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Zusammenfassung

Runaway-Sterne des Spektraltyps O und B sind massereiche und demzufolge junge Sterne, die
sich tiberraschenderweise von den Sternentstehungsgebieten der Milchstral3e, wie zum Beispiel
deren Spiralarme, wegbewegen oder bereits wegbewegt haben. Es wird daher vermutet, dass
diese Sterne aus ihrer Geburtsumgebung herausgeschleudert worden sind. Mogliche Auswurf-
szenarien sind dynamische Wechselwirkungen in dicht gepackten Sternhaufen, beispielsweise
der sehr nahe Vorbeiflug zweier Doppelsternsysteme, oder eine Supernovaexplosion, die ein
Doppelsternsystem zerreift. Erkenntnisse tiber den Ursprung von Runaway-Sternen des Spek-
traltyps O und B konnen fiir mehrere, ansonsten eigenstidndige Forschungsbereiche der As-
tronomie von grofler Bedeutung sein. So konnten diese Sterne etwa Informationen liefern iiber
das Gravitationspotential der Milchstrale und ihres Halos aus dunkler Materie, iiber Sternent-
stehung und (Doppel-)Sterentwicklung als auch iiber stellare Nukleosynthese wihrend Super-
novaexplosionen. Insbesondere konnten die Runaway-Sterne den ersten empirischen Nachweis
dafiir liefern, dass der Prozess des schnellen Neutroneneinfangs in Kernkollaps-Supernova-
explosionen stattfindet. In dieser Arbeit werden 18 Runaway-Sterne des Spektraltyps O und
B sowohl spektroskopisch als auch kinematisch untersucht um daraus Schlussfolgerungen iiber
ihre Herkunft zu ziehen.

Das Herzstiick unserer kinematischen Untersuchung ist die Berechnung von Sterntrajekto-
rien im Gravitationspotential der Milchstrafle. Letzteres wird typischerweise anhand von Mo-
dellen abgeleitet, welche die beobachtete Massenverteilung innerhalb der Galaxis beschreiben.
Realistische, aber dennoch einfache und vollkommen analytische Massenmodelle sind bereits
in der Vergangenheit préasentiert worden. In der Zwischenzeit sind jedoch verbesserte Beobach-
tungsdaten verfiigbar geworden, die zur Kalibrierung der Modelle genutzt werden konnen. Um
diesen neuen Beobachtungen Rechnung zu tragen, werden in dieser Arbeit drei weit verbreitete
Modellpotentiale iiberarbeitet. Die Masse des Halos aus dunkler Materie wird hierbei — in-
nerhalb der Beschrinkungen der angewendeten Modelle — auf vollkommen konsistente Weise
abgeschitzt. Als erste Anwendung wird tiberpriift, ob die Gro8e Magellansche Wolke wirklich
als Ursprungsort fiir den extremen Runaway-Stern HE 0437-5439 in Frage kommt.

Grundlage fiir die spektroskopische Untersuchung ist eine neuartige, eigens entwickelte
Strategie. Sie ist objektiver und erheblich effizienter als traditionelle Methoden und ist ins-
besondere auch auf Spektren von doppellinigen spektroskopischen Doppelsternen anwendbar.
Mithilfe von 63 Referenzsternen aus der niheren Sonnenumgebung wird der neue Ansatz an-
schlieBend ausgiebig getestet, wobei folgende Ergebnisse erzielt werden: (i) Die vermutlich
grofBte systematische Unsicherheit bei der Parameterbestimmung massereicher Sterne liegt in
der Beschreibung der Verbreiterung der Balmerlinien durch den Stark-Effekt. Zwei konkur-
rierende atomphysikalische Verbreiterungstheorien werden hierzu verglichen und die daraus
resultierenden systematischen Unterschiede werden quantifiziert. (ii) Den hoch gesteckten Ver-
gleichstest, der durch den kosmischen Haufigkeitsstandard (CAS) gesetzt wird, besteht die neue
Strategie fiir differentielle Analysen. Fiir absolute Elementhidufigkeiten besteht noch Verbes-
serungsbedarf, insbesondere fiir spite B-Sterne. Letztere wurden allerdings beim CAS noch
nicht beriicksichtigt. Die Referenzsterne eignen sich ausgezeichnet, um bei (Runaway-)Sternen
Haufigkeitsanomalien mit bisher unerreichter Genauigkeit differentiell nachzuweisen. (iii) Die
hohe chemische Homogenitit von massereichen Sternen in der niheren Sonnenumgebung wird
hier bestétigt und zusétzlich fiir drei chemische Elemente erstmals nachgewiesen. (iv) In 16
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Referenzsternen findet sich bereits die charakteristische Signatur des Wasserstoffbrennens mit-
tels des CNO-Doppelzykluses. Vergleiche mit Vorhersagen der Sternentwicklungstheorie sind
erfolgreich und untermauern somit gingige Sternentwicklungsmodelle. (v) Diese Arbeit liefert
einen in dieser Form noch nie erbrachten empirischen Befund dafiir, dass mikroskopische Tur-
bulenzen innerhalb der Photosphire von massereichen Sternen von einer Konvektionszone un-
terhalb der Photosphére verursacht werden.

