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Zusammenfassung

Wir untersuchen eine mogliche Verbindung zwischen den relativen Elementhiufig-
keiten in Sternatmosphiren und der Anwesenheit von Planeten um den jeweili-
gen Stern. Um zuverlédssige Ergebnisse zu erhalten, untersuchen wir ausschlieBlich
sonnendhnliche Sterne und fiihren unsere spektroskopischen Analysen zur Bestim-
mung der grundlegenden Parameter und der chemischen Zusammensetzung streng
differenziell und relativ zu den solaren Werten durch. Insgesamt untersuchen wir
200 Sterne unter Zuhilfenahme von Spektren mit herausragender Qualitét, die an

den modernsten Teleskopen gewonnen wurden, die uns zur Verfiigung stehen.

Mithilfe der Daten fiir 117 sonnenéhnliche Sterne untersuchen wir eine mogliche
Verbindung zwischen der Oberflichenhdufigkeit von Lithium in einem Stern, seinem
Alter und der Wahrscheinlichkeit, dass sich ein oder mehrere Sterne in einer Um-
laufbahn um das Objekt befinden. Fiir jeden Stern erhalten wir sehr exakte grundle-
gende Parameter unter Benutzung einer sorgfiltig zusammengestellten Liste von
Fe1- und Fe n-absorptionslinien, modernen Modellatmosphiren und Routinen zum
Erstellen von Modellspektren. Die Massen und das Alter der Objekte werden
mithilfe von Isochronen bestimmt, was zu sehr soliden relativen Werten fiihrt. Bei
jungen Sternen, fiir die die Isochronenmethode recht unzuverl$sig ist, vergleichen
wir verschiedene alternative Methoden. Die Lithiumhiufigkeiten erhalten wir, in-
dem wir die das Absorptionsdoublet mit einer Wellenldnge von 6708 A synthetisieren.
Aufgrund unserer Ergebnisse konnen wir einen Zusammenhang zwischen Lithi-
umhéufigkeit und der Anwesenheit von Planeten ausschlieBen. Auf der anderen
Seite konnen wir zeigen, dass friihere Ergebnisse, die eben einen solchen Zusam-

menhang nahelegten, auf systematischen Fehlern bei der Auswahl der Objekte basier-



ten.

Um das Auftreten einiger Objekte mit iiberraschend hohen Lithiumhéaufigkeiten
in der ersten Objektgruppe zu untersuchen, werten wir die Daten fiir 76 weiter-
entwickelte Sterne aus. Hierbei benutzen wir dieselben Methoden wie im ersten
Teil. Wir zeigen, dass die meisten Sterne dieser Gruppe tatsidchlich Sterne sind, die
die Hauptreihe verlassen haben, und dass ihre durchschnittliche Lithiumhéufigkeit
deutlich hoher ist als bei Hauptreihensternen. Allerdings kann iiber den Grund fiir
diesen Anstieg bisher nur spekuliert werden, wir stellen aber mogliche Erkldarungen
VOr.

Als Testfall fiir groBere Datenmengen untersuchen wir Temperaturabhingige
Trends in der Elementverteilung von « Centauri A. Wir untersuchen die Hiufigkeiten
von 20 chemischen Elementen in seiner Photosphire auf der Basis mehrerer sehr
hochwertiger optischer Spektren. Laut neuerer Veroffentlichungen konnte ein Fehlen
von Elementen mit hohen Kondensationstemeraturen im Vergleich zu fliichtigen
ein Hinweis auf Gesteinsplaneten sein. @ Centauri A zeigt tatsdchlich einen noch
starkeren Abfall an Héufigkeiten mit steigender Kondensationstemperatur als die
Sonne, weswegen wir @ Centauri A als heilen Kandidaten auf der Suche nach

erddhnlichen Exoplaneten sehen.
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Abstract

We illuminate the connection between the chemical abundance ratios in stellar at-
mospheres and the presence of planets around the respective stars. In order to obtain
reliable results, we consider only solar-type stars and conduct spectroscopic param-
eter and abundance analyzes in a strictly differential way relative to the Sun. Alto-
gether, we examine exceptionally high quality spectra for almost 200 stars obtained

with the most sophisticated telescopes available to us.

The first sample of 117 solar analogs is used to examine a possible connection
between the surface lithium abundance of a star, its age, and its likelihood to host
a planet. We determine very precise fundamental stellar parameters for each star
using a carefully chosen set of Fe1 and Fe n lines, up-to-date and well-tested model
atmospheres, and state-of-the-art spectrum modeling routines. Masses and ages of
the objects are determined using isochrone fits of the stellar parameters, resulting
in solid relative parameters. For young stars, were isochrone ages are unreliable,
we compare different alternative techniques. Lithium abundances are gained from
spectral line synthesis of the lithium doublet at 6708 A. Based on our results, a
correlation between lithium abundance and the presence of planets can be ruled
out, while it can be shown, that earlier findings indicating such a connection are

based on selection biases.

To confirm the occurrence of some high-lithium subgiants detected in the solar
analogs sample, we analyze a set of 76 evolved stars in the next step using the same
techniques as before. We show, that most of the stars picked for this analysis really
have evolved from the main sequence, and that their average lithium abundance

is distinctly higher than in the main sequence case. The reason for this increase



remains to be discussed, possible explanations are presented in the work.

As a testing scenario for larger samples, we explore the condensation tempera-
ture trend in @ Centauri A. In a very carefull analysis using different high-quality
spectra for @ Centauri A and the Sun, we determine abundances for 20 elements in
the object’s photosphere. It has been suggested, that an underabundance in refrac-
tory elements relative to volatiles could be an indicator for the presence of rocky
planets. a Centauri A does show an even stronger underabundance than the Sun,
which is why we conclude that @ Centauri A is a hot candidate in the search for

extrasolar planets.
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Chapter 1

Introduction

The search for planets outside our own solar system has become one of the most
exciting fields in astronomy during the last two decades. After the first detection
of an extrasolar planet in 1992 (PSR 1257+12 b) and the first one around a solar-
type star in 1995 (51 Pegasi b, [94]), the number of confirmed planet detections has
grown at a pace that was unimaginable in the early 1990s. Missions like Spitzer,
Corot, and especially Kepler helped to increase the number of confirmed exoplanets
to more than 850" and over 2000 candidates. Naturally, the detection of terrestrial
planets is of special interest, and indeed it looks like a large number of planets we
find out there are Earth-like: 351 out of 2740 planet candidates detected with Kepler
appear to have a radius of less than 1.25 Earth radii, another 816 candidates have
a radius between 1.25 and 2 Earth radii. With the means of modern telescopes, it
is even possible to study the atmospheres of exoplanets regarding molecular lines,
day-night temperature differences, and vertical temperature gradients. So far, this
is only possible for hot Jupiters, but with the launch of the James Webb Space

Telescope in 2014, observers hope to be able to examine even super Earths. For

IStatus in January 2013, see, e.g., http://exoplanet.eu/catalog/

1



CHAPTER 1. INTRODUCTION

a roundup of the achievements in this field and a theoretical outlook on the next

years, see, e.g., S. Seager (2011, [153]).

Planet search is usually conducted using two different methods, the radial ve-
locity method and the transit one. In the radial velocity method, displacements of a
star’s spectral lines are observed. This effect is caused by the star’s motion around
the common center of mass of the star-planet system and the resulting Doppler shift
in the stellar spectral lines. If the exoplanet system plane lies on the observer’s line
of sight, the transit method can be applied, were periodical luminosity changes of a
star are measured. While the first method can be used to obtain a planet’s mass, the
second one provides its radius via the amount of luminosity reduction during the
transit. Other common methods are microlensing, where the influence of a planet
on the gravitational lensing effect of its host star is measured, and pulsar timing, that
lead to the first discovery of an exoplanet in 1992. With the pulsar timing method,
observers examine small variations in the extremely periodic radio emission pat-
tern of a star, that are caused by planets. However, all of the mentioned methods for

planet detection are sumptuous and time consuming.

During the last years, however, several groups have come up with suggestions
on techniques that would allow to select certain objects of interest in advance in-
stead of just following a group of stars with sufficient brightness over a longer
period of time. One of these ideas is the trace a planet will leave in the composi-
tion of its host star: since both planet and host are formed from the same material
and the composition of a planet can be very different from that of its host star, a
planet host might look different in terms of elemental abundances when compared
to similar stars without planets. Finding a certain abundance pattern in a star via
spectroscopic analysis would then indicate a promising candidate for an extrasolar

planet host. This method depends strongly on the composition of the possible plan-

2



1.1. STELLAR CHEMICAL COMPOSITION

ets, since rocky planets could leave a strong imprint in the host’s abundance ratios
while gas giants might be chemically similar enough to the host not to be detected
this way. That means, that the abundance pattern method would fit best for the

search for terrestrial planets.

1.1 Stellar chemical composition

We are able to determine the chemical composition of stars by spectroscopic anal-
yses. This is possible, because elements in the photospheres of cool, solar-type
stars are, in general, neutral or only lightly ionized and therefore the cooler outer
layers are able to absorb photons of a specific energy coming from the hotter inner
layers and re-emit them in random directions. That causes absorption lines in the
(otherwise uniform) stellar spectra that can be attributed to certain elements.

By measuring the strength of an absorption line, we can determine the abun-
dance of the element that is producing that line. Important for a reliable determi-
nation is a realistic model for line formation in the photosphere, which depends
strongly on the temperature, the pressure, and the density in the region of line for-
mation. Hence before being able to determine chemical abundances of a star, we
need to know its fundamental parameters. The details of parameter and abundance

determination are explained in Chapter 3.

1.1.1 Notation and units

Throughout this work, we use the following standard notations for abundances:
The logarithmic abundance of an element relative to hydrogen is defined as
logexy = log Z_f: + 12, where ny and ny are the number densities of element X

and hydrogen, respectively. In this notation, the number density of hydrogen in an

3



CHAPTER 1. INTRODUCTION

arbitrary volume is defined to be 10'2, or 12 dex.

[X/H] gives the abundance of element X relative to the solar value, which de-
fines the Sun’s abundances to be O for all elements: [X/H] = log ex — log e)? with ©
marking the solar value. From this definition follows [X/Y] = [X/H] - [Y/H]. The
iron abundance [Fe/H] is often used as an approximation for the overall metallicity
in a star.

It is common to use the unit dex in this context to account for logarithmic values.

Since we use the logarithm to base ten, one dex stands for one order of magnitude.

1.1.2 The Sun

The chemical composition of the Sun is of fundamental importance, mostly because
the extraordinary high accuracy that can be achieved here. This precision makes it
possible to understand the processes in stellar interiors, but also to use the Sun
as the most important reference standard for elemental analyses in other objects.
Obviously, the solar chemical composition has been an object of interest for a very
long time.

First attempts to compile a complete catalog of solar abundances were made in
the 20s and 30s of the last century by Russel (1929, [141]) and Goldschmidt (1938,
[62]). Those early works already showed the same overall picture we see today:
a dominant amount of hydrogen and helium, lower abundances with larger atomic
numbers, a peak in iron, and comparably low amounts of lithium and beryllium.
Two different approaches to the solar composition were applied in those works, that
are still used today: mass spectrometry from meteoritic material and spectroscopy.
A special class of meteorites, the CI carbonaceous chondrites, were formed from
the same material as the rest of the solar system and therefore, since they are largely

unaffected by physical and chemical processes, they exhibit the primordial compo-
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1.1. STELLAR CHEMICAL COMPOSITION

sition of the Sun to a great extent (10 to 20 % for most elements, which is well
within the uncertainties of the analysis). An exceptional case are volatile elements,
such as hydrogen, helium carbon, nitrogen, and oxygen, that are depleted compared
to the primordial value. Also lithium and beryllium show a different abundance in
the photospheric analyses due to depletion in the Sun; the reason for this in the
resulting consequences will be discussed in detail in Section 1.2. Apart from those
elements, that have varied over the course of the last 4.5 Gyr since the formation
of the solar system, the photospheric abundances gained from spectral analyses and
the values from meteorites show an excellent agreement in younger studies.

Since these first achievements, frequent publications marked an ever better knowl-
edge about the solar abundances (e.g., [61, 171, 6, 70, 89]). An extensive, up-to-date
atlas of the solar abundances from both meteoritic and photospheric analyses is pre-
sented in Asplund et al. (2009, [8]). They give the solar values with a remarkable
precision in the order of 0.01 to 0.1 dex.

For further reference, we give the fundamental solar parameters in Table 1.1:

Ter(K) logg [Fe/H] logey Age(Gyr) Mass (M)
5777 444 000 1.07 4.5 1.00

Table 1.1: The fundamental parameters for the Sun, from [13].

1.1.3 The solar neighborhood

Naturally, also the chemical compositions of other stars has been examined as soon
as reasonably good data were available. Nearby stars are popular targets because
of their brightness, which enables very high quality data, but also for reasons like
the negligible reddening and the possibility to measure their trigonometric paral-
laxes very precisely. Solar-type stars on the other hand are of special interest in

abundance determination works, because the influence of the atmospheric param-
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CHAPTER 1. INTRODUCTION

eters is well known in the Sun, and therefore the derived values can be calibrated
relatively easily using the solar results. Solar-type stars are stars with fundamental
parameters very similar to solar, resulting in stars of spectral class late F to early K
([96]). Solar twins on the other hand are stars that are almost identical to the Sun,
with very small allowed deviations in fundamental parameters resulting in spectral
classes between GO and G5. Important steps towards identifying solar twins have
been made by Porto de Mello & da Silva (1997, [123]), Soubiran (2004, [163]),
King et al. (2005, [79]), and Meléndez & Ramirez ([100, 101]).

Abundance ratios are, for example, an important tool in the modeling of theories
of galaxy formation. It is possible to identify two main populations in the galactic
disk of the Milky Way, an old, thick disk that formed within a relatively short period
of time (~ 10° years, or 1 Gyr), and a younger, thin disk, that took somewhat longer
to form. The thin and thick disk do not only differ in galactic velocity components
(by which they are usually defined), but also in their chemical composition (e.g.,
[115, 136, 129, 15]). Also for the galactic halo, two separate populations seem to
exist, that differ in their o/Fe ratio? and seem to originate in different places (e.g.,
[117]). The production sites of certain elements (e.g. r- and s-processes) are used
as indicators for the origins of different populations (e.g., [16]). Accordingly, most
of the stars in the solar neighborhood are thin disk stars, thick disk and halo stars
only have a share of about 10 %. For a very detailed summary on that topic, see the
extensive article by P. E. Nissen (2011, [116]).

An important topic that is examined with the means of spectroscopic abundance
analysis is galactic chemical evolution (GCE). Edvardsson et al. (1993, [49]) have
shown, that even in nearby, solar-type stars, chemical evolution has taken place,
that means, the abundance ratios in younger stars differ from those in older ones.

This finding has since been explained by theoretical models (e.g., [181, 80]). The

2« stands for the average of the so-called a-elements O, Mg, Si, S, Ca, and Ti.



1.1. STELLAR CHEMICAL COMPOSITION

interstellar medium (ISM) is being enriched in iron and « elements by the ejecta
of stars and supernovae (SN). The resulting change in the matter, that serves as
raw material for new stars, leads to an increase of those elements in younger stars
compared to ones that have formed at an earlier stage. Iron is therefore a widely
used trace for ages in larger samples, so the patterns of other elements are often

represented with their [X/Fe] versus [Fe/H] trend.

For broader parameter ranges (especially in metallicity) of samples, chemical
evolution corrections become extremely important, since GCE effects show a strong
impact on the results. The common procedure for GCE corrections is to fit the upper
envelope of the [ X/Fe] versus [Fe/H] plots for each elements and use it to define the
growth of elemental abundance with metallicity. This trend has to be compared
with galactic chemical evolution models such as [95, 183] and observational trends
(e.g., [16, 136, 175, 114, 131]) to clarify whether the sample follows the expected

evolutionary trend or if certain deviations are caused by other sources.

Through the [X/Fe] ratios and trends with [Fe/H], we can also gather informa-
tion about the frequency of the sources that produce those elements. The main
distributors of heavier elements are supernovae (SNe). The two most important
types, SNe type la and type II, show quite different typical signatures. Type Ia su-
pernovae are the result of white dwarfs in close binaries, that accrete material form
their companion until their core reaches a critical mass, leading to a thermonuclear
explosion. Those SNe Ia produce large amounts of iron, but only little @ elements.
SNe II on the other hand result from a core collapse in massive stars (M., > 8My).
They produce more @ elements relative to iron compared to the solar values ([«a/Fe]
> 0, e.g., [131]). That leads, for example, to a decreasing [a/Fe] ratio for younger
stars in the galactic disk, because of the increasing share of SNe Ia relative to SNe

II in the enrichment of the interstellar medium.
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For details on the more scarce special types of supernovae such as the extremely
luminous type Ic or hypernovae and their impact on the ISM, see, e.g., Nomoto et

al. (2010, [118]).

1.1.4 Stellar composition and planet hosting

But not only the region or epoch a star was formed in or the physics inside it have
an impact on the composition of a star. Also the possible companions that may have
formed from the same material, such as companions in binary systems or planets
around the star, may change certain elemental abundances.

According to the Solar Nebular Disk Model ([188]), the most widely accepted
model for the formation of stellar systems, planets form a very short time after their
host stars from the so-called proto-planetary disk surrounding the protostar. This
disk consists of the remnants of the collapsing cloud the star itself formed from and
continues to feed its material to the star. In the disk, formation of dust grains may
occur. Those grains made of rock and ice are the seeds for planetesimals. If the
disk contains enough material, and the object’s orbit around the host star is not ob-
structed, those planetesimals continue to accrete mass and eventually form planets.
Those processes are thought to take place on timescales of some 100 million years.
In case of a successful planet formation, the material locked up in the planets will
not end up in the stellar interior (as long as the planetary orbit is stable and the
planet does not eventually fall into the host star), so if the chemical compositions
of the planets differ from that of the host, the abundance ratios in the star should be
different from the original composition.

The formation of rocky planets takes place in the inner part of the protoplane-
tary disk, where temperatures are high enough to prevent water and other volatile

elements from condensing, so purely rocky material is allowed to consolidate and

8



1.1. STELLAR CHEMICAL COMPOSITION

later form planetesimals. Following this theory, rocky planets are formed without
the inclusion of water or any other volatile elements. Those materials are thought
to have arrived on the terrestrial planets in a later phase through meteorite or plan-

etesimal impacts.

This model can also explain, why gas giants are thought to have a composition
very similar to their host stars, since they are formed in the outer regions of the pro-
toplanetary disk, where temperatures are low enough for all elements to condensate

and form dust grains.

For a detailed analysis of today’s understanding of these processes, see, e.g.,

Montmerle et al. (2006, [111]) and references therein.

Inferences about impacts of those formation processes on the chemical compo-
sition of planet host stars have been difficult to draw, since reasonable numbers of
planet hosts only became available during the last couple of years. Since the reports
about the first exoplanets, however, it has been tried to examine possible differences

between planet hosts and field stars.

Also the question whether the Sun is a typical example of a planet hosts is of cru-
cial importance ([152]) for candidate gathering. This question has been answered
positively in many studies until recently (e.g., [138, 72, 139]). However typical the

Sun may bee, there are systematic differences to average field stars on small scales.

In 1997, Gonzalez ([63]) published a paper showing that planet hosts are, in
general, more metal rich than comparison field stars for which no planets had been
detected. Even though his analysis was based on very small numbers due to the
fact that planet discoveries had just started, and the planets detected up to this date
were giants, the results started an intense and still ongoing discussion. Several
publications have strengthened theses findings (e.g., [67, 143, 73, 146, 54]), so that

this systematic trend is generally accepted today. Some time later, Melendéz et al.
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Figure 1-1: Average chemical abundances for 64 solar analogs relative to solar.
Plotted is each elements mean abundance and error versus its condensation temper-
ature. Data from [131].

(2009, [96]) presented a systematic analysis of 21 solar twins. They found, that the
Sun shows a very peculiar abundance pattern: refractory elements in the Sun, which
they define as chemical elements with a condensation temperature of about 900 K
or higher, are depleted by about 20% relative to the volatile elements with respect
to the field stars. The authors also showed, that the relative depletion grows with
increasing condensation temperature of the element. In the same year, Ramirez et
al. ([131]) confirmed those findings in a different sample of 64 stars impressively.
Figure 1-1 shows this articulate trend: plotted are the averaged abundances for all 64
solar analogs in [131] relative to the solar values against the respective condensation

temperatures. The solid line is the slope of ~ 0.1 gggK for refractory elements. Note

that for 4 objects, Cu abundances (T.,,g = 1037 K) were not taken into account
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1.1. STELLAR CHEMICAL COMPOSITION

Atomic Name T.ouq

number in K
6 C 40
8 @) 180
11 Na 958

12 Mg 1336
13 Al 1653

14 Si 1310
16 S 664
19 K 1006
20 Ca 1517
21 Sc 1659
22 Ti 1582
23 A% 1429
24 Cr 1296

25 Mn 1158
27 Co 1352
28 Ni 1353
29 Cu 1037
30 Zn 726
31 Y 1659
32 Zr 1741
33 Ba 1455

Table 1.2: Elements covered in [96] and [131] and the corresponding condensation
temperatures.

for this plot, since their values are extremely high and most likely overestimated.
Also the mean barium abundance (T oq = 1455 K) is unusually high due to a large
scatter and a high number of objects with a Ba abundance greater than 0.1 dex (see
Figure 1 in [131]). The condensation temperatures used in the plot are given in

Table 1.2. They were taken from K. Lodders (2003, [88]).

