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Abstract

Abstract

Context. Nissen and Schuster 2010 analyzed 94 dwarf stars in the solar neighborhood kinemati-
cally determined to be Galactic halo stars and concluded that the Galactic halo consists of two
stellar populations: “high-α” and “low-α” stars, where α refers to the average abundance of Mg
I, Si I, Ca I and Ti I. They concluded that the low-α population is most likely accreted from
a dwarf galaxy whereas the high-α population belongs to an “in-situ” inner halo population,
or alternatively, consists of ancient disk or bulge stars that were kinematically “heated” due to
mergers with dwarf galaxies (Nissen and Schuster 2010).
Aims. Differential abundances of α and neutron-capture elements are determined for the low-α
halo star CD-51 4628, which is a member of Nissen & Schuster’s sample and was extensively
studied at red wavelengths (480 - 680 nm), using high-resolution VLT/UVES spectra. The aim
of this work is to further explore the extragalactic origin of CD-51 4628 by looking for neutron-
capture elements and measuring their abundances with so far unanalyzed blue spectra (329 - 451
nm).
Methods. Making use of the spectroscopic software framework iSpec, we have performed an
LTE abundance analysis with the equivalent width method and the synthetic spectral fitting
technique over the full wavelength range of 329 - 665 nm. We have redetermined the abun-
dances reported in Nissen and Schuster 2010 and Nissen and Schuster 2011 and extended to new
(neutron-capture) elements.
Results. We have determined the differential abundance ratios of Na I, Mg I, Si I, Ca I, Ti I,
Ni I, Y II, Ba II, La II, Nd II and Eu II with respect to Fe in the wavelength range of 330
- 451 nm. In addition, we looked for absorption lines of Os I and Th II but their abundances
could not be determined in a reliable manner.
Conclusions. Comparing the abundance ratios [La/Ba], [Eu/Ba], [Mg/Fe], [Eu/Mg] and [Ba/Eu]
of CD-51 4628 to literature values of Gaia-Enceladus stars, Galactic in-situ stars and stars from
the satellite dwarf galaxies Sculptor, Fornax, Sagittarius and LMC, we suggest that CD-51 4628
may have been accreted from Gaia-Enceladus or from a dwarf galaxy with a mass comparable
to Sculptor or Fornax.
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Chapter 1

Introduction

As a starting point, we should provide a definition for the celestial object dubbed a star (LeBlanc
2010):

"A star can be defined as a self-gravitating celestial object in which there is, or there once
was (in the case of dead stars), sustained thermonuclear fusion of hydrogen in their core.”

In the bigger picture of the Universe, stars are seen as essential building blocks of all galax-
ies. Thus, understanding the way these celestial objects evolve is crucial for comprehending
the evolution of galaxies throughout the eons (Higl and Weiss 2017). From their spectra, it is
clear that stars mainly consist of hydrogen and helium and a minor fraction of other chemical
elements (Cyburt et al. 2016; LeBlanc 2010). Studying the absorption line spectra from the
photospheres of stars, which is dubbed stellar spectroscopy, is therefore of utmost importance
in order to understand the chemical make-up of stars, their place in a galaxy and the preceding
chemical evolution of said galaxy (Higl and Weiss 2017).

For more than a century, stellar spectroscopy has played a pivotal role in our comprehension
of stars and especially stellar abundance analyses, in which the relative amounts of ‘interesting’
chemical elements can be ascertained from the absorption line spectrum of a stellar photosphere
(Aufdenberg 2003). Specifically, the works of Meghnad Saha, Cecilia Payne, Henry Norris Russell
and Marcel Minnaert (to name but a few) can be considered the foundation on which modern
stellar analysis is built, such that equivalent widths of stellar spectral lines could be utilized to
determine the corresponding chemical abundances (Aufdenberg 2003).

As expected from stellar evolution models, stars are mainly composed of hydrogen and helium,
the lightest elements in the periodic table, with an observed ratio of 3:1 set by Big-Bang Nucle-
osynthesis (Aufdenberg 2003; Copi et al. 1995; LeBlanc 2010). The presence of other elements
in stellar atmospheres indicates, for example, with which types of supernovae the antecedent
interstellar gas cloud was mainly chemically enriched (LeBlanc 2010; Nissen and Schuster 2010).
Additionally, the intermittent presence of heavier neutron-capture elements (Z > 30) provides
further clues regarding the chemical history of a star’s birth site and the relative speed of its site’s
chemical evolution (Nissen and Schuster 2010; Sneden et al. 2008; Van der Swaelmen et al. 2016).

There have been many interesting studies of the chemical and kinematic peculiarities of
Galactic and extragalactic stellar populations with the intention of distinguishing the differing
populations based on their chemistries, e.g. see Carollo et al. 2007; Helmi et al. 2018; Venn et al.
2004. In particular, comparisons between the chemical signatures and kinematics of stars in the
standard Galactic components (e.g., thin-disk, thick-disk and halo) and the Milky Way dwarf
spheroidal satellite galaxies (dSphs) allude to the existence of at least two distinct stellar popu-
lations in the Galactic halo, as Nissen and Schuster 2010 has demonstrated using high resolution
spectra and precise abundance ratios of dwarf stars with halo kinematics. Most likely, one of the
populations is composed of stars that were accreted from satellite dwarf galaxies while the other
could belong to an “in-situ” inner halo population which might have formed during a dissipative
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CHAPTER 1. INTRODUCTION

collapse of a protogalactic gas cloud (Buder et al. 2022; Efstathiou and Jones 1980; Nissen and
Schuster 2010).

In the field of spectroscopy, chemical signatures of stars are usually acquired with one of two
most common methods: the equivalent width method and the synthetic spectral fitting (Aufden-
berg 2003; Blanco-Cuaresma et al. 2014a). The equivalent width method is tied to the physical
concept of the ’curve of growth’, whereas the synthetic spectral fitting technique makes a full
synthesis of a spectrum and is more regularly utilized nowadays. Both methods will be described
in Chapter 3 of this thesis.

Nissen and Schuster 2010 analyzed 94 dwarf stars in the solar neighborhood with effective
temperatures of 5200 < Teff < 6300 K and metallicities of -1.6 < [Fe/H] < -0.4. Sixteen of this
sample exhibit thick-disk kinematics whereas the others demonstrate halo kinematics in that they
have a total space velocity with respect to the local standard of rest larger than 180 km/s. Nissen
& Schuster carried out a differential abundance analysis using the equivalent width method (as-
suming local thermodynamic equilibrium (LTE) and MARCS model atmospheres) showing that
the Galactic halo consists of two stellar populations: “high-α” and “low-α” stars, where α refers
to the average abundance of neutral magnesium, silicon, calcium and titanium. The differential
abundance analysis was performed with respect to the two bright disk stars HD 22879 and HD
76932 (Nissen and Schuster 2010).

Nissen & Schuster argued in their series of papers that the low-α population is most likely
accreted from satellite dwarf galaxies whereas the high-α population could belong to an “in-situ”
inner halo population, or alternatively, consist of ancient disk or bulge stars that were kinemati-
cally “heated” due to mergers with dSphs; Schuster et al. 2012 have suggested a dual scenario of
an “in-situ” inner halo population and kinematic “heating” due to accretion. Their conclusions
were based on obtained differential abundances of the aforementioned α elements and Na I, Ni
I Mn I, Cu I, Zn I, Ba II and Y II (Nissen and Schuster 2010; Nissen and Schuster 2011;
Schuster et al. 2012). In confirmation, recent Gaia studies have shown that a merger of the
so-called Gaia-Enceladus system could explain these two distinct halo populations (Helmi et al.
2018).

In this bachelor thesis, I study archival blue and red UVES absorption line spectra of CD-51
4628, which was one of the low-α halo stars previously studied by Nissen and Schuster 2010
over the red wavelength range of 480 - 680 nm. Coincidentally, CD-51 4628 is also included
in a common set of calibration stars, dubbed the Gaia FGK Benchmark Stars, as HD 298986
(Blanco-Cuaresma et al. 2014a; Hawkins et al. 2016; Wenger et al. 2000). Thus, for the first time,
the blue spectrum of CD-51 4628 will be analyzed in detail such that our total wavelength range
corresponds to 329 - 665 nm. Therefore, our aim is to determine the differential abundances of
s- and r-process elements (e.g., yttrium and europium), in addition to those elements measured
by Nissen and Schuster 2010 and Nissen and Schuster 2011, by analyzing the blue and red high-
resolution spectra of CD-51 4628 making use of the integrated spectroscopic software framework
iSpec and compare our results to stars coming from dSphs in general terms (Blanco-Cuaresma
2019; Blanco-Cuaresma et al. 2014a). Table 1.1 presents our complete list of ’interesting’ ele-
ments.

This thesis presents the galactic archaeology in relation to the Milky Way and the physics be-
hind slow and rapid neutron-capture processes (i.e., s- and r-process) in Chapter 2. In Chapter 3,
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CHAPTER 1. INTRODUCTION

Table 1.1: This table lists the chemical elements of interest for the abundance analysis with
the blue and red spectra of CD-51 4628. The last row presents the elements which are ’new’
compared to Nissen and Schuster 2010 and Nissen and Schuster 2011.

Chemical elements of interest

Na I Mg I Si I Ca I Ti I
Fe I Fe II Ni I Y II Ba II
La II Nd II Eu II Os I Th II

a technical overview of spectroscopy, the equivalent width method and the synthetic spectral fit-
ting technique will be covered. Then, in Chapter 4, a general introduction to iSpec will be
followed by comprehensive descriptions of the processing of the raw data and the spectral analy-
sis of CD-51 4628. In Chapter 5 and Chapter 6, the results obtained will be presented and further
discussed by performing comparisons with analogous literature studies. Lastly, a summary of
the conclusions can be found in Chapter 7.
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Chapter 2

Astrophysical Background

In this chapter, the relevant background to galactic archaeology in relation to the Milky Way
and the physics behind slow and rapid neutron-capture processes are presented.

2.1 Galactic Archaeology

The existence of two distinct stellar populations in the Galactic halo could suggest different ori-
gins: some of the (low-α) halo stars were accreted from dwarf spheroidal satellite galaxies which
might have merged with the Milky Way at an earlier time in its history (Deason et al. 2018;
Helmi et al. 2018; Nissen and Schuster 2010). Particularly, a system dubbed Gaia-Enceladus (or
occasionally overarchingly referred to as Gaia-Sausage-Enceladus) could have supplied the low-α
population in the Galactic inner halo following an accretion process with the Milky Way (Buder
et al. 2022; Matsuno et al. 2019; Nissen and Schuster 2011). This merger scenario is supported
by comparable chemical signatures and retrograde kinematics between Gaia-Enceladus regions
and the low-α stellar population (Helmi et al. 2018; Matsuno et al. 2019; Nissen and Schuster
2010). The idea that the Galactic halo is composed of infalling fragments of extragalactic stellar
populations has been made already by Searle and Zinn 1978. Nowadays, the hierarchical galaxy
formation scenario is supported by studies such as Schlaufman et al. 2009, which present evidence
for halo substructures due to previous mergers with stellar systems.

