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Abstract

This PhD project is aimed at investigating the chemical composition of the stel-
lar populations in the closest satellites of the Milky Way (MW), namely the Large
and Small Magellanic Cloud (LMC and SMC, respectively) and the remnant of the
Sagittarius (Sgr) dwarf spheroidal galaxy. Their proximity allows us to resolve their
individual stars both with spectroscopy and photometry, studying in details the
characteristics of their stellar populations. All these objects are interacting galax-
les: LMC and SMC are in an early stage of a minor merger event, and Sgr is being
disrupted by the tidal eld of the MW. There is a plenty of literature regarding
the chemical composition of these systems, however, the extension of these galaxies
prevent a complete and homogeneous analysis.

Therefore, we homogeneously analysed stellar spectra belonging to MW and its
satellites galaxies and we derived their chemical compositions. We highlighted the
importance of a homogeneous analysis in the comparison among di erent galaxies
or di erent samples, to avoid systematics due to di erent methods or physical as-
sumptions.

The main results are summarised as follows.

(1) We compared the chemical composition of LMC and Sgr, nding that they have
similar abundance ratios for all the elements, pointing out that the two galaxies
have experienced similar chemical enrichment histories, and supporting the hypoth-
esis that the progenitor of Sgr was a galaxy with a mass and star formation rate
(SFR) similar to those of the LMC. Comparing them with the MW, we found lower

[ /Fe] and iron-peak abundance ratios measured in LMC and Sgr, suggesting a
lower SFR and a smaller contribution by massive stars in comparison to the MW.
In particular we found that the most discrepant elements between LMC/Sgr and
MW abundances are Sc, V and Zn. We proposed to use these iron-peak elements as
new tool to identify objects accreted from systems with lower SFR than the MW.
(2) We tested the application of this new tool for chemical tagging with MW glob-
ular clusters (GCs), identifying NGC 6388 and NGC 6441 as accreted MW GCs.
(3) Thanks to the chemical tagging, we were able to recognize, among the LMC
GCs, NGC 2005 as an accreted GCs, since its chemical abundances are di erent
respect to the other LMC GCs. Its abundances are coherent with an environment



that experienced a less e cient star formation than the LMC.

(4) We better characterised the chemical composition of the SMC, analysing both
GCs and eld stars. The two samples of stars share the same abundance ratios in
all the analysed elements, therefore they experienced similar chemical enrichment
history. This information allows to properly use the metallicity of the eld stars as

a proxy of their age. We also compare the chemical composition of the SMC with
the one of the MW and from the di erences we concluded that SMC experienced a
slower SFR, a lower contribution by massive stars, as found for the LMC.

(5) We analysed a sample of Sgr stars, selected us@élA proper motions in order

to be Sgr main body stars. The sample has allowed to derive the rst unbiased
metallicity distribution of Sgr, estimating a fraction of metal-poor stars of about
0.2%.
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Introduction

This PhD project is devoted to characterize the chemical composition of the stellar
populations in the Milky Way (MW) satellites, focusing in particular on the Large
and Small Magellanic Clouds (LMC and SMC, respectively) and the remnant of the
Sagittarius dwarf galaxy (Sgr).

Galaxies in the Local Group (LG) are an excellent laboratory to study the evolution
and the chemical enrichment history of the galaxies, using both deep photometry
(deeper than the oldest main sequence turn o0 ) and high resolution spectroscopy.
Photometry allows us to constrain the full star formation history of a galaxy, thus
tracing its evolution. The chemical composition derived by high-resolution spec-
troscopy is a crucial and independent constraint to further interpret the chemical
evolution of a galaxy. Moreover, the advent of the 8-10 meter class telescopes has
allowed us to observe with high-resolution spectroscopy stars fainter than the Red
Giant Branch (RGB) Tip in these galaxies, hence studying stellar populations older
than 1-2 Gyr.

In the LG there is a large variety of galaxy types, with a wide range of masses, ages,
metallicities, gas contents, morphologies and star formation histories (SFH). The
LG is dominated by two large spirals, namely the MW and M31, as represented in
Fig, 1.1. Most of the other members are dwarf galaxies found in the proximity of the
two large spirals in the majority of the cases, that evolved in interaction with other
galaxies. Also, isolated dwarf galaxies have been observed (McConnachie, 2012).
LG includes several types of dwarf galaxies, such as early-type dwarf spheroidals,
late-type star-forming dwarf irregulars, very-low surface brightness dwarfs, ultra-
faint dwarfs (UFDs), centrally concentrated actively star-forming galaxies and the
extreme ultracompact dwarfs.