The presented peculiarity shows that the Sun is, on closer contemplation, not a
typical solar-type star. The shown deviation from the average can be interpreted as

an evidence for terrestrial planet hosting. As described before, refractory elements
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in the cooling protoplanetary disk will be the first to condensate and form dust.
Those grains are the seeds for the formation of planets, hence a large amount of
refractories will be locked up in the interior of planets. In most solar-type field
stars, those refractory elements end up in the star together with the volatile ones,
since the majority does not seem to have formed rocky planets. This means that a
host star will be deficient in high condensation temperature elements compared to
volatile ones. The rocky planets in the solar system are already sufficient to explain
the deficiency of refractory elements. Even though gas giants make the biggest
contribution to the mass bound in planets around the Sun, the composition of gas
giants is very similar to the solar one, and therefore, the formation of gas giants
does not influence the composition of the host star significantly. For an in-detail
discussion, see [132].

Note that Gonzalez Hernandez et al. (2010, [68]), who compared a sample 24
solar-type planet hosts with 71 field stars, do not see a different behavior in conden-
sation temperatures between the two sub-samples. However, this could possibly be

caused by an inhomogeneous sample selection.

1.2 Lithium in the universe

1.2.1 The origins of lithium

Lithium is a very intriguing element to study, because it is subject to a variety
of processes that both produce and destroy lithium with a very high sensitivity
to environmental parameters. It is one of the few elements that were produced
in the primordial nucleosynthesis (BBN) in the seconds after the Big Bang to-
gether with helium and beryllium. Already its primordial value has been highly

debated for a long time. The production mechanisms of lithium in the BBN are
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1.2. LITHIUM IN THE UNIVERSE

well known: the beryllium produced in the *He(a/y)"Be reaction largely decays
via "Be(n, p)’Li, which is followed by lithium destruction via the proton capture
reaction "Li(p, @)*He. Lithium destruction fades out with falling temperatures and
decreasing proton densities. The amount of °Li produced via electron capture reac-
tions from ®He is very small: Li/’Li < 107*.

A crucial factor in this reaction network is the baryon® to photon ration, . It
determines the length of the so-called deuterium bottleneck, i.e., the time, in which
deuterium can be effectively produced in p + n reactions. The bottleneck is lim-
ited on the hot end by the density of high energy photons, that are able to destroy
deuterium (the binding energy of deuterium is B, = 2.22 MeV ([108])) and on the
cooler end by the amount of free neutrons, that decay with a half-life of (880 = 1) s
([18]). The amount of deuterium on the other hand is crucial for the rest of the BBN,

and especially for the production of *He, that is needed for lithium production.

1.2.2 The Spite plateau and the lithium dip

Historically, the primordial lithium abundance had to be determined by extrapolat-
ing results from spectroscopic analyses in metal-poor population III stars to pri-
mordial metallicities ([169]). In addition to the uncertainties caused by the obser-
vations and the extrapolation, the obtained values also include the primordial 'Be
abundances, since 'Be decays to ’Li with a half life of 53 days®.

A value for the primordial lithium abundance can also be obtained analyti-
cally, but calculations depend on a number of uncertain parameters, especially 7.
In 2003, observations from the Wilkinson Microwave Anisotropy Probe (WMAP)
have put an end to those uncertainties by defining a precise baryon to photon ratio

for the time of the Big Bang nucleosynthesis. This allows BBN models to deter-

3Baryons are particles consisting of 3 quarks. In this case, only protons and neutrons are relevant.
“from the Particle Data Group, [5], data available at http://pdg.1bl.gov/
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mine the primordial lithium abundance with a very high accuracy to be log €;;=

2.70 £ 0.06 [149, 170, 36].

This highly precise value however conflicts with observations: since the 1980s,
an almost universally constant lithium abundance was found in old, metal-poor
dwarf stars, and later confirmed by several groups, the so-called Spite plateau
[166, 167, 170]. This plateau shows a value for log €;; of around 2.2, which is
distinctly lower than the value predicted by BBN models (see, e.g., Fig. 3 in [170]).
This discrepancy is known as the primordial, or cosmological, lithium problem, for
which three solutions are being discussed: either even the oldest, most metal poor
stars on the Spite plateau, that come closest to primordial abundances, have depleted
their surface lithium abundance uniformly by 0.5 dex (more than a factor of 3), or
the beryllium decay into ’Li, though based on experimentally well tested cross-
sections, could be considerably larger through resonant reactions, or the standard
BBN models might be incomplete and therefore need enhancement through new
physics, i.e., non-standard particle physics and cosmology such as decaying super-
symmetric particles. Those additional physics, however, have to leave the amounts
of hydrogen and helium unaltered, since the analytical predictions for those val-
ues agree extremely well with observations. For a comprehensive summary on the
primordial lithium problem and its possible solutions, see Fields (2011, [53]) and

references given therein.

For metallicities larger than -1.4 dex, the lithium abundances start to deviate
from the plateau value. The upper envelope of the distribution starts to grow, until
it reaches its maximum of around 3.3 at solar metallicity. At the same time, the
abundance spread increases from an almost nonexistent dispersion to the full range
between the upper envelope and zero ([84, 33]). Measurements of lithium in me-

teorites indicate an lithium abundance in the interstellar medium at the time of the
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1.2. LITHIUM IN THE UNIVERSE

formation of the solar system of 3.26 + 0.05 dex ([8], see also [109]), which is 3.6
times larger than the primordial prediction using the 7 obtained with WMAP, and
more than 10 times the spite plateau value. Also in young open clusters with ages
up to 100 Myr, surface lithium abundances between 3.0 and 3.2 dex are determined
([85] show a compilation of results from different sources). That means, that inde-
pendent of the primordial value, lithium is also being created after the BBN. Three
main locations are of importance here: the inter-stellar medium (ISM), carbon-rich
stars, and supernovae. In the ISM, galactic cosmic ray particles interact with the
medium and lead to spallation processes, that also produce lithium. Type II super-
novae can also contribute to lithium production via spallation, in this case induced
by the huge neutrino fluxes that occur here. This mechanism produces mainly "Li
and !'B. In nova outbursts, large amounts of ’Be are produced during the thermonu-
clear explosion, which than decays into ’Li with the abovementioned half-life of 53
days. While the lithium production in type II supernovae and novae is only theo-
retically described, carbon-rich stars are the only proven stellar source of lithium.
Carbon-rich (C) stars have a photospheric C/O ratio greater than 1 and are seen to
be lithium-rich. The production mechanism in those stars, however, is not well un-
derstood. For more details on lithium production and evolution, see, e.g., [3, 126].
Travaglio et al. (2001, [183]) give an extensive subsumption on the contributions

of different sources of lithium production.

Another problem arising from observations is the so-called lithium dip. It was
first detected by Wallerstein et al. (1965, [186]), and later confirmed in various
studies (see, e.g., [20, 9]). The dip is a massive lithium depletion by up to 2.5 dex
compared to neighboring (hotter and cooler) stars, that occurs in stars with effective
temperatures of 6650+ 150 K in field stars and open clusters. The fact that the dip is

visible in young cluster such as the Hyades is a hint that the processes responsible
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for this depletion work on rather short timescales. On the other hand, the depletion
can not be confirmed in the Pleiades, a very young cluster (100 Myr, [104]), which
indicates that the depletion has to take place in the main sequence phase rather than
before. This is also supported by more recent findings by [85] and [10]. Even
though the existence of the dip is very clearly proven, the physical reasons behind
it are still far from being understood. Stellar evolution models (e.g., [178]) are,
however, able to reproduce the dip based on the observational regularities.
However, since the lithium dip occurs at temperatures above 6500 K, it does not

affect our work based on solar-type stars.

1.2.3 Lithium depletion in stellar evolution models

In the interior of main sequence stars, lithium is only being depleted. The destruc-
tion of lithium via proton-capture reactions ("Li(p, @)*He) takes place at relatively
low temperatures of around 2.5 million K at the pressures and densities we find in
the particular regions inside solar-type stars ([121]). However, those temperatures
occur only below the bottom of the convective zone in solar-type stars.

That means, without extra mixing, no lithium destruction can occur during the
main sequence. Already in 1926, A. S. Eddington realized that mixing had to oc-
cur in the radiation zone as well in order to keep heavier elements from gravita-
tional settling ([47]). He also suggested rotation-induced meridional circulation
as the mechanism driving the mixing. Today, the non-standard processes that are
thought to lead to a transport of material inside the interiors of stars are the follow-
ing ([179]):

1. Atomic diffusion through radiation, temperature, or gravitation

2. Rotation leading to turbulence and meridional circulation

3. Convective overshooting
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1.2. LITHIUM IN THE UNIVERSE

4. Internal gravity waves

5. Magnetic fields
Naturally, not all of these mechanisms have to occur at the same time, they differ
depending on the initial mass of a star and on its evolutionary stage. Also their
influence on the lithium depletion is very diverse and again depends on the stellar
parameters. On the other hand, these processes do not only influence the photo-
spheric lithium abundance, of course, but, through the redistribution of elemental
abundances, they have an impact on the evolutionary tracks, lifetimes, and the abun-

dances of other elements, too.
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Figure 1-2: Model predictions for lithium depletion in solar-type stars depending
on the initial rotational velocity. From Charbonnel & Talon, 2005 [31].
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The physics for meridional circulation and turbulence in rotating stars and their
interaction is described very thoroughly by J. P. Zahn (1992, [191]). His calcula-
tions, however, ignore magnetic fields and gravity waves. Maeder & Zahn revised
those models (1998, [92]) by adding expansion and contraction as well as hori-
zontal turbulence. A very extensive model on stellar evolution with rotation was
published by Meynet & Maeder in 1997 ([103], see especially their Section 3).
Thermal effects were discussed by Maeder & Meynet in 1996 ([91]). In 2007, Zahn
reviewed the link between internal differential rotation, turbulence, and large-scale

meridional circulation ([192]).

Around the same time, D’ Antona & Mazzitelli published an extensive work on
the evolution of low-mass stars (1997 [37]). D’ Antona et al. also worked explicitly
on the model influence on lithium abundances with special regards on magnetic

fields and overshooting (1998 [38]).

Models also came from Talon & Charbonnel: in 2002 and 2003, they published
works on angular momentum transport by gravity waves ([180, 178]), where they
also explain how waves are generated (their Section 2). S. Talon presented an ex-
tensive review on rotational mixing in 2004 ([177]). In 2005, Charbonnel & Talon
presented detailed model prediction for lithium depletion depending on the initial
rotational velocity of a star ([31, 179]). Those models include rotation, internal
gravity waves, and atomic diffusion as activators for extra mixing. In 2008, an up-
to-date version followed containing all influences on non-classical mixing as well
as the importance of gravity waves for the rotation profile ([32]). The peculiarity of
the Talon & Charbonnel codes is the consistent combination of extra-mixing pro-
cesses. An example of the lithium depletion predictions from these publications is
plotted in Figure 1-2. Note that the models for and initial rotational velocity of 50

and 80 km/h intersect, which is why the predicted surface lithium abundance for a
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star older than about 2 Gyr will be lower for a lower initial rotation.

Other noteworthy contributions to an understanding of the physics that lead to
lithium depletion in main sequence stars came from Michaud (1986, [105]) and
Chaboyer et al. (1995, [30]), who used diffusion as the driving force, Swenson &
Faulkner (1992, [172]), who worked on mass-loss as a reason for lithium depletion,
Montalban & Schatzman (2000, [110]) using internal gravity waves, Eggenberger
et al. (2008, [51]), do Nascimento et al. (2009, [43], see also references therein),

and Lagarde et al. (2012 [83]).

1.2.4 Lithium and planets

The possibility that the presence of a planet might influence a star’s photospheric
lithium abundance and therefore could explain the large spread in observed lithium
abundances has been discussed for quite some time (see, e.g., [64]). First attempts
to study a possible connection came to differing results: Gonzalez & Laws (2000,
[66]) found a smaller lithium abundance in planet hosts compared to field stars, pro-
vided the lithium abundances were corrected for trends in fundamental parameters,
while Ryan (2000, [142]) and Gonzalez et al. (2001, [67]) could not find a trend in
their samples.

In 2004, Israelian et al. ([77]) claimed to have found a noteworthy difference
between solar-type planet hosts and comparison field stars concerning lithium abun-
dances. This result was largely confirmed by subsequent publications (see, e.g.,
[77, 174, 34, 175, 21, 27, 65]).

5 years later, Israelian et al. (2009, [76], hereafter 109) reported a significant
difference in surface abundances based on a sample of 82 solar-type stars. More
precisely, they claimed that planet host stars show an in average lower photospheric

lithium abundance than field stars without planets and that stars with a lithium abun-
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Figure 1-3: The results from Israelian et al. (2009, [76]). In this sample, compar-
ison stars are in average more lithium-rich than planet hosts: the mean log ¢;; for
planet hosts is 1.08 dex, whereas the mean for the comparison sample is 1.39 dex
(overplotted dashed and dash-dotted lines, respectively). The arrows denote stars,
for which only log €;; upper limits could be determined.

dance above a certain amount most likely do not host planets.

Figure 1-3 shows the results presented in the Israelian et al. 2009 publication
(see their Figure 1): plotted is the surface lithium abundance (log€;;) versus ef-
fective temperature (T.g) for their sample of 82 solar-type stars including planet
information (filled symbols represent confirmed planet hosts). The average surface
lithium abundance in the planet hosts is 0.3 dex (about two times) lower than the
one in the stars where no planet had been found.

The scenario leading to this relation is based on the assumption that in order to
establish planets, the protoplanetary disk around a young star has to be stable for

longer than the typical time scale for a field star without planets. This long-lasting
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interplay between the star and the disk slows down the star’s rotation, which leads
to an increase in differential rotation inside the host, i.e. between the core and the
envelope. This will cause an enhanced mixing between the two regimes and thus a
higher rate of lithium burning than in stars without planets. Also later the migration
of planets could effect lithium depletion by influencing stellar angular momentum
and induce extra mixing. However, the effect of at least the latter is debatable, since
at this stage, the temperatures in the convective zone in a solar-type star will not be
hot enough for proton-capture reactions to destroy lithium, so non-standard mixing

processes are required again.

This hypothesis is strengthened by two publications by Takeda et al. ([175,
173]), who describe the stellar angular momentum as the crucial parameter for
lithium depletion in solar-type stars. They also show, that slow rotators show an
enhanced lithium depletion. Their data, however, does not allow to identify plan-
ets as the main reason for enhanced depletion, because it contains only a small
fraction of planet hosts, and because of the fact that only the projected rotational
velocity (v sin i) could be accounted for, which is only statistically connected to the
actual rotational velocity. Their data does, however, fortify model predictions such
as [31], that anticipate a strong dependence of surface lithium abundance from the

initial rotational velocity.

Note also, that according to the models by Charbonnel & Talon, stars with a
low initial rotational velocity show a higher surface lithium abundance. That does
of course not conflict with extra depletion due to a slowed down rotation. It could
even support parts of the hypothesis of increased depletion in host stars, since ini-
tial slow rotators cannot be slowed down by the same amount as fast rotators, and
therefore cannot develop a similar maximum differential rotation. But the models

do conflict with possible explanations that predict a more likely planet formation in
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slow rotators (e.g., [21]).

In contrast to the above-mentioned results, publications such as [142] and [90]
find that stars with planets show the same lithium distribution as stars where no
planets have been found so far. They conclude that the differences found by other
groups are most likely based on systematic differences in the temperature scales of

the used sub-samples.

22



Chapter 2

Data and Reduction

The data used for spectroscopic analyses are usually obtained with echelle spectro-
graphs. In those instruments, the light is first refracted by a conventional grating,
that creates one order containing the full spectrum. It then passes an echelle grating
mounted orthogonally to the first one. This echelle grating separates the wavelength
orders in a way that leaves small overlapping regions on the edges of each order.
The advantage of this concept is a very high resolution (the UVES spectrograph
at the VLT reaches a resolution of 110,000 in the optical red optical region, see
below for definition.), together with the possibility to fit a large wavelength range
on one CCD chip. Usually, in modern instruments, at least two CCDs are used to
cover a large range with a high resolution. The concept of echelle spectrographs,
though discovered in the late 1800s, was first applied by Nagaoka & Mishima in
1923 [112].

The obtained data can be classified using different specifications, that depend

on the instrument and exact setup and conditions:

1. The wavelength range is the most obvious one. It is determined by the sensi-

tivity of the CCD chip used in the instrument. For our work, we want to use
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the optical regions. They spread from about 3800 to 7800 A, the data in the

optical bands may extend some 100 A beyond that.

2. The spectral resolution is R = 1/AA, where AA is the smallest wavelength dif-
ference that can be distinguished at a given wavelength A. It depends mostly
on the width of the entrance slit, but also on the spacial resolution of the CCD
chip.

3. The signal-to-noise ratio (S/N) is a quantity resulting from the resolution. A
higher resolution results in signal counts in fewer bins competing with fewer
background photons. During observations, the S/N ratio varies with the con-
ditions such as temperature, wind, and air mass. The value is very important
in the identification of weak lines, since it defines the lower detection limit.
We use the definition as the reciprocal of the coefficient of variation, i.e., the
ratio of mean of our signal to its standard deviation for a small, clean wave-

length region.

2.1 Observation

For this work, we gathered data for different types of stars. The main targets, how-
ever, are solar-type objects, that means, their fundamental parameters effective tem-
perature, surface gravity, microturbulent velocity, mass, and metallicity are very
similar to those of the Sun. Age is not a criterion, since we also want to follow the
evolution of the surface lithium abundance in a given object. Also, the fundamental

parameters do not change significantly during the main sequence phase.

The data for this work were gained from different instruments: the HARPS
spectrograph on the 3.6m ESO telescope at La Silla, Chile, the MIKE spectrograph
on the 6.5m Magellan Clay telescope at Las Campanas, Chile, the UVES spectro-
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graph on the 8.2m VLT at the Paranal observatory, Chile, and the Robert G. Tull
(RGT) spectrograph on the 2.7m Harlan J. Smith telescope, McDonald observato-
ries, Texas. The instrument and data specifications are listed in Table 2.1.
1. The majority of the MIKE spectra were obtained by us in two dedicated ob-
serving runs in January and June 2011, additional MIKE data for @ Centauri
Aand some solar analogs were taken from [131, 96, 102].
2. HARPS data was selected from the ESO archive: http://archive.eso.org/cms.html
3. UVES data for 36 subgiant stars was obtained in a dedicated observation in
service mode in ESO period P87 (September 2010 to February 2011) (PID
087.D-0724A) and can also be found on the ESO archive.

4. RGT spectra are from [131].

Instrument AA) R,.. S/N @ 6700 A
HARPS 3780-6910 115,000 300-450
MIKE 3400-9000 65,000 > 500
UVES 3000-11000 110,000 250-600
RGT 3800-9125 60,000 > 200

Table 2.1: Instruments used for data acquisition for this work.

The goal in the observations was to gather spectra with the highest quality pos-
sible in order to be able to fit the lithium doublet at 6708 A, which is very weak
in solar-type, solar log ¢;; stars. To achieve this, a signal-to-noise (S/N) ratio of at
least 200 is necessary in that region. For the determination of other elements, we
aim for a minimum S/N of 200 at 5500 A. For typical nearby stars with a visual
magnitude of around 7, the exposure time is limited by saturation and therefore
very sensitive to environmental conditions, mainly seeing, which is the reason why
we used exposure times between 30 seconds and 10 minutes. In order to increase
the S/N of the data, we took several exposures of every object, that were co-added

in the reduction process as described in the next section. An example for a typical
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observing run is given in Table 2.2. It shows the difficulty of achieving spectra with
a sufficiently high signal-to-noise ratio, that are not saturated. 45 Flat field spectra
were taken at the beginning of each night together with 5 bias frames. ThAr spectra

with 4 and 8 seconds of exposure time were obtained roughly every hour.

File Object ~ UTS@t Exp.5*  Airmass Seeing Comments
158-172 Quartz Flat - 50 - - -
173-182 Bias - - - - -
183-212 Milky Flat - 180 - - -

213 ThAr 23:00 4 - - -

214 ThAr 23:00 8 - - -
215-217 HIP60729  23:10 45 1.06 0.65 -

218 HIP62039  23:15 180 1.1 0.7 -

219 hip62039  23:19 210 1.1 0.7 -

241 ThAr  1:00 4 : . :

242 ThAr 1:00 8 - - -

243 HIP73241 1:00 180 1.07 0.7 Saturated
244-245 HIP73241 1:07 90 1.07 0.8 Saturated
246-248 HIP73241 1.10 60 1.07 0.7 -

249 HIP74273 1:20 45 1.3 0.7 -

250-252 HIP74273  1:22 60 1.3 0.7 -

Table 2.2: Excerpt from the MIKE observing log from June 24, 2011

Table A.3 in the Appendix lists all objects obtained during the MIKE observing
runs that have been used in this work.

For every night of observing, spectra for solar reference objects were taken as
well. Those are crucial for the differential analysis of the samples. This way, we
are able to exploit the extremely precise knowledge about the solar fundamental
parameters and composition as well as the fact, that a differential analysis holds
very accurate results on the relative scale.

For our samples, we use asteroids as solar reference objects. Meléndez et al.
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(2012, [99]) have shown, that the choice of asteroid does not influence the result,
as long as the source is bright enough. This premise does not cause any problems,
since we observed the brightest asteroid available each night, which resulted in a
typical visual magnitude of less than 6 and also reduced the necessary exposure
times by a lot. Asteroids are used, because their spectra are not affected by atmo-
spheric scattering as it would be the case when using sky spectra. Also, unlike the
moon, they are basically point sources, which makes it possible to analyze their

spectra in the exact same way as the stellar objects.

