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Abstract

Most of the elements heavier than Fe are produced by neutron-capture processes,
which can be slow or rapid (s- and r-processes).

Currently, r-process nucleosynthesis sites are thought to be rare and stochastic, and
mainly associated with neutron star mergers or rare core-collapse supernovae. How-
ever, understanding the precise sites of production of the r-process is still one of the
major challenges in modern stellar astrophysics, as the details of this mechanism
are not fully known yet.

Among r-process elements, Europium is almost completely produced by this mecha-
nism. For this reason, the measurement of Eu abundance in stars is commonly used
as a tracer of the rapid neutron-capture nucleosynthesis in different environments,
both in the Milky Way and in other galaxies of the Local Group.

Recent studies have suggested that accreted stars in the Milky Way have higher
[Eu/Fe] and [Eu/a] abundance ratios with respect to stars formed in situ. This
finding indicates a stronger efficiency of the r-process in the parent galaxies where
these stars originally formed (likely dissolved systems, such as dwarf spheroidal or
ultra-faint dwarf galaxies).

For this reason, in the context of Galactic Archaeology, the measure of Eu abun-
dances in different Local Group galaxies such as the Magellanic Clouds is cru-
cial to understand the assembly history of the Milky Way. Despite their proxim-
ity, the Magellanic Clouds have been poorly studied concerning these abundances.
Only recently, Eu abundances of the Small Magellanic Cloud have been measured,
demonstrating that this galaxy produced r-process elements more efficiently than
a—capture elements.

The aim of this work is to compare the efficiency of production of a—elements, rapid,
and slow neutron-capture elements in the Large Magellanic Cloud and Small Mag-
ellanic Cloud, in order to understand if the two galaxies exhibit a similar behaviour
or possible differences due to their different chemical enrichment histories.

With the goal of removing any systematics that can affect different chemical analy-
ses, and to ensure a consistent comparison, we re-analysed a sample of 113 red giant
branch stars in the Large Magellanic Cloud (Van der Swaelmen et al.,; 2013) but
adopting the same procedures and assumptions that were used for the Small Magel-
lanic Cloud (Anoardo et al., 2026). Using the photometric data from the Gaia Data
Release 3 and high-resolution spectra acquired with the multi-object spectrograph
FLAMES at the VLT, we derived the abundance ratios for Fe, Eu, Mg and Ba.

In both Magellanic Clouds, [Mg/Fe|] abundances reflect the slower star formation of
the relative galaxy with respect to the Milky Way. On the other hand, stars from
the Large Magellanic Cloud exhibit enhanced [Eu/Fe] values, similarly to stars from



the Small Magellanic Cloud at the same metallicities, indicating that the r-process
is slightly enhanced with respect to the Milky Way.

Moreover, [Eu/Mg] is found to be systematically higher than in Milky Way stars
and appears to be compatible with the Small Magellanic Cloud, proving a stronger
efficiency of the r-process with respect to the a—capture process.

Lastly, [Ba/Fe| and [Ba/Eu| abundances demonstrate that the s-process is dominant
with respect to the r-process in the Magellanic Clouds.

This homogeneous comparison between the Large Magellanic Cloud and the Small
Magellanic Cloud allows to better understand the r-process enrichment in these two
galaxies, indicating that in environments with a lower star formation efficiency than
the Milky Way, the r-process is extremely efficient and stronger than the a—capture
process.

Finally, this work confirms that [Eu/Mg| can be a powerful tool for chemical tagging
in the Milky Way, to distinguish between stars that formed in situ and stars that
were accreted from nearby systems.
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Chapter 1

Introduction

1.1 Europium and the rapid neutron-capture
process

The Big Bang nucleosynthesis produced H, He, and small amounts of Li. All
the other metals are produced mainly in stars, through thermonuclear burning or
neutron-capture processes. Specifically, the latter are responsible for the production
of most of the elements heavier than Fe in the Universe, as shown in Fig. 1.1 (Cowan
et al., 2021).

These processes occur when atomic nuclei capture free neutrons and subsequently
undergo f—decay to reach a stable configuration, producing ultimately a heavier
element (Gallino et al.,; 1998; Busso et al., 1999).

The sequence of neutron capture for a nucleus Z4 and the following S—decay can

be summarized as follows:
74 4+ — zA

n—ptt+e +1,
ZA+1—>Z+1A+1

Depending on the relative timescales between the neutron capture and the f—decay,
as well as the availability of free neutrons, these processes can be divided into:

1. The slow neutron-capture process (hereafter referred to as s-process) which oc-
curs at intermediate or moderate neutron densities (~ 1072 neutrons/cm?),
when each neutron capture is followed by a S—decay (Busso et al., 1999;
Gallino et al., 1998). This process produces most of the total amount of ele-
ments like Barium and Lanthanum and is generally associated with intermediate-
mass (~ 2—4 M) asymptotic giant branch stars (Busso et al., 1999; Cristallo
et al., 2015). Timescales can range from 10? to 10° yrs (Burbidge et al., 1957).

2. The rapid neutron-capture process (hereafter referred to as r-process) which is
associated with extreme neutron fluxes, with densities of ~ 10%° neutrons/cm?,
where multiple neutrons are captured on timescales significantly shorter than
those of the f—decay (Cowan et al., 2021; Arcones & Thielemann, 2023; Thiele-
mann & Cowan, 2026). In this case, the f—decay only occurs afterwards,



bringing the nuclei back to the valley of stability. Observations also suggest a
distinction between weak and strong r-process, respectively producing lighter
or heavier r-elements.

Among rapid neutron-capture elements, Europium is widely used as a tracer of the
r-process because it is produced almost entirely through this mechanism. As a mat-
ter of fact, Arlandini et al. (1999) estimated that for the Sun ~ 94% of the Eu is
produced by the r-process.

For this reason, most of the information that we have about the efficiency of the
r-process comes from the measurements of Eu abundances in stellar atmospheres.
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Figure 1.1: Contributions to the abundances of different elements and their isotopes
in the solar system, highlighting the main nucleosynthesis mechanisms. The Big Bang
nucleosynthesis is responsible for the lightest elements, H, He, Li, then stellar burning
produces elements up to the Fe peak, and finally neutron-capture processes produce the
heavier elements. Some small contributions to the heavier elements also come from p, v
and v-p processes. From Cowan et al. (2021).

1.2 Astrophysical sites of r-process

Several studies (Cowan et al., 2021; Arcones & Thielemann, 2023; Thielemann &
Cowan, 2026) have discussed the possible astrophysical sites for the production of
r-elements.

Potential scenarios, which generally involve the creation of a neutron star (NS) after
a core-collapse supernova (CC-SNe) explosion, for stars between ~ 8 and ~ 25 M,
or NS mergers, involve very dense and hot matter, cooling through neutrino emis-
sion. Specifically, electron anti-neutrinos can interact with matter and convert it
into neutron-rich.

votp=n+e



Models explaining possible sites of r-process are still being developed, as sim-
ulations are complex, involving relativistic, magneto-hydrodynamic, and nuclear
physics subjects. Potential scenarios are discussed in the following sections.

1.2.1 Compact binary sources

In the context of r-process nucleosynthesis, the term compact binary merger refers
to the outcome of the evolution of a binary system made of two compact objects,
where at least one is a neutron star (either two NSs, or a NS and a black hole). This
class of events was proposed as an efficient production site of r-process in the 1970s
(Lattimer & Schramm, 1974).

A compact binary merger can be associated with the detection of a gravitational
wave, since during the inspiral phase the two bodies grow closer and lose gravita-
tional orbital energy, thus emitting gravitational waves.

In particular, since a NS is involved in the merger, the observation of an electro-
magnetic counterpart is expected following the gravitational wave detection. The
extremely energetic electromagnetic emission that is observed is called kilonova and
it can be accompanied by short-duration gamma-ray bursts, transient emissions
characterized by a rapid flash of gamma rays.

Kilonovas emit across the whole electromagnetic spectrum and observations of ra-
dioactive decays indicate the presence of heavy r-process nuclei from the mass ac-
cretion on the NS or black hole.

The observation of the gravitational wave event GW170817 (Abbott et al., 2017)
and the subsequent kilonova, has demonstrated for the first time that this kind of
events produce a significant amount of r-process elements (Pian et al., 2017; Watson
et al., 2019).