For what concerns chemical signatures, it should be noted that this area of Galactic ar-
chaeology exploits the astronomical postulate that stellar atmospheres typically retain chemical
information regarding the surrounding interstellar medium in which the star was formed (Bur-
bidge et al. 1957). However, the orbital parameters that define dynamical components such as
the halo and the thick-disk kinematics are liable to evolve over a certain time period, which
would imply that separate stellar populations might eventually start to overlap (Buder et al.
2022). Thus, elemental abundance analyses can provide more stringent differentiations between
various stellar populations based on their absorption line spectra. As an example, the kinematic
overlap between the metallicities and α-enhancement of stars from the Galactic thin-disk, thick-
disk and halo is depicted in Figure 2.1, which is adapted from Venn et al. 2004. Figure 2.1a
and Figure 2.1b show the trends of the metallicity [Fe/H] and the α-enhancement [α/Fe] for the
Galactic components. For instance, the thin disk is categorized by a narrow range in metallicities
at a near constant rotation velocity of approximately 200 km/s and large spread of [α/Fe] at this
velocity. The Galactic halo comprises a wider range of metallicities ([Fe/H] ∼ -2.5 − -0.5) and
α-enhancements ([α/Fe] ∼ 0 − 0.5) correlated with a broader range of rotation velocities (V ∼
-150 − 150 km/s).

Consequently, it is of significant importance to study the Galactic stellar halo and its intrinsic
structure by means of chemical abundance analyses (in combination with kinematics) in order
to thoroughly understand the formation and evolution of the Milky Way, even though its mass
accounts for merely 1% of the Galaxy’s total stellar mass (Bland-Hawthorn and Gerhard 2016).
Therefore, by studying the absorption line spectra of a low-α halo star, it becomes possible to
catch a glimpse of the fossilized chemical signature from its extragalactic birth site: a dwarf
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CHAPTER 2. ASTROPHYSICAL BACKGROUND

Figure 2.1: (a) Plot of the measurements of metallicity [Fe/H] on the y-axis and the rotation
velocity V in the plane of the Milky Way in km/s on the x-axis and (b) plot of the measurements
of α-enhancement [α/Fe] on the y-axis and the rotation velocity V in km/s on the x-axis. Stars
from the following Galactic components are included: thin-disk (red), thick-disk (green) and halo
(cyan). Black and blue dots respectively indicate stars with an extreme retrograde component
and a high-velocity Toomre component (i.e., T = (U2 + W 2)1/2 > 340 km/s, where U and W
represent two of the three components comprising an object’s Galactic space velocity). These
plots come from Venn et al. 2004.

galaxy that subsequently merged with the Milky Way (Nissen and Schuster 2010). As an F-type
star and one of the Gaia FGK Benchmark Stars, CD-51 4628 is an ideal candidate for obtaining
a reliable fossil record from its chemical abundances (Jofré et al. 2019; LeBlanc 2010).

2.2 Slow and Rapid Neutron-Capture Processes

In order to comprehend the significance of observing s- and r-process elements in stellar spectra,
we first need to understand where these elements originate from. For elements up to the iron-
peak (21 ≤ Z ≤ 30), the principal production process is nuclear fusion in the stellar core after
which the elements are released in supernova explosions and carried away by stellar winds into
the interstellar medium (LeBlanc 2010; Maciel 2015; Sneden et al. 2008). Specifically, lighter
elements with Z ≤ 13 can be produced as a by-product during hydrogen fusion reactions and
they belong to a group dubbed proton-capture elements. The α elements comprise elements with
even atomic numbers and whose main isotopes contain multiples of the stable He-4 nucleus, e.g.
O, Mg, Si, S, Ca and Ti (Sneden et al. 2008). It should be noted that elements can belong to
more than one of these groups simultaneously.

As stated in Nissen and Schuster 2010 and LeBlanc 2010, the abundances of α elements (and
iron) are typically supplied by Type-II supernovae (SNe II), an explosion of a massive star with a
stellar mass of M∗ ≥ 10M⊙ on a timescale of ∼ 107 years. Iron can also be produced in Type-Ia
supernovae (SNe Ia), whose progenitor is a white dwarf star accreting mass from a companion
star in a binary system, on a longer timescale of ∼ 109 years (LeBlanc 2010; Nissen and Schuster
2010). Therefore, a (high mass) system with a fast chemical evolution (i.e., a high star formation
rate) would be enriched by SNe II up to a relative high [Fe/H] leading to a high-α stellar pop-
ulation at a given [Fe/H], whereas a slower chemical evolution from a lower mass galaxy could
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CHAPTER 2. ASTROPHYSICAL BACKGROUND

be enriched by SNe Ia at a particular [Fe/H] which creates a ’knee’ going to lower α-abundances
when plotting [α/Fe] against [Fe/H] of galactic stars (Hendricks et al. 2014; Nissen and Schuster
2010). Depending on the mass of the galaxy, this ’knee’ is believed to shift to lower [Fe/H] for a
low-mass galaxy (e.g., dSphs) due to its lower efficiency star formation history (resulting in SNe
Ia enriching the interstellar medium) and to higher [Fe/H] in a high-mass galaxy (e.g., the Milky
Way) (Hendricks et al. 2014; Walcher et al. 2015).

The neutron-capture elements (Z > 30) are produced, as the name would suggest, by neutron-
capture processes of which there are two major ones: the slow neutron-capture process (s-process)
and the rapid neutron-capture process (r-process) (LeBlanc 2010; Sneden et al. 2008). After an
atomic nucleus captures a neutron (or multiple neutrons) and the nucleus becomes unstable due
to a neutron excess, a neutron might be converted to a proton through a β− decay,

n → p+ e− + νe (2.1)

such that the atomic number of the nucleus increases to Z+1 (LeBlanc 2010). If a β− decay
occurs before the nucleus captures another neutron, we are speaking of a slow neutron-capture
process (LeBlanc 2010; Sneden et al. 2008). Otherwise, if neutrons pile onto the nucleus and
do not have enough time to decay to protons between captures, the neutron-capture process is
categorized as rapid and stable r-process elements are created following the eventual decay of
the excess neutrons, when the half-life of the unstable isotope becomes shorter than the neutron-
capture time (LeBlanc 2010; Sneden et al. 2008). It should be noted that the r-process can
create elements heavier than 209Bi whereas the s-process cannot due to 209Bi entering a gridlock
of decay and neutron-capture reactions, as described in LeBlanc 2010. Adopted from LeBlanc
2010, Figure 2.2 provides a visual representation of r- and s-processes. In this figure, the letter
p indicates a p-process element which is formed by certain p-process reactions with proton-rich
isotopes; for further elaboration see Section 6.12.2 in LeBlanc 2010.

Additionally, the s-process can be divided into main, strong and weak channels (Hansen et
al. 2014; Sneden et al. 2008; Van der Swaelmen et al. 2016). In particular, the weak s-process
predominantly accounts for elements with an atomic mass A = Z + N ≤ 90 and is linked to
helium core and carbon shell burning in massive fast-rotating stars, whereas the main and strong
channels contribute to elements with A ∼ 90−208 and are connected to asymptotic giant branch
(AGB) stars (Hansen et al. 2014; LeBlanc 2010; Van der Swaelmen et al. 2016). There are three
s-process “peaks” which are located near the so-called neutron magic nuclei with N = 50, 82 and
126 for which atomic nuclei are extremely stable (Martinou and Bonatsos 2019; Sneden et al.
2008). Near these numbers, the (neutron-)capture cross section decreases in accordance with the
increase in the produced s-process abundances (Sneden et al. 2008). Hence, a distinction is made
between light s-process elements (first peak; e.g., Sr and Y), heavy s-process elements (second
peak; e.g., Ba, La and Nd) and third-peak elements near Pb and Bi.

The r-process creates elements with 50 < A < 130 and A > 130 in the dynamic ejecta of
neutron star mergers, as suggested by Rosswog et al. 2014. Alternatively, the r-process could
be associated with neutrino-driven winds from core-collapse supernovae and electron-capture
supernovae resulting from the collapse of O-Ne-Mg cores (Arcones and Montes 2011; Wanajo
et al. 2011). Nonetheless, it should be noted that these scenarios are mainly hypothetical and
a consensus is not yet reached on definite r-process sites, except there is likely more than one
(Van der Swaelmen et al. 2016). Since the heavy elements with Z > 30 have their strongest
transitions mostly in the blue, studying blue stellar spectra will provide clues regarding the s-
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CHAPTER 2. ASTROPHYSICAL BACKGROUND

and r-process sites and/or enrichment in stellar systems (Hansen 2022).

On that account, we have shown why studying (blue) stellar spectra would be of great interest
for understanding the formation history of the Milky Way or any other galaxy via the fossilized
chemical signatures found in halo stars.

Figure 2.2: Schematic drawing of the nucleosynthesis of cadmium (Cd) to antimony (Sb) via
the s-process (solid line), with the atomic number Z on the supposed y-axis and the neutron
number N on the x-axis. The letters p, r and s indicate whether an element is produced by
the p-, r- and/or s-process. The indicated times in hours and seconds represent approximate
half-lifes of unstable isotopes. This figure comes from LeBlanc 2010.
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Chapter 3

Spectroscopy

During the early 1800s, Kirchoff established the groundwork for stellar spectroscopy by describing
the three types of stellar spectra which can exist: continuous, emission and absorption (Robinson
2007). For example, plasma comprising a stellar core would produce a continuous spectrum in-
dicative of a (near) black body (Tennyson 2019). Emission lines are produced by hot low-density
gasses spontaneously emitting photons at discrete wavelengths (Robinson 2007; Tennyson 2019).
Absorption lines are due to the presence of atoms (and sometimes molecules) in the cooler pho-
tosphere of a star, where flux ’depressions’ in the continuum represent specific atomic energy
transitions at those wavelengths (Robinson 2007; Tennyson 2019). Since transitions between
atomic energy levels require distinct photon energies (i.e., photons with a certain wavelength), it
is possible to ascertain which atomic species are present in the star’s outer layer. There are two
common methods with which chemical abundances can be determined from stellar spectra: the
equivalent width method and the synthetic spectral fitting technique, for which the subsequent
sections provide further elaboration (Aufdenberg 2003; Blanco-Cuaresma et al. 2014a).

Modern spectrographs provide spectra by splitting and focusing the incoming light with
prisms, gratings and mirrors onto a CCD detector (Hearnshaw 2009). Naturally, the experimen-
tal set-up influences the resolving power of the spectrograph. For high resolution spectrographs,
there are two common types of arrangements which can achieve high resolving power: coudé and
échelle (Hearnshaw 2009). In this thesis, only the echelle arrangement will be considered which
utilizes échelle gratings with a high blaze angle (> 45

◦). A blazed grating, consisting of angled
grooves with an asymmetric V-shape, was found to be more efficient than ordinary diffraction
gratings by Wood in 1910 and produces a high resolving power in an échelle arrangement (Hearn-
shaw 2009). Spectral lines can be more easily identified and separated in high resolution spectra
than in low resolution spectra (as expected), but the star needs to be relatively bright as splitting
light into many more resolution elements requires a lot of photons to work well, especially in the
highest resolution spectra.