2.2 Data reduction

Figure 2-1: Example for an image produced by the MIKE spectrograph.

The data taken at a spectrograph is barely usable in its raw format. The instru-
ments we gained our data from all use an echelle grating, that splits the incoming
light into several orders (see Figure 2-1). In some orders, absorption lines can al-

ready be seen, but a lot of work such as order extraction and calibration has to

27



CHAPTER 2. DATA AND REDUCTION

be done before the data are usable. For MIKE and UVES, reduction pipelines are
available. They are able to deal with the whole process of data reduction as de-
scribed below. For data where no pipeline was available or the quality delivered by
the available pipelines was not good enough for our purposes, we used the IRAF'
package for a manual data reduction. /RAFstands for Image Reduction and Analy-
sis Facility and is a free software collection for UNIX-like operating systems built

for data reduction and visualization purposes.
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Figure 2-2: Detail of the plotted spectra for HIP117320.

As a first step in the data reduction, we removed bad pixels by applying a bad
pixel mask to all spectra, which calculates a value for the bad pixel(s) from inter-
polating the surrounding pixels. The dark overscan regions, that don’t contain any
information, where removed. Bias subtraction was done to account for noise com-
ing from the electronic. Then we corrected for the non-uniform sensitivity (leading
to pixel-to-pixel variations) by applying high-S/N flat fields and dark frames and

removed scattered light by fitting high-order polynomials to the counts between the

"Information and download at http://iraf.noao.edu/.
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orders. Wavelength calibration was done using the spectra from a thorium-argon
(ThAr) lamp taken at the beginning of every observing night. The (known?) posi-
tions of the lines were translated into a pixel-to-wavelength relation that was then
applied to the object spectra. We also corrected for wavelength shifts due to rota-
tion of the Earth as well as the star itself. Radial velocity shifts were determined by
cross-correlating the exposures with a reference spectrum where the radial velocity
is known.

After the spectra were brought to the correct wavelength scale, we co-added
them. Co-adding the spectra before normalizing them is advisable to achieve better
quality, because in that way, we automatically weight spectra by their photon count,
and spectra with low counts and resulting low signal-to-noise ratios still contribute
to the quality of the combined spectra without lowering the final S/N.

Up to this point, the orders are blaze-shaped (see Figure 2-1). This is caused by
the echelle grating. Before being able to add the different orders into one spectrum,
we have to normalize their continuum, i.e. the upper envelope of the spectra that
would be emitted without any absorption or emission. This is done by fitting a
high-order polynomial to the upper envelope of each order. This is a very crucial
point and has to be done very carefully, so the envelope is not obstructed by broad
lines.

Finally, the orders are merged into one single data array (Table 2.3, Figure 2-2).
In that step, the overlap between the orders has to be taken into account concerning
their wavelengths but also the resulting higher continuum, that has to be normalized
once more for those regions. Again, a wavelength template is used here to make

sure the final spectra are calibrated.

2A ThAr line atlas can be found here: http://www.noao.edu/kpno/specatlas/thar/thar.html
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A (A) Normalized flux

6749.7528977920 1.003637
6749.8016768289 1.003443
6749.8504558658 0.998216
6749.8992349027 0.994076
6749.9480139396 0.985308
6749.9967929765 0.943199
6750.0455720134 0.842381
6750.0943510503 0.692747
6750.1431300872 0.600332
6750.1919091241 0.646885
6750.2406881610 0.785039
6750.2894671979 0.906796
6750.3382462348 0.969707
6750.3870252717 0.993064
6750.4358043086 0.997455
6750.4845833455 0.999506
6750.5333623824 1.001579
6750.5821414193 1.002137
6750.6309204561 1.002523
6750.6796994930 1.001881

Table 2.3: Detail of the spectral data for HIP117320.

30



Chapter 3

Analysis

3.1 Stellar spectroscopy

Most information in astronomy is gathered using spectroscopic methods. In spec-
troscopy, the emitted spectra of the stars are analyzed regarding their absorption
and emission lines. Usually, as a stellar spectrum, we regard the received flux ver-
sus respective wavelength. For different purposes, different wavelength regions of

a star’s spectrum are useful.

The photons that are emitted from the surface are produced in the stellar core
in nuclear fusion (and fission) reactions. The energy transport is made possible by
both convection and a temperature gradient in every layer of the star. In the radiative
interior of a solar-type star, matter is very opaque to radiation, the mean free path for
photons is typically in the order of 1 cm. Photons are continuously being absorbed
by bound-bound, bound-free, and free-free interaction and scattered by electrons.
Therefore, photons move outwards very slowly in random walk patterns, which
results in a typical photon escape time of 107 years. This time span is also known

as the Kelvin-Helmholtz timescale. The extremely small temperature gradient of
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AT/T =~ 107! is large enough to cause a net energy transport towards the outer
layers. On the other hand, it is small enough to result in an almost perfect black

body radiation.

In the outer layers of solar-type stars, convection dominates as the main process
for energy transportation. The photons heat up the bottom of the convective layers,
which leads to upflows of hot matter and to downflows of cooler, dense matter. A
proper description of convection is a very difficult task, because it requires solving
the hydrodynamical equations in three dimensions over an extremely large range
of lengths, times, temperatures, pressures, and densities. A widely used, simple
approach to the processes taking place hear is the one dimensional so-called mixing-

length theory.

In the so-called photosphere, where the photons finally escape the star, the atoms
are neutral or only lightly ionized. Absorption occurs, when the energy of a photon
encountering an atom is close to a resonant energy of the atom, i.e. the energy that
is necessary to bring the atom from one quantum state to a different one. Eventually,
the atom will go back to its ground state again, releasing a photon with the resonant
energy. This photon, however, is emitted in a random direction, and therefore most

likely will not move along the line of sight of the observer.

The energy of a photon equals 7v, that is, Planck’s constant times its wavelength.
Provided the medium in which these resonant absorptions occur is large enough
(which certainly is the case for stellar photospheres), those processes take place
statistically. A wavelength that corresponds to a resonant absorption for a certain
atom will therefore show a lower flux as an interval without any resonances. This

will be seen as an absorption line in the spectrum.

The strength of an absorption line depends on the relative amount of an atom

in the medium, but also on the cross section of the absorption. However, every
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3.1. STELLAR SPECTROSCOPY

element has resonant wavelengths specific to the ground and excited quantum states
that cause the absorption of a photon. Knowing these wavelengths, we are able to

identify elements in a star’s spectrum.

3.1.1 Line broadening

The determination of an actual abundance however is subject to a large variety of
influences, such as the atomic data of the elements itself and effects that influence
the shape of the line. A spectral line is never infinitely sharp, because the lifetime
of an excited state is finite. That leads to a small Lorentzian distribution around the

peak, caused by the energy-time uncertainty:

LE) = - !

" ()

3.1)

with AE = 27/ being the full width at half maximum of the distribution.

Also the thermalized particles themselves show a distribution in energy, that is,
not every particle moves at the same speed or in the same direction. For a single
atom, this leads to a wavelength shift relative to the original resonant wavelength.
For the whole volume, those statistical shifts sum up to an additional Gaussian
broadening of the absorption line. The resulting line is then a convolution of the
original Lorentzian profile with a Gauss profile, a so-called Voigt profile.

Even though this Doppler broadening is the main source of line broadening, also
pressure broadening has an effect on the line width. It is caused by the interactions
between the particles and shows two components: impact pressure broadening is
caused by particle collisions, that shorten the lifetime of an excited state, leading
to a higher energy-time uncertainty and therefore an additional Lorentzian share.

Quasistatic pressure broadening on the other hand is caused by the presence of
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particles, that may shift the energy levels in an emitting particle. Here, the line
shape depends strongly on the force that causes the shift as well as on the distance

to the disturbing particle.

A photon that was emitted by an atom can of course be re-absorbed by another
atom of the same species. Since the energy of the emitted photon may already be
altered by broadening effects, the absorption probability is higher for photons with
an energy near the line center. This so-called opacity broadening (or sometimes
self-absorption) caused a flattening of the line and may sometimes even lead to an

inverted line that is stronger in the wings than it is in the center.

3.1.2 Atomic data

Knowing the atomic properties of an absorption line is crucial in order to derive
information from it. The wavelengths and the energies of the lower and upper
excitation levels (y; and y,,) are usually well known, whereas the so-called weighted
oscillator strength is subject to continuous revision. It is denoted as gf, or often
log g f, and consists of the oscillator strength of the transition from the lower excited
state to the higher one and the statistical weight g of the lower state. Semi-empirical
determinations of the g f values started in the 1960s, comprehensive work was done
by, e.g., Warner (1967, [187]), Kurucz & Peytremann (1975, [82]), and Milone &
Milone (1984 [107]). The results are continuously being reviewed and updated,
recent work has been done by Raassen & Uylings (1998, [128]), Fuhr & Wiese
(2006, [58]), Schnabel et al. (2004, [151]), and Meléndez & Barbuy (2002, 2009b,

[97, 98]), just to name a few.
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3.2 Model atmospheres

Model atmospheres of stars are necessary to determine the influences of effective

temperature (Teq), surface gravity (log g), metallicity ([Fe/H]), and microturbulent

velocity (v;) on the radiation leaving the photosphere. For this work, we used the

ATLAS 9 model atmospheres computed by Kurucz (1979, [81]) in their latest ver-

sion from 2004 ([26]', see also [148, 150]). This classical model uses some major

physical simplifications:

1.

5.
6.

The models are plane parallel, i.e. cubic volumes are used instead of spheri-
cally symmetric ones.

The models are one-dimensional: the gas distribution is considered homoge-
neous, therefore the only necessary dimension to describe the physics inside
the volume is the depth.

Local thermodynamic equilibrium (LTE): intensive (scale invariant) parame-
ters vary slowly enough so thermodynamic equilibrium can be assumed for
the volume in question.

Hydrostatic equilibrium: the whole volume is at constant velocity, because
gravitational compression is canceled out by the pressure gradient (Buoy-
ancy).

Homogeneous chemical composition of the whole volume

No influences from magnetic fields and rotation

The influences of the given simplifications are reasonably small, especially

since our analysis is strictly differential and relative to the Sun, for which those

models are well tested and very precise. The LTE assumption, however, does have

a significant influence on some elements, therefore we have to take non-LTE correc-

TATLAS 9 model grids are available at http://kurucz.harvard.edu/grids.html
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tions into account for those. The elements and necessary procedure are explained
later in Sections 3.4 and 3.5. For details on the impacts of the model simplifications,
see [7].

In order to work with a model atmosphere, routines such as MOOG? ([158]) are
needed to create model spectra from the grid and an appropriate line list. Those
synthetic spectra are then used to compare them with actual observed spectra to

determine basic stellar parameters and chemical abundances.

3.3 The fundamental parameters

3.3.1 Equivalent widths

Equivalent widths (EW) of neutral and ionized iron are used to estimate the funda-
mental parameters effective temperature, surface gravity, microturbulent velocity,
and, of course, metallicity. The equivalent width of a line is the width of a hy-
pothetical rectangle with height equals one and the same area as the line that is
treated.

For the measurement of equivalent widths, automated routines such as ARES
([164]%) are available. For a given set of absorption lines, this routine tries to nor-
malize the spectra locally around each line and fits a Gaussian profile to it. However,
we decided to measure the EWs manually using IRAF, because of uncertainties that
may occur when fitting the continuum near broad or emission lines. This alternative
is a lot more work intensive that the automated one, but we want to be able to rely
on the EW of every single line. In addition, /RAF enables us to fit Voigt profiles to

the lines, which, in many cases, is the better option, since a gaussian fit tends to un-

Zavailable at http://www.as.utexas.edu/ chris/moog.html
3obtainable from http://astro.up.pt/ sousasag/ares/
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derestimate the line wings, especially in broader lines. As explained before, a Voigt
profile is a convolution of Gauss and Lorentz profiles, where the Lorentzian share
is caused by the uncertainty in the lifetime of an excited state, while the Gaussian
one comes from thermal Doppler broadening of the line. Pressure broadening may
lead to an enhanced Lorentzian due.

The uncertainties in the process of manual EW measurement are in the order of

some mA and have to be accounted for in the later error analysis.

3.3.2 Fundamental parameters from equilibria

A(A)  Element y,(eV) loggf | A(A)  Element y;(eV) loggf
444547 Fer 0.087 -5.412 | 6609.11 Fer 2559  -2.682
5247.05 Fer 0.087 -4.961 | 6699.14 Fer 4593  -2.101
5491.83 Fer 4186 -2.188 | 6739.52 Fe1 1.557  -4.794
5600.22 Fer 4260 -1.420 | 6750.15 Fe1 2424 -2.605
5661.35 Fer 4284  -1.756 | 6793.26 Fe1 4076  -2.326
5696.09 Fer 4548  -1.7720 | 6837.01 Fer 4593  -1.687
5701.54 Fer 2.559  -2.163 | 6854.82 Fer 4593  -1.926
5705.46 Fer 4301  -1.355| 6945.21 Fer 2424 2454
5778.45 Fer 2.588  -3.44 | 6978.85 Fer 2484  -2.479
5784.66 Fer 3396  -2.532 | 7401.69 Fer 4186  -1.500
5855.08 Fer 4608 -1.478 | 7912.87 Fer 0.859  -4.848
5956.69 Fer 0.859  -4.552 | 4576.33 Fen 2.844  -2.950
6151.62 Fer 2.176  -3.282 | 4620.51 Fen 2.828  -3.210
6200.31 Fer 2.608 -2.416 | 5234.62 Fen 3221 -2.180
6240.65 Fer 2223  -3.287 | 5264.80 Feu 3230  -3.130
6265.13 Fer 2176  -2.547 | 5414.07 Feu 3221 -3.580
6297.79 Fer 2223 -2.715 | 6432.68 Fen 2.891  -3.570
6311.50 Fer 2.831  -3.141 | 6516.08 Fen 2.891  -3.310
6498.94 Fer 0.958  -4.695 | 7222.39 Fen 3.889  -3.260
6518.37 Fer 2.831 -2.448 | 722448 Fen 3.889  -3.200
6574.23 Fer 0.990 -5.010 | 7515.83 Femn 3.903  -3.390
6593.87 Fer 2433 -2.394 | 7711.72 Fen 3.903  -2.500

Table 3.1: Iron lines used for the determination of the fundamental parameters.
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Figure 3-1: Snapshot from the parameter determination process. Shown are the
lower excitation potential, reduced equivalent width, and wavelength of each line

and their corresponding metallicity for HIP117320.

In order to determine the fundamental stellar parameters, iron equivalent widths

can be used exclusively taking advantage of ionization and excitation equilibria. In
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a first step, an initial set of values is guessed (typically the solar values for solar-
type stars). Those are fed into the model together with the known values for each
line: wavelength, measured equivalent width, and atomic data (excitation potential
(x) and astrophysical gf value (log gf). From the model, we gain iron abundances
for each line according to the input parameters. Those are plotted as in Figure 3-1.
The parameters T.gand v, are then iteratively varied so that the [Fe/H] versus y; and
log(EW/A) trends (dotted lines in Figure 3-1) become flat. The surface gravity log g
is obtained from changing its starting value so, that the difference between the mean
Fe1 and the mean Feu disappears. The final [Fe/H] value is a natural result from
the optimization of the other parameters as soon as the slopes approach zero and

the values for neutral and ionized iron are the same.

Each step is being calibrated to the solar values by using a solar reference spec-
tra and its EWs and comparing the results line by line. So since we typically start
with solar fundamental parameters as a first guess for a new object, a larger equiv-
alent width will result in a larger iron abundance for that line in the first step. The
slope of the Fer lines then leads to a readjustment of the parameters and a new

estimate of [Fe/H].

In some cases, the iron abundances for single lines deviate visibly from the
main trend. In those cases, the lines in question have to be looked at more care-
fully. Sometimes, the deviation is caused by an ungrateful measurement that leads
to a wrong continuum, sometimes the reason is a blend. If a careful second mea-
surement and/or de-blending cannot solve the problem, it usually is a good idea to

remove the line from this object’s line list.

This whole process is done by a routine and completely automatically to ensure
independent and impartial results. The only human interaction is the reviewing of

the mentioned deviating lines, but also that can be avoided by a so-called ’sigma
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clipping’, that simply removes lines that are off by a certain sigma value. Note
that Figure 3-1 does not show the final result, but a snapshot from the process.
The spread in [Fe/H] is still large, also the slope in [Fe/H] versus EP and versus
wavelength is too steep. A result like this will force the routine to go back and vary
the parameters.

Meléndez et al. (2012, [99]) showed, that the model dependency of this type of
analysis is negligible.

The line list used for the stellar parameter determination in this work consists
of 34 Ferand 11 Fen lines that are very carefully selected. A broad range of wave-
lengths from 4445 to 8294 A (if applicable to the respective spectra), equivalent
widths from about 10 to 130 A, and lower excitation potentials (y;) from 0.1 to 4.6
eV is used to reduce the possibility of degenerate results caused by very similar
lines. The list is based on the lines used by [96, 8] and carefully shortened to the
most reliable ones in terms of blending and continuum determination. The whole
list including atomic line data can be found in Table 3.1.

For the quality of the spectra used in this work, we obtain fundamental param-
eters with the following typical uncertainties: o(T.s) = 40 K, o(log g) = 0.06 dex,
and o([Fe/H]) = 0.025 dex.

The propagated errors from EW measurements are obtained by conducting the
parameter analysis also for the upper and lower limits for the equivalent widths.
This results in typical combined uncertainties of 50 K in Teg, 0.1 dex in log g, and
0.04 dex in [Fe/H]. Note that those are only average values. The exact results of our

error analysis are given in Chapters 4, 5, and 6.
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Figure 3-2: log g versus T with overplotted evolutionary tracks for metallicities
of -0.1, -0.05, 0.00, 0.07, 0.1, and 0.15 dex for a constant stellar mass of 1.065 M,
(a)), age and mass probability distributions (b) and c)) for HIP117320.
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Ages and masses of stars for this work are obtained from isochrone fitting. This
technique was invented by A. Sandage in 1962 [145] with substantial contribution
from Demarque & Larson (1964, [41]) and has since been improved by various
groups. It is very sensitive to the fundamental parameters Teg, log g, and [Fe/H] as
well as the calibration of the model isochrones, i.e., the isochrones have to be tested
to reproduce the solar mass and age precisely. We used a grid of Y? isochrones®
with a very small metallicity step size of 0.01 dex for [Fe/H] +0.15 and a somewhat
larger step size of 0.02 for the rest of the metallicities. Through normalization, we
found a necessary offset of 0.04 dex in [Fe/H] to reproduce the solar mass and age.
This normalization leads to a solar mass of 1.000 £0.003 M, and age of 4.5 + 0.2
Gyr for solar parameters of Teg = 5778 £ 150 K, logg = 4.44 + 0.1, and [Fe/H]
= 0.0 £ 0.1, where the uncertainties represent the maximum errors for which the

calibration is still valid. Note that no offset was needed in T and log g.

The process of determining masses and ages follows the one explained in [138,
4], but with the Y? isochrones described above. We determine each star’s position
in the log g-T.q plane and from that conclude its position on a grid of evolutionary
tracks (panel a) in Figure 3-2). From the points in the 3 o environment around that
position, we obtain probability distribution functions for mass and age that we use
to infer a most likely value as well as 1 and 2 o minima and maxima. We also
determine so-called simple masses and ages and their errors; those are a simple

mean and standard deviation of the mean of all points in the 3 o environment.

Panels b) and c) in Figure 3-2 show the mass and age normalized probability
distributions for HIP117320 (spectra from MIKE) as an example. The vertical solid

lines mark the values of highest probability, the dotted and dashed lines are the 1 and

4The Yonsei-Yale collaboration, [190, 40]. The data are available online at
http://www.astro.yale.edu/demarque/yystarhtml. ~ The techniques, models, and compositions
used for the generation of these tracks are presented in several publications linked on the website.
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2 o lower and upper limits, respectively. The dash-dotted line in panel c) represents
the simple mass. The simple age is not visible in panel b), because it coincides with

the most likely age.

Panel a) is a visualization of the process in the Hertzsprung-Russel (HR) dia-
gram for the same star. Overplotted are evolutionary tracks for different metallici-

ties between -0.2 and 0.2 around the star’s determined value of 0.068 + 0.054.

Isochrone ages are only reliable down to about 3 Gyr. For most stars younger
than that, only upper limits could be obtained. For objects where this was the case,
we adopted ages from other works, that were obtained using gyrochronology and
X-ray luminosity. In a few cases of stars with ages between 2 and 4 Gyr, we used
an average of isochrone ages and ages determined from gyrochronology to improve

the result.

In gyrochronology, the rotational period of a star is used together with its colors
to determine its age. It basically uses the relation 1/ 4/t ~ vsini (where 7 stands
for the age of the object) discovered in 1972 by A. Skumanich [156]. This relation,
however, is very vague due to the unknown inclination angle i. So instead of the
projected velocity, the rotational period (P,,,) is used nowadays. P,, can be mea-
sured from the modulation of the emission due to starspots (see, e.g., Barnes 2007

[12]). The rotational periods used in this work are adopted from [60, 122, 12].

X-ray luminosity (1072A to 100 A) can be used as an magnetic activity indicator.
It is calibrated well enough so that we are able to infer ages for solar-type stars with

a high accuracy (see, e.g., [2, 71]).