An estimate of the r-process mass produced in compact binary mergers is of the
order of 0.01 M, per event (Cowan et al., 2021). However, this contribution is quite
delayed with respect to the first CC-SNe, due to the timescale of the process that
can take as long as 10% — 10% yrs. Consequently, this scenario may not have been a
primary contributor to the r-process in the early stages, requiring additional sources
at metallicities [Fe/H|< —2 dex.

Nevertheless, NS mergers are definitely responsible for the r-process at later times,
contributing to the explanation of the pattern of [Eu/Fe] at metallicities [Fe/H|> —2
dex, as well as the decline of [Eu/Fe].

Matteucci et al. (2014) calculated chemical evolution models for [Eu/Fe] in the
Milky Way, evaluating the different sources of r-process. They demonstrated that
NS mergers can reproduce the observed abundances in the Milky Way, but only as-
suming a short and constant delay time for the merging. Otherwise, with a different
delay time distribution between star formation and merger, the observed chemical
patterns could be reproduced only if other sources of r-process were included (Molero
et al., 2023).



1.2.2 Magneto-rotational core-collapse SNe

For extremely metal-poor stars, a more likely contributor to the r-process is rep-
resented by magneto-rotational CC-SNe (MHD-SNe) (Reichert et al., 2021; Mosta
et al.,; 2018). In this scenario, the SN explosion is triggered by strong magnetic fields
and fast rotation of the stellar core, and results in a NS remnant with an intense
magnetic field (~ 10" — 10" G).

The process is able to produce a wide range of r-elements, from weak to strong,
depending on the initial conditions. For small magnetic fields, weak r-elements or
no r-elements at all can be produced.

According to Cowan et al. (2021), this scenario could be in act early enough to ex-
plain the scatter of r-elements in low metallicity stars. However, this rare CC-SNe
should account for ~ 1% of all the stars exploding as standard CC-SNe (Woosley &
Heger, 2006) and they should not be able to reproduce the total amount of observed
r-process elements.

1.2.3 Collapsars

Collapsars are the result of the final collapse of massive stars that ends in a black
hole accreting matter, a specific kind of SNe characterised by high kinetic energies,
and that can also be associated with long-duration gamma ray bursts.

Under specific requirements, collapsars can create a neutron rich environment and
co-produce Fe and large amounts of r-process nuclei, for a mass greater than 0.1 M
(Cowan et al., 2021). However, this co-production of Fe and r-process elements alone
would not be sufficient to explain the decreasing trend observed in the behaviour of
[Eu/Fe] as a function of [Fe/H].

Given such high mass yields, a frequency of one collapsar per 10* — 10* regular CC-
SNe could explain the solar r-process abundances. Similarly to MHD-SNe, collapsars
can also be responsible for the production of r-process at early times, however, they
seem less likely due to the stringent requirements (Soker, 2026).

1.2.4 Common envelope jets SNe

A common envelope jets supernova (CEJSN) is a process in which a NS enters the
core of a massive star and accretes mass rapidly, creating a neutron rich accretion
disc that is driving the r-process. In this scenario jets are also launched, possibly
carrying away the r-elements.

If the NS collapses, mass accretion can continue on the newly formed black hole, so
that the r-process production can keep going. The estimated r-process mass yield
of the continued accretion on the black hole is very large, of the order of 0.1 M
(Soker, 2026).

The timescale of this process is somewhat close to that of regular CC-SNe, with
only a small delay, thus representing a significant contribution to the r-process at
early times. Soker (2026) speculates that CEJSNe may be responsible not only for
the production of the heavier r-elements at early times, but also for the synthesis of
lighter r-process nuclei.



As a result, the most likely scenario is one in which different sources act on
different timescales (Anoardo et al., 2026). The primary contribution to the r-
process at early times is possibly a combination of CEJSNe for heavier nuclei and
MHD-SNe. Alongside, there are the less likely contributions from collapsars, for
lighter nuclei, and the small contribution from compact binary mergers for heavier
nuclei. Compact binary mergers, however, definitely contribute at later times.

1.3 [Eu/Fe| in the Milky Way

As discussed above, Europium is one of the purest r-process elements that we can
measure in stellar spectra. Most of the information about r-process efficiency in the
Milky Way and in other resolved stellar systems comes from the [Eu/Fe] abundance
ratios.

Figure 1.2 shows the behaviour of [Eu/Fe| as a function of [Fe/H] for Milky Way
stars over a large range of metallicities (Cowan et al., 2021).
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Figure 1.2: [Eu/Fe] abundances as a function of [Fe/H] for Milky Way stars, highlighting
the large scatter and the following decreasing behaviour. The red solid lines represent the
overall trend of the stars, the black dashed lines highlight the typical star-to-star scatter
at any metallicity. From Cowan et al. (2021).

The first noticeable feature is the existence of a large scatter at very low metallic-
ities, [Fe/H]< —2 dex, with stars reaching extreme values, as low as [Eu/Fe|~ —0.8
dex and as high as ~ +2 dex. This spread, which is much larger than the uncer-
tainties associated to the measured abundances, reflects the stochastic nature of the
astrophysical sites of the early r-process, suggesting that the latter may have hap-
pened in a gas that was not mixed homogeneously. The presence of some Fe in the
stars also indicates a short delay with respect to the first CC-SNe, injecting small
amounts of Fe in the interstellar medium (ISM).

As well as a low frequency of the events generating the r-process, also a large r-
element production per individual event, > 0.1 Mg, is required to reproduce this
scatter (Soker; 2026).

The scatter begins to decrease only as metallicity increases, around [Fe/H]> —1.5



dex, where [Eu/Fe] reaches a super-solar average value, indicating that the enrich-
ment is efficient.

Finally, a clear decreasing trend for [Eu/Fe] is seen starting from [Fe/H]> —1 dex,
indicating the onset of SNe Ia injecting Fe in the ISM and not producing any 1-
elements.

1.4 [Eu/Fe| in dwarf-spheroidal and ultra-faint
galaxies

Different studies have been conducted to understand neutron-capture processes in
dwarf spheroidal (dSph) galaxies.

Reichert et al. (2020) present a study of 13 dwarf spheroidal and ultra faint galaxies,
involving 380 stars from Fornax, Sagittarius, Sculptor, Sextans, Carina, Ursa Minor,
Draco, Reticulum II, Bootes I, Ursa Major II, Lei I, Segue I and Triangulum II. The
goal is to compare the different relative abundances of s- and r-process elements.
For example, the behaviour of [Eu/Ba] against [Ba/H] shows at first a slope of ~ 1,
indicating that Ba is initially produced with Eu through the r-process. The follow-
ing decrease indicates the onset of Ba production from the s-process in asymptotic
giant branch (AGB) stars, which is expected to have a time delay similar to that of
SNe Ia. Evidence of r-process elements before the first SNe Ia points to the need
for an additional early r-process site, other than the compact binary mergers.
Focusing on the trend of r-process elements versus a—elements, models that imple-
ment the r-process only through NS mergers are expected to have a positive slope,
due to the long time delay with respect to CC-SNe. A flatter behaviour is expected
if r-process production sites also involve sources with time delay similar to CC-SNe.
Observations for Sagittarius support the contribution of rare CC-SNe like sources
to the r-process.

Finally, the behaviour of [Eu/Fe| in the Milky Way seen in Fig. 1.2, showing a
plateau followed by a decreasing trend, is also seen in dSphs like Sagittarius, Fornax,
Sculptor, Sextans. It is explained as the result of an additional source of r-process
in the early universe creating the plateau, and the contribution of NS mergers at a
delayed time generating the decrease.

Regarding the Local Group, works on dwarf spheroidal galaxies to model the Eu

enrichment have been proposed. These galaxies are characterized by metallicities of
the order of [Fe/H]< —2, —3 dex, and thanks to their closeness to the Milky Way,
they serve as perfect grounds to study the chemical evolution of the r-process at low
metallicities.
Palla et al. (2025) aim at comparing model predictions for three of the most massive
dSphs in the Local Group, Sagittarius (Sgr), Fornax (For) and Sculptor (Scl), with
the Milky Way. Before building the chemical evolution models, data about the
abundances are collected and examined, focusing on the patterns of [Eu/Fe| and
[Eu/Mg] in the various galaxies, representing the relative Eu abundance with respect
to Fe and a-elements. Two main differences are observed:

1. The pattern of [Eu/Fe] vs [Fe/H] is similar among the Milky Way, For and Sgr
(as shown for the latter in the bottom panel in Fig. 1.3). Scl has an overall

6



lowered abundance of [Eu/Fe];

2. The pattern of [Eu/Mg] vs [Fe/H] is similar between Scl and the Milky Way,
while it is enhanced for Sgr and For.

-2.5 -2.0 -15 -1.0 -0.5

1.50{ .
1.25 :
1.00|
0.75

0.50].