Dwarf galaxies play a relevant role in the hierarchical scenario of galaxy formation,
as they are the natural candidates to be "building blocks" of larger systems. In
this scenario, larger galaxies form through merging episodes of smaller systems, like
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Figure 1.1: Scheme of the Local Group, where the two large spirals MW and M31
(Andromeda Galaxy) and the several dwarf galaxies around them are visible.

dwarf galaxies (White & Rees, 1978). For this reason, the general expectation is
that the properties of the smaller systems will be re ected in the larger ones. Dwarf
galaxies have relatively simple substructures and, since small systems are believed
to be the rst to collapse in the early Universe, galaxies like these should born rst
(Tolstoy et al., 2009). Moreover, they are typically low-metallicity systems, there-
fore they are assumed to be highly unevolved and they potentially host the rst
stars. For their importance, there are a lot of studies focused on these galaxies (see
for a review Simon, 2019; Tolstoy et al., 2009; Annibali & Tosi, 2022).

In the LG are present also two emblematic cases of interactive systems: Sgr is a
remnant of a dwarf galaxy disrupted by the tidal eld of the MW, whereas the Mag-
ellanic Clouds (MCs) are on a early stage of a minor merger, but they are also in
gravitation interaction with the MW. Therefore, the study of these close MW satel-
lites is crucial to reconstruct the chemical enrichment history of these interacting
systems, not well know yet.
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1.1 The chemical tools: nucleosynthesis and abundance
ratios

Chemical abundances are ngerprints of the formation and chemical enrichment
history of stellar systems. Chemical abundance ratios reveal us the details of the
chemical evolution of the analysed galaxies, highlighting the role played by the
di erent nucleosynthesis channels. In fact, di erent elements are synthesized in stars
with di erent mass progenitors and released into the interstellar medium (ISM) at
di erent epochs from the onset of the star formation events. From the polluted
gas, new stars were formed, and they maintain the memory of the past events in
their chemical composition. Therefore, looking at the behaviour of the elemental
abundance ratios as a function of the metallicity, each element displays a specic
trend, re ecting its nucleosynthesis channels. This is visible in Fig. 1.2, where the
abundance ratios as a function of [Fe/H] in MW stars of elements produced from
di erent nucleosynthesis paths are shown.

Figure 1.2: Elemental abundance ratios as a function of the metallicity for Mg ( -
element), Ni (iron-peak element), Ba (slow neutron-capture element) and Eu (rapid
neutron-capture element), from top to bottom panels respectively. Chemical abundances
for MW eld stars are from the works by Edvardsson et al. (1993); Burris et al. (2000);
Fulbright (2000); Stephens & Boesgaard (2002); Gratton et al. (2003); Reddy et al. (2003,
2006); Barklem et al. (2005); Bensby et al. (2005); Forsberg et al. (2019).
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Also, it is important to study the chemical composition of both eld and globular
clusters (GCs) stars, which give complementary information, since eld stars provide
high statistics, and metallicity distributions and abundances can be derived all over
the galaxies, while for GC stars ages and metallicities can be derived simultaneously
and with high precision.

Because the chemical abundances in a galaxy are the result of the evolution of their
stellar content (in terms of star formation rate (SFR), initial mass function (IMF),
infall and outfall processes...), stars accreted from an external galaxy (for instance
after a merging episode) could exhibit a di erent chemical composition with respect
to the host galaxy. This makes the study of the chemical composition a powerful
tool to identify possible substructures in a galaxy and recognize past merging events
(Freeman & Bland-Hawthorn, 2002). The reason is that the stars have memory of
the chemical composition of the gas from which they were formed, and in a galaxy
with di erent chemical enrichment history the gas has been enriched in a di erent
way.

In the following, a brie y description of the characteristics of the main groups
of elements is discussed. The main mechanisms of production of the elements are
rehired in the periodic table in Fig. 1.3, color-coded according to the origin of the
elements.

1.1.1 -elements

The name of this group of elements is linked to their nucleosynthesis, since they
formed through the capture of particles (that are He nuclei, made of two protons
and two neutrons) on seed nuclei (He and C).
The main elements belonging to this family are O, Ne, Mg, Si, S, Ca, and Ti.
They are mostly synthesized in massive stars and released into the ISM mainly
through Type Il supernovae (SNe Il), with only a minor component produced in
Type la supernovae (SNe la) (Romano et al., 2010; Kobayashi et al., 2020). The

-elements can be gathered in two groups according to their formation mechanism:
the hydrostatic elements (O and Mg), synthesized via hydrostatic C and Ne burning,
mainly in stars with masses larger than 30-35 Mand without contribution by SN Ia,
and the explosive elements (Si, Ca and Ti), synthesized via explosive O and Si
burning, mainly in stars with masses of 15-25 Mand in a smaller amount in SN la
(Woosley & Weaver, 1995).

As seen in the rst panel of Fig. 1.2, where [Mg/Fe] as a function of metallicity is

shown, the behaviour described by-elements is at in the metal-poor regime, with
[ /Fe] overabundant with respect to the solar value, followed by a decreasing trend
starting from [Fe/H] 1 dex. Such trend is due to the time delay between the
onset of the SNe Il and SNe la, the latter starting to pollute the ISM about 1 Gyr
after the beginning of the star formation and producing mainly Fe and iron-peak
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Figure 1.3: Periodic table color-coded by the origin of the elements in the Solar System.
Di erent origins are listed in gure. Elements with more than one source have the
approximate amount due to each process indicated by the amount of area. Tc, Pm, and
the elements beyond U do not have long-lived or stable isotopes and are colored in gray
or not included.