For older stars with a very high uncertainty in the age determination, we used
the activity-based ages by Saffe et al. (2005, [144]) and Mamajek & Hillenbrand
(2008, [93]).
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3.4 Elemental abundances

For most elements, abundances can be determined more or less directly from the
equivalent widths of their absorption lines and the corresponding models using A7~
LAS 9 model atmospheres and MOOG. We measured the equivalent widths of 514
spectral lines for 20 elements for this analysis. All lines including their atomic data
and the widths measured for our @ Centauri A spectra are presented in Table A.4 in

the Appendix.

As for the fundamental parameters, also this part of the analysis is strictly dif-
ferential with respect to the Sun. For every line, we determine an absolute value
for the object and for the Sun using the fundamental parameters determined before.
Afterwards, we derive the relative value for the objects by subtracting the solar ab-
solute abundance and finally we determine the mean and standard deviation for the
different lines to obtain one abundance for the object. This procedure minimizes
uncertainties due to wrong atomic data, systematic errors from the model, from
the data reduction, and in the measurement of the equivalent widths (given that the

measurements are performed in the same way for the Sun and the other objects).

The standard deviation between the different lines for one element are a proxy
for the error in the measurements of the equivalent widths, given a certain precision
of the model atmospheres. For a reasonable abundance accuracy, we add the prop-
agated uncertainties from the fundamental parameters that are gained by deriving
the elemental abundances also for the extrema of the basic parameters. Here, the
error in effective temperature results in a typical abundance uncertainty of 0.01 dex

and therefore dominates over all other influences on the final abundance value.

The elements analyzed in this work are carbon (C), oxygen (O), Sodium (Na),

magnesium (Mg), aluminum (Al), silicon (Si), Sulfur (S), calcium (Ca), scandium

44



3.5. THE PHOTOSPHERIC LITHIUM ABUNDANCE

(Sc), titanium (T1), vanadium (V), chromium (Cr), manganese (Mn), Cobalt (Co),
nickel (Ni), copper (Cu), zinc (Zn), yttrium (Y), zirconium (Zr), and barium (Ba).
Those elements extend over a broad range in condensation temperatures (Tconq)
from 40 K (C) up to more than 1650 K (Al, Sc, and Y). Since some lines are
affected by line splitting due to hyperfine structure (HFS), we used HFS data from
Porto de Mello et al. (2008, [124]). This influences the following ions: Mg1, Sc1,
Sci, Vi, Mn1, Cor, Cur, and Ba.

As in the lithium analysis, we have to account for departures from LTE in certain
lines. The oxygen triplet at 777 nm is known to be strongly affected by non-LTE
line formation effects, which means the physical conditions under which those lines
are formed deviate from the LTE assumption. The other possible lines in the 6300 A
region, however, are too weak to be used or severely blended. In order to account for
this deviation from the LTE conditions, we apply corrections calculated by Ramirez
et al. (2007, [129]). The resulting correction is somewhat larger than the one for
lithium, the solar one being +0.13 dex.

The final abundances for our test case @ Centauri A are given in Table 6.4.

3.5 The photospheric lithium abundance

The photospheric (or surface) lithium abundance log €;; cannot be determined form
the equivalent width of absorption lines, because in most cases, the line we use is
too weak to be reasonably well distinguished from the noise in the surrounding area.
For that reason, the whole region has to be synthesized for each star considering the
basic photospheric parameters we established before as well as hyper fine splitting
of the lithium line.

A 10 A region was synthesized around the lithium doublet at 6707.8 A (caused

by the 2s-2p transition in "Li), again using ATLAS 9 model atmospheres and MOOG.
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A (A) Element y;(eV) loggf
6707.38 CN 1.83  -2.170
6707.43 Fer 461 -2.283
6707.45 Smu 093 -1.040
6707.46 CN 0.79  -3.012
6707.52 CN 2.17 -1.428
6707.53 CN 096 -1.609
6707.53 CN 2.01 -1.785
6707.56 \'Ai 2774 -1.530
6707.64 Cri1 421  -2.140
6707.74 Cen 0.50 -3.810
6707.75 Tit 405 -2.654
6707.76 Lit 0.00 -0.428
6707.77 Lir 0.00 -0.206
6707.77 Ca1 5.80 -4.015
6707.82 CN .21 -2.317
6707.91 Lit 0.00 -1.509
6707.91 Lit 0.00 -0.807
6707.92 Lir 0.00 -0.807
6708.03 Ti1 1.88 -2.252
6708.09 Vi 1.22 -3.113
6708.13 Ti1 1.88  -2.886
6708.28 VI 1.22 -2.178
6708.38 CN 2.10 -2.252

Table 3.2: Line list for the synthesis of the lithium doublet at 6707.8 A.

We vary log €;; so that the synthesized line fits the observed one as well as possi-
ble. Since log €;; is the only free parameter at this point, the situation is perfectly
non-degenerate and the solution is always unique. Table 3.2 shows the lines used
in the synthesis process. The atomic line data was taken from [137]. Lithium data

was taken from [74].

The signal-to-noise ratio in that region is usually around 700, but almost always
more than 400, which enables us to derive surface lithium abundances with an (in-

ternal) accuracy of less than 0.01 dex. This uncertainty is defined by the smallest
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Figure 3-3: Spectrum synthesis for the determination of log €;; including + 0.2 dex
for 4 different objects observed with MIKE for visualization purposes. In the upper
panel, the most important lines around the lithium resonance line are marked. In
the HIP115951 spectra (second panel), only an upper limit could be estimated.
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change in log €;; that makes the synthetic line derive visibly from the best fit to the
observed one. For weak lines, we are only able to derive upper limits in lithium
abundance, since the line strength is of the same order as the noise level. This
is typically the case for an abundance of 1.0 dex or less. Those upper limits are
marked in the results with a ’-1’ in the uncertainty.

An error progression analysis was necessary to account for the fact that the fun-
damental parameters are uncertain as well. This was done by varying the input
parameters by =10 and synthesizing log ¢;; for the changed values. The result-
ing uncertainty of around 0.03 dex is added to the internal one. The exact values
obtained for each object are given in Chapters 4 and 5 and in the Appendix.

Figure 3-3 shows example spectra for 4 different objects. Overplotted in red are
the synthesized spectra for the parameters indicated in each panel and +0.2 dex de-
viations in log €;; for visualization. For the object in the second panel (HIP115951),
only an upper limit could be derived from the synthesis.

To account for deviations from local thermodynamic equilibrium (LTE), we ap-
plied non-LTE corrections gained from the Lind et al. grid (2009, [87]). Their
grid is based on 1D MARCS model atmospheres® and cover a wide range of pa-
rameters: Teg = [4000,8000] K, logg = [1.0,5.0], [Fe/H] = [-3.0,0.0], and
loge; = [-0.3,4.2]. Caused by the fact that the highest metallicity in the grid
is 0.0, we used an extrapolated version.

The corrections for our data reach from -0.03 dex to 0.08 dex, depending on
the exact parameters of the star, but due to the small differences in fundamental
characteristics in our samples mainly on the lithium line strength. The corrections
results mainly from two competing effects: over-ionization and over-recombination
of lithium. For most stars with an equivalent width of around 100 mA or less, the de-

rived corrections are positive due to over-ionization of neutral lithium. The Liy/Lin

3See Gustafsson et al. 2008, [72].
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ratio is smaller than the one assumed in the LTE model, therefore the lithium abun-
dance, which is derived from Li1, is underestimated, resulting in positive non-LTE
corrections. For larger values of log €;;, the picture turns: over-recombination starts
to become dominant and the amount of Li1 responsible for the resonant line is un-
derestimated, leading to an overestimated total amount of lithium. The resulting
NLTE lithium values for our solar reference objects are between 1.09 + 0.03 and
1.07 £0.04 dex, which is on very good agreement with the 3D-NLTE estimate from
Asplund et al. (2009, [8]).

The exact results including the corrections for each object are given in the Ap-
pendix, Tables A.1 and A.3. For a very detailed description of the non-LTE lithium

line formation in cool stars, see Carlsson et al. 1994 ([23]).
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Chapter 4

Lithium in solar-type stars

In the first part of this work, we wanted to examine the possible connection be-
tween lithium abundances in solar-type stars and the likelihood for those stars to
host planets. My contribution to the work presented in this chapter consisted in the
manual reduction of raw data and the parameter analysis for the 18 previously un-
treated objects, the age and mass determination and lithium abundance analysis for
the whole sample, and the statistical and physical evaluation of the analysis. The
results have been published in Baumann et al. (2010, [13]).

The sample we selected for this analysis consisted of objects form the following

sources:

1. 105 objects from Ramirez et al. (2009, [131], 63 stars, hereafter R09) and
Meléndez et al. (2009, 2010, [96, 102], 42 stars, hereafter M09). The data
were taken with the RGT and MIKE spectrographs. For comparison, two
stars (HIP10215 and HIP79672) are part of both samples.

2. Spectra for 12 objects obtained with HARPS were taken from the ESO archive.i
HIP79672, HIP14614, and HIP42438 also occur in the first sub-sample.

3. 6 more stellar spectra come from the S*N database ([4]). They, too, are ob-
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Figure 4-1: log ¢;;versus age for all stars in our sample (panels a) and c)). Panel b)
shows the solar twins with overplotted depletion models from [31], panel d) depicts
the metal-rich solar analogs. The Sun is plotted with the symbol ©.
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served with the RGT. HIP80337 is part of both the HARPS and S*N sample.

The total number of objects in the sample is 117. For the specifications of the
different instruments, see Section 2.1.

Since the spectra of the first sub-sample are analyzed in the same fashion as pre-
sented in Chapter 3, we did not re-analyze those. The spectra for the 18 additional
objects were reduced as described in Chapter 2 and analyzed as in Chapter 3, using
the iron line list given in Table 3.1.

Surface lithium abundances were derived for all 117 stars, using the stellar fun-
damental parameters from R09, M09, and the ones obtained by us. The mean un-
certainty we derive for our abundances is 0.05 dex, the solar value is 1.03 + 0.04
dex.

NLTE corrections from the Lind et al. 2009 grid were applied to the obtained
lithium abundances, leading to the corrections explained in Section 3.5. The solar
NLTE surface lithium abundance is 1.07 + 0.04, in excellent agreement with the
results from Asplund et al. (2009, [8]). The Detailed corrections for each star are

given in row 16 in Table A.1.

4.1 Lithium and ages

Masses and ages were derived for the whole sample as explained in detail in Chapter
3, using the Y? isochrones. For most stars younger than about 3 Gyr, we adopted X-
ray-luminosity ages or ages from gyrochronology. Some older isochrone ages with
large uncertainties were replaced by activity-based ages from Saffe et al. (2005,
[144] and Mamajek & Hillenbrand (2008, [93]). The method(s) used for the age
determination of each star is given in Table A.1.

To our own sample, we added data for solar twins from 8 open clusters from

the compilation by Sestito & Randich (2005, [154]); the data for the objects and the
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Cluster Agein Gyr loge,; o(logey;) [Fe/H] Source
1C2602 & 1C2391 0.03 2.9 0.1 -0.05  [134]
Pleiades 0.07 2.8 0.1 -0.03  [161]
Blanco I 0.10 2.9 0.1 +0.04 [56]
M34 (NGC1039) 0.25 2.8 0.1 +0.07 [78]
Coma Berenices 0.60 2.4 0.15 -0.05 [55]
NGC762 2.0 2.1 0.1 +0.01  [155]
M67 3.9 1.2 0.5 +0.05  [120]

Table 4.1: Ages, surface lithium abundances, and metallicities of solar twins in
open clusters. The data are taken from [154], who gathered them from the given
sources.

sources they were taken from are listed in Table 4.1. The mass of all twins taken
into account here is 1M, by definition, based on their effective temperatures and
the fact that all objects in an open cluster have the same age. We add those objects
because of their extremely well-known ages and masses as a comparison for our
samples. Most ages for open cluster stars come from isochrone fitting as well, but
the fact that all members of one cluster have the same age makes the determination
very precise. For a detailed overview on the analysis of open clusters, see, e.g.,
[162, 154].

Figure 4-1 shows the complete sample used in this work. Open circles represent
the field stars, black triangles represent the solar twins from open clusters. Down-
ward arrows denote undetectable lithium lines, that resulted in upper limits. The
solar values are marked with the symbol ©. In panel b), we only plot solar twins,
which we define to have solar mass and metallicity: [Fe/H] = 0.0 £ 0.1 dex, M
= (1.00 £ 0.01)M;. The mass range is picked so that the twin sub-sample has a suf-
ficiently consistent parameter range, but at the same time contains enough objects
to work with it. Panels c¢) and d) shall be discussed later in this Chapter.

Overplotted in panel 4-1 b) are the model depletion predictions for solar-type
stars from Charbonnel & Talon (2005, [31]), as discussed in Section 1.2.3. Two
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4.1. LITHIUM AND AGES

things can be seen very clearly in this plot: 1) The Sun is definitely not peculiar
regarding its position in the lithium versus age plane. Even though it does not have
an exactly average surface lithium abundance for a star of its age, it is still perfectly
normal. and 2) Our sample stars fit the model predictions very nicely. Also the
solar twins from open clusters, that we added for comparison, fit both the trend
of our sample objects and the predicted lithium trends from [31]. This excellent
agreement between our sample and the cluster objects is very important, because
the ages of young open clusters are determined very accurately, and therefore their
agreement with our sample suggests that also the ages we derived are reliable. The
good agreement with the models also explains the large scatter in photospheric
lithium abundances in main sequence stars with the means of differences in their

initial rotational velocities.

Already for the complete, unfiltered sample of solar-type stars, we receive a
Spearman correlation coefficient of p,,, = —0.61. For the solar twins sub-sample,
this value grows to p,,;, = —0.75. The Spearman correlation coefficient is a non-

parametric measure of the strength of dependency between two variables:

2i(xi — 00— )

= 4.1
P VEi(x — 02Xy — §)? @D

where x; and y; are the ranks of the variables. The rank x; is the position of ele-
ments x; after all elements of x have been sorted in an ascending order. That way,
the Spearman correlation coefficient becomes 1 (or -1), when the two variables are
monotonically related, and it becomes 0, when they are perfectly statistically dis-

tributed. It is also very robust towards outliers.
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4.2 Lithium in planet hosts

The work for this section is based on the findings by Israelian et al. (2009, [76],
hereafter ’109°). The principle result they presented is shown in Figure 1-3. It shows
a sample of 82 solar analogs, plotted are the effective temperatures and lithium
abundances the authors find in their analysis (where most the lithium abundances
are taken from Sousa et al. 2008, [165]). Filled symbols stand for confirmed planet
hosts, open circles are field stars for which no planets had been found at the point

of publication.

The result, that can be seen very clearly in the figure, is an average lithium
abundance that is higher for field stars than it is for planet hosts. The difference in
the mean abundances is 0.29 dex, a factor of around 2.5. As explained in Section
1.2, the possible explanations for this phenomenon are mostly based on the long-
lasting star-disk interaction in the very early stages of the host stars, that lead to
increased differential rotation, which increases the lithium depletion relative to field
stars without planets. Their results also include the fact, that solar-type stars with a

surface lithium abundance of 1.5 dex or more are very unlikely to host planets.

We used our sample of solar-type stars to test this hypothesis, based on the
stellar parameters published in 109 and ages derived by us using the exact same
technique and isochrone grid as for our sample. This separate age determination is

supposed to reduce the probability of systematic differences in the results.

As panels c¢) and d) in Figure 4-1 show, the difference between planet hosts and
field stars is not as striking in our samples. Panel d) shows a sub-sample of metal-
rich solar analogs. As metal-rich analogs, we define stars with [Fe/H] = 0.25+0.15
and M = (1.08 + 0.08)M,,. This sub-sample is important for our analysis because,

as indicated in Section 1.1.4, planet hosts are in average more metal rich than field
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Figure 4-2: log €;;versus age for all stars in our sample together with the objects
from [76], (I09). The solid line in panels b) and d) are artificially added and only
plotted to guide the eye.
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stars without planets. This is also true for our sample. In the plot, we mark planet
hosts with filled symbols, as opposed to field stars where no planets have been found

(open symbols).

To statistically test the association between the planet host sample and the com-
parison field stars, we conducted a two-dimensional Kolmogorov-Smirnov (KS)
test based on Monte-Carlo simulations to account for the uncertainties in lithium
abundances and ages. That means, we pick random values from the Gaussian 1-
o environment around each value in both log €;;and age. Since loge;; is a loga-
rithmic quantity, we have to first convert those values to a linear scale by using
al = 10"°#4~12 instead of log €. For the objects where only upper limits could

be derived, we used random values from a uniform distribution between 0 and the

upper limit.

The Kolmogorov-Smirnov test estimates the likelihood that two samples follow
the same distribution. It calculates the distance between the (empirically deter-
mined) distribution functions of the two samples and returns the probability for the
null-hypothesis that the two samples are drawn from the same distribution. For de-
tails on the definition and the implementation, see, e.g., the very extensive series

”Numerical Recipes” by Press et al., 2007 ([127]).

In order to achieve solid statistics, we used the averaged results of 1,000 KS
tests each with random sets of values for every object. For the metal-rich stars of
our sample, we received a probability of 64+ 15% for the planet hosts and field stars
to be sub-samples of the same sample. If we ignore the uncertainties and simply
use the mean values for comparison, this probability reaches more than 80%. This
fact is an important first step in the analysis of the data, because it tells us, that there

is no intrinsic difference between planet hosts and field stars.

The Spearman correlation coefficient for the metal-rich solar analogs is similar
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to that of the twins (pana0e = —0.71). The shape of the distribution, however, shows
significant differences: the metal-rich analogs show an in average lower surface
lithium abundance for a given age than solar twins with similar ages. This becomes
most apparent in the region between 3 and 6 Gyr. This difference however does not
seem to depend on the presence of planets; that means, that the age-lithium trend is

strongly metallicity dependent.

This discrepancy, however, does not come surprisingly: stellar models predict
such a [Fe/H] dependency based on the deeper convection zones in metal rich stars,

that lead to an enhanced lithium depletion (see, e.g., [28, 42]).

For comparison, we added the data for all 82 objects presented in 109 to our
data. Figure 4-2 shows the same parameter ranges for solar twins and metal-rich
solar analogs as the panels of Figure 4-1, but including the data from 109. Panels a)
and c) show, that both the agreement of the whole sample with our sample and the
agreement of the 109 solar twins with the depletion models are excellent. this con-
firms, that the parameters presented in 109 (which were mostly taken from [165])
are at least on the same scale as the ones we derive for our sample; this is impor-
tant to note, since it allows us to combine the two samples for the further analysis

without introducing additional systematic errors.

For the 10 stars that our sample has in common with the 109 sample, our derived
parameters deviate by 3 + 20 K in effective temperature, 0.02 + 0.04 dex in log g,
0.003 + 0.023 dex in [Fe/H], and 0.06 + 0.11 dex in log ¢;;, where the differences
in lithium abundance were only determined for the 3 star with line detection. This
excellent agreement between the parameters once more confirms the consistency of

the data analyses for our sample and the 109 sample.

In panels b) and d), we added an arbitrary line at the exact same position in both

cases to guide the eye. It makes clear, that the metal-rich analogs are in average
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more depleted in lithium than the twins. The plot also shows, that the metal-rich

analogs again include more planet hosts than the twins.
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Figure 4-3: log €;;versus log g for our sample and the sample from Israelian et al.
(2009, [76]). The symbols are the same as in Figure 4-2, where open symbols stand
for field stars and filled ones for planet hosts. The bar in the lower left of the plot
represents the typical (i.e. mean) uncertainty in log g.

In the complete sample (panel c¢)), 10 peculiar stars can be seen: they all have
ages greater than 4 Gyr and a lithium abundance that is significantly higher than
the average for their ages. The most obvious difference between those outliers and
the main locus of objects turned out to be their surface gravity, which is around
4.1 dex and therefore significantly lower than for the rest of the solar-type stars.
The outstanding position of those objects becomes even more obvious in Figure
4-3. 1In this figure, the main locus on the high-log g-side can be interpreted as an

evolutionary track given that all objects have similar masses: lithium is decreasing
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as the density decreases during the main sequence. The ascending branch below a
surface gravity of 4.2 contains all the outliers from Figure 4-2, panel c) (and some
others). This means, that those outliers are apparently in a different evolutionary
phase. At the very least, they are not solar analogs as the rest of the objects and
should not be in the analogs sample.

To exclude the possibility of systematic errors in this analysis, we compared our
results for the ages, masses, and lithium abundances of those outliers with recent
publications. The resulting overview for those objects is presented in Table 4.2.
It shows, that the ages we derive are in reasonably good agreement with the ages
derived by other groups. Only HD145809 is significantly older in our analysis
compared to the literature, and therefore it would disappear into the main locus

assuming the lowest value (6.9 Gyr) were true.

Object Age (Gyr) M/M, loge;; | Alternative ages (Gyr) and sources
HD221420 4.70 1.30 2.75 4.5[119], 4.1 [184],
5.1 [140]
HD114613 6.03 1.19 2.69 5.1 [140], 5.6 [12], rot,
4.9 [184], 4.9 [140]
HD2151 6.53 1.12 2.58 5.2 [119], 5.8 [184], 6.7 [185]
HD215456 8.36 1.04 2.38 7.3 [119],7.0 [75]
HD32724 9.07 0.97 1.63 9.9[119]
HD4307 9.08 1.01 2.48 7.8 [189], R}, rot,
7.4 [119], 6.4 [184]
HD78612 9.27 0.96 1.62 8.8 [119]
HD114729 9.68 0.97 2.00 10.9 [119], 6.45 [140]
[planet-host]
HD145809 10.28 0.96 2.13 6.9 [189], R}, rot,
7.9[119],7.4 [184]
HD32923 10.75 0.96 1.66 9.0 [184], 6.2 [189],
9.9 [119], > 9.5 [159]

Table 4.2: Ages, masses, and photospheric lithium abundances for the outliers in
Figures 4-2 and 4-3. R}, denotes ages derived from chromospheric activity, rot
marks those derived from rotational periods.
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This very good agreement allows us to act on the assumption that the ages we
derived for the 109 sample and the lithium abundances given therein are basically
correct and the high-lithium envelope is therefore real, i.e., solar-type stars with a
surface gravity below 4.2 dex have a higher lithium abundance than less evolved

stars with similar fundamental parameters and ages.

