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Zusammenfassung

Das Forschungsgebiet der extrasolaren Planeten, dessen Anfinge weniger als zwei Jahr-
zehnte zuriickliegen, erlebt zur Zeit eine rasante Entwicklung ausgelost durch Weltraum-
teleskope wie CoRoT und Kepler. Diese Observatorien iiberwachen Tausende von Ster-
nen iiber lange Zeitrdume mit bisher unerreichbarer Genauigkeit und Zeitauflésung, um
Sternbedeckungen durch Planeten zu beobachten.

Magnetische Aktivitdt des Sterns kann einen bedeutenden Einfluss auf die Entwicklung
eines Sternsystems mit eng umlaufenden Planeten haben. Die hochenergetische Strah-
lung fiihrt zu Evaporationsprozessen und Massenverlust in der Atmosphére des Planeten.
Extrasolare Planetensysteme mit einem aktiven Stern sind dann besonders interessant,
wenn der Planet die Sternscheibe bei einem Transit bedeckt. In diesem Fall ermoglicht
der Planet, die rdumliche Auflésung von durch Aktivitdt bedingten Strukturen in pho-
tosphérischen, chromosphérischen und koronalen Schichten der Sternatmosphére.

Diese Arbeit ist der Untersuchung von Orbitdynamik und stellarer Aktivitdt in drei
aufsergewohnlichen Exoplanetensystemen vermoge boden- und weltraumgestiitzter Pho-
tometrie, sowie optischer und Rontgenspektroskopie gewidmet.

Der erste Teil dieser Arbeit handelt von photometrischen Untersuchungen des Exo-
planetensystems TrES-2. Aufgrund der fast streifenden Bedeckung durch seinen heiffen
Jupiter und der geringen Aktivitdt des Sterns ist dieses System besonderes geeignet, um
Verédnderungen der Orbitgeometrie iiber grofere Zeitraume zu verfolgen. Unsere Analyse
von Vielfarben-Photometrie weist auf eine Inklinationséinderung des Planeten hin, die sich
auf den Einfluss eines dufseren Storkorpers von Jupitermasse zuriickfithren ldsst. Nachun-
tersuchungen anderer Autoren konnten unsere Ergebnisse jedoch nicht bestétigen. Wir
klaren den Sachverhalt durch eine Analyse der ersten vier Quartale von Kepler-Daten von
TrES-2, die keine Hinweise auf eine Inklinationsdnderung entsprechender Grofle zeigen.

Im néachsten Teil wird der aufergewOhnlich aktive Zentralstern im Planetensystem
CoRoT-2 betrachtet. Wir charakterisieren die Eigenschaften des Sterns im optischen und
Rontgenbereich mittels einer Zeitserie von VLT /UVES-Spektren und einer 15 ks Auf-
nahme des Chandra-Teleskops, die beide wihrend eines Transits gewonnen wurden. Die
optischen Daten werden durch verschiedene Verfahren hochauflésender Spektralanalyse
untersucht und erlauben Riickschliisse auf die stellaren Parameter, Entfernung und Alter
des Systems. Die Daten bestétigen, dass CoRoT-2A einen Begleitstern spéaten Spektral-
typs hat, der gravitativ an das System gebunden ist. Die Rontgendaten zeigen koronale
Emission von CoRoT-2A, der vermutlich gleichaltrige Begleitstern bleibt jedoch undetek-
tiert. Der heifse Jupiter ist dem intensiven hochenergetischen Strahlungsfeld des Sterns
ausgesetzt. Dies fiihrt zu einer langsamen Evaporation der planetaren Atmosphére.

Bei der Untersuchung der zeitaufgelosten Spektren ist es erstmals gelungen, zeitabhan-
gige Deformationen der chromosphérischen Emissionskerne der Ca II H- und K-Linien
wahrend des Transits nachzuweisen. Wir benutzen diesen Effekt, um die rdumliche Struk-
tur und Ausdehnung der Chromosphére von CoRoT-2A zu bestimmen.

Die vorliegende Arbeit schliefst mit einer Untersuchung des Planetensystems CoRoT-7,
in dem der erste Transit einer Supererde beobachtet worden ist. Wir kombinieren
Rontgenbeobachtungen von XMM-Newton und Archivdaten von optischer VLT /UVES-
Spektroskopie des Systems, um nachzuweisen, dass die beiden Gesteinsplaneten
CoRoT-7b und CoRoT-7c¢ starker UV- und Réntgenstrahlung des Sterns ausgesetzt sind.
Wir schétzen den Einfluss der hochenergetischen Strahlung ab, den diese iiber den Mas-
senverlust des Planeten auf die Entwicklung des Systems gehabt haben kann.






Abstract

The area of exoplanet research, which emerged less than two decades ago, was revo-
lutionized with the advent of space-based photometers like CoRoT and Kepler. These
observatories provide long-term monitoring of thousands of stars with unprecendented
accuracy and high time resolution to detect transiting planets.

Magnetic activity of the host star can have a substantial influence on the evolution
of a planetary system with close-in planets. The high-energy radiation strongly heats
the planetary atmosphere leading to evaporation and mass loss. Exoplanetary systems
hosting an active star are particularly interesting if the planet transits the stellar disk,
because in this case the planet allows to spatially resolve activity-related photospheric,
chromospheric and coronal features in the host star’s atmosphere.

This work is dedicated to the study of orbital dynamics and stellar activity in three
landmark exoplanetary systems using ground- and space-based photometry as well as
optical and X-ray spectroscopy.

The first part of this work presents photometric studies of the TrES-2 exoplanetary
system. The nearly grazing transit of its hot Jupiter and the low level of variability of the
host star make this system particularly suited to study long-term changes in the orbital
geometry of the planet. Our analysis of multi-color ground-based photometry indicates a
secular change in the inclination of the planetary orbit, which we interpret as the result
of an external Jovian mass perturber in the system. Follow-up studies by other authors
were, however, unable to confirm our results. We resolve the issue with an analysis of the
first four quarters of Kepler data of TrES-2, which clearly rule out an inclination change
of the expected size.

The following part focuses on the exceptionally active planet-hosting star CoRoT-2A.
We provide a characterization of the star in the optical and X-ray regime using a se-
ries of high-quality VLT /UVES spectra and a 15 ks Chandra exposure, both obtained
during planetary transits. The optical data are analyzed to derive the fundamental
stellar parameters, distance, and age of the system using complementary methods of
high-resolution stellar spectroscopy. They confirm the presence of a late-type stellar
companion that is gravitationally bound to the system. The X-ray data provide a clear
detection of coronal X-ray emission from CoRoT-2A, however, unexpectedly, its likely
coeval stellar companion remains undetected. The close-in hot Jupiter is found to be
immersed in an intense field of high-energy radiation from its host star, which leads to a
gradual evaporation of the planetary atmosphere.

We further provide an analysis of our time-resolved spectroscopic data and report the
first detection of a planet-induced deformation of the Ca II H and K emission-line cores
during the transit. We use this effect to resolve the spatial structure and extent of the
chromosphere of CoRoT-2A.

The work at hand closes with a study of the CoRoT-7 system, known for hosting the
first transiting super-earth. X-ray observations obtained with XMM-Newton are com-
bined with archival optical VLT /UVES spectra to show that the rocky planets CoRoT-7b
and CoRoT-7c are prone to ultraviolet and X-ray emission from their host star. We es-
timate the effect that planetary mass loss due to high-energy irradiation could have had
on the evolution of the system.
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1. Preface

“Le silence éternel de ces
espaces infinis m’effraie.”

— B. Pascal, Pensées

Nature is both staggering and fascinat-
ing in its callousness towards the fate of
humankind. The 17th century mathe-
matician and physicist Blaise Pascal was
perhaps the first philosopher of modern
times, who forsaw that sciences would
ask too much of us: What is the role of
human beings in these silent and infinite
spaces we call Universe?

Nearly four centuries later, as-
tronomers are much closer to finding
an answer to closely related questions:
What makes the Solar System a special
place? Are there other worlds like our
own? Today, a large number of extra-
solar planetary systems is known, some
similar to ours, others completely differ-
ent. The study of these planetary sys-
tems is the key to understand our own
cosmic history. However, before we take
a look at more distant worlds to study
their dynamics under the influence of
stellar activity and perturbing objects,
which is the main focus of this work, let
us shortly review the present knowledge
about the origin of our own Solar Sys-
tem.

1.1. The formation of the
Solar System

The Solar System formed from the grav-
itational collapse of a giant molecular

cloud. One slowly rotating and con-
tracting fragment, the pre-solar nebula,
flattened to form a protoplanetary disk,
about 100 AU in radius, with a hot and
dense accreting protosun at its center
(e.g., [Williams| [2010]).

The disk contains dust grains, which
grow through coagulation. The first step
is the formation of calcium-aluminium
rich inclusions in the protoplanetary
disk some 4.569 billion years ago. These
inclusions glue together with chron-
drules to form the first chondrites. Their
age can be estimated based on short-
lived, extinct radionuclides like 26 Al and
6Fe, which could have been injected
into the Solar nebula by a nearby super-
nova (Gounelle & Meibom), [2007)) or lo-
cally created due to high-energy irradia-
tion from the active protosun (Williams),
2010). The standard scenario is that
the chondrules gather together to form
grains and asteroids and finally plan-
etary embryos within several million
years. However, recent results indicate
that some iron meteorites and achon-
drites, which are assumed to be pieces of
a differentiated body, are in fact as old
as the chondrites (Kleine et al., 2005).
Thus, it seems likely that planetesimals
formed shortly after the formation of
the first chondrites and suffered destruc-
tive collisions afterwards. These colli-
sion products are the seeds for the for-
mation of the planets.

As soon as planets have formed in a
protoplanetary disk, they start to mi-
grate towards the host star. While
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Figure 1.1.: The four panels correspond to snapshots taken from the Nice simulation
showing the four giant planets and the planetesimal disk (a) at the beginning of plan-
etary migration, (b) just before and (c) after the beginning of Late Heavy Bombarde-
ment, and (d) 200 Myr later. Figure taken from Gomes et al,| (2005).

this migration naturally emerges from
numerical simulations and is also un-
derlined by the large number of exo-
planetary systems with close-in giant
planets, this result seems to be in
conflict with the present configuration
of our Solar System. However, re-
cent numerical models (the Nice model;
\Gomes et al, [2005; [Morbidelli et al.]
2005; |Tsiganis et al., 2005) show that
the gas giants in our Solar System can
avoid inward migration after the dissipa-
tion of the gaseous disk, if they initially

were much more closer to each other
and on circular orbits. The whole sys-
tem is encompassed by an outer disk of
planetesimals as shown in Fig. [I.1l By
scattering planetesimals Uranus, Nep-
tune and Saturn start to migrate out-
wards while Jupiter migrates inwards.

In case of the terrestrial planets, the
growth of the planetary embryos con-
tinues and reaches its final stage with
the collisions of Mars-sized planetesi-
mals. Near the end of the Earth’s for-
mation such a giant impact is thought
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to have led to the formation of the
Moon (Canup & Asphaug, 2001). Iso-
topic dating using '®2Hf yields a forma-
tion age of the Moon between 50 and
100 million years (Touboul et al., 2007).
Numerical simulations show that the gi-
ant impact phase can last up to 100 mil-
lion years if Jupiter and Saturn were ini-
tially on circular orbits as proposed by
the Nice model. Additionally, circular
initial orbits for the giant planets enable
the terrestrial planets to accrete water-
rich material from the Main Asteroid
Belt, which could explain the existence
of water on the terrestrial planets today
(O’Brien et al., 2006]).

In its T Tauri phase the protosun ac-
cretes matter from the surrounding pro-
toplanetary disk and contracts until the
core reaches conditions required to ig-
nite hydrogen burning. About 50 mil-
lion years after its formation, the Sun
arrives in a state of hydrostatic equi-
librium and enters the main-sequence,
where it resides as long as the fusion
process can supply sufficient energy to
balance the energy loss due to radiation.

The Nice model also explains the
present configuration of the Solar Sys-
tem. About 500 million years later,
Jupiter and Saturn cross their 2:1 mean
motion resonance, their eccentricities in-
crease and lead to a destabilization of
the entire system. Due to mutual inter-
actions the outer giants enter the disk
of planetesimals causing the Late Heavy
Bombardment in the inner Solar Sys-
tem. After another 100 million years
the system stabilizes in a configuration
close to our present Solar System (cf.,
Fig. .

We have evidence from fossil founds
that only a few hundred million years
later, about 3.8 billion year ago, life
emerged on Earth (Mojzsis et al.,[1996).

In view of this highly dynamic (in fact,
chaotic) formation history of our own
Solar System, we come back to our ini-
tial question, which we now put more
precisely: Is there something special
about the evolution of our Solar Sys-
tem? This question can be answered
by studying exoplanetary systems in dif-
ferent configurations and evolutionary
states.

1.2. Outline of this work

The work at hand is split into three
parts. The first part comprises an in-
troduction to the active field of extraso-
lar planet reseach and the study of stel-
lar activity in young and solar-like cool
stars. It closes with a chapter summariz-
ing practical aspects regarding the anal-
ysis of optical high-resolution spectra.

In the second part, I reproduce five
publications dealing with different as-
pects of three landmark extrasolar plan-
etary systems. The first chapter is ded-
icated to the TrES-2 exoplanetary sys-
tem. The nearly grazing transit of its
hot Jupiter and the low level of stel-
lar variability of the evolved host star
make this system particularly suited to
study long-term changes of the orbital
geometry of the planet. The studies
in the second chapter focus on the ac-
tive planet-hosting stars CoRoT-2A and
CoRoT-7A. Both stars show a substan-
tial level of activity, which can be traced
through all layers of the stellar atmo-
sphere and has an influence on the evo-
lution of the close-in planets.

The third part provides a synopsis of
the results presented in this work. I dis-
cuss some open questions and give an
outlook on possible future studies.
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Since the dawn of homo sapiens
200,000 years ago, the perception of
the night sky raised both spiritual awe
and scientific curiosity. While the ma-
jority of stars appeared fixed on a ro-
tating firmament, there were bright ob-
jects that changed their positions on
timescales comparable to the human
lifetime. The prediction of the positions
of these wandering stars or planets (from
Greek mAavdopar - “wandering”) and
their meaning have since inspired gen-
erations of human beings.

2.1. History of the
observation of planets

First records of systematic observa-
tions of the planets (in its broadest
sense including the Sun and the Moon)
date back to the Neolithic and Bronze
Age. Among the oldest known Ne-
olithic structures is the Goseck circle
found in Goseck in Saxony-Anhalt, Ger-
many, dating back to the 5th millenium
BC. The structure consists of palisade
rings with gates in well-defined places
and is considered the earliest solar ob-
servatory currently known in the world
(Bertemes et al., |2004). Only 20 kilo-
metres away from the site the Nebra sky
disk was found (Meller, 2002)). The use
of rare materials like gold underlines its
religious and cultural significance. Dat-
ing back to the Bronze Age, the disk is
possibly the oldest astronomical instru-
ment, demonstrating the astronomical

knowledge and abilities of the people of
the European Bronze Age to observe the
yearly course of the Sun.

The first civilization known to sys-
tematically record the positions of the
planets were the Babylonians in the first
and second millennium BC. The Baby-
lonian astronomers realized periodicities
in the movement of the planets and ap-
plied mathematics to predict their posi-
tions. Centuries of astronomical records
were found in the form of cuneiform
tablets known as the Enuma Anu Enlil.
The Tablet of Ammisaduga, listing the
risings of Venus over 21 years, dates
back to the seventh century BC. Be-
sides Venus and Mercury also the outer
planets Mars, Jupiter, and Saturn were
all identified by Babylonian astronomers
(Hunger, 1992). The Enuma Anu Enlil
also comprises a compilation of omens
and their relation with celestial phe-
nomena, as in Mesopotamian mythology
stars and planets were associated with
deities. In fact, the Babylonian astro-
latry had a strong influence on the Hel-
lenistic world and laid the foundation for
Western astrology.

Babylonian  astronomers  worked
strictly empirically. They were mainly
concerned with the ephemerides of the
planets; their models usually did not
involve philosophical speculations and
a priori assumptions, for example,
regarding the geometric structure of the
Cosmos. This changed during the first
century BC, when the Greeks used their
own geometrical and mathematical



2. Extrasolar planets

schemes to predict the positions of the
planets. While their geometric models
offered a much more comprehensive
approach to the diversity of empirical
observations, they also allowed for
cosmological speculations. For the
first time, humankind tackled the
question about Earth and its position
in the Universe based on astronomical
observations.

While most Greek philosophers as-
sumed the Earth to be the center of
the Cosmos orbited by celestial bod-
ies, Aristarchos of Samos, a Greek as-
tronomer and mathematician during the
third century BC, was the first to think
of a heliocentric model of the Solar Sys-
tem. He also realized the implications
of his model: Either the stars should
show an observable parallax effect as the
Earth moves around the Sun or they
should be much farther away than was
assumed at that time. Since stellar par-
allaxes are only detectable with tele-
scopes, his speculations, although cor-
rect, could not be proven at his time.

A compendium spanning nearly a mil-
lenium of astronomical observations to-
gether with a complete and comprehen-
sive treatise based astronomical mod-
els was given by Claudius Ptolemy, who
worked as a librarian in the famous An-
cient Library of Alexandria in the sec-
ond century AD. In his Almagestus (e.g.,
Toomer}, |1998)), Ptolemy rejects the he-
liocentric models as did most of his pre-
decessors. Due to its completeness and
usefulness the Almagest remained the
authoritative astronomical “review” for
almost thirteen centuries.