Graphic created by Jennifer Johnson, Astronomical image credits by
ESA/NASA/AASNova.

elements (Tinsley, 1979; Matteucci & Greggio, 1986). This decrease ofHe] is
usually calledknee Its metallicity ags the metallicity reached by the system at the
epoch when SNe la start to dominate the chemical enrichment. Thekneeis an
important speedometer to measure the SFR, since it moves to higher metallicity if
the star formation is larger. Furthermore, an increase of the number of formed high-
mass stars, exploding as SNe Il, implies an increasing in the amount of the produced

- elements, changing the constant value of [Fe] before the -knee Hence, the
value of [ /Fe] before the kneeis highly sensitive to the IMF of the galaxy. In Fig.
1.4 and 1.5 is reported the comparison among the MW and some dwarf spheroidal
galaxies for [Mg/Fe] and [Ca/Fe] as a function of [Fe/H], where is visible the di erent
location of the -knee

1.1.2 0Odd-Z light elements: Na and Al

Na is mainly produced in massive stars through the hydrostatic C burning and
partially during the H burning in Asymptotic giant branch (AGB) stars through
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Figure 1.4: -elements (Mg and Ca) in four nearby dwarf spheroidal galaxies: Sgr (red)
from McWilliam & Smecker-Hane (2005); Monaco et al. (2005); Sbordone et al. (2007),
Fornax (blue) from Shetrone et al. (2003); Letarte (2007), Sculptor (green) from Shetrone
et al. (2003); Geisler et al. (2005); Hill (2010) and Carina (magenta) from Shetrone et al.
(2003); Koch et al. (2008). Open symbols refer to single-slit spectroscopy measurements,
while lled circles refer to multi-object spectroscopy. The small black symbols are a com-
pilation of the MW disk and halo star abundances, from Venn et al. (2004).

Taken from Tolstoy et al. (2009).

Figure 1.5: Distribution of [Mg/Fe] for a sample of RGB stars in the Fornax dSph as
blue lled circles (Lemasle et al., 2014). The cyan lled circles are the data of Letarte
et al. (2010), the cyan stars are the metal-poor star of Tafelmeyer et al. (2010) and the
green triangles are the stars of Kirby et al. (2010), while orange and black empty circles
are the stars in Fornax globular clusters from Letarte et al. (2006) and Larsen et al. (2012)
respectively. MW halo stars from Venn et al. (2004) and Frebel (2010) and references
therein are in small grey dots. Representative error bars are given for the metal-poor
([Fe/H] < 1.4 dex) and metal-rich ([Fe/H] > 1.4 dex) regimes.

Taken from Lemasle et al. (2014)
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the NaNe cycle, with a small contribution from the s-process (Clayton, 2003).

Al is synthesized through the hydrostatic C and Ne burning, but a small amount is
produced also during the H burning in the MgAI chain (Woosley & Weaver, 1995).
For both elements, a very high star-to-star dispersion was observed in intermediate-
age and old GCs, with abundances spanning up to 1 dex (Gratton et al., 2006;
Bastian & Lardo, 2018). This is due to the presence of the so-called "multiple
populations” (MPs) in GCs. The stars of the various sub-populations in a given
GC show di erent anti-correlated abundances of light elements, the most prominent
being the Na-O and C-N anti-correlations (Carretta et al., 2009a), and some clusters
additionally show a Mg Al anti-correlation (Carretta et al., 2009b; Pancino et al.,
2017). An example of [O/Fe]-[Na/Fe] anti-correlation for MW GCs analysed by
Carretta et al. (2009a,b) is reported in Fig. 1.6. Their appearance seems not to
depend on the environment of the GCs and the type of the host galaxy, but it
depends on the age and the mass of the GCs. Indeed, they have been observed only
in clusters older than 2 Gyr, with NGC 1978 (Martocchia et al., 2018) and Hodge 6
(Hollyhead et al., 2019) being the youngest systems where chemical variations have
been detected to date. Moreover, the star-to-star abundance variations becoming
more relevant with increasing cluster mass (Bragaglia et al., 2012; Schiavon et al.,
2013; Milone et al., 2017).

1.1.3 Iron-peak elements

The iron-peak elements are the heaviest elements synthesized through thermonu-
clear reactions. This group includes mainly elements with Z between 21 and 30
(namely Sc, V, Cr, Mn, Fe, Co, Ni, Cu and Zn).

Thanks to the huge number of available atomic lines, which span the whole spectral
range, Fe is probably the best known chemical element.

