 99 per cent of the stars observable at
the present time are formed within the first 2.16 Gyr of the galaxy evolution. We
predict at the present time a total stellar mass M, pest = 1.91 X 106 Mg, which is
of the same order of magnitude as other estimates like M, = (1.2 4 0.6) x 10° M,
by de Boer et al. (2012). Also the predicted evolution of the SFR as a function of
time is in agreement with the findings of de Boer et al. (2012).

Stellar systems or interstellar regions with low gas density, such as low-mass
dwarf galaxies or the outer parts of spiral galaxies, likely follow a star formation
law which deviates from the usually assumed Schmidt-Kennicut law, SFR(t) =
vMgags(t); for this reason, we have done some numerical experiments by assuming
the same expression for the star formation rate as in the original work of Ken-
nicutt (1998) (see also Gatto et al. 2015 for a detailed study in the context of
hydrodynamical simulations). By assuming the Kennicutt (1998) law, we predict
the SFH to be more concentrated in the earliest epoch of the galaxy evolution and
the metallicity Z to initially evolve more rapidly than our best-fitting model; then,
at later times, Z remains quite constant when the Kennicutt (1998) law is assumed,
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while it increases in our best-fitting model. Finally, we find that the final total gas
and stellar mass are almost the same when the two different expressions for the
star formation rate are assumed.

We have shown that our photo-chemical model is able to capture the main
features of the observed CMD of the Sculptor dSph, with the best agreement be-
ing obtained for the RGB, HB and AGB stars. The discrepancy has been found
at fainter luminosity in the MSTO and SGB, where the observed CMD extends
towards bluer colors than the synthetic one. That may be caused by underlying
metal-poor stellar populations which our photo-chemical model has not been able
to capture as well as to the lack of binary stars in our model, which would also
broaden the synthetic CMD at faint magnitudes. In fact, the predicted stellar MDF
is characterized by a single peak, whereas the observed one suggests the presence of
two peaks, residing at slightly lower and higher [Fe/H] abundances than the model
peak. In particular, the more pronounced peak in the observed MDF corresponds
to the one at lower [Fe/H] abundances. Therefore, our photo-chemical model con-
tains stellar populations which are intermediate between the metal-poor and the
metal-rich ones in the observed stellar MDF.

In order to reduce the discrepancy, one could superimpose the results of mul-
tiple one-zone chemical evolution models and find the linear combination which
provides the best agreement with the observed stellar MDF. This will be the sub-
ject of a future work, in which we will also show the effect of varying the free
parameters of chemical evolution models on the synthetic CMD.

Although the uncertainties in the assumed completeness profile can be impor-
tant at the MSTO and SGB, the discrepancy between model and data in the I-band
stellar luminosity function for m; 2 21.0 mag might be alleviated by assuming an
IMF which contains a lower number of low-mass stars than the Salpeter (1955)
IMF assumed in this work and by including the effect of binary stars.
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Nitrogen and oxygen abundances in the
Local Universe

7.1 Introduction

The self-regulation of star formation in galaxies by gas accretion and galactic out-
flows is a fundamental ingredient in the modern framework of galaxy evolution.
Both the analysis of large galaxy surveys and the direct observation of high-velocity
clouds (e.g. Fraternali et al. 2002; Oosterloo et al. 2007; Heald et al. 2011; Gen-
tile et al. 2013), as well as hydrodynamical simulations (Prochaska & Wolfe, 2009;
Faucher-Giguere et al., 2011; van de Voort et al., 2011; Dekel et al., 2013; Frater-
nali et al., 2015) point towards the need for continuous accretion of pristine gas
onto galaxies (see also Fraternali & Binney 2008; Putman et al. 2012). Moreover,
historically, the so-called ‘G-dwarf problem’ (van den Bergh, 1962; Schmidt, 1963;
Tinsley, 1980) was solved by relaxing the hypothesis of a closed-box evolution of
the solar neighborhood and allowing the accretion of pristine gas onto the disk,
which acts in diluting the abundances; in this way, one can reconcile the predicted
frequency of metal-poor Galactic disk stars (which are too many in the framework
of the simple closed-box model) with the observed one. Large scale galactic winds
and outflows are also necessary to reproduce the overall properties of the observed
galaxy population and to match the observed chemical enrichment of the inter-
galactic medium (IGM; see, for example, Finlator & Davé 2008; Erb 2008; Fabian
2012; Hopkins et al. 2012). Several observations of galactic outflows in the litera-
ture have demonstrated the ubiquity of the outflow phenomenon, both locally and
at high redshift (see, for example, Pettini et al. 2001; Bolatto et al. 2013; Geach et
al. 2014; Erb 2015; Cicone et al. 2014, 2015), however understanding their impact
on galaxy properties over cosmic time remains a daunting task.
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Figure 7.1: In this figure, the SDSS data sample for the (N/O) vs. (O/H) abundance pattern
(density plot in greyscale) is compared with a data sample which includes the (N/O) and
(O/H) abundances as observed in blue, diffuse star forming dwarf galaxies by Berg et al.
(2012, red data), Izotov et al. (2012, black data) and James et al. (2015, blue data).

Since metals are a direct product of star formation in galaxies, chemical abun-
dances are a powerful probe of the feedback processes driving the evolution of
galaxies. Oxygen occupies a key role in this type of studies, since its gas phase
abundance can be inferred from strong nebular lines easily observed in the optical
wavelength range in the low redshift Universe. Since oxygen is the most common
metal by mass, its abundance is also an excellent proxy for the total metallicity
of the gas. Moreover, since oxygen is mostly produced by massive stars, dying as
core-collapse supernovae (SNe), its enrichment is relatively simple to model and
does not require, to first approximation, taking into account the effect of stellar
lifetimes (under the so-called instantaneous recycling approximation, IRA).

The study of the relation between oxygen abundance and other fundamental
galaxy parameters like stellar mass (Lequeux et al., 1979; Tremonti et al., 2004),
star formation rate (SFR, Mannucci et al. 2010; Andrews & Martini 2013), gas
content (Hughes et al., 2013; Bothwell et al., 2013) and environment (Pasquali et
al., 2010; Peng & Maiolino, 2014) has paved the way to the development of a new
generation of chemical evolution models (Davé et al., 2012; Lilly et al., 2013; Peng
& Maiolino, 2014; Lu et al., 2015; Belfiore et al., 2016), which succeed, to various
extents, at reproducing the general trends observed in the data with cosmological
inflow rates and various simple outflow prescriptions.

Since different chemical elements are released in the interstellar medium (ISM)
on different time-scales, the study of abundance ratios of some key elements can
provide tighter constraints on the star formation and gas flow history of a system.
For example, large galaxy surveys have demonstrated that the [O/Fe| ratios in
elliptical galaxies are consistent with the paradigm requiring these objects to form
stars vigorously over a short timescale at high redshift (Matteucci, 1994; Bernardi et
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al., 2003; Pipino & Matteucci, 2004; Thomas et al., 2005, 2010). Moreover, detailed
analysis of chemical abundance ratios of n-capture, a— and iron-peak elements in
individual stars in the Milky Way (MW) have been instrumental in showing that
the various components of our Galaxy (halo, bulge, thick and thin disk) have had
different chemical evolution histories with respect to each other (see, for example,
Pagel 2009; Matteucci 2001, 2012).

In the context of star forming galaxies, strong nebular lines in the optical
range allow reliable measurement of the (N/O) abundance ratio when both the
[OI1]A\3726,3729 and [NII]\6548,6584 doublets are measured. The (N/O) abun-
dance ratio has been studied by several authors (Vila-Costas & Edmunds, 1992;
Thuan et al., 1995; Henry et al., 2000; Chiappini et al., 2003, 2005; Pérez-Montero
& Contini, 2009; Pérez-Montero et al., 2013; Belfiore et al., 2015) since it is a
promising tool to shed light on the relative role of pristine gas inflows and out-
flows, which appear degenerate when only the abundance of one chemical element
is traced (see Koppen & Hensler 2005, but also the discussion in the Appendix of
Belfiore et al. 2016).

Unlike oxygen, nitrogen is a chemical element mostly produced by low- and
intermediate-mass stars (LIMS), with the nucleosynthetic yields depending on
metallicity in a complex fashion. In particular, a stellar generation can release
into the galaxy ISM both primary and secondary N. The secondary N component
increases with metallicity, being a product of the CNO cycle and formed at ex-
penses of the C and O already present in the star. Concerning LIMS, the primary
N component is produced during the third dredge-up, occurring along the asymp-
totic giant branch (AGB) phase, if nuclear burning at the base of the convective
envelope is efficient (Renzini & Voli, 1981). The latter is particularly important
for very metal-poor LIMS, which would not be capable otherwise of synthesizing
significant amounts of secondary N. On the other hand, the computation of the N
stellar yields for massive stars still suffers of large uncertainty, especially at very
low metallicity, and none of the current existing stellar evolutionary codes is able to
provide the right amount of primary N which is needed to reproduce the observed
(N/O) plateau at very low metallicities.

All the aforementioned complications prevent one from using IRA and a con-
stant yield for the study of nitrogen abundances in galaxies, and have prevented
the community so far from taking full advantage of the large nitrogen abundance
datasets now available both through large spectroscopic surveys of local (like SDSS,
York et al. 2000, or GAMA, Driver et al. 2011) and high-redshift (e.g. zCOSMOS,
Lilly et al. 2009) galaxies.

In this Chapter, we critically revise the different assumptions affecting the
interpretation of the (N/O) versus (O/H) abundance patterns, making use of a
large dataset of star forming galaxies from the SDSS, complemented by data from
metal-poor dwarf galaxies to explore the low-metallicity regime. While considerable
uncertainties still persist in some of the basic model parameters (nitrogen yields,
stellar initial mass function, IMF') we aim here at setting new constraints on pristine
gas inflows and the models of outflows.

This Chapter is structured as follows. In Section 7.2, we present the dataset
for the (N/O) vs. (O/H) abundance diagram. In Section 7.3, we summarize the
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current knowledge about the nucleosynthetic origin of nitrogen in stars. In Section
7.4, we describe the basic equations and the assumptions of our numerical model of
chemical evolution. Our results are presented in Section 7.5 and 7.6; in particular,
in Section 7.5, we focus on the results of our models for the (N/O) vs. (O/H)
abundance pattern of the ensemble of the SDSS galaxies; in Section 7.6, we present
the results of our models for the low metallicity plateau, which a complementary
sample of metal-poor, diffuse and star-forming dwarf galaxies exhibit in the (N/O)
vs. (O/H) diagram. Finally, in Section 7.7, we end with our conclusions. All the
results of this Chapter have been published in Vincenzo et al. (2016b).

7.2 QOverview of the data

In order to study the characteristic gas-phase oxygen and nitrogen abundances in
local galaxies, we make use of the data from SDSS Data Release 7 (Abazajian
et al., 2009, DR7) and the emission line fluxes, stellar masses and SFR estimates
presented in the MPA-JHU catalogue” (Brinchmann et al., 2004; Tremonti et al.,
2004; Kauffmann et al., 2003) released as part of DR 8 (Aihara et al., 2011).

We select galaxies to have 0.023 < z < 0.3 and S/N>3 on the following emission
lines: [OIT]AA3726,28; [OIII]A5007; HS; He; [NIIJA6584, and [SIT]AN6717,31. We
use the standard Baldwin-Philipps-Terlevich (BPT) diagram (Baldwin et al., 1981;
Veilleux & Osterbrock, 1987; Kauffmann et al., 2003) to exclude sources where
the gas ionisation is not dominated by star formation, since available metallicity
calibrations are only tailored to star forming regions. In this work we use the
[OII1] /Hp versus [SII] /Ha diagnostic diagram and the demarcation curve of Kewley
et al. (2001). We do not make use of the popular [OIII]/HS versus [NII]/Ha to
avoid a bias against nitrogen enriched HiI regions (Sanchez et al., 2015; Belfiore et
al., 2015).