Based on these results, we re-examined the key figure in 109 (their Figure 1, see
Figure 1-3 in this work). As the figure clearly depicts, they found that stars with
confirmed planets have a photospheric lithium abundance that is in average higher
by a factor of 2. Moreover, almost all stars with a lithium abundance above 1.5 dex
are so-called field stars, that means no planets have been found around them yet.
Below this limit, planet hosts and field stars are distributed more or less equally.
Note however, that the high number of upper limits makes a direct comparison

rather difficult.

In order to make a more robust statement about the sample behavior, we re-
stricted the sample to what we call a 2-o-comparison sample. That means, we only
take into account those field stars, that lie within a 2 o environment in metallicity,
surface gravity, and effective temperature of a planet host, where o are the uncer-
tainties presented in [165]. This restriction may seem as if forcing the objects into
one distribution, but in fact, we simply force to be planet hosts and field stars to
be in the same parameter space and are not influenced by the age and metallicity
effects that we (and others) find. Note that we do not restrict the lithium abun-
dances, since that is exactly the value we want to compare. This selection enables
us to do a homogeneous and most importantly unbiased comparison between the

sub-samples.

Figure 4-4 shows the original sample of 82 stars presented in 109, including

average values for planet hosts (red dash-dotted line) and field stars (black dashed
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Figure 4-4: The 109 sample. Panel a) shows the complete sample as in Figure 1-
3, panel b) includes only the planet hosts and the 2 o comparison sample. The
red, dash-dotted lines in both samples represent the average lithium abundance in
planet host stars, the black, dashed line stands for the average of the two different
comparison samples.

line). The difference between the two sub-samples amounts to 0.29 dex. In panel b),
we plot the complete planet-host sample plus the 2 o- comparison group. The result

is obvious: when we restrict the objects to a homogeneous sample, no difference
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in surface lithium abundance can be seen. The difference of the averages has gone
down to 0.005 dex, they are basically identical. It is not possible to conclude on a
stronger lithium depletion in planet host stars based on this sample. Note that this
comparison is based purely on the data presented in 109, there is no manipulation
or addition of new parameters such as age in this case.

Regarding those results, we can identify 2 systematic biases that have lead to
conclude the planet host lithium depletion presented in 109:

1. Planet host stars are biased towards higher metallicities, as shown in Section
1.1.4. As Figure 4-2, panels b) and d) show, metal-rich solar analogs are in
general more depleted in lithium. However, this does not have to be caused
by the presence of planets.

2. The 109 sample contains some outliers, that have a very high lithium abun-
dance for stars of their ages. All of them have a surface gravity of less than
4.2, and only one of them has a confirmed planet. That makes them inappro-
priate for comparison with the rest of the sample.

In addition, our sample shows a shift towards higher ages for planet hosts around
solar metallicity compared to field stars, which causes an enhanced lithium deple-
tion caused by the age alone. This connection may also occur in the 109 sample, but
the effect is too small to be detected. Also, finding a physical explanation for said

connection would be rather difficult.

64



Chapter 5

Lithium in subgiants
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Figure 5-1: The subgiants sample in the lithium-metallicity plane.
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The peculiar characteristics of the low-lithium outliers in Figure 4-2 suggests,
that those objects may be stars that have evolved from the main sequence, given
their lower surface gravity and otherwise solar-like parameters. By reducing the
mass ranges, we see an even clearer picture: Figure 5-2 shows lithium versus age
plots for three different sub-ranges in mass: below 1 solar mass, 1 to 1.1 solar
masses, and above 1.1 solar masses, the typical uncertainty in mass being 0.04 M.
The plotted sample contains the objects discussed in Chapter 4 as well as those from

Israelian et al., 2009.
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Figure 5-2: The combined objects from 109 and this work. Filled symbols denote
different mass cuts: column a) M < 1.0Mg, b) 1.0My; < M < 1.1M,, and ¢)
M > M. Squares represent the 109 objects, circles stand for this work’s sample.

The plots suggest that, under the assumption of consistent parameters in the
sub-samples, the filled symbols in each panel can be read as evolutionary tracks:

the stars steadily deplete their lithium content while they are on the main sequence
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before they increase the amount of surface lithium on very short timescales as they
evolve to become subgiants. Such a behavior is not predicted by any standard or
extended evolutionary model.

Lithium rich subgiants have been found before, for example by Dravins et al.
(1993, [45]) and Randich et al. (1999, [133]). Their studies, however, do not include
a large, consistent control sample that enables objective statements about the nature
of those subgiants. As I have shown in Section 4.2, this would be crucial in order
to prevent misleading conclusions.

I was involved in writing the proposals and preparing the observations (includ-
ing target selection), performed the actual observations at the Magellan Clay tele-
scope (together with I. Ramirez and L. Casagrande), took part in the (automated)
data reduction for the MIKE data and performed the reduction for the UVES spec-
tra using the Gasgano interface and the ESO Common Pipeline Library (CPL)'. I
conducted the remaining work for this Chapter largely on my own, but with great
support from Martin Asplund and Ivdn Ramirez. The contents of this Chapter are

based on a paper that is currently undergoing the finishing process.

5.1 Sample selection and analysis

Based on the unexplained peculiarity found in the low-log g objects, we created two
samples of solar-type subgiant stars in order to be able to confirm (or discard) the
high-lithium envelope and possibly draw conclusions about the physical reason for
their presence.

The first sample consists of spectra for 36 objects from a dedicated UVES
observing run (087.D-0724A, see http://archive.eso.org/). We applied for UVES

observing time specifically to test the hypothesis of the presence of high lithium

lavailable at http://www.eso.org/sci/software/cpl/
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Figure 5-3: Spectra for HIP117320 and the Sun, observed with MIKE. Shown is the
6707.8 A lithium doublet. The difference in lithium abundance is clearly visible.

subgiant stars with solar metallicities, masses, and effective temperatures. The ap-
plication aimed for 25 hours of observing time during ESO period P87 (April to
September 2011) to obtain spectra for 60 objects. Those objects were chosen based
on their parameters published by the Geneva-Copenhagen survey (GCS, [119]).
The parameter restrictions for our selection are as follows: visual magnitude V
< 8, DEC < 10, RA > 10, 5600 K < T.4< 6050 K, -0.2 < [Fe/H] < 0.2, and 3.8
< log g < 4.3. The coordinate restrictions are based on the fact that the observations
were to take place in the Chilean summer. 36 of the objects we obtained spectra for
were used in the further analysis. The selection leading to this reduced number was
caused by the high demands for quality of the data as well as the exact parameters
we determined for them.

To those 36 objects, we added data for another 40 subgiant stars obtained in ob-
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serving runs with MIKE at the Magellan Clay telescope in January and June 2011.
The observations conducted by myself together with two co-workers where part of
a MIKE program aiming for solar-type stars for extensive abundance analyses (see
Chapter 6). Both datasets contain asteroid spectra for every night as solar references

as explained in Section 2.1.

As an example, Figure 5-3 shows a detail of the reduced spectra for the Sun
(from the asteroid Iris) and HIP117320 to visualize the extremely high quality of
the obtained data. Both spectra agree very well, but the difference in the lithium line
is apparent. Even though degenerate parameters are possible given that the plotted
example region is very small, it already suggests very similar parameters in the two
objects but a much larger photospheric lithium abundance in HIP117320. Indeed,
the fundamental parameters we obtain for this object are very close to solar: Teg=
5793 £86 K, log g = 4.08 +£0.160, [Fe/H] = 0.068 +0.054, and log €,,= 1.89 +0.05.
Our mass for this star is 1.07;)Ms. Naturally, the surface gravity is clearly sub-

solar, since the low log g was one of the criteria by which we chose the sample

objects.

The UVES data were made available by ESO in a reduced form (but re-reduced
by us to maximize the quality of the final data), the MIKE data were reduced by us
using the MIKE pipeline. The whole sample was analyzed in the same fashion as
the solar-type stars in Section 4.1. For the characteristics of the data from the two
instruments, see Section 2.1. We determined photospheric lithium abundances by
line synthesis and corrected for NLTE effects using the correction grid by Lind et

al. (2009, [87]).

Isochrone fitting was especially crucial for this sample. For a deeper under-
standing of possible systematics trends of low lithium stars, it is important to con-

firm that those stars really have evolved from the main sequence. For most ob-
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Figure 5-4: Visualization of the determination of evolutionary state for 2 objects,

HIP19925 and HIP112414 for a stellar mass of 1.01 solar masses. Also included

are evolutionary tracks for deviating metallicities (gray).

jects, the position in the HR diagram in combination with the evolutionary tracks

allows a precise determination of the evolutionary state the star is in, given its fun-

damental parameters are accurate. Figure 5-4 shows two examples, HIP19925 and

HIP112414, on the T.g-log g plane, with overplotted isochrones for their exact ba-

sic parameters (black lines) and deviations in metallicities (gray lines, the [Fe/H]

for each track is printed at the bottom of the lines.). It is clear, that the first object

is still in its main sequence phase, whereas the second one has evolved onto the

subgiant branch.
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Figure 5-5: Evolutionary tracks for different masses and metallicities. Plotted are
the tracks for the centers of the indicated metallicity regions and for 5 different
masses: in the top panels, the masses are 0.9, 0.95, 1.0, 1.1, and 1.2 Mg, in the
bottom panels, the masses are 0.95, 1.0, 1.1, 1.2, and 1.3 M. Overplotted are the
sample objects that fall into the indicated metallicity and mass ranges.

In Figure 5-5, all sample objects with metallicities between -0.25 and +0.15
and masses between 0.9 and 1.2 M, (1.3 Mg, in the lower panels) are plotted over
evolutionary tracks. Those tracks are calculated for the central [Fe/H] indicated in
the panels and for different masses: the upper panel shows 0.9, 0.95, 1.0, 1.1, and
1.2 Mg, in the bottom panels, the masses are 0.95, 1.0, 1.1, 1.2, and 1.3 Mg. The
parameter selection for the tracks is completely arbitrarily adjusted to the number
of objects in the parameter region. Note that this whole plot is only there to visual-
ize the fact, that most of our objects really are evolved stars and have left the main
sequence. The plot also shows, that there is a slight metallicity dependence of the

surface gravity: more metal-rich stars tend to be more dense than metal-poor ones.
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Figure 5-1 at the beginning of this Chapter shows, that the photospheric lithium
abundance in this sample does not depend significantly on [Fe/H]. The upper enve-

lope appears to be nearly constant with metallicity.

We conducted the type of plot presented in Figure 5-4 for all objects from the
subgiant sample and deduced that almost all stars with a surface gravity of around
4.1 or lower really have evolved from the main sequence. We also checked the
evolutionary tracks for the outliers from Chapter 4 and found that all of them really

are subgiants that have left the main sequence.

a) Subgiants 1 b) Whole sample

O Field stars
® Planet hosts

g
|
|
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Figure 5-6: Lithium versus age as in Figure 4-1. The red lines in the left panel
are the lithium depletion predictions from Charbonnel & Talon (2005, [31]), as
in Figure 1-2. The right panel shows all objects from Chapters 4 and 5, with the
following key: circles represent the solar-type stars from this work, squares are the
109 objects, and triangles stand for the subgiants presented in this chapter.
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HIP49024 is the only object that is part of both observational samples. The

parameters resulting from our analysis are presented in Table 5.1.

Sample T.5(K) logg [Fe/H]
MIKE 5933 +84  4.09+0.16 -0.121 +0.055
UVES 5947 + 65 414 +0.11 -0.057 +£0.048

log e,;(NLTE) Age (Gyr) Mass (M)

MIKE  2.10 + 0.05 6.67,7 1052472
UVES  2.25+0.05 6.457:16 1.0791-148

Table 5.1: The fundamental parameters for HIP49024, the only object being part of
both the MIKE and the UVES sample.

All fundamental parameters agree very well and are identical within the errors.
Only the metallicities (for which the error ranges still overlap) show larger differ-
ences. This might be the reason, why the lithium abundances do not agree well,
even though their errors are small. Note that even if this sort of uncertainty would
be true for all objects of the sample, it would barely change the overall picture,
since the difference in log ¢;; is still small compared to the abundance ranges of the

whole sample.

5.2 Results

Figure 5-6 shows the result of this analysis: in panel a), we plot the subgiant stars to-
gether with the lithium depletion predictions for solar-type stars from Charbonnel &
Talon (2005, [31]). Already from the plot it is evident, that the new objects are def-
initely more lithium-rich than the solar-type stars presented in Section 4.2. Indeed
the average lithium abundance for this sample is 1.89 + 0.46 dex, with an average
age of 5.37 + 2.40 Gyr. In the solar-type sample, the average lithium abundance is

1.03 £0.04 dex, and the average age 4.2 + 3.0 Gyr. That means the average log ¢, is
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almost 8 times higher in the subgiant sample even though the age is slightly higher,
too. Masses, metallicities, and temperatures in the subgiant sample lie around the
solar values, as demanded: M = (1.10 = 0.13)M,, [Fe/H] = —0.06 + 0.16, and
Ter = (5839 + 135) K. The average surface gravity on the other hand is sub-solar:
logg = 4.08 = 0.28.

The difference in parameters between the two samples can also be measured
by statistical means: conducting the Kolmogorov-Smirnov test as described for the
solar-type stars, again using a Monte Carlo simulation to pick 1,000 random sets of
parameters within each object’s 1 o~ environment, we obtain a probability for the

two samples of solar-type stars and subgiants being part of one sample of only 107,

The in average higher lithium abundance in the subgiant sample is as expected
(and was even visible for many stars in the raw data during observations due to the
strong lithium line, see Figure 2-1). However, as panel b) in Figure 5-6 shows, the
gap between the main locus and the low-log g objects disappears. In this Figure,
circles stand for the solar-type stars presented in Section 4.2, squares are the added
objects from 109, and triangles represent the newly added subgiants discussed in
this section. Filled symbols depict known planet hosts and open ones are field stars
for which no planets have been found so far. In the subgiant sample, only 5 out of 76
objects are confirmed planet hosts: HIP115697, HIP24681, HIP26380, HIP30114,
and HIP42030. The planet information was taken from http://exoplanets.org/table/.
This percentage is lower than in the solar-type sample (6.5% instead of 12.0%), but
the difference is not significant and could as well be explained by the higher number

of followed stars in the solar-type group.

Even though the large gap that was clearly visible in the solar analogs sample
disappears with the extension of the sample, a strong deviation from solar-type be-

havior remains within the subgiants. This is not too surprising, given the fact that

74



5.2. RESULTS

3.0

2.5

>
>
>

2.0

1.5

log €

1.0

0.5

0.0

3.6 3.8 4.0 4.2 4.4

>
o

Figure 5-7: log ¢;;versus log g for the solar analog sample, the subgiants, and the
objects from I09. Again, filled symbols stand for known planet hosts, open ones for
field stars. The errors in log g are similar to the ones in Figure 4-3.

lithium is well-known to be extremely sensitive to even minor changes in the envi-
ronmental parameters. Figure 5-7 shows the same age effect that appeared in Figure
4-3. In this extended sample however, a similar effect as in the log €;,-age plot can
be seen, but the trends that were clear in the solar analog sample wash out with
the addition of a large number of subgiants. The field of main sequence stars that
deplete their lithium with decreasing surface gravity is still the main accumulation,
but the increasing branch at the end of the main sequence is becoming fainter. It
is, however, still obvious that the lithium abundance is increasing again below a
surface gravity of around 4.3, which is also supported by the fact that the number

of upper limits drops below that point.

Figure 5-8 shows photospheric lithium abundance versus age using the same
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mass cuts as in Figure 5-2 at the beginning of this Chapter, but including the new
subgiant objects. The hook-shaped cuts in the original Figure, that lead to the sug-
gestion of interpreting them as evolutionary tracks, are still clearly visible here. As
expected, the more massive stars are in average younger than the lighter ones. Also
within the mass cuts, the added subgiants fill the gap between the original subgiants
and the main sequence stars of the same mass range.

The fact that the photospheric lithium abundance indeed seems to be increas-
ing at the end of the main sequence remains hard to explain, but the disappearance
of the gap between the main locus and the subgiants does make it easier to look
for physical reasons. As explained in Section 1.2, temperatures at the bottom of
the convection zone are not hot enough to actually burn lithium in solar-type stars
without extra mixing by e.g. convective overshooting. That could make it possible
for lithium to sediment below the convection zone without or with only little de-
pletion. When the convection zone deepens at the end of the main sequence, the
photosphere will get enriched with the material that has been stored at the bottom.
The amount of actual enhancement will be extremely sensitive to even the slightest
parameter variations, which is why one would expect a continuous enhancement
rather than a clear gap as seen in Figure 4-2. That means, even though the results
of the subgiant sample analysis do not reproduce the distribution gap that originally
lead to the detailed study, exactly this disappearance of the gap makes a dredge-up

scenario a lot more plausible.
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Figure 5-8: The combined solar-type and subgiant stars. Filled symbols denote
different mass cuts: a) M < 1.0Mg, b) 1.0My; < M < 1.1Mg, and ¢) M > M.
Squares represent the 109 objects, circles stand for this work’s solar-type stars, and
triangles for the subgiants discussed in this Chapter.
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The main results of the subgiants analysis are the following:

1. Solar-type subgiants are in average more lithium rich than main-sequence
stars of similar age.

2. The gap in lithium abundances between the main locus and the subgiants
appears as a continuous transition with the addition of the new subgiants.

3. The mass cuts in the log €;;-age plane, that can be interpreted as evolutionary
tracks, suggest an increase of the surface lithium abundance at the end of the
main sequence.

4. A dredge-up scenario for lithium at the end of the main sequence seems to
be a possible explanation given a continuous transition between the main se-

quence stars and the subgiants.
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Chapter 6

a Centauri A

In order to test the results presented in Section 1.1.4, we gathered data for an ex-
tended sample of solar-type objects with UVES and MIKE. Before being able to
analyze the whole sample however, we decided to examine one well-known object
as a test case: a Centauri A. Due to difficulties with the reduction of the @ Centauri
A data, I was not able to finish the analysis of the whole sample for this work, which

is why I only present the results for the test case here.

The results for @ Centauri A are also going to be published in a separate paper
that is currently in the pipeline. The parameter and abundance analyses presented
here as well as the evaluation and comparison were done by myself, with great
support from Martin Asplund, Ivan Ramirez, and Jorge Meléndez, especially during
may stays in the USA, Brazil, and Australia in the course of this work, but also

remotely.
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6.1 Data and analysis

a Centauri A (HD128620) is one of the best-known objects in the galaxy, equipped
with the great advantages of being part of the system closest to the Sun (the
Centauri triple system with @ Centauri C being the closest star to the Sun) and itself
being the fourth-brightest star in the the sky (visual magnitude of -0.01, according
to the SIMBAD catalog'). Furthermore, @ Centauri A itself is solar-type (spectral
type G2V), which makes it a prime candidate for comparative studies. Also its mass
is extremely well known thanks to the fact that it has a companion, which makes
the mass determination independent of models as would be the case for isochrone
fitting. Pourbaix et al (2002, [125]) and Torres et al. (2010, [182]) publish a mass
of M4 = (1.105 £ 0.007)Me.

Accurate fundamental parameters for @ Centauri A are of great interest because,
as with the Sun, they allow the calibration of theoretical models for stellar atmo-
spheres and isochrones. @ Centauri A is also very intriguing in the context of our
work, especially in the light of the planet signature findings by Meléndez et al. and
Ramirez et al.. Because of its outstanding characteristics, it is object of several
planet searches. The fact that no planet has been found around @ Centauri A so
far actually increases the probability for the presence of rocky, Earth-sized planets.
This can be explained with the statistics in the Kepler data (see [86]): massive plan-
ets, i.e. planets with 5 Earth masses or more, are mostly single planets. This is most
likely due to the fact that giant planets can distort the orbit of smaller planets much
easier and, should an Earth-sized planets have built, possibly lead to its destruction.
The age of @ Centauri A is a bit more uncertain: Eggenberger et al. (2004, [50]
determine 6.53 Gyr, it is 5 Gyr according to [124], Miglio & Montalban (2012,

Thttp://simbad.u-strasbg.fr/simbad/sim-fbasic
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[106]) obtain ages between 5.4 and 8.9 Gyr, depending on the models they fit to
the observable parameters. But & Centauri A is definitely old enough so a gas giant
would have had enough time to clean other orbits around « Centauri A.

Also apart from the denoted ages, the parameters published for @ Centauri A do
not always agree, as is the case for most reference stars. In Table 6.1, we present
a selection of publications on o Centauri A. Note that this selection is meant to
be a historical comparison rather than a compilation of state-of-the-art results. A
comparison of most of the presented values would be extremely difficult, since they
are obtained using different methods, models, and assumptions.

For our own analysis of @ Centauri A, we used spectra from the MIKE and
HARPS spectrographs. The MIKE data were taken as a part of the subgiants ob-
serving runs in 2011, whereas the HARPS data were once more taken from the
ESO archive. Those spectra are part of an asteroseismological analysis by Bazot
et al. (2007, [14]), where 4959 spectra were taken with the HARPS spectrograph?.
Exposure times between 2 and 15 seconds were used leading to a S/N ratio of 300
to 450 per pixel in the relevant regions.