Zu guter Letzt werden die iiberarbeiteten Massenmodelle der MilchstraBe und die neue
spektroskopische Analysestrategie dazu verwendet, Nachforschungen iiber den Ursprung von
18 Runaway-Sternen des Spektraltyps O und B anzustellen. Um chemische Besonderheiten
aufzudecken, werden die Héufigkeiten relativ zu denen der Referenzsterne bestimmt.

Die chemische Analyse ergibt: (i) Wihrend die Héaufigkeitsmuster von neun Objekten nor-
mal sind, treten bei vier Runaway-Sternen Anomalien in der chemischen Zusammensetzung
auf die moglicherweise auf atmosphirische Diffusionsprozesse hinweisen, also nicht mit dem
Ejektionsmechanismus in Zusammenhang stehen. (ii) Mehr oder weniger deutliche Hinweise
dafiir, dass von einer Supernova ausgestoflenes Material auf der Sternoberfliche angesammelt
wurde, finden sich in fiinf Objekten. Diese konnten also durch den Doppelstern-Supernova
Mechanismus ausgeworfen worden sein. (iii) Der Stern PG 1315—-077 entpuppt sich als Dop-
pelsternsystem, in dem beide Komponenten normale chemische Haufigkeiten aufweisen.

Um Informationen tiber den méglichen Geburtsort innerhalb der galaktischen Scheibe, tiber
die Auswurfgeschwindigkeit oder iiber die Flugzeit zu erhalten, werden die Trajektorien der
Runaway-Sterne zuriick zur galaktischen Scheibe gerechnet. Es ergibt sich unter anderem:
(1) Das Runaway-Szenario kann fiir alle Sterne bestitigt werden mit Ausnahme von Stern
HD 22586, dessen Flugzeit sein Entwicklungsalter iibersteigt. (ii) Die Sterne HD 271791 und
HIP 60350 sind moglicherweise nicht an die MilchstraBe gebunden und wiirden in den inter-
galaktischen Raum entweichen. (iii) Im Rahmen des Runaway Szenarios benétigt das oben
erwihnte Doppelsternsystem PG 1315—-077 eine sehr hohe Ejektionsgeschwindigkeit. Das su-
permassereiche Schwarze Loch im Zentrum unserer Galaxis konnte durch seine Gezeitenkrifte
ein hierarchisches Dreifachsternsystem zerrissen und das Doppelsternsystem somit ausgewor-
fen haben.

Ausgehend von dieser Arbeit konnen in Zukunft einige neue Projekte angegangen bezie-
hungsweise bestehende fortgefiihrt werden. So lassen sich bespielsweise die Massenmodelle
der Milchstrae noch deutlich realistischer gestalten um die kiinftigen hoch genauen astrome-
trischen Messungen des Gaia Satelliten interpretieren zu konnen. Des Weiteren erodffnet die
Entwicklung der neuen spektroskopischen Analysestrategie die Moglichkeit, die Spektren einer
groBen Anzahl von massereichen (Runaway-)Sternen in kurzer Zeit und auf homogene Weise
zu untersuchen. In jiingster Zeit mehren sich die Anzeichen, dass es unter O- und B-Sternen
weit mehr Doppelsterne gibt als bisher angenommen. Daher wird die Anwendung der neuen
Methode auf iiberlagerte Spektren besonders in den Fokus riicken.