Emission line fluxes are then corrected for dust extinction using the Balmer
decrement and the Calzetti (2001) reddening curve with Ry = 4.05. The theoretical
value for the Balmer line ratio is taken from Osterbrock & Ferland (2006), assuming
case B recombination (Ha/HB = 2.87). We note that the use of extinction curves
of Cardelli et al. (1989) or Charlot & Fall (2000) yield very similar results for the
wavelength range considered in this work.

Inferring gas phase oxygen abundance from strong nebular line ratios is a dif-
ficult problem, since the line ratios depend not only on ionic abundances, but also
on other parameters, such as ionisation parameter, density and hardness of ion-
isation field. It is well known in the literature that different oxygen abundance
calibrations based on strong nebular lines can lead to systematic discrepancies of
up to 0.6 dex (Kewley & Ellison, 2008; Lopez-Sanchez et al., 2012; Blanc et al.,
2015). In particular, strong line calibrations based on an extrapolation to high
metallicity of abundances measured with the 7, method (which makes use of the
faint oxygen auroral line [OIII]A4363 to directly infer the electron temperature of

“The MPA-JHU catalogue is available online at https://www.sdss3.org/dr8/
spectro/galspec.php
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the nebula) generally lead to lower abundances than calibrations based on pho-
toionisation models.

Moreover, several metallicity calibrators make use of the nitrogen line fluxes,
thus implicitly assuming that the relationship between the (N/O) ratio and metal-
licity varies monotonically with oxygen abundance.

In this work, we infer the oxygen and nitrogen abundances using the self-
consistent framework presented in Pilyugin et al. (2010), which calibrates various
strong line ratios through the electron temperature method. An alternative cali-
bration taking both oxygen and nitrogen abundance into account has been recently
presented in Pérez-Montero (2014).

In order to sample the low metallicity regime, which is poorly populated in
SDSS, we make use of the data from Izotov et al. (2012); Berg et al. (2012); James
et al. (2015) for a collection of blue, diffuse and star forming dwarf galaxies. We
note that the abundances reported by lIzotov et al. (2012); Berg et al. (2012);
James et al. (2015) correspond to the chemical abundances as measured using the
direct method and hence should fall onto the same scale of chemical abundances
we inferred from the SDSS data with the adopted calibration.

In Fig. 7.1 we show the trend of the observed (N/O) ratios as a function of
the (O/H) abundances. The density plot in greyscale represents the abundance
pattern as observed in the ensemble of the SDSS galaxies, whereas the data with
error bars represent the compilation of star forming dwarf galaxies from Berg et al.
(2012); Izotov et al. (2012); James et al. (2015). The latter data extend towards
lower (O/H) abundances than the SDSS data and clearly exhibits the well-known
low metallicity plateau. The SDSS data show an abrupt change of the slope at
oxygen abundances higher than 12 + log(O/H) ~ 8.4dex .

7.2.1 Estimating the dust depletion

Oxygen abundance calibrations based on nebular lines only trace the oxygen abun-
dance of the gaseous phase of the ISM. However, chemical elements in real galaxies
are partially depleted on to dust grains. Since chemical evolution models only pre-
dict the total metallicity, depletion onto dust grains must be taken into account
when comparing models with our data. From an observational point of view, the
dust content can differ among galaxies of different metallicity and SFR (da Cunha
et al., 2010; Fisher et al., 2014; Hjorth et al., 2014). In the framework of chemical
evolution studies, the most important physical process affecting the dust cycle in
galaxies is the star formation history, which regulates the main feedback processes
responsible for the dust production and destruction and hence the run of the galaxy
dust-to-gas ratio with metallicity (Wang, 1991; Dwek, 1998; Lisenfeld & Ferrara,
1998; Edmunds, 2001; Calura et al., 2008; Dwek & Cherchneff, 2011; Feldmann,
2015).

In the literature a mean oxygen depletion’ of D(O) ~ —0.1 dex is often assumed
(see also Whittet 2003; Jenkins 2009; Whittet 2010). Although oxygen depletion

"The depletion factor D(X) is the logarithmic decrement between the observed
abundance of a chemical element and its predicted total abundance, A(X), namely
D(X) = log(NX/NH)ObS — A(X)
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Figure 7.2: In this figure, we show the Ventura et al. {2013} stellar yields of LIMS for carbon
(dashed blue line), oxygen (dashed-dotted red line), primary nitrogen (dotted black line} and
secondary nitrogen (solid black line), as computed at 2Z = 0.0003, 0.001, 0.004, 0.008, 0.018,
and 0.04. The various quantities do not include the amount of ejected mass which was initially
present in the star and has not been nuclearly processed; so the finding of negative values for
the stellar yields means that the final total ejected amount of the generic element X is smaller
than the one which was initially present in the star at its birth and has been later ejected into
the ISM without any nuclear processing.

is likely to have a dependance on metallicity (differential depletion), for simplicity
we do not consider this effect in this work. Although Jenkins (2009) suggests an
average nitrogen depletion of ~ —0.1dex, the large uncertainty in this estimate
means that nitrogen is also consistent with zero depletion. Indeed most of the
studies indicate that nitrogen is not a refractory element and does not deplete onto
grains even in the densest molecular clouds (e.g. Meyer et al. 1997; Caselli et al.
2002). In light of this, in our work, we do not consider any nitrogen depletion onto
dust. While the depletion corrections applied in this work are rather arbitrary,
none of our conclusions depend on the exact values of the depletion factors.

7.3 The nucleosynthetic origin of nitrogen

According to its mass and initial chemical composition, each star pollutes the ISM
with different amounts of a given chemical element. Since stellar lifetimes primarily
depend upon the stellar mass, each chemical element is expected to enrich the ISM
of galaxies on different typical timescales.
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7.3. The nucleosynthetic origin of nitrogen

7.3.1 Primary and secondary nucleosynthetic products

A fundamental aspect to take into account in chemical evolution models is the
nature of the physical processes which give rise to the production of the various
chemical elements in stars. In particular:

o If a sequence of nuclear reactions involves as initial seed only the H and He
present in the gas mixture of the star at its birth, then the nucleosynthetic
products of that sequence do not depend upon the initial stellar metallicity.
The chemical products of these reactions are then named primary elements.

o If the presence of metals in the initial gas mixture of the star is necessary for
some nuclear reactions to occur, then the nucleosynthetic products of those
nuclear reactions depend on the metallicity. These chemical products are
named secondary elements.

In modern chemical evolution studies, the importance of distinguishing between
the secondary and primary nature has been simplified for most of the chemical
elements, since their yields are computed as a function of the initial metallicity.
Nevertheless, for chemical elements like nitrogen, which have both a primary and
secondary origin (see, for example, Edmunds & Pagel 1978; Alloin et al. 1979;
Renzini & Voli 1981; Matteucci 1986; Gavilan et al. 2006; Molld et al. 2006), it
can be conceptually useful to separate the two components, even in the presence
of yields computed for different metallicities.

7.3.2 The production of nitrogen in the CNO cycle

Nitrogen is mainly produced during the CNO cycle, whose main branch consists in
a series of p-captures and 31 decays starting from an atom of '2C and converting
four protons into a nucleus of He (with two et and two v, as byproducts). Since
the inner reaction *N(p,v)'®O proceeds with the slowest rate among the other in
the sequence, when the equilibrium condition is reached (namely, when the rate of
production of each CNO nucleus equals its rate of destruction), the ultimate effect
of the CNO cycle is to convert most of the CNO isotopes into *N. The origin of
the initial 12C seed in the CNO cycle is a discriminating factor. In fact, if the atom
of 12C was initially present in the gas mixture from which the star originated, then
the synthesized nitrogen behaves as a secondary element. On the other hand, if
some physical mechanism is able to carry the C and O nuclei produced in the He-
burning zones out to the H-burning zones, then the synthesized nitrogen behaves
like a primary element.

7.3.3 Nitrogen yields in low- and intermediate-mass stars

Low- and intermediate-mass (LIM) stars during the AGB phase eject into the
ISM significant amounts of He, C and N. The ejected masses reflect important
abundance variations. The main physical mechanism for the transport of the C
and O nuclei to the outer zones of the star is given by the so-called third dredge-
up, which is the transfer of the nucleosynthetic products of the triple-ax process by
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Table 7.1: In this Table, the various columns report the following quantities: i) Z, metallicity;
i) Mo, rio, the IMF-averaged stellar yield of oxygen in the mass range M = 11-100 Mg, by
assuming the stellar yields of Romano et al. (2010, R10) and the Kroupa et al. (1993) IMF;
iii) MN,RN, the IMF-averaged stellar yield of nitrogen, defined as in the previous column; iv)
predicted average log(N/O) ratios, when considering only the contributions of massive stars;
v) average stellar yield of primary N which should be provided by massive stars to reproduce
the observed low-metallicity plateau with log(N/O) ~ —1.6 dex. This empirically-derived yield
is used as the reference stellar yield for primary nitrogen at low metallicity in this work.

Z Morio Me]  Mygrio Me]  10g(N/O)rio | MN,prim [Mo)
1.0 x 10710 3.025 0.014 —2.27 0.066
1.0 x 1078 3.105 0.082 —1.52 0.068
1.0 x 107° 1.995 0.0005 —3.53 0.043
1.0 x 1073 1.999 0.005 —2.55 0.044
4.0 x 1073 2.013 0.018 —1.99 0.044

the surface convection which proceeds after each thermal pulse. Primary nitrogen
can then be produced when the hot-bottom burning (CNO burning at the base of
the convective envelope) occurs in combination with the third dredge-up (see, for
example, Ventura et al. 2013).

In Fig. 1.5, we show how the stellar yields of Ventura et al. (2013) for C,
O, and primary and secondary N vary as a function of the initial stellar mass,
for different metalliticities. The stellar yield of a given chemical element X is
defined as the ejected amount of mass of the newly formed X. By looking at the
figure, the stellar yields of secondary N increase with metallicity, by means of the
consumption of the C and O nuclei originally present in the star. In fact, during
the CNO cycle, the global abundance of the CNO nuclei remains constant, while
the relative abundances of each CNO element can significantly vary. By looking
at Fig. 1.5, the stellar producers of primary N have masses in the range between
~ 3Mg and 6 M. Furthermore, the production of primary N does not show any
correlation with the consumption of the original C and O in the star, as expected.

7.3.4 Nitrogen yields in massive stars

In order to reproduce the observed plateau in the (N/O) ratio for the MW halo
stars, Matteucci (1986) proposed that massive stars should produce only primary
N at all metallicities, at variance with standard nucleosynthesis models predicting
only secondary N from massive stars. This plateau was also later observed in
damped Lya (DLA) systems (Pettini et al., 2002, 2008) and blue, low metallicity
star forming dwarf galaxies (Thuan et al., 1995; Izotov et al., 2012; Berg et al., 2012;
James et al., 2015, see Fig. 7.1), thus confirming that there should be primary N
production in massive stars.

Maeder & Meynet (2000) and Meynet & Maeder (2002b) found that primary N
can be produced in rapidly rotating massive stars, but only at very low metallicity.
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7.3. The nucleosynthetic origin of nitrogen

Their proposed main physical mechanism is given by the so-called rotational mix-
ing, particularly efficient at very low metallicity, where stars are expected to rotate
faster and to be much more compact than their metal-rich counterparts. Rotational
mixing allows the nucleosynthetic products of the triple-a reaction (mainly C and
O nuclei) to efficiently diffuse towards the outer CNO burning zone, where a pure
primary nitrogen can then be synthesized (Chiappini et al., 2008; Maeder, 2009).

This unfortunately cannot solve the problem of the observed (N/O) plateau,
which extends all over the metallicity range of MW halo stars. In fact, Geneva
stellar evolutionary models predict fast rotating massive stars to produce primary
N only in a narrow range at very low metallicity; as the metallicity Z > 10~8, these
stars resume producing only secondary N. Therefore, by assuming the theoretical
stellar yields of the Geneva group, chemical evolution models predicted a ‘dip’
in the (N/O) ratio at low (O/H) abundances, which is never observed (see, for
example, Chiappini et al. 2005, and the further discussion in Section 7.3.5 and
7.6). To solve this discrepancy and be able to explain the observed trends in the
data, all previous chemical evolution models (Matteucci, 1986; Chiappini et al.,
2005) had to assume artificially a pure primary N yield from massive stars.