With the fall of the Western Roman
Empire during the early Middle Ages
the ancient scientific texts written in
Greek became inaccessible to the Latin-
speaking West. The social and scientific

development suffered from the loss of a
unified cultural context, which in the
following centuries was replaced by the
Christian Church. However, it was the
medieval tradition of scholasticism that
established the use of reason in fields like
theology, philosophy, and science pro-
viding the foundation for the Scientific
Revolution. The invention of printing
and the rediscovery of Greek scientific
texts during the Renaissance made the
ancient knowledge widely available and
allowed to share new ideas.

In 1543 Nicolaus Copernicus, math-
ematician, astronomer, and Catholic
cleric published his epochal work De rev-
oluttonibus orbium coelestium present-
ing a heliocentric model (Copernicus,
1543)). Copernicus demonstrated that
the observed motions of celestial objects
can be explained without putting the
Earth at rest in the center of the Uni-
verse. His model was elaborated and
expanded by Johannes Kepler, who for-
mulated the fundamental laws of plan-
etary motion in his works Astronomia
nova and Harmonices Mundi (Kepler,
1609, 1619). Following Kepler’s pre-
diction, Pierre Gassendi observed the
first transit of Mercury in 1631, and
Jeremiah Horrocks studied the Venus
transit in 1639. Kepler’'s works and
systematic astronomical observations by
Galileo Galilei using his improved tele-
scope provided the foundations for Isaac
Newton’s theory of gravitation (Newton,
1687)). While Kepler’s laws of planetary
motion were only empirical observations
without a fundamental understanding of
the physical principles behind the three
laws, Newton’s theory showed that plan-
ets move in ellipses due to the force of
gravity.

While the two-body problem had been
solved by Newton, the mutual gravita-
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tional interactions of three bodies re-
mained a central topic in mathemati-
cal physics. In 1772 Joseph-Louis La-
grange attempted to solve the three-
body problem analytically leading to the
discovery of Lagrangian points. He fur-
ther deleveloped analytical mechanics
and applied perturbation theory to ce-
lestial mechanics to determine secular
and periodic variations of the orbital el-
ements of the planets (Lagrangel [1811)).

After the discovery of Uranus by
Herschel & Watson| (1781)), astronomers
of the 19th century used the methods
of perturbation theory and celestial me-
chanics to predict the orbits of planets,
comets, and asteroids in the Solar Sys-
tem. Indepently of each other Adams
(1846) and |Le Verrier| (1846)) attributed
irregularities of Uranus’ orbit to the
gravitational attraction of another per-
turbing body. In the same year, (Galle
(1846)) discovered planet Neptune within
1° of the position predicted by Adams
and Le Verrier. Thus, Neptune became
the first planet to be predicted mathe-
matically before being directly observed.

Le Verrier was also the first to report
that the slow precession of Mercury’s or-
bit could not be completely explained
by perturbations due to the known plan-
ets alone (Le Verrier] [1859)). He specu-
lated that another planet might exist in
an orbit even closer to the Sun; other
explanations included a slight oblate-
ness of the Sun. Mercury’s anoma-
lous precession was eventually explained
by Einstein’s general theory of relativ-
ity in his famous paper Die Grund-
lage der allgemeinen Relativitdtstheorie
(Einstein, [1916]).  Sixty years later,
Hulse & Taylor| (1975) discovered the
first binary pulsar, whose orbit evolu-
tion not only requires general relativity,
but, in fact, provides indirect evidence

for the existence of gravitational radia-
tion (Weisberg & Taylor, 2005)—a dis-
covery that led to the 1993 Nobel Prize
in Physics.

2.2. Hunting extrasolar
planets

Within the last 20 years the search
for extrasolar planetary systems has be-
come a main impetus for astrophysical
research. This section deals with the
most important methods that are used
to discover and study extrasolar plan-
etary systems and introduces ground-
and space-based missions dedicated to
the detection of exoplanets. Although
still young, the field of exoplanetary re-
search already allows for an historical
approach, highlighting the mutual inspi-
rations of different lines of research and
fallacies encountered on the way to a to-
tal number of nearly 800 extrasolar plan-
ets discovered so far (Schneider| 2012)).

2.2.1. Astrometry

The heliocentric hypothesis raised by
the Scientic Revolution waited for its ob-
servational confirmation until the begin-
ning of the 19th century, when [Bessel
(1838) used astrometric measurements
to determine the parallax of 61 Cygni
to be 0.3 arcsec proving that the par-
allax of distant stars is indeed greater
than zero.

According to Newton’s theory of grav-
ity, planet and star both orbit the
barycenter of the system. The motion
of a star due to the gravitational influ-
ence of a planet thus provides an indi-
rect method to detect the planet. In
principle, precise astrometric measure-
ments should therefore allow to detect
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signatures of planets orbiting the star.
However, for a Jupiter mass planeqt in
a 1 AU orbit around a nearby (10 pc),
solar-like star the apparent motion of
the star in the sky is on the order of
1077 arcsec. Such a degree of precision is
difficult to achieve even with the largest
and most advanced telescopes. As a re-
sult, astrometric methods produced only
a small number of disputed detections;

so far, no such planet has been con-
firmed.

2.2.2. Pulsar timing

Since the discovery of the first pul-
sar LGM-1 by Bell & Hewish (1967)
the study of these highly magnetized,
rotating neutron stars became an im-
portant branch of astronomy.  The
hypothesis that the regular millisec-
ond pulses facilitating the detection of
LGM-1 were signs of an extraterrestrial
civilization was soon discarded. How-
ever, the immense regularity and tim-
ing precision of the pulsar measurements
paved the way for the first unambigu-
ous detection of two extrasolar plan-
ets: Wolszczan & Frail (1992) reported
the detection of millisecond changes in
the light travel times due the reflex
motion of the pulsar PSR B1257+12,
which were interpreted as being caused
by two orbiting planets in the terrestrial
mass regime. The signal discovered by
Wolszczan & Fraill provided strong evi-
dence for the existence of planets in or-
bit around other stars and marks the
starting point of a 20 year long journey
to find the first Earth-like planet orbit-
ing a solar-like star.

Figure 2.1.: Composite image of 3 Pictoris
in near infrared after subtraction of the
stellar halo. The outer part observed
with the ESO 3.6 m telescope shows a
circumstellar disk, the inner part reveals
thermal emission from the young, hot
planet imaged with NACO/VLT (Credit:
ESO/A.-M. Lagrange et al.).

2.2.3. Direct Imaging

In a sense, direct imaging is the old-
est technique to detect planets. In-
deed, the method proved valuable for
our understanding of the formation of
planetary systems. Planets form in ci-
cumstellar disks, which result from the
gravitational collapse of an interstel-
lar gas cloud. Such a circumstellar
disk has been observed optically around
the fourth-magnitude star (§ Pictoris
(Smith & Terrile, 1984} see Fig. [2.1)).

The detection of extrasolar planets
via direct imaging is challenging due
to the immense brightness contrast be-
tween the star and its planet and the
small angular separation between them.
The planet reflects star light depending
on its albedo and shows intrinsic ther-
mal emission; the method thus works
best for young planets emitting infrared
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radiation in large orbits. Several direct
imaging techniques like coronography
and nulling interferometry have been de-
veloped, which allow to disentangle the
planetary and stellar emission. In recent
years, the field saw a rapid development
due to instrumental improvements, e.g.,
in adaptive optics correction, so that
31 extrasolar planets have been imaged
so far (Schneider, 2012). One of the
most spectacular findings was the detec-
tion of a planet around the A4-type star
Fomalhaut, whose orbit coincides with
the inner edge of the debris disk sur-
rounding the star (Kalas et al., [2008]).
However, recent results by [Janson et al.
(2012) indicate, that the planet interpre-
tation could be erroneous.

2.2.4. The radial-velocity method

The starting point of a new era of exo-
planet research was set with the first
succesful application of the long-known
radial-velocity method. |Struve| (1952)
proposed the use of powerful spectro-
graphs to detect distant planets. He de-
scribed how a large Jupiter-like planet
causes its parent star to wobble slightly
as the two objects orbit around their
common center of mass. The continu-
ous change of the host star’s orbital ra-
dial velocity, v;aq, leads to small Doppler
shifts of the spectrum according to

&_Urad
A ¢

(2.1)

with the velocity of light, c.

Assuming the planet to orbit its host
star in a circular orbit, the radial veloc-
ity varies sinusoidally with the orbital
period, P. The radial-velocity semi-
amplitude, K, is related to the exo-
planet’s mass, M, and the mass of the

11
host star, M, according to
K =284 ms™! (M—”Sim>
M,
(2.2)

) M, =2/3 ;1 p o\ 13
Mg years

where ¢ denotes the inclination of the
planetary orbit, and M; and M, are
masses of Jupiter and the Sun, respec-
tively. [Struve foresaw that such a peri-
odic variation could be detectable with
the most sensitive spectrographs as dis-
placements in the spectral lines only if
these extrasolar Jovian planets are on
very close-in orbits around their host
stars—much unlike the situation in our
own Solar System.

The first published discovery of a
planetary radial-velocity signal was re-
ported by Campbell et al. (1988]). Their
observations suggest a planet orbiting
the star v Cephei. However, their ob-
servations were at the very limit of the
instrumental capabilities at the time,
so that astronomers remained skepti-
cal about this and other similar obser-
vations. The major drawback of the
radial-velocity method is apparent from
Eq. 2.2} The measurement only yields
an estimate of the projected planet
mass, Mpsini. The true mass depends
on an estimate of the inclination of the
planet’s orbit. If such an estimate is
not available, the method can only yield
a lower limit on the planetary mass.
Therefore, it was assumed that most
of the planet candidates were instead
brown dwarfs like the object found by
Latham et al. (1989), who detected a
companion of minimum mass 11 M
around HD 114762.

The findings by |Campbell et al.
were confirmed 15 years later by
Hatzes et al.| (2003). In the mean-
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Figure 2.2.: Radial-velocity curve of 51 Pe-
gasi. The overall motion of the sys-
tem is subtracted. The continuous
line is a model for an object with
M,sint = 0.47 My in a 4.2 d circular or-
bit. Figure taken from Mayor & Queloz
(1995).

time, |Mayor & Queloz| (1995) de-
tected an extrasolar planet of only
M,sini = 0.468 M; around 51 Pegasi
(see Fig. 2.2). The planet—nicknamed
Bellerophon after the hero of Greek
mythology, who rode the untamed,
winged horse Pegasus to kill the
Chimera—became the first of a long
series of discoveries of large, close-in
planets, which are today known as hot
Jupiters.

To obtain precise radial-velocity mea-
surements, small wavelength shifts must
be measured with high accuracy. The
spectral resolving power of a spectro-
graph is given by

A
R = A
which for high-resolution spectrographs
is on the order of 100,000. Combining
this relation with Eq. yields a re-

solvable radial-velocity shift of 3 kms™!,

(2.3)

which is several orders of magnitude
larger than the typical signal (cf.
Eq.[2.2). The method thus requires sub-
pixel accuracy, which can only be ob-
tained if a multitude of spectral lines is
considered and the spectrum has suffi-
ciently high signal-to-noise ratio.

Besides a stable optical configura-
tion of the involved instruments, high-
precision RV measurements require an
accurate wavelength calibration real-
ized by wusing superimposed absorp-
tion line spectra (e.g., using an lodine
gas cell) or by additional calibration
spectra obtained from a ThAr lamp
(Marcy & Butler, [1992; Butler et al.,
1996). It is also possible to use tel-
luric lines due to the Earth’s atmo-
sphere as simultaneous reference spec-
trum (Griffin & Griffin, [1973)). These
lines, which are due to gases like water
vapour, oxygen, or carbon dioxide are
imprinted on all ground-based spectral
data and can be used to attain a preci-
sion on the order of 10 ms~! limited by
variations of the atmospheric conditions
(Snellen) 2004; Figueira et al., [2010]).

Alternatively, the calibration spec-
trum is fed to the spectrograph via
a second fibre and recorded simultane-
ously with the science spectrum. The
radial velocity is then computed by
cross-correlating the stellar spectrum
with a synthetic template (Zucker, [2003))
and correcting it for the instrumental
drift as measured with the second cal-
ibration fibre. The HARPS spectro-
graph, working according to this prin-
ciple, reaches a precision better than
1 ms™! (Lovis et al, [2006). It paved
the way for the detection of planets with
only a few Earth-masses, the so-called
super-earths (Vogt et al., 2010).

The detectability of a planetary
radial-velocity signature in the stel-
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lar spectrum strongly depends on
the properties of the observed star.
While early-type stars have only few
absorption lines, late-type stars tend
to be faint and show substantial
activity, like starspots, introducing ad-
ditional radial-velocity scatter (Hatzes,
1999; Desort et al., 2007; Huber et al.,
2009b)). Activity-induced radial-velocity
jitter can be reduced for cool M dwarfs
using near-infrared spectra, where
the temperature contrast between the
spot and the photosphere is lower
(Reiners et al., |2010). This approach
is pursued by the CARMENES project
(Quirrenbach et al., 2010), a combined
optical /near-infrared spectrograph
at the German-Spanish Calar Alto
Astronomical Observatory.

2.2.5. The transit technique

The unanticipated fact that many Jo-
vian exoplanets were found to have very
short periods stimulated the search for
planets transiting the disk of their host
star, a technique which astronomers had
long considered inappriate to detect ex-
trasolar planetary systems. Their scep-
ticism was not without reason, since
the detection of an exoplanetary transit
requires continuous and well-calibrated
photometric observations and relies on
the fortunate instance that the stellar
system is seen close to edge-on. Hence,
planetary transits were seen as low prob-
ability events, both geometrically and
temporally.

The detection of a large num-
ber of hot Jupiters using the radial-
velocity method showed that the obser-
vation of planetary transits is worth-
while even with ground-based equip-
ment. Charbonneau et al. (2000) de-
tected the first transit of an extraso-

lar planet in HD 209458, a hot Jupiter
of 1.3 Ry in an 0.046 AU orbit around
a GO-type dwarf. In concert with
radial-velocity measurements the mass
of the planet could be determined to be
0.69 M; (Henry et al., [2000). The light
curve is shown in Fig. which also
illustrates the principle of the transit
method: The nominal flux level of the
star temporarily decreases, as the planet
occults a fraction of the stellar surface
during its transit in front of the stel-
lar disk. Neglecting limb darkening, the
depth of the transit is given by the ratio
of the sky-projected area of the planet
and the star,

AT (R)\*
7-(#)-
where R, and R, denote the plane-
tary and stellar radii. The light curve
of HD 209458 shows transits with a
depth of around 1.5 % lasting for around
3 hours and recurring repeatedly at in-
tervals given by the orbital period, P.
Because such dips in the light curve can
be mimicked for example by grazing bi-
naries or eclipsing binaries in front of a
background star, transit measurements
require confirmation by radial-velocity
measurements.

The early studies on HD 209458 and
its planet (named Osiris) were cor-
roborated by the follow-up paper by
Brown et al.| (2001]), who used the Hub-
ble Space Telescope to obtain the first
space-based transit light curve. Their
photometric data is shown in Fig.
The data confirm the system parameters
derived in earlier studies and demon-
strate the supremacy of space-based
photometric transit studies.

To systematically search for tran-
sits in a large number of stars, sev-
eral wide-field transit search programs

(2.4)
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Figure 2.3.: First transit of an exoplanet
around HD 209458. The continuous
line shows a transit model for a planet
of 1.27 R; (dashed: scaled by +10%)
with inclination of 87.1° and semima-
jor axis of 0.047 AU. Figure taken from
Charbonneau et al.| (2000)).

have been iniated: The Hungarian Au-
tomated Telescope Network (HATNet;
Bakos et al., |2002)), the Trans-atlantic
Exoplanet Survey (TrES; |Alonso et al.|
2004), the Wide Angle Search for Plan-
ets (SuperWASP:; |Pollacco et al.| |2006]),
the XO Project (McCullough et al.|
2006)), and only recently the Qatar Exo-
planet Survey (Alsubai et al.,[2011)). All
these ground-based surveys aim at cov-
ering the entire sky to provide a compi-
lation of all detectable transiting extra-
solar giant planets down to a limiting
magnitude of about 15 mag.

It is immediately clear from Eq.
that the detection of Earth-sized planets
via the transit method requires relative
photometric accuracies of 107°. Fur-
thermore, the host star has to be mon-
itored continuously over much longer
time scales. This is beyond the abil-
ities of ground-based surveys, which
are prone to atmospheric disturbances,
weather conditions, and the day and
night cycle. Therefore, the next logi-
cal step was the development of space-
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Figure 2.4.: Four transit light curves of
HD 209458b obtained with the Hubble
Space Telescope phase-folded on the or-
bital period of 3.5 d. The noise is on the
order of 10~* for each 60 s integration.
Figure taken from Brown et al. (2001).

based photometers, that can monitor
the brightness of thousands of stars with
unprecedented time coverage, accuracy,
and temporal cadence.

2.2.6. The CoRoT and Kepler
missions

The study of transiting extrasolar plan-
ets around solar-like stars has been revo-
lutionized with the advent of two space-
based missions, CoRoT and Kepler, pro-
viding long-term photometric data of a
large number of stars. Both missions are
dedicated to the study of asteroseismol-
ogy and the search for extrasolar plan-
ets.