The fundamental stellar parameters effective temperature, surface gravity, and
metallicity were obtained from both sets of spectra separately using the methods
described in Section 3.3. The results from this analysis are given in the first 2 lines
of Table 6.2. The exact spectral lines that where used and the measured equivalent
widths for each are presented in Table A.4 in the Appendix.

In order to gain a higher reliability for the effective temperature, we added re-
sults from two more methods, that are independent of the one explained before:
color-temperature calibration based on the infrared flux method (IRFM) tempera-
ture scale by Casagrande et al (2011, [25], available at http://vizier.u-strasbg.fr/viz-
bin/VizieR) and line synthesis of the Ha line at 6563 A as explained in [11, 29].

>The data are available at the ESO archive under program ID 075.D-0800(A)
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T (K) log g [Fe/H] Source
5770 - +0.22 [57]
5727 4.38 +0.29 [52]
5820 4.25 -0.01 [19]
5793 4.4 +0.17 [135]
5793 4.4 +0.20 [157]
5770 - - [160]
5750 4.38 +0.11 [69]
5793 4.5 +0.20 [1]
5727 4.42 +0.20 [48]
5727 4.27 +0.10 [59]
5800 4.31 +0.22 [35]
5720 4.27 +0.15 [49]
5830 4.34 +0.25 [113]
5519 4.26 +0.12 (4]
5784 4.28 +0.12 [44]
5813 4.30 +0.26 [39]
5844 4.30 +0.28 [147]
5801 4.33 +0.21 [184]
5801 4.38 +0.31 [129]
5847 4.34 +0.24 [124]
5855 4.32 +0.23 [96]
5745 4.32 +0.22 [22]
5809 4.32 +0.23 Ramirez et al., in prep.
5801 4.44 +0.201 This Work (MIKE)
5812 4.28 +0.205 This Work (HARPS)
5788 +£40 4.34+0.06 +0.21 +0.05 Average

Table 6.1: Basic parameters from selected publications on @ Centauri A and the
average of all publications. In the average, we exclude the results from [4], since
their T is much smaller than that from the other publications and would bias the
average.

IRFM is only based on photometry and depends on the metallicity of the object.
The Ha method depends on both surface gravity and metallicity, but the sensitivity
to those parameters is very small: an increase of 0.1 dex in metallicity results in

an increase of less than 5 K in temperature, while an increase of 0.1 dex in sur-
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Method T.4(K) [Fe/H] log g
Spectroscopy (MIKE) 5801 +40 0.201 £0.05 4.44 +0.10
Spectroscopy (HARPS) 5812 +50 0.205 +£0.04 4.28 £0.10
Infrared Flux 5772 - -
Ha line synth. (MIKE) 5838 £ 100 - -
Ha line synth. (HARPS) 5807 + 100 - -

Table 6.2: Fundamental stellar parameters for @ Centauri A obtained with different
methods. IRFM results were taken from [24].
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Figure 6-1: Fitting of the He line wings for the @ Centauri A data from HARPS
and MIKE. Plotted in each panel are the best fits and the + 100 K deviations for
comparison (in darker colors).
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face gravity leads to a decrease of some 10 K. The grid for the Ha line fitting was
calculated by Barklem et al. (2002, [11]), but is used here with an increased resolu-
tion: the steps in temperature, metallicity, and gravity are 10 K, 0.05 dex, and 0.05
dex, respectively. The results for those two temperature determinations are given
in Table 6.2. Figure 6-1 shows the He line from the HARPS and the MIKE data
together with the best fit. The darker lines are the 100 K deviations from the best
fit, for comparison. We use a surface gravity of 4.36 dex, which is the average of
the MIKE and HARPS results, and a metallicity of 0.20 dex. The uncertainty is a
rough estimate depicting the noise of the spectra, possible systematic errors of the
method, and the uncertainties in metallicity and surface gravity. The Ha analysis
presented here was conducted by Deysi Cornejo at the Agencia Aspacial del Pera

based on the abovementioned parameters.

Also in Table 6.1, some results are obtained with model-independent methods.
The effective temperature can be retrieved from the object’s angular diameter and its

bolometric flux using the equation f,,; = %ZO'T4 where o is the Stefan-Boltzmann

eff’
constant. For a detailed description, see e.g. [130], where a temperature of 5771+23
K is obtained for @ Centauri A. The surface gravity on the other hand can also be
determined using Hipparcos parallaxes as in [124], where a gravity of 4.31 + 0.005

is reported.

The basic parameters presented in Table 6.2 show an overall consistent behavior.
Effective temperatures and metallicities agree within the errors, surface gravities
differ by 0.16 dex, but their error ranges overlap as well (MIKE: (4.44 + 0.10) dex,
HARPS: (4.28 + 0.10) dex). However, those small differences can propagate as the
example of HIP49024 in Chapter 5 showed. For this reason, we decided to treat the
two datasets completely separately and compare the obtained results in the end of

the process.
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Photometric abundances for 20 elements in o Centauri A were determined using
both sets of spectra completely independently. Equivalent widths were used with
the aid of MOOG and ATLAS 9 model atmospheres, as explained in Section 3.3.
For each line of every element, relative abundances were determined using the so-
lar comparison spectra from asteroid observations. We applied corrections for the
deviations of the LTE assumption for the Oxygen triplet as explained in [129] and
Chapter 3. Hyper-fine structure data for Mg1, Sc1, Scu, Vi, Mn1, Co1, Cui, and
Ban were taken from [124], who imported data from [168]. Del Peloso et al. (2005,
[39]) show, that the differences between corrections taken from various sources are
negligible compared to their aftermath, especially for solar-type stars, which is why
we can rely on the corrections we obtained from one source only. This should also

minimize the chances of systematic differences between results from various works.

Since a Centauri A has a super-solar metallicity, galactic chemical evolution
does influence the abundances for certain elements. In order to still be able to
compare its composition with the solar one, we have to correct for evolution effects.
To estimate the impact of galactic chemical evolution, the standard procedure is to
plot the chemical abundances for each element in a sample of stars versus their
metallicities and use the upper envelope of the distribution as an approximation for
the growth of this element’s photospheric abundance with metallicity. This result
has than to be compared with theoretical predictions (e.g., [49, 95, 17]). The GCE

corrections we derive are given in Table 6.3.

The final results of this analysis including the measured equivalent widths are
given in Tables 6.4 and A.4. The abundances we present for each element are the
mean of the elements’ line-by-line relative abundances and the respective uncer-
tainties. The basis of those uncertainties is the standard error of the mean (\/iﬁ). To

this value, we add the propagated uncertainties from the errors in the fundamental
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Element correction

C 0
@) -0.43
Na 0.39
Mg 0
Al 0
Si 0.33
S 0
Ca 0
Sc -0.24
Ti 0
A% 0
Cr 0
Mn 0.51
Co 0.37
Ni 0.54
Cu 0.54
Zn 0
Y -0.18
Zr -0.53
Ba -0.14

Table 6.3: Corrections for galactic chemical evolution applied to the abundances
obtained for @ Centauri A.
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Element  T,oq (K) [X/Felmixe  Niines [X/Felnarps  Niines
C 40 0.022 +0.019 5 0.029 + 0.019 2
@) 180 0.042 +0.026 3 N/A 0
Na 958 0.048 + 0.020 3 0.037 +£0.018 4

Mg 1336 0.004 + 0.024 3 0.015 +£0.023 4
Al 1653 0.014 = 0.025 5 0.022 £ 0.015 3
Si 1310 0.022 £ 0.018 28 0.027 = 0.021 22
S 664 —0.001 + 0.021 4 0.020 + 0.020 5
Ca 1517 0.022 +0.023 15 0.036 + 0.024 16
Sc 1659 0.016 +0.028 13 —0.005 £0.018 13
Ti 1582 —-0.002 £ 0.021 61 -0.011 £0.018 88
A\ 1429 —-0.021 £0.022 20 —0.030 + 0.021 19
Cr 1296 0.011 +£0.021 35 0.011 £0.018 54
Mn 1158 —0.025 £ 0.012 6 —0.043 +£0.023 7
Co 1352 —-0.027 £ 0.025 14 —0.020 = 0.026 16
Ni 1353 —-0.007 £ 0.016 35 —-0.007 £0.017 73
Cu 1037 0.005 +0.046 3 0.015 +£0.035 3
Zn 726 0.024 £ 0.012 1 0.038 +0.017 3
Y 1659 —0.030 = 0.023 4 —0.032 +0.024 5
Zr 1741 —0.007 = 0.009 1 0.006 +0.013 1
Ba 1455 —0.053 +£0.023 2 —-0.079 £ 0.023 3

Table 6.4: Abundances obtained for @ Centauri A from the MIKE and HARPS data.
Niines gives the number of lines used for the respective abundance.

parameters. Ideally, one would have to estimate the uncertainty of the equivalent
width measurements. But, since @ Centauri A is a solar-type star, we can assume
that the line formation models reproduce reality precisely, and therefore, the stan-
dard error of the mean represents exactly the deviations in the line measurements.
However, the propagated errors caused by the effective temperature uncertainties

are of the order of 0.01 dex and therefore dominate over all other error sources.
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Element [X/Fe]MOQ Nlines [X/Fe]average
C —0.008 + 0.041 4 0.014 £ 0.020
0] —-0.011 + 0.033 3 0.016 £ 0.037
Na 0.040 £ 0.067 2 0.042 + 0.006
Mg —-0.017 £ 0.038 3 0.001 £ 0.016
Al 0.056 £ 0.054 4 0.031 £0.022
Si -0.011 £0.013 11 0.013 £0.021
S —-0.004 + 0.044 4 0.006 +£0.013
Ca -0.009 + 0.017 9 0.016 +£0.023
Sc 0.037 + 0.039 3 0.016 £ 0.021
Ti 0.001 £ 0.025 8 —-0.003 + 0.007
v 0.031 £ 0.016 6 0.007 £ 0.033
Cr 0.017 £0.015 7 0.013 £ 0.003
Mn —-0.031 £ 0.013 3 -0.016 £ 0.036
Co 0.016 £ 0.030 5 0.008 + 0.025
Ni -0.007 £0.014 9 —-0.002 + 0.008
Cu —0.007 £ 0.048 2 0.004 £0.011
Zn 0.017 £ 0.055 1 0.026 £ 0.011
Y —-0.004 + 0.085 5 —-0.002 + 0.031
Zr —-0.012 + 0.064 1 0.000 £ 0.011
Ba 0.003 £+ 0.062 3 —-0.008 + 0.067

Table 6.5: Abundances obtained for @ Centauri A from Meléndez et al. (2009, [96],
MO09). The last column gives the average of the M09 and our MIKE and HARPS
results.
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6.2. THE CONDENSATION TEMPERATURE TRENDS
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Figure 6-2: Photospheric elemental abundance versus respective condensation tem-
perature for the MIKE and HARPS spectra of @ Centauri A.

6.2 The condensation temperature trends

Figure 6-2 shows the elemental abundance [X/Fe] versus the corresponding conden-
sation temperature as in Table 1.2. Element over iron ratio is used to compensate
for the slightly different metallicities obtained for the two datasets. Nevertheless,
some elements, such as Zinc (Tong of 726 K), are extremely sensitive to changes
in fundamental stellar parameters, which can lead to relatively large deviations for
those elements, even though the measured equivalent widths are almost identical
(see Table A.4). The solid and dashed lines are linear fits to the refractory abun-

dances (T.onq > 900 K).
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Despite the fact that the abundances for the individual elements do not always
agree perfectly, the gradients of the refractory elements are identical within the
errors: gyike = (—2.9 +2.8) - 107°dex/K ™", guarps = (=2.4 = 3.6) - 10~3dex/K .
The lower panel in the Figure shows the difference between the results gained from

the MIKE and from the HARPS data for each element.
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Figure 6-3: Photospheric elemental abundance versus respective condensation tem-
perature for the MIKE and HARPS spectra as in Figure 6-2. Overplotted in star-
shaped symbols are the results from Meléndez et al. (2009, [96]), as well as the
refractory gradient for the comparison sample in Ramirez et al. (2009, [131]).

Figure 6-3 shows the MIKE and HARPS results, but also the results presented
in Meléndez et al. (2009, M+09, [96]). They report a refractory slope of —1.7 -
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10-°dex/K™". Also plotted (dotted blue line) is the average slope for the 22 solar
twins analyzed by Ramirez et al. (2009, R+09, [131]), that they determine to be
(1.0£0.3) - 10~*dex/K™".

6.3 Discussion

It is obvious, that @ Centauri A shows a chemical composition very similar to the
solar one. For most elements, the deviation from the solar value is comparable to
the uncertainty of the value itself. The trend in the refractory regime is even weakly
negative compared to the Sun, although it may be argued that the high sodium
value at 958 K has a great contribution to the slope. However, the sodium values
of all three samples agree almost perfectly, so we have a good reason to believe the
abundance really is that high.

This weakly negative slope means that @ Centauri A is even more depleted in
high condensation temperature elements than the Sun compared to the average solar
analog. According to the results by [96, 131], and following publications, this trend
is a strong indicator towards the presence of one or more terrestrial planets. From
the negative trend in refractories relative to solar, we can even conclude that the
mass bound in rocky planets around « Centauri A is at least a high as in the solar

system.

Ter(K) logg [Fe/H]
a Centauri A 5824 +26 4.307 +£0.005 0.24 £0.03
a Centauri B 5316 +28 4.538 +£0.008 0.25 + 0.04

Table 6.6: Fundamental parameters for @ Centauri A and o Centauri B, from Porto
de Mello (2008, [124]).
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Only recently, an Earth-sized planet has been detected around « Centauri B
([46]). This planet, however, appears to be far from habitable, given its rotational
period of 3 Earth days and its semi major axis of 0.04 astronomical units. Even if
the host star was cool enough to allow for life-supporting temperatures (i.e. tem-
peratures that make liquid water possible, which is not the case given an effective
temperature of @ Centauri B of around 5300 K), the proximity to the host would
lead to extreme influences from stellar activity or tidal locking (i.e., the same side
of the planet faces the host star all the time). However, this finding proves that it
is possible to find Earth-sized planets around solar-type stars, even though close-in
planets are easier to detect than ones on an Earth-like orbit due to their gravitational

influence on the host star.

Element « Centauri A « Centauri B
Na 0.14+0.00 0.25+0.00
Mg 0.00£0.00 0.04 +£0.00

Si 0.00+0.06 0.00=+0.05
Ca 0.03 +0.03 0.09 = 0.08
Sc 0.00+0.02 0.01 £0.07
Ti -0.01 004 0.19+0.14
A% 0.02 +£0.05 0.21 +0.09
Cr 0.00+0.06 0.06 +0.09
Mn 0.07 £0.01 0.19 £ 0.06
Co 0.00+0.06 0.06 +£0.07
Ni 0.10 = 0.07 0.11 £0.05
Cu 0.10 = 0.05 0.10 £ 0.00
Y —-0.09 £ 0.05 -0.09 =0.08
Ba —-0.13+0.05 -0.16+0.08

Table 6.7: Abundances for @ Centauri A and « Centauri B, from Porto de Mello et

al. (2008, [124]).
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Figure 6-4: Photospheric elemental abundance versus respective condensation tem-
perature for @ Centauri A and @ Centauri B as published in [124]. The upper panel
shows the difference between their @ Centauri A results and our average results as
presented in Table 6.5.

In Table 6.7, we present the results of a comparison study by Porto de Mello et
al, 2008 ([124], PAMOS8). They conducted an extensive analysis of the @ Centauri
binary system, including abundances for 14 elements in both stars. The elements
covered in their work all lie in the refractory regime and don not agree too well
with our results, but the intrinsic accuracy of the analysis should be very good. The
methods used in their work are very similar to the ones used by us, including the

addition of temperatures from He line fitting. Their fundamental parameters agree
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well with ours (see Table 6.6).

Figure 6-4 shows our average results as presented in Table 6.5 minus the PAM08
ones in the first panel. The bottom panel shows the PAMO8 a Centauri A and «
Centauri B abundances and respective linear fits. It is evident, that the trend for o
Centauri B is less steep than the @ Centauri A one, which indicates a higher mass
of rocky material bound in planets around @ Centauri A compared to @ Centauri
B. Note however, that both trends are by far steeper than our trends derived for a
Centauri A. This should not effect the differential results for the PAMO08 data.

This trend agrees very well with the newly detected close-in Earth-sized planet

around a Centauri B and again suggests terrestrial planets around « Centauri A.
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Chapter 7

Summary and conclusions

In the present work, we examined the fundamental parameters and abundances in
solar-type main sequence and subgiant stars. The fundamental questions leading
to this analysis was the possible connection between abundance ratios in stellar

photospheres and the presence of planets.

The work is divided into 3 main subjects: lithium abundances in solar-type stars,

lithium abundances in subgiant stars, and the abundance pattern of @ Centauri A.

Because elemental abundances are extremely sensitive to the fundamental stel-
lar parameters, we had to restrict our analysis to solar-type stars in order to achieve

the highest possible accuracy.

In a first step, we analyzed a set of 117 solar twin stars concerning their ba-
sic parameters, masses, ages, and surface lithium abundances. In a very careful,
fully differential analysis, we achieved a substantially high precision in all parame-
ters. Using those results, we were able to show that the lithium depletion that takes
place in main sequence stars follows the trends predicted by theoretical models very
nicely. We were also able to demonstrate, that solar-type planet host stars do not

show a different behavior concerning lithium depletion that comparison field stars.
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We used the sample presented in Israelian et al. (2009, [76]) to expose the selec-
tion biases that lead earlier publications to the wrong assumption that planet host
stars with parameters similar to the Sun’s are in average more depleted in lithium
than comparison stars with a similar age. Those claims were mostly based on the
fact that we find more planet hosts in slightly more metal-enhanced stars than in
stars with solar metallicity, and simultaneously lithium seems to be more depleted

in metal-rich stars.

We also found a number of high-lithium stars in the sample used by Israelian et
al. that showed a clearly sub-solar surface gravity and therefore had biased the orig-
inal sample. Using a sub-sample including only stars with fundamental parameters
in a 2-o-environment around the planet host stars, we were able to demonstrate that
stars with and without detected planets do not show a different behavior concerning

surface lithium abundances.

Using our data, we were also able to conclude that the Sun is not peculiar regard-
ing its surface lithium abundance and age and the large difference in lithium abun-
dances found in meteorites and in photospheric analyses can be explained purely

by the normal lithium depletion depending on the age of a star.

The low-gravity objects mentioned above were the inception of a side project
aiming for lithium abundances in solar-type subgiants. In the lithium versus age
plane, those 10 stars found in the Israelian et al. sample suggested a sudden increase
in surface lithium in solar-type stars at the end of the main sequence. This increase
appeared to be as large as 2.5 dex for some stars, with a distinct gap between the
main locus and the outliers, while cuts in mass lead to the conclusion, that the
surface lithium abundance really is increasing abruptly when a star is leaving the

the main sequence.

We gathered high resolution spectra for 76 subgiants from 2 different observing
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runs to investigate the matter. Physical parameters were determined in the same
fashion as for the solar analogs in the first study. Using theoretical isochrones, we
were able to show that those low-gravity objects really are evolved stars at the end
of the main sequence or beyond. The lithium abundances we deducted for those
stars are higher than that of the solar analogs by 0.86 dex in average. At the same
time, the evolved stars are in average 1.17 gigayears older. The large gap between
the two groups on the other hand vanishes when we add the new objects to the

original sample.

We concluded, that for solar-type stars, an increase in surface lithium abundance
at the end of the main sequence appears very likely, and a dredge-up of lithium from
the bottom of the convection zone seems to be the most acceptable scenario for this

surprising activity.

The last section of this work deals with the condensation temperature trends in
planet hosts. The original idea was to examine a large sample of solar-type stars
regarding 20 different elements. After having reduced the spectra, we decided to
start off with a test case to verify the quality of our process of analysis and chose
Centauri A to be the test object. Because of difficulties in the reduction process for
the different datasets we gathers for @ Centauri A, this test object remains the only

one treated in this work regarding condensation temperature trends.