7.3.5 Empirically fixing the nitrogen yield from massive stars at
low metallicity

In order to re-assess the problem of primary nitrogen production in massive stars,
we suggest a revised primary N stellar yield at low metallicity.

In Table 7.1 we report the IMF-averaged stellar yields of N and O from massive
stars, MN’RN and Momo, respectively, as computed by using the Romano et al.
(2010) compilation of stellar yields and assuming the Kroupa et al. (1993) IMF. We
also report how the values of log(N/O) are predicted to vary for different metal-
licities, when considering only the contributions of massive stars to the nitrogen
and oxygen chemical enrichment of the ISM. We observe that the Geneva stellar
models predict a dip in the (N/O) ratios for Z > 10~8. This dip is never observed
and it stems from the lack of primary N production by massive stars for Z > 1075,

In order to reproduce the low-metallicity plateau, we therefore calculate the
average amount of primary N that massive stars should provide to reproduce the
observed (N/O) plateau at very low metallicities. We assume that the oxygen yields
in this regime are reliable and we require the predicted (N/O) ratios to match the
observed log(N/O) ~ —1.6dex at low metallicity. In particular, we empirically
derive the needed average stellar yield of primary nitrogen by massive stars as

— — A
M prinm(Z) = Mo,rao(2) x 10710 x 2=, (7.1)

o)
where Ax and Ao represent the atomic weight of N and O, respectively. The
calculated values of MNMim(Z) are reported in the last column of Table 7.1. In-
terestingly, at extremely low Z, the latter are of the same order of magnitude as
the value of 0.065 M, originally adopted in chemical evolution models to reproduce
the low-metallicity plateau (see also Chiappini et al. 2005, and references therein).
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For the rest of this work, in our reference chemical evolution models, we assume
a pure primary N production by massive stars, with the stellar yields at the various
metallicities being the quantity MNmim(Z), as given in Eq. (7.1) and reported in
the last column of Table 7.1. We remark on the fact that, because of the way we
have defined it, this quantity depends on the assumed IMF and stellar yields of
oxygen.

7.4 Summary and reminder of the chemical evolution
framework

We study the nitrogen and oxygen evolution in the ISM of galaxies by adopting
a chemical evolution model in which the galaxy is assumed to be composed of a
single zone within which the various chemical elements are assumed to mix instan-
taneously and uniformly. The basic ingredients of the model are described in detail
in Matteucci (2012). In summary, the model is capable of following the temporal
evolution of the abundances of various chemical elements within the ISM of galax-
ies, by taking into account the main physical processes driving chemical evolution,
such as star formation, inflows and outflows of gas.

In this Section, we remind the reader the main assumptions of our chemical
evolution model (see also Chapter 1.3 for a more detailed description).

7.4.1 Star formation and chemical evolution

By defining M, ;(t) as the gas mass in the galaxy which is in the form of the i-th
chemical element at time ¢, its temporal evolution follows:

dM, ;(t
dMg.i(t) = —X,;(t) SFR(t) + R;(t) — W;(t) + Di(¢), (7.2)
dt —— N e
SF yields outflow infall

where X;(t) = Mg ;(t)/Mg(t) is the abundance by mass of the i-th chemical element,
defined such that ) . X;(t) = 1, and M,(t) is the total gas mass in the galaxy at
time ¢t. In our models, we assume the stellar lifetimes of Padovani & Matteucci
(1993).

We assume a star formation law of the form SFR(t) = vM,(t), with v being
the star formation efficiency (SFE), a free parameter of our models.

The term R;(t) in equation 7.2 represents the rate at which stars return the
i-th chemical element back to the ISM at their death. This term subsumes all
our prescriptions about the stellar yields as well as the assumptions concerning
SN progenitors. In particular, for Type Ia SNe, we assume the ‘single degenerate
scenario’ with the same prescriptions as in Matteucci (2001,7, 2012), however the
details of the treatment of Type Ia SNe are largely irrelevant to this work, since
they only have a very minor effect in the enrichment of oxygen and nitrogen.
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7.4.2 The infall rate

In our model, the galaxy is assumed to assemble by means of accretion of gas from
an external reservoir into the potential well of an underlying dark matter (DM)
halo.

The gas infall rate, ®;(¢), follows an exponential form with time given by

X Mipge™ /™m0 ta _
2ilt) = — (= et} W1th; /O O, (t)dt = Miye, (7.3)

where ¢ is the age of the galaxy and Xij,¢; is the abundance by mass of the i-th
chemical element in the infalling gas (Miy,¢), whose chemical composition is assumed
to be primordial.

7.4.3 The outflow model

In equation 7.2 the outflow rate is modelled by ¥,(t) = w; SFR(t), where w; is
the so-called mass loading factor. Observations generally suggest that star-forming
galaxies experience time-averaged outflow loading factors of order unity (Lilly et
al., 2013; Peng et al., 2015; Belfiore et al., 2015; Lu et al., 2015) at stellar masses
around log(M, /Mg) ~ 10, close to the knee of the luminosity function. It is,
however, likely that less massive galaxies experience much higher loading factors.

In this work, we assume the galactic wind to be differential; namely, the outflow
carries only the main nucleosynthetic products of core-collapse SNe (mainly a-
elements), for which w; is a constant value. For chemical elements such as nitrogen
and carbon, which have a very minor contribution from SNe, we assume a null mass
loading factor, i.e. w; = 0. We recall here that the assumption of a differential
outflow is justified by the fact that massive stars (the progenitors of core-collapse
SNe and the most important oxygen producers in the Universe) are observed to be
highly clustered and so, as they explode, they create a region of the ISM in which
the filling factor closely approaches to unity (see Marconi et al. 1994; Recchi et al.
2001).

Interestingly, the first works suggesting a differential metal-enhanced galac-
tic wind in the context of the study of chemical evolution of galaxies were those
of Pilyugin (1993) and Marconi et al. (1994), which addressed also the issue of
explaining the (N/O) vs. (O/H) abundance pattern observed in dwarf irregular
galaxies (see Recchi et al. 2008 for a detailed study and references). We are aware
that our assumption of a differential galactic wind is highly uncertain and it does
not rely on firm theoretical and observational findings.

Following the formalism of Bradamante et al. (1998), the time for the onset
of the galactic outflow is calculated by requiring the thermal energy of the gas
(supplied by SNe and stellar winds to the galaxy ISM) to be larger than the binding
energy of the gas to the galaxy potential well.

7.4.4 Summary of the stellar yields for O and N

In this work we assume for oxygen and nitrogen the following set of stellar yields.
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Figure 7.3: The reference chemical evolution model used in this work to reproduce the
abundance pattern in the (N/O) vs (O/H) plane (black solid line). The distribution of SDSS
galaxies is shown as a 2D histogram, with the bin size in both the (N/O) and (O/H) dimensions
being 0.025 dex, and the colour-coding represents the number of galaxies in each bin. The
changes in slope of the observed (N/O) vs (O/H) relation are linked to different physical
properties of the model. The plateau at low metallicity is due to the pure primary N production
by massive stars. The slope of the (N/O) vs (O/H) relation increases when LIMS start
dying, producing both primary and secondary nitrogen. A further steepening of the relation is
obtained after the onset of a differential galactic wind, which here is assumed to expel oxygen
preferentially.

o For massive stars, we assume the metallicity-dependent compilation of stellar
yields of Romano et al. (2010, see also Chapter 2.5 of this Thesis), in which
the nitrogen and oxygen yields have been computed by the Geneva group,
by including the combined effect of rotation and mass loss (see, for more
details, Meynet & Maeder 2002; Hirschi et al. 2005; Hirschi 2007; Ekstrém
et al. 2008). For Z < 1072 we make use of the empirically-motivated nitrogen
yield of massive stars derived in Sec. 7.3.5.

« For low- and intermediate-mass (LIM) stars, we assume the stellar yields at
the various metallicities computed by means of the ATON numerical code of
stellar evolution (see, for a detailed description, Mazzitelli 1989; Ventura et
al. 1998; Ventura & D’Antona 2009; Ventura et al. 2013). We have chosen
the Ventura et al. (2013) stellar yields because they provide separately the
primary and secondary components of the nitrogen stellar yield for a large
range of metallicities (3.0 x 107* < Z < 0.04; see the discussion in Sec 7.3.1).
Other works which also separate the two components are those of Gavilan
et al. (2005, 2006), however they span a too narrow metallicity range for the
purpose of our work.
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Figure 7.4: Chemical evolution model track in the (N/O) vs (O/H) plane. Abundances for
SDSS galaxies are shown as a 2D histogram, with the colour-coding corresponding to the
number of galaxies in each bin, with the bin size in both the (N/O) and (O/H) dimensions
being 0.025 dex. The reference model is always plotted in black solid line. In different panels
we vary different free parameters of the chemical evolution model. In panel a} we change the
infall mass Mi,¢, in panel b) the infall timescale 7i,¢, in panel ¢) the SFE v and in panel d)
the outflow loading factor w. In panel d} the dashed lines correspond to a non-differential
outflow (where both N and O are expelled with the same efficiency) while the solid lines refer
to the reference assumption of a differential outflow where N is not expelled (with wx = 0).

7.5 Modelling the SDSS data

In this section, we compare the predictions of our chemical evolution models with
the set of data discussed in Sec. 7.2 (see Fig. 7.1) focusing on reproducing the
high-metallicity regime of the (N/O) versus (O/H) diagram. We will address the
question of reproducing the low metallicity tail of the (N/O) distribution in the
next section.

7.5.1 The reference model

Given the relatively large number of free parameters in our detailed chemical evo-
lution model, we take a qualitative, staged approach. We first choose a set of
reference parameters. We then investigate the effect of changing each of them,
while keeping the other ones fixed. Our reference model assumes:

e fixed SFE v = 1.5 Gyr !,

e fixed mass loading factor w = 0.8 for oxygen,

191



Chapter 7. Nitrogen and oxygen abundances in the Local Universe

o differential galactic outflow, with w = 0.0 for nitrogen,
o infall mass log(Mi,s/Mg) = 10.25,

e infall time-scale 1, = 1 Gyr,

o Kroupa et al. (1993) IMF,

and the star formation history is assumed to be extended over all the galaxy lifetime
(i.e. we do not introduce a quenching phase). In Fig. 7.3 we plot this reference
model in the (N/O) versus (O/H) plane, together with the distribution of SDSS
galaxies. The observed (N/O) vs. (O/H) abundance pattern is shown as a density
plot, with the bin size in both the (N/O) and (O/H) dimensions being 0.025 dex;
we show only the bins which contain more than ten galaxies and the colour-coding
represents the number of galaxies within each bin.

It is remarkable to note that our simple reference model in Fig. 7.3 can well
reproduce the main features of the data. The predicted low-metallicity plateau is
the effect of our assumption of a pure primary N production by massive stars. The
increase of the (N/O) ratios from 12 4 log(O/H) ~ 8.0dex is due to the delayed
chemical feedback of LIMS, which pollute the ISM with primary and secondary
nitrogen; we will refer to this change in slope as the ‘first break point’. By definition,
the production of secondary nitrogen by LIMS increases as the metallicity increases.
Although the production of primary N is smaller than the one of secondary N (see
Fig. 1.5), the main primary N producers turns out to be, on average, less massive
and hence more long-living than the bulk of the secondary N producers. In this
way, the pollution of the ISM with primary N by LIMS mimics and amplifies the
secondary N component. At 12 + log(O/H) ~ 8.6 dex, we see in Fig. 7.3 a new
change in slope (‘second break point’), which is caused by the onset of the galactic
wind. Since we assume a differential outflow, the loss of oxygen per unit time is
more efficient than the loss of nitrogen (which is set to zero). In this way, the
accumulation of oxygen within the galaxy ISM slows down and the net effect of the
galactic wind is to steepen the (N/O) ratios as the chemical evolution proceeds.
We remark that the increase of the (N/O) ratios after the second break point is
also crucially bolstered by the larger amounts of secondary N which LIMS are able
to synthesize at higher Z.