The CoRoT mission

The CoRoT space telescope (Fig [2.5]
Auvergne et al 2009) is a project led
by the French CNES and ESA launched
in December 2006. CoRoT is the first
space telescope dedicated to the detec-
tion of extrasolar planetary systems and
asteroseismological measurements of os-
cillations in solar-like stars. It is sched-
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Figure 2.5.: Artist’s view of the CoRoT
space telescope (Credit: CNES/Octobre
2005/Ilus. D. Ducros).

uled to operate at least until 2013. The
telescope consists of an optical telescope
with a diameter of 27 cm and four CCD
detectors, two of which are used for the
search of exoplanets. A prism in front
of these CCDs disperses the light into a
small spectrum providing color informa-
tion in three spectral bands.

CoRoT has been placed in a polar
low-Earth orbit and observes perpendic-
ular to its own orbit to avoid Earth oc-
cultations. In order to avoid the Sun
entering its field of view, CoRoT ob-
serves only two areas directed towards
the galactic center and anticenter for
half a year. In these fields, CoRoT mon-
itors the brightness of 10,000 stars with
visual magnitudes ranging from 11 to 16,
simultaneously providing up to 150 days
of uninterrupted photometric data at a
temporal cadence of up to 32 s. After
each of these long runs the pointing of
the telescope is slightly changed, so that
no field is observed twice.

CoRoT reaches noise levels down to
0.1 mmag on timescales of 2 hours for
targets of 12th magnitude. Its observed
performance therefore suffices to detect
transits of super-earth planets in short
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Figure 2.6.: Phase-folded light curve of
HAT-P-7b comprising 10 d of Kepler
data. Besides the primary transit, the
light curve also reveals stellar light re-
flected from the planet and the secondary

transit. Figure taken from
(2009)

period (< 3 d) orbits around bright stars
(Aigrain et all 2009).

The Kepler mission

The Kepler space telescope (Koch et al.|

2010; Borucki et all 2010) was launched
by NASA in March 2009, its foremost
mission being the detection of Earth-
sized planets in the habitable zone
around solar-like stars. Further mis-
sion goals are to provide estimates of
the frequency of extrasolar planets in
our Galaxy and to characterize these
worlds with unprecedented accuracy. To
accomplish this task the spacecraft is
equipped with a photometer consisting
of a 1.4 m primary mirror, a 0.95 m aper-
ture, and 42 CCD detectors. Its wide
field of view of 115 square degress allows
to simultaneously monitor the bright-
ness of 150,000 stars.

The Kepler spacecraft was placed into
an Earth-trailing orbit with an orbital
period of 372.5 days and points to a field
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in the constellations of Cygnus, Lyra,
and Draco well off the ecliptic. Kepler
thus provides continous photometry of
a large number of stars over the whole
time of observation, which is currently
planned to be at least 3.5 years. Most
light curves are binned on board to a
sampling of 29.4 min to reduce the re-
quired data telemetry. Only a small
number of up to 512 stars is observed
at a shorter cadence of 58.8 s. The noise
level for stars of 12th magnitude is typ-
ically on the order of 10 — 20 ppm and
is dominated by intrinsic stellar noise
(Gilliland et al., 2010, [2011)).

An example of the superior quality of
the Kepler data is provided by Fig.
showing the first ten days of Kepler pho-
tometry of the transiting hot Jupiter
HAT-P-7b, which clearly displays phase
variations of light emitted by the planet
Borucki et al.| (2009).

2.2.7. The Rossiter-MclLaughlin
effect

A transiting extrasolar planet leaves a
characteristic imprint on the spectro-
scopically inferred radial-velocity varia-
tion of the host star, which can be anal-
ysed using time-resolved spectroscopy
obtained during the transit event. The
idea dates back to 1893, when Holt
(1893)) speculated on the possibility
to measure stellar rotation in spectra
of partially eclipsing binary systems.
While the spectral lines of both stars
are broadened in a symmetrical way due
to the stellar rotation, their mutual oc-
cultations break this symmetry. Two
decades later, Schlesinger| (1910) found
indications of anomalous radial-velocity
shifts of eclipsing binary systems during
eclipse, which were later confirmed by
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Figure 2.7.: Rossiter-McLaughlin effect for
CoRoT-2 obtained with HARPS (circles)
and SOPHIE (dots). The solid line shows
the best-fit model indicating A = 7.2°.
Figure taken from Bouchy et al.| (2008]).

Rossiter| (1924)) and [McLaughlin| (1924).
The Rossiter-McLaughlin effect origi-
nates in the occultation of different parts
of a rotating stellar surface. While stel-
lar rotation causes symmetric Doppler
broadening of the spectral lines, the oc-
cultation of individual fractions of the
stellar surface during a transit leads to
an asymmetry in the lines profiles. This
deformation is usually detected as an
anomalous variation of the inferred ra-
dial velocity.

With the confirmation of the first
transiting extrasolar planets using the
radial-velocity technique it became
clear, that the Rossiter-McLaughlin ef-
fect could be of tremendous use for the
study of exoplanetary systems, where
the planet acts as nearly perfect black
shutter (Schneider, 2000). The first
spectroscopic transit was then observed
by (Queloz et al.| (2000)) in HD 209458.

The Rossiter-McLaughlin effect al-
lows measurements of the angle A be-
tween the sky-projected spin axis of
the star and the sky-projected orbital
plane normal of the transiting planet,
which can be used to constrain the
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true obliquity of the stellar spin axis
with respect to the planetary orbit
(Winn et all [2005). Figure[2.7jshows an
example measurement for the transiting
exoplanetary system CoRoT-2.

Since the Rossiter-McLaughlin effect
scales with the stellar rotation ve-
locity, its amplitude is much larger
for rapidly rotating stars, so that
in some cases it can even exceed
the orbital radial-velocity amplitude
(Anderson et al., 2010). It was expected
that planets should orbit the star in the
same direction as the star is spinning.
Surprisingly, quite a number of extra-
solar planetary systems were found to
show indications for strong spin-orbit
misalignment, some of them even dis-
playing configurations with a retrograde
planetary orbit (Hébrard et al., [2008;
Triaud et al., [2010). There is an ongo-
ing effort to construct evolutionary sce-
narios, that are able to explain these
findings. While the discussion is far
from settled, the current paradigm is
that the formation of planetary sys-
tems with hot Jupiters is governed by
the combined action of tidal processes
and few-body gravitational dynamics
that yield substantial disk migration
(Winn et al., 2010; [Morton & Johnson),
2011).

The characteristics of the Rossiter-
McLaughlin effect depend on various pa-
rameters like the alignment of the plan-
etary orbit and the stellar rotation axis,
the ratio of stellar and planetary ra-
dius, and the structure of both the plan-
etary and the stellar atmosphere. An-
alytical models of the effect are based
on the estimation of the first moment
of distorted spectral lines and have
been presented by |Ohta et al.| (2005)
and Gimeénez (2006). Although they are
commonly applied in modeling, these

models may not exactly reproduce ob-
servational results which are typically
obtained by cross-correlation techniques
(e.g., Triaud et al., [2009; Hirano et al.,
2010)).

The presence of spots can introduce
spurious signatures in the line profiles
that directly affect the shape of the
radial-velocity curve—a single spot ro-
tating with the stellar disk could even
mimick an activity-induced Rossiter-
McLaughlin effect (e.g., Huber et al.,
2009b).  Furthermore, the Rossiter-
McLaughlin effect caused by the plan-
etary transit can be considerably dis-
torted by surface inhomogenities, result-
ing in incorrectly determined parame-
ters. In fact, activity-induced radial-
velocity jitter could be used for stud-
ies of stellar activity, for example, us-
ing simultanously obtained photometric
and spectroscopic measurements to dis-
entangle the effects caused by the pres-
ence of activity-related surface features
and the planetary signal (Huber, [2010)).

There are several other interesting ap-
plications of the Rossiter-McLaughlin
effect (see Albrecht, 2011, for a com-
pilation).  For example, strong ab-
sorption due to optically thick spec-
tral lines in the planetary atmosphere
could yield a wavelength-dependent size
of the planet, which should in princi-
ple result in measurable deviations of
the Rossiter-McLaughlin effect (Snellen),
2004; [Dreizler et all 2009). In Sect.
of this thesis, we use the Rossiter-
McLaughlin effect observed in the chro-
mospheric emission line cores of the
Ca II H and K lines to reconstruct
the structure and extent of the chro-
mosphere of the planet-hosting star

CoRoT-2A.
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2.2.8. The brown dwarf desert

The hunt for exoplanetary systems has
always been biased towards finding gi-
ant Jupiter-like planets. It comes as
no suprise that quite a number of the
largest objects turned out to be brown
dwarfs, substellar objects exceeding the
limiting mass for deuterium fusion.

To formally distinguish both classes
of objects, the International Astronomi-
cal Union’s working group on extrasolar
planets has released a working definition
for extrasolar planets (Boss, 2001): Exo-
planets are defined to have masses below
the limiting mass for thermonuclear fu-
sion of deuterium (currently calculated

for the study of extrasolar planets: The
transit profile is described by four phys-
ical parameter, namely the inclination,
¢, the semi-major axis in stellar radii,
a/Rs, the radius ratio, R,/Rs, and the
time of transit minimum, 7y. Observ-
ing two consecutive transits, the period,
P, of the orbit can be determined. Mod-
els describing the transit shape therefore
include a free scaling constant (in this
case the stellar radius, Ry), which has to
be fixed using additional observations or
stellar model calculations. In combina-
tion with radial-velocity measurements,
we can obtain the mass and, therefore,
density and composition of the planet!.

The papers reproduced in Sects. [5.2]

to be 13 Jupiter masses for objects of B.3, and [6.3 make extensive use of tran-

solar metallicity).

Facing this definition it is interesting
to note that the mass distribution of ex-
trasolar planets and brown dwarfs re-
veals a deficit in the frequency of brown
dwarf companions relative to the num-
ber of less massive planetary or more
massive stellar companions to solar-like
host stars (Marcy & Butler, 2000).

The presence of this gap cannot
be explained by an observational bias.
It is possibly related to the forma-
tion scenario of close-in substellar ob-
jects, which, shortly after their col-
lapse, tend to migrate inwards and even-
tually become consumed by the star
(Grether & Lineweaver, [2006)). Such a
mass-dependent migration mechanism
could further explain the large number
of hot Jupiters found in close orbits.

2.3. Transit modeling

The detailed shape of the transit, es-
pecially in combination with radial ve-
locity measurements, is a treasure trove

sit modeling. In the following, the most
important aspects of the models and fit-
ting methods are outlined.

2.3.1. Analytical and
semi-analytical models

Several analytical and semi-analytical
models describing the transit profile
based on geometrical considerations
have been derived (Mandel & Agol,
2002; [Pal, 2008). These models as-
sume a parametrized limb-darkening law
for the star, and both bodies to be
perfect spheres. ~ While the models
can be used to describe circular as
well as eccentric orbits (Kipping, 2008]),
the inclusion of planetary oblateness
(Barnes & Fortneyl 2003)) or ring struc-
tures (Barnes & Fortney, 2004) requires
a numerical treatment. The advantage

In fact, under suitable conditions, a com-
plete high-resolution light curve including
primary transit, secondary transit, and the
overall phase shape between the occulta-
tions can be used to constrain the planet’s
mass (Mislis et al.l 2012]).
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of analytical models is their computa-
tional efficiency when used in a fitting
scheme to derive the best set of param-
eters. Furthermore, they allow to study
the intrinsic correlations of the parame-
ters.

2.3.2. Stellar activity

The light curves of active stars can show
substantial rotational modulation due to
starspots. Since the occultation of spots
leads to a relative increase of the flux
within the transit, stellar activity di-
rectly affects the estimates of stellar pa-
rameters derived by transit modeling.

Czesla et al.|(2009) show that the rel-
ative light loss during the transit, the
transit equivalent width, correlates with
the level of local out-of-transit flux. An
increase in the total surface fraction cov-
ered by spots yields larger bumps in the
transit profile thereby reducing the tran-
sit equivalent width. It is thus impor-
tant to correctly normalize the transit
profiles to a common reference level and
to construct an unperturbed transit pro-
file, which is then used for the deriva-
tion of the parameters. |Czesla et al.
(2009) find that these effects cannot be
neglected when the planetary parame-
ters are to be accurate up to a few per-
cent.

2.3.3. Limb darkening

The variation of specific intensity over
the stellar disk is an important diagnos-
tic of the physical structure of the stellar
atmosphere. In the optical, stellar pho-
tospheres typically exhibit a monotoni-
cally decreasing brightness profile from
the center to the limb.

As it is usually impossible to directly
observe the center-to-limb variation of

other stars, limb darkening is repre-
sented by simple analytical expressions
whose coefficients are determined by
matching the intensities emerging from
synthetic atmosphere models. Numer-
ous profile forms have been proposed
including linear, quadratic, square-root,
logarithmic, and four-coefficient non-
linear presciptions (Claret & Bloemen)
2011). According to |Claret & Bloemen,
the four-coefficient law gives the most
accurate representation of plane-parallel
model atmospheres. Adopting this
model, the specific stellar intensity is de-
scribed by

4
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i (2.5)
where p = cosf, with 6 denoting the
angle between the stellar surface normal
vector and the line-of-sight. The a; are
the limb-darkening coefficients.

Spherically symmetric atmosphere
models can also be approximated by
Eq. 2.5 at least in the case for solar-like
stars, whereas simpler limb-darkening
laws do not produce accurate fits to the
computed models (Claret & Hauschildt),
2003). The strongest deviations occur
very close to the stellar limb, where
spherical models display a sudden de-
crease in intensity as there is less ma-
terial near the limb. These spheric-
ity effects become especially important
for giant stars with surface gravities
logg < 3.5 (Orosz & Hauschildt], 20005
Neilson & Lester], 2011)).

Most  analytical transit models
use the quadratic limb-darkening law
(Mandel & Agol, 2002; Pal, [2008) or the
four-coefficient model given by Eq.
(Mandel & Agol, [2002). The use of
just two coefficients rather than four is
preferable from a parameter fitting per-
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spective. However, already a quadratic
limb-darkening law introduces strong
correlations with the remaining transit
parameters. Therefore, most efforts to
model planetary transits keep the limb
darkening parameters fixed at their
theoretically computed values.

From an observational point of view,
the information on the global limb dark-
ening encoded in the transit light curve
depends on the parts of the stellar sur-
face that are occulted by the planet (i.e.,
the impact parameter, b = a/Rscosi),
and how well these parts allow to ex-
trapolate to unocculted parts of the
surface. |Howarth| (2011) shows that
the system geometry itself introduces
a systematic bias into the determina-
tion of limb-darkening coefficients from
the transit light curve, which depends
on the impact parameter. He there-
fore advises against directly comparing
the fit results to model atmosphere pre-
dictions. Instead, Howarthl proposes to
obtain synthetic light curves from the
model atmospheres, which are then fit-
ted to yield comparable results for the
limb-darkening coefficients.

2.3.4. Bayesian statistics

The analysis of observational data with
the help of models is inference from in-
complete information, i.e., a combina-
tion of deductive and inductive reason-
ing, which should be described by proba-
bility theory. The classical “frequentist”
approach heavily relies on the idea of in-
dependent repetitions of random experi-
ments and excludes prior information—
this limits its applicability to special
cases, where its stringent conditions are
fulfilled.

Bayesian hypothesis testing and pa-
rameter estimation, which derives from

an extended form of Aristotelian logic
(Jaynes| [2003)), allows to include a pri-
ori information and thus encompasses
the fundamental concept of learning. In
Bayesian statistics a probability is as-
signed to a hypothesis, while in the fre-
quentist view, the hypothesis is tested to
be true or false. Thus, the Bayesian con-
cept of probability measures the plausi-
bility of a proposition, whereas the fre-
quentist concept of a limiting relative
frequency is only valid after an infinite
number of repetitions of a random ex-
periment.

Given the data, x, a model, H, and
a set of parameters, 6, the frequentist
approach restricts attention to the sam-
pling distribution of the data, p(x|@, H).
The Bayesian statistician asks for the
probability distribution for the param-
eters, p(0|x, H), given the model, the
data, and any prior information, the so-
called posterior probability distribution.
The posterior is related to the prior
probability distribution for the param-
eters, p(@|H), according to Bayes’ The-
orem

p(6lx, H) = p(o )21 H)
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where p(x|0, H) for fixed data is called
the likelthood function of the parame-
ters. The normalization factor is the
prior predictive.

While the posterior probability dis-
tribution summarizes our (incomplete)
knowledge about the parameters, it can
be characterized using some mode of
the posterior. A typical choice is the
mean, E[0|x, H], and the credibility in-
terval, R, containing a specified proba-
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bility mass of the posterior,

E[Q[x,H]z/@p(9|x,H),
2.7)
/p(0|x, H)dh = C,
R

where C' is the probability content (e.g.,
C' =95%), and R includes the region of
highest probability density (HPD).

Metropolis-Hastings Markov Chain
Monte Carlo sampling

Bayesian analysis involves the compu-
tation of multi-dimensional integrals,
which can be done efficiently using
Monte Carlo methods.  Assume we
had a method, that simulates a ran-
dom sample from the posterior distribu-
tion. Then the posterior can be approx-
imated by a histogram of these random
draws, while the posterior mean is ap-
proximated as the sample mean.