Adjacent spectral lines can remain blended with each other such that they can barely be
distinguished. Particularly, the damping wings of strong hydrogen absorption lines are frequently
blended (Maciel 2015; Robinson 2007). Furthermore, the dominant presence of hydrogen gives
rise to the Balmer and Paschen jumps, spectral features which can be complicated to model and
where chemical abundances can be challenging to ascertain, since the continuum level is difficult
to determine (Robinson 2007; Tennyson 2019). The Balmer jump occurs around 364.7 nm and
the Paschen jump around 821.2 nm, at which photon energies can ionize hydrogen atoms from
the principal levels n = 2 and n = 3 respectively. Since high-energy photons with wavelengths
shorter than 364.7 nm can ionize hydrogen atoms from n = 2, the continuum usually significantly
drops on the blue side of the Balmer jump in stars with strong hydrogen line intensities (LeBlanc
2010; Robinson 2007; Tennyson 2019).
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CHAPTER 3. SPECTROSCOPY

3.1 Equivalent Width Method

The equivalent width method is one of the standard methods used to determine the abun-
dances of chemical elements (Aufdenberg 2003). Schematically, the (line) equivalent width Wλ

is frequently defined in accordance with figures akin to Figure 3.1 (LeBlanc 2010; Maciel 2015;
Robinson 2007). Physically, the equivalent width of a spectral line is defined as the width of
a hypothetical rectangular spectral line which ‘holds’ the same amount of total energy that is
absorbed in the original spectral line (LeBlanc 2010; Maciel 2015). In order to ascertain chemical
abundances from stellar spectra using equivalent widths, a relationship between the equivalent
width Wλ and the atomic abundance Nj of a lower energy level j is necessary: the curve of
growth (Aufdenberg 2003; LeBlanc 2010; Maciel 2015).

As presented in Figure 3.2, the curve of growth is divided into three sections depicting the
linear, saturated and square root part of the curve (Maciel 2015). For the linear part of the curve
of growth we can write,

Wλ

λjk
=

πe2

mec2
Njfjkλjk (3.1)

where λjk represents the wavelength of the absorbed photon exciting an electron in an atom
from a lower energy level j to a higher energy level k, fjk the oscillator strength for this transition,
c the speed of light, me the mass of an electron and e the charge of an electron (Maciel 2015).
Equation 2.1 is valid for weak lines for which the optical depth1 τν << 1. For the saturated part
we have,

Wλ

λjk
=

2bF (τ0)

c
(3.2)

where b and F (τ0) are given by,

b =

(
2kT

m

)1/2

(3.3)

F (τ0) =

∫ ∞

0

[
1− exp

(
−τ0e

−x2
)]

dx (3.4)

in which k represents the Boltzmann constant, T the temperature of the medium and m the
mass of the absorbing atom when assuming a Doppler line profile (Maciel 2015). A Doppler line
profile is produced by the thermal motions of the absorbing atoms broadening the spectral line
(Maciel 2015; Robinson 2007). For the square root part we can write,

Wλ

λjk
=

2πe2

mec2
fjk

[
2
gj
gk

Nj

]1/2
(3.5)

where gj and gk represent the statistical weights of the lower and upper energy levels (Maciel
2015). With these equations, the total abundance of a chemical element can be determined
when knowing the equivalent width of the spectral line and the intrinsic parameters of the
energy transition j → k.

1The optical depth τν can be defined as the degree of opaqueness of a medium at a certain frequency ν, being
equal to zero at the surface of a star (LeBlanc 2010).
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Figure 3.1: This figure depicts the schematic definition of the equivalent width Wλ, with the
wavelength λ in units of Angström on the horizontal axis. Note that the shaded areas of the
absorption line and the rectangle are meant to be equal. This figure has been adapted from
Robinson 2007.

Figure 3.2: Schematic overview of the curve of growth with the reduced equivalent width
log(Wλ/λjk) on the y-axis and log(Njfjkλjk) on the x-axis. Note that λjk represents the wave-
length of the absorbed photon exciting an electron in an atom from a lower energy level j to a
higher energy level k and fjk the oscillator strength for this transition. This figure comes Maciel
2015.
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3.2 Synthetic Spectral Fitting Technique

Compared to the equivalent width method, the synthetic spectral fitting technique is more con-
temporary (Aufdenberg 2003; Blanco-Cuaresma 2019). Nonetheless, the fundamental idea is
relatively simple: by generating model stellar spectra over a broad span of atmospheric parame-
ters (e.g., effective temperature, surface gravity, etc.) and chemical abundances with a synthesis
code, comparisons with the observed stellar spectrum should yield the best estimated parame-
ters and abundances (Gray and Corbally 1994). Synthesizing stellar absorption line spectra in
a reliable way requires accurate models of stellar atmospheres such that a grid of pre-computed
spectra can be created to which observed spectra can be compared (Blanco-Cuaresma 2019). The
spectroscopic framework iSpec supports two of the most common model atmospheres, which are
MARCS and ATLAS9 (Gustafsson et al. 2008; Kurucz 2005). Regarding the MARCS model
atmospheres, Blanco-Cuaresma 2019 states that their pre-computed grids are generated with the
solar abundances from Grevesse et al. 2007.

Then, radiative transfer codes are used to ascertain chemical abundances from stellar spectra
when provided with a grid of pre-computed spectra and a set of (initial) atmospheric param-
eters (Blanco-Cuaresma 2019). Since most radiative transfer codes do not support spherical
model atmospheres due to their complexity, grids computed with the plane-parallel approxima-
tion are utilized, which assumes that a stellar atmosphere consists of plane-parallel gas layers
(infinite in the x- and y-directions and semi-infinite the negative z-direction, e.g. LeBlanc 2010).
Additionally, all radiative transfer codes used in this thesis assume local thermodynamic equilib-
rium (LTE), which is a decent approximation for AFGKM stars, considering our scientific goals
(Blanco-Cuaresma 2019).
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Chapter 4

Methodology

In this chapter, a basic description of the VLT/UVES instrument will be given and a general
introduction to the software framework iSpec (Blanco-Cuaresma 2019; Blanco-Cuaresma et
al. 2014a) with which the processing of the raw data and the spectral analysis of CD-51 4628,
which includes determining its atmospheric parameters from the red spectra and its (differential)
chemical abundances, are carried out.

4.1 UVES

The Ultraviolet and Visual Echelle Spectrograph (UVES) is a high-resolution spectrograph lo-
cated at the Very Large Telescope (VLT) facility in Chile, which is operated by the European
Southern Observatory (ESO). The instrument consists of two ‘arms’ over which the incoming light
can be divided, the UV-Blue and Visual-Red arms, such that their combined wavelength range
could cover ∼300 - 1100 nm (Dekker et al. 2000). The broad wavelength coverage is achieved
with a dichroic, which sends light to the UV-Blue and Visual-Red arms simultaneously1. As
indicated by the spectograph’s name, the instrument has an echelle setup accompanied by a
blazed grating with a high blaze angle of approximately 76◦.

Regarding our blue spectra, the setting with a central wavelength at 390 nm was utilized
such that the minimum and maximum wavelengths correspond to 326 nm and 454 nm. The
setting with a central wavelength at 564 nm was used on the red arm, yielding a wavelength
range of 458 - 665 nm. However, a mosaic of two CCD chips is implemented in the red arm
such that the CCD detector has a gap of about 0.96 mm in which there are no pixels to detect
the incoming photons. Consequently, there are two distinct red spectra (i.e., one for each chip)
which are separated by a gap of approximately 4.6 nm. In Table 4.1, the wavelength ranges and
the observation dates and timestamps of our individual spectra are listed.

The spectra were observed one after the other in good seeing conditions2 and taken from the
ESO Archive and processed by the ESO UVES pipeline (Freudling et al. 2013). The exposure
time of each spectrum is approximately 1200 seconds and the spectral resolution is R ∼ 55000
for the blue and red spectra. The signal-to-noise ratio of the individual spectra will be estimated
with iSpec in Section 4.3.

1UV-Visual Echelle Spectrograph User manual: https://www.eso.org/sci/facilities/paranal/instruments/uves/
doc/ESO_411892_User_Manual_P110.pdf

2In the ESO archive for raw data, the FWHM seeing value at the start of the observations is listed as 0.85".
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Table 4.1: Wavelength ranges and observation specifics of the individual spectra.

Spectrum Wavelength Observation
range [nm] Timestamp Date

390i 326 - 454 02:51:46.925 2001-03-08
390ii 326 - 454 03:12:34.395 2001-03-08
390iii 326 - 454 03:33:20.958 2001-03-08
564li 458 - 562 02:51:40.819 2001-03-08
564lii 458 - 562 03:12:39.855 2001-03-08
564liii 458 - 562 03:33:34.105 2001-03-08
564ui 567 - 665 02:51:40.819 2001-03-08
564uii 567 - 665 03:12:39.855 2001-03-08
564uiii 567 - 665 03:33:34.105 2001-03-08

4.2 iSpec

The spectral analysis is carried out with the integrated spectroscopic software framework iSpec
(Blanco-Cuaresma 2019; Blanco-Cuaresma et al. 2014a). Blanco-Cuaresma et al. 2014b utilized
iSpec to build the Gaia FGK Benchmark Stars library from high-resolution spectra provided by
the Gaia-ESO Public Spectroscopic Survey (GES, Gilmore et al. 2012; Randich et al. 2013), in
which CD-51 4628 is labeled as HD 298986 (Hawkins et al. 2016; Wenger et al. 2000). Particu-
larly, iSpec is designed to ascertain atmospheric parameters and individual chemical abundances
of AFGKM stars from their absorption line spectra using the equivalent width method and the
synthetic spectral fitting technique (Blanco-Cuaresma 2019). With respect to the synthetic spec-
tral fitting technique, the code works practically the same as the description in Section 3.2; an
implemented nonlinear least-squares fitting algorithm is utilized to find the smallest difference
between the observed spectrum and an interpolated synthetic spectrum from a pre-computed
grid during an iterative process (Blanco-Cuaresma 2019; Blanco-Cuaresma et al. 2014a). Re-
garding the equivalent width method, Gaussian models are fitted to the indicated spectral lines
such that an equivalent width can be determined from their integrated area.

The results are returned to the user either through the visual interface of iSpec or as the
output from a Python script which utilizes functions from iSpec. For instance, a Python script
allows for the opportunity to manually generate synthetic spectra with input atmospheric pa-
rameters and specific chemical abundances (e.g., for creating a new archive of pre-computed
grids), whereas the interface’s options are restricted to fixing only the atmospheric parameters.
Given the limited timeframe of this thesis, the spectral analysis was primarily performed via
the user-friendly visual interface. Hence, throughout this work all aspects of the spectral anal-
ysis are carried out in the framework of iSpec and the advice given in Blanco-Cuaresma 2019,
Blanco-Cuaresma et al. 2014a and iSpec’s manual3.