7.5.2 Exploring the parameter space

In this Section we discuss the effect of varying the free parameters in the reference
model. In particular, we show that the main parameters influencing the shape of
the (N/O) vs (O/H) relation are the star formation efficiency, the outflow loading
factor and the assumptions regarding the differential outflow loading for N and O.
Other parameters, such as the infall mass and the infall timescale do not have a
significant effect on the abundance trends studied.

The infall mass

In Fig. 7.4a), we explore the effect of varying the infall mass, in the range defined
by log(Mins/Mg) = 9.75-11.0. The common evolution of all the galaxies before
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the onset of the galactic wind stems from the fact that all these models assume
a fixed SFE (v = 1.5 Gyr_l). The models developing the galactic wind first are
the ones with the smallest infall mass, which depart from the common track at
the lowest (O/H) abundances; in fact, such models are characterized by a lower
galaxy potential well, and hence they develop the outflow at earlier times. Overall
the infall mass in our models does not play a key role in defining the shape of the

(N/O) vs (O/H) relation.

The infall timescale

The infall time-scale regulates the rate of accretion of the gas into the system. In
particular, by fixing the values of the other parameters, models with longer infall
time-scales predict the galactic wind to develop at earlier times, since the binding
energy of the gas to the whole galaxy is lower, at any time of the galaxy evolution.
This can be appreciated by looking at Fig. 7.4b), where models assuming different
infall time-scales are compared. Before the onset of the galactic wind, all the models
evolve on the same track in the (N/O) vs. (O/H) diagram because the SFE is kept
fixed.

The star formation efficiency

The SFE (v) is a key parameter in driving the star formation history of the system
and has a complex effect on the balance of the different stellar populations that
contribute to the nitrogen and oxygen abundance in galaxies. Increasing the SFE
speeds up the production of oxygen per unit time by massive stars in the earliest
stages of the galaxy chemical evolution. Since we assume that nitrogen is synthe-
sized by massive stars as a pure primary element, the increasing of the SFE does
not affect much the (N/O) ratio in the low metallicity regime.

In Fig. 7.4c), we explore the effect of varying the SFE in the range v =
0.5 — 3Gyr~'. The first large effect in the (N/O) vs (O/H) diagram can be seen
at the first break point; in particular, the higher the SFE, the larger is the metal
content within the galaxy as first LIMS die, causing the (N/O) ratios to increase.
In conclusion, an increase of the SFE determines a wider range in metallicity of
the initial (N/O) plateau due to the chemical enrichment of massive stars. This is
a sort of application of the ‘time-delay model’(Tinsley, 1979; Greggio & Renzini,
1983; Matteucci & Greggio, 1986) to the (N/O) vs. (O/H) diagram. We remind
the reader that by time-delay model we mean the classical way of interpreting the
trend of the observed [a/Fe| vs. [Fe/H| abundance patterns in galaxies, where
key roles are played by the assumed SFE and the delayed chemical enrichment by
Type Ia SNe; in particular, the higher the SFE in galaxies, the larger is the [Fe/H]
abundance of the ISM as first Type Ia SNe explode and hence the [«/Fe| ratios
steeply decrease.

In Fig. 7.5a), we show the relations between the age of the galaxy and the
metallicity of the ISM, as predicted by our models with varying SFEs. Galaxies
with very low SFEs struggle to reach high (O/H) abundances, spending most of
their evolutionary time at low metallicities. Conversely, models with higher SFEs
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Figure 7.5: In this figure, in panel a) and b), we show how the (O/H) abundances and the
(N/O) ratios, respectively, are predicted to vary as functions of the galaxy time. The various
curves correspond to models with different star formation efficiency, with the reference model
being the blue solid line.

predict galaxies to reach the (O/H) abundances of the SDSS data at earlier times.
Once the galactic wind develops, there is an interplay between the rate of restitution
of oxygen into the galaxy ISM by dying stars and the rate of removal of oxygen
by galactic wind and star formation; this causes the (O/H) abundances to increase
more gradually with time than before the onset of the galactic wind.

In Fig. 7.5b), we show how the predicted (N/O) ratios vary as a function of
the time, when varying the SFE. In the earliest stages of the galaxy evolution, all
the models tend towards log(N/O) ~ —1.6 dex, which corresponds to the nitrogen-
to-oxygen ratio of the low metallicity plateau. As first LIMS die, the (N/O) ratio
is predicted to suddenly increase, because of the large amounts of both primary
and secondary N which LIMS are capable of synthesize. In summary, the higher
the SFE, the earlier and the higher are the metallicities (as discussed above) when
LIMS start dying, causing the (N/O) ratio to increase. The effect of the onset of
the galactic wind is less visible in this figure, and it corresponds to the gradual
change in the slope of the (N/O) vs. time relation occurring at later times.
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Figure 7.6: In this figure, we explore the effect of changing the IMF on the predicted (N/O)
vs. (O/H) diagram. The black solid curve corresponds to our reference model with the Kroupa
et al. (1993) IMF, the dashed curve in dark red to the Salpeter (1955) IMF, and the dotted
curve in blue to the Chabrier (2003) and Kroupa (2001) IMFs, which provide very similar final
results.

The outflow loading factor

Our reference model assumes a differential outflow, which carries only the nucle-
osynthetic products of core-collapse SNe (mainly a-elements) out of the galaxy
potential well. Hence the mass loading factor, w, quoted in the reference model
only refers to oxygen, since nitrogen is assumed not to be expelled. Obviously, in
reality, some nitrogen would be lost to the IGM, but here we consider its mass
loading factor to be much lower than the one of oxygen, since core-collapse SNe
are minor contributors of N in galaxies and the galactic wind (mainly triggered by
SN explosions) develops when LIMS have already heavily polluted the ISM with
nitrogen, overcoming the N enrichment from massive stars.

In Fig. 7.4d), we show the effect of almost doubling the mass loading factor on
the (N/O) vs. (O/H) abundance pattern. By definition this parameter only has an
effect after the galactic wind has started; this occurs at 12 + log(O/H) ~ 8.6 dex
in our reference model. The requirement of a differential outflow to reproduce the
observed trend of the (N/O) vs. (O/H) abundance pattern can be appreciated by
comparing the solid and dashed curves in Fig. 7.4d), corresponding to models with
differential and non-differential outflow, respectively. Concerning the model with
a differential outflow, w has the clear effect of changing the slope of the (N/O) vs
(O/H) relation at high metallicity. Importantly, even in the case of the reference
model, this slope is much steeper than unity, which is the naive prediction for
the secondary nitrogen enrichment. By looking at Eq. 7.2, the slope is crucially
determined by the balance between the loss of oxygen via galactic winds (and star
formation) and the restitution of oxygen by massive stars. If the latter exceeds the
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log(O/H) + 12

Figure 7.7: In this figure, we show chemical evolution models for dwarf galaxies. We assume
Mins = 10° Mg, varying SFEs, an infall timescale 7i,s = 0.1 Gyr and the IMF of Kroupa et al.
(1993). The grey points correspond to the SDSS galaxies with M, < 10° M, in the same
range of stellar mass as the metal-poor, star forming dwarf galaxies from Berg et al. (2012);
Izotov et al. (2012); James et al. (2015), which are represented by the data with error bars.

former, the slope is positive, otherwise it is negative. Concerning the model with a
non-differential outflow, the transition between the SF-dominated regime and the
outflow-dominated regime is smooth, since both oxygen and nitrogen are lost from
the galaxy potential well with the same efficiency w.

The IMF

In Fig. 7.6, we explore the effect of changing the IMF on the (N/O) vs. (O/H)
abundance diagram. Our reference IMF, which is Kroupa et al. (1993, the best
IMF for the MW disk; see Romano et al. 2010), hosts a large number of LIMS
and a much smaller number of massive stars than the Salpeter (1955) IMF, and it
provides the best agreement with the observed dataset among the classical IMFs
considered in this work. IMFs like Chabrier (2003) and Kroupa (2001), which are
very similar among each other, host a larger number of massive stars and hence an
enhanced oxygen-production is predicted at the early stages of galaxy evolution;
so the first break point occurs at higher metallicities when the Chabrier (2003) or
the Kroupa (2001) IMF are assumed. The main effect of the IMF is to shift the
chemical evolution tracks along the (O/H) axis. In fact, the main role of the IMF
is to assign different weights to stars in different mass ranges.
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7.6 Modelling the low metallicity tail

In this subsection, we present chemical evolution models for star forming, metal-
poor dwarf galaxies, in order to reproduce the observed low metallicity tail of the
(N/O) ratios. The data of Berg et al. (2012); Izotov et al. (2012); James et al.
(2015) clearly exhibit a plateau in the (N/O) ratios, which extends towards low
(O/H) abundances. None of the models developed in the past has been capable of
reproducing this trend (see Chiappini et al. 2005).

In Fig. 7.7, we show the predictions of models with M, = 10° Mg, Tint =
0.1 Gyr and SFEs in the range v = 0.05—5 Gyr~ !, with the purpose of reproducing
the trend of the (N/O) vs. (O/H) abundances which are observed in metal-poor star
forming dwarf galaxies (data with error bars) and in the SDSS galaxies with stellar
mass M, < 10°Mg. The other parameters are the reference ones, as described
at the beginning of Section 7.5. In these models, we assume that massive stars
produce pure primary N; our stellar yields for N are summarized in Table 7.1,
and they have been computed as a function of the metallicity, starting from the
observational constraint that metal-poor dwarf galaxies share a common nitrogen-
to-oxygen ratio which is log(N/O) ~ —1.6 dex.

The trend of the various models in Fig. 7.7 can be explained by means of
the same mechanism which has been mentioned throughout all the text: very low
SFEs cause a slow production of oxygen by massive stars; this fact allows the
ISM to be quite metal-poor when LIMS begin to highly pollute the ISM with
nitrogen. Therefore, lowering the SFEs causes the plateau of the (N/O) ratios
to be less extended in metallicity and hence the first break to occur at lower Z.
This explanation is a sort of application of the time-delay model to the (N/O) vs.
(O/H) diagram. By comparing models and data, we can obtain a good qualitative
agreement, clearly suggesting that a pure primary N production by massive stars
is needed to explain and reproduce the low-metallicity plateau.

By assuming the N stellar yields of massive stars collected by Romano et al.
(2010), which include the results of the stellar evolutionary code of the Geneva
group taking into account the effects of mass loss and rotation, all our chemical
evolution models predict a dip in the (N/O) ratios when going towards low (O/H)
abundances (see also Table 7.1), at variance with observations.

This can be appreciated by looking at Fig. 7.8, where the predictions of a
model with pure primary N production by massive stars is compared with a similar
model assuming the Geneva stellar yields for massive stars, as given in Romano et
al. (2010, their model 15). Both models assume v = 1.5 Gyr_l, M, = 10° Mg, and
Tint = 0.1 Gyr. Fig. 7.8 clearly points out the still open problem of standard stellar
nucleosynthesis calculations as well as of stellar evolutionary models to predict the
right amount of pure primary N which massive stars should provide to reproduce
the observed (N/O) plateau at very low metallicity.
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7.7 Conclusions

In this Chapter, we have presented a set of chemical evolution models with the
purpose of reproducing the (N/O) vs. (O/H) abundance pattern, as observed in
a sample of SDSS galaxies (Abazajian et al., 2009) and metal-poor, star forming
dwarf galaxies (Izotov et al., 2012; Berg et al., 2012; James et al., 2015). Our
collection of data spans a wide metallicity range (7.1dex < log(O/H) + 12 <
8.9 dex), enabling us to recover the trend of the observed (N/O) vs. (O/H) relation
with a precision never reached before. At very low metallicity, the data clearly
demonstrate the existence of a plateau in the (N/O) ratio, followed by an increase
of this ratio which steepens as the metallicity increases. We summarize our main
conclusions in what follows.
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The low metallicity plateau in the nitrogen-to-oxygen ratio represents the
imprint of pure primary N from massive stars, as originally suggested by
Matteucci (1986). Such plateau is also observed all over the metallicity
range of MW halo stars and in low metallicity DLAs. From a theoretical
point of view, standard nucleosynthesis calculations have shown that the ro-
tational mixing in very-metal poor massive stars can allow a pure primary
N production (see Maeder & Meynet 2000, and subsequent papers from the
Geneva group); nevertheless, as the metallicity becomes Z > 1078, massive
stars resume producing only secondary N. This still represents an open prob-
lem in stellar nucleosynthesis calculations, since all the chemical evolution
models with the current stellar yields of massive stars, including standard
mass loss and rotation, predict a “dip” in the (N/O) ratios for Z > 1078, at
variance with observations (see, for example, Chiappini et al. 2005; Romano
et al. 2010).