[Eu/Fe]

0.25[. ..

0.00}=

—0.25]

—0.50

35 3.0 15 5 6.5
[Fe/H]

Figure 1.3: [Mg/Fe] and [Eu/Fe] abundances in the stars of the Sagittarius dwarf
spheroidal galaxy: the top panel shows the behaviour of [Mg/Fe] as a function of [Fe/H],
while the bottom panel shows [Eu/Fe] as a function of [Fe/H]. Gray circles represent
Milky Way field stars from the SAGA database (Suda et al., 2008), orange stars are Milky
Way globular cluster analysed by Mucciarelli et al. (2023) and red squares and triangles
represent stars from the Sagittarius dwarf spheroidal galaxy. From Liberatori et al. (2025)

Chemical evolution models are then built with the goal of explaining these differ-
ences, starting from the individual star formation histories of the galaxies.

Then, r-process nucleosynthesis is implemented through two channels, a prompt one,
the magneto-rotational CC-SNe, and a delayed one, the compact binary mergers,
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with mass yields consistent with Eu abundances in the Milky Way.

Model results are found be representative of the Milky Way data over a wide range
of metallicities, proving the necessity of two sources of r-process nucleosynthesis:
the prompt one, being the dominant channel, and the delayed, contributing to a
negligible amount.

On the other hand, results are lacking in Eu abundance for the three dSphs by
almost 0.5 dex. The models can be reconciled with the data, only by increasing by
a factor 4 the Eu production rate. The missing Eu could be delivered from either
of the two production channels. The hypothesis of increasing the Eu production at
low metallicities from delayed sources is proposed as the more reasonable option.
The fact that significantly different Eu production procedures need to be applied,
proves that the same r-process enrichment scenario cannot work simultaneously for
the Milky Way and the dwarf galaxies.

Among dSphs in the Local Group, the Magellanic Clouds are a system of two
closely interacting galaxies, the Small Magellanic Cloud (SMC), and the Large Mag-
ellanic Cloud (LMC). Their gravitational and hydrodynamical interaction can be
seen through the Magellanic Stream, wrapping the two galaxies, and the Magellanic
Bridge, connecting them and allowing mass exchange.

The SMC and LMC are the two most massive satellites of the Milky Way in the
Local Group, with the LMC having a mass between 1 and 3 - 10'* M, and a stellar
mass of ~ 10° M, (van der Marel & Kallivayalil, 2014; Erkal et al., 2019), and the
SMC having a total mass of ~ 3-10° Mg, and a stellar mass of ~ 5-10% M, (Rubele
et al., 2018; Stanimirovi¢ et al., 2004).

Furthermore, their close proximity to the Galaxy, at a distance of ~ 50 kpc and
~ 60 kpc for the LMC and SMC respectively, offers the chance to study resolved
stars from systems that are currently interacting with the Milky Way.

Although several studies based on high-resolution spectroscopy have investigated
the chemical composition of the Magellanic Clouds (Pompéia et al., 2008; Van der
Swaelmen et al., 2013; Nidever et al., 2020; Hasselquist et al., 2021; Mucciarelli et al.,
2023), the measurement of the Eu abundance in these galaxies has received limited
attention. In the case of the SMC, only recently, the first Eu abundances have been
derived (Anoardo et al., 2026).

Regarding the LMC, the inner disc chemical abundances were studied by Pompdia
et al. (2008), to investigate the star formation and evolution of the galaxy.

Among the main results, it is proved that the overall abundance patterns of differ-
ent elements in dSphs seem to differ from those of the Milky Way halo. In general,
elemental abundances seem to be lower than in the Milky Way, indicating a slower
stellar evolution in the LMC.

Given that [a/Fe] abundance ratios appear decreased in the LMC, a possible expla-
nation is a slower development of the star formation with respect to the Milky Way,
with a higher frequency of SNe Ia with respect to SNe II, and possibly a steeper
initial mass function.

S-elements were also studied, finding the lighter elements underabundant and the
heavier elements slightly enhanced. This result is possibly explained considering
s-element production from AGB stars being metallicity dependent.



Finally, in Van der Swaelmen et al. (2013), LMC bar stars were analysed to derive
radial velocities and metallicities.

Again, a—elements abundances are found to be lower than in the Milky Way due to
a higher enrichment of the ISM from SNe Ia. Elements like Si, Ca, Ti are produced
more or less efficiently depending on the mass of the SNe II progenitor, while O and
Mg are mainly produced by massive SNe II and only in little amounts by SNe Ia.
The fact that Si, Ca and Ti overlap the Milky Way patterns, while O and Mg are
decreased with respect to the Milky Way values (see Fig. 1.4) proves that the LMC
formed high mass stars less efficiently than the Milky Way.
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Figure 1.4: In the left panel: first row shows [Si I/Fe I] vs. [Fe/H], second row shows
[Ca I/Fe I] vs. [Fe/H], third row shows [Ti II/Fe I] vs. [Fe/H]. In the right panel: first
row shows [O I/Fe I] vs. [Fe/H], second row shows [Mg I/Fe I] vs. [Fe/H], third row shows
[O I+Mg I/Fe I] vs. [Fe/H]. The black filled circles and blue open pentagons represent
respectively LMC bar and disc stars from Van der Swaelmen et al. (2013); green asterisks
represent Arcturus stars; red downward triangles are for LMC globular clusters (Johnson
et al. 2006; Mucciarelli et al. 2008, 2010); black tiny dots represent Milky Way thin and
thick disc (Bensby et al. 2005; Reddy et al. 2003, 2006), halo (Fulbright 2000; Stephens &
Boesgaard 2002; Reddy et al. 2006), and additional Milky Way data for O from Carretta
et al. (2000). Typical random (left) and systematic (right) error bars on both coordinates
are provided for the LMC samples. From Van der Swaelmen et al. (2013).

S-elements abundances are observed to increase with metallicity and to be higher
than in the Milky Way for [Fe/H|> —1 dex, indicating a more efficient production
of s-elements in AGB stars.

The Eu abundance is found to be higher than in the Milky Way at [Fe/H]> —1 dex.
In this article, the enhancement in Eu abundances is thought to be produced either
by a third source of r-processes, other than NS and SNe II, or some kind of s-process
in carbon enhanced metal poor stars which exhibit both r- and s-process elements.

Regarding the SMC, the overall chemistry of the galaxy seems to be distinct from



that of the Milky Way (Mucciarelli et al., 2023) showing higher [r/Fe] abundance
ratios and lower [a/Fe] abundance ratios at the same metallicity.

New chemical evolution models for the galaxy have also been developed, with de-
tailed implementation of many nucleosynthesis mechanisms, focusing on the ele-
ments produced by neutron-capture processes. Model predictions have been com-
pared with observations and seem to severely underestimate the patterns of both
neutron capture processes. It seems that models require a boost by a factor 4 on
the production of r-elements at low metallicities from NS mergers, as suggested in
Palla et al. (2025), and possibly the adoption of a top lighter initial mass function
to help reconcile the trends (Palla et al.; 2026).