As is evident from Eq. the poste-
rior is proportional to the joint probabil-
ity p(0|H)p(x|0, H) = q(0|x, H). In the
Laplace approximation this joint prob-
ability is approximated using a multi-
variate normal distribution centered on
the mode with a covariance matrix de-
termined by the curvature at the mode.
This distribution is used as proposal dis-
tribution for a Markov Chain Monte
Carlo (MCMC) method, which draws
random samples from ¢(0|x, H) using a
random-walk Metropolis-Hastings algo-
rithm.

The Metropolis-Hastings algorithm is
a prescription designed to draw random
samples, which are distributed accord-
ing to the target distribution. It starts
with a point 8° in the parameter space,
for which the posterior is larger than
zero. For each step in the chain it then

performs the following operations: It
draws a new parameter point 8 from a
proposal distribution defined by the pre-
vious iteration and evaluates the proba-
bility ratio

_ p(O"x )g(0°10" )
p(6 [, H)g(6" T]0")

(2.8)

where g(0*|@'") is the proposal distri-
bution. A typical choice for g is a multi-
variate normal distribution centered on
0! with a covariance derived from the
normal approximation to the posterior.

The proposed step to 6" is accepted
with probability min(r, 1), otherwise
the chain retains the previous state.
As the Metroplis-Hasting algorithm in-
volves the computation of posterior
probability ratios, it only relies on the
unnormalized posterior ¢(0|x, H). Re-
markably, the distribution of the out-
put @' converges on the target distri-
bution under general conditions and the
choice of the initial proposal distribution
only affects the speed of convergence
(Tierney, 1994). Details about MCMC
and the Metropolis-Hastings algorithm
can be found in most standard texts on
Bayesian statistics (e.g., (Gelman et al.|
2004]).

2.3.5. The PyAstronomy fitting
framework

The model fitting as well as the Markov-
Chain Monte Carlo (MCMC) calcula-
tions performed in the context of this
work make extensive use of routines of
our PyAstronomy collection of astron-
omy related Python packages. PyAs-
tronomy includes most routines devel-
oped in the course of this work and
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is publicly available online?. The core

components have been developed by
Stefan Czesla, who has the leading role
in this project, however I also con-
tributed to parts of the implementation
and documentation of the code.

The core of PyAstromomy’s fitting
framework is the OneDFit class, which
provides a interface to fitting and sam-
pling algorithms implemented in the
PyMC (Patil et al., 2010) and SciPy
(Jones et al., |2001) packages. OneDFit
provides convenient parameter manage-
ment via the Params class, but does
not implement a particular model it-
self.  Mathematical fitting functions
and physical models are defined via in-
heritance from the OneDFit base class
and are collected in the funcFit and
modelSuite subpackages, respectively.
It is further possible to combine differ-
ent models with basic arithmetic oper-
ations, calculate overbinned models to
simulate the effects of finite bin size us-
ing turnIntoRebin, and perform simul-
taneous fits of two related models de-
fined on different axes using the syncFit
class.

Further subpackages provide routines
for timing analysis (the pyTiming mod-
ule), detection algorithms and profile
analysis for spectral lines (the yARES

module), easy access to databases
(keplerAccess, tellurLines, and
constants), and interpolation on

data grids (tableData). Finally, the
pyasl subpackage comprises Python
implementations of some routines from

2See http://www.hs.uni-hamburg.de/DE/
Ins/Per/Czesla/PyA/PyA/index.html| for
a documentation, download and installa-
tion instructions. PyAstronomy and all
its submodules, if not explicitly stated
otherwise, are distributed under the MIT
license.

the “IDL Astronomy User’s Library”
(AstroLib).

2.4. Time-dependent transit
variations

The photometrically observed planetary
transit turned out to be a conceptu-
ally simple yet powerful technique for
the analysis of exoplanetary systems. In
fact, deviations from the expected shape
of the transit light curve bear physical
implications themselves.

Transit timing variations can be clas-
sified according to the observables me-
diating the detection of time-dependent
changes in the system parameters. The
most important observables are the time
of transit minimum and the duration of
the transit event. Timing variations can
occur on different timescales, namely pe-
riodic orbit-to-orbit variations or long-
term secular® changes.

2.4.1. Variations in time of transit
minimum

Similar to the discovery of Neptune, an
additional object in the system can re-
veal itself by its gravitational influence
on the orbital elements of the transit-
ing planet. Most notably, a perturber
is expected to induce short-term peri-
odic variations in the times of tran-
sit minimum (Holman & Murray, 2005;
Agol et al., [2005). These short-term
variations of the mid-transit time with
amplitudes on timescales of seconds and
minutes are usually referred to as transit

3Here, the term “secular” refers to the orig-
inal meaning of the Latin word saecu-
lum, describing a long period of time
(Webster’s encyclopedic dictionaryl [1989)).
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timing variations (TTVs). Perturbing
objects in mean motion rensonances can
even induce TTV amplitudes on the or-
der of hours (e.g., Holman et al., 2010).

While TTVs provide a method to de-
tect and study further unseen planets,
moons or Trojan bodies in the system,
they can also be caused by other ef-
fects. For close (< 10 pc) exoplan-
etary systems, parallax effects can re-
sult in measurable TTV amplitudes on
the order of seconds. In the case of
eccentric orbits, TTVs can be caused
by apsidal precession (Jordan & Bakos,
2008). Furthermore, the presence of
large spotted regions on the star can
mimick the presence of TTVs as noted
by |Alonso et al.| (2008) in the case of
the active planet host star CoRoT-2A.
Other causes for TTV signatures are
variations in the stellar quadrupole mo-
ment driven by the stellar activity cy-
cle, light travel time, and tidal effects
(Watson & Marsh| 2010).

The detection of TTVs in ground-
based measurements requires a suffi-
ciently long baseline and good phase
coverage of the planetary orbit. Further-
more, to reach an accuracy better than
1 min in the time stamps, the adopted
time standard has to be a carefully cho-
sen and clearly stated (Fastman et al.,
2010).

The search for additional plan-
ets by TTVs has been a major
field in ground-based exoplanet re-
search during the last years, al-
beit with limited success: So far,
TTVs have been detected in WASP-3b
(Maciejewski et al [2010), WASP-10b
(Maciejewski et al., [2011), OGLE-111b
(Diaz et al., 2008, but see contradict-
ing results by |Adams et al| 2010),
WASP-5b (Fukui et al., 2011, but see
Hoyer et al., 2012), and HAT-P-13

(Pal et al., 2011 but see [Fulton et al.,
2011)).

The observational situation changed
dramatically with the advent of space-
based observatories like Kepler, which
monitor their targets over time spans
of years. Only one year after the start
of the mission, the first TTV signatures
were found in several planetary systems.

Holman et al.| (2010) detected TTVs
due to the mutual gravitational interac-
tions between the two Saturn-like tran-
siting planets Kepler-9b and Kepler-9c¢
with amplitudes of 4 and 39 minutes.
Shortly after, the spectacular Kepler-11
system was found to host six transit-
ing planets showing T'T'Vs of amplitudes
as large as tens of minutes produced by
the gravitational perturbations between
the planets (Lissauer et al., [2011)). Re-
cently, Ballard et al.| (2011) reported the
detection of variations in the transit tim-
ing of the super-earth Kepler-19b due
to the presence of an additional Jovian
mass perturber. From the analysis of
the first three quarters of Kepler data,
Ford et al| (2011) conclude that Kepler
will provide a large number of additional
TTV detections in the coming years.

2.4.2. Variations in transit duration

Due to the complex shape of tran-
sit egress and ingress there are var-
ious definitions of the transit dura-
tion. For circular orbits the transit
duration, defined as the total duration
from first to fourth contact, can be ex-
pressed in a simple expression following
Seager & Mallén-Ornelas) (2003)),

P VU222 — (& cosi)?
tr = — arcsin —
T R—SSIDZ

Y

(2.9)
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where P, a, and ¢ denote the orbital
period, radius, and inclination, respec-
tively, while R, and R, refer to the stel-
lar and planetary radii. There is cur-
rently no single exact equation in the
case of eccentric orbits, however, sev-
eral approximations can be found in
the literature (Tingley & Sackett] 2005;
Kipping, 2010)).

Periodic short-term variations in the
transit duration could be caused by
exomoons (Kipping, 2009). Secu-
lar variation can result from apsi-
dal precession (e.g., due to stellar
oblateness or general relativistic effects;
Jordan & Bakos|, [2008), nodal regres-
sion (e.g., due to an additional perturb-
ing planet; Miralda-Escudé, 2002), in-
falling planets, and changes in eccentric-
ity via the Kozai mechanism (Kipping,
2009)).

In Sects. and of this thesis,
we will discuss ground-based observa-
tions indicating long-term variations in
the orbital inclination of the transiting
exoplanet TrES-2b, which we explain as
being due to nodal regression. However,
our subsequent analysis of the first four
quartes of Kepler photometry of this
system in Sect. rules out the previ-
ously detected inclination change.



3. Solar and stellar activity

Stars like our Sun are luminous, self-
gravitating gas balls made up basically
of hydrogen and helium, which are stabi-
lized by the generation of energy via nu-
clear fusion. However, a large number of
observable phenomena, collectively re-
ferred to as activity and mostly related
to magnetic fields, cannot be explained
in this simple picture. In this chapter, I
outline the phenomenology of magnetic
activity in solar and stellar atmospheres
and explain the underlying concepts of
the solar dynamo. The most important
diagnostics of magnetic activity in opti-
cal and X-ray astronomy are introduced.
Finally, I point out the relevance of stel-
lar activity in exoplanetary systems with
close-in Jovian planets for the evolution
of the system and summarize the obser-
vational status quo.

3.1. Solar activity and
dynamo action

Early studies of stellar activity focused
on our Sun for an obvious reason: The
Sun is the only star being close enough
to be resolved in great detail. This sec-
tion presents an overview of solar mag-
netic activity. Furthermore, a summary
of our current understanding regarding
the structure of the Sun and the forma-
tion of its magnetic fields is given.

3.1.1. Sunspots and solar cycles

While the Sun is usually perceived by
the human eye as a luminous, per-
fect disk in the sky and thus has been
an object of veneration in many cul-
tures, watchful observers like Chinese
astronomers noticed the presence of
dark spots on the solar disk more than
two millenia ago. Reports on the detec-
tion of sunspots can be traced through-
out the history, however, they were
mostly interpreted as planetary transits.
In fact, |Galilei| (1613) was the first, who
interpreted sunspots as features on the
solar surface, its photosphere, and their
motion as a consequence of the rotation
of the Sun.

Systematic observations then showed
that sunspots have typical lifetimes be-
tween days and two months and occur
as groups at preferred latitudes reveal-
ing an average period of 11 years. This
Schwabe cycle, named after its discov-
erer, shows clear maxima, during which
the number of sunspots is high, fol-
lowed by phases with less or even no
sunspots. The occurence of sunspot
groups is not randomly distributed over
the solar disk. Instead, with beginning
of a cycle sunspots occur preferentially
around latitudes of £30°. As the cycle
progresses, sunspots occur successively
closer to the solar equator and disap-
pear at the equator as the first spots
of the next cycle appear at higher lat-
itudes. This gives rise to Fig. show-
ing the famous butterfly diagram of the
solar cycle.

25
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Figure 3.1.: Butterfly diagram of the Sun
showing the latitude and area (color-
coded) covered by sunspots over the

last 60 years (Credit: NASA/NSSTC
D. Hathaway).

While the surface fraction covered by
sunspots increases towards the activ-
ity maximum, the total solar irradiance
varies accordingly but in the opposite
way: The Sun emits more energy at the
solar activity maximum, when there is a
large number of sunspots on the surface.
This is due to bright, but very small fea-
tures on the surface called faculae oc-
curing together with the sunspots. The
contribution due to faculae overcompen-
sates the reduced emission due to the
sunspots.

Strong solar activity is accompanied
by a higher level of high energy cos-
mic radiation, which then produces
larger amounts of isotopes like *C and
19Be in the Earth’s atmosphere. Us-
ing abundance measurements of radioac-
tive isotopes, the solar cycle can be
traced back over centuries as the rel-
ative abundance of these isotopes is
preserved in trees and polar ice-cores
(Weiss & Thompson|, 2009)). As is evi-
dent from these data, the solar cycle is
not invariable but can show periods of
prolonged sunspot minima. Such a pe-
riod occured from about 1645 to 1715,
when sunspots became exceedingly rare,

as noted by solar observers of the time.
Those spots that were seen were almost
all in the Sun’s southern hemisphere.
This period, which is only the latest of
the grand minima that have occurred
in solar activity over time, is known as
the Maunder Minimum (Eddy, [1976)).
The Maunder Minimum temporally co-
incides with the Little Ice Age, during
which Europe and North America were
subject to unusually cold winters!.

Faculae, granules, and enhanced network

Sunspots (Fig. are the most obvi-
ous features visible on the solar pho-
tosphere. However, detailed images of
the photosphere reveal even more sub-
tle structures. The photosphere is cov-
ered with granules, small cellular fea-
tures on top of convection cells, where
plasma rises up from the solar inte-
rior. Granules have diameters of about
1000 km and typical lifetimes on the or-
der of 20 minutes. While there is un-
ambigous evidence for their convective
origin, this is less clear for higher-scale
granulation patterns namely mesogran-
ulation and supergranulation with cell
sizes up to 30,000 km and 20 hr lifetime
(Rast}, 2003, and references therein).
Faculae are bright features seen in vis-
ible light near the limb of the Sun, which
are more numerous but much smaller
than sunspots and occur preferentially
close to active regions. They are part of
even smaller, magnetically active struc-
tures forming the enhanced photospheric

I'Recent observations with NASA’s Solar Ra-
diation and Climate Experiment show that
variations in solar ultraviolet irradiance
may be larger than previously thought and
could indeed be correlated to local climate
changes, which have only little effect on the
global temperature (Ineson et al. [2011))
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Figure 3.2.: Upper panel: Large sunspot
group. (Credit: SOHO/ESA&NASA).
Lower panel:  Close-up of sunspot
and granules (Credit: Vacuum Tower
Telescope/NSO/NOAO)

network. The contrast between facu-
lar emission and the quiet-Sun photo-
sphere is known to increase from the so-
lar disk’s center outwards towards the
limb (Chapman & Ziegler, [1996). Ac-
cording to the “hot wall” model, faculae
emit through the sides of a cylindrical
flux tube, so that the maximum con-
trast should be located somewhere be-
tween the limb and the center depend-
ing on the viewing angle, whereas ma-
terial protruding the photosphere (“hot
cloud”) would have its highest contrast
at the limb. Despite numerous efforts
during the last decades to precisely mea-

sure the facular center-to-limb variation,
there is currently no consistent picture
of the exact behavior close to the limb
(cf. Berger et al., 2007, and references
therein).

Sunspots and magnetic fields

In 1908 [Halel demonstrated that sun-
spots possess a magnetic field. In fact,
the magnetic fields, which reach typi-
cal strengths of 2 — 3 kG, were found
to be responsible for the formation of
sunspots: The strong magnetic fields in
sunspots inhibit the convective motions,
which are the dominant energy trans-
port mechanism in the outer 30% by
radius of the Sun, the so-called convec-
tion zone. The convective motions of
the plasma transport heat from the in-
terior to the solar surface. Strong mag-
netic fields cause sunspots to be 2000 K
cooler compared with the surrounding
photosphere and hence darker. How-
ever, the detailed structure of a sunspot
is rather complex with a dark inner re-
gion known as umbra and a surrounding
region called the penumbra which ex-
hibits a dynamic filamentary structure
and can be shared by several spots in
the same group (Fig. |3.2)).

Detailed measurements of the mag-
netic polarization of sunspots by
Hale et al.| (1919) led to the discovery
that sunspots occur in bipolar pairs con-
sisting of a leading spot and a trailing
spot. Furthermore, the polarities are
reversed for sunspot pairs on opposite
hemispheres and the polarities reverse
in successive solar cyles—a systematic
effect that became known as as Hale’s
law. It reveals that the apparent 11-
year cycle is in fact a magnetic cycle of
about 22 years. Another finding known
as Joy’s law is that the line joining
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450 nHz

425

Figure 3.3.: Internal rotation of the Sun
obtained with MDI/SOHO. The rotation
frequency /27 is given in nHz. The
dashed line indicates the tachocline. Fig-
ure taken from |Thompson et a1.| QQOOSD.

leading and trailing spots is typically
inclined at an angle of about 4° to the
equator.

Finally, sunspots occur in larger mag-
netic complexes called active regions,
which usually recur at the same longi-
tudinal position on the Sun. Active re-
gions are associated with large magnetic
structures reaching out into the chro-
mosphere and corona of the Sun, where
they can give rise to coronal mass ejec-
tions and flares caused by magnetic re-
connection.