We have computed the primary N stellar yields of massive stars which are
needed, as functions of the metallicity, to reproduce the observational con-
straint suggesting that log(N/O) ~ —1.6dex in metal-poor, star forming
dwarf galaxies. Our results are given in the last column of Table 7.1. In this
way, we have been able to reproduce the observed flat trend of the data.

A fundamental aspect to take into account for explaining the trend of the
observed (N/O) vs. (O/H) abundance pattern is the time-delay with which
LIMS start enriching the ISM with both primary and secondary N. In fact,
before the first LIMS die, massive stars are the only nitrogen and oxygen
producers in galaxies. When LIMS start dying, the N abundance within the
galaxy ISM steeply increases. Since the stellar yields of the secondary N
component by LIMS increase with metallicity, then the (N/O) ratios contin-
uously grow as a function of the (O/H) abundance.

The range in metallicity of the initial (N/O) plateau in the (N/O) vs. (O/H)
abundance diagram is determined by the SFE; in particular, the higher the
SFE, the larger is the extension in metallicity of the plateau. In fact, the
SFE is the main parameter driving the rate of metal production from massive
stars, hence regulating the metallicity of the system when LIMS begin to
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= = = Model with the Geneva stellar yields
Model with primary N by massive stars

7.0 7.5 8.‘0 8.5 9.0
log(O/H) + 12

Figure 7.8: In this figure, we compare the predictions of a model with pure primary N
production by massive stars with a similar model assuming the Geneva stellar yields for massive
stars, as given in Romano et al. (2010, their model 15). Both models assume v = 1.5 Gyr_l,
Mins = 10° Mg and 7ips = 0.1 Gyr. The data are same as in Fig. 7.7.

heavily pollute the ISM with nitrogen. Therefore, if the SFE is high, the
change in slope of the (N/O) ratio occurs at higher metallicity than in the
case with low SFE. This is a consequence of the so-called time-delay model
on the (N/O) vs. (O/H) diagram. In conclusion, the position of the galaxies
along the observed (N/O) vs. (O/H) sequence is mostly determined by the
SFE.

e Only by assuming differential galactic winds, removing exclusively chemical
elements produced in core-collapse SNe, we have been able to reproduce the
steep increasing trend of (N/O) ratios at high metallicity. Nevertheless, the
larger amounts of secondary N provided by LIMS as the metallicity increases
is necessary to reach the high observed (N/O) ratios at high metallicity. In
our reference model, we have assumed a mass loading factor of the order
of the unity; the variation of this parameter crucially determines the slope
with which the (N/O) ratios are observed to increase at high metallicity. On
the other hand, all our models with normal galactic wind — in which all the
chemical elements are carried out of the galaxy potential well with the same
efficiency — fail in explaining the observed trend of the (N/O) vs. (O/H)
abundance pattern.

e The role of the IMF consists in giving different weights to stars as functions
of their mass, when the star formation process takes place. If the IMF is
rich in massive stars, then an enhanced O production is predicted (see also
Vincenzo et al. 2016), letting the (N/O) ratios start to increase at high

(O/H) abundances. So the main effect of the IMF is to shift the (N/O) vs.
(O/H) relations over the (O/H) axis. Our chemical evolution models with
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the Kroupa et al. (1993) IMF provide the best agreement with the observed
dataset.
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Characterizing the local population of
star-forming and passive galaxies with
analytical models of chemical evolution

8.1 Introduction

In this Chapter, we present the results of the analytical chemical evolution model,
which we have presented in Chapter 2.4; in particular, this model assumes a de-
caying exponential infall rate of gas as a function of time and, in Chapter 2.4, we
have shown that analytical solutions for the evolution of the galaxy metallicity, gas
mass and total mass can be found under this assumption. Here we apply this new
analytical model to investigate and explain the observed mass-metallicity relation
(MZ relation, hereafter), as derived in a sample of galaxies from the Sloan Digital
Sky Survey (SDSS) by Peng et al. (2015).

We extend and update the methods and the results obtained by Spitoni et
al. (2010), which reproduced the observed MZ relation in 27730 local SDSS star-
forming galaxies (Kewley & Ellison, 2008) with an analytical model of chemical
evolution. In particular, we aim at characterizing the two distinct MZ relations,
which Peng et al. (2015) derived for the local actively star forming (we refer to them
as star-forming) galaxies and the passively evolving (passive) ones. Such a tight
relation between the stellar mass and the gas-phase metallicity, as displayed by a
large sample of galaxies like the one provided by the SDSS, can be used to constrain
the various fundamental parameters playing a role in any galaxy formation theory,
such as the infall time scale, wind loading factor parameters, infall mass values,
and the star formation efficiencies.
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Chapter 8. Characterizing the local population of star-forming and
passive galaxies with analytical models of chemical evolution

On the one hand, the analytical model of Spitoni et al. (2010) assumed both
the gas outflow rate and the gas infall rate to be directly proportional to the galaxy
SFR; when making this simplifying assumption, one can find that the analytical
solution for the metallicity of the system does not explicitly depend upon the time
variable, which indeed turns out to be hidden in the galaxy gas mass fraction
entering in the equations (see also Chapter 2.3). Also Kudritzki et al. (2015)
assumed constant ratios of galactic wind mass-loss and accretion mass gain to
star formation rate (SFR) in the instantaneous recycling approximation (IRA); in
particular, they investigated the radially averaged metallicity distribution of the
interstellar medium of a sample of 20 local star-forming disc galaxies by means of
analytical chemical evolution model.

On the other hand, in this work, the analytical solutions for the evolution of the
galaxy metallicity explicitly depends upon the time variable; this fact will allow us
to give also an estimate for the age of the galaxies and characterize them in terms
of their infall time-scale.

Mannucci et al. (2010) added a further dimension to the observed MZ relation
of local galaxies; in particular, they found that local galaxies place themselves on
a tight surface in the 3D space defined by gas phase metallicity, star formation
rate and stellar mass, with a small residual dispersion of about 0.05dex and hence
showing an underlying “fundamental” relation. In this work, we test whether our
new analytical model is able to recover a similar fundamental relation for the local
population of passive and star-forming galaxies.

This Chapter is organized as follows. In Section 8.2 we discuss the observed
MZ relation in the population of local passive and star-forming galaxies by Peng
et al. (2015) and present the method we employ to reproduce it. In Section 8.3, we
summarize the analytical solutions for the galaxy metallicity, gas mass and total
mass of our analytical chemical evolution model; in this Section, we present the
methods used to reproduce the MZ relation. In Section 8.4 we report our results
and, in Section 8.5, we discuss whether the population of galaxies drawn by our
analytical model follow the fundamental relation of Mannucci et al. (2010). Finally,
our conclusions are drawn in Section 8.6.

We remind the reader that all the results of this Chapter have been published
in Spitoni, Vincenzo & Matteucci (2017).

8.2 The MZ relation of the SDSS sample of star-
forming and passive galaxies

By analyzing a sample of local galaxies from SDSS data, Peng et al. (2015) were able
to disentangle the local population of actively star-forming and gas-rich galaxies
from the passive and gas-poor ones. In Fig. 8.1 we report the data by Peng et al.
(2015), showing that these two populations of galaxies present distinct relations in
the MZ plane, with the passive galaxies having on average larger stellar metallicities
than the star-forming ones.

For a given stellar mass, there is a gap in metallicity between the two galaxy
populations, which is observed to diminish as the stellar mass increases. At M, ~
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8.2. The MZ relation of the SDSS sample of star-forming and passive
galaxies

Table 8.1: Principal characteristics of the computed “passive” and “star-forming” galaxies.
In each column is indicated the range spanned by the values related of the infall time scale
T, the ages of the computed local galaxies, the wind parameter A and the infall mass Miy¢.
Moreover, the range the values at which the 75% of galaxies are found is presented. Results
are also indicated for two different IMFs: a Chabrier (2003) and Salpeter (1955).

Results: Properties of local star-forming and passive galazies

Salpeter (1955) Chabrier (2003)

Passive Galaxies  Star-Forming galaxies Passive Galaxies Star-Forming galaxies

Range 75 % Range 75 % Range 75 % Range 75 %

Infall time-scale 7 [Gyr] 0.07—-48 <18 0.07-78 <6 0.07 — 4.2 <24 007-78 < 6.6
Age [Gyr] 1.8-13.1 <96 0—4.8 <24 0.6 —-131 <10.2 0-3 <18
Wind parameter A 0—-1.5 <09 0—-5.8 <225 06—-3 <22 0.6 —10.2 <53

Infall Mass log(Mins[Mg)) 9.5—-11.5 <105 101-11.5 <1143 102-11.8 <109 10.8—125 <12.05

101 My and beyond, star-forming and passive galaxies share almost the same
average stellar metallicities. In Fig. 8.1 we also show the fits of the passive and
star-forming sequences by means of third order polynomial functions that we will
use in this paper.

In order to explain the observed MZ relation of the star-forming and passive
galaxy populations in the SDSS data, Peng et al. (2015) suggested that galaxies
ceased to accrete gas from the outside and kept forming stars only by exhausting
the remaining available cold gas reservoir within their potential well. In this way,
as soon as the galaxy is “strangulated” and stops accreting gas, the concentration
of metals in the galaxy can steeply increase and similarly the metallicity of all the
subsequent stellar generations. The average time needed for star-forming galaxies
to reach the high metallicity stripe of passive galaxies in the MZ relation is predicted
by Peng et al. (2015) to be of the order of ~ 4 Gyr.

Here we do not invoke any a priori “strangulation” scenario and aim at repro-
ducing the two observed sequences of star-forming and passive galaxies by using
our new analytical model with an “exponential” infall law and by varying the im-
portant parameters of galaxy evolution. In particular, we characterize the local
SDSS galaxies in terms of their age, infall time-scale of formation, infall mass and
wind parameter.
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Observational data by Peng et al. (2015)
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Figure 8.1: The observed uncertanties of the MZ relations for star-forming and passive
galaxies by Peng et al. (2015) are reported with blue lines. We show with orange lines the
third order polynomial fits for the passive and star-forming galaxies adopted in this work.

8.2.1 Summary of the analytical solutions

8.3 In this Section, we briefly summarize the analytical solutions for the system of
differential equations, characterizing the chemical evolution of galaxies under the
IRA approximation and the assumption of a decaying exponential infall of gas; this
system of equations is the following one:

Mtot(t) = Ae_t/T — )\w(t)
Mgas(t) = — (1 — R)y(t) + Ae 7 — Mip(t) (8.1)
Mz(t) = (= Z(t) +y.) (1 = R)(t) — AZ(t)p(t) + ZintAe /T

where Mo, and Mg,s are the total mass and gas mass of the galaxy, respectively;
Z = My /Mgas represents the gas metallicity of the system and Zi,¢ the metallicity
of the infalling gas. The total stellar mass of the system can be retrieved by means
of the following formula: M, (t) = Mot (t) — Mgas(t).