We obtained very high quality spectra for @ Centauri A from 2 different sources
(together with the necessary reference spectra). For a completely independent anal-
ysis, we analyzed both datasets separately and examined the object’s fundamental
parameters and surface abundances for 20 elements. When we plot those abun-
dances (relative to the solar values) versus each element’s condensation tempera-
tures, it becomes obvious that & Centauri A is underabundant in refractory elements

relative to the volatile ones and relative to the Sun.
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In the Sun, an existing underabundance in refractory elements compared to the
average of a sample of field stars has been suggested to be a trace of terrestrial
planet formation. Seeing @ Centauri A being even more depleted in those elements
could be a strong indicator for one or more rocky planets around the solar-type
star closest to us. The recent detection of a terrestrial planet around @ Centauri
B strengthens this claim, since @ Centauri B shows a similar, but not as strong,

condensation temperature trend as @ Centauri A.
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Appendix A

Tables

A.1 Solar Twins
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APPENDIX A. TABLES

HIP HD Teff logg [Fe/H] loger; loger; o(loger;) Mass o(m) Age o (1) Source(t) Parameters Planets
(LTE) (NLTE)

Sun Sun 5777 +0 444+0 0.000 + 0 1.03 1.07 0.04 1.00 0.01 4.5 0.5 iso - yes

348 225194 5777 + 40 4.41+0.07 —0.130 + 0.024 1.08 1.11 0.05 0.97 0.01 6.2 1.5 iso [131] no

996 804 5860 + 41 438 +0.07 0.000 + 0.022 1.56 1.59 0.05 1.03 0.01 5.1 1.1 iso [131] no
1499 1461 5756 + 44 4.37+0.05 0.189 £ 0.015 0.89 0.95 -1.00 1.06 0.01 4.8 0.6 iso [131]+[184]+[90]+[175]+[165] yes
2131 236416 5720 + 41 438 +0.07 —0.210 + 0.026 0.10 0.13 -1.00 0.92 0.01 8.9 1.3 iso [131] no
2894 - 5820 +44 4.54+0.07 —0.030 + 0.025 1.81 1.84 0.05 1.02 0.01 1.6 0.8 i [131] no
4909 6204 5836 + 54 4.44 +0.07 0.020 + 0.024 242 2.43 0.06 1.03 0.01 0.7 0.2 [131]+[71] no
5134 6470 5779 + 38 4.49 +0.07 —0.190 + 0.023 1.81 1.84 0.05 0.97 0.01 4.1 1.9 [131] no
6407 8291 5787 +25 4.47 +0.03 —0.090 + 0.011 1.74 1.77 0.03 0.99 0.01 38 0.8 [131] no
7245 9446 5843 + 47 4.53 +0.07 0.100 + 0.023 1.87 1.91 0.06 1.07 0.01 1.3 0.7 [131] yes
8507 11195 5720 + 55 4.44+0.08 —0.080 + 0.026 1.58 1.62 0.07 0.96 0.01 5.6 2.0 [131] no
8841 - 5676 + 45 4.50 +0.06 —0.120 + 0.021 0.19 0.23 -1.00 0.95 0.01 43 1.8 [131] no
9349 12264 5825 +28 4.49 +0.06 0.010 £0.017 2.03 2.06 0.04 1.03 0.01 2.5 1.2 [131]+[175] no
10710 - 581743 4.39 +0.06 -0.130 + 0.022 1.90 1.92 0.05 0.98 0.01 6.5 1.1 [131] no
11072 14802 5897 + 84 4.01 +0.05 -0.037 +0.057 242 2.42 0.02 1.15 0.02 0.7 0.1 TW+[12] no
11728 15632 5738 +30 4.37+£0.05 0.045 £ 0.019 1.29 1.34 0.04 0.99 0.01 6.9 0.8 [131]+[175] no
11915 16008 5793 +43 4.45 +0.06 -0.050 + 0.021 1.69 1.72 0.05 1.00 0.01 43 1.6 [131] no
12186 16417 5812+ 34 4.09 +0.05 0.094 + 0.04 1.70 1.74 0.07 1.11 0.01 7.0 0.4 TW+[184]+[165] yes
14614 19518 5803 +28 4.47+0.03 —0.104 +0.016 1.59 1.62 0.03 0.99 0.01 3.6 0.9 [131]+[175]+TW no
14632 19373 6026 + 42 4.28 +0.05 0.136 £ 0.019 2.46 2.47 0.07 1.17 0.01 3.7 0.3 [131]+[184] unknown
15457 20630 5771 + 65 4.56 +0.01 0.078 +0.041 2.18 2.22 0.03 1.02 0.01 0.5 0.0 TW+[184] unknown
18261 24552 5891 +34 4.44 +0.05 0.002 +0.016 2.27 2.28 0.04 1.05 0.01 3.1 1.1 [131]+[175] no
22263 30495 5826 +48 4.54+0.01 0.005 +0.029 2.45 2.46 0.02 1.02 0.01 0.5 0.1 TW+[184] unknown
22528 - 5683 +52 433+0.10 —0.350 + 0.035 0.46 0.49 -1.00 0.87 0.01 122 1.5 [131] no
23835 32923 5723 +33 4.16 +0.05 —0.184 £ 0.017 1.66 1.69 0.05 0.96 0.01 10.7 0.4 [131]+[184] unknown
25670 36152 5755 +37 4.38 +£0.05 0.071 £0.017 1.24 1.29 0.05 1.01 0.01 6.0 0.9 [131]+[175] unknown
28336 40620 5713 + 61 4.53 +0.08 —0.170 + 0.027 1.19 1.23 0.07 0.95 0.01 4.0 1.8 [131] no
29525 42807 5715+ 61 4.41+0.03 —0.005 + 0.036 1.99 2.03 0.02 0.97 0.01 0.4 0.0 TW+[12] no
30037 45021 5690 + 30 4.42 +0.06 0.05 +0.03 0.66 0.71 -1.00 0.98 0.01 59 1.4 [96] no
30502 45346 5745 +25 4.47 +0.05 —-0.01 £ 0.02 0.95 0.99 -1.00 1.00 0.01 3.8 1.4 [96] no
36512 59711 5740 + 15 4.50+0.03 —-0.092 + 0.02 1.27 1.31 0.04 0.99 0.01 2.7 1.0 [96]+[175]+[165] unknown
38072 63487 5839 + 68 4.53+0.11 0.060 = 0.037 1.67 1.71 0.08 1.05 0.01 2.4 1.2 [131] no
38228 63433 5693 + 58 4.52+0.07 0.007 £ 0.025 2.51 2.53 0.07 0.99 0.01 0.3 0.0 [131]+[184], T from [60] unknown
39748 67578 5835 +30 4.48 +0.06 —0.20 +0.03 2.16 2.17 0.03 0.98 0.01 3.8 1.6 [96] no
41317 71334 5724 + 15 4.46 +0.03 —-0.044 +0.02 0.92 0.96 -1.00 0.98 0.01 4.7 0.8 [96]+[184]+[165] unknown
42438 72905 5864 +47 4.46 +0.09 —0.052 +0.026 2.89 2.85 0.07 1.02 0.01 0.2 0.0 [131]+TW no
43190 75288 5775 +30 4.37+0.06 0.12 +0.03 0.65 0.70 -1.00 1.04 0.01 53 0.9 [96] no
44324 77006 5934 +49 4.51 +0.06 —0.020 +0.019 2.41 2.41 0.06 1.07 0.01 1.5 0.6 [131]+[175] no
44713 78429 5784 +35 4.36 +0.02 0.096 + 0.024 0.91 0.96 0.10 1.03 0.01 5.8 0.6 TW + [184] + [165] unknown
44935 78534 5800 + 25 4.41+0.05 0.07 +0.02 0.95 0.99 -1.00 1.03 0.01 4.6 1.0 [96] no
44997 78660 5782 +29 4.52+0.04 0.033 +0.02 0.99 1.03 0.06 1.03 0.01 1.5 0.5 [96] + [175] no
46066 80533 5709 + 65 449 +0.12 —0.070 + 0.039 1.37 1.41 0.08 0.96 0.01 5.2 2.3 [131] no
46126 81700 5890 + 30 4.48 +0.06 0.14 +0.03 2.17 2.20 0.03 1.09 0.01 1.7 0.8 iso [96] no
47990 84705 5910 + 40 4.53 +0.08 0.12+0.03 224 227 0.02 1.10 0.01 0.8 0.4 iso [96] no
49572 - 5831 +52 4.33+0.06 0.010 = 0.021 1.32 1.35 0.06 1.02 0.01 6.6 0.8 iso [131] no
49756 88072 5804 + 52 4.45+0.07 0.041 +0.023 1.61 1.65 0.07 1.03 0.01 3.6 1.6 iso [131]+[184]+[175] unknown
50826 - 5725 +30 4.47 +0.06 —-0.28 +0.03 0.95 0.98 0.08 0.92 0.01 6.1 1.8 iso [96] no
51258 90722 5720 +25 4.23+0.05 0.360 + 0.03 0.72 0.80 -1.00 1.17 0.02 5.1 0.2 iso [96]+([184] unknown
52040 91909 5785+ 44 4.51 +£0.06 -0.090 + 0.021 1.69 1.72 0.05 0.99 0.01 3.0 1.2 iso [131] no
52137 92074 5842 + 69 4.56 +0.08 0.070 = 0.026 2.25 2.28 0.08 1.06 0.01 0.9 0.5 iso [131] no
53721 95128 5916 +53 4.48 +0.01 0.027 £ 0.038 1.79 1.81 0.02 1.07 0.01 1.0 0.5 iso + rot TW+[184]+[144]+([93] yes
54102 96116 5870 + 30 4.51 +0.06 0.04 +0.03 2.20 2.22 0.03 1.06 0.01 1.6 0.7 iso [96] no
55409 98649 5760 + 25 4.52+0.05 —0.01 +0.02 0.84 0.88 0.07 1.01 0.01 2.1 0.8 iso [96] no
55459 98618 5838 +21 4.42+0.03 0.038 +£0.012 1.53 1.56 0.04 1.03 0.01 4.1 0.7 iso [131]+[184]+[100]+[175] unknown
56948 101364 5795 +23 4.43+0.03 0.023 £ 0.014 1.30 1.34 0.04 1.01 0.01 44 0.7 iso [1311+[101]+[176] unknown
56997 101501 5559 + 65 4.53+0.08 —0.030 + 0.027 1.08 1.14 0.08 0.94 0.01 4.6 2.1 iso [131]+[184] unknown
57291 102117 5690 + 22 4.30+0.04 0.304 +0.03 0.73 0.81 -1.00 1.11 0.01 5.6 0.2 iso [96]+[184]+[165] yes
59357 105779 5810 + 30 4.45 +0.06 —0.24 +0.03 1.70 1.72 0.04 0.95 0.01 5.5 1.5 iso [96] no
59610 106252 5899 + 62 4.34 +0.04 —0.034 + 0.041 1.71 1.73 0.04 1.04 0.01 5.7 0.7 iso TW+[184] yes
60081 107148 5811 +21 438 +0.04 0.315+0.03 1.33 1.40 0.06 1.12 0.01 34 0.5 iso [96]+[184]+[165] yes
60314 107633 5874 +72 4.52+0.10 0.110 + 0.033 1.85 1.89 0.09 1.07 0.01 1.9 0.9 iso [131] no

Table A.1: Specifications for the different samples

100



.1. SOLAR TWINS

ou [1e1] ost 0 80 100 901 S0°0 89T 69'C T°00F0100— LOOFSSY ¥ F 5068 8Y¥CT 651811
ou (11l ost Tl e 100 LO'T 00°1- 060 $8°0 6100 F 010 900F ety 16 F 128 - P09ST1
sok [o6l+[p811+[1€1] ost Lo 6'¢ 100 601 L00 wl 9¢'1 LIO0F 1TTO SO0 F8EY Ly F €085 YI0LIT LSEETT
ou [1en] 0s1 60 8 100 00°1 001~ 001 S6'0 9200 F 0¥0°0 800 F 6T¥ YL F 6ELS - 1€6601
umouyun [TrI+[SLT]+[p81T+ML jo1 1o Lo 100 Y01 10°0 wT 15C 0€0°0 F 2900 €00 F 9¥'y 09 F LIS 6LL60T 011601
ou [1en] 'l €T 100 SO'1 L00 we [ LT0°0 F 0900 80°0 F 0S¥ 9S F 8E8S 79560T 966801
ou [1e1] 90 €1 100 or't 90°0 e we ¥20°0 F 0S1°0 LOOF IS 1S F6L8S 96060 80L801
umowyun [p811+[1€T] 00 o 100 601 L00 L8T 16T 610°0 F 0200~ LO0OF8¥'¥ 0S ¥ 109 09890T 0S€LOT
ou [1e1] 7'l 0¢ w00 001 90°0 we we 00 F 091°0— 90°0 F 0S¥ 8% F 9¢8¢ rioe P0S¥01
ou [96]+[1€T1] 60 L'L 100 860 00T~ 69°0 $9°0 00 F 0100~ 90°0 F SE€¥ Ly F LELS LTOL6T TsIT01
sok [¥81]+ML 0 L 100 90°1 oro €'l 61 ST0°0 F €800 WoFeTY O F €8¢ 610561 0L600T
ou [oL11+[SLT1+1€T] 80 9¢ 100 wT S00 SLT [ €10°0 ¥ 8000 €00 F S¥y LT FT08S €0S61 €96001
umowyun [o6]+[¥81]+[1€T] 90 09 100 SO'T 90°0 980 18°0 0200 F L60°0 SO0FEEY 6€ F 8085 801981 $6896
sok [sc1l+[o6)+¥811+[1€T] S0 SL 100 001 001~ w 8€'T 9100 F SS0°0 Y00 F vEY 8TF LELS LTH981 10696
ou [SLT]+ML L0 L'8 100 L6°0 001~ 89°0 90 0€0°0 F 620°0— €00F €€y 6v F€ILS 89L¥81 0196
umouyun [+811+(96] L0 9 00 [4u! 600 'l or'1 €0°0 9020 SO0F 0Tt STFSLLS 8T161LT T°€een6
ou [96] 01 (4 100 SO'1 L0°0 90°1 €01 200F200 SO0F8Y'Y ST+ SS8¢S 090L91 05968
ou [1e1] 6’1 144 100 10T 001~ 601 90°1 8€0°0 F 0200~ [N a4 €LF96LS 8€88€T £vP68
ou [96] 90 09 100 SOl 600 6¢'1 Sl €00 F L0O 900 F eV 0¢ F 5€8¢ LSESOT 29168
ou [1er] Sl LS 100 L60 00°1- L8°0 $8°0 S20'0 F091°0— LOOFTVY LS F0I8S - LT88
umouyun [sLil+p81l+[1€T] 90 €L 100 960 0°0 w't 860 0100 F 1L0°0— €00 F 0¥y 1T+ GELS S65¥91 76188
sok [s911+[+811+[96] o 9y 100 SI'1 L00 el 90°1 €0°0 F86T°0 v0°0 F 8TY TT ¥ 6085 169091 96L98
ou [96] Sl 88 100 880 001~ €L0 L0 €0°0 F 6£°0— 900 F e¥'y 0¢ F0ELS 169LST $8TS8
ou [96] 7'l 7’6 100 880 001~ 190 850 €00 F v€°0- 900 FTry 0€ F00LS TTO9ST TLTSS
umowyun [SOT]+[¥81]+ML S0 L 100 860 001~ 190 950 9200 F LEOO WoFo6ey LE FT69S LYELST Tr0s8
ou [96] 01 €T 100 or't €00 L8'1 €81 €00FSI°0 900 F S¥'y 0€ 0885 17CST LOLES
umowyun [p811+[1€T] 't T 100 (AN 90°0 6LT (44 8200 F 8¥0°0 80°0 F 8¢y €7 F 1L09 L1¥PST 109¢8
ou [96] S0 Syl 100 w60 00T~ ¥9°0 09°0 €0°0 F81°0— 900 F I1TY 0€ ¥ 0¥9S LTO0ST €688
ou [1e1] L1 (a4 100 10T 00T~ w60 680 §20°0 F 0200~ LOOF ¥y 8S F06LS - TISI8
sok [T1]+[S9T]+[#8T]+(SAIVH+N,S) ML 10 90 €00 90°1 00 0T 10T 00 F €€0°0 WoFeSy €€ F 1886 €ISLYT LECO8
umonjun [so11+ML+[96] S0 I'e 100 Y01 00 651 S 200 F 1500 WoFSHy 6 F T8¢ £ETor1 TL96L
umowyun [¥811+[96] 90 €l 100 LO'T €00 80T S0 €0°0 FTLOO LOOFESY €€ F 098¢ STRSHI 8LS6L
ou [96] 70 0 100 S €00 [4%4 60T €00F1T°0 900 F €S¥ 0€ F S¥6S 8LYSY1 P0E6L
ou [1e1] L0 €0r1 100 S6°0 00T~ €60 6T°0 ¥20°0 F 0C1°0— 800 F LTY 8% F 60LS 145544 9816L
ou [1e1] 0 90 100 901 80°0 19T 19T LT00 F 0000~ 800 F LSV L9 F €265 oLty 0898L
ou [re1] 01 81 00 Y01 110 18°1 6L'1 170°0 F 0€0°0— CIOFLSY 86 F 6L8S - 8CT08L
ou [96] 60 oL 100 860 00T~ 080 SLO 00 F+0°0 SO0 F6EY ST F S69S [£3%441 €88LL
sok [sotl+[061+[¥811+[P¥11+[96] 60 €1 100 601 00 or'c 8€T €0°0 FSTI'0 Y00 F Sty 61 F 0065 LEOTYT OVLLL
ou [ren] 6’1 €6 100 060 001~ 90 (340 820°0 F 08C°0— 60°0 F O¥'¥ 9S F00LS - 99YLL
umouyun [#81]+ML 0 90 100 10T 100 Sl 6v'1 €200 F €00 WoFvsy €€ F L69S 8€S0Y1 TSOLL
ou [96] o 60 100 w'l 00 2T 1ce 200 F 200~ SO0 F9SY STFSLLS 6S18€T €T6SL
umouyun [s911+(96] L0 91 100 LO°T €00 [4¥4 80C €0°0 FS01°0 Y00 F 8t ¥T ¥ 658S Y99tEl 68EYL
ou (1] 60 6’1 100 LO'T L0°0 8¥'1 L2 920°0 F 060°0 80°0F ISY LS ¥ €68¢ 206vEl IvevL
ou [ror1+lrer! 90 89 100 10°1 00°1- w1 860 9100 F 0200 SO0 F¥ey £€ F €08S 009¢€1 SI8EL
umouyun [ys11+liet] 00 0 100 160 oro Ly'e e €E00F LIT'O- 60°0 F 9y L9 F LISS osIIEl 659TL
umouyun [ve1l+[¥811+(96] €0 124 100 AN €00 LS'1 (43! €0°0 F82T0 P00 F €€V TTF 0v8S 0798¢1 £€891L
ou [96] L0 'yl 100 £8°0 001~ 9L'0 L0 €0°0 F S¥'0- 900F 1€y 0€ F0L9S (438341 £9069
ou [96] 6’1 'L 100 880 001~ 080 LLO €0°0 F8¢°0— 90°0 ¥ 8¥'% 0¢ F $89¢ S0zo11 $8899
wsomyun [¥811+[96] S0 9¢ 100 4N 001~ 660 960 €00 FSE1°0 SO0FSEY STF 1S6S SLY8IT 81999
ou [96] S0 60 100 80°1 €00 we 0€e €0°0 F60°0 90°0 F 9% 0€ F SL8S 6ELSTIT £6679
ou [1e1] 01 88 100 960 00T~ $9°0 19°0 LTO0 F001°0— 800 F €€y 19 F €vLS [4:139 81 YOLY9
ou [96] 80 Ll 100 €0'1 ¥0°0 o'l el 00 F10°0— SO0FCSY STFSIBS 691611 €1LY9
ou [1e1] 80 €1 00 LO'T €10 19°C 09T LEOOFOTI'O 1T0F 95y OIT ¥ 0985 9T8YI1 L6¥Y9
umowyun [SL1l+[p811+[1€T] 01 6'S 100 001 00T~ 18°0 9L0 910°0 F 9500 SO0 F6EY 1y FSSLS YLIVIT 0ST1+9
ou [sLrl+l1en] Tl 6T 100 80°1 90°0 S6'1 16'T 120°0 F 0¥1°0 900 F €¥'y 1S F 6¥8S 698011 SLIT9
ou [96] Tl 96 100 060 001~ S6°0 w60 €0°0 F 6C°0— 90°0 ¥ 8¢y 0€ ¥ 6TLS 02801 €6909
umouyun [¥811+[96] 80 91 100 1T 200 €T 1€ €O0FILIO SO0For'Y STF L68S T69L0T 0L£09
HIIN) HLD
sjouR[q s19ouRIRg (21)301n0§ (2)0 A3y ()0 SSRI ("> 3o1)0 15 o1 15 o1 [H/2] 3op doy dH dIH