3.1.2. The solar interior inferred
from helioseismology

Energy is generated by nuclear fusion in
the inner core of the Sun. This energy
is transported outwards from 0.25 to 0.7
solar radii by radiative transport. How-
ever, solar model calculations indicate
that above this inner radiative zone the
required temperature gradients are too
steep to be stable. The remaining part
of the solar interior is therefore governed
by convective heat transport. This pic-

ture was observationally confirmed by
helioseismology, which measures charac-
teristic frequencies of global oscillation
modes on the Sun. These modes are me-
diated by acoustic waves generated by
turbulent motions in the upper part of
the convection zone.
\Christensen-Dalsgaard et al. (1991)
demonstrate that the base of the con-
vection zone is located at a fractional
radius of 0.713 £+ 0.003.  From the
motion of spots on the surface and
Doppler spectroscopy, it has long been
known that the surface rotation period
at the solar equator is about 25 days,
increasing with latitude to more than
a month at high latitudes. Helioseis-
mology has shown that this differential
rotation persists through the whole
convection zone. However, beneath the
base of the convection zone the solution
is consistent with a nearly uniformly
rotating radiative interior (see Fig.|3.3)).
The base of the convection zone is
thus a region of shear flow known as
the tachocline (e.g., [Thompson et al.,
2003).  Even if helioseismology has
revealed many details about the interior
of our Sun, the rotation of the inner,
energy-generating core is still uncertain.

3.1.3. The solar dynamo

The existence of sunspots clearly indi-
cates the presence of strong magnetic
fields on the Sun. These magnetic fields
are thought to be generated by the so-
lar dynamo. While the detailed oper-
ation mechanism of this dynamo pro-
cess is unknown, it is likely that dif-
ferential rotation of the solar plasma
is an important ingredient. The equa-
tions that govern the generation of mag-
netic fields in the solar interior de-
rive from Maxwell’s equations of electro-
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dynamics together with the continuity
equation for mass conservation and Eu-
ler’s equation for fluid mechanics includ-
ing magnetic forces and gravity. This
yields a theoretical framework known
as magnetohydrodynamics (MHD). The
key equation of MHD is the induction
equation

OB =Vx(uxB)+17V’B (3.1)
describing the temporal change of the
magnetic field, B, in the presence of ve-
locity fields, u, and diffusion of the mag-
netic field V2B, where 1 denotes mag-
netic diffusivity.

It is, however, impossible to directly
solve these equations in the parame-
ter regimes that occur in stellar interi-
ors with the current computational re-
sources, because the flows that drive the
dynamo are extremely turbulent with
a large range of spatial and temporal
scales interacting in a highly nonlinear
manner (Jones et al., 2010)).

The dynamics of the global magnetic
field is conveniently expressed in terms
of its toroidal and poloidal parts, viz.
B = B,e,+ V x (Ae,), where A(r,0) is
the vector potential. Assume the pres-
ence of a seed magnetic potential A,
which may be a relic of a magnetized in-
terstellar cloud that gravitationally con-
tracted to form our Sun. The presence of
differential rotation u,(r,#) then leads
to the generation of a toroidal field with
opposite polarity in the two hemispheres
from the poloidal seed field. This is the
well-known -effect.

As demonstrated by |Cowling| (1933)
in his famous anti-dynamo theorem,
there is no flow that could sustain the
axisymmetric field, so that the poloidal
field would ultimately decay. Two
decades later, |Parker (1955a)) argued

SN
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Figure 3.4.: Working principle of the af)-
dynamo. Poloidal magnetic field (a) is
converted into a toroidal field (b) via dif-
ferential rotation. The a-effect then re-
plenishes the poloidal field (c) by twist-
ing rising flux tubes. Figure taken from
Russell| (1999).

that non-axisymmetric small-scale mag-
netic fields could be produced by turbu-
lent convective motions in the solar inte-
rior. The net electromotive force result-
ing from the interaction of small-scale
flows and magnetic fields would then be
capable of regenerating the large-scale
poloidal field from the toroidal field.
This can be seen from the formulation
of mean-field theory. Magnetic and ve-
locity fields are split into mean and fluc-
tating parts,

B=B+B,u=tu+u, (3.2)
so that the means of the fluctuating
parts vanish, but products of fluctat-
ing quantities can have a non-zero av-
erage. Inserting this into the induction
equation yields the mean-field induction
equation

0,B = Vx(uxB)+Vx(u x B)+nV*B.

(3.3)
Given a suitable configuration, the prod-
uct of the fluctuating parts yields a non-
zero average corresponding to an elec-
tromotive force EMF = u’ x B’, which
then creates poloidal from toroidal field

to close the dynamo loop (Fig. [3.4).
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Figure 3.5.: The Parker loop mechanism.
Rising plasma with positive helicity lifts
up a line of magnetic field and twists it.
Figure taken from [Parker| (1970))

The specific process that leads to
the occurence of a non-zero EMF
depends on the averaging method
and assumptions. A standard ap-
proach is to assume that the turbu-
lence is a random superposition of
waves U = Ruexpi(k-x —wt)] and
isotropic. This results in an EMF, which
is proportional to a factor «, that de-
pends on the average helicity, i.e., the
product of velocity and vorticity of the
flow, H = v’ -V x u’. For example, a
fluid element that rises and thereby ro-
tates produces helicity. The interplay of
solar rotation and convection then yields
the required asymmetry to obtain a non-
zero net a-effect (Steenbeck & Krause|
1969).

The existence of sunspots can be ex-
plained with the Parker loop mechanism
(Parker], [1955D) illustrated in Fig.
The toroidal magnetic fields produced at
the bottom of the convection zone pro-
vide additional pressure to the gas. In
an isothermal ideal gas, this leads to a
reduced density in the flux tube. Due
to the resulting buoyancy, the magnetic
flux tube rises through the outer con-
vection zone eventually reaching the so-

lar surface. As an azimuthal loop of
magnetic field lines penetrates the pho-
tosphere a sunspot pair is created. The
systematic tilt of sunspots (Joy’s law) is
due to the rising loop of flux being ro-
tated by a small angle due to the Coriolis
force.

Unfortunately, numerical simulations
support neither the isotropy nor the as-
sumptions underlying mean-field theory
(cf. |Jones et al. [2010), while the inclu-
sion of non-linear effects typically acts
to suppress the a-effect (an effect known
as a-quenching; Vainshtein & Cattaneo),
1992). Today’s computing power is still
insufficient to treat the full astrophysical
parameter regime.

Depending on the relative impor-
tance of shear due to differential rota-
tion and turbulent diffusion the mean-
field equations yield different kinds of
exponentially growing dynamo waves
known as a?-dynamo and af2-dynamo.
These modes grow exponentially and
saturate eventually due to a-quenching.
However, the strong fields required to
lift the Q-loops inevitably cause catas-
trophic a-quenching. Therefore, [Parker
(1993) suggested to spatially separate
both mechanisms, so that ) operates
in the strong field regions near the
tachocline, while v can operate in the
weak-field region in the convection zone.
This model became known as inter-
face dynamo. A similar concept under-
lies the fluz-transport dynamos, where
poloidal flux is transported back to the
tachocline by meridional circulations,
which indeed can be observed on the Sun
(Wang et al., [1991)).

3.1.4. The chromosphere

Total solar eclipses reveal the presence
of an outer solar atmosphere, which is
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otherwise outshone by the brilliance of
the photosphere. Expeditions to solar
eclipses during the 18th and 19th cen-
tury revealed “red flames” protruding
the limb of the lunar disk—in fact, it
comes as a strange fortune, that the ap-
parent angular size of the Moon matches
that of our Sun quite exactly in our
times. The reddish glow of the observed
ring of emission soon led to the idea of
a thin spherical shell surrounding the
photosphere of the Sun, which was then
dubbed chromosphere.

Detailed observations found the
chromosphere to be quite hetero-
geneous showing prominences and
spicules, tightly collimated jets of
plasma streaming upward through the
chromosphere with lifetimes of several
minutes (Roberts, |1945). If seen on the
disk, spicules are also known as mottles
or fibrils (see Fig. [3.6). Spicules are
bright in He, giving the chromosphere
its pink color, while the larger and
hotter macrospicules are also prominent
in extreme ultraviolet images. Plages
are bright regions in the chromosphere,
which are usually found close to photo-
spheric sunspots. They closely map the
faculae in the photosphere below, which
are, however, spatially less extended.
In close analogy to the photosphere,
plages are linked to interconnected
patches, the chromospheric network.
While plages and faculae are intimately
related, their physical connection is
still unclear. Coronal shock waves are
accompanied by chromospheric Moreton
These are fast-mode magneto-
hydrodynamic waves propagating at
speeds between 10?2 and 10° kms™!,
which are visible in Ha (Moreton, 1960
Uchida et al. [1973)).

With the dawn of high-resolution
spectroscopy numerous emission fea-

waves.
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Figure 3.7.: Height-of-formation graph of
the classical VAL3C model. The continu-
ous line shows the temperature stratifica-
tion of the quiet Sun’s atmosphere. Fig-
ure taken from [Vernazza et al.| (1981).

tures of high-temperature ionized
species were found, indicating a
strong rise in temperature. Based

on many complementary observations
Vernazza et al| (1981]) developed semi-
empirical models, that represent a
complete,  self-consistent numerical
simulation of the radiation from a
plane-parallel star. Their VAL3C mod-
els, which were later updated by FAL
models (Fontenla et al., 2006)), present
a consistent temperature stratification
(cf. Fig [3.7): Declining from 6500 K
to 4400 K with increasing altitude
through the several hundred kilometers
thick photosphere, the temperature
shows a slow rise through the entire
chromosphere up to around 20,000 K
followed by a sharp increase in the
narrow transition region up to 2 MK in
the corona. Figure further shows
the formation heights of many impor-
tant spectral line diagnostics according

to the VAL3C models. Clearly, the
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Figure 3.6.: Left: Solar chromospheric plages in the light of the Ca II K-line. Right:

Prominences and fibrils in Hea.

www . schursastrophotography . com).

prominent line cores of Mg II, Ca II,
and Ha are dominantly formed in the
chromosphere. However, the VAL3C
models should not be regarded as
representing the actual situation in the

Sun; quoting (2007):

“Let us regard VAL3C |...]
as interesting stars with sun-
like photospheres but chromo-
spheres that exist only compu-
tationally.”

Chromospheric activity

Flash spectra of the chromosphere taken
during total solar eclipse (Fig. [3.8) re-
veal a number of emission lines originat-
ing in the chromosphere. Back in the
late 19th century, most of these lines had
been recognized to correspond to the
prominent Fraunhofer absorption lines
known from the photosphere, namely
the H and K lines of singly-ionized cal-
cium and the hydrogen Balmer lines.
The emission reversals in these lines in-
dicate departures from radiative equilib-
rium, however, the “coronal green line”
at 5303 A remained a mystery until it

Both images were obtained by Chris Schur us-
ing a Lunt 60 mm Ca K and a Coronado 40 mm Hea filter (Credit:

C. Schur,

was discovered that the line is emit-
ted by highly ionised iron at tempera-
tures well in excess of one million Kelvin
(Grotrian, |1939; [Edlen, [1942). The
temperature rise throughout the outer
solar atmosphere is incompatible with
thermal processes alone and points to-
wards the existence of additional heat-
ing mechanisms beyond simple equilib-
rium transfer of radiation. These ad-
ditional physical processes are generally
referred to as activity.

So far, there is no quantitative under-
standing of the heating of the outer solar
atmosphere. The main difficulty is to set
up a physical process acting as energy
carrier, that can efficiently dissipate the
transported energy in the higher atmo-
spheric layers. Several heating mecha-
nisms have been proposed that can be
classified into hydrodynamic and mag-
netic heating mechanisms: Hydrody-
namic heating relies on rising convec-
tive cells that generate outward propa-
gating acoustic waves, which than dis-
sipate their energy via shock processes.
Magnetic heating on the other hand is
mediated by strong magnetic fields that
can induce MHD waves; alternatively,
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Fe X1V 5303

Figure 3.8.: Flash spectrum taken during total Solar eclipse
most prominent chromospheric emission lines.

in 1999 showing the

Credit: EurAstro Team Szeged I,

M. Rudolf, A. Jakoblich, F. Michlmayer, C. Ortega (http://www.eurastro.de/

webpages/mrspect . htm)

the energy stored in the magnetic field
can be released by magnetic reconnec-
tion (cf. |Erdélyi & Ballail, 2007, for a re-
view). The heating process results in
a higher ionization fraction of hydro-
gen releasing large numbers of electrons,
which then enable collisional radiative
cooling through strong resonance lines
of abundant species like Ca II and Ha.

A dynamical view of the chromosphere

The layered view of the solar chro-
moshere as a homogeneous, spheroidal
shell in the solar atmosphere has to
be revised. Infrared observations re-
veal the presence of strong rotation-
vibrational emission of carbon monox-
ide reaching hundreds of kilometers into
the chromosphere. This indicates com-
parably cool gas of 3700 K coexist-
ing with much hotter surrounding gas
(Ayres & Testerman) 1981). From re-
cent satellite imagery of chromospheric
and coronal emission Rutten| (2007) de-
velops a dynamical view of the chromo-
sphere, which he defines as the mass of
fibrils observed in Ha. Darker Ha fib-
rils span large cells forming magnetic
canopies, whose relatively cool interiors
are pervaded by acoustic shocks. Other
fibrils appear as bright upright straws

opening up into the hot coronal plasma.
The chromosphere appears as a thin and
inhomogeneously warped dynamic inter-
face, which is variable on short and long
timescales. The detailed physical mech-
anisms leading to the observed proper-
ties of the solar chromosphere have not
been settled yet (e.g., |Ayres, [2002; Hall,
2008). This dynamic picture of a strcu-
tured chromosphere is also confirmed by
recent two- and three-dimensional mag-
netohydrodynamic simulations of chro-
mospheric features using the Oslo Stag-
gered Code (e.g., Leenaarts et al., 2007}
Martinez-Sykora et al., 2011), which
present the complexity of the highly dy-
namic outer atmospheric layers of the

Sun (cf. Fig.[3.9).

Center-to-limb variation

The center-to-limb variation of the quiet
solar chromosphere is difficult to mea-
sure due to the presence of plages
and other varying features. Images
of the Sun obtained in narrow fil-
ter bands, so-called spectroheliograms,
show that the quiet Ca II K and
Mg II k emission decreases towards the
solar limb (Brandt & Steinegger| (1998}
Morrill & Korendyke, 2008).  Limb-
brightening of the chromosphere can be
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star CoRoT-2A is studied using the
Rossiter-McLaughlin effect in chromo-
spheric emission lines.
5
= 4
g g 3.1.5. The X-ray Sun
M
3 From the detection of the one million

Figure 3.9.: Snapshot of the 2D Oslo MHD
simulation showing the gas temperature
(color-coded) and magnetic field lines
(black) extending into the corona. The
chromopshere is pervaded by shocks and
reaches heights of 2—4 Mm depending on
the magnetic field configuration. Figure
taken from |Leenaarts et a1.| (IQOO?D.

observed in sub-millimeter wavelengths
(Bastian et al., [1993)).

Chromospheric ~ prominences and
spicules clearly protrude the photo-
spheric solar limb. The largest solar
prominences such as the “Grand Daddy
Prominence” extend up to heights of
112000 km above the limb as measured
in Ha emission , . Steady
Ca IT H and K emission reaching up
to 5000 km above the solar limb was
observed by [Beck & Rezaei] (2011)),
who also measured the change of the
H and K emission line profile with
varying height. Their images clearly
display that the chromosphere extends
beyond the photospheric radius—even
for less active stars like our Sun.

The extent of chromospheres of other
active stars can be studied only under
fortunate circumstances, e.g., if resolved

images are available (e.g., Lobel et al.
2004]) or in eclipsing binary systems
(e.g., [Eaton, [1993). In Sect. [6.3] the

chromosphere of the active planet-host

Kelvin hot gas in the solar corona in
the 1930s (Grotrian, |1939; Edlén, |1942),
the Sun was expected to be a source of
high-energy radiation with photon ener-
gies ranging from hundreds of electron
Volt (eV) up to hundreds of keV, known
as X-rays. X-rays are produced by mate-
rial heated to temperatures of millions of
Kelvin and particles accelerated to rela-
tivistic velocities. In air at ground level,
X-ray radiation has a mean free path of
only a few meters. It is therefore impos-
sible to directly detect X-rays of cosmic
origin from the ground. The specula-
tions regarding the nature of the solar
corona were confirmed in 1949 with the
detection of the solar corona during a
rocket flight (Burnight, [1949).

The era of modern X-ray astronomy
started with the launch of the X-ray
satellites UHURU and EINSTEIN in
1970 and 1978. Both mission revealed
that X-rays are found for a large number
of stars throughout the Hertzsprung-
Russel diagram. In 1990 the German
ROSAT mission was launched and pro-
vided an all-sky survey with more than
100,000 source detections. Since these
early times of X-ray astronomy, an ar-
mada of satellite observatories dedicated
to solar and extrasolar high-energy ra-
diation contributed to our understand-
ing of the solar corona and a plethora
of high-energy processes throughout the
Universe. Today, the two main X-
ray missions are ESA’s XMM Newton
and NASA’s Chandra X-ray observa-
tory, both launched in 1999. The Chan-
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Figure 3.10.: Left: Flare eruption and magnetic loops observed with SDO (Credit:
SDO/NASA). Right: The solar corona as seen with SOHO in the extreme UV light
following an entire solar activity cycle (Credit: SOHO/ESA&NASA).

dra telescope and its working principle

will be introduced in Sect. [3.2.4]

The solar corona has been studied
extensively by numerous space tele-
scopes in extreme ultraviolett (EUV)
light (e.g., SOHO, TRACE, SDO) and
X-rays (e.g., Yohkoh, Hinode). Their
ornamental imagery reveal a highly dy-
namic picture of the outer atmosphere
of the Sun: Closed magnetic coronal
loops are the basic structures of the so-
lar corona. These loops vary in shape
and size and are fed by hot and dense
plasma originating in the photosphere
(see Fig. . Coronal loops have life-
times between seconds and days and
contribute to the Sun’s quiescent X-ray
emission. Large regions which are com-
parably dark in X-rays are called coro-
nal holes. They result from open unipo-
lar field lines reaching out into inter-
planetary space and are typically found
at the polar region during solar mini-
mum. Coronal loops of modest height
can brighten up on timescales of min-
utes causing X-ray flares. Flares are re-
lated to sudden changes of the magnetic
field configuration via magnetic recon-
nection releasing an enormous amount

of energy on a timescale of hours. Fi-
nally, the 11 year activity cycle of the
Sun is clearly visible in the soft X-ray
regime as can be seen in Fig. [3.10]

The advent of space-based UV and X-
ray observatories led to the discovery of
tight correlations between the chromo-
sphere and corona suggesting that these
are intimately connected: While mag-
netic fields rooted in the photosphere are
governed by the plasma motion, they
in turn dominate the plasma motions
in the higher atmospheric layers. Thus,
properties of the plasma motion in the
photosphere are sustained in the chro-
mosphere and the corona.