Abstract

Runaway stars of spectral type O and B are massive and thus young stars that, surprisingly,
are currently leaving or already have left the star-forming regions of the Milky Way, i.e., the
spiral arms inside the Galactic disk. They are therefore supposed to be the result of an ejection
event that forced them to run away from their original place of birth. Possible ejection scenarios
encompass dynamical interactions in dense star clusters, such as close binary-binary encounters,
or a supernova explosion disrupting a binary system. Unraveling the origin of runaway OB stars
can bring new insights into several distinct fields of astronomy. For example, they can tell us
something about the structure and gravitational potential of the Milky Way and its dark matter
halo, about star formation and stellar (binary) evolution, and about stellar nucleosynthesis in
supernova explosions. In particular, runaway stars could provide the first observational evidence
that the rapid neutron capture process is taking place during core-collapse supernovae. In this
thesis, a combined spectroscopic and kinematic analysis of 18 runaway OB stars is presented to
reveal some clues about their past.

The core of our kinematic investigation is the computation of stellar trajectories in the grav-
itational potential of the Milky Way. The latter is typically inferred from modeling the observed
mass distribution inside the Galaxy. Realistic, yet simple and fully analytical mass models have
already been presented in the past. However, improved as well as new observational constraints
have become available in the meantime calling for a recalibration of the respective model pa-
rameters. Therefore, three widely used model potentials are revisited in this work to match the
most recent observations. The mass of the dark matter halo is — within the limitations of the
applied models — estimated in a fully consistent way. As a first application, the trajectory of
the extreme runaway star HE 0437-5439 is re-investigated to check its suggested origin in the
Large Magellanic Cloud.

For the spectroscopic investigation, a novel analysis strategy is presented here. It is more
objective and considerably faster than traditional methods and is also applicable to compos-
ite spectra of double-lined spectroscopic binary systems. By applying it to a sample of 63
nearby reference stars, the new approach is thoroughly tested and the following results are ob-
tained: (i) It is shown that the use of different Balmer line Stark broadening theories for the
spectroscopic analysis introduces a non-negligible source of systematic uncertainty to the pa-
rameter determination in massive stars. (ii) For differential analyses, the new strategy passes
the ambitious benchmark test provided by the cosmic abundance standard (CAS). In contrast,
the determination of highly precise absolute abundances needs some revision, particularly in
the case of late B-type stars. However, the latter were not considered in the CAS study at all.
Using abundances relative to the reference stars, it is possible to identify abundance anomalies
in other stars (like runaway stars) with unprecedented accuracy. (iii) The high degree of chem-
ical homogeneity of nearby massive stars, which was found in a previous study, is confirmed
and extended to three additional chemical species. (iv) The observed signature of hydrogen
burning via the CNO bi-cycle, which is detected in 16 of the reference stars, is successfully
checked against theoretical predictions. (v) Unprecedented observational support is provided
for the assumption that the photospheric microturbulent motion in massive stars is linked to a
sub-photospheric convective motion.

Finally, the revised Milky Way mass models and the new spectroscopic analysis strategy are
employed to investigate the origin of 18 runaway OB stars. Abundances relative to the reference
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stars are determined in order to detect chemical peculiarities.

The abundance analysis reveals: (i) While the abundance patterns of nine objects are normal,
peculiar chemical compositions emerge for four runaway stars, which, however, rather hint at
atmospheric diffusion processes than being related to a specific ejection mechanism. (ii) More
or less clear indications for the capture of supernova ejecta are found for the remaining five
targets. They are therefore good candidates for the supernova ejection scenario. (iii) Object
PG 1315-077 turns out to be a runaway binary system with normal chemical composition.

Stellar trajectories are traced back to the Galactic plane to deduce a runaway star’s possible
birthplace in the Galactic disk, its ejection velocity, or its time of flight. Among others, the
following results are obtained: (i) All stars are consistent with the runaway scenario except for
HD 22586, whose flight time is in excess of its evolutionary age. (ii) The stars HD 271791 and
HIP 60350 are possibly gravitationally unbound to the Milky Way. (iii) The ejection velocity
of the runaway binary system PG 1315—-077 is quite large. It could be the result of the tidal
disruption of a hierarchical triplet system by the supermassive black hole at the Galactic center.