According to Anoardo et al. (2026), the enhancement of the r-process (see Fig. 1.5)
could support the idea to use [Eu/a| for chemical tagging on intermediate and high
metallicity stars in the Milky Way halo.
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Figure 1.5: In the top and bottom panels the trends for [Eu/Fe] and [Eu/Mg] as a
function of [Fe/H] are shown. The red line represents results for the SMC from Anoardo
et al. (2026), the blue line represents data from the Milky Way (collected from the SAGA
database, Suda et al., 2008), and the green line represents the abundances for LMC stars
(from Van der Swaelmen et al., 2013).
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Several works performed so far on Local group galaxies smaller than the Milky

Way (therefore with a lower star formation efficiency) indicate that these systems
can have, at the highest metallicties, [Eu/a] abundance ratios significantly higher
than those measured for Milky Way stars of similar [Fe/H]. Consequently, differ-
ent authors (Monty et al., 2024; Ceccarelli et al., 2024; Anoardo et al., 2026) have
proposed the use of this kind of abundance ratio to discriminate between accreted
and in situ stars in the Milky Way. In fact, stars dynamically associated to accre-
tion events in the Galaxy exhibit systematically higher [Eu/Si] abundance ratios (as
shown in Fig. 1.6 and 1.7).
Finally, the SMC matches this behaviour, showing [Eu/Fe] values measured by
Anoardo et al. (2026) compatible with the Milky Way stars, while the two galaxies
differ for [Mg/Fe|. Therefore, the SMC stars result to have higher [Eu/Mg] with
respect to the Milky Way.
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Figure 1.6: In the left panel the binned mean abundance values of [Eu/Mg| versus
[Fe/H] for Sgr field stars from Reichert et al. (2020) in are shown in yellow. The dark
and light shaded regions represent respectively the median absolute deviation weighted
by square root the number of stars per bin and 1o times the median absolute deviation.
In the right panel the binned mean abundance and dispersion for LMC field stars from
the studies of Oh et al. (2024), Reggiani et al. (2021), Van der Swaeclmen et al. (2013)
and Pompéia et al. (2008) are shown in purple. LMC globular clusters from the studies
of Mucciarelli et al. (2008) and Mucciarelli, Origlia & Ferraro (2010) are overplotted as
stars. The dashed and dotted black lines represent respectively chemical evolution models
to reproduce the accreted and in situ stars. From Monty et al. (2024).
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Figure 1.7: Distribution of [Eu/Si| as a function of metallicity for globular clusters in
external galaxies. LMC, Milky Way (in situ), and Gaia-Sausage/Enceladus dwarf galaxy
(accreted) field stars means are shown. The dark and light shaded regions represent
respectively the median absolute deviation weighted by square root the number of stars
per bin and 1o times the median absolute deviation. From Monty et al. (2024).

1.5 The astrophysical problem: Eu abundance in
the Magellanic Clouds

The goal of this thesis is to determine whether the LMC and SMC exhibit a similar
behaviour in terms of Eu enrichment and r-elements production. In order to do this,
one should compare results without possible systematic errors due to the different
analysis methods.

Therefore, we will re-analyse the Eu abundance in the LMC stars studied in Van der
Swaelmen et al. (2013), using methods that are consistent with those applied for the
SMC in Anoardo et al. (2026). In particular, the LMC sample will be analysed with
the same approach to derive the stellar parameters, the same model atmospheres,
and the same line lists for the transitions of interest.

As a result, obtaining the chemical profile of LMC stars can provide insight into
whether Eu can be used as a chemical tag to infer the possible accretion of LMC or
LMC-like fragments in the Galaxy.

Ultimately, a comparison between the chemistry with other Local Group galaxies
can improve the current knowledge on the evolution of the Milky Way, as the history
of the Galaxy depends strongly on the interactions with the neighbouring systems
(Pompéia et al., 2008).

In the following chapters, the analysis of Eu in the LMC stars will be described,
starting from the photometric and spectroscopic data, the methods used to prepare
the data, and then the chemical analysis itself.

Finally, results are interpreted and discussed, comparing with SMC and Milky Way
abundances and drawing conclusions.
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Chapter 2

The spectroscopic dataset

The targets of the analysis are 113 stars belonging to the inner bar of the LMC. The
sampled stars belong to the bright region of the red giant branch (RGB).

The spectra were obtained with the multi-object spectrograph FLAMES at the Very
Large Telescope of ESO. The LMC region that was observed was centered on the
coordinates RA= 81.19321, DEC= —69.79278.

The photometric data were collected from the Gaia Data Release 3 from a region
centered on the same coordinates.

2.1 The Gaia photometric data

Gaia is a space mission of the European Space Agency that has provided astromet-
ric and photometric information for almost 2 billions of stars in the Milky Way and
in the Local Group. In particular, for each star, Gaia provides three magnitudes,
named G, BP and RP (transmission curves of the three filters are shown in Fig. 2.1).
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o 0.35-
< 0.30-
A 0.25-
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Figure 2.1: Gaia DR3 passbands. The coloured lines show the G, BP and RP passbands
(green: G; blue: BP; red: RP), defining the Gaia photometric system. The thin, grey
lines show the nominal, pre-launch passbands for Gaia DR1 (Jordi et al. 2010). Credits:
ESA/Gaia/DPAC, P. Montegriffo, F. De Angeli, M. Bellazzini, E. Pancino, C. Cacciari,
D. W. Evans, and CU5/PhotPipe team.
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The photometric data for the targets were downloaded from the archive of the
Gaia Data Release 3 (Gaia Collaboration et al., 2023), considering a spatial region
of 17 arcmin of radius around the pointing centre of FLAMES.

In order to only keep the photometric data relative to the 113 spectroscopic tar-
gets, faint and main sequence stars were removed, restricting the original data to
the brighter part of the RGB in the color magnitude diagram (CMD). This was
performed considering stars for 15 < G < 17.5 and BP — RP > 0.7.

At this point the match function in TOPCAT was used to only keep the Gaia data
relative to the stars that need to be analysed, matching the sky coordinates with
the data from Van der Swaelmen et al. (2013), as shown in the sky map in Fig. 2.2.
The final table with the photometric data downloaded from the Gaia archive con-
tains the sky coordinates (RA, DEC), the parallax and proper motion, the three
Gaia mean magnitudes in the G, BP and RP filters, with the respective errors on
the fluxes, and the BP/RP excess factor for the 113 stars.

Figure 2.3 shows the CMD of the LMC bar stars, using the colour BP-RP on the x
axis and the G magnitude on the y axis. The position of the spectroscopic targets
of this analysis in the RGB is highlighted with respect to the field stars.

2.2 The 2MASS data

2MASS (Skrutskie et al., 2006) is an all-sky survey in the bands J, H, K, obtained
from the virtual observatory option in TOPCAT. The data were downloaded from
a circular region centered on the pointing centre of FLAMES with a radius of 16
arcmin. Again, using the stellar coordinates, only the data relative to the spectro-
scopic targets were kept.

As a result, the 2MASS table for the bar was obtained, containing the stellar ID, the
sky coordinates, the J, K, H magnitudes with the relative error, and a flag describing
the quality of the measured magnitudes.

2.3 The spectroscopic dataset

The spectra for the LMC bar stars were observed with FLAMES, a fiber-fed, multi-
object echelle spectrograph on UT2 at VLT (Pasquini et al., 2000).

Using the GIRAFFE high resolution MEDUSA mode, three setups were considered
for each star, HR11, HR13, HR14A. The latter setup, HR14A, is the one containing
the Europium line at 6645 A. The main characteristics of each setup, such as wave-
length range, central wavelength and instrumental resolution are listed in table 2.1.
All the spectra were reduced using the dedicated ESO pipeline that performs bias-
subtraction, flat-fielding, spectral extraction and wavelength calibration.

The spectra were also corrected for the contribution of the sky background using
the median-average spectrum of some tens of GIRAFFE fibers dedicated to observe
empty sky regions. Finally, the spectra were corrected for the heliocentric motion.

For all the target stars, the spectra for the three setups were available, except for
two stars (named 05242198-6943579 and 05223082-6944147) for which HR11 and
HR13 observations were not available respectively.
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WI start (A) | WI centre (A) | WI end (A) | R (MEDUSA)
HR11 5597 5728 5840 29500
HR13 6120 6273 6405 26400
HR14A 6308 6515 6701 18000

Table 2.1: Description of the setups used for the observation of the spectra, including
wavelength range, central wavelength, and spectral resolution, obtained from the descrip-
tion of FLAMES in the ESO webpage.

—69.5
—69.6
at
» -
—69.7 ol ROy :
_ g ¢ ‘N 4 .
on 0 *
z r I .
2 _69.8 1 IS i
o .
[m]
—69.9 1
—70.0
LMC field stars
spectroscopic targets
—70.1 - T T T T T T T
80.50 80.75 81.00 81.25 81.50 81.75 82.00
RA (deg)

Figure 2.2: Sky map of the stellar sample from the LMC bar from the GAIA catalogue.
The gray background represents the spatial distribution of the stars in a circular region of
17 arcmin centered on the pointing centre of FLAMES, while the red dots correspond to
the stars selected for the analysis.