101



APPENDIX A. TABLES

102

Name / HIP HD Mass o(m) Age o(1) Name / HIP HD Mass o(m) Age (1)
WASP 5 - 0.99 0.06 79 33 52409 92788 1.08 0.01 3.8 1.0
XO-1 - 1.01 0.01 2.3 1.2 53837 95521 0.98 0.01 34 1.1
1499 1461 1.07 0.01 4.5 0.6 54287 96423 1.01 0.01 72 0.6
1954 2071 0.97 0.01 4.6 1.1 54400 96700 0.97 0.01 6.6 0.6
2021 2151 1.12 0.08 6.7 1.4 97998 97998 0.90 0.01 1.9 0.6
5339 4307 1.01 0.01 9.0 0.4 60081 107148 1.12 0.01 3.0 0.6
6455 8406 0.98 0.01 3.0 0.6 60729 108309 1.05 0.01 7.5 0.3
8798 11505 0.93 0.01 8.6 0.6 62345 111031 1.10 0.01 34 0.8
9381 12387 091 0.01 9.1 1.7 64408 114613 1.20 0.02 59 0.3
9683 12661 1.10 0.03 4.5 1.3 64459 114729 0.97 0.01 9.7 0.2
12048 16141 1.09 0.01 6.9 0.3 64550 114853 0.92 0.01 7.4 0.9
12186 16417 1.12 0.01 6.7 0.2 65036 115585 1.13 0.03 53 0.5
14501 19467 0.94 0.01 10.0 0.3 71683 128620 1.17 0.07 4.1 1.5
15442 20619 0.94 0.01 3.9 1.2 74500 134987 1.10 0.02 54 0.5
15330 20766 0.94 0.02 34 1.7 78330 143114 0.88 0.01 9.9 0.8
15527 20782 0.98 0.01 73 0.3 78459 143761 0.98 0.02 6.1 2.6
16365 21938 0.86 0.01 10.8 0.7 79524 145809 0.96 0.01 10.3 0.3
19925 27063 1.01 0.01 42 1.2 79672 146233 1.03 0.01 33 0.8
20625 28471 0.97 0.01 7.7 0.3 83906 154962 1.22 0.03 4.7 0.8
20677 28701 0.89 0.01 9.5 0.5 160691 160691 1.14 0.02 4.8 0.3
23627 32724 0.97 0.01 9.2 0.3 95962 183658 1.01 0.01 5.3 0.7
22504 34449 1.02 0.01 1.5 0.8 96901 186427 1.02 0.02 5.0 1.9
25670 36152 1.05 0.01 2.6 0.9 97336 187123 1.07 0.01 35 1.5
26737 37962 0.94 0.01 52 1.8 97769 188015 1.10 0.02 1.8 0.9
27435 38858 0.95 0.01 33 0.7 98959 189567 0.92 0.01 8.4 0.4
30243 44420 1.11 0.01 35 0.6 98589 189625 1.09 0.01 2.5 1.0
30104 44594 1.08 0.00 4.1 0.5 102664 198075 0.99 0.01 2.3 1.0
30476 45289 0.97 0.00 8.8 0.3 104903 202206 1.09 0.01 14 0.6
34065 53705 0.97 0.01 6.8 23 106006 204313 1.06 0.01 4.6 0.5
36512 59711A 0.96 0.01 53 1.0 108468 208704 0.99 0.01 6.6 0.3
39417 66428 1.09 0.02 58 1.0 109821 210918 0.96 0.01 8.2 0.4
43726 76151 1.05 0.01 1.5 0.5 110109 211415 0.96 0.01 6.5 1.2
43686 76700 1.17 0.07 4.5 1.2 112414 215456 1.04 0.01 8.4 0.4
44713 78429 1.02 0.01 7.0 0.5 113357 217014 1.08 0.02 3.4 1.6
44890 78538 1.01 0.01 2.5 1.1 - 219542 1.04 0.02 4.6 1.5
44860 78558 0.85 0.01 12,5 0.7 115577 220507 0.98 0.01 9.3 0.5
44896 78612 0.96 0.01 9.4 0.3 116250 221420 1.29 0.06 4.7 0.7
46007 81110 111 0.01 0.4 0.1 116852 222480 1.15 0.03 5.6 0.8
49728 88084 0.97 0.01 6.2 0.8 116906 222582 0.99 0.01 6.7 0.8
50534 89454 1.03 0.01 3.0 1.1 117320 223171 1.09 0.01 6.7 0.3
52369 92719 1.01 0.01 1.6 0.9 118123 224393 0.92 0.01 3.6 1.0

Table A.2: Sample used in 109. Masses and ages are from this work.
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Object Sample  Tegr (K) Togg [FefH]  loge;  loger; oD T(GYD  Twin  Tmax  MMo) My Muar  Planets
(LTE)  (NLTE)
Sun both 5778 £ 10 4.44 +0.05 0.000 + 0.005 1.05 1.09 0.03 4.45 4.26 543 1.000 0.993 1.003 no
HD114424 MIKE 6073 £71 4.61 +£0.12 0.166 + 0.041 2.25 2.27 0.05 0.69 0.64 2.66 1.153 1.127 1.189 no
HIP106913 MIKE 5988 + 81 4.50+0.14 0.182 +0.049 2.15 2.18 0.03 1.62 1.15 3.90 1.131 1.097 1.175 no
HIP115286 MIKE 5843 £ 77 4.08 +£0.15 —0.071 £ 0.053 2.05 2.07 0.05 7.37 5.47 8.72 1.044 0.999 1.158 no
HIP115697 MIKE 6063 + 170 4.57 +0.26 0.131 £ 0.090 2.20 2.21 0.05 1.90 1.58 5.54 1.121 1.048 1.221 yes
HIP115951 MIKE 5938 + 82 428 +0.23 0.098 +0.077 0.75 0.75 -1 4.42 2.96 6.24 1.111 1.052 1.209 no
HIP117066 MIKE 5983 + 186 4.76 +£0.28 —0.012 + 0.095 2.00 2.01 0.03 0.51 1.87 7.03 1.044 0.975 1.127 no
HIP117320 MIKE 5793 £ 86 4.08 +£0.16 0.068 + 0.054 1.85 1.89 0.05 7.26 5.17 8.59 1.065 1.013 1.185 no
HIP15940 MIKE 5508 +£58 4.03 £0.10 —0.521 £ 0.035 1.65 1.68 0.05 13.57 12.62 13.7 0.863 0.864 0.960 no
HIP17486 MIKE 6053 + 88 422 +0.13 0.251 £ 0.046 2.30 2.32 0.03 3.13 2.03 3.96 1.191 1.168 1.323 no
HIP17960 MIKE 5923 £70 447 +£0.13 0.258 £ 0.044 0.90 0.90 -1 1.79 1.14 3.85 1.126 1.107 1.174 no
HIP23286 MIKE 5763 £ 66 4.18 +0.13 0.091 £ 0.044 1.35 1.40 0.05 7.93 5.80 8.82 1.026 1.004 1.108 no
HIP23627 MIKE 5798 £ 79 4.06 +0.15 —0.243 + 0.050 1.70 1.72 0.05 8.72 6.51 10.74 0.953 0.937 1.109 no
HIP24681 MIKE 5883 +£93 4.18 £0.17 0.130 £ 0.056 1.61 1.56 0.07 5.64 3.92 6.92 1.090 1.055 1.213 yes
HIP25490 MIKE 5873 £99 3.89+0.18 —0.132 £ 0.063 2.40 2.54 0.05 5.69 3.95 8.94 1.080 0.993 1.292 no
HIP26380 MIKE 6008 + 151 433+0.25 —0.244 + 0.086 243 241 0.03 5.28 322 8.46 0.987 0.946 1.107 yes
HIP26534 MIKE 5918 + 56 420+0.11 -0.092 + 0.038 2.15 2.16 0.05 7.03 542 7.68 1.036 1.016 1.096 no
HIP26729 MIKE 5908 + 159 429 +0.27 0.032 +0.092 2.07 2.09 0.05 5.14 3.12 8.10 1.050 0.985 1.181 no
HIP27058 MIKE 5833 +£76 417 £0.16 -0.109 £ 0.053 1.49 1.51 0.05 8.16 5.68 9.23 1.005 0.971 1.090 no
HIP28428 MIKE 5723 £ 68 3.86 +0.12 -0.355£0.043 2.40 2.40 0.03 6.18 4.33 9.57 1.070 0.987 1.243 no
HIP30114 MIKE 5898 + 94 4.54+0.15 0.132 £ 0.052 1.04 1.08 0.07 1.86 1.45 5.35 1.081 1.039 1.124 yes
HIP30232 MIKE 5898 + 80 4.55+0.15 —0.142 + 0.052 1.05 1.07 0.05 2.87 1.94 6.86 1.006 0.973 1.043 no
HIP3169 MIKE 6103 + 100 3.98 £0.20 —0.073 £ 0.068 1.45 1.45 0.05 4.34 3.06 541 1.184 1.118 1.386 no
HIP33371 MIKE 5863 +78 4.03 +0.15 —0.199 + 0.050 2.37 2.37 0.05 7.38 5.57 9.17 1.031 0.981 1.167 no
HIP35209 MIKE 5978 £ 133 449 +0.21 0.076 £ 0.074 2.33 2.34 0.03 2.84 1.90 6.17 1.081 1.026 1.162 no
HIP36481 MIKE 5748 £ 76 3.87+0.18 —0.230 = 0.061 2.15 2.17 0.03 6.06 4.07 10.03 1.032 0.978 1.292 no
HIP36809 MIKE 5823 £ 111 3.61 £0.26 —0.156 = 0.086 2.09 2.11 0.05 2.90 1.95 7.21 1.109 1.086 1.710 no
HIP37032 MIKE 5663 £ 79 4.11 £0.14 —0.231 £ 0.051 2.12 2.14 0.05 11.42 8.32 13.02 0.917 0.890 1.036 no
HIP38120 MIKE 5673 +£98 3.81 £0.19 —0.320 = 0.065 2.28 2.29 0.05 5.93 3.73 10.89 1.025 0.953 1.309 no
HIP4093 MIKE 5788 £ 76 4.12+0.13 0.015 £ 0.044 1.53 1.51 0.07 7.94 6.07 9.10 1.026 0.998 1.127 no
HIP42030 MIKE 5873 +£93 4.14 +0.17 —0.075 £ 0.059 2.15 2.16 0.05 7.32 4.87 8.55 1.032 0.992 1.137 yes
HIP42123 MIKE 5803 + 135 3.56 £0.21 —0.135+0.073 1.15 1.19 0.05 2.34 1.66 553 1411 1.187 1.800 no
HIP44696 MIKE 5848 + 86 3.86 +0.15 0.014 £ 0.051 1.89 1.74 0.05 4.65 3.50 691 1.210 1.109 1.396 no
HIP44927 MIKE 5908 + 109 3.85+0.20 —0.280 £ 0.070 1.20 1.21 0.07 5.12 3.46 8.46 1.052 1.002 1.342 no
HIP46388 MIKE 6008 + 61 438 +0.11 0.109 +0.037 2.09 2.11 0.05 2.56 1.59 4.36 1.121 1.093 1.162 no
HIP49024 MIKE 5933 + 84 4.09 +0.16 =0.121 £ 0.055 2.09 2.10 0.05 6.67 4.77 7.79 1.052 1.015 1.174 no
HIP54582 MIKE 5808 + 73 4.14+0.13 -0.132 £0.044 1.65 1.58 0.05 8.63 6.74 9.86 0.986 0.964 1.083 no
HIP58331 MIKE 5893 +£70 3.58+0.12 —0.280 £ 0.039 0.95 0.97 -1 2.27 1.77 3.40 1.564 1.354 1.687 no
HIP66974 MIKE 5748 £ 83 3.89+0.16 —0.084 +0.053 2.01 2.04 0.03 5.83 4.12 8.86 1.097 1.029 1.309 no

Table A.3: Specifications for the subgiants
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A.3. a CENTAURI A
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APPENDIX A. TABLES

A(A) Element X1 (eV) loggf HARPS MIKE A(A) Element X1 (eV) loggf HARPS MIKE A(A) Element X1 (eV) loggf HARPS MIKE
6046.00 16.0 7.868 -0.100 387 31.7 5224.30 22.0 2.134 1.349 59.6 64.8 4827.45 23.0 0.040 -1.478 24.6 -
6052.66 16.0 7.870 -0.400 26.1 20.3 5247.29 22.0 2.103 0.229 17.9 15.6 4875.49 23.0 0.040 -0.806 71.0 -
6743.54 16.0 7.866 -0.600 - 17.8 5252.10 22.0 0.048 0.004 595 83.1 4881.56 23.0 0.069 -0.657 80.2 -
6757.17 16.0 7.870 -0.353 253 38.2 5295.77 22.0 1.067 0.026 20.7 19.8 5670.85 23.0 1.081 -0.425 30.0 29.4
451227 20.0 2.526 -1.901 383 - 5299.98 22.0 1.050 0.034 335 383 5703.59 23.0 1.051 -0.212 50.7 50.5
5260.39 20.0 2.521 -1.719 49.9 55.1 5426.26 22.0 0.020 0.001 10.9 12.4 5727.05 23.0 1.081 -0.012 54.4 56.2
5261.71 20.0 2.520 -0.677 136.1 133.0 5471.20 22.0 1.440 0.040 14.3 149 5727.65 23.0 1.051 -0.875 13.7 -
5349.47 20.0 2.710 -0.581 116.8 126.8 5474.23 22.0 1.460 0.059 19.4 245 5731.25 23.0 1.064 -0.732 18.9 19.9
5512.98 20.0 2.930 -0.559 120.2 121.4 5474.46 22.0 2.340 0.141 6.9 74 5737.06 23.0 1.064 -0.736 20.1 -
5867.56 20.0 2.933 -1.570 36.9 38.8 5490.15 22.0 1.460 0.133 36.3 314 6039.73 23.0 1.064 -0.652 20.7 229
6156.02 20.0 2.520 -2.497 18.5 272 5503.90 22.0 2.580 0.605 29.7 314 6081.44 23.0 1.051 -0.579 249 273
6161.30 20.0 2.523 -1.266 90.6 94.4 5648.57 22.0 2.490 0.389 16.4 154 6090.21 23.0 1.081 -0.062 49.9 48.0
6163.75 20.0 2.521 -1.286 78.6 80.6 5662.15 22.0 2.318 1.023 38.8 453 6111.65 23.0 1.043 -0.714 184 193
6166.44 20.0 2.521 -1.142 87.0 86.0 5689.46 22.0 2.297 0.437 24.0 19.8 6119.53 23.0 1.064 -0.320 327 39.4
6169.04 20.0 2523 -0.797 115.1 118.9 5702.66 22.0 2.292 0.257 129 17.9 6135.36 23.0 1.051 -0.746 184 19.1
6449.82 20.0 2.520 -0.733 1243 139.9 5716.44 22.0 2.297 0.191 11.5 13.7 6199.19 23.0 0.287 -1.286 - 242
6455.60 20.0 2.523 -1.340 70.7 76.1 5737.07 22.0 1.060 0.153 20.1 19.5 6216.36 23.0 0.275 -0.830 - 583
6471.66 20.0 2.526 -0.686 112.3 111.9 5739.46 22.0 2.249 0.251 12.0 6224.51 23.0 0.290 -1.935 9.1 11.6
6499.65 20.0 2.523 -0.818 105.0 105.5 5766.33 22.0 3.290 2.118 15.6 6242.83 23.0 0.262 -1.553 - 19.2
6572.80 20.0 0.000 -4.280 60.1 485 5866.45 22.0 1.066 0.145 65.2 6243.11 23.0 0.301 -0.979 - 532
4743.82 21.0 1.448 2.642 17.4 - 5953.17 22.0 1.890 0.537 529 6251.82 23.0 0.287 -1.343 - 25.6
5081.56 21.0 1.448 2.944 14.9 12,5 5965.84 22.0 1.880 0.322 44.8 6274.65 23.0 0.267 -1.674 - 14.3
5520.50 21.0 1.870 3.648 12.6 16.9 5978.55 22.0 1.870 0.250 45.7 6285.16 23.0 0.275 -1.513 - 16.3
5671.83 21.0 1.448 3.126 24.1 22.1 6064.63 22.0 1.050 0.011 13.1 6292.82 23.0 0.287 -1.471 - 19.7
5686.86 21.0 1.439 2.377 20.3 15.8 6091.18 22.0 2.267 0.427 23.1 6531.41 23.0 1.218 -0.836 16.4 15.0
5318.37 21.1 1.357 0.010 - 215 6126.22 22.0 1.066 0.038 32.0 4511.90 24.0 3.090 0.407 59.8 -
5526.82 21.1 1.770 1.380 100.3 97.8 6258.10 22.0 1.443 0.502 64.4 4535.13 24.0 2.544 0.102 50.0 -
5657.88 21.1 1.510 0.472 883 92.1 6261.10 22.0 1.429 0.332 69.2 4541.06 24.0 2.545 0.072 434 -
5667.14 21.1 1.500 0.094 60.4 61.7 6303.75 22.0 1.443 0.031 13.1 4545.94 24.0 0.940 0.049 113.3 -
5669.06 21.1 1.500 0.063 59.2 58.0 6312.23 22.0 1.460 0.032 11.6 4575.11 24.0 3.370 0.099 21.3 -
5684.21 21.1 1.507 0.084 61.1 60.8 6599.10 22.0 0.900 0.009 14.8 4600.75 24.0 1.000 0.035 99.1 -
6245.64 21.1 1.507 0.092 494 51.0 6743.13 22.0 0.899 0.023 30.6 4626.18 24.0 0.970 0.034 103.8 -
6320.84 21.1 1.500 0.012 21.1 234 7357.73 22.0 1.443 0.086 - 4633.26 24.0 3.125 0.078 18.8 -
6604.58 21.1 1.357 0.049 53.0 55.8 7949.15 22.0 1.500 0.035 - 4700.60 24.0 2.710 0.056 223 -
451273 22.0 0.840 0.380 85.0 - 8426.50 22.0 0.826 0.064 - 4708.02 24.0 3.168 1.230 732 -
4518.02 22.0 0.830 0.537 88.9 - 8675.37 22.0 1.067 0.024 - 4730.72 24.0 3.080 0.452 71.8 -
4555.48 22.0 0.850 0.372 822 - 8682.98 22.0 1.053 0.013 - 474527 24.0 2.708 0.042 26.0 -
4562.64 22.0 0.020 0.003 17.7 - 4409.52 22.1 1.231 -2.570 542 - 4767.86 24.0 3.560 0.252 26.8 -
4617.28 22.0 1.750 2.818 78.5 - 4444.54 22.1 1.116 -2.210 82.9 - 4775.14 24.0 3.550 0.094 15.4 -
4645.19 22.0 1.730 0.216 48.2 - 4493.52 22.1 1.080 -2.830 56.0 - 4789.34 24.0 2.544 0.449 85.6 -
4656.47 22.0 0.000 0.049 88.4 - 4563.77 22.1 1.220 -0.690 214.9 - 4801.05 24.0 3.122 0.740 65.5 -
4675.11 22.0 1.070 0.115 533 - 4583.41 22.1 1.165 -2.870 48.5 - 4885.73 24.0 2.544 0.088 49.9 -
4722.61 22.0 1.050 0.037 30.3 - 4609.27 22.1 1.180 -3.430 252 - 4936.34 24.0 3.113 0.579 59.9 62.8
4758.12 22.0 2.249 3.027 58.2 - 4636.32 22.1 1.165 -3.020 35.8 - 4953.71 24.0 3.122 0.033 10.7 -
4759.27 22.0 2.256 3.715 59.6 - 4657.21 22.1 1.243 -2.320 72.8 - 4964.93 24.0 0.940 0.003 572 584
4778.26 22.0 2.236 0.603 26.7 - 4705.62 22.1 5.648 -1.830 66.0 - 5214.14 24.0 3.370 0.164 26.6 234
4820.41 22.0 1.500 0.407 583 - 4708.66 22.1 1.237 -2.370 69.9 - 522091 24.0 3.385 0.129 18.7 -
4840.88 22.0 0.900 0.355 83.7 - 4719.53 22.1 1.243 -3.280 214 - 5238.96 24.0 2.710 0.037 26.1 27.8
4874.88 22.0 3.320 0.407 484 - 4749.55 22.1 5.638 -1.780 69.6 - 5241.45 24.0 2.710 0.012 9.0 8.7
4913.62 22.0 1.870 1.660 68.8 72.6 4764.52 22.1 1.237 -2.770 50.3 - 5247.57 24.0 0.960 0.024 100.4 98.9
4964.71 22.0 1.969 0.151 14.5 20.8 4798.53 22.1 1.080 -2.670 59.5 - 5272.01 24.0 3.449 0.379 35.8 35.0
4997.10 22.0 0.000 0.007 449 439 4865.61 22.1 1.116 -2.810 579 - 5287.20 24.0 3.438 0.129 17.8 15.8
5016.16 22.0 0.850 0.302 77.8 84.7 4874.01 22.1 3.095 -0.800 48.7 - 5296.69 24.0 0.983 0.039 115.0 116.2
5022.87 22.0 0.826 0.419 95.0 88.3 4911.20 22.1 3.120 -0.610 78.4 929 5297.39 24.0 2.900 1.000 105.2 1358
5024.85 22.0 0.818 0.275 94.6 86.1 5005.16 22.1 1.566 -2.720 34.1 32.0 5300.74 24.0 0.983 0.008 789 79.6
5039.96 22.0 0.020 0.063 94.3 110.1 5145.69 22.1 5.424 -1.180 9.2 - 5304.18 24.0 3.464 -0.681 - 229
5064.06 22.0 2.690 0.338 10.0 15.5 5154.08 22.1 1.570 -1.750 106.8 107.7 5312.87 24.0 3.449 -0.556 - 29.4
5071.49 22.0 1.460 0.160 44.1 453 5185.91 22.1 1.890 -1.490 753 793 5318.81 24.0 3.438 -0.679 - 27.0
5087.06 22.0 1.430 0.166 - 545 5211.53 22.1 2.590 -1.160 49.9 45.5 5340.47 24.0 3.438 0.186 382 -
5113.44 22.0 1.443 0.187 40.0 525 5336.78 22.1 1.582 -1.630 - 91.4 5480.51 24.0 3.500 0.120 18.2 14.7
5145.46 22.0 1.460 0.303 57.1 50.9 5381.02 22.1 1.566 -1.970 90.2 85.1 5574.39 24.0 4.450 0.191 8.0 5.7
5147.48 22.0 0.000 0.011 52.0 - 5418.77 22.1 1.582 -2.110 66.8 64.0 5628.62 24.0 3.422 0.175 232 22.8
5152.18 22.0 0.021 0.011 S1.1 513 5490.69 22.1 1.566 -2.430 30.2 29.6 5719.81 24.0 3.013 0.024 12.1 -
5186.33 22.0 2.117 0.170 10.6 - 6606.98 22.1 2.061 -2.760 15.1 14.5 5781.16 24.0 3.011 0.100 26.1 28.7
5219.70 22.0 0.021 0.006 40.2 41.8 4586.37 23.0 0.040 -0.793 63.9 - 5783.07 24.0 3.232 0.331 44.6 46.7
5223.62 22.0 2.092 0.324 - 28.8 4594.12 23.0 0.069 -0.672 76.3 - 5783.87 24.0 3.322 0.513 62.7 65.5
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A.3. a CENTAURI A
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