We assume for equation (8.1) the following initial conditions:

o At t = 0, we assume M;io(0) = Mgas(0) < Mine. For the integration of
equation (8.1), an initial gas mass different from zero is required; we consider
it as negligible with respect to the infall mass.

e The metallicity of the gas infall is constant: Zj s = 0;

o The metallicity of the galaxy is primordial at the formation of the galaxy:
Z(0) = Zins = 0.
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8.3. Methods

The solution for the gas mass is:

A [e‘t/7+°‘t — 1} T

at —1

Mgas(t) =e ( + Mgas(0)> ) (8.2)

the solution for the total galaxy mass (Mgas(t) + M, (t)) is given by the following
formula:

Mot (t) = Mgas(0) = (Xe™ " +1—R) +

Ll\n

—t/7 _ —at
(1 — R)AT —Are VT 4 § )\AT(TQG ¢ ) ;
o (aT — 1)

_|_

finally, the solution for the galaxy gas-phase metallicity is:

:yzS(l—R)x
ar —1

Z(t)

y Mgas(o)t(OZT — ]_)2 + AT [t — 7—(1 + Oét) + Teatft/r]
AT(eat—t/T — 1) + MgaS(O) (047' — 1)

In the previous equations, we have defined the parameter « as follows:
a=(1+X—R)S, (8.3)

where § is the star formation efficiency, with units Gyr~', R is the return mass
fraction and A is the mass loading factor. In our model, we assume that the SFR
is directly proportional to the galaxy gas mass through the S parameter (linear
Schmidt-Kennicutt law); finally, we assume that the outflow rate is proportional
to the SFR through the A parameter.

8.3 Methods

For the MZ relation, Peng et al. (2015) make use of the average stellar metallicity,
Z,(t); we recover this quantity from our models by averaging the gas metallicity of
each galaxy in the following way:

(2.0 = 22OV
Jo e o)

where the metallicity of the various galaxy stellar populations is weighted with the
total number of stars formed with that metallicity (the latter quantity is directly
proportional to the SFR). This expression represents the so-called mass-weighted
average metallicity of all the stellar populations ever born in the galaxy (see Pagel
1997).
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Chapter 8. Characterizing the local population of star-forming and
passive galaxies with analytical models of chemical evolution

8.3.1 Passive galaxies

In order to define a galaxy as “passive”, we adopt the following criterium introduced
by Fossati et al. (2015), which takes into account the galaxy specific star formation
rate (sSFR), i.e. the star formation rate per unit galaxy stellar mass:

b
SSFRpass < 1 (8.5)

where b is the birthrate parameter b = SFR/ (SFR) as defined by Sandage (1986),
and t, is the age of the Universe at redshift z. As done in Fossati et al. (2015), we
assume the value proposed by Franx et al. (2008): b= 0.3.

Since the SDSS sample of galaxies considered by Peng et al. (2015) has an

average redshift (z) = 0.05, the passive galaxy population is characterized by
SSFRpass < 2.29 X 10~ Hyr=t,

8.3.2 Star-Forming galaxies

For star-forming galaxies, we adopt the following scaling relation between pu, and
M, found by Boselli et al. (2014) for a sample of the Herschel Reference Survey:
SDSS galaxies:

log(us) = —0.741log (M, /Mg) + 7.03, (8.6)

where p, is the ratio between Mgy,s and M,: p, = Myqs /M,. Molecular gas
masses are estimated from the H-band luminosity-dependent conversion factor of
Boselli et al. (2002), while the galaxy stellar masses are derived from the galaxy
i-band luminosities, by assuming a Chabrier (2003) IMF and using the g — i color-
dependent stellar mass-to-light ratio relation from Zibetti et al. (2009).

A further scaling relation found by Boselli et al. (2014) is the following one
between the typical galaxy gas depletion time scale, Tgas, and the galaxy stellar
mass:

log(7gas) = —0.73log(M, /Mg) + 16.75. (8.7)

With Tgas = Mgas/SFR is defined as the inverse of our SFE, namely 74,5 = 1/S5.
From equation (8.7), galaxies with larger stellar mass would consume their available
gas mass on shorter and shorter typical time scales if only star formation activity
were taking place in the galaxy; this means that larger galaxies are expected to
experience, on average, higher SFEs (see Matteucci 2012). In our work, we adopt
equation (8.7) to constrain the galaxy SFE (which is kept fixed during the galaxy
evolution), given an initial value for the galaxy infall mass, Miys.

8.3.3 Summary of the free parameters and constraints

The free parameters entering in the analytical solutions of our chemical evolution
model are the following:

e the infall time-scale 7;

e the infall mass Mi,¢;
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8.3. Methods

o the wind parameter A.

We create a set of chemical evolution models, by varying the aforementioned free
parameters with a very fine resolution. The assumed infall time-scale 7 spans the
range between 0.1 and 8 Gyr, with a resolution of the grid values of A7=0.05 Gyr.
The wind parameter A is defined between 0 and 10, with a resolution of AA=0.5.
The infall masses are in the range between 10%-° and 10'2-5 M.

The SFE is determined by means of equation (8.7), where M, is replaced with
Mins. Indeed, we cannot vary the SFE of the galaxy according to its stellar mass,
since the system of equation (8.1) is solved by keeping constant the SFE.

The observational constraints that we assume to characterize the star-forming
and passive populations of galaxies in the SDSS sample of Peng et al. (2015) are
the following.

e Our models for passive and star-forming galaxies have average stellar metal-
licities defined such that
|10g(Z s mod) — 10g(Zx obs)| < 0.001dex, where Z, o4 are computed with
equation (8.4) and Z, ons are the stellar metallicities obtained with the fit
reported in Fig 8.1 for the observed values by Peng et al. (2015).

o Our models for star-forming galaxies have |t mod — fx,obs| < 0.001, where
[y obs are computed by means of equation (8.6).

e Our models for passive galaxies must have sSSFR 04, passive < 2.29% 10~ yr—t,
where sSFRy,0q is the predicted specific SFR;

e Our models for star-forming galaxies must have sSFRuod star—forming > 2.29%
107 yr=t,

In this way, we are able to select and discriminate which chemical evolution model
best represents the Peng et al. (2015) sample. We follow the chemical evolution
of our entire galaxy sample with a fixed time resolution At = 0.0065 Gyr. There
is not physical motivation behind our chosen time resolution; we remark on the
fact that we are able to predict — at each time of the galaxy evolution — the galaxy
stellar and gas mass and the metallicity of the galaxy ISM, thanks to our analytical
solutions. Hence the time resolution simply determines how fine the evolution of
the predicted galaxy properties is sampled with our analytical solutions. The ages
of allstar-forming and passive galaxies are defined as the galactic time when all the
observational constraints for a given population are fulfilled.

As stressed before, we study the case of primordial infall of gas (i.e. Zins = 0).
Although Lehner et al. (2013) studying the circumgalactic medium of galaxies
recently demonstrated the presence of metal enriched infalls, previous papers (Tosi
1988; Matteucci 2012) have already shown that an infall enriched with metallicity
Z <0.4 Zg does not produce differences in the evolution of the solar neighborhood.
Moreover, assuming an infall with metallicity larger than 0.4 Z, requires very
specific situations. Recently, in Spitoni, Vincenzo & Matteucci (2017) we consider
the effects of an enriched infall of gas with the same chemical abundances as the
matter ejected and/or stripped from dwarf satellites of the Milky Way on the
chemical evolution of the Galactic halo. We found that a-elements are only slightly
affected by such an enriched infall of gas.
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Figure 8.2: Upper panels: The MZ relation by Peng et al. (2015) (fitted by third order
polynomial functions shown in Fig. 8.1) for passive and star forming galaxies. We reproduce
it using the new analytical solution presented in this paper varying different parameter models.
In this figure we focus on the time scale parameter 7, and the color code indicates different
7 values of the computed galaxies which reside along the MZ relations. In the left panel we
adopt a Chabrier (2003) IMF, whereas in the right one the Salpeter (1955) one. Lower panels:
The distribution of the predicted passive galaxies (red histogram) and star-forming galaxies
(blue histogram) which reproduced the MZ relation in terms of the time-scale parameter 7
with a Chabrier (2003) IMF (left panel) and a Salpeter (1955) IMF (right panel).

8.4 Results

In this Section we present our results concerning the characterization of the local
passive and star-forming galaxies of the SDSS sample of Peng et al. (2015), by
making use of the new analytical solutions presented in Section 8.2.1 in presence
of an exponential infall of gas. We remark on the fact that we select the best
chemical evolution models characterizing the SDSS sample of Peng et al. (2015),
by imposing the set of constraints presented in the previous Section 8.3.3 and by
varying all the free parameters simultaneously.

In Table 8.1, we summarize the main results of our work. We report the range
of values spanned by the main free parameters of our models in order to reproduce
the observed MZ relation of the local star-forming and passive galaxies. For each
parameter we also report the value within which 75 per cent of the galaxies are
expected to reside. We show in the table our results for both the Salpeter (1955)
and the Chabrier (2003) IMFs. A fundamental quantity which we can predict
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Figure 8.3: Upper panels: As in Fig. 8.2 but here, the color code indicates different ages
of the galaxies which reproduce the MZ relations. Lower panels: The distribution of the
predicted passive galaxies (red histogram) and star-forming galaxies (blue histogram) which
reproduced the MZ relation in terms of the age of galaxies. In the left panel we adopt a
Chabrier (2003) IMF, whereas in the right one the Salpeter (1955) one.

is the age distribution of the passive and star-forming galaxy SDSS population,
corresponding to the second row in the table.

In this work we assume that galaxies can form at different times, and by age
we mean the galaxy evolutionary time, namely the difference between the time
corresponding to redshift z = (0.05) and the formation epoch.

In order to visualize better our results, in Figs. 8.2, 8.3, 8.4 and 8.5 we show
how local star-forming and passive galaxies are expected to distribute in the MZ
relation (upper panels) and in relative number (lower panels), for different values
of the infall time scale, age, wind parameter and infall mass, respectively. In the
lower panels of the Figures we indicate as N/Ny, the ratio between the number
of the computed star-forming (or passive) galaxies in the considered bins of infall
time-scale, age, wind parameter and infall mass values over the total number of the
computed star-forming (passive) galaxies. The plots on the left correspond to our
results with a Chabrier (2003) IMF, while on the right we show our results with a
Salpeter (1955) IMF.

By looking at Fig. 8.2, our models for the local passive galaxies are character-
ized by shorter typical formation time scales than the star-forming ones. This is
mainly due to the requirement of very low sSFRs for these galaxies at the present
time. Therefore, they had the time to consume or remove most of their total infall
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Figure 8.4: Upper panels: As in Fig. 8.2 but here, the color code indicates different wind
parameter \ of the galaxies which reproduce the MZ relations. Lower panels: The distribution
of the predicted passive galaxies (red histogram) and star-forming galaxies (blue histogram)
which reproduced the MZ relation in terms of wind parameter A of galaxies. In the left panel
we adopt a Chabrier (2003) IMF, whereas in the right one the Salpeter (1955) one.

gas mass through the star formation activity or galactic wind. The short typical
formation time scales also enhance the star formation activity and hence the metal
production in the earliest epochs of the galaxy evolution. According to the predic-
tions of our models, local passive galaxies are undergoing at the present time the
declining, fading phase of their SFR evolution.

In our analytical model of chemical evolution, the IMF only enters in the calcu-
lation of the yield of metals per stellar generation and the returned mass fraction.
Top-heavy IMFs determine larger yields of metals per stellar generation and hence
a more effective chemical enrichment of the galaxy ISM, fixed all the other model
parameters. Therefore, passive galaxies with a top-heavy IMF which reach their
relatively high observed stellar metallicity —on average— are characterized by longer
time-scales of formation (a SFR less intensive at early times). We find that, when
assuming Salpeter (1955) IMF, the distribution of the formation time-scales of pas-
sive galaxies turns out to be narrower than when assuming a Chabrier (2003) IMF,
which contains a larger number of massive stars. We find that almost 75 per cent
of all passive galaxies are expected to assemble on 7 < 1.8 Gyr with a Salpeter
(1955) IMF, while 7 < 2.4 Gyr with a Chabrier (2003) IMF (see also Table 8.1).

In Fig. 8.3, we show the results of our models for the age distribution of local
galaxies. Our main result is that passive galaxies are — on average — much older
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Figure 8.5: Upper panels: As in Fig. 8.2 but here, the color code indicates different infall
mass M, ¢ of the galaxies which reproduce the MZ relations. Lower panels: The distribution
of the predicted passive galaxies (red histogram) and star-forming galaxies (blue histogram)
which reproduced the MZ relation in terms of infall mass M;, ¢ of galaxies. In the left panel
we adopt a Chabrier (2003) IMF, whereas in the right one the Salpeter (1955) one;

than the star-forming ones. In fact, as aforementioned, the passive galaxies need a
longer evolution in order to exhaust their total reservoir of gas, and to be observed
as quiescent objects at the present time.