15



15

16
SRR ¥
17 - cote e BeT
gl .}_|_ .:\ r\. %
. b
U]
18 1
19 A
20 - LMC field stars
spectroscopic targets
T T T T T
0.5 1.0 1.5 2.0 2.5
BP-RP

Figure 2.3: Colour-magnitude diagram of the stellar populations of the LMC bar. The
data for the magnitudes were obtained from the GAIA Data Release 3, from the spatial
region shown in the sky map in Fig. 2.2 (gray points). The red points are the FLAMES
spectroscopic targets analysed in this study.
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Chapter 3

Analysis methods

In this chapter, the methods used to prepare the data (such as normalization and ra-
dial velocity correction of the spectra), as well as the methods for the determination
of the stellar parameters (effective temperature, surface gravity and microturbulent
velocity) will be described.

Finally, the method to infer the chemical abundances of the stars of the FLAMES
sample will be explained.

3.1 Determination of the colour excess

The first step to determine the stellar parameters is the estimate of the mean colour
excess E(B — V), in order to correct the photometric data for extinction.

The colour of a star is defined as the difference between the magnitude in two
different photometric filters, and it is tightly linked with the stellar temperature.
However, the observed colour is different from the intrinsic value, as it is affected by
extinction, a strongly wavelength-dependent effect, caused by the presence of dust
between the source and the observer.

The colour excess describes the effect of extinction on colours and is defined as the
difference between the extinction in two bands, E(B — V) = A — Ay. Its value al-
lows to determine the intrinsic colour of a star as (B—V) = (B —-V)_,,—E(B-V).
The mean colour excess in the direction of the FLAMES field analysed in this study
has been obtained from the extinction maps for the Magellanic Clouds by Skor-
won+-21, that provide the color excess in terms of E(V — I).

The derived value is E(V —1) = 0.078. We transformed this value using the relation
E(B—-V)=0.8-E(V —1I), obtaining a final value of E(B — V) = 0.062.
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3.2 Determination of the stellar parameters

The stellar parameters, such as the effective temperature, 7. s, the surface gravity,
log g, and the microturbulent velocity, vy, were determined using the Gaia and
2MASS photometric data.

The Python code that computed the parameters requires as input:

e The three Gaia magnitudes, G, BP, RP, with the respective errors, and the K
magnitude with its error from the 2MASS catalogue.

e The value of the colour excess obtained from Skowron+21

e A generic value for the metallicity of [Fe/H|= —0.5 dex (consistent with the
results in Van der Swaelmen et al.; 2013). It is worth noting that the derived
temperatures are poorly sensitive to the precise value of the adopted metallici-
ties: a difference of 0.1 dex on [Fe/H] only affects the result on the temperature
for ~ 10 K.

e A value for the stellar mass. According to Mucciarelli et al. (2023), we adopted
a value of 1 M, for all the targets, representative of the typical stellar masses
of RGB stars in intermediate age populations.

e A value for the distance modulus of the LMC. Here we adopted for all the
stars a distance modulus of p = 18.5, assuming that the thickness of the LMC
is negligible with respect to its distance.

The values of the effective temperatures for each star were computed using the
colour - T, transformations from Mucciarelli et al. (2021), which are based on
the Gaia Data Release 3 (Gaia Collaboration et al.; 2023) and 2MASS photometry
(Skrutskie et al., 2006).

The program first of all corrects the magnitudes for extinction and applies the trans-
formations for the six colour combinations (BP — RP),(BP — G),(BP — K), (G —
RP),(G — K), and (RP — K).

Using the appropriate coefficients by, ..., b5 from Mucciarelli et al. (2021) based on
the specific de-reddened colour C' and the evolutionary stage of the star (giants in
this case), T.rs is determined as:

0 = by + byC + byC? + bs[Fe/H] + by[Fe/H]* + bs[Fe/H]C (3.1)
T.sr = 5040/6 (3.2)

Then, the luminosity of each star L is computed from the bolometric magnitude
using the distance modulus provided as input. This allows to estimate the radius of
the star R using the Stefan-Boltzmann law (o = 5.67-107° erg em 2 s+ K™*):

L = 4nR*0 T}, (3.3)

Finally, the surface gravity is estimated from the physical definition, using the radius

just computed, the stellar mass M provided as input and the gravitational constant
G=667-108g1emds 2%

GM

9= r? (3.4)
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In this study, we decided to use for all the targets the temperatures derived from
the G — K colours (and the corresponding log g) for consistency with the analysis
by Anoardo et al. (2026), in order to avoid possible systematics due to the use of
different colours.

The microturbulent velocity is an important value that parametrizes the effect
of convective motions in the stellar atmospheres. As a matter of fact, convective
cells can rise toward the surface of the stellar atmosphere, or drop towards the inner
layers, producing an additional broadening in the line profile.

The standard 1-dimensional model atmospheres (that describe any physical quantity
as a function of the optical depths) are not able to properly and fully describe the
convection. Therefore, the use of these models fails to reproduce the line broadening
of the strong and saturated lines (that are the most sensitive to the convective
motions). On the other hand, lines on the linear part of the curve of growth are not
affected.

In order to overcome this limitation of the 1-dimensional model atmospheres, a
corrective parameter, named microturbulent velocity, is adopted in the line profile
computation.

Usually, this parameter is constrained by forcing weak and strong Fe lines to have
the same abundances. However, this procedure would need a large amount of Fe
lines, covering a wide range of line strengths. In the case of the FLAMES spectra
that we have in hand, the number of Fe lines is too small to properly constrain
this parameter, and we rely on the relation by Mucciarelli & Bonifacio (2020) that
calibrates vy, as a function of log g.

Since the linear relation for vy, is different for [Fe/H]< —2.1 dex and [Fe/H|> —2.1
dex, the minimum value of metallicity in the data from Van der Swaelmen et al.
(2013) is identified. We found a minimum value of [Fe/H]= —1.69 dex among the
bar stars, ensuring the use of the appropriate linear relation:

Vpury = (—0.37£0.03) -log g + (2.08+0.04) (o =0.13) (3.5)

Using the value of log g obtained in the previous step, from the colour G — K, the
corresponding vy, is computed for each star using the formula 3.5.

Results obtained for the stellar parameters are compared with the counterpart from
Van der Swaelmen et al. (2013) in Fig. 3.1.

Finally, the results for T.;s and logg can be displayed in a Kiel diagram in Fig.
3.2. The values of T¢ss vary between 3693 K and 4971 K, while the values for log g
range between 0.81 dex and 1.6 dex, which is consistent with what is expected for
red giant stars.
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Figure 3.1: Comparison of the stellar parameters. In order, the top, middle and bottom
panels show the difference between the effective temperature, the surface gravity and the
microturbulent velocity obtained from the G — K colour in this work, and the values from
Van der Swaelmen et al. (2013).
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Figure 3.2: Kiel diagram showing the position of the target stars in the Terf — logyg
plane.

3.3 Preparation for the analysis

In this section, we explain the steps needed to prepare the spectra for the chemical
analysis: normalization, correction for radial velocity, estimate of the SNR and
identification of the lines for the chemical analysis.

3.3.1 Radial velocity correction and normaliza-
tion

The radial velocity correction is performed to measure the Doppler shift caused by
the component of the star velocity along the line of sight.

The correction is carried out using the program slab (developed at the Department
of Physics & Astronomy, University of Bologna) containing the command rvlist.
Providing a file listing the spectra that need to be corrected, and a template spec-
trum of known radial velocity, it calculates the cross-correlation function (CCF). The
CCF describes the correlation probability between the observed spectrum (shifted
one pixel at a time) and the template spectrum of known radial velocity (see Fig.
3.3).

In order to define the radial velocity, the main peak of the CCF is fitted with a gaus-
sian profile and the centre of the best-fit is assumed as the best-fit radial velocity.
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Figure 3.3: Cross-correlation function computed for the spectroscopic target 05223895-
6945007. The left panel shows the entire cross-correlation function, while the right panel
shows only the region around the main peak with the best-fit Gaussian profile.

As template spectra, we adopted synthetic spectra calculated with the code k2
(Mucciarelli et al. in preparation). Because the target stars have similar parameters,
we used a single template spectrum for each setup, which was computed adopting
the average stellar parameters of the bar stars (T,5r = 4283 K, logg = 1.21 dex
and vy, = 1.63 km s™!) and representative values of —0.5 dex for the metallicity
and [o/Fe]= +0.4 dex. It is worth noting that the precise value of [o/Fe] used to
compute the synthetic spectra has a negligible effect on the measured radial velocity.
The output of synthe consists of three files, a non-broadened synthetic spectrum,
in which absorption lines only show the intrinsic broadening and the effect of the
stellar atmosphere, a synthetic spectrum with the additional contribution of the in-
strumental broadening, and table including the lines used in the synthetic spectrum.