Elements belonging to this group are mainly produced during the explosive nucle-
osynthesis associated to SNe la, but contributions not negligible are also from SN I
and hypernovae (HNe), that are associated to stars more massive thar25-30 M

and more energetic than normal SN Il at least by a factor of 10. The details of nu-
cleosynthesis vary across the group, and for some of them still not well understand,
with the complication that the yield of some elements are metallicity dependent (see
e.g. Romano et al., 2010).

Sc is produced in the innermost ejected layers of SN II, both during Ne burning
and in explosive O and Si burning (Woosley & Weaver, 1995). V, Cr and Mn
are synthesised mainly by outer incomplete explosive Si burning in massive stars,
while Co is formed in complete Si burning in the deepest stellar layers (Woosley
& Weaver, 1995; Limongi & Chie, 2003). In particular, Mn is produced more
by SNe la than SNe II/HNe relative to Fe (Kobayashi & Nomoto, 2009). Also Ni
is mainly produced in the zones which undergo complete explosive Si burning in
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Figure 1.6 The Na-O anti-correlation for a total of 1958 (red circles) plus 214 (blue
circles) individual RGB stars in 19 MW GCs, observed with GIRAFFE and UVES spec-
trographs respectively (data from Carretta et al., 2009a,b). Arrows indicate upper limits
in oxygen abundances.

Taken from Carretta et al. (2009a)

stars (Limongi & Chie, 2003), but the yields of SNe-la are metallicity-dependent
(Kobayashi et al., 2020). The Cu content of extremely metal-poor stars is basically
determined by explosive nucleosynthesis in massive stars where it is made during
the hydrostatic burning of the He core and of the C shell (Woosley & Weaver, 1995;
Limongi & Chie, 2003). But as the metallicity grows, the contribution from the
weak s-process operating in massive stars becomes increasingly important (Romano
& Matteucci, 2007). Finally, Zn is almost totally produced by HNe (Nomoto et al.,
2013).

In Fig 1.2, second panel, is represented the behaviour of Ni abundance ratio as a
function of the metallicity. Its trend suggests that the origin of Ni is strictly linked

to that of Fe from both SNe types.
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1.1.4 Neutron-capture elements

The name of this group is linked to their mechanism of production, since they form
through subsequent neutron-capture on a seed nucleus, usually an iron-peak element,
followed by decays (Burbidge et al., 1957).

All the elements with proton number Z larger than 30 belong to this group. They are
distinguished in slow (s-) and rapid (r-) process neutron-capture elements according
to the rate of neutron-captures with respect to the time-scale of the decays.

The s-process elements, for which the rate of neutron-capture is slower than the
radiative decay timescale, are grouped around three peaks of stability corresponding
to the neutrons magic numbers (N=50, 82, 126). The light-s are the elements with
atomic number 30< Z 40 and the most commonly studied are Sr, Y and Zr.
They are synthesised in AGB stars, but 32% of Sr, 22% of Y, and 44% of Zr can be
produced from electron capture SNe (Kobayashi et al., 2020). The heavy-s elements
are the elements up to Z = 84 and the s-process captures mainly occur during the
thermal pulse stage of low-mass (1-3 M AGB stars, where the main source of
neutrons is the'3C( ,n)*0 reaction (Busso et al., 1999). In particular, the yields
are strongly metallicity dependent, since as the metallicity increase, increase also
the number of seed nucleus and decrease the number of neutrons per seed nucleus,
in advance to the production of the light-s elements. The typical elements observed
among the heavy-s ones are Ba (its behaviour in Fig 1.2, third panel), La and Nd.
Lastly, there are the elements around Pb, the heaviest ones and the most di cult
to measure. The only element sometimes detected is Pb. For the heavier neutron-
capture elements, contributions from both Neutron star (NS) Black Hole and
NS NS mergers and magneto-rotational SNe are necessary (Kobayashi et al., 2020).
The r-process elements are those forming when the neutron-capture process occurs
in a very fast way. Their precise sites of production are still debated but require
neutron-rich and high energy environments. These conditions can be found in low-
mass SN Il progenitors (Wheeler et al., 1998), in the NS mergers (Pian et al., 2017)
and in the collapsars (Siegel et al., 2019). The most common element belonging to
this group is Eu (its behaviour in Fig 1.2, last panel). Kobayashi et al. (2020) assert
that it is not possible to explain the observed [Eu/Fe] ratios in the MW with NS
mergers alone, and the contribution from magneto-rotational SNe is necessary.

1.2 Project goals

The principal aim of this PhD project is to shed light to some open questions about
the property of the three more massive MW satellites, namely the Sgr, LMC and
SMC. In particular to:

1. understand if the LMC and Sgr have had a similar chemical enrichment history,
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as expected in light of the possible similar masses of the LMC and the Sgr
progenitor, and their similar mean metallicity;

2. better characterize the chemical composition of SMC, analysing both eld
stars and GCs stars in homogeneous way;

3. derive the real metallicity distribution for Sgr, because the metallicity distribu-
tions available so far for this galaxy are biased by the presence of the massive,
metal-poor GC M 54;

4. measure the chemical abundances for the main groups of elements (light, al-
pha, iron-peak, neutron-capture elements) that will allow to reconstruct the
chemical enrichment histories of the galaxies and to estimate the role played
by SNe Il and SNe la and AGB stars to their chemical enrichment history;

5. search for the presence of metallicity gradient within the galaxies, which would
point to spatially nonuniform star formation events, and for possible kinemat-
ically/chemically distinct substructures that could indicate accreted stellar
populations;

6. search for very metal-poor stars ([Fe/H] < 2.5 dex), corresponding to the
stars formed in the rst bursts of star formation.