3Available via https://www.blancocuaresma.com/s/iSpec/manual/introduction
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4.3 Raw Data Processing

As presented in Table 4.1, we have three sets of three spectra from the ESO Archive for raw data.
The files with the flux calibrated data and their corresponding errors were initially separated,
and manually combined with a short Python script using functions from the module NumPy
(Van der Walt et al. 2011). As an example, Figure 4.1 presents the three spectra 564li-iii. On
the far left-hand side of the plot, a region can be seen which cannot be utilized for the spectral
analysis, most likely due to an instrumental effect that cannot be corrected.

iSpec can gauge the spectra’s signal-to-noise ratio (SNR) from the flux errors by dividing
the fluxes by the error array. In Table 4.2, the SNRs of each spectrum can be found. Averaging
the sets of spectra yields three mean spectra with which the spectral analysis will be carried out.
Subsequently, the flux errors are required to be properly propagated as well. As described in
Klein-Douwel 2019, the general formula for error propagation can be written as,

∆Q =

√(
δf

δx
∆x

)2

+

(
δf

δy
∆y

)2

+

(
δf

δz
∆z

)2

+ ... (4.1)

in which,

Q = f(x, y, z, ...) (4.2)

is any general function. Consequently, we can write the error in the averaged fluxes in the
following way:

∆Fmean =
1

3

√
(∆Fi)

2 + (∆Fii)
2 + (∆Fiii)

2 (4.3)

where ∆Fmean represents the flux errors of the averaged fluxes and ∆Fi−iii the flux errors
of the three individual spectra which are averaged. Additionally, all spectra are aligned within
their respective sets during the combining, after checking that the positions of spectral line masks
coincide within the sets. Figure 4.2 shows the entire range of wavelengths covered with the final
three spectra, in which the Balmer jump can be observed around 365 nm. Due to the gaps
between the spectra, the wavelength regions which can be used correspond to 330 - 451 nm
(Blue), 462 - 559 nm (RedL) and 569 - 665 nm (RedU). As a result of the error propagation, the
estimated SNRs of Blue, RedL and RedU have increased to 286, 540 and 561 compared to the
original spectra’s SNRs, by approximately a factor of

√
3 on average.

Before being able to use the averaged spectra for determining the stellar atmospheric param-
eters and the abundance analysis, we need to normalize the spectra by fitting a model function
to the continuum and dividing by the fitted continuum, i.e. the continuum should be along a
horizontal line corresponding to a flux of 1. First, the ‘corrupted’ region in RedL is removed by
cropping the spectrum to 462.5 nm. The continuum can only be properly fitted if the spectra are
barycentric and radial velocity corrected such that their wavelengths match the rest wavelengths
of atomic energy transitions. The barycentric velocity in iSpec is the velocity due to the Earth
orbiting around its own axis and around the center of mass of our solar system (the heliocentric
velocity), since the telescope on Earth is also moving with a certain velocity with respect to the
observed star (Stumpff 1980; Wright and Kanodia 2020).
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Figure 4.1: Magnified plot of 564li (blue), 564lii (red) and 564liii (purple) with the flux in ergs
s−1 cm−2 Å

−1
on the y-axis and the wavelength in nanometers on the x-axis. This plot is made

with iSpec.

Table 4.2: Signal-to-noise ratios of the individual spectra, estimated from the flux errors with
iSpec.

Spectrum 390i 390ii 390iii 564li 564lii 564liii 564ui 564uii 564uiii

SNR 163.24 165.48 166.51 305.67 313.48 315.78 317.92 325.93 328.55

Subtracting the barycentric velocity gives the star’s radial velocity, which is the velocity with
respect to the Solar System’s barycenter (Wright and Kanodia 2020). Therefore, the observed
wavelengths will be shifted according to the relativistic Doppler shift formula,

λcorrected = λobserved

√
1− vr

c

1 + vr
c

(4.4)

where vr is the radial velocity in km/s (Robinson 2007). iSpec can determine the barycentric
and radial velocity of a spectrum by comparing its atomic lines with a telluric line mask and an
atomic line mask. Since the observed calibrated fluxes provided by the UVES pipeline were too
small for iSpec to work with, the fluxes were all multiplied by a factor of 1013 making them lie
largely above a flux of 1. In Table 4.3, the estimated barycentric and radial velocities of Blue,
RedL and RedU can be found. The positive radial velocities indicate that CD-51 4628 is moving
away from us, resulting in red-shifted spectral lines (Robinson 2007). Nonetheless, it should be
noted that a barycentric velocity of -5.67 km/s is computed by iSpec when using the observation
timestamp and CD-51 4628’s coordinates in Right Ascension (RA) and Declination (DEC) from
390i.

Now, the continuum can be fitted using one of the four models provided by iSpec: splines,
polynomy, a pre-computed template spectrum or a fixed value fit. Due to the unconventional
shapes of the spectra, the more flexible splines model was utilized for both the blue and red
spectra. In Table 4.4, the parameters of the fits for the spectra are presented. The wavelength
steps for median and max selection are related to the median and maximum filters which iSpec
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applies to minimize the effects of noise and avoid (strong) absorption lines. Additionally, iSpec
resamples the fitted continuum with a custom wavelength step, ascertained by dividing the mini-
mum wavelength by the input resolution. Regarding Blue, we experimented with two continuum
fits which use a slightly different wavelength step for max selection. As shown in Figure 4.3, the
Balmer jump is challenging to accurately model with either Fit 1 or Fit 2. Since the two fits
yield two distinct normalized spectra (which are dubbed Blue 1 and Blue 2), the abundance
analysis in the blue will be performed with both normalized spectra concomitantly.

When fitting the continuum, iSpec seems to interpolate the flux errors and subsequently
decreases the SNRs of normalized spectra4. In order to reinstate the initial SNRs, a short
Python script computes the median ratio between the fluxes and flux errors of a spectrum and
multiplies the normalized fluxes by this median ratio to restore the errors of the normalized
spectrum. After checking the SNRs of the normalized spectra, we have determined that the
SNRs are in that case ‘stable’ between the original and normalized spectra.

Figure 4.2: Plot of the three different wavelength ranges observed simultaneously with the flux
in ergs s−1 cm−2 Å

−1
on the y-axis and the wavelength in nanometers on the x-axis. It should be

noted that the spectra are not exactly on the same flux scale. For our convenience, the spectra
will be referred to as Blue (blue), RedL (red) and RedU (purple) from hereon. This plot is made
with iSpec.

Table 4.3: Barycentric and radial velocities of Blue, RedL and RedU, estimated by comparing
their atomic lines with a telluric line mask and an atomic line mask with iSpec.

Spectrum Barycentric velocity [km/s] Radial velocity [km/s]

Blue * 191.99 ± 0.10
RedL -0.32 ± 0.28 192.19 ± 0.14
RedU -0.25 ± 0.08 192.25 ± 0.26

*iSpec returned the following warning: “Not enough data for finding peaks and base points.”

4See line 287 in the file continuum.py in the folder ispec, which is publicly available via https://github.com/
marblestation/iSpec.
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Table 4.4: Model parameters of the fitted continuum for Blue, RedL and RedU.

Model parameters Blue RedL RedU
Number of splines 50 20 20

Degree 5 2 2
Resolution 55000 55000 55000

Filtering order median+max median+max median+max
Wavelength step for median selection 0.05 0.05 0.05

Wavelength step for max selection 2.0 (Fit 1)
3.0 (Fit 2) 2.5 2.0

Weighted fitting1 x x x
Ignoring strong lines2 x x x

Strong line probability threshold 0.5 0.5 0.5
1Original label in iSpec: “Use spectrum’s errors as weights for the fitting process”
2Original label in iSpec: “Automatically find and ignore strong lines”

Figure 4.3: Plot of Blue’s continuum modeled by (a) Fit 1 and (b) Fit 2, with the flux in
normalized units on the y-axis and the wavelength in nanometers on the x-axis. These plots are
made with iSpec.

4.4 Determining Atmospheric Parameters

The atmospheric parameters of CD-51 4628 are determined with the normalized spectra of RedL
and RedU, and compared to the literature values reported in Nissen and Schuster 2010 in Chap-
ter 6. Particularly, the stellar atmospheric parameters consist of the effective temperature Teff,
the surface gravity log(g), the metallicity [Fe/H], the α-enhancement [α/Fe] and the microtur-
bulence velocity vmic. As described in Blanco-Cuaresma et al. 2014a, we use the neutral and
ionized iron lines to obtain these parameters by imposing excitation equilibrium and ionization
balance. Excitation equilibrium implies that there should be no trends when the abundances
of Fe I and Fe II are plotted against the line excitation potential ‘lower state (eV)’; ionization
balance means that the average Fe I abundance is equivalent to the average Fe II abundance.
Furthermore, there should be no trends when the iron abundances are plotted against the re-
duced equivalent width. On a side note, the continuum of the normalized red spectra is fitted
with the same parameters presented in Table 4.4.
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iSpec can find the line masks of neutral and ionized iron lines when given the required
minimum depth of the absorption lines with respect to the continuum (set to 0.05 or 5%), the
maximum depth (set to 1.0 or 100%), the spectrum’s resolution (set to 55000), the velocity with
respect to the telluric lines in km/s (which is equal to the negative of the radial velocity) and
a line list for cross-referencing the spectral lines with atomic line transitions. Line list version
6 from the GES line list is utilized, which was specifically designed for homogeneous abundance
analyses of stellar spectra from the GES (Blanco-Cuaresma 2019; Heiter et al. 2015). This line
list takes into account hyperfine splitting (HFS) and isotopic shifts (ISO) and covers a wavelength
range of 420 - 920 nm. In RedL, iSpec found 233 Fe I lines and 18 Fe II lines; in RedU, there
are 61 Fe I lines and 5 Fe II lines. Customarily, iSpec automatically fits the found lines with a
Gaussian model. Otherwise, the lines can be fitted by using the option ’Operations → Fit lines’
and inputting the resolution, the velocity with respect to the telluric lines [km/s], the line list
and a maximum atomic wavelength difference between the observed and theoretical wavelength
peak of a line.

The equivalent width method is used to ascertain CD-51 4628’s atmospheric parameters with
the radiative transfer code MOOG EW, the MARCS model atmosphere MARCS.GES and the
solar abundance table Asplund.2009. Regarding the choice of radiative transfer code, Blanco-
Cuaresma et al. 2014a concluded that MOOG EW performs better than WIDTH9. Even though
iSpec’s pre-computed MARCS grids are generated with the solar abundances provided by
Grevesse et al. 2007, we have utilized the most recent solar abundance table from Asplund
et al. 2009. Since iSpec appears to assign a standard α-enhancement to different metallicity
ranges, the α-enhancement will be fixed to the literature value reported in Nissen and Schuster
2010 which is provided as [α/Fe] = 0.22. It should be noted that a nonlinear least-squares fitting
algorithm aims to reduce the impact of outliers on the results, when systematically adjusting
the parameter estimates during various iterations (set to a maximum of 10 in our analysis) such
that ionization balance and excitation equilibrium are most adequately achieved.