The normalization of the spectra was performed with the command splinelist
in the program slab. The program performs a fitting of the continuum using the
spline method and avoiding the pixels relative to spectral lines.

Providing the .fits file of the spectra and choosing k = 3, o0 = 2, respectively
the degree of the spline and the number of standard deviations to reject points of
line /noise, the program provides as output the normalized spectra.

An example of this procedure is shown in Fig. 3.4.
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Figure 3.4: In the top panel, the observed spectrum of star 05252899-6939078 in the
HR13 setup. In the bottom panel, the result of the normalization procedure.

3.3.2 Estimate of the SNR and broadening of lines
due to external processes

As explained below, in order to select the lines for the chemical analysis, it is neces-
sary to know the SNR of the spectra. The estimate of the SNR for each spectrum
is performed using slab and the command snr.

This command allows to select interactively continuum regions without lines. We
selected spectral regions of 1-2 A of amplitude, calculating the SNR as the median
value of the flux, normalized to the flux standard deviation.

First of all, a brighter and a fainter star were considered to investigate whether the
SNR is constant across different wavelengths. In each setup, three values of the SNR
were determined at the beginning and at the end of the spectrum. As a result, SNR
is seen to vary only a little with wavelength in the setups HR11 and HR13, while it
is seen to change more in HR14A, probably due to the different curve of efficiency
of each setup.

Finally, for each star and setup we estimated the SNR across the corresponding
spectral range.
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Another piece of information useful to calculate appropriate synthetic spectra for
the line selection and for the subsequent chemical analysis, is the observed broad-
ening of the lines. The observed broadening is the convolution of different effects,
including the intrinsic broadening of the lines, the instrumental profile and additional
broadening arising mainly from convective motions in the stellar atmospheres.

To estimate the broadening of the lines, the option fitline in slab was used, al-
lowing to perform the gaussian fitting of a spectral line. Providing the observed
spectrum, and the instrumental resolution as an initial guess, the FWHM of the
best-fit model of a certain line is determined.

For an intermediate brightness star, we measured the FWHM of 15-20 spectral lines.
The median value reported in table 3.1 was chosen as representative for each setup.

| HR11 | HR13 | HR14A
FWHM (A) | 0.313 | 0.370 | 0.490

Table 3.1: Median values for the measured FWHM for each setup.

Lastly, given the observed FWHM in table 3.1, the instrumental resolution in
table 2.1, and assuming a contribution from the intrinsic broadening of 0.1 A, the
value of the broadening from further effects can be determined as:

FWHM cpiq = \/ FWHM?,, —0.12 (3.6)

obs

At this point, the corresponding resolution, which includes the effect of the instru-
mental and the extra broadening, is computed as follows:

Rin+ewtra - )\central/FWHMeaztra

Results are listed in table 3.2.

FWHMobs (A) FWHMemtTa (A) Acentral (A> Rin+extr(z
HRI11 0.313 0.300 5718.5 19280
HR13 0.370 0.384 6262.5 16320
HR14A 0.490 0.479 6504.5 13560

Table 3.2: Results for the different contributions to the broadening of lines and resolution
in the three setups.
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3.3.3 Identification of the lines in the spectra and
line selection

The last step before the chemical analysis is the line selection. Our aim is to select
atomic transitions for the elements of interest, that are possibly unblended and as
clearly detectable as possible, according to the observed SNR of our spectra.

We used the code k2 to select the lines according to the following procedure.

First of all, synthetic spectra representative of the observed targets in terms of stel-
lar parameters and metallicities were calculated using the code synthe (I<urucz,
2005). For the computations, the appropriate resolution for each GIRAFFE setup
of our dataset was provided. Also, at this step, the [Eu/Fe|] was increased by +0.7
dex with the goal of observing the Eu line at 6645 A in the synthetic spectra.
Then, all the available features (that could be isolated or blended lines) in a syn-
thetic spectrum were identified as local minima using the option sline2 in the k2
code. The features that are weaker than a given threshold (provided as input pa-
rameter according to the measured SNR of the spectra) are automatically excluded
as considered not detectable within the observed noise.

For each minimum, the strongest transition available within the line profile is identi-
fied. The code also computes for each transition the variation in abundance arising
when we consider the corresponding feature unblended, to quantify the effect of
possible blending. The graphical output of sline2 is shown in Fig. 3.5.
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Figure 3.5: Example of the output of sline2 for the synthetic spectrum covering the
wavelength range of the setup HR14A, zoomed on the Eu line at 6645 A.

Once the absorption lines in the three synthetic spectra were identified, we se-
lected the lines suitable for the chemical analysis. Weak lines should be avoided
due to their low SNR, meaning that any small fluctuation can affect the result on
the element abundance. On the other hand, excessively strong and saturated lines
should be excluded because their equivalent width is no longer sensitive to small
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abundance variations, providing unreliable results. Finally, lines characterized by a
value of deltaAbu > 0.05, describing a high level of contamination from unresolved
features, were excluded.

The ideal lines to choose are of moderate strength, with clean and unblended profiles.
According to these considerations, we obtained a linelist including;:

e Around 50 lines of Fe |

The Mg I line at 5711 A

The Ba II line at 6496.9 A

The Eu II line at 6645.1 A

3.4 Chemical analysis with salvador

The chemical analysis was performed with the program salvador (Alvarez Garay
et al. in preparation). Chemical abundances are derived with a x? minimization
between lines in the observed spectra and lines from synthetic spectra at different
abundances. The synthetic spectrum with the minimum y? is identified and used
to obtain the final estimate of the abundance.

First of all, the program requires the observed normalized spectra, in this case, al-
ready corrected for the radial velocity.

Then the atmospheric parameters of each star need to be provided, as they are used
when the program k2 is called to compute the synthetic spectra at different abun-
dances.

The observed stars are all located in the bright portion of the RGB, brighter than
the RGB Bump. Therefore these stars have already experienced the mixing episode
at the luminosity level of the RGB Bump. The main effect of this mixing is the
creation of the C-N anti-correlation, in which C is decreased and N is increased. For
this reason, during the computations of the synthetic spectra, we assumed that the
abundances of C and N were modified by -0.5 and +0.5 dex respectively.

Other information provided to the program includes the list of atomic transitions
to be analysed selected in the previous step, with the relative wavelength, and the
resolution computed in section 3.3.2 to broaden the lines in the synthetic spectra.
The output is a .pdf file provided for each spectrum (as shown in Fig. 3.6) displaying
each analysed line with the best fit model over-imposed. Also, a .fit file reporting
the estimate of the abundance for each line is created.
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Figure 3.6: Graphical outputs from salvador. In the top panel the fitting of the Fe line
at 6157.7 A for star 05223316-6951389 is shown. In the second, third and fourth panels,
the fitting of the Eu line at 6645 A, Mg line at 5711 A, and Ba line at 6496.9 A for star
05224276-6940109 are represented. In each panel, the pictures on the left show a zoom
of the observed spectrum of the star (black line) centered on the analysed line (between
the vertical dashed lines). The yellow windows are continuum regions that were used to
guide the normalization. The red, blue and green lines represent three models at different
abundances. The blue one, being the best-fit, is also displayed on the top right of each
panel. On the bottom right of each panel, the x?-minimization is shown as a function of
the abundance.

3.5 Treatment of uncertainties

Uncertainties on the chemical abundances are determined by two sources of errors.
The first kind of uncertainty is the one arising from the stellar parameters that were
used to compute the model atmospheres (Terr, log g, Vi)

The second kind of uncertainty is generated in the line-fitting procedure during the
chemical analysis.