3.2. Stellar activity

The work at hand deals with signatures
of stellar activity in solar-like planet-
hosting stars in different evolutionary
states. While the Sun provides a nat-
ural starting point for all our investiga-
tions and will certainly remain the best-
studied star in the Universe (at least,
in the near future), improved observa-
tional techniques allow astronomers to
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Figure 3.11.: Different actvity patterns for
three stars observed in the Mt. Wilson
HK program as evidenced by the rel-
ative flux observed in Ca II H and K
emission line cores. Figure taken from
Baliunas et al.| (1998).

study signs of magnetic activity in a
large number of stars. Some of the main
efforts and results will be outlined in the
following.

3.2.1. Chromspheric emission
reversal

One of the most important indicators
for stellar activity is the chromospheric
emission reversal in the Ca II H and K
lines. Stellar Ca II H and K emis-
sion has been studied systematically
since early works by Wilson & Bappu
(1957).  These early studies demon-
strated that chromospheric activity sig-
natures can also be observed in the spec-
tra of many other late-type stars. In
close analogy to the activity cycles ob-
served on the Sun, it was expected that
these stars should show activity modu-
lations with periods over several years.
In 1966 Wilson started the Mt. Wilson
HK program searching for such long-
term trends. The campaign revealed
a large variety in activity levels with

of magnetic activity: The faster the
star rotates, the more active it is.
This can be understood in terms of
the stellar dynamo, which weakens for
slower rotation (Noyes et al.,|1984). An-
other closely related correlation indi-
cates a decreasing level of stellar activ-
ity for older stars. This relationship be-
tween chromospheric emission and age,
the so-called chromospheric age, served
as the leading age indicator for long
time (Soderblom et all |1991; |Donahue)
1998)).

However, both relations are aspects of
the more fundamental activity-rotation-
age paradigm (e.g., [Skumanich} (1972),
which explains the decrease of activity
for older stars as the result of a steady
angular momentum loss during stellar
evolution. According to this paradigm,
main-sequence stars begin their life as
fast rotators with rotation periods of
less than one day. During their evolu-
tion they drive strong magnetized stel-
lar winds yielding a mass outflow along
the large-scale open magnetic field lines.
This phenomenon, known as magetic
braking, thus weakens the stellar dy-
namo reducing magnetic activity.

This would make rotation the most
fundamental property which together
with stellar mass would be responsible
for the behavior of all other activity in-
dicators. Jointly taking into account
both parameters, [Barnes| (2003, [2007)
devise a method to determine the gy-
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rochronological age. From his analysis
of cluster and field stars, [Barnes finds
that there are basically two categories
of rotating solar-type stars, he calls C-
and I-type stars. Following his simple
model, C-type stars have a convection
zone maintaining a turbulent dynamo
that creates a small-scale magnetic field.
This field cannot mediate a coupling be-
tween the inner radiative zone (if any)
and the exterior, so that these stars
show an exponential spindown of the
outer convection zone. In I-type stars, a
strong dynamo develops at the interface
between convective and radiative zones
creating a large-scale field which couples
the inner radiative zone and the exterior
to the surface convective zone—these
stars show the Skumanich-style spin-
down. Treating these two regimes sepa-
rately, Barnes obtains a tight relation-
ship between the rotation period of a
star and its age and color. With space-
based photometric missions like CoRoT
and Kepler stellar rotation can be mea-
sured directly and at very high precision.
Further, the technique avoids the neces-
sity to obtain a distance estimate of a
field star, which is required for dating
based on isochrones.

3.2.2. Starspots

Starspots are expected to appear on
the photospheres of all solar-like stars
with outer convection zones and mag-
netic field. During the last decades
the field of starspot research saw signif-
icant progress due to improved diagnos-
tic techniques, some of which are out-
lined in following.

Because of its large size and relative
proximity Betelgeuse was the first object

from which direct images could be ob-
tained (Gilliland & Dupree, (1996)). Di-

rect imaging is, however, only feasible
in a very limited number of cases.

Kron| (1947) was the first, who tried
to infer the presence of stellar spots
from the morphology of stellar light
curves. The modeling of the observed
light curve based on analytical or nu-
merical schemes became known as light-
curve inversion (e.g., [Eker, 1994, and
references therein).

Spots on the rotating stellar surface
lead to an observable distortion of the
spectral line profiles, which can be used
to reconstruct an image of the stellar
surface. This technique is called Doppler
imaging (e.g., Vogt & Penrod|, [1983).
Doppler imaging has high demands re-
garding spectral resolution and phase
coverage and is therefore applicable only
in the case of bright, fast rotating stars.
For both methods the reconstruction of
the stellar surface is an ill-posed, inverse
problem, so that additional regulariza-
tion methods are required to obtain a
unique solution. While light-curve in-
version is observationally less demand-
ing, it completely lacks latitudinal infor-
mation on the spot position. As shown
by Huber et al.| (2009b)), the strong de-
generacy between different models may
be slightly lifted in the case of simulta-
neously observed radial-velocity data.

An approach applicable in stellar sys-
tems with a transiting extrasolar planet
is planetary eclipse mapping. This
method relies on high-precision transit
light curves as delivered by recent space-
based observatories like CoRoT and Ke-
pler. During the transit, the planet oc-
cults different parts of the stellar disk,
but also starspots located at latitudes
beneath the planetary path. The oc-
cultation of a spot on the stellar sur-
face can then be observed as a rela-
tive increase in brightness during the
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Figure 3.12.: Light curve of CoRoT-2A obtained with the CoRoT space telescope. The
light curve shows pronounced variability due to starspots and regularly recurring

transits. The surface reconstruction by

the shape of each transit, is indistinguishable from the data.

Huber et al.| (2010).

transit (e.g., [Wolter et al., 2009). This
technique thus partly recovers latitudi-
nal information. It has been applied suc-
cesfully by Huber et al.| (20092, 2010)
in the case of the exoplanetary system
CoRoT-2. With 152 days of space-based
photometry available, this system is ide-
ally suited for planetary eclipse map-
ping: Its hot Jupiter is in a close orbit
transiting its host star every 1.74 days,
which is about three times the stel-
lar rotation period. Furthermore, the
host star shows an exceptional degree
of activity as evidenced by its light
curve, which is modulated with an am-
plitude of 6% (see Fig. [3.12). Fit-
ting the global light curve and all tran-
sits simultaneously, [Huber et al.| (2009al,
are able to consistenly reconstruct
the surface brightness distribution of
CoRoT-2A and its evolution over the
course of the observation. The authors
find strong indications for two active
longitudes, where most spots can be
found, separated by 180°. Their re-
sults can be interpreted in terms of dif-

Huber et al.| (2010)), which also reproduces
Figure taken from

ferential rotation or the flip-flop phe-
nomenon, which we discuss below.

The technique of magnetic Doppler
imaging uses Zeeman splitting of pho-
tosperic lines caused by magnetic fields,
which shows up as additional line broad-
ening in unpolarized light. Spectropo-
larimetric observations can resolve this
broadening as being due to contribu-
tions of different polarization. Mag-
netic Doppler imaging can therefore be
used to reconstruct a magnetic map of
the stellar surface (Donati et al. 1997}
Piskunov & Kochukhov, 2002). Clearly,
also this method is prone to non-
uniqueness.

The observational status quo

Starspots have been studied in a few
hundreds (Strassmeier} [2009) of binary
systems of different types (BY Dra-, W
UMa-, RS CVn-, Algol-type) and sin-
gle stars (T Tau, FK Com, and solar-
type stars). In contrast to the Sun,
where spots typically cover always less
than 1% of the visible disk, some stars
show enormous starspots covering up to
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50 % of the stellar surface (O’Neal et al.
1996). While most young solar-type
stars show typical variability at the per-
cent level (Radick et al.; 1982), photo-
metric amplitudes up to 0.63 mag were
observed in a light curve of the RS CVn
star II Peg (Tas & Evren, [2000). How-
ever, spot coverage does not directly
translate into spot sizes and the small-
est spot sizes are usually determined by
the resolution of the adopted method.
The actual size distribution of starspots
is therefore unknown.

In many cases Doppler images show
a pronounced concentration of spots in
the polar region. Because such a polar
spot does not contribute to the modu-
lation of the light curve, the reality of
these features has long been doubted
but is currently mostly accepted (Rice,
2002)). The lifetimes of single stellar
spots cannot be reliably determined, as
observations do not distinguish between
single spots and groups of spots con-
glomerating to active regions. Obser-
vations by Hatzes (1995) suggest that
an active region on V410 Tau has sur-
vived on the stellar surface for about
20 years. Thus, active regions seem
to be relatively long-lived features on
stellar photospheres. Long-term obser-
vations indicate that active regions oc-
cur on preferred active longitudes, which
are typically located on opposite hemi-
spheres (e.g., |Korhonen et al., 2002;
Berdyugina et al., 2002). These active
longitudes, which apparently also ex-
ist on the Sun (Berdyugina & Usoskin),
2003), alternately change their activity
level on a timescale of years, an effect
known as flip-flop phenomenon.

While there is a large body of phe-
nomenological evidence for the existence
of starspots and active regions for many
stars, the physical origin of these ob-

served properties remains an active field
of research.

3.2.3. Stars in X-rays

The first detection of stellar X-ray
emission is attributed to |Catura et al.
(1975)), who report an X-ray signal from
the stellar system Capella. In anal-
ogy to the Sun, the X-ray emission was
explained by the presence of thin and
hot coronal plasma with temperatures of
one million Kelvin or more (Mewe et al.
1975).

X-ray emitting stars were soon found
to be distributed over the whole
Hertzsprung-Russel diagram. The main
focus of this work are cool, solar-like
stars, that have outer convection zones
driving a solar-like dynamo. The X-ray
emission of these stars is similar to solar
emission in many respects. A detailed
review on coronal X-ray emission is be-
yond the scope of this introduction. I
refer to the review by Giidel| (2004)) for
further details on this subject.

A stellar coronal spectrum differs
from photospheric optical spectra, be-
cause the corona consists of hot, mostly
optically thin plasma, which is collision-
ally ionized. Low-resolution stellar X-
ray spectra can be characterized by one
or two thermal componenents with tem-
peratures between 1 — 5 MK and a spe-
cific plasma metallicity. The level of X-
ray activity is measured in terms of the
quantity log Ly /Ly, relating the X-ray
luminosity of a star to its bolometric lu-
minosity. For stellar coronae this ratio
typically lies in the range from —7 to
—3 for energies between 0.2 and 10 keV,
whereas the solar value of log Lx /Ly
varies between —7 and —6 depending on
the solar cycle (Judge et al., [2003).
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One of the most important findings
is that similar stars can largely differ
in their X-ray emission and that there
is a clear correlation between their X-
ray activity, age, and rotation as ev-
idenced by chromospheric activity in-
dicators (cf.  Sect. [3.2.1): The X-
ray luminosities of stars decay with in-
creasing age roughly proportional to
t=1/2 (Guedel et al.,[1997; [Maggio et al.,
1987). As suggested above, this decay is
linked to the slowing of the rotation rate
with stellar age.

X-ray activity cycles, as detected for
the Sun and a large number of stars in
chromospheric activity indicators, have
been found only for a small number

of stars (Hempelmann et al., 2006}
Robrade et al, 2007, [Favata et al.,
2008)).

Coronal structure inferred from eclipses

Close binary stars are on average more
active than single stars because the rota-
tion periods of the two stars are tidally
locked to the orbital period. The rapid
rotation then is accompanied by a higher
level of magnetic activity. In principle,
X-ray eclipses in these binary systems
provide the possibility to resolve extent,
structure, and location of coronal emis-
sion and mass ejections. This kind of
coronal eclipse mapping has been ac-
complished in several cases.

Ottmann, (1994) used the offset of
the X-ray eclipse relative to the op-
tical first contact in the eclipsing bi-
nary system Algol to determine the
height of the corona of the active
K star component. Further studies
detected a signature of flares via X-
ray eclipses (Schmitt & Favatal, (1999}
Schmitt et al.; [2003). Using ROSAT
observations, Schmitt & Kiurster| (1993)
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Figure 3.13.: Background-subtracted
XMM-Newton light curve of Pleiades
member H II 1100. Is the flare occulted
by a Jovian planet? Figure taken from
Briggs & Pye| (2003]).

were able to spatially resolve coronal X-
ray emission from the secondary com-
ponent of the eclipsing binary system
« Coronae Borealis, which consists of a
G5 star being regularly eclipsed by its
X-ray dark A-type companion. Model-
ing the shape of the eclipse light curve
it was possible to reconstruct the X-
ray brightness distribution of the G star
(Giidel et al.l [2003).

Briggs & Pyel (2003)) detected an eye-
catching sudden drop during a flare oc-
curring on the active Pleiades mem-
ber H II 1100 (see Fig. |3.13). The
authors carefully rule out instrumen-
tal causes and argue that the dip
could be caused by a rising flare be-
ing eclipsed by another object. Given
the involved timescales the observed dip
would be consistent with a transiting
Jovian planet in close orbit around the
star. So far, however, this hypothesis
lacks confirmation.

The observation of increased activ-
ity in binary systems led to the idea
that stars with close-in Jovian planets
should exhibit similar signs of activity
due to mutual interactions. In turn, the
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planet allows to study the corona of its
host star via “coronal eclipse mapping”,
an approach we will pursue further in

Sects. [6.2] and [6.3]

3.2.4. The Chandra observatory

The observation of cosmic X-ray sources
poses several challenges for mission de-
sign and the construction of an X-ray
telescope. Since the Earth’s atmosphere
absorbs X-rays, the detection of X-rays
requires rocket experiments or space-
based instrumentation. Further, X-ray
radiation behaves different from opti-
cal light in several respects. Conven-
tional mirrors used in optical telescopes
are completely inappropriate to reflect
X-rays, because they would simply be
absorbed by the mirror. Therefore, X-
ray telescopes work with total reflec-
tion of X-rays after grazing incidence on
parabolic and hyperbolic metallic sur-
faces, a principle proposed by [Wolter
(1952)). As the wavelength of X-rays of
about 1 A is comparable to the size of
an atom, these metallic mirrors require a
very precise optical surface. Because of
these high demands regarding the pro-
duction and polishing of the mirrors,
the first observatory equipped with a
Wolter-type telescope was launched not
until 1978, nearly three decades after
Wolter’s studies. Since the first X-ray
telescopes the mirror quality has con-
tinuously improved; modern X-ray tele-
scopes like Chandra provide an angular
resolution of up to 0.5 arcsecond.

The Chandra X-ray Observatory is a
space-based X-ray telesope launched by
NASA in July 1999. The spacecraft
was placed in an eccentric orbit at high
altitudes mostly beyond Earth’s radia-
ton belts, so that it can observe con-
tinuously for up to 55 hours of its 64

hour orbital period. Its High Resolution
Mirror Assembly consists of four sets of
nested, grazing incidence mirror pairs
providing an aperture of 1.2 m. Chan-
dra is equipped with two focal plane in-
struments, the Advanced CCD Imaging
Spectrometer (ACIS) and the High Res-
olution Camera (HRC). This work relies
on data obtained with the ACIS instru-
ment, a set of CCDs operating in the
range of 0.2 — 10 keV providing a spec-
tral resolution on the order of 0.1 keV.
Additionally, two transmission gratings
(HETGS/LETGS) provide the possibil-
ity for high-resolution spectroscopy.

3.3. The role of stellar
activity in exoplanetary
systems

The most prominent example of mag-
netic interactions between a planet and
its host star on Earth is evidenced by po-
lar lights. They are caused by charged
particles from the solar corona that
are trapped within Earth’s magneto-
sphere. These particles are injected into
the ionospheric current system trough
Birkeland currents and accelerated to-
wards the geomagnetic poles, where
they ionize oxygen and nitrogen atoms
in the upper atmosphere. Human eye
can witness their colorful recombination
emission as aurora.

Another interesting case is the
Jupiter-Io system, which constitutes
a miniature stellar system. As shown
in Fig. Jupiter shows auroral
lights at the footprints of a large
current system connecting the magne-
tospheres of Jupiter and Io (Bigg, (1964}
Goldreich & Lynden-Bell, [1969). Exo-
planets orbiting their host stars at very
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Figure 3.14.: UV images of Jupiter’s po-
lar cap obtained with the HST/STIS in-
strument. Tick marks point to emission
from the magnetic footprints of lo. Fig-
ure taken from |Clarke et al.| 42002[).

close distances are expected to show
much stronger mutual interactions.