This thesis provides the basis for several existing and future projects. For instance, the
Milky Way mass models can be further improved to account for the upcoming highly precise
astrometric data by the Gaia satellite. In addition, the development of the novel strategy for
the spectroscopic investigation makes it possible to homogeneously analyze spectra of a large
number of massive (runaway) stars in a short time. Since massive binary systems are currently
a hot topic in the community, the application to composite spectra is certainly one of the most
promising aspects to mention here.
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1 Introduction/Motivation

Figure 1.1: Runaway stars of spec-
tral type O and B are massive and
thus young stars that, surprisingly,
are currently leaving or already have
left the star-forming regions of the
Milky Way, i.e., the spiral arms in-
side the Galactic disk. They are
therefore supposed to be the result
of an ejection event that forced them
to run away from their original place
of birth. See Appendix A for an an-
imated version of this figure.

The Milky Way is our host galaxy! and is yet only one out of a countless number of galaxies
that populate the entire universe. Each galaxy itself is formed of billions of constituents that are
bound to each other by gravitation. Obviously, the most prominent constituents are the shining
objects visible to the eye — the stars. They can be classified, for instance, according to their mass
and evolutionary status. Interestingly, the lifetime of stars is decreasing with increasing stellar
mass. Low mass stars like the Sun live for billions of years while massive stars of more than
three solar masses end their lives after only a few hundred million years and less. Therefore,
massive stars are generally expected to be found only within or close to star-forming regions,
i.e., the spiral arms within the galactic disk of spiral galaxies such as the Milky Way. However,
this view is challenged by a tiny but fascinating class of stars, namely the runaway stars of
spectral type O and B. Runaway OB stars are massive and thus young stars that, surprisingly,
are currently leaving or already have left the star-forming regions inside the Galactic disk. Some
of them are even located in the halo of our Galaxy, thousands of parsecs away from the Galactic
disk. They are supposed to be the result of an ejection event that forced them to run away from
their original place of birth.

Possible ejection scenarios encompass dynamical interactions in star clusters — either initial
dynamical relaxation (Poveda et al. 1967) or close many-body encounters such as binary-binary
interactions (Leonard & Duncan 1988, Fig. 1.2) — or a supernova explosion disrupting a binary
system (Blaauw 1961, Fig. 1.3). The ejection velocity depends strongly on the details of the
encounter or on the configuration of the progenitor binary system. Nevertheless, one may state
as a general rule that the more massive and the closer the involved components are, the larger
is the velocity with which the runaway star is leaving its former host system. Typical values
for the ejection velocity range from a few dozen to several hundred kilometers per second.
While the chemical composition at the surface of the runaway star is not changed at all during
dynamical interactions, the opposite can be true in the case of the supernova scenario. If the two
components are sufficiently close, material ejected by the exploding primary might be accreted

Note that “Galaxy” is a synonym to “Milky Way” whereas “galaxy” is a general term.
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a: Exchange of partners. No ejection. b: Formation of a stable triplet system. Single ejection.

Figure 1.2: Dynamical binary-binary inter-
actions visualized with the help of trails:
Two initially separated binary systems — red
and yellow, blue and green — interact via a
spatially close encounter resulting in (a) an
exchange of partners, (b) formation of a hi-
erarchical triplet system and ejection of the
blue star, or (c) formation of a new binary
system and ejection of the blue and red stars.
See Appendix A for an animated version of
this figure.

c: Formation of a new binary system. Double ejection.

by its companion leading to a pollution of its atmosphere with characteristic supernova products.
This signature, which can survive in massive stars for a long time due to the absence of a large
outer convection zone, is expected to be more pronounced in the fastest and thus most extreme
runaway stars since those stem from the closest progenitor systems.

Interest in runaway stars has been revived recently by the discovery of a new class of ex-
treme velocity stars (Brown et al. 2005; Edelmann et al. 2005; Hirsch et al. 2005), the so-called
hypervelocity stars, traveling at such a high velocity that they escape from the Galaxy. They
were first predicted by theory (Hills 1988) to be the result of the tidal disruption of a binary sys-
tem by a supermassive black hole that accelerates one component beyond the Galactic escape
velocity (the Hills mechanism, Fig. 1.4). Because the Galactic center hosts such a supermassive
massive black hole, it is the suggested place of origin for the hypervelocity stars. However, this
paradigm has been challenged recently by the young hypervelocity star HD 271791 because its
kinematics point to a birthplace in the metal-poor rim of the Galactic disk (Heber et al. 2008).
Przybilla et al. (2008b) presented a high-precision quantitative spectral analysis that indicated
a pollution with supernova ejecta. They conclude that HD 271791 is the surviving secondary
of a massive binary system disrupted in a supernova explosion. Because a similar scenario has
been proposed for the origin of runaway B stars by Blaauw (1961), Przybilla et al. coined the
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a: Initially bound binary system. b: Supernova explosion.