Both sources of uncertainties are handled by the program salvador as follows:

e Uncertainties from the atmospheric parameters are estimated repeating the
chemical analysis varying each time a specific parameter. Considering typical
errors of £60 K for T.;¢, £0.1 dex for log g and +0.2 km 571 for vy, at each
iteration one parameter is varied, while the others are kept constant.

e Uncertainties arising from the fitting procedure of Nx > 1 lines of a certain
element X are determined as ox /Ny, the ratio between the standard deviation
of the mean abundance and the number of lines. On the other hand, if only
one line for the specific element is available, the uncertainty is determined as
the error arising from 200 Monte Carlo simulations.
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The final errors for [Fe/H] and [X/Fe| are computed summing in quadrature the
different contributions as:

2 2 2
e = \/ e () (o) + o (3.7)

2 2 2 2
osm = || s+ e+ (07 0 ) (9 - oRe) (e — )’
NFe NX
(3.8)

where 0%, and % are the are the abundance variations obtained modifying the

atmospheric parameters.
For abundances such as [X/Y] = [X/Fe|] — [Y/Fe], the final error is determined as:

OX/Y] = \/‘7[2></Fe] + 0% kg (3.9)
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Chapter 4

Results

4.1 [Mg/Fe] abundances

The [a/Fe] abundance ratios are the most widely used diagnostics to describe the
chemical enrichment of a galaxy.

While a—elements are mainly produced by CC-SNe on short timescales, Fe is pro-
duced from SNe Ia on significantly longer timescales. Because of this time delay
between the two classes of SNe, the [«/Fe| abundance ratios serve as tracers of the
relative contributions from the different SNe to the chemical enrichment of the ISM
(Oemler & Tinsley, 1979; Matteucci & Greggio, 1986).

Differently from other a—elements which can be synthetized also in SNe Ia, Mg
is produced almost exclusively by the a—capture process in very massive stars ex-
ploding as CC-SNe (IKobayashi et al., 2020). Therefore, the behaviour of [Mg/Fe]
as a function of [Fe/H] is the preferred diagnostic to provide information about the
relative efficiency of CC-SNe versus SNe [a. As a matter of fact, a clear decreasing
trend in the pattern of [Mg/Fe| versus [Fe/H] is expected starting from the first SNe
Ia explosions, causing a decrease in the relative abundance of a—elements.

Figure 4.1 shows the [Mg/Fe| abundances as a function of [Fe/H] in the LMC. As
the metallicity increases, LMC stars show a depletion of [Mg/Fe] with respect to the
solar value, sign that these stars were born in a gas that had already been polluted
by SNe Ia. Although the ages of individual stars are not known, based on theoretical
age-metallicity relations (see e.g. Pagel & Tautvaisiene, 1998) these stars should be
around 5-6 Gyrs old, ensuring that SNe Ia had the time to enrich the ISM.

Figure 4.2 compares the behaviour of [Mg/Fe| as a function of [Fe/H] for our sample
of LMC stars with the SMC stars from Anoardo et al. (2026) and the Milky Way
stars (data from the SAGA database, Suda et al., 2008).

In order to highlight the behaviour of each galaxy, we plotted the median trend for
each sample, calculated using a Gaussian KDE (Kernel Density Estimation) regres-
sion.

The median trend of [Mg/Fe| as a function of [Fe/H] in the LMC is clearly deficient
with respect to Milky Way stars of the same [Fe/H]. Also, the metal-poorer a«—knee
in the LMC reflects the lower star formation efficiency of the galaxy with respect
to the Milky Way, resulting in a slower enrichment before the first SNe Ia explosions.
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Figure 4.1: [Mg/Fe] abundances as a function of [Fe/H] for the LMC stars. The gray
dashed line represents the solar value of [Mg/Fe]. The errorbar shown in the lower left
corner is representative of the typical uncertainty.
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Figure 4.2: Median trends of [Mg/Fe] against [Fe/H] for LMC stars in red (this work),
SMC stars in blue (Anoardo et al., 2026) and Milky Way data in gray (Suda et al., 2008).
The solid lines are non-parametric Gaussian KDE (Kernel Density Estimation) regressions,
while the shaded areas represent the 1o confidence intervals of the regressions. The gray
dashed line represents the solar value of [Mg/Fe].
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4.2 [Eu/Fe] abundances

The results for the Eu abundances of the LMC stars are represented in Fig. 4.3
which shows [Eu/Fe] as a function of [Fe/H].

Only 9 stars of the sample have [Fe/H]< —1.25 dex. Despite the small statistics,
which do not allow firm conclusions to be drawn, these stars are clearly enhanced,
indicating a large efficiency of the r-process at low metallicities (corresponding to
the first few Gyrs of life of the LMC).

At higher metallicities, where we have the bulk of the stars of our sample, [Eu/Fe]
exhibits a clear decreasing trend as a function of [Fe/H], approaching solar-scaled
values at the highest metallicities. The bulk of the sample has [Fe/H]~ —0.75 dex,
with [Eu/Fe| around 40.5 dex and +0.6 dex, indicating a strong efficiency of the
r-process.

A comparison between the spectroscopic targets from the LMC, results for the SMC
(Anoardo et al., 2026) and data for the Milky Way from the SAGA database (Suda
et al., 2008) is shown in Fig. 4.4.

This result confirms that in the metallicity range covered by the three galaxies
(—1.5 <[Fe/H|< —0.5 dex) LMC stars are indeed enriched in r-process elements
with respect to the Milky Way, with values similar to those of the SMC. However,
while the LMC median trend is higher, it is still within the 1o confidence region of
the Milky Way. This implies that despite the slight enhancement, at first approxi-
mation, the [Eu/Fe] remains compatible with the Galaxy.

Finally, a decreasing trend in [Eu/Fe] can also be observed in all galaxies starting
from [Fe/H]Z —1.5 dex. The reason for this decline is the onset of SNe Ia which
inject Fe in the ISM but do not produce Eu.
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Figure 4.3: [Eu/Fe] abundances as a function of [Fe/H] for the LMC stars. The gray
dashed line represents the solar value of [Eu/Fe]. The errorbar shown in the lower left
corner is representative of the typical uncertainty.
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Figure 4.4: Median trends for [Eu/Fe] against [Fe/H] for LMC stars in red (this work),
SMC stars in blue (Anoardo et al.; 2026) and Milky Way data in gray(Suda et al.; 2008).
The solid lines are non-parametric Gaussian KDE regressions, while the shaded areas
represent the 1o confidence intervals of the regressions. The gray dashed line represents
the solar value of [Eu/Fe].

4.3 [Ba/Fe] abundances

Results on the [Ba/Fe] abundance ratios in the LMC are reported in Fig. 4.5.

The overall high values of [Ba/Fe] around ~ 40.6 dex for the bulk of the stars indi-
cate that Ba production is very efficient in the galaxy:.

Moreover, a clear increasing trend with [Fe/H] is observed, reaching values of [Ba/Fe]
~ 40.8 dex at the highest metallicities of our sample. Barium is at first produced
by the r-process, which provides only a small contribution at the lower metallicities.
At later times, s-process nucleosynthesis in AGB stars dominates the production of
Ba, causing the observed increase.

Comparing results, the values of [Ba/Fe| in the LMC are found to be more increased
than those of the SMC, while both are systematically higher than those of the Milky
Way (Fig. 4.6). This observation can be explained by the fact that the production
of Ba from AGB stars is stronger for metal-poorer stars, which is a typical scenario
for dSphs.
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Figure 4.5: [Ba/Fe] abundances as a function of [Fe/H] for the LMC stars. The gray
dashed line represents the solar value of [Ba/Fe]. The errorbar shown in the lower left
corner is representative of the typical uncertainty.
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Figure 4.6: Median trends for [Ba/Fe] against [Fe/H] for LMC stars in red (this work),
SMC stars in blue (Anoardo et al., 2026) and Milky Way data in gray (Suda et al., 2008).
The solid lines are non-parametric Gaussian KDE regressions, while the shaded areas
represent the 1o confidence intervals of the regressions. The gray dashed line represents
the solar value of [Ba/Fe].
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4.4 [Eu/Mg| abundances

The results for the abundance ratio [Eu/Mg| are particularly interesting as they
allow to quantify the relative efficiencies of the r-process and the a—capture.
Figure 4.7 shows the [Eu/Mg] abundances as a function of [Fe/H]. Despite a signifi-
cant star-to-star scatter (o = 0.38) the high values of [Eu/Mg] around 40.7 dex and
+0.8 dex display a clear enhancement with respect to solar values.

A comparison with the SMC results from Anoardo et al. (2026) and the Milky Way
data from the SAGA database (Suda et al., 2008) is helpful to better understand
the situation (Fig. 4.8).

For —1.5 <[Fe/H]< —0.5 dex, both the LMC and SMC show enhanced values of
[Eu/Mg|, systematically higher than those from the Milky Way, with an off-set
of ~ 0.4 dex. This proves a stronger enrichment in r-elements with respect to
a—elements in the Magellanic Clouds.