4.5 Abundance Analysis

In this section, we will discuss the abundance analysis performed with the normalized red spec-
tra and blue spectra, where the errors of the normalized fluxes have been reinstated in the same
manner as described above with respect to the normalized red spectra. The chemical abundances
of our ‘interesting’ elements will be determined with the equivalent width method and the syn-
thetic spectral fitting technique. In Appendix A, the absorption lines that were utilized during
the abundance analysis are listed.

4.5.1 Equivalent Width Method

iSpec can ascertain differential chemical abundances with the equivalent width method when
given the radiative transfer code, the model atmosphere, the solar abundance table and the
stellar atmospheric parameters. Regarding the equivalent width method, iSpec determines a
mean and median chemical abundance when utilizing multiple spectral lines, and we will use the
median abundances to minimize the effect of outliers in the data (Bakker and Gravemeijer 2006).
The standard deviation of the sample serves as the uncertainty on the results, which cannot
be determined when utilizing a single line. In the following sections, the abundance analysis
carried out with the red and blue spectra will be separately discussed. They all share the input
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parameters for the radiative transfer code (MOOG EW), the model atmosphere (MARCS.GES)
and the solar abundances (Asplund.2009).

4.5.1.1 Red Spectra

In order to determine the chemical abundances of CD-51 4628 from the normalized red spectra,
line masks of the following elements are required: Na I, Mg I, Si I, Ca I, Ti I, Ni I, Y II, Ba
II, La II, Nd II, Eu II, Os I and Th II. Once again, the line list version 6 from the GES line
list was used when finding the line masks with iSpec. Spectral lines of La II, Nd II, Eu II,
Os I and Th II could not be detected in either of the red spectra, reducing the list of elements.
Due to the gap between RedL and RedU, their normalized spectra are treated independently. As
with the determination of the atmospheric parameters, the continuum of the spectra is fitted
with the same parameters presented in Table 4.4. Regarding the input atmospheric parameters,
the preferred values acquired with the method from Section 4.4 are used to gauge the different
effects of the equivalent width method and the synthetic spectral fitting technique on the results,
and can be found in Table 5.1 in Chapter 5.

When determining the chemical abundances of the remaining elements, the lines identified
by iSpec are cross-referenced with the line data reported in Table 3 of Nissen and Schuster
2011; only similar lines (i.e., wave peaks matching up to at least four digits) are utilized in
the abundance analysis. Even so, each line from Nissen and Schuster 2011 will be checked and
disregarded if it is poorly fitted by the Gaussian model or lies in a region which might be affected
by telluric lines5 and/or where absorption lines are badly blended or the continuum is poorly
fitted. In RedL, this leaves us with 2 Ca I lines, 5 Ti I lines, 11 Ni I lines, 2 Y II lines; in
RedU, we have 1 Mg I line, 1 Si I line, 3 Ca I lines and 2 Ba II lines. Unfortunately, no Na I
lines were detected in RedL. In RedU, there was a single Na I line from Nissen and Schuster 2011
which could have been used, but it was located near the edge of the spectrum at 568.8 nm and
the continuum was poorly fitted in this region during the normalization of RedU. Hence, this Na
I line was not used.

4.5.1.2 Blue Spectra

Since the splines model did not manage to fit the continuum in the normalized blue spectra
adequately, the continuum is simply fitted with a horizontal line at a fixed value of 1. Then,
it is possible to find the line masks of our elements of interest (plus neutral and ionized iron)
in Blue’s normalized spectra with the VALD line list, which extends further into the blue than
the GES line list and covers a wavelength range of 300 - 1100 nm. Whenever possible, the line
masks are cross-referenced with the spectral lines reported in Hill et al. 2002 and poorly fitted or
badly blended lines are disregarded. Examples of two badly blended and poorly fitted lines are
shown in Figure 4.4, which depicts an Os I line and a Th II line. Otherwise, all line masks are
utilized. Regarding Fit 1 and Fit 2, this leaves us with 1 Na I line, 14 Mg I lines, 2 Si I lines,
34-35 Ca I lines, 84-89 Ti I lines, 1175-1202 Fe I lines, 56-58 Fe II lines, 129-131 Ni II lines, 5
Y II lines, 1 Ba II line, 2 La II lines, 1 Nd II line, 1 Eu II line, zero Os I lines and zero Th
II lines within the wavelength range.

As an experiment, the Balmer continuum will be treated as an independent section covering
a wavelength range of 330 - 370 nm (Roederer et al. 2018a). For this region, there are generally

5Telluric lines are absorption lines from elements in Earth’s atmosphere and need to be separated from the
stellar absorption lines (Hadrava 2006).
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no line lists reported in literature which we would be able to cross-reference with. Hence, we
have 1 Na I line, 3 Mg I lines, zero Si I lines, 7-8 Ca I lines, 17-18 Ti I lines, 451-465 Fe I
lines, 23-24 Fe II lines, 90 Ni I lines, 9 Y II lines, zero Ba II lines, 1 La II line, zero Nd
II lines and zero Eu II lines. Regarding the abundance analysis, the atmospheric parameters
reported in Nissen and Schuster 2010 are used since they comprise a complete set of parameters
as opposed to utilizing a mixed set consisting of results from varying literature sources (which is
not recommended by Blanco-Cuaresma 2019).

Figure 4.4: Plot of (a) an Os I line and (b) a Th II line at the same location in Blue 1
(red) and Blue 2 (blue), with the flux in normalized units on the y-axis and the wavelength in
nanometers on the x-axis. The relatively short red lines in the yellow shaded regions follow the
shape of the lines with a Gaussian model. These plots are made with iSpec.

4.5.2 Synthetic Spectral Fitting Technique

Comparatively to the equivalent width method, iSpec can determine differential chemical abun-
dances with the synthetic spectral fitting technique when given the radiative transfer code, the
model atmosphere, the solar abundance table, the line list, the stellar atmospheric parameters,
the projected rotational velocity V sin(i) [km/s], the macroturbulence velocity Vmac [km/s], the
limb darkening coefficient and the radial velocity [km/s]. For the stellar atmospheric parameters,
the results from Nissen and Schuster 2010 are utilized for both the blue and red spectra in all but
two runs with RedL and RedU, as described above. Regarding the projected rotational velocity
and the macroturbulence velocity, the values reported in the library of the Gaia FGK Bench-
mark Stars are used, even though this will yield a mixed set of parameters (Blanco-Cuaresma
et al. 2014b). Hence, the following input parameters are used for all the runs in the abundance
analysis: the radiative transfer code (MOOG), the model atmosphere (MARCS.GES), the solar
abundances (Asplund.2009), the line list (VALD_300-1100nm), V sin(i) (4.1 km/s), Vmac (7.88
km/s), the limb darkening coefficient (set to 0.6 as a rough approximation) and the (corrected)
radial velocity (0 km/s). Additionally, we will re-use the spectral lines from the abundance anal-
ysis with the equivalent width method for these runs with the synthetic spectral fitting technique
and set the maximum amount of iterations to 6.
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Results

Following the methodology described in the previous chapter, the determinations of CD-51 4628’s
atmospheric parameters and the results from the abundance analysis carried out with the (nor-
malized) red and blue spectra will be presented in the subsequent sections.

5.1 Determining Atmospheric Parameters

We have determined the atmospheric parameters of CD-51 4628 from (the normalized spectra
of) RedU and RedL separately, which can be found in Table 5.1. The second column presents
the atmospheric parameters obtained from RedU, and the third column the initial atmospheric
parameters obtained from RedL. Since their surface gravities appear to differ significantly and
taking into consideration their relatively small uncertainties, we have fixed the surface gravity in
the second run with RedL using the corresponding estimate from RedU, the results of which are
shown in the fourth column of Table 5.1. Then, this set of parameters constitutes our preferred
values for the atmospheric parameters of CD-51 4628, and this choice will be elaborated on in
Chapter 6. However, as depicted in Figure 5.1b, the excitation potential slope of the second run
displays a slight negative trend and is equal to -0.03 due to the fixing of the surface gravity. In
Figure 5.1a, the excitation potential slope of the run with RedU is equal to 0.00 (i.e., no trends
are found).

Table 5.1: Atmospheric parameters determined from RedU and RedL using the equivalent width
method on the spectra’s neutral and ionized iron lines. The ’NS10’ column represents the atmo-
spheric parameters of CD-51 4628 from Nissen and Schuster 2010.

Atmospheric parameters RedU RedL NS10

Teff [K] 6363.14 ± 91.58 6097.85 ± 91.14 6278.56 ± 23.31 6153 ± 30
log(g) 4.13 ± 0.13 3.82 ± 0.13 4.13* 4.31 ± 0.05
[Fe/H] [dex] -1.26 ± 0.12 -1.48 ± 0.22 -1.36 ± 0.21 -1.30 ± 0.04
[α/Fe] [dex] 0.22* 0.22* 0.22* 0.22 ± 0.02
vmic [km/s] 1.40 ± 0.09 1.53 ± 0.03 1.46 ± 0.04 1.4
*Fixed parameter
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Figure 5.1: Plots of the variation in Fe I (blue dots) and Fe II (orange dots) abundances
obtained from (a) RedU and (b) RedL (second run). [Fe I/H] and [Fe II/H] are plotted on the
y-axis. The line excitation potential ‘lower state (eV)’ in electron volts is plotted on the upper
x-axis and the reduced equivalent width on the lower x-axis. These plots are made with iSpec.

5.2 Abundance Analysis

5.2.1 Red Spectra

In Table 5.2, the results from the abundance analysis with RedL are presented. These chemical
abundances were obtained using the equivalent width method with the preferred values of CD-
51 4628’s atmospheric parameters; the synthetic spectral fitting technique was also utilized with
the preferred values of the stellar atmospheric parameters and the parameters from Nissen and
Schuster 2010. Analogously, Table 5.3 shows the results obtained with RedU.

5.2.2 Blue Spectra

In Table 5.4, the results from the abundance analysis with the two normalized spectra of Blue
are presented. These chemical abundances were obtained using the equivalent width method and
the synthetic spectral fitting technique with the stellar atmospheric parameters from Nissen and
Schuster 2010. Analogously, Table 5.5 shows the results obtained from Blue 1 and Blue 2 when
merely considering the Balmer continuum region in these spectra (∼330 - 370 nm). Whenever
available, chemical abundances from literature will be reported in the last columns of Table 5.4
and Table 5.5.

Table 5.2: Chemical abundances estimated from RedL using the equivalent width method and
the synthetic spectral fitting technique on the corresponding spectral lines reported in Appendix
A. Synthesis was performed with the preferred values of the atmospheric parameters and the
results reported in Nissen and Schuster 2010. The ‘Literature’ column represents the chemical
abundances of CD-51 4628 from Nissen and Schuster 2010 (1) and Nissen and Schuster 2011 (2).