In the case of star-forming galaxies the larger mass star-forming galaxies show
generally older ages and longer typical formation time-scales compared with the
smaller mass star-forming galaxies.

To reach their higher observed stellar metallicities with respect to the less
massive ones, the more massive galaxies must be older. On the other hand, longer
formation time scales can ensure more massive galaxies to be still observed as star
forming at the present time, since large amounts of gas may be still available for
star formation at later epochs.

Peng et al. (2015) were able to derive also luminosity-weighted stellar ages for
their galaxy sample. Their main finding is that passive galaxies are — on average —
about 4 Gyr older than the star-forming ones, with this difference remaining almost
constant when considering different bins for the galaxy stellar mass.

Considering the difference between the median age values of our computed
star-forming and passive galaxies we find that our results are in agreement with
the data by Peng et al. (2015). Indeed, with the Chabrier (2003) IMF, we find
that the median stellar ages for star-forming and passive galaxy are 0.9 Gyr and
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5.1 Gyr, respectively; therefore the Aage = 4.2Gyr. We find a larger difference
between the median ages adopting the Salpeter (1955) IMF, indeed in this case the
median stellar ages for star-forming and passive galaxy are 2.1 Gyr and 7.5 Gyr,
respectively; therefore A age = 5.4 Gyr.

Models of galaxies with a top-heavy IMF, because of the chemical enrichemnt
driven by a larger number of massive stars, are expected to need less time to reach
their relatively high observed stellar metallicity; in fact the minimum age we found
for passive galaxies with the Chabrier (2003) IMF is 0.6 Gyr, much lower than the
value we found using the Salpeter (1955) IMF (1.8 Gyr).

In Fig. 8.4, we present our results for the distribution of the wind parameter, A,
associated to our best models for the star-forming and passive galaxy populations
of the SDSS sample of Peng et al. (2015). According to our results, the population
of galaxies which suffer more prominent wind episodes is given by the star forming
ones. In order to reproduce the observed average stellar metallicity of star-forming
galaxies at smaller stellar mass, stronger winds are needed. On the other hand,
the wind parameters, ), is predicted to decrease when going towards star-forming
galactic systems with larger stellar mass. In summary, the observed MZ relation
can be well reproduced by assuming a variable mass loading factor, which increases
when passing from more to less massive galactic systems. This conclusion has been
discussed by several authors in the past (see, for example, Spitoni et al. 2010, and
references therein). This correlation between the mass loading factor, A, and the
galaxy stellar mass is also valid for passive galaxies, although the galactic winds
for these systems is predicted to be much weaker than for the star-forming ones.

Also the IMF choice can affect the typical values of the wind parameter which
best reproduce the observed MZ relation. Our best models for low mass and metal-
poor star-forming galaxies with a Salpeter (1955) IMF require weaker galactic winds
than similar models with a Chabrier (2003) IMF, which predict a faster and hence
more effective chemical enrichment of the galaxy ISM. By looking at Table 8.1 and
Fig. 8.4, the distribution of the wind parameters for star-forming galaxies with
a Salpeter (1955) IMF span the range 0 < A < 5.8, and the 75 per cent of star-
forming galaxies are expected to have A\ < 2.25, while the models of star-forming
galaxies with a Chabrier (2003) IMF span the range 0.6 < A < 10.2, and and the
75 per cent of star-forming galaxies are expected to have A < 5.3.

We remark on the fact that we are able to find models capable of fitting the
data also when the galactic winds are included, at variance with the results of Peng
et al. (2015), which had to suppress the galactic outflows from all their models to
reproduce the observed MZ relation.

In Fig. 8.5, we show our results for the distribution of the infall mass of our best
models for the local population of star-forming and passive galaxies. We find that
passive galaxies are characterized by smaller infall masses than the star-forming
ones. indeed, passive galaxies in the Local Universe must be characterized by very
low sSFRs, which can be obtained — in the framework of our analytical model with
an exponential infall of gas — by assuming small infall gas masses together with
short typical time-scales (as we discussed above for the passive population). In this
way, nearly most of the infall gas mass is converted into stars at the later epochs
of the galaxy evolution. Typical values of the infall mass of our best models for
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Figure 8.6: Upper panels: Simulated “passive” and “star-forming” galaxies which are able
to reproduce the MZ relations of Peng et al. (2015) in the 3D plot to test a more general
relation between stellar M., average stellar metallicity Z and the SFR using a Chabrier (2003)
IMF (left panel) and a Salpeter one (right panel). Lower panels: The 2D projection in the
M..- SFR plane.

the passive and star-forming galaxies can be found in Table 8.1.

The results for the infall mass distribution of the local population of star-
forming and passive galaxies are strongly affected by the adopted IMF. Indeed,
larger infall masses are requested with a Chabrier (2003) IMF. We recall here that
we are assuming a primordial infall of gas. Because a top-heavy IMF leads to a
more efficient chemical enrichment than a Salpeter (1955) one, a larger dilution of
metals and therefore larger infall masses are requested to obtain the observed MZ
relation.

8.5 The predicted Fundamental Relation of the local
star-forming and passive galaxies

In this Section, we analyze the correlations which local galaxies are predicted to
show by our chemical evolution model in the 3D space defined by stellar mass, gas-
phase metallicity and SFR. Mannucci et al. (2010) showed that local galaxies lie on
a tight surface in such a space and named the resulting correlation as “fundamental
relation” implying that it is valid at all redshifts.

Since we do not possess gas-phase metallicities for the passive galaxies in the
sample of Peng et al. (2015), we use the average galaxy stellar metallicity instead
of the gas-phase metallicity to study the MZ relation. Usually the gas metallicity
turns out to be larger than the stellar one for evolved galactic systems. Our results
are shown in Fig. 8.6, where we show that local star-forming and passive galaxies
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Figure 8.7: The stellar metallicity as a function of the star formation rate for the computed
“star-forming” and “passive” galaxies. The color code indicates the stellar mass. In the upper
panel model results with a Salpeter (1955) IMF are drawn in the Lower panel a Chabrier
(2003) IMF is adopted.

lie on a tight surface when considering their stellar mass, M, , mass-weighted stellar
metallicity, (Z,), and SFR. The projection of this 3D diagram onto the M,-Z, place
gives rise to the MZ relation discussed in the previous sections. By looking at the
figure, the two populations of galaxies are separated by a discontinuity, which is
due to the different metallicity distributions of star-forming and passive objects.

The discontinuity is also visible in Fig. 8.7, where we show the projection of
the predicted “fundamental relation” onto the Z,-SFR plane. In this figure, the
color-coding corresponds to the galaxy stellar mass. The local galaxy populations
are predicted to show a similar trend as the one presented by Mannucci et al.
(2010, see the right panel of their figure 1), where higher stellar masses are found
for galaxies with larger SFRs and metallicities.

8.6 Conclusions

We have developed a new analytical model of chemical evolution, in which an
exponential infall of gas and galactic winds are assumed. We have applied this
model to reproduce the observed MZ relation for local SDSS galaxies (Peng et al.
2015); in particular, we have characterized the populations of gas-rich and star
forming and passive (gas-poor and quiescent) galaxies, by showing how their ages,
formation time-scales, mass loading factors and infall masses must be related to
each other. Finally, we have analyzed the “fundamental relation” for these local
galaxies in the 3D space, defined by stellar mass, average stellar metallicity and
SFR. Our main conclusions can be summarized as follows.

o We assume that all galaxies form by gas accretion with an exponential law.
We find that passive galaxies are characterized by shorter typical time scales
of formation and are older objects than the star-forming ones.

e Galactic winds in star-forming galaxies are found — on average — to be
stronger than in passive galaxies. The intensity of the galactic winds de-
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pends on the adopted IMF, with the larger values of the mass loading factor
corresponding to top-heavy IMFs. This is a consequence of the fact that
top-heavy IMFs lead to a more efficient metal enrichment of the galaxy ISM
than bottom-heavy IMFs.

o The observed MZ relation of Peng et al. (2015) can be reproduced by our
models without invoking any strangulation effects. This is due to the fact
that the assumption of an exponential infall of gas, coupled also to galactic
winds, naturally reduces the gas accretion after the assumed infall time scale,
hence mimicking the effect of strangulation. Nevertheless, we conclude that
strangulation is not the main physical mechanism driving the transition of
galaxies towards the passive evolution.

o We have shown that our models for star-forming and passive galaxies imply
that they obey to the so-called “fundamental relation” of Mannucci et al.
(2010), which a is more general relation between stellar mass, metallicity
and SFR. We remind the reader that the fundamental relation of Mannucci
et al. (2010) adopts the gas-phase metallicity, but we find that it is still valid
when adopting the average galaxy stellar metallicity (M, - SFR - Z,).
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Concluding remarks
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Conclusions and perspectives

In this Thesis, I have shown how chemical evolution models are currently used to
study and investigate the main physical processes which determine the evolution
of the chemical elements within the interstellar medium of galaxies of different
morphological type though cosmic epochs. All my models start by assuming a
galaxy gas mass assembly history, which typically follows a decaying exponential
law with time, an initial mass function, and a set of stellar nucleosynthetic yields.
Finally, my models take into account the stellar lifetimes and assume that galaxies
are composed of a single zone within which all the chemical elements are well
mixed at any time of the galaxy evolution. By making these assumptions, I have
developed chemical evolution models to characterize the classical and ultra-faint
dwarf spheroidal galaxies, satellites of the Milky Way, and to reproduce the oxygen
and nitrogen abundances, as inferred in a sample of star forming galaxies in the
Local Universe by the Sloan Digital Sky Survey.

I have shown what is the effect of varying the main assumptions in the models —
namely, the gas infall history, the initial mass function, the set of stellar yields and
the prescriptions for the star formation activity and galactic outflow — to explain
the present-day physical and chemical properties of galaxies.

I have tried to give an answer to the following scientific questions, which have
been triggered by observations:

e How did classical and ultra-faint dwarf spheroidal galaxies evolve,
by looking at their present-day physical and chemical properties?
The observed chemical abundance patterns — as well as the present-day stel-
lar and gas mass, and the metallicity distribution function — require that
the Milky Way dwarf spheroidal galaxy satellites evolved with low typical
efficiencies of star formation and were characterized by strong galactic out-
flows, which were also favored by the shallow potential wells of these systems.
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These characteristics are even more marked in the ultra-faint dwarfs.

At extremely low metallicities, all galaxies share a common [« /Fe]-plateau,
which is determined by the cumulative effect of massive stars, exploding
as core-collapse Supernovae and producing both a-elements and iron; in
particular, the effect of massive stars is expected to be the same everywhere,
regardless the galaxy morphological type.

As the metallicity slightly increases, the [o/Fe] ratios in the dwarf spheroidal
and ultra-faint dwarf galaxies steeply decrease, at variance with the observed
[a/Fe] ratios in the Milky Way halo, which are still flat; such a decrease seems
to occur at lower [Fe/H| abundances in systems with lower dynamical mass.
Therefore, at low metallicities, ultra-faint dwarfs exhibit lower [a/Fe| ratios
than the more massive dwarf spheroidals.

The different [Fe/H]-[a/Fe| relations in the Milky Way halo and its dwarf
galaxy satellites can be explained as mainly due to star formation efficiencies
in the dwarf spheroidal galaxies, which are roughly one order of magnitude
lower (vaspn ~ 0.1 Gyr™ ') than the typical star formation efficiency in the
Milky Way halo (vyw ~ 1 Gyr™!); the ultra-faint dwarfs are characterized
by even much lower star formation efficiencies (vym < 0.1Gyr_1). In par-
ticular, the decrease in the [«/Fe| ratios is determined by the large amounts
of iron deposited by Type Ia Supernovae, which explode with a wide distri-
bution of delay times from the star formation event.

If the star formation efficiency is low, then the rate of production of iron by
core-collapse Supernovae is slow and hence Type Ia Supernovae pollute an
interstellar medium which is still characterized by low [Fe/H] abundances. In
summary, lower star formation efficiencies cause the [a/Fe] ratios to decrease
at lower [Fe/H] abundances.