As explained in section 1.2, Eu can be produced by the r-process mainly in two pos-
sible environments, a prompt source (represented by rare CC-SNe) and a delayed
one (represented by NS mergers). Eventhough we still lack constraints on these
sources and their relative efficiencies, we expect Eu and Mg to trace one another
due to the different timescales of the respective process. Also, due to the rarity of
the r-process sites, we expect a minor contribution to Eu with respect to Mg.
Chemical evolution models on the enrichment of r-process elements that well repro-
duce the observations in the Milky Way are found to underestimate [Eu/Fe| and
[Eu/Mg| abundance ratios when applied to dSphs and the SMC (Palla et al.; 2025,
2026). This indicates the need of an increased production of r-process in these dwarf
galaxies, possibly from an additional source at low metallicities.

Based on these results for the LMC, the considerations on chemical enrichment mod-
els applied to other Local Group galaxies can be qualitatively extended also to the
LMC.

Finally, the distinct trends of [Eu/Mg] in the Magellanic Clouds and the Milky Way,
result of a slight enhancement in [Eu/Fe| and depletion of [Mg/Fe| with respect to
the Galaxy, support the idea to use this abundance ratio as a tool for chemical tag-
ging, to distinguish between stars that formed in situ, and stars that were accreted.
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Figure 4.7: [Eu/Mg| abundances as a function of [Fe/H] for the LMC stars. The gray
dashed line represents the solar value of [Eu/Mg]. The errorbar shown in the lower left
corner is representative of the typical uncertainty.
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Figure 4.8: Median trends for [Eu/Mg| against [Fe/H] for LMC stars in red (this work),
SMC stars in blue (Anoardo et al., 2026) and Milky Way data in gray (Suda et al., 2008).
The solid lines are non-parametric Gaussian KDE regressions, while the shaded areas
represent the 1o confidence intervals of the regressions. The gray dashed line represents
the solar value of [Eu/Mg].
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4.5 [Ba/Eu]| abundances

The abundance ratio [Ba/Eu] is an indicator of the relative contribution between
the s-process (traced by Ba) and the r-process (traced by Eu).

Figure 4.9 displays [Ba/Eu] abundances as a function of [Fe/H]. The values increase
with the metallicity of the stars, starting from [Ba/Eu]~ —0.3 dex and reaching
values around ~ +0.7 dex. This is consistent with the progressive enrichment of the
ISM from the s-process in AGB stars and with the dominance of the slow neutron-
capture process with respect to the rapid one in the LMC.

Finally, we compared the median trends of the abundance ratios of [Ba/Fu| in the
LMC, Milky Way and SMC in Fig. 4.10.

Since the LMC exhibits the highest [Ba/Eu] values, we can conclude that AGB
stars contributed more strongly to the s-process enrichment in this galaxy than in
the Milky Way or the SMC.
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Figure 4.9: [Ba/Eu] abundances as a function of [Fe/H] for the LMC stars. The gray
dashed line represents the solar value of [Ba/Eu]. The errorbar shown in the lower left
corner is representative of the typical uncertainty.
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Figure 4.10: Median trends for [Ba/Eu] against [Fe/H] for LMC stars in red (this work),
SMC stars in blue (Anoardo et al., 2026) and Milky Way data in gray (Suda et al., 2008).
The solid lines are non-parametric Gaussian KDE regressions, while the shaded areas
represent the 1o confidence intervals of the regressions. The gray dashed line represents
the solar value of [Ba/Eu].
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Chapter 5

Conclusions

In order to understand the efficiency of the r-process in the LMC and compare it with
that of the SMC, we re-measured the chemical composition of 113 stars located in
the inner bar of the LMC. In particular, our analysis exploits the recent and precise
photometry provided by the Data Release 3 of the Gaia Mission. Also, to remove
any systematics that could arise from the main assumptions of the chemical analyses
(computation of the stellar parameters, model atmospheres, atomic data, etc.) we
adopted the same assumptions and procedures applied for the SMC in Anoardo
et al. (2026).

Aside from Fe abundances, also Eu, Mg and Ba abundances were derived, in order
to investigate and compare the efficiencies of the r-process, the a—capture process,
and the s-process respectively.

The main results are summarized as follows:

e The LMC stars exhibit enhanced [Eu/Fe] abundance ratios, with a clear de-
crease as the metallicity increases. These high [Eu/Fe] abundance ratios re-
flect the strong efficiency of the r-process in this galaxy. A comparison with
the SMC and the Milky Way highlights that [Eu/Fe| values in the LMC are
similar to those of the SMC, and slightly higher (by ~ 0.1 dex) than those
measured in the Milky Way stars of the same [Fe/H]. The decreasing trend
from [Fe/H]2> —1.5 dex marks the onset of SNe Ia polluting the ISM with Fe
but without producing Eu.

e The LMC shows a decline of [Mg/Fe] with [Fe/H], with enhanced values for
the most metal-poor stars of the sample, and with solar-scaled values for most
of the sample. This behaviour indicates that the stars were born in a gas
already polluted by SNe Ia. The observed pattern is compatible with the
theoretical models that predict a metal-poorer a—knee for galaxies with a
lower star formation efficiency than that of the Milky Way. With respect
to the Milky Way, stars from the SMC and LMC appear to be depleted in
[Mg/Fe], reflecting a lower contribution from massive stars to the enrichment
of the ISM and a lower star formation efficiency in the Magellanic Clouds.

e The enhanced values of [Ba/Fe| in the LMC suggest that the s-process is also
very efficient. Also, the increasing behaviour that is observed as a function
of [Fe/H] is consistent with the onset of the s-process from AGB stars at
delayed timescales. Comparing with the SMC, [Ba/Fe] is found to be similarly
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enhanced in the LMC and SMC, while Milky Way values are much lower,
indicating a stronger contribution from AGB stars in the Magellanic Clouds.

e The LMC also exhibits high values for [Ba/FEu| abundances, demonstrating
that the s-process is dominant with respect to the r-process.

e The LMC is characterized by enhanced [Eu/Mg| abundance ratios, similar to
those measured in the SMC (Anoardo et al.; 2026) and other dwarf spheroidal
galaxies in the Local Group (see Reichert et al., 2020; Liberatori et al., 2025).
On the other hand, results for [Eu/Mg| appear in stark contrast with respect
to the Milky Way. The highest [Eu/Mg] that is observed in the LMC is the
result of two combined effects: the [Eu/Fe| that is slightly enhanced with
respect to the Milky Way, and the [Mg/Fe] that is significantly lower than
that of Milky Way stars at the same [Fe/H]. This indicates that the r-process
is more efficient than the a—capture process in the LMC (and in other dwarf
galaxies).

e To qualitatively interpret the Eu abundances in the LMC, we can use the same
theoretical framework that was proposed for the SMC (Palla et al., 2026)
and for other dwarf galaxies (Palla et al., 2025). In galaxies with a lower
star formation efficiency, chemical evolution models predict significantly lower
[Eu/Fe| and [Eu/Mg| abundance ratios with respect to the values that we
observed. The only theoretical route proposed so far to reconcile models and
observations, is to assume that these galaxies have had a higher frequency of
NS mergers.

e Along with the SMC and other small galaxies of the Local group, the LMC
shares the same tendency to have a more efficient r-process when compared
to the a—process. Consequently, the high [Eu/a] seems to be a common
characteristic of several galactic systems with low star formation efficiencies,
likely similar to the former Milky Way satellites that were accreted and dis-
rupted by the Galaxy. Therefore, this study confirms that [Eu/a] is a valid
tool for chemical tagging in the Milky Way, as stars that were accreted from
dissolved systems (likely with chemical enrichment histories similar to those
of the Magellanic Clouds and the dwarf spheroidal galaxies) are expected to
exhibit enhanced [Eu/Mg| values.

As a result, the distinct trends of [Eu/Fe] and [Eu/Mg] observed in this work and
displayed in other satellite galaxies of the Milky Way, support the idea to use these
abundance ratios as tools to discriminate accreted stellar populations in the Galaxy.
However, to fully exploit these results in the context of Galactic Archaeology, and
in order to shed light into the assembly history of the Milky Way, further research
to better understand neutron-capture processes in environments that exhibit differ-
ent star formation efficiencies from the Galaxy is necessary. The next step in this
research will be the calculation of tailored chemical enrichment models for the LMC
in order to reproduce the observed chemical patterns.
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