1.3 Thesis organization

This thesis is organized as follows:

Chapter 2 summarizes the main information concerning the SFH and chemical abun-
dances of MW satellites galaxies (LMC, SMC and Sgr) on which this project is fo-
cused.

Chapter 3 presents the homogeneous comparison between the chemical composition
of the LMC and the Sgr dwarf galaxy, in order to highlight similarities and di er-
ences among them and with the MW.

In Chapter 4 is discussed the identi cation of NGC 2005 as an accreted GC in the
LMC, the only known case so far to be identi ed by its chemical ngerprints in the
realm of dwarf galaxies.

Chapter 5 and 6 focus on the chemical characterization of the SMC, from the study
of eld stars and GCs respectively, and comparing them with the MW.

Chapter 7 describes the preliminary results derived from the analysis of a unbiased
sample of Sgr main body eld stars.

Chapter 8 discusses the use of some iron-peak element abundances (Sc, V, Zn) as
chemical diagnostic to recognize accreted GCs in our Galaxy.

Finally, Chapter 9 presents the summary of the main results of this project and the
future prospectives.



LMC, SMC and Sgr: state of the art

Hereafter, the SFH and the chemical composition of the three nearest MW interac-
tive galaxies, on which my PhD project is focused.

2.1 Large Magellanic Cloud

The LMC is classied as a barred spiral galaxy SB(s)m (de Vaucouleurs et al.,
1991). It has a complex structure, with a central bar of high surface brightness and
a circular symmetry stellar disc with spiral arms. It is located at a distance of 50
kpc (Alves, 2004; Tully et al., 2016).

The LMC is gravitationally bound with the SMC, with which is on a early stage of a
minor merger. The interaction starts around 4-5 Gyr ago, when the SMC was tidally
captured by the LMC (Bekki et al., 2004; Bekki & Chiba, 2005). The MCs are also
gravitationally bounded to the MW, but they are only at the rst approach with
the Galaxy, completing at the most one orbit around it (Besla et al., 2010; Besla,
2015). The LMC starts to experience signi cant tidal gas stripping only recently
(nearly 1.5 Gyr ago, as derived by Guglielmo et al., 2014). An indication of these
interactions is found in the Magellanic Bridge, a weak gas structure that connect the
two Clouds, and in the Magellanic Stream, a stream made only by HI that draws
the path of the Clouds, due to the tidal interaction with the MW (Hammer et al.,
2015).

2.1.1 LMC star formation history

The LMC SFH is particularly complex, due to the strong gravitational interactions
with the SMC and the MW. Stellar populations of di erent ages and metallicities are
present in the galaxy. This is clearly seen from the prominent features visible in the
color-magnitude diagrams (CMDs) of three LMC elds located at di erent distances
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from the LMC center moving toward the north (see Fig. 2.1). Isocrones of di erent
ages are superimposed to the CMDs, highlighting the presence of an extended main
sequence, made up of young stars, indicating that the star formation is still ongoing,
and an extremely populated red giant branch (RGB), with the He-clump, composed
of stars older than 1 Gyr.

The LMC SFH can be derived from CMDs of a elds located in di erent regions of
the galaxy, in comparison with a synthetic CMD. The star formation started nearly

Figure 2.1: [(V-1) o, M,] CMDs for three LMC elds located at di erence distances from

the LMC center toward the north. Isochrones from Pietrinferni et al. (2004) of ages and
metallicities as labelled have been superimposed. The three youngest isochrones have been
chosen to indicate the adopted age of the end of the bulk of the star formation in elds
LMCO (1.3 Gyr), LMC1 (0.8 Gyr) and LMC2 (0.1 Gyr).

Taken from Meschin et al. (2014).
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13 Gry ago, the period of the rst burst in all the galaxies of the LG. All the works
(Harris & Zaritsky, 2009; Rubele et al., 2012; Nidever et al., 2020) agree that, after
the rst burst, the LMC continued to form stars at a slow rate, until 4-5 Gyr ago,
when a strong formation episode happened. This burst temporally coincides with
the start of the tidal interaction with the SMC. During the last period, numerous

star formation bursts have been observed in correspondence with closest passages
among clouds (Bekki et al., 2004). In Fig. 2.2 is reported the representation of the
LMC SFH derived by Meschin et al. (2014) in the three di erent analysed regions

of the galaxy, derived form the analyses of the CMD reported in Fig. 2.1. These
SFHs show common features, in the form of epochs of enhanced or decreased star-
forming activity, whose intensity varies consistently and smoothly across the three
elds, indicating a strong galactocentric stellar population gradient in the sense that
younger populations are more concentrated inward.