3.3.1. Star-planet interactions

While the Solar System planets on their
part are unlikely to have any signifi-
cant influence on the Sun, this could
be different for large Jovian planets in
close vicinity to their host stars. It
is known, that binary star systems are
generally more active than single stars
as evidenced for example by their X-
ray emission (Siarkowski et al., 1996}

neath the planet. Alternative scenar-
ios comprise the planet’s magnetosphere
preventing the expansion of coronal
magnetic field structures (Cohen et al.
2009) or a Jupiter-To-like interaction
(Schmitt, [2009).

Star-planet interaction should man-
ifest itself in enhanced chromospheric
and coronal X-ray emission modulated
with the planetary rotation period. Ob-
serving such signatures is, however, dif-
ficult since all cool stars show a cer-
tain level of intrinsic variability causing
both short-term and long-term activity
changes.

Indications for chromospheric activ-
ity enhancement have been found for
some stars (Shkolnik et al., |2005), but
could not be confirmed in later ob-
servations (Poppenhaeger et al., 2011)).
Canto Martins et al.| (2011a)) find no in-
dications for enhanced chromospheric
Ca II emission analyzing a sample of 74
planet-bearing stars.

The observational results in X-rays
regarding a planet-induced increase of
stellar activity are even less encourag-
ing. While Kashyap et al| (2008) and

Getman et al., 2011]).

Mutual interaction between star and
planet could be mediated by tidal or
magnetic effects. Gravitational interac-
tion due to close-in (d < 0.1 AU) hot
Jovian planets can cause tidal bulges
on the star with typical heights up to
10% of the photospheric scale height.
This yields enhanced coronal activity
via increased turbulence
. Magnetic interaction could be
due to reconnection events between
planetary and stellar magnetic field lines
(Lanzal, 2008, 2009). As the planet trig-
gers the reconnection of stellar mag-
netic field lines, this would result in
stellar flares preferentially occuring be-

Scharf| (2010) detect an increase in coro-
nal activity of a large sample of planet-
bearing stars compared to stars without
planets, Poppenhaeger et al.| (2010)) find
no such trend in their volume-limited
nearly complete sample that cannot be
explained by observational biases and
selection effects. Another noteworthy
case is the first detected hot Jupiter,
51 Peg b, which is found to be in an
exceptionally low state of X-ray activity
comparable to the solar Maunder mini-
mum (Poppenhéger et al., [2009).

So far, there is no unambiguous ev-
idence for planet-induced enhancement
of stellar X-ray activity. The direct in-
fluence of the planet on stellar activity
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appears to be negligible compared to in-
trinsic stellar variability. However, high-
energy emission due to stellar activity
might, conversely, have a significant in-
fluence on the planet.

3.3.2. Evaporating atmospheres

Hot Jupiters are observed to have sys-
tematically lower masses than extraso-
lar planets at larger distances from their
stars (Zucker & Mazeh, 2002). This cor-
relation may be a result of their for-
mation history: Once the planet has
formed and the stellar disk disappeared,
close-in hot Jupiters are immersed in
an enormous high-energy radiation field
due to coronal emission from the host
star. The ionizing radiation can have
a significant influence on the structure
and evolution of the planetary atmo-
sphere heating it up to temperatures of
more than 10,000 K by X-rays and ex-
treme ultraviolet (EUV, 100-912 A) ra-
diation. At these high temperatures the
thermal energy per atom or molecule ex-
ceeds its gravitational potential energy,
so that they may experience hydrody-
namic blow-off.

Schneider et al. (1998) estimate the
extent of the planetary exosphere and
find that atmospheres of hot Jovian
exoplanets can exceed the Roche lobe,
leading to evaporation of planetary ma-
terial and the formation of a comet-like
tail through interaction with the stellar
wind. Indeed, extended atmospheres
of extrasolar planets were found for
HD 209458b (Vidal-Madjar et al.,
2003), HD 189733b
(Lecavelier Des Etangs et al., 2010,
and WASP-12b (Fossati et al., [2010)).

Several evaporation scenar-
ios are discussed in the litera-
ture  (e.g., |Lammer et al., 2003}

Stellar Wind?

-6

Hoststar

Figure 3.15.: Sketch illustrating the com-
plex interplay of heating and cool-
ing mechanisms important for planetary
evaporation simulations. Figure courtesy

of M. Salz.

Lecavelier des Etangs et al.| 2004).
The wusual assumption is that the
atmosphere is composed of hydrogen
and that all available energy goes into
hydrodynamic escape (Watson et al.
1981).  The mass loss of the atmo-
sphere is calculated by balancing the
evaporation losses with the planet’s
gravity.

While the energy-limited approach as-
sumes that a particle must be moved to
infinity to escape the gravitational po-
tential of a planet, the particle must
in fact only reach the edge of the
Roche lobe increasing the mass loss rate
by a factor of 1/K where K < 1
(Erkaev et al., 2007). Hydrodynamical
simulations of thermal mass loss (e.g.,
Murray-Clay et al., 2009) include a mul-
titude of heating and cooling effects
yielding a complex picture of the plane-
tary exosphere (Fig.[3.15)). However, the
bottom line is that indeed most of the
EUV and X-ray radiation contributes to
the evaporation of the atmosphere.
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A convenient expression for the mass
loss taking roche lobe overflow into ac-
count is given by Sanz-Forcada et al.
(2011), viz.

3
M= m, (3.4)

GK M,

where Fxyy is the sum of the stellar X-
ray and EUV flux at the planetary orbit,
G is the gravitational constant, R, is the
radius and M, the mass of the planet
(all in cgs units). Introducing the mean
density p of the planet and neglecting
Roche lobe overflow a lower limit on the

mass loss is given by

W= 3Fxuv '
4Gp

(3.5)

From their analysis of a large
sample of planetary systems
Sanz-Forcada et al| (2010) come to

the conclusion that accumulated effects
of mass loss due to stellar high-energy
illumination indeed has a detectable
influence on the observed mass distri-
bution of exoplanets. It gives rise to an
erosion line, below which the authors
find the large majority of the planets in
their sample.

On the other hand, a study by
Leitzinger et al. (2011) shows that the
close-in rocky planets CoRoT-7b and
Kepler-10b are unlikely to be remnants
of thermally evaporated hydrogen-rich
gas giants, but have already started
their life as super-earth, at least fol-
lowing the current paradigm of thermal
planetary evaporation.

It is however possible that addi-
tional non-thermal escape processes
like internal magnetic fields or the
influence of coronal mass ejections
(Khodachenko et al., 2007) are impor-
tant factors in the modeling of plane-
tary evaporation. Furthermore, current

models do not take into account the ef-
fect of X-rays, which penetrate deeper
into the atmosphere than EUV radia-
tion, where they lead to ionization of
heavy elements yielding increased heat-
ing ((Cecchi-Pestellini et al.,2006]2009)).

Studies by Knutson et al. (2010]) sug-
gest that chromospheric activity has
an observable influence on the dayside
emission spectra of hot Jupiters. The
authors find a correlation between activ-
ity measured using Ca II H and K emis-
sion and the presence of a thermal inver-
sion in the atmospheric structure of the
planet, which seems to be present only
for inactive host stars. Interestingly, the
hot Jupiter around the most active star
in their sample, CoRoT-2b, has an un-
usual spectrum, which is well-described
neither by inverted nor non-inverted at-
mosphere models.

The impact of high-energy radiation
on the atmospheres of the two hot
Jupiters CoRoT-2b and CoRoT-7b will
be studied in detail in Sects. [6.2] and [6.4]
of this work.
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of solar-like stars

Deriving accurate stellar parameters
from a given spectrum is the bread-
and-butter business of a stellar spectro-
scopist. The first part of this chap-
ter summarizes different methods to de-
termine the fundamental photospheric
characteristics like effective tempera-
ture, surface gravity, and metallicity of
solar-like stars from an observational
perspective. Details on the underlying
framework of radiative transfer can be
found in Mihalas| (1978)) or |Gray| (1992)).
The next part focuses on further param-
eters like age and distance. The chapter
closes with a short review of chromo-
spheric activity indicators in the spectra
of late-type stars.

4.1. Basics of stellar line
formation

Spectral lines are not infinitesimally nar-
row but have a finite width. The charac-
teristic profile of the line is determined
by a multitude of processes, that in turn
allow to probe the physical conditions in
the stellar atmosphere under which the
line was formed. I will outline some of
the most important broadening mecha-
nisms of spectral lines following [Tatum
(2004)).

The most fundamental mechanism is
natural broadening by radiation damp-
ing. An electron immersed in the time-
dependent electromagentic field of a

light wave will be forced to oscillate and
thus starts to radiate. In the classical
description, the loss of energy results
in damped harmonic oscillations. The
full quantum mechanical treatment ac-
counts for the finite lifetimes of different
energy levels due to Heisenberg’s princi-
ple of uncertainty. In a next step, the
single oscillator is replaced by a slab of
gas containing a number of oscillators
per unit volume. This gives rise to the
combination w f of statistical weight, w,
and oscillator strength, f, of the energy
level under consideration. In the case
of an optically thin gas the absorption
line profile can then be described by a
Lorentz profile being characterized by a
narrow core, skirted by extensive wings.

The motion of atoms in a hot gas
introduces another broadening mecha-
nism known as thermal broadening. The
random motions induced by a certain
temperature result in Doppler shifts of
the wavelength of the observed radia-
tion. The distribution of the result-
ing wavelength shifts is proportional to
Maxwell’s distribution of velocities at a
given temperature, 7', and mass of the
species. The profile emerging from this
process is a Gaussian or Doppler profile,
which compared to the Lorentzian pro-
file is dominated by the core and lacks
extensive wings.

The stellar atmosphere is a highly dy-
namic and turbulent system with dif-
ferent scales being involved. Assume

45
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turbulent cells of gas moving in ran-
dom directions with velocities accord-
ing to Maxwell’s distribution. If these
cells are small compared to the optical
depth, an observer sees many of these
cells contributing to the Gaussian ve-
locity distribution. This is the realm
of microturbulence, which can be ap-
proximated by a Gaussian velocity dis-
tribution of width £. Microturbulence
thus contributes to the Doppler broad-
ening of the line profile. However, from
an observational point of view it is still
possible to separate both contributions,
because the thermal broadening varies
with the mass of the emitting or absorb-
ing atom while microturbulence is deter-
mined by the mass of the gas cells. In
the macroturbulence limit the size of the
turbulent cells is no longer small com-
pared with the optical depth, so that it
results in non-thermal broadening with-
out changing the equivalent width. So-
lar granulation suggests to describe the
macroturbulence velocity, (, as superpo-
sition of velocity fields in either radial
and or tangential direction following a
Gaussian distribution.

Pressure broadening (also known as
collisional broadening) subsumes all line
broadening effects due to the presence
of nearby particles that affect the radi-
ation process of the emitting atom. For
stars on or above the main sequence col-
lisions between atoms are frequent and
their duration is small compared to the
intercollision time. Such collisions in-
terrupt the emission process thereby in-
creasing the uncertainty in energy. The
intercollision times are assumed to be
distributed according to a Poisson dis-
tribution. The resulting broadening ef-
fect can be described by a Lorentzian
profile with a damping constant deter-
mined by the mean time between two

collisions depending on both the density
and the temperature of the gas.

At the moment of collision the pres-
ence of an electromagentic field due to
other particles shifts the energy levels in
the emitting atom. The shape of the re-
sulting line profile is determined by the
functional dependence of the perturbing
force on the distance from the perturb-
ing particle. If an atom is approached
by an electron or an ion the lines will
be broadened by the Stark effect. In the
case of interactions between two atoms
of the same species dipole coupling re-
sults in resonance broadening, while in-
teractions with neutral particles are me-
diated by van der Waals forces.

A non-local broadening effect is self-
absorption.  Light emitted at a par-
ticular point in the stellar atmosphere
can be absorbed as it travels through
the outer layers of the atmosphere. As
the re-absorption probability depends
on the wavelength with photons at the
line center having the highest absorption
probability, this process will lead to line
broadening or even self-reversal of the
line core.

Further broadening mechanisms in-
clude rotational broadening due to the
rotation of the star, where the light
from the receding limb is redshifted
and light from the approaching limb is
blueshifted, and instrumental broaden-
ing due to the finite resolution of the
spectrograph.

In a stellar atmosphere these broad-
ening agents all act in concert and
contribute to the observed line pro-
file. Assuming all effects to be inde-
pendent, the resulting line profile is the
convolution of the constituent profiles.
While the convolution of Gaussian pro-
files remains a Gaussian and the convo-
lution of Lorentzian profiles remains a
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Lorentzian, the convolution of a Gaus-
sian and a Lorentzian profile yields the
Voigt profile, which is the general de-
scription of a spectral line profile.

4.2. Stellar parameters
inferred from strong lines

The profile of a spectral line contains a
wealth of information on the physical
processes accompanying its formation.
Strong lines which are well-resolved pro-
vide useful diagnostics of the funda-
mental stellar parameters governing the
broadening processes.

4.2.1. Effective temperature from
Balmer lines

One of the most important parame-
ters in stellar astrophysics is the effec-
tive temperature of a star. It is de-
fined as the temperature of a black body
with the same luminosity as the star.
The effective temperature, T.g, relates
the stellar luminosity, L, to the stel-
lar radius, R, according to the Stefan-
Boltzmann law,
51,4
SR
15¢%h3

where k and h denote Boltzmann’s and
Planck’s constant and c is the velocity of
light. The effective temperature is a pa-
rameter that is difficult to measure with
high accuracy; on the other hand, the
degree of accuracy of the measurement
directly propagates into the estimation
of the remaining stellar parameters like
surface gravity or metallicity.

There are several methods to deter-
mine the effective temperature based
on photometric or spectroscopic mea-
surements. Photometric methods

L=4roR* Ty, o

are usually based on the calibra-
tion of multi-band color indices (e.g.,
Nordstrom et al., 2004)). Spectroscopi-
cally, the effective temperature of a star
can be determined from continuum fea-
tures in the stellar spectrum. Popu-
lar temperature indicators are for exam-
ple the slope of the Paschen continuum,
which can be approximated by the B—V
color index, or the Balmer jump defined
as a change in the continuum height at
3647 A due to hydrogen bound-free ab-
sorption. Other temperature indicators
rely on single spectral lines, the most
prominent example being the hydrogen
Balmer lines.

The wings of the Balmer lines show
substantial pressure broadening, which
is due to the linear Stark effect and
resonance broadening (Struve, [1929;
Gehren| [1981; Barklem| [2008).  For
solar-like stars with effective temper-
atures below 8000 K, the curvature
of the Balmer line wings is sensi-
tive to changes in effective temperature
(Fuhrmann et al., 1993, [1994)). Using
only Ha at 6563 A an accuracy of £50 K
is possible. Furthermore, the other lines
of the Balmer series can provide inde-
pendent confirmation of the Ha results.
The dependence on parametes like sur-
face gravity and metallicity is compara-
bly low. For broad hydrogen lines it be-
comes exceedingly difficult to measure
equivalent widths. Therefore one usu-
ally uses synthetic spectra to fit the line
profile directly. In the case of chromo-
spheric activity the Balmer lines show
substantial emission leading to a fill-
in of the line core. However, if the
chromospheric contamination is not too
strong the line wings remain unaffected
and yield consistent results (Fuhrmann,
2004)).
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4.2.2. Surface gravity from the
Mg Ib triplet

The second fundamental parameter de-
scribing the stellar photosphere is the
surface gravity. The gravitational ac-
celeration, g, at the surface of a star of
mass M and radius R is given by

where the quantities go, Mg, and Rg
refer to the corresponding solar values.
The surface acceleration is typically re-
ferred to as surface gravity parameter
and is expressed on a logarithmic scale
in units of the decimal exponent (dezx).
The surface gravity is the acceleration
due to gravity experienced by a test par-
ticle close to the stellar surface and is
thus a measure of the pressure at the
surface of the star.

In late-type stars several strong,
pressure-broadened lines provide the
possibility to derive the surface gravity
parameter. A useful tracer of the sur-
face gravity is the Mg Ib triplet with
lines at 5167 A, 5172 A, and 5183 A
(Fuhrmann et al., 1997). The Mg Ib
triplet has well-known atomic parame-
ters and its lines populate a spectral re-
gion where the continuum is well de-
fined. Furthermore, the use of more
than one line provides additional con-
sistency checks.

Several other lines also show strong
pressure-broadened wings. These are
Ca II H and K, the Na I D doublet
(5890 A, 5896 A), a number of strong
Ca I lines, e.g. at 6122 A, 6162 A, and
6439 A (Bruntt et al| [2010), and the
Ca II infrared triplet (Smith & Drake,
1987)). For solar-like stars some of these
broad lines show significant blending
and in some cases also contamination by

telluric lines. In most cases, it is thus
advisable to fit the line wings with syn-
thetic spectra instead of trying to com-
pute an equivalent width.

4.3. Chemical abundance
analysis

The fundamental stellar parameters can
also be determined as a byproduct in
a spectroscopic abundance analysis by
measuring the equivalent widths of a
large number of stellar absorption lines.
The underlying concepts of this ap-
proach are discussed in standard texts
of stellar atmospheres (e.g., Grayl, 1992).
In the following some aspects and as-
sumptions of spectroscopic abundance
analysis are reviewed and the main line
of thought is outlined.