Chemical Equivalent widths Synthesis Literature
abundances [dex] (ours) (ours) (NS10)
[Ca I/Fe] 0.25 ± 0.03 0.37 ± 0.08 0.26 ± 0.08 0.31 ± 0.02 1

[Ti I/Fe] 0.24 ± 0.02 0.35 ± 0.05 0.19 ± 0.05 0.24 ± 0.02 1

[Ni I/Fe] -0.13 ± 0.09 -0.04 ± 0.04 -0.15 ± 0.04 -0.10 ± 0.01 1

[Y II/Fe] -0.17 ± 0.07 -0.07 ± 0.13 -0.10 ± 0.13 -0.11 ± 0.04 2
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Table 5.3: Chemical abundances estimated from RedU using the equivalent width method and
the synthetic spectral fitting technique on the corresponding spectral lines reported in Appendix
A. Synthesis was performed with the preferred values of the atmospheric parameters and the
results reported in Nissen and Schuster 2010. The ‘Literature’ column represents the chemical
abundances of CD-51 4628 from Nissen and Schuster 2010 (1) and Nissen and Schuster 2011 (2).

Chemical Equivalent widths Synthesis NS10/NS11
abundances [dex] (ours) (ours) (NS10)

[Mg I/Fe] 0.17 0.26 ± 0.16 0.17 ± 0.16 0.13 ± 0.04 1

[Si I/Fe] 0.15 0.23 ± 0.23 0.15 ± 0.22 0.19 ± 0.04 1

[Ca I/Fe] 0.31 ± 0.04 0.41 ± 0.09 0.29 ± 0.08 0.31 ± 0.02 1

[Ba II/Fe] -0.01 ± 0.03 -0.52 ± 0.10 -0.58 ± 0.10 -0.16 ± 0.04 2

Table 5.4: Chemical abundances estimated from Blue 1 and Blue 2 using the equivalent width
method and the synthetic spectral fitting technique on the corresponding spectral lines reported
in Appendix A. Both methods were performed with the atmospheric parameters of CD-51 4628
reported in Nissen and Schuster 2010. The ‘Literature’ column represents chemical abundances
of CD-51 4628 from the following papers: Nissen and Schuster 2010 (1), Nissen and Schuster
2011 (2), Mashonkina et al. 2004 (3) and Mashonkina et al. 2003 (4).

Chemical Blue 1 Blue 2 Literature
abundances [dex] (EWs) (Synthesis) (EWs) (Synthesis)

[Na I/Fe] -0.25 -0.18 ± 0.07 -0.24 -0.18 ± 0.06 -0.26 ± 0.04 1

[Mg I/Fe] -0.04 ± 0.34 0.01 ± 0.01 -0.04 ± 0.34 0.03 ± 0.01 0.13 ± 0.04 1

[Si I/Fe] 0.62 ± 0.84 0.17 ± 0.02 0.65 ± 0.87 0.18 ± 0.02 0.19 ± 0.04 1

[Ca I/Fe] 0.28 ± 0.91 0.28 ± 0.01 0.28 ± 0.90 0.30 ± 0.01 0.31 ± 0.02 1

[Ti I/Fe] 0.45 ± 1.19 0.20 ± 0.01 0.56 ± 1.17 0.23 ± 0.01 0.24 ± 0.02 1

[Fe I/H] -1.39 ± 0.82 -1.48 ± 0.00 -1.36 ± 0.84 -1.46 ± 0.00 -1.30 ± 0.04 1

[Fe II/H] -1.16 ± 0.89 -1.34 ± 0.01 -1.13 ± 0.90 -1.32 ± 0.01
[Ni I/Fe] -0.12 ± 0.97 -0.13 ± 0.01 -0.10 ± 0.89 -0.12 ± 0.01 -0.10 ± 0.01 1

[Y II/Fe] -0.08 ± 0.13 0.04 ± 0.04 -0.06 ± 0.14 0.08 ± 0.04 -0.11 ± 0.04 2

[Ba II/Fe] -0.05 -0.05 ± 0.21 -0.06 -0.06 ± 0.22 -0.16 ± 0.04 2

[La II/Fe] 0.32 ± 0.01 0.35 ± 0.10 0.37 ± 0.02 0.41 ± 0.10
[Nd II/Fe] 0.82 0.73 ± 0.11 0.93 0.81 ± 0.10 0.23 ± 0.03 3

[Eu II/Fe] 0.88 0.56 ± 0.09 0.88 0.55 ± 0.09 0.54 ± 0.06 4
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CHAPTER 5. RESULTS

Table 5.5: Chemical abundances estimated from Blue 1 and Blue 2 in their Balmer continuum
regions (∼330 - 370 nm) using the equivalent width method and the synthetic spectral fitting
technique on the corresponding spectral lines reported in Appendix A. Both methods were per-
formed with the atmospheric parameters of CD-51 4628 reported in Nissen and Schuster 2010.
The ‘Literature’ column represents the chemical abundances of CD-51 4628 from Nissen and
Schuster 2010 (1) and Nissen and Schuster 2011 (2).

Chemical Blue 1 Blue 2 NS10/NS11
abundances [dex] (EWs) (Synthesis) (EWs) (Synthesis)

[Na I/Fe] -0.25 -0.18 ± 0.07 -0.24 -0.18 ± 0.06 -0.26 ± 0.04 1

[Mg I/Fe] -0.04 ± 0.22 0.32 ± 0.03 -0.02 ± 0.22 0.35 ± 0.03 0.13 ± 0.04 1

[Ca I/Fe] 0.35 ± 0.34 0.32 ± 0.04 0.38 ± 0.32 0.28 ± 0.04 0.31 ± 0.02 1

[Ti I/Fe] 0.27 ± 0.26 -0.07 ± 0.02 0.30 ± 0.29 -0.05 ± 0.02 0.24 ± 0.02 1

[Fe I/H] -1.49 ± 0.52 -1.60 ± 0.00 -1.46 ± 0.55 -1.59 ± 0.00 -1.30 ± 0.04 1

[Fe II/H] -1.24 ± 0.36 -1.35 ± 0.02 -1.23 ± 0.43 -1.35 ± 0.02
[Ni I/Fe] -0.25 ± 0.49 -0.16 ± 0.01 -0.24 ± 0.50 -0.14 ± 0.01 -0.10 ± 0.01 1

[Y II/Fe] -0.11 ± 0.32 -0.17 ± 0.03 -0.10 ± 0.32 -0.16 ± 0.03 -0.11 ± 0.04 2

[La II/Fe] 0.29 0.09 ± 0.23 0.36 0.17 ± 0.20
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Discussion

In this chapter, the stellar atmospheric parameters and chemical abundances of CD-51 4628 listed
in the preceding chapter are examined and compared to results from literature whenever possi-
ble. For what concerns the abundance analysis, the results obtained with the equivalent width
method and the synthetic spectral fitting technique will be compared with one another in order
to ascertain whether one method is more accurate and precise than the other when considering
the results from abundance analyses found in literature (Mashonkina et al. 2003; Mashonkina
et al. 2004; Nissen and Schuster 2010; Nissen and Schuster 2011). Then, the extragalactic origin
of CD-51 4628 will be discussed in the context of the abundances obtained with our methods
and suggestions for further research are presented.

6.1 Comparisons with Literature

Following the processing of the raw data (see Section 4.3), we have computed the average radial
velocity of CD-51 4628 to be 192.1 ± 0.2 km/s using the radial velocities presented in Table 4.4
(Klein-Douwel 2019). Nissen and Schuster 2010 report a (heliocentric) radial velocity of 197.9
km/s for CD-51 4628, which indicates a percentage difference of approximately 3%. However, if
we consider the barycentric velocity in iSpec to also include the heliocentric velocity then the
correction of 5.67 km/s to our radial velocity of CD-51 4628 yields a velocity of ∼197.8 ± 0.2
km/s such that Nissen & Schuster’s radial velocity is within one standard deviation (1-σ).

Regarding the determinations of CD-51 4628’s atmospheric parameters presented in Table 5.1,
we can observe that the results from the second and fourth column have an average percentage
difference of 3-4% compared to the atmospheric parameters reported in Nissen and Schuster 2010
and most literature values are within 1-σ to 2-σ of our results with the exception of the effective
temperature. The relatively small differences can be a consequence of forcing ionization balance
and excitation equilibrium while determining the atmospheric parameters, although these as-
sumptions are imposed in Nissen and Schuster 2010 as well. The offsets might also be due to the
use of different neutral and ionized iron lines, since our iron lines have not been cross-referenced
with the iron lines from Table 3 in Nissen and Schuster 2011.

It should be noted an offset in the metallicity can be more easily accounted for than an offset
in the effective temperature during an abundance analysis. For instance, an offset in [Fe/H]
of -0.06 compared to the value reported in Nissen and Schuster 2010 can be accounted for by
adding the offset to our results (i.e., as if the results were determined using the same metallicity).
Alternatively, we can compute

[X/H] = [X/Fe] + [Fe/H] (6.1)

which represents a differential abundance of an element X with respect to hydrogen, and
therefore nullifies the effect of an offset in the metallicity utilized during the abundance analysis
(Maciel 2015). The influence of an offset in the effective temperature on the (differential) abun-
dances is more difficult to ascertain, thus we favor the set of parameters in which the effective
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temperature is the closest to the value from Nissen and Schuster 2010. Hence, the results in the
fourth column of Table 5.1 are labeled as our preferred values of CD-51 4628’s atmospheric pa-
rameters obtained with iSpec. The negative trend of the excitation potential slope from RedL’s
second run (shown in Figure 5.1b) is comparable to the findings of Hawkins et al. 2016, which
reports an effective temperature of Teff = 6223± 100 K using photometry and a surface gravity
of 4.19 ± 0.19 from fitting CD-51 4628’s stellar parameters to stellar evolutionary tracks, and
could indicate that the microturbulence velocity is overestimated (Blanco-Cuaresma et al. 2014a).

Comparing the second and third columns of Table 5.2 and Table 5.3, we can observe that
the chemical abundances obtained with the synthetic spectral fitting technique are higher than
those obtained with the equivalent width method by approximately 0.10 dex when inputting the
same atmospheric parameters, with the exception of [Ba II/Fe]. This difference can be due to
the synthetic spectral fitting technique generally being more accurate than the equivalent width
method. Taking into account the offset of -0.06 between the metallicities used for the third and
fourth columns of Tables 5.2-3, most results agree within 1-σ except for [Ti I/Fe] and [Ni I/Fe].
A possible explanation might be that the Ti I and Ni I lines are more sensitive to changes in the
input stellar atmospheric parameters (e.g., Teff and/or vmic) than the other spectral lines (Sokal
et al. 2018).