Similar information can be derived from the study of LMC GCs, from which age
and metallicity can be infer simultaneously with high accuracy, allowing to derive
the age-metallicity relation (AMR) of the galaxy. Three distinct groups of GCs
have been observed. The rst it is composed by the oldest and metal-poor GCs
([Fe/H] < 1.0 dex), forming at the beginning, during the rst star formation burst
(Brocato et al., 1996; Olszewski et al., 1991; Olsen et al., 1998; Grocholski et al.,

Figure 2.2: Comparison of the SFH of the LMC in the three studied elds. The thin
lines represent the uncertainties. Taken from Meschin et al. (2014)
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2006; Johnson et al., 2006; Mucciarelli et al., 2010; Mateluna et al., 2012). The
predominant group of GCs are more metallic and with an age between 1 and 3
Gyr (Gallart et al., 2003; Ferraro et al., 2004). They are the ones born after the
beginning of the gravitational interaction between the Clouds. Only one GC, namely
ESO 121, have been found with ad age between 3 and 10 Gyr ago (Geisler et al.,
1997; Mackey et al., 2006). The lack of GCs in this age range is callkge Gap A
possible explanation is that the GCs formed in that period have been stripped from
the galaxy or destroyed due to the tidal interaction with the SMC. The last group
of GCs is composed by the youngest GCs, with an age smaller than 1 Gyr (Brocato
et al., 2003; Grocholski et al., 2006).

Therefore also the distribution of the LMC GCs con rms the SFH derived from eld
stars.

2.1.2 Chemical composition of the LMC

The chemical composition of the LMC stars has been studied using both low and
high-resolution spectra. For many decades, low-resolution spectra observing the
spectral region around the Ca Il triplet have been the only tool to investigate the
metallicity of stellar populations older than 1 Gyr. High-resolution spectra were
obtained only for the brightest stars, sampling the stellar populations younger than
200-300 Myr. With the advent of the 8-10 meter class telescopes, also RGB stars
(therefore stellar populations older than 1 Gyr) can be observed with high-resolution
spectroscopy.

Field stars
Extended studies based on low-resolution spectra have been made for LMC eld
stars, where the metallicity can be derived from the Call triplet. Cole et al. (2005)
analysed 373 RGB star spectra located in the central region of the LMC bar and
they found that the metallicity distribution (reported in Fig. 2.3) can be described
as the sum of two Gaussians, one for the metal-poor population, peaked at -1.08 dex
(including 11% of the total stars), and the other for the metal-rich one, with a peak
at -0.37 dex. Carrera et al. (2008a, 2011) studied stars located in di erent regions of
the galaxy and they derived the presence of a metallicity gradient outside om the
LMC center, with the oldest stellar population (12-13 Gyr) uniformly distributed,
while the young one (younger than 3-4 Gyr) decrease its presence moving outwards,
leading to a decreasing of the mean metallicity in the external regions.

Thanks to the 8-10 meter class telescopes, high-resolution spectra are available
also for LMC RGB stars allowing us to study with high details the chemical compo-
sition of stellar populations older than 1 Gyr. In particular, measured abundance
ratios related to di erent groups of elements provide the opportunity to estimate
the contribution of SNe la, SN Il and AGB stars to the chemical enrichment history
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Figure 2.3. Metallicity distribution of LMC RGB stars of the bar eld analysed by Cole

et al. (2005). The smooth curve is the sum of two Gaussians that best match the data.
The inset shows an expanded view of the region [Fe/H] < 0.9 dex.

Taken from Cole et al. (2005).

of the galaxy.

Concerning the metallicity distribution, Lapenna et al. (2012) studied 89 LMC disk
stars and found the presence of two stellar populations, a metal-poor component
peaked at 1.07 dex including the 16% of the total stellar population, and a metal-
rich component peaked at 0.48 dex, in good agreement with the results found by
Cole et al. (2005). Similar results have been found by Song et al. (2017), where
they analysed about 300 RGB stars located near the LMC bar, even if with slight
di erent values of the metallicity peaks ( 0.66 dex for the metal-rich component and
1.2 dex for the metal-poor one).

Evidence of the presence of a metallicity gradient appears also from high-resolution
studies, such as Gallart et al. (2008) and Meschin et al. (2014), proposing an Outside-
In disk evolution model.

The chemical abundances of the -elements are derived by Pompéia et al. (2008),
who analysed 59 LMC disk RGB stars, Lapenna et al. (2012), and Van der Swaelmen
et al. (2013), who studied 106 RGB stars, located in the bar. All the three works
agree on the -elements abundance ratios, which describes a decreasing trend as a
function of the metallicity of the stars and a depletion with respect to the MW stars
at similar metallicity, in agreement with a slower SFR characterizing the LMC in
its rst period (in Fig. 2.4 an example of the -trend derived by Van der Swaelmen
et al., 2013). But an higher spread is found the in bar-abundances with respect
to the disk ones.