Figure 1.3: Disruption of a binary system by
a supernova explosion: The primary compo-
nent (red) of an initially bound system ex-
plodes in a symmetric supernova explosion
reducing its mass significantly. The sec-
ondary star (blue) is hence so weakly at-
tracted by the supernova remnant (white) that
it is able to leave the former binary as a high-
velocity runaway star. See Appendix A for
an animated version of this figure.

c: Release of the runaway star.

term hyper-runaway star for the most extreme runaways that exceed their local Galactic es-
cape velocity. According to Irrgang et al. (2010), the star HIP 60350 qualifies as a candidate
hyper-runaway star. If indeed true, it would be the second one in this extremely rare class of
objects.

In the long term, the analysis of runaway OB stars can bring new insights into several dis-
tinct fields of astronomy. Once a sufficiently large sample of them will be analyzed, their spatial
as well as velocity distribution may be used to constrain the structure, e.g., the location of the
spiral arms (Silva & Napiwotzki 2013), and the gravitational potential of the Milky Way. More-
over, runaway stars are decisive for the discussion as to whether or not in-situ star formation
outside the Galactic disk, which is believed to be impossible because the halo is almost devoid
of interstellar matter and existing clouds are of too low densities to form stars, can be considered
as a serious alternative to the standard picture. They are also valuable probes for the dynamics
occurring during many-body interactions and supernova explosions. Furthermore, models of
stellar and binary evolution have to account for their peculiar characteristics. In addition, quan-
titative abundance analyses of supernova-induced runaway stars can give hints about complex
processes such as envelope ejection and nucleosynthesis in those explosions. The detection of
enhanced concentrations of elements fused via the rapid capture of neutrons would be the first
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Figure 1.4: The tidal disruption of an ini-
tially bound binary system (red and blue
trails) by a massive black hole (gray trail)
can accelerate one component (blue) at the
expense of the other component’s (red) po-
tential energy. According to Hills (1988),
ejection velocities up to a few thousand
kilometers per second are possible with this
so-called Hills or slingshot mechanism. See
Appendix A for an animated version of this
figure.

observational evidence for the assumption that this so-called r process is taking place during su-
pernova explosions. The latter, however, is a very ambitious task and would require high-quality
ultraviolet spectra which are hard to obtain and even harder to model.

With the preceding aspects in mind, the immediate goal of this study is to perform a com-
bined kinematic and spectroscopic analysis of a sample of 18 runaway stars in order to unravel
their origin. Several spectroscopic analyses have already been published but almost all of them
were inconclusive. This is because the expected anomalies are subtle and require a high degree
of accuracy that has not been achieved so far. In a rigorous approach, we update the kinematic
analysis tool to calculate stellar trajectories by accounting for the most recent observations
constraining the Galactic gravitational potential. In a second step, we develop a new spectro-
scopic analysis technique, investigate its most important systematic uncertainty (the hydrogen
line broadening due to the Stark effect), and apply it to a benchmark sample of normal O- and
B-type stars, which provides a reference for a differential analysis of runaway stars. In this way,
the precision of our abundance analysis is considerably increased enabling us to identify subtle
chemical anomalies with higher sensitivity than any previous investigation. The new method is
then applied to a sample of the kinematically most extreme halo stars known.

Chapter 2 summarizes textbook knowledge about stars (classification, structure, and evo-
lution), stellar nucleosynthesis, and the structure of the Galaxy to provide the required astro-
physical background knowledge. In Chapter 3, the basis for the kinematic investigation is laid
by calibrating three Milky Way mass models with the help of updated and new observational
constraints. Chapter 4 is a review about quantitative spectroscopy and addresses basic concepts
of spectrographs, data reduction, and the modeling of spectra. In Chapter 5, a newly developed
method for an objective spectroscopic analysis of massive stars is introduced. The broadening
of hydrogen lines via the Stark effect, which turns out to be a major source of uncertainty in the
spectroscopic analysis of massive stars, is discussed in Chapter 6. The new spectral analysis
method is thoroughly tested in Chapter 7 by applying it to 63 nearby standard stars, which then
provides an important benchmark for the subsequent investigation of the main sample, i.e., the
18 runaway stars, in Chapter 8. Finally, the thesis is rounded off by an outlook in Chapter 9.