Regarding the literature values, the chemical abundances reported in Nissen and Schuster
2010; Nissen and Schuster 2011 are largely within 1-σ to 2-σ of the results listed in the fourth
columns of Tables 5.2-3, which means that the atmospheric parameters from Nissen and Schus-
ter 2010 can be safely utilized in the blue. However, [Ba II/Fe] deviates significantly from the
literature value and is considered an outlier in our data. Figure 6.1 shows the corresponding
Ba II lines in RedU and the synthetic spectrum which was generated. Since the spectral lines
in RedU and the synthetic spectrum do not match well, it is likely that this has resulted in an
underestimated [Ba II/Fe] abundance even though the Ba II lines are fitted relatively well in
the original spectrum. Then, averaging the α abundances obtained with synthesis in the red
(from the fourth columns of Tables 5.2-3) gives us [α/Fe] ≈ 0.20 ± 0.08 for CD-51 4628 which
coincides with the α-enhancement reported in Nissen and Schuster 2010 within 1-σ.

Figure 6.1: Plots of the two Ba II lines in RedU (black) and the generated synthetic spectrum
(blue) at (a) 585.4 nm and (b) 614.2 nm, with the flux in normalized units on the y-axis and the
wavelength in nanometers on the x-axis. Following the shape of the spectral lines, the red lines
in the yellow shaded regions are the fitted Gaussian models. These plots are made with iSpec.
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Comparing the chemical abundances obtained from Blue 1 and Blue 2 (see Table 5.4) with
the equivalent width method (columns 2 and 4) and the synthetic spectral fitting technique
(columns 3 and 5), the results largely agree with each other within 1-σ to 2-σ when there are
uncertainties reported on the abundances. It appears that a slight modification in a continuum
fit does not significantly affect the outcome of an abundance analysis, although care must of
course be taken to ensure a good continuum fit when normalizing any spectrum.

In Table 5.4, the chemical abundances obtained with synthesis are overall more precise (and
accurate) than the ones obtained with equivalent widths, except for [La II/Fe]. The literature
values are within 1-σ to 2-σ of our ‘synthesis results’, with the exception of [Mg I/Fe], [Fe I/H],
[Y II/Fe] and [Nd II/Fe] (Mashonkina et al. 2003; Mashonkina et al. 2004; Nissen and Schuster
2010; Nissen and Schuster 2011). The Mg I and Fe I lines could not be cross-referenced with
line data from literature, and some of their lines might then not be good lines for an abun-
dance analysis. Four of the Y II lines, encompassing a wavelength range of 377.4 - 395.0 nm,
are within the region of the Balmer jump (where the continuum is challenging to fit). The Nd
II line at 410.9 nm is blended with the outer edge of the H-δ line, which could have nega-
tively influenced the result of [Nd II/Fe]. It should be noted that other (slight) deviations from
the literature values could be explained by the use of a different solar abundance table and/or
radiative transfer code, since Nissen and Schuster 2010 utilized the Uppsala EQWIDTH program.

The following chemical abundances estimated from Blue 1 and Blue 2 in the Balmer contin-
uum region (see Table 5.5) differ significantly from the results in Table 5.4: [Mg I/Fe] (synthesis),
[Ti I/Fe], [Fe I/H], [Ni I/Fe] (equivalent widths) and [La II/Fe] (synthesis). Regarding [Mg
I/Fe] and [La II/Fe], the generated synthetic spectra appear to be a poor fit to the normalized
blue spectra. As an example, Figure 6.2 presents the La II line at 333.8 nm and the synthetic
spectrum clearly does not follow the shape of Blue 1 near this line. The differences in [Ti I/Fe]
and [Fe I/H] can be due to the “Balmer Dip” effect: the abundances of Ti I, Ti II and Fe I are
lowered by ∼0.08 - 0.27 dex in the Balmer continuum region while the Fe II abundances might
increase in this region for some stars (which we can also observe, although the effect is not nearly
as evident) (Roederer et al. 2018a; Roederer et al. 2018b). The Balmer Dip effect is most likely
due to 3D and/or non-LTE effects which are unaccounted for in an 1D LTE abundance analysis,
i.e. these simplifying approximations might be breaking down in the Balmer continuum (Lawler
and Den Hartog 2018). In the case of [Ni I/Fe], the inaccuracy of the equivalent width method
in the heavily blended Balmer continuum region might be the cause of the significant deviation.

Lastly, Table 6.1 and Figure 6.3 present our preferred results for the chemical abundances
of CD-51 4628 in the blue. We have averaged the results from the third and fifth column of
Table 5.4, since the abundances obtained with the synthetic spectral fitting technique are gen-
erally more precise than the ones obtained with the equivalent width method and these results
all have an associated uncertainty (even when there is only one spectral line). Furthermore,
Blanco-Cuaresma 2019 described that the mixing of results from equivalent widths and synthesis
is not a recommended practice. However, the abundances of Mg I, Y II and Nd II are not re-
liable estimates given our previous concerns regarding the spectral lines which were used for the
abundance analysis. The α-enhancement is computed to be [α/Fe] ≈ 0.18± 0.01 when including
the result for [Mg I/Fe] and [α/Fe] ≈ 0.23± 0.01 when considering only [Si I/Fe], [Ca I/Fe] and
[Ti I/Fe], which is within 1-σ of the α-enhancement from Nissen and Schuster 2010. In Figure
Figure 6.4, we have roughly pinpointed [α/Fe] ≈ 0.18 ± 0.01 onto Figure 1 from Nissen and
Schuster 2010, in which the open blue symbols are the high-α stars and the filled red symbols
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the low-α stars.

Thus, our original aim of determining new s- and r-process elements in CD-51 4628 is achieved.
However, the abundances of Os I and Th II could not be ascertained since their spectral lines
were too weak and/or too blended for properly determining the associated abundances. Regard-
ing Os I, when generating synthetic spectra with increasingly higher fixed abundances of Os I
the synthetic shape of the spectral line at 432.9 nm (Figure 4.4a) followed the continuum flow
(i.e., did not follow the shape of a ’normal’ absorption line) which could indicate that this line
is a bad line for an abundance analysis.

Figure 6.2: Plot of the La II line at 333.8 nm in Blue 1 (blue) and the generated synthetic
spectrum (orange), with the flux in normalized units on the y-axis and the wavelength in nanome-
ters on the x-axis. Following the shape of the spectral line, the red line in the yellow shaded
regions is the fitted Gaussian model. This plot is made with iSpec.

Figure 6.3: Plot of the differential abundance ratios of the chemical elements presented in
Table 6.1, except for [Fe I/H] and [Fe II/H], with [X/Fe] in units of dex on the y-axis and the
atomic number Z on the x-axis. X represents the annotated chemical element of a data point.
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Figure 6.4: Plot of the α-enhancement [α/Fe] on the y-axis and the metallicity [Fe/H] on the
x-axis for low-α (filled red symbols), high-α (open blue symbols) and thick-disk (crosses) stars.
Halo stars with UVES spectra are indicated by circles and with FIES spectra by triangles. CD-51
4628 is depicted as a black star in the plot. This plot comes from Nissen and Schuster 2010.

6.2 Extragalactic Origin of CD-51 4628

Skúladóttir et al. 2020 analyzed 98 stars with -2.4 < [Fe/H] < -0.9 from the Sculptor dwarf
spheroidal galaxy in order to investigate the build-up of the neutron-capture elements Y, Ba,
La, Nd and Eu at low metallicity. Plotting the differential abundances of [La/Ba] and [Eu/Ba]
against [Ba/H], it is possible to discern the abundance trends of Sculptor and Milky Way stars as
shown in Figure 6.5. The black and white squares represent Milky Way stars, and the Sculptor
stars from the sample of Skúladóttir et al. 2020 are represented by blue and light-blue circles.
The blue circles represent stars observed with FLAMES/GIRAFFE and the light-blue circles
those observed with FLAMES/UVES. Abundance measurements of Sculptor stars from other
literature sources are represented by magenta diamonds, and open diamonds indicate stars with
peculiar abundances of the neutron-capture elements. By roughly pinpointing our data from
Table 6.1 onto these plots (as a red star), we can observe that CD-51 4628 mainly fits into the
abundance trends of Sculptor stars. However, due to frequent overlap of Sculptor and Milky
Way stars it is difficult to ascertain exactly which of the depicted abundance trends CD-51 4628
would fit into more.

Matsuno et al. 2021 analyzed 76 Gaia-Enceladus stars and 81 in-situ stars from the Milky
Way in order to comprehend the origin of r-process elements in Gaia-Enceladus. The chemical
abundances of the stars were taken from GALAH DR3. Plotting the differential abundances of
[Mg/Fe], [Eu/Mg], [Ba/Eu] and [La/Eu] against [Fe/H], it is possible to distinguish the abun-
dance trends of the Gaia-Enceladus stars and the in-situ stars as shown in Figure 6.6. The orange
dots represent Gaia-Enceladus stars and the blue squares in-situ stars. The green squares, the
red squares and the purple triangles correspond to Fornax, Sagittarius and the Large Magellanic
Cloud (LMC) which are satellite dwarf galaxies of the Milky Way (Matsuno et al. 2021). By
roughly pinpointing our data from Table 6.1 onto these plots (as a black star), we can observe
that CD-51 4628 fits into the abundance trends of the Gaia-Enceladus stars and Fornax in the
upper two panels and into the trends of Fornax in the lower panels. When considering the es-
timate of [Mg I/Fe] = 0.17 ± 0.16 in the red, these observations remain approximately valid.

32



CHAPTER 6. DISCUSSION

Table 6.1: Chemical abundances of CD-51 4628 in the blue, obtained by averaging the results
from the third and fifth column of Table 5.4.

Chemical Value
abundances [dex]

[Na I/Fe] -0.18 ± 0.05
[Mg I/Fe] 0.02 ± 0.01
[Si I/Fe] 0.18 ± 0.02
[Ca I/Fe] 0.29 ± 0.01
[Ti I/Fe] 0.22 ± 0.01
[Fe I/H] -1.47 ± 0.00
[Fe II/H] -1.33 ± 0.01
[Ni I/Fe] -0.12 ± 0.01
[Y II/Fe] 0.06 ± 0.03
[Ba II/Fe] -0.05 ± 0.16
[La II/Fe] 0.38 ± 0.08
[Nd II/Fe] 0.77 ± 0.08
[Eu II/Fe] 0.56 ± 0.07

Thus, our findings support the scenario in which the Milky Way merged with low-mass dwarf
galaxies at an earlier time in its history, as described in Section 2.1.

6.3 Suggestions for Further Research

In order to obtain reliable chemical abundances, we have to rely heavily on a good line selection
of spectral lines as deduced from the examples presented in Figure 6.1 and Figure 6.2. Since
line lists from other authors can contain lines which are considered ‘bad’ in our spectra (e.g.,
lines which are blended in our spectra), it is recommended to check the Gaussian and synthetic
fits of the lines in iSpec and decide in a homogeneous manner whether a line should be left
out from the abundance analysis. Unfortunately, there is not much line data available for warm
dwarf stars when determining abundances of lighter, iron-peak and neutron-capture elements in
the blue and specifically in the Balmer continuum region. For subsequent analyses, it is recom-
mended to experiment with processing a spectrum section by section as opposed to normalizing
and treating the whole spectrum in a single attempt.