Pompéia et al. (2008) and Van der Swaelmen et al. (2013) derived also the abun-
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Figure 2.4. Left panel: from rst to third raw [Ol/Fel] vs [Fel/H], [Mgl/Fel] vs [Fel/H],

and [Ol+Mgl/2 Fel] vs [Fel/H]. Right panel: from rst to third raw [Sil/Fel] vs [Fel/H],
[Cal/Fel] vs [Fel/H], and [Till/Fel] vs [Fel/H]. Represented data: LMC bar abundances
(black lled circles) and LMC inner disk (blue open pentagons) from Van der Swaelmen
et al. (2013), LMC GCs (red downward triangle) from Johnson et al. (2006); Mucciarelli
et al. (2008, 2010), MW stars (black tiny dots) from Benshy et al. (2005); Reddy et al.
(2003, 2006) for thin e thick disc, from Fulbright (2000); Stephens & Boesgaard (2002);
Reddy et al. (2006) for the halo. In each panel, typical random (left) and systematic (right)
error bars on both coordinates are provided for LMC samples by Van der Swaelmen et al.
(2013).

Taken from Van der Swaelmen et al. (2013).

dances of other elements. They found that the iron-peak elements show a decreasing
trend with the metallicity, and they are under-abundant in comparison to the MW
stars of similar [Fe/H]. Instead, the neutron-capture elements exhibit an increasing
trend, with abundance ratio higher respect to the MW one in a metal-rich regime,
with slight di erences between the disk and the bar of the LMC. They explained
the enhancement in neutron-capture elements as an higher contribution by low mass
AGB stars. The abundance di erences observed in the bar respect to the disk are
link to an increasing in the bar star formation between 2 and 5 Gyr ago, while the
disk maintain a constant rate (Van der Swaelmen et al., 2013).

Furthermore, there are recent results based on thi®POGEE survey (Nidever et al.,
2020; Hasselquist et al., 2021), where they derived theelements abundances and
they observed a decreasing trend in the [Fe] [Fe/H] plane until a metallicity of

1.2 dex, in agreement with the other literature works. But, at higher metallicities,
they found ad increasing trend, as shown in Fig. 2.5. They interpreted this trend as
an early low e cient star formation, followed by a strong burst occurring in more
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Figure 2.5: The -abundances for theAPOGEE LMC stars with S/N > 40 (black circles)
and S/N > 70 (red circles). The density of APOGEE MW disk eld stars with similar
Te , logg, and S/N as the LMC stars is shown in gray scale for reference. The trend line
of the parameter-level [ /Fe] (upper left panel) is shown in each panel as a ducial.

Taken from Nidever et al. (2020)

recent times, when many SNe Il drove up the -element abundances.

Hasselquist et al. (2021) derived the abundances also for some iron-peak and neutron-
capture elements, nding results in agreement with the ones just mentioned.

Finally, there is the work of Reggiani et al. (2021) focused on the chemical abun-
dances of metal-poor stars, where they analysed 9 metal-poor giant stars belonging
to the LMC in a metallicity range of 2.4 < [Fe/H] < 1.5 dex. They derived

that the chemical abundances are similar to MW stars in, light, and iron-peak
elements, but are enhanced relative to the MW in the r-process element Eu. They
argued these patterns as the product of their isolated chemical evolution which im-
plies a slow SFR with extended era for metal-poor star formation, in combination
with r-process nucleosynthesis occurring on a timescale longer than SN Il one, but
shorter than or comparable to SN la one.

Globular clusters
Focusing on high-resolution works, Mucciarelli et al. (2009b, 2010) analysed RGB
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star spectra belonging to three old LMC GCs, namely NGC 1786, NGC 2210 and
NGC 2257. They derived the metallicity and the abundance ratio for light odd-Z,,
iron-peak, and neutron-capture elements. They found a metallicity of 1.75 dex for
NGC 1786, 1.65 dex for NGC 2210, and 1.95 dex for NGC 2257. They observed
the presence of chemical anomalies in Na, O, Mg, and Al and they concluded that
the old, metal-poor stellar population of the LMC GCs closely resembles the MW
GCs in many chemical abundance patterns such as the iron-peak, theand heavy
s-process elements, while [Eu/Fe] is enhanced ¢0.70 dex) in all the clusters, as
happens in metal-poor eld stars (Reggiani et al., 2021).

These results are not in agreement with the ones derived by Johnson et al. (2006)
and Mateluna et al. (2012), which analysed four di erent old GCs, namely Hodge 11,
NGC 1898, NGC 2005 and NGC 2019. They found that [Ca/Fe], [Ti/Fe], and [V/Fe]
in the LMC are signi cantly lower than what is seen in the Galactic GCs.