2 Astrophysical background

This chapter, which is based on the textbooks of Clayton (1983), Carroll & Ostlie (1996), and
Karttunen et al. (2007) is intended to give the necessary astrophysical background for this thesis,
in particular for those readers that do not work in astronomy. The most important topics are
the classification, structure, and evolution of stars with special emphasis on OB-type stars,
nucleosynthesis, and the structure of the Milky Way. Several technical terms are introduced,
too.

2.1 Luminosity and effective temperature

The examination of distant stars is solely based on their emitted light because no further infor-
mation is obtainable. Therefore, a proper definition of physical quantities, which describe the
features of electromagnetic radiation, is advisable.

First of all, the specific intensity 7, is defined as the energy dE4 ; o, per frequency interval dv
that passes in time dr through an area dA,, in the direction of the solid angle d€2. The subscript
p in dA, indicates that the area projected onto the direction of the solid angle d€Q is referred to.
With 6 being the angle between the normal of the area and d€2, one has dA, = dA cos(6), which
gives

dEx q, = 1,dA,ddQdy = I, cos(9)dAdrdQdy . 2.1)

The total intensity / is obtained by integrating I, over all frequencies:

= f I,dv. (2.2)
0

In practice, I is of little interest due to the lack of spatial resolution (except for the Sun). Sum-
ming the geometrically weighted intensity over all possible directions yields an observable
quantity called flux F, which is the net amount of energy that flows through an area dA per
time interval dz, that is dEA , = FdAdr:

flcos(@)dQ:F: fFVdv: fflycos(ﬁ)dﬂdv. (2.3)
0 0 4

4r

The total energy emitted per unit time from the surface S of a star is called luminosity L,

L= f FydA, (2.4)

S

which simplifies to
L = 4nR%Fy (2.5)

in the case of a spherically symmetric star with radius R,.
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Assigning a surface temperature to a star is a nontrivial task. On the one hand, the stel-
lar surface is not a sharp but extended region with a nontrivial temperature structure. On the
other hand, the definition of temperature by statistical physics is, in principle, only valid in
thermodynamic equilibrium. Since stellar objects are close to but never completely in ther-
modynamic statistical equilibrium, the temperature assigned to a star depends on the physical
quantity used for its determination. One definition of a stellar surface temperature relies on
the Stefan-Boltzmann law, which states that the flux emitted by a blackbody is equal to o-sgT*,
where osg is the Stefan-Boltzmann constant and 7' the temperature of the emitter. The ap-
plication of this law to the surface of a star defines the effective temperature 7. according to
F¢ =o0gp T:ﬁ, which, in combination with Eq. (2.5), can be used to link the effective temperature
T to the stellar luminosity and radius:

L=4nR0sT2 . (2.6)

2.2 Classification of stars

Almost all the information that can be obtained about a star stems from its spectrum, which is the
distribution of electromagnetic radiation with wavelength. Therefore, any stellar classification
scheme is based on spectral features, for instance the strength of certain emission or absorption
lines. The most common scheme is the Harvard classification, which was developed at Harvard
Observatory in the early 20th century. It is based on absorption lines that are mainly sensitive
to the stellar temperature, instead of gravity or luminosity. Among others, lines of hydrogen,
helium, magnesium, silicon, calcium, iron, and some other metals® are utilized. According to
the Harvard scheme, most stars can be divided into one of the seven groups labeled by the
capital letters O, B, A, F, G, K, and M. The effective temperature decreases from O to M. This
classification was recently extended by the classes L and T, which take the newly discovered
coolest stars and brown dwarfs into consideration. Due to historic reasons, O-, B-, and A-type
stars are sometimes called early-type stars. Hot objects like O- or B-type stars are characterized
by pronounced absorption lines of helium, hydrogen, and metals in high ionization levels® such
as Co/m, N n/mr, O ni/mi, and Simi/v. In contrast, the spectra of cool stars with spectral types G
to M are dominated by lines of neutral metals and molecular bands. In order to categorize even
more objects, additional groups have been introduced, for instance the classes S and C which
parallel M in temperature but show different spectral lines. Class WR (Wolf-Rayet) covers
objects of extremely high temperature, which exhibit broad emission lines of ionized helium
and highly ionized carbon, oxygen, and nitrogen. Subclasses with strong carbon and rather
weak nitrogen lines or vice versa are denoted WC or WN, respectively. A typical feature of
Wolf-Rayet stars is the radiation-driven stellar wind.