The shallow potential wells of the dwarf spheroidal and ultra-faint dwarf
galaxies favour the occurrence of very strong galactic winds, which efficiently
remove most of the gas within these systems and determine a steepening
of the decrease of the [a/Fe| ratios as functions of the [Fe/H] abundances.
The occurrence of strong galactic outflows also suddenly halt the galaxy star
formation activity; this fact — coupled with the low star formation efficiencies
in these systems — causes the galaxy not to build large amounts of stellar
masses; in particular, the typical stellar mass of a dwarf spheroidal galaxy is
M, asph ~ 10%-10" Mg, while the most massive ultra-faint dwarfs typically
have M, ump S 104-105 M.

To confirm the aforementioned scenario, we need more accurate spectroscopic
data for these systems, which have been very difficult to study in the past
because of the very low luminosities of their stars. Photometric metallicity
estimates are available for the most recently discovered (very low-mass) ultra-
faint dwarfs but they are not as accurate and precise as the spectroscopic
ones.

Do the actual classical and ultra-faint dwarf spheroidal galaxies,
satellites of the Milky Way, correspond to the (evolved) building



blocks of the Galaxy stellar halo? The chemical abundances of the a-
elements and barium in the dwarf spheroidal and ultra-faint dwarf galaxies
are systematically different than in the Milky Way halo. although the scatter
in the data is still very large to draw firm conclusions. Nevertheless, the
observed [Fe/H]-[Ba/Fe] relation might be discriminant in this sense.

The [Ba/Fe] ratios in the Milky Way halo stars are observed to increase as
functions of the [Fe/H] abundances, while they suggest a decreasing trend in
the ultra-faint dwarfs, which — incidentally — host stars as old as the Milky
Way halo stars. Both observations and our models discard the hypothesis
that the Galaxy stellar halo formed by accreting stars, gas and metals from
the actual dwarf spheroidal galaxy satellites.

Finally, the RR Lyrae in the MW halo globular clusters show peculiar pulsa-
tion properties (the so-called “Oosterhoff dicothomy”) which are not observed
when studying the RR Lyrae in the dwarf spheroidals and in the majority of
the ultra-faint dwarfs.

Is the initial mass function in the Sagittarius dwarf galaxy deficient
in the most massive stars? We have applied the so-called “integrated
galactic initial mass function theory” to the chemical evolution of Sagittarius.
This theory predicts less massive stars (the main oxygen producers) in the
regime of low star formation rates of dwarf spheroidals.

Our results suggest a truncated initial mass function in Sagittarius, causing
the [a/Fe] ratios to shift systematically towards lower values, providing a
better agreement with data, although the latter are still too uncertain to
draw firm conclusions.

The integrated galactic initial mass function has been applied in the past to
reproduce also the chemical abundance patterns in elliptical galaxies and in
the Milky Way. It naturally predicts a variation of the initial mass function as
a function of the galaxy morphological type. In particular, when passing from
early type to late type galaxy morphological types, the integrated galactic
initial mass function predicts the initial mass function to become top-heavier
(namely, more rich in massive stars), in agreement with what seems to be
suggested by observations.

Is Eu synthesized by core-collapse Supernovae, whose progenitors
were stars with lower mass than the main O-producing stars? This
question arises because the Sagittarius and the Milky Way disc stars share
similar [Eu/Fe| ratios, while they have different [O/Fe| ratios; in particular,
the [O/Fe| ratios in Sagittarius are systematically lower than the Milky Way
thick disc stars.

If the initial mass function in Sagittarius is truncated, as suggested by our
results with the Integrated Galactic Initial Mass Function (see the previous
point), then the truncation would act not only on the oxygen producers but
also on the europium producers. Since the Eu/Fe ratios in the Milky Way
and in Sagittarius are similar, we hypothesize that Eu is synthesized as an
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r-process element by core-collapse Supernovae, whose progenitors have are
lower masses than the main O producers.

We have assumed different nucleosynthesis scenarios for the Eu production
by core-collapse Supernovae, including a scenario where Eu is synthesized
by low-mass core-collapse Supernovae; none of these models was able to
reproduce at the same time the Eu and O abundances in the Sagittarius
dwarf spheroidal galaxy.

Can neutron star mergers explain the observed Eu abundances in
the Sagittarius dwarf spheroidal galaxy? We have proposed a com-
pletely alternative scenario for the Eu nucleosynthesis in a dwarf spheroidal
galaxy. In particular, we have tested whether neutron star mergers can pro-
vide the right amount of Eu to explain the observed chemical abundances in
Sagittarius. We conclude that this is the best scenario for the Eu nucleosyn-
thesis in Sagittarius.

Many uncertainties still rely in the assumptions of our models about neutron
star mergers. For example, which is the typical delay time for the coalescence
of a binary system of neutron stars? Our best model assumes a fixed delay
time 7vsm = 1 Myr. Nevertheless, we can ask whether there is a distribution
of delay times, as currently assumed to model the progenitors of Type Ia
Supernovae. Moreover, which is the typical fraction of massive stars — both
giving rise to neutron stars — which lie in binary systems? Our best model
assumes ansm = 0.02. Which is the mazimum stellar mass for the formation
of a neutron star? We assume MpaxNs = 40-50Mg. How much Eu is
synthesized by each neutron star merger event? Our best model assumes
Mgy NsMm = 10~° Mg per neutron star merger event, but more recent studies
suggest slightly larger values.

In conclusion, neutron star mergers are an intriguing mechanism for the
nucleosynthesis of r-process elements like Eu, but a lot of progress has to be
made from a theoretical point of view in the next years.

How is nitrogen produced in galaxies? Nitrogen can be synthesized
both by massive and by low- and intermediate-mass stars. On the one hand,
massive stars are the only N producers before the first low- and intermediate-
mass stars start dying. On the other hand, low- and intermediate-mass stars
are the most important N producers; they have both larger typical lifetimes
and higher weights in the initial mass function than massive stars.

From an observational point of view, galaxies in the Local Universe are ob-
served to exhibit a plateau in the (N/O) ratios at very low metallicity, which
is followed by an increase of this ratio, which steepens as the metallicity
increases.

To interpret and understand the observed behavior of the (N/O) vs. (O/H)
abundance patterns, we distinguish between two different nucleosynthetic
channels for the N production; in particular, we distinguish between “pri-
mary” and “secondary” nitrogen, according to the origin of the C and O



nuclei which are used to synthesize nitrogen in the CNO cycle of the H-
burning.

Secondary nitrogen. If the C and O nuclei were originally present in the gas
mixture at the stellar birth, then the synthesized nitrogen is secondary; the
secondary N component increases as a function of the stellar metallicity and
it is necessary to explain the high (N/O) ratios which the SDSS galaxies
exhibit at high metallicities.

Primary nitrogen. If the C and O nuclei have been synthesized by the star
itself and later destroyed to produce N, then the synthesized nitrogen is
primary. The primary N nucleosynthesis by low- and intermediate-mass
stars is predicted to occur when the “third dredge-up” during the Asymptotic
Giant Branch (AGB) phase occurs in conjunction with the so-called “hot-
bottom burning”. The invoked physical mechanism to produce primary N in
massive stars is given by the so-called “rotational mixing”; nevertheless, this
mechanism is efficient in producing primary N only at very low metallicities;
in fact, as Z > 10~%, massive stars resume producing only secondary N.

The primary N component by low- and intermediate-mass stars mimics the
behavior of a secondary N component because the main AGB primary N
producers have — on average — lower mass than the main AGB secondary N
producers; hence the main primary N producers in the low- and intermediate-
mass range typically have higher weights in the initial mass function and
longer lifetimes than the main secondary N producers in the same mass range.
In summary, the primary N production by AGB stars bolsters the observed
steepening of the (N/O) ratios at high metallicities, which — nevertheless —
is mainly determined by the secondary N nucleosynthesis.

Pure primary N by massive stars at low metallicity is necessary to explain
the observed initial plateau in the (N/O) ratios, which low-mass, blue and
diffuse dwarf galaxies clearly exhibit at low metallicities; nevertheless, none
of the existing stellar models is able to predict the right amount of primary
N by massive stars. In our models, we derive an empirical stellar yield of

primary N by massive stars to reproduce the low metallicity plateau of the
(N/O) ratios.

A further study to understand the origin of nitrogen in galaxies is to de-
velop models aimed at reproducing the observed radial profiles of the (N/O)
ratios, which are going to be released as a result of the MANGA survey.
This work of modelling is in progress at the present time. We could put
stronger constraints on how the galaxies grow in mass as a function of their
galactocentric radius and on variations of the star formation efficiency with
radius.

Do galactic winds preferentially carry the nucleosynthetic products
of core-collapse Supernovae? In order to reproduce the very steep in-
crease of the observed (N/O) ratios at high metallicities in the SDSS galaxies
a large secondary N production by low- and intermediate-mass stars is neces-
sary, together with “differential” galactic winds, which preferentially remove
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oxygen and other a-elements, namely the main nucleosynthetic products of
massive stars.

This scenario might be justified by the fact that massive stars preferentially
form in clusters; as they explode, they create a region of the interstellar
medium where the filling factor closely approaches to unity. Hence the nu-
cleosynthesis products of core-collapse Supernovae can gain the right amount
of thermal energy to escape from the galaxy potential well (or to spread into
the diffuse hot phase of the galaxy interstellar medium). We remark on the
fact that this is an hypothesis which still does not rely on firm theoretical
and observational grounds.

Since chemical abundances usually suffer of large systematic uncertainties, I
have developed a new galaxy photo-chemical evolution model, extending the num-
ber of observables which can be reproduced at the same time by the model, beyond
the chemical abundances. In particular, my model is capable of predicting also
the photometric properties of the galaxy stellar populations. In this way, I can
draw a synthetic galaxy Color-Magnitude Diagram, which can be directly com-
pared with the observed one. This new galaxy photo-chemical evolution model has
been applied to reproduce the chemical and photometric properties of the stellar
populations in the Sculptor dwarf spheroidal galaxy.

A further possible application would be to study the photo-chemical evolution
of the recently discovered ultra-faint dwarfs; to do that (and that is also the main
reason why this kind of works has not been done so far), we need a more extended
library of stellar isochrones, computed also for extremely low stellar metallicities.
Unfortunately, we still do not possess this kind of libraries. Finally, it would be
interesting to apply this new photo-chemical model to reproduce the chemical and
photometric properties of the various Milky Way stellar components, for which
very new and accurate data from the Gaia-ESO survey are going to be released.

Chemical evolution models can be coupled also with a library of stellar spec-
tra (either empirical or theoretical) to study the spectro-photometric evolution of
galaxies in a more theoretical framework. During my PhD activity, I have de-
veloped a preliminary version of such a numerical code, which I intend to use to
study unresolved stellar populations in the Local Universe and at high redshift, by
taking into account also the twisting effect of dust. Finally, this kind of models
can be used to study radial variations of the chemical and spectral properties of
the stellar populations in galaxies, which recent surveys like MaNGa or Muse are
able to determine observationally; this study could put a stronger constraints on
how the dynamical mass of the system is distributed.

Finally, in this Thesis, I have shown how to develop a simplified (but effective)
method to solve the chemical evolution of galaxies, which can be easily exploited by
other groups in the community, willing to integrate a module of chemical evolution
within their galaxy population synthesis model. My method assumes the so-called
“instantaneous recycling approximation” for chemical elements like oxygen — which
are mainly produced by massive stars, having negligible lifetimes — and the Delay
Time Distribution formalism for the iron produced by Type Ia Supernovae. In
particular, for oxygen, I assume a net yield per stellar generation which I have
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computed by taking into account a recent compilation of stellar nucleosynthetic
yields and the effect of the metallicity and initial mass function. I have successfully
applied my new simplified chemical evolution model to reproduce the observed
chemical abundance patterns in the Milky Way. A further study would be to
include in this theoretical framework also the effect of stellar migrations and radial
gas flows. In particular, it would be interesting to study the effect of migration of
Type Ia Supernovae on the chemical evolution of galaxies.
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“Come in,” she said “I'll give you shelter from the

storm”
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