Di erent abundance behaviours were found in intermediate-age LMC GCs. Muc-
ciarelli et al. (2008) analysed a sample of 27 RGB stars located in four GCs, namely
NGC 1651, NGC 1783, NGC 1978, and NGC 2173. The four GCs have a metallic-
ity between 0.51 dex (NGC 2173) and 0.30 dex (NGC 1651). All the analyzed
abundance patterns behave similarly in the four clusters and also show negligible
star-to-star scatter within each GC. In particular, the measurement gives slightly
subsolar [Na/Fe] and a more signi cant [Al/Fe] depletion. The [ /Fe] abundance
ratios are nearly solar, while the iron-peak elements well trace those of the Fe. S-
process neutron-capture elements behave in a peculiar way: light s-elements give
subsolar [Y/Fe] and [Zr/Fe] abundance ratios, while heavy s-elements give enhanced
[Ba/Fe], [La/Fe], and [Nd/Fe] with respect to the solar values. Also, the [Eu/Fe]
abundance ratio turns out to be enhanced. The observed cluster stars do not show
any sign of the anti-correlation in light elements present in all the Galactic and old
LMC GCs, indication of a di erent formation/evolution scenario for the LMC mas-
sive clusters younger than 3 Gyr with respect to the old ones.

The same results are found by Mucciarelli et al. (2011) for NGC 1866, a young and
massive LMC GC.

2.2 Small Magellanic Cloud

The SMC is an irregular galaxy characterized by an ongoing star formation activity,
located at a distance of 60 kpc (Tully et al., 2016). Like the LMC, it has experi-
enced a violent and complex SFH due to the gravitational interaction with the LMC
and MW, forming a triple system (for more details see Section 2.1).

As a consequence of the tidal interaction, the LMC stripped a large number of stars
from the SMC (5% of the LMC's mass comes from the SMC; Olsen et al., 2011).
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2.2.1 SMC star formation history

Numerous works are present in literature regarding the SFH of the SMC, and based
on the study of CMDs of di erent regions of the galaxy.
Dolphin et al. (2001) observed a eld located 2 northwest from the center of the
SMC and they found a continuum star formation with a burst between 5 and 8 Gyr
ago.
Harris & Zaritsky (2004) derived a global SFH based on th®lagellanic Cloud Pho-
tometric Survey They found that 50% of the stars that ever formed in the SMC
are older than 8.4 Gyr and that the SMC formed relatively few stars between 8.4 and
3 Gyr ago. They found a rise in the mean SFR during the most recent 3 Gyr, with
burst at 2.5 Gyr and 0.4 Gyr, which are temporally coincident with past perigalactic
passages of the SMC with the MW, and at 0.06 Gyr. However this study is based on
CMD that are not deep enough to sample also the old and intermediate-age stars.
McCumber et al. (2005) studied a HST eld located nearly the SMC center, and
found an increasing in SFR between 4 and 12 Gyr ago and at 1.7 Gyr
Chiosi & Vallenari (2007) derived the SFH from CMDs of stars located in three
di erent central regions of the SMC and they found similar features in all the elds,
such as a slow SFR until 6 Gyr, followed by bursts at 6 Gyr, 3 Gyr and 300-400
Myr ago.
The most complete work, reaching the oldest main sequence turn-o (MSTO), was
performed by Noél et al. (2009), where they studied the CMDs in 12 di erent regions
of the SMC located between 1.3to 4.0 from the SMC center. The derived SFH in
each region is reported in Fig. 2.6. They found in all the elds three main episodes
of enhanced SFR at 1.5 2.5 Gyr, 4 5 Gyr and 10 Gyr ago (the last splits in
two peaks at 8 Gyr and 12 Gyr ago in the western elds), with di erent relative
importance depending on the position in the galaxy. They derived the presence of
another star formation burst peaked at 0.2 0.5 Gyr ago, but only in the eastern
elds and in the most central one located to the south.
Lastly, Sabbi et al. (2009) derived the SFH in six di erent regions of the SMC char-
acterised by very di erent star and gas densities. The six elds were observed with
the HST/ACS camera and the photometry reaches the magnitudes of the oldest
MSTO. They found that the SMC was already forming stars 12 Gyr ago, but
in the rst few billion years the star formation activity was low. The SMC formed
stars over a long interval of time until 2 3 Gyr ago, with an increase in the star-
forming activity approximately between 4 and 6 Gyr ago. Finally they found that
stars younger than 100 Myr have a very inhomogeneous distribution, indicating
that recent star formation has locally developed.

From all these works come out the complexity of the SMC SFH, with the presence
of numerous bursts in star formation due to the gravitational interaction with the
LMC and the MW. This gure out also from the CMD of a central region of the
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Figure 2.6: Derived SFR as a function of time for each SMC eld. The di erent symbol

and color depend on the set of age intervals and sampling adopted: red triangles are for
age-1, blue squares are for age-2, and green circles are for age-3 (for more detail see Table
2 Noél et al., 2009). The nal solution is the black line, obtained by tting a cubic spline.
North is top and east is to the left.

Taken from Noél et al. (2009).
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