To understand why the visibility of lines is connected to the ionization stage of a chemi-
cal element and to the effective temperature, consider the following simplified picture. Each
spectral absorption line corresponds to a specific transition in an atom. Photons can only be
absorbed by an atom if the latter is in the lower of the two states that are involved in this transi-
tion. The strength of an absorption line increases with the number of absorbers and, therefore,

%In astronomy, the term “metal” refers to any element other than hydrogen or helium.
3The notation X1 stands for the neutral atom of species X, X i for the singly ionized atom, X m for the doubly
ionized atom and so on.
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Figure 2.1: Classification of stars with the
help of a schematic Hertzsprung-Russell
diagram. Position of dwarfs, (super)giants,
and white dwarfs are indicated. The lo-
cation of the Sun is marked by a yel-
low ®. Overlaid are evolutionary tracks
by Ekstrom et al. (2012) for stars with
initial masses of 1My, 3 My, 7M,, and
20 M. The hydrogen-burning (or main-
sequence) phase is coded in black color, the
subsequent helium-burning phase in gray.
This work focuses on OB dwarfs and sub-
giants, that is stars with effective temper-
o) B A F G K M Atures ranging from 12000K to 35000 K
Spectral class and masses between 3 Mg and 25 M.
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depends on the population of the lower state, which, in turn, is a function of the temperature and
the excitation and ionization energies of the respective atom. For example, the Balmer lines of
hydrogen are relatively weak in class O because a large fraction of the hydrogen atoms is ion-
ized owing to the high temperatures of these objects. With decreasing temperature, the fraction
of neutral hydrogen in the first excited state grows and finally reaches a maximum at spectral
class A, which shows the strongest and broadest hydrogen lines of all spectral types. However,
a further reduction of the temperature drives more and more hydrogen atoms in their ground
state and, thus, suppresses the Balmer transitions so that the Balmer lines become weak in stars
of spectral types K and M. A quantitative description can be given by the combined application
of the equations by Boltzmann (Eq. (4.35)) and Saha (Eq. (4.36)), where the former determines
the occupation numbers of excited states within an atom of fixed ionization stage and the latter
links different ionization stages by taking into account the available phase space of the released
electron.

To gain further insight into the nature of stars and their evolution, it is instructive to study the
correlation between spectral class/temperature and luminosity. This was done at the beginning
of the 20th century by the astronomers E. Hertzsprung and H. N. Russell, who discovered
one of the most fundamental relations of astrophysics: by plotting the spectral class versus
luminosity for a sufficient large number of stars, they found a clear pattern, which showed that
the evolution of stars is based on fundamental principles. A schematic version of such a so-
called Hertzsprung-Russell (HR) diagram is displayed in Fig. 2.1. In a simple picture, three
major groups can be distinguished, namely, dwarfs, (super)giants, and white dwarfs. Each of
these groups represents a distinct phase in the evolution of stars. The dwarfs are stars that
burn hydrogen in their cores to generate energy. This is the first and most important stage in
stellar evolution since it is the one that lasts longest. Approximately 80 to 90 percent of all stars
are in this phase. This also applies to the Sun, which has an effective temperature of 5785 K
(Karttunen et al. 2007). The dwarf phase is followed by the giant or supergiant phase, which
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is characterized by advanced burning stages in the stellar core after exhaustion of hydrogen,
which causes the star to change its structure and, thus, to expand. The inevitable destiny of
most stars is to become a white dwarf, which is a very compact and hence less luminous, high-
density object. It is slowly cooling down because no energy is created in its interior. White
dwarfs avoid gravitational collapse due to the pressure of the degenerate electron gas. However,
for stellar masses above the Chandrasekhar limit of 1.5 M, the gravitational force is so strong
that it can compress the matter to such high densities that the electrons are pressed into the
nuclei of atoms, which leads to the formation of neutrons out of protons. The resulting object is
called a neutron star and is stabilized by the pressure of the degenerate neutron gas. For masses
exceeding the larger Tolman-Oppenheimer-Volkoff limit of about 2-3 M,,, the neutron pressure
is not enough to stop the gravitational collapse. The object is turned into a black hole, which is
so compact that not even light can escape from it.

