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Abstract

In this thesis we trace the cosmic history from the Epoch of Reionization to the local
universe by means of several spectroscopic studies. In the first part, we analyze 34
quasar spectra at 5.8 . Zey, - 6.5 and measure the redshift evolution of the opacity
of the intergalactic medium (IGM) within the Lyfi as well as the Lyfl forest to
set new constraints on the timing and morphology of the reionization epoch. We
find evidence for an extended reionization process down to z » 5, and, while the
observed scatter in the Lyfi forest optical depth can be well reproduced by current
state-of-the-art simulations including spatial fluctuations in the temperature field
or the ultraviolet background, we find a strong mismatch between simulations and
observations in the Lyfl forest opacity, suggesting an inversion of the thermal state
of the post-reionization IGM.

We also measure the sizes of the quasars’ proximity zones, which are regions of
enhanced ionization in the vicinity of the quasars, ionized by their own radiation.
We find a dependency of the proximity zone sizes to the quasars’ lifetime, which
presents a novel method to estimate the lifetime of individual quasars, provid-
ing unprecedented constraints on the formation and growth of supermassive black
holes in the early universe. We discover three quasars with very short lifetimes, i.e.
tq » 10* j 10° yr, that pose significant challenges to all current black hole formation

theories.

In the second part of this thesis we explore the structure and dynamics of the
Milky Way. We develop a new data-driven model to determine precise parallaxes
by combining multi-band photometry and spectroscopy to make global kinematic
maps of our Galaxy from & 45,000 luminous red giant stars with only - 10% par-
allax uncertainties. Our map extends to Galactocentric distances of 25 kpc, well
beyond the reach of parallax estimates by the Gaia mission. Making use of these
new spectrophotometric parallaxes, we determine the most precise measurement
to date of the circular velocity curve of the Milky Way over a wide range of Galac-
tocentric distances. Based on Jeans modeling in an axisymmetric gravitational

potential we find that the velocity curve is gently but significantly declining.



Zusammenfassung

In dieser Doktorarbeit werden wir die Geschichte unseres Universums, angefan-
gen bei der Reionisationsepoche bis zum lokalen Universum, anhand von spek-
troskopischen Daten untersuchen. Im ersten Teil analysieren wir die Spektren von
34 Quasaren bei Rotverschiebungen 5.8 _ Zo, - 6.5 und messen die Entwicklung
der Opazitat des intergalaktischen Mediums (IGM) im Lyfi und Lyfl Wald, um neue
Randbedingungen zum zeitlichen Ablauf, sowie zur Morphologie des Reionisations-
prozesses zu erlangen. Wir finden Hinweise auf eine ausgedehnte Reionisations-
epoche bis z » 5. Obwohl die Verteilung der gemessenen Lyfi optischen Tiefen gut
von modernen hydrodynamischen Simulationen, die rdumliche Fluktuationen in
der ultravioletten Hintergrundstrahlung oder in der Temperaturverteilung des in-
tergalaktischen Gases erfassen, vorausgesagt werden kann, finden wir eine starke
Diskrepanz zwischen den Simulationen und den beobachteten optischen Tiefen im
Lyfl Wald, was auf eine Inversion des thermischen Zustandes des IGM nach der
Reionisationsepoche deutet.

Des Weiteren messen wir die Grofle der Nahzonen der Quasare, welche die Re-
gionen in deren Umgebung beschreiben, in denen die Ionisierung des intergalak-
tischen Gases hoher ist aufgrund der eigenen Strahlung der Quasare. Wir ent-
decken einen Zusammenhang zwischen der Grofle der Nahzonen und dem Alter
der Quasare, was eine neue Methode zur Altersbestimmung einzelner Quasare
darstellt, mit der wir noch nie zuvor moglich gewesene Bedingungen fiir die Entste-
hung und das Wachstum supermassereicher schwarzer Locher im frithen Univer-
sum ableiten konnen. Drei der Quasare, die wir untersuchen, zeigen ungewéhnlich
kurze Lebensdauern auf von nur » 104 j 10° Jahren, die samtliche derzeitige Theo-

rien, die das Wachstum schwarzer Locher zu erklidren versuchen, in Frage stellen.

Im zweiten Teil dieser Arbeit wenden wir uns der Struktur und Dynamik der
Milchstrafle zu. Wir entwicklen ein neues Daten gestiitztes Model, um prézise
Messwerte fiir Parallaxen von & 45,0000 roten Riesensternen anhand derer spek-
troskopischen und photometrischen Daten zu ermitteln. Mithilfe dieser Paral-
laxen, die wir mit nur - 10% Ungenauigkeit bestimmen koénnen, gelingt es uns,
eine globale Karte unsere Galaxie zu erstellen, die sich iiber mehr als 25 kpc er-
streckt, was weit jenseits der Distanz liegt, fiir die die Gaia Mission gute Paral-
laxen messen kann. Wir nutzen diese neuen spektrophotometrischen Parallaxen,
um die Rotationskurve der Milchstralle iiber weite Entfernungen vom Galakti-
schen Zentrum aus prézise zu bestimmen. Basierend auf einem Jeans Model in
einem achsensymmetrischen Gravitationspotential, erkennen wir, dass die Rota-

tionskurve langsam, aber signifikant abfillt.



FUr meine Familie.






Preface

In the few weeks while writing up this thesis a jigsaw puz-
zle appeared in the coffee area of MPIA. It had a thousand
pieces and was depicting the Whirlpool Galaxy M51 and
a lot of nearly dark sky around it, scattered with a few
stars. No one knew who had put the puzzle there, it had
just turned up after the Christmas break. Every time I
was walking passed it I saw someone standing around it,
trying to add another piece to the puzzle. The yet unplaced
pieces got sorted by shape, by the number of stars, or by
slight variations in the brightness of the background — and
then they got re-ordered and re-shuffled again. Slowly,
piece by piece, the image grew and evolved.

This thesis is in many ways very similar to the jig-
saw puzzle. It is the contribution of a small piece to the
big puzzle of our universe. And it is the product of much
support, patience, and friendship of many people without
whom this work would have not been possible.

In this thesis we will unravel 13 billion years of cos-
mic history by means of spectroscopic data from multiple
observatories around the world. In the first part we will
trace the early evolution of our universe by observations of

distant quasars. The main questions I aim to address are What do quasar spectra
reveal about the timing and morphology of the Epoch of Reionization? and How long
do quasars shine and what does this imply for the formation of supermassive black
holes? The second part focuses on the very local universe and studies the struc-
ture and dynamics of our home galaxy, the Milky Way. Based on a new data-driven
model that makes use of spectroscopic and photometric properties of luminous gi-
ant stars, I want to know What is the shape and slope of the circular velocity curve
of the Milky Way? The results of these studies are published in six scientific papers
and are presented in the Chapters 8 to 14 in this thesis.