As suggested by Blanco-Cuaresma 2019, the effect of different radiative transfer codes (e.g.,
Turbospectrum, SPECTRUM, etc.) on our determinations of the atmospheric parameters and the
chemical abundances should be ascertained in order to ensure the consistency of our results. It
should be noted that we chose to utilize MOOG when applying the synthetic spectral fitting tech-
nique such that the radiative transfer code is consistent with MOOG EW used in the equivalent
width method.

Finally, in order to investigate the heritage of CD-51 4628 more extensively in the context
of s- and r-process production sites, it is recommended to extend the list of s- and r-process
elements and make a greater effort to obtain abundances of heavy r-process elements such as Os
I and Th II, or at least upper limits on their abundances by means of a precise and accurate
synthesis.
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Figure 6.5: Plots of the abundance trends of Sculptor stars (light-blue/blue dots and magenta
diamonds) and Milky Way stars (black and white squares). The green and orange dashed lines
represent the abundance ratio of [Eu/Ba] of the pure r- and s-process, respectively. CD-51 4628
is depicted as a red star in the plots. These plots come from Skúladóttir et al. 2020.
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Figure 6.6: Plots of the abundance trends of Gaia-Enceladus stars (orange dots), in-situ stars
(blue squares), Fornax (green squares), Sagittarius (red squares) and the Large Magellanic Cloud
(purple triangles). CD-51 4628 is depicted as a black star in the plots, and the gray area
corresponds to a metallicity range of −2 < [Fe/H] < −1.3 in which the abundance of europium
could not be reliably interpreted. These plots come from Matsuno et al. 2021.
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Chapter 7

Conclusion

In this thesis, we have performed an extensive abundance analysis of the low-α halo star CD-51
4628, which included determining its stellar atmospheric parameters, using blue and red high-
resolution UVES absorption line spectra1. To this end, the equivalent width method and the
synthetic spectral fitting technique were applied to the normalized spectra of CD-51 4628 making
use of the spectroscopic software framework iSpec. Comparing the results from our abundance
analysis to the literature values of Mashonkina et al. 2003; Mashonkina et al. 2004; Nissen and
Schuster 2010 and Nissen and Schuster 2011, we have found that our results generally agree
within 1-σ to 2-σ to the literature values and we have verified the α-enhancement of CD-51 4628
reported in Nissen and Schuster 2010. Additionally, we have shown that the synthetic spectral
fitting technique produces more accurate and precise results than the equivalent width method
overall, as previously described by Blanco-Cuaresma 2019 as well.

Using absorption lines from the Balmer continuum region (∼330 - 370 nm), we have found
significant deviations in the abundances of Ti I and Fe I when compared to the chemical abun-
dances obtained with lines from the whole spectrum. These anomalies might be due to the
‘Balmer Dip’ effect which has appeared to lower the abundances of Ti I, Ti II and Fe I in the
Balmer continuum region according to Roederer et al. 2018b. Due to the prominent Balmer
jump in the blue spectra of CD-51 4628, the Gaussian models and synthetic spectra fitted to
the spectral lines in this region should be carefully examined for the abnormalities mentioned
in this thesis (which also serves as a general recommendation for any future abundance analysis).

We have compared the abundance ratios [La/Ba], [Eu/Ba], [Mg/Fe], [Eu/Mg] and [Ba/Eu] of
CD-51 4628 to literature values of Gaia-Enceladus stars, Galactic in-situ stars and stars from the
satellite dwarf galaxies Sculptor, Fornax, Sagittarius and LMC (Matsuno et al. 2021; Skúladóttir
et al. 2020). As Nissen and Schuster 2010 suggested, CD-51 4628 is most likely accreted from
a satellite dwarf galaxy with a different star formation history than the Milky Way since its
chemical abundances appear to roughly fit into the abundance trends of Gaia-Enceladus stars
and stars from the dwarf galaxies Fornax and Sculptor. These findings support the hierarchical
galaxy formation scenario, although we are merely considering one low-α star as opposed to a
larger sample of low-α stars (Schlaufman et al. 2009).

Suggestions for further research would then be to study a larger sample of low-α stars in
order to inspect whether this stellar population would indeed follow the abundance trends of
extragalactic stellar systems, and in particular Gaia-Enceladus, and to extend the list of heavy
s- and r-process elements used in a future abundance analysis. To this end, considerable effort
should be made to obtain a homogeneous line list for blue stellar spectra (i.e., < 420 nm).

1Blue, Blue 1, Blue 2, RedL, RedU and the normalized spectra of RedL and RedU are available via https:
//github.com/IHarmers/BachelorThesis_Spectra-iSpec-.
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Appendix A

This appendix contains the line data utilized in iSpec during the abundance analysis with the
absorption line spectra of CD-51 4628. ’wave_peak’, ’wave_base’ and ’wave_top’ correspond
to the peak of the spectral line, the beginning of the yellow shaded line region and the end of
the line region. In the column ’note’, the element corresponding to the line is indicated. For the
sake of clarity, we will only present the spectral lines of which there are less than 20.

Blue 1

wave_peak wave_base wave_top note
330.23803 330.22521 330.24874 Na 1
332.99322 332.97839 333.01299 Mg 1
333.21425 333.19294 333.24000 Mg 1
333.66899 333.64696 333.68987 Mg 1
382.93673 382.87337 382.96473 Mg 1
383.23160 383.18482 383.27756 Mg 1
383.83045 383.77311 383.89076 Mg 1
384.37234 384.35447 384.38769 Mg 1
385.88777 385.86325 385.90339 Mg 1
387.83105 387.82190 387.84128 Mg 1
393.83747 393.81273 393.85979 Mg 1
398.67582 398.64775 398.69205 Mg 1
405.75077 405.70442 405.77917 Mg 1
416.72748 416.70192 416.75313 Mg 1
435.18995 435.18380 435.21840 Mg 1
390.55319 390.51002 390.58062 Si 1
410.29390 410.27921 410.32212 Si 1
332.78863 332.77629 332.80813 Y 2
349.60958 349.59990 349.61236 Y 2
354.90119 354.89032 354.91662 Y 2
358.45311 358.43665 358.45741 Y 2
360.07414 360.05478 360.08801 Y 2
360.19244 360.17936 360.20013 Y 2
361.10528 361.09294 361.13308 Y 2
362.87092 362.85364 362.87994 Y 2
363.31043 363.30212 363.32981 Y 2
377.43385 377.41685 377.45145 Y 2 Hill et al. 2002
378.87017 378.85503 378.90071 Y 2 Hill et al. 2002
381.83422 381.81031 381.85183 Y 2 Hill et al. 2002
395.03569 395.01837 395.04883 Y 2 Hill et al. 2002
439.80192 439.78766 439.81534 Y 2 Hill et al. 2002
413.06580 413.05039 413.07669 Ba 2 Hill et al. 2002
333.74994 333.73970 333.75769 La 2
408.67141 408.65970 408.68323 La 2 Hill et al. 2002
412.32338 412.30984 412.33614 La 2 Hill et al. 2002
410.94634 410.93394 410.96024 Nd 2 Hill et al. 2002
412.97283 412.95488 412.99225 Eu 2 Hill et al. 2002

Blue 2

wave_peak wave_base wave_top note
330.23803 330.22521 330.24874 Na 1
332.99322 332.97839 333.01299 Mg 1
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333.21425 333.19294 333.24000 Mg 1
333.66899 333.64696 333.68987 Mg 1
382.93673 382.87337 382.96335 Mg 1
383.23160 383.18482 383.27756 Mg 1
383.83045 383.77311 383.89076 Mg 1
384.37234 384.35586 384.38769 Mg 1
385.88777 385.86325 385.90339 Mg 1
387.83106 387.82190 387.84128 Mg 1
393.83746 393.81273 393.85979 Mg 1
398.67582 398.64775 398.69205 Mg 1
405.75077 405.70442 405.77917 Mg 1
416.72748 416.70192 416.75313 Mg 1
435.18995 435.18380 435.21840 Mg 1
390.55319 390.51002 390.58062 Si 1
410.29389 410.27921 410.32212 Si 1
332.78863 332.77629 332.80813 Y 2
349.60958 349.59990 349.61236 Y 2
354.90119 354.89032 354.91662 Y 2
358.45311 358.43665 358.45741 Y 2
360.07414 360.05478 360.08801 Y 2
360.19244 360.17936 360.20013 Y 2
361.10528 361.09294 361.13308 Y 2
362.87092 362.85364 362.87994 Y 2
363.31043 363.30212 363.32981 Y 2
377.43385 377.41685 377.45145 Y 2 Hill et al. 2002
378.87017 378.85503 378.90071 Y 2 Hill et al. 2002
381.83417 381.81031 381.85183 Y 2 Hill et al. 2002
395.03570 395.01837 395.04883 Y 2 Hill et al. 2002
439.80192 439.78766 439.81534 Y 2 Hill et al. 2002
413.06580 413.05039 413.07669 Ba 2 Hill et al. 2002
333.74994 333.73970 333.75769 La 2
408.67141 408.65970 408.68323 La 2 Hill et al. 2002
412.32339 412.30984 412.33614 La 2 Hill et al. 2002
410.94634 410.93394 410.96024 Nd 2 Hill et al. 2002
412.97283 412.95488 412.99225 Eu 2 Hill et al. 2002

RedL

wave_peak wave_base wave_top note
534.94676 534.91976 534.96404 Ca 1
551.29811 551.27649 551.32215 Ca 1
499.95090 499.93031 499.97597 Ti 1
502.28749 502.26580 502.30731 Ti 1
502.48533 502.46780 502.50239 Ti 1
519.29759 519.27973 519.31985 Ti 1
521.03930 521.01474 521.06732 Ti 1
482.90281 482.88733 482.92330 Ni 1
483.11824 483.09902 483.15574 Ni 1
490.44181 490.42371 490.46245 Ni 1
493.58357 493.56444 493.60318 Ni 1
493.73518 493.71802 493.76091 Ni 1
503.53659 503.51656 503.55530 Ni 1
508.11153 508.09069 508.13773 Ni 1
508.41008 508.39231 508.43243 Ni 1
509.99326 509.97375 510.01249 Ni 1
511.53982 511.52059 511.56210 Ni 1
515.57700 515.56204 515.59663 Ni 1
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488.36910 488.35248 488.38846 Y 2
508.74284 508.72437 508.76173 Y 2

RedU

wave_peak wave_base wave_top note
571.10897 571.08174 571.13881 Mg 1
615.51471 615.48261 615.54136 Si 1
616.64430 616.61722 616.67597 Ca 1
616.90478 616.87906 616.92941 Ca 1
616.95597 616.92941 616.99319 Ca 1
585.36835 585.34494 585.40200 Ba 2
614.17245 614.14323 614.20534 Ba 2
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