In the HR diagram, the dwarfs form a continuous band, which is often referred to as main
sequence. The position of a star on the main sequence depends on its initial mass. The massive
stars on the upper main sequence are hot and, hence, of spectral type O, B, or A, whereas the
less massive stars on the lower main sequence are cooler. The evolutionary tracks of four stars
with different initial masses are displayed in Fig. 2.1 to give an impression of how stars evolve
in the HR diagram.

2.3 Stellar structure

To get a feeling of how stellar evolutionary tracks are calculated, it is necessary to understand
the principle laws that describe the structure of stars. For the sake of simplicity, complex effects
like rotation, magnetic fields, gravitational collapse, or mass loss are neglected and only the
most simple case of a spherically symmetric star is considered here. The conditions inside a
star can then be expressed by the following system of four differential equations which link the
radial distribution of mass M(r), pressure P(r), luminosity L(r), temperature 7'(r), and density
p(r) to each other:

dM(r)

= 47rr2p(r) , (2.7a)
dr
dP(r) _ _GM(r)p(r) ’ (2.7b)
dr r?
dL(r) 5 B d_S
P 4rrep(r) (e T dt) , (2.7¢)
dr(r) _iiﬂ o dT'(r) T2 —=1T(r)dP(r) )
- dac T A (radiative)  or & - L P dr (convective). (2.7d)

Equation (2.7a) is the mass continuity equation M(r) = for Ani?p(7)d7 in its differential form.
Equation (2.7b) follows from the application of Newton’s second law to an infinitesimal mass
element dM = pdAdr at radial position r and the balance of gravitational and pressure force,
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a: Hydrostatic equilibrium. b: Energy conservation.

Figure 2.2: Left: The condition of a static stellar structure requires that the inbound gravita-
tional force is balanced by a pressure-induced outbound force, which yields the equation of
hydrostatic equilibrium Eq. (2.7b). Right: Energy conservation states that the difference in lu-
minosities of two adjacent shells is caused either by energy production or changes in the heat
energy in between the shells, which gives Eq. (2.7¢).

see Fig. 2.2a:
d’r d*r
dF = dM@ = p(r)dAdr@ .
dF =dF gravitation T dF pressure
M(r)dM M
_ _% +P(r)dA - P(r+dryda = -2 (r)’z ;r)dAdr ~dP(r)dA .
dP(r)  GM(r)p(r) d’r
= dr r? p() de?’

In equilibrium, the time derivative vanishes and the equation of hydrostatic equilibrium is ob-
tained. Equation (2.7c) is the equivalent of energy conservation. The quantity € is the energy
released per unit mass of stellar matter by nuclear reactions per unit time. It is a function of den-
sity p(r), temperature 7'(r), and the set of elemental abundances {n(x)}, € = € (o(r), T (r), {n(x)}).
The quantity S = S (o(r), T(r), {n(x)}) is the entropy per unit mass of stellar matter. There-
fore, the second term in Eq. (2.7¢) reflects that energy can also be absorbed or released in
form of heat dQ = TdS. Combining the definitions of € and S with Fig. 2.2b, one has
Anr’p(r)dre = L(r + dr) — L(r) + 4nr*p(r)drTdS /dt, which leads immediately to Eq. (2.7¢).
Equation (2.7d) determines the temperature gradient within the star, which is tightly connected
to the transport of energy. In principle, there are four possibilities for the latter: radiative trans-
fer, convection, conduction, and neutrino emission. Due to their weak interaction with matter,
neutrinos merely remove energy from the star instead of redistributing it. Hence, neutrino losses
are considered as a negative € in Eq. (2.7¢) and do not influence the temperature gradient. It can
be shown that the effects of conduction are non-negligible solely for extremely high densities,
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which are encountered, for instance, in white dwarfs, and are therefore not of interest for this
work. In main-sequence stars, energy is transported either by radiative transfer or convection.
To discriminate between them, consider a certain amount of gas enclosed in a perfectly elastic
balloon that is displaced adiabatically, that is without exchange of heat, by a small distance in
radial direction. Due to the negative pressure gradient (see Eq. (2.7b)) inside the star, the bal-
loon will expand to adopt the same pressure as its environment. Since the expansion is assumed
to be adiabatic, t