4.3.1. Equivalent widths

The depth and shape of spectral lines
encode a plethora of information on
physical quantities and processes that
led to the formation of the line. A suit-
able measure of the strength of a line is
the equivalent width (EW) defined as

F.—F)\
W= [| ———=dA
I

where F, and F\ denote the continuum
flux and the flux in the line, respec-
tively. The EW is the width of a per-
fectly black, rectangular absorption line
with an area equal to the area in the
spectral line. It measures the line flux
removed from the spectrum relative to
the continuum and thus yields the num-
ber of absorbing atoms in an optically
thin gas.

While the ability to resolve the line
profile depends on the resolving power of

(4.3)
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the spectrograph, the shape of a spectral
line itself depends on the detailed phys-
ical conditions within the star, broad-
ening effects as detailed above, and in-
strumental distortions. For moderate
spectral resolutions (A/AX < 50,000)
and faint targets the EW is a convenient
choice, because it does not require to ex-
actly trace the line profile.

4.3.2. Curve of growth approach

The theory of curves of growth has
a long history dating back more than
80 years (Unsold et al. [1930). The fol-
lowing is a short review of the concep-
tual basics to acquaint the reader with
the spectroscopic parlance.

The curve of growth is a graph show-
ing the monotonic increase of the EW of
an absorption line with the abundance
of the absorbing species (Fig. . In
an optically thin gas, the EW of weak
lines (EW < 80 mA for solar-like stars)
is linearly proportional to the number of
atoms, NV, in the initial level of the line.
The line width is dominated by ther-
mal broadening. Increasing the num-
ber of absorbing atoms drives the line
towards the saturated regime. After
the line saturates, the Doppler wings
barely change, so that the EW increases
roughly as vIn N. Eventually, for even
larger abundances the strong wings due
to pressure broadening start to add to
the EW, so that the EW increases again
(< +/N), although more slowly than
during the optically thin stage. While
the third stage of the curve of growth is
scarcely evident in case of a Gaussian-
shaped line profile, the second stage is
missing for a pure Lorentzian profile.
The classic three-stage curve of growth
is exhibited for a Voigt profile in which

the Gaussian and Lorentzian contribu-
tions are comparable.

The derivation of chemical abun-
dances from an observed spectrum re-
lies on the construction of partial curves
of growth using the EWs of a large
number of spectral lines pertaining to
the element under consideration. Given
a model for the photosphere of a star
with known temperature and pressure
the curve of growth of a single line with
specified excitation potential and oscil-
lator strength can be calculated by vary-
ing the abundance of the element un-
der consideration. The curves of growth
then yield EWs, that are required to
match the measured ones. This is done
on a line-by-line basis until, ideally, all
measured EWs are reproduced.

From the observational point of view
the star has a fixed abundance. The
curve of growth can then be constructed
from a large number of lines of the
species being considered with differ-
ent excitation potentials and oscillator
strengths. By comparing the shape of
the observed curve of growth with one
of the theoretical curves, it is possible
to deduce the Gaussian and Lorentzian
contributions of the measured lines to
deduce the temperature and the pres-
sure. As described above, the Gaussian
component includes both a thermal and
a microturbulent component, whereas
the Lorentzian contribution includes ra-
diation damping and pressure broaden-
ing. While the microturbulence can be
assumed to be the same for all elements
given a homogeneous and isothermal at-
mosphere, this is less clear for the ra-
diation damping component, which can
vary from line to line. However, in the
case of main-sequence stars the pres-
sure broadening component is typically
much greater than the radiation damp-
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Figure 4.1.: Left: Synthetic line profile of Fe I at 6065 A for different iron abundances, A,
as specified in the right panel. Right: Three-stage curve of growth showing the relation

between reduced equivalent width, W/,

and abundance, A. The dots correspond to

the profiles shown in the left panel. Figures taken from |Gray| (1992).

ing component, so that this effect can be
neglected.

4.3.3. Differential analysis

The abundance of an element X with re-
spect to hydrogen is expressed on a scale
in which the logarithm of the abundance
of hydrogen is set equal to 12,

log A(X) = log Nx + 12, (4.4)

Ny

with N denoting the number of parti-
cles. For solar-like stars it is advanta-
geous to determine abundances strictly
differential to the Sun, because the prob-
lem of uncertain wf values can be cir-
cumvented. In a differential analysis, all

abundances are related to solar abun-
dances, viz.

AX)
As(X)

This approach requires that the spectra
are obtained under similar instrumental
conditions and that the EWs are mea-
sured using the same technique. Further
the differential approach only works for
stars that do not strongly deviate from
the Sun. It is hardly possible to give

[X/H] = log (4.5)

an exact criterium, however, according
to [Fuhrmann (1998] 2004) the method
yields reliable results for dwarf and sub-
giant stars with spectral types ranging
from late-F to early-K.

4.3.4. Line selection

In spectroscopic abundance analyses of
solar-like stars physical parameters are
typically inferred from measuring the
equivalent widths of a large number of
iron lines and enforcing balance con-
straints on abundances derived from
neutral (Fe I) and ionized (Fe II) lines.
The first step in such an analysis there-
fore is to compile a suitable set of lines
that are used in the analysis. Such a
line list includes the wavelength, excita-
tion potential, oscillator strength, and
the EW of the line as measured in a so-
lar spectrum.

Abundance measurements are usu-
ally based on a large number of weak
spectral lines. For solar-like stars the
lines should have EWs between 10 and
200 mA to allow a reliable measure-
ment (Sousa et all 2008), while in the
case of young and active stars EWs
should be smaller than 60 mA to avoid
the influence of chromospheric effects
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(Fuhrmann, 2004). In principle, as
many lines as possible should be used
in the analysis; these lines should cover
a broad range of excitation potentials
up to 8 eV. In the case of Fe I, the
excitation potential should be larger
than 2 eV to avoid strong non-LTE ef-
fects. The spectral lines should be iso-
lated lines unaffected by blends. Line
lists should always be cross-checked
with other lists of stable lines. Addi-
tionally, Bubar & King (2010) suggest
to minimize the correlation of excita-
tion potential with reduced equivalent
width, which results from higher excita-
tion potential lines being predominantly
formed in hotter and therefore deeper
layers of the stellar atmosphere, so that
these lines may be weaker.

4.3.5. Model atmospheres and
MOOG

The main reasoning in spectroscopic
abundance analysis is as follows: Af-
ter having measured the EWs of a large
number of spectral lines contained in the
previously compiled line list, the start-
ing point is a guess for the fundamental
parameters describing the photospheric
properties of the star. In particular, one
guesses the effective temperature, sur-
face gravity, microturbulence velocity,
and metallicity.

These quantities are used to gener-
ate a model atmosphere providing the
physical parameters within the stellar
atmosphere that directly enter the cal-
culation of the theoretical curves of
growth. For late-type stars such model
atmosphers are provided for example by
Castelli & Kurucz (2004). These are
one-dimensional plane-parallel model
atmospheres that divide the photo-

sphere into a number of layers of certain
mass depth, with defined temperature,
gas pressure, electron density, Rosse-
land mean absorption coefficient, radi-
ation pressure, and microturbulent ve-
locity. The most essential assumption
underlying the atmosphere models is lo-
cal thermal equilibrium (LTE), i.e., the
equation of radiative transfer is solved
assuming that the radiation can be mod-
eled by a blackbody source function and
the properties of a small volume of gas
are characterized by the thermodynamic
equilibrium values determined from the
local pressure and temperature.

The measured EWs and the model
atmosphere are used as input to the
MOOG spectral analysis tool (Sneden,
1973). MOOG uses the physical param-
eters provided by the model atmosphere
to solve the basic equations of stellar
line formation in LTE for the lines and
their atomic parameters as specified in
the line list. It then uses the curve of
growth approach to compute EWs for a
given abundance. The abfind subrou-
tine then fits the abundances to yield
EWs that agree with the measured ones.

As the stellar parameters are usu-
ally not known a priori, the derived
abundances for neutral and ionized lines
will display characteristic correlations
and systematic imbalances. Enforcing
a number of balance constraints then
allows to converge to the correct solu-
tion (in the sense, that the parameter
set minimizing the intrinsic correlations
is considered to be the true one). The
constraints, which are motivated in the
following, can be summarized in a sim-
ple recipe:

(1) Adjust T,g to minimize correlations
between iron abundance and exci-
tation potential.
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(2) Adjust log g so that the abundance
inferred from Fe II lines matches the
abundance inferred from Fe I lines.

(3) Adjust ¢ to minimize correlations
between iron abundance and re-

duced EW.

As the physical parameters are corre-
lated with each other, these balance con-
straints have to be implemented in an
iterative scheme.

4.3.6. Excitation balance

Under the assumption of local thermo-
dynamic equilibrium the number N; of
populated energy levels with statistical
weight w; and excitation potential y; is
Boltzmann-distributed,

N;
Zz‘Ni a

Z = Zwiexp (—?—%),

where k is Boltzmann’s constant and Z
is the partition function. The excitation
temperature, 7', is derived spectroscop-
ically and interpreted as effective tem-
perature, T.g, of the photosphere.
Given a first guess for the stellar
parameters and the measured EWs,
MOOG uses the equation of LTE line
formation to compute expected abun-
dances for each measured line by fitting
the line’s measured EW. According to
Eq.[4.6], the number of excited atoms de-
pends on their respective excitation po-
tential for an assumed value for T.g. If
the initial guess for T.g is correct, lines
with different excitation potentials yield
consistent results for T.g. An underesti-
mation of T.g results in a lower number

~ wiexp (— )

Z )

(4.6)

of excited atoms, so that MOOG pre-
dicts lower EWs for lines with high ex-
citation potential. Consequently, larger
abundances are needed to yield theoret-
ical EWs that are compatible with the
measured EWs. Accordingly, an over-
estimation of T,g¢ will yield lower abun-
dances for lines with high excitation po-
tentials. Therefore, the value for T.g
yielding consistent results can be ob-
tained by minimizing the correlation be-
tween abundance and excitation poten-
tial. From this consideration one simul-
taneously obtains effective temperature
and Fe I abundance.

4.3.7. lonization balance

Given the effective temperature and Fe I
abundance of the star, it is possible
to derive the surface gravity, logg, of
the star. Again, one provides an ini-
tal guess for the surface gravity. In
thermodynamic equilibrium collisions of
the atoms in a gas of temperature T
lead to ionization of a certain fraction
of the atoms. For collision-dominated
plasmas the degree of ionization is given
by Saha’s equation,

N, 2KTZ I
—_— = —— —¢X -
Ny MNP Zy P\ 71 )

12
Y -
2mm kT’

where A is the thermal de Broglie wave-
length of the electron with h denoting
Planck’s constant and m,., the electron
mass, FP,, the electron pressure, I, the
ionization energy, and Z;/Z is the ratio
of the partition functions for ions and
neutral atoms.

As the temperature T is fixed by exci-
tation balance, the only remaining free

(4.7)
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quantity is the surface gravity, logg,
which directly affects the electron pres-
sure. Assume the guess for log g to be
overestimated. Then the electron pres-
sure is larger, thereby reducing the num-
ber of ions and free electrons in the
plasma according to Eq. A lower
number of available electrons yields a
lower continuous absorption coefficient
k, which for solar-like stars is dominated
by bound-free transitions of the negative
hydrogen ion (Gray, 1992, p. 135) such
that k o« P.. In solar-type stars, Fe is
mostly ionized, i.e., the upper ionization
level in Eq.[4.7]is approximately given by
the (constant) total number of Fe atoms,
while the number of Fe I atoms varies
as Ny o« P,. Under the Eddington ap-
proximation and considering only weak
lines, the line profile varies as the quo-
tient of line absorption coefficient and
continuous absorption coefficient, 1, /k,,.
number of absorbing atoms, Fe II lines
are pressure indicators while Fe I lines
are insensitive to pressure, because in
the latter case both dividend and divi-
sor scale proportional to P.. An over-
estimate of log g thus yields lower EWs
for the Fe II lines, so that a higher Fe
abundance is required to match the ob-
served EWs. Fixing temperature and
Fe I abundance in Eq. 4.7, it is therefore
possible to obtain an estimate of log g by
requiring the lines of Fe II to yield the
same abundance as derived from the Fe I
lines.

4.3.8. Equivalent width balance

The microturbulent velocity, &, rep-
resents non-thermal motions on scales
smaller than the mean free path of pho-
tons in the stellar atmosphere. Micro-
turbulence can redistribute photons con-
tributing to different parts of the line

profile. In case of saturated lines, micro-
turbulence acts to desaturate the lines
yielding broader wings, thereby increas-
ing their EWs. Microturbulence is usu-
ally treated as an additional isotropic
Gaussian broadening component. Typ-
ical microturbulent velocities for solar-
like stars are 1 — 3 kms™!.

Assume that temperature and surface
gravity are already known from the pre-
vious steps. Then & can be established
using the condition that lines of differ-
ent EW should yield the same abun-
dances. Assume the first guess for £ to
be an overestimate. Then the increase
in microturbulence yields larger EWs
for strong saturated lines, which per se
would have been insensitive to slight
abundance changes. However, mediated
by microturbulence these lines desatu-
rate yielding larger EWs. To repro-
duce the measured EWs, stronger lines
therefore need less absorbing atoms; the
abundance derived from stronger lines is
lower than from weak lines. Hence, £ can
be determined by minimizing the cor-
relation between abundances and EWs.
In practice, one typically uses reduced
EWs, i.e., the EW of a line divided by
its respective wavelength A, as Doppler
shifts are a linear function of wave-
length.

4.3.9. Error estimates and
limitations

Using standard spectroscopic abun-
dance analyses, T,¢ can be determined
up to £100 K. Typical uncertainties of
log g are on the order of +0.1 dex, while
the best possible abundance measure-
ments (for the Sun and other very bright
stars) reach an accuracy of 0.05 dex.
Without further independent indicators,
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it is usually impossible to obtain bet-
ter results. Formal errors are derived
from the scatter of the observed correla-
tions. Typically, the parameters T.g and
¢ are varied until Pearson’s correlation
coefficient reports a significant correla-
tion at the lo-level. The corresponding
limiting values then provide estimates
of the parameter errors. The uncer-
tainty in logg is based on the uncer-
tainties of the abundances derived from
Fe I and II lines. As however the abun-
dances depend again on the stellar pa-
rameters including log g, the uncertain-
ties of the stellar parameters have to be
propagated accordingly (Bubar & King)
2010).

At effective temperatures below
5000 K the abundance analysis is
complicated by severe line blends and
the lower number of available Fe II
lines. For temperatures above 6000 K
most Fe is ionized and non-LTE effects
start to become important for Fe I
lines, so that log g is systematically un-
derestimated (Fuhrmann et al., 1997).
Methods based on Fe I/II excitation
and ionization balance can, thus, be
used for T in the 5000 — 6000 K range.

4.4 Line-ratios of metal lines
as temperature indicator

In solar-type stars the lines of neutral
metals are not sensitive to pressure (cf.,
Sect. [£.3.7). Line-depth or equivalent-
width ratios of these lines therefore pro-
vide a useful temperature diagnostic. To
avoid strong effects due to mictroturbu-
lence, line-ratio methods use weak lines,
which must be carefully chosen to avoid
blending effects. Particularly useful are
line ratios of spectral lines belonging to

metallic species with different tempera-
ture sensitivity.

If the spectral data have sufficient res-
olution to resolve individual line profiles
and a signal-to-noise ratios of several
hundred, one can use single line-depth
ratios as a precise temperature indica-
tor. A prominent example is the depth
ratio of V T at 6252 A and Fe I 6253 A
(Gray & Johanson|, 1991; |Gray, [1994).
As rotational broadening and macrotur-
bulence affect all lines simultaneously,
these effects have a minor influence on
the line-depth ratio. Using this method
an accuracy of =10 K can be reached.

A similar method based on the
comparison of equivalent width ratios
of spectral lines was proposed by
Sousa et al.| (2007)), who calibrated their
method using 451 FGK dwarf stars. The
authors provide an empirical relation
between effective temperature and the
EW ratio for a set of 433 pairs of spectral
lines (Sousa et al., 2010a). This method
can also be used in the case of medium
spectral resolution and lower signal-to-
noise ratios. The authors argue that the
use of EWs instead of line-depth ratios
is advantageous or at least equivalent,
because the EW should contain more
information than the line depth, while
normalization problems and line blends
affect both quantities.

4.5. Age estimates from
lithium

There are several indicators of stellar
age, some of them being empirical, some
being strongly model-dependent. Ex-
amples of model-dependent indicators
are the kinematics of very young mov-
ing groups, comparison to theoretically
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computed isochrone calculations, and
core density diagnostics using asteroseis-
mology. Empirical indicators are the
depletion of lithium, the stellar spin-
down with age, and the decay of activity.
Most of these indicators are only valid if
applied to an ensemble of stars. Details
on these indicators can be found in the
excellent review by Soderblom! (2010)).
The abundance of lithium is a valu-
able indicator of the stellar structure
and evolution and, thus, can provide
an estimate of the stellar age. Cap-
tured within a star, the element is de-
pleted by Li burning during the early
phases of stellar evolution, because
the existence of deep convection zones
during this evolutionary stage allows
to efficiently interchange material be-
tween the stellar surface and the in-
terior (Pinsonneault] (1994). Following
the standard models, Li depletion be-
gins later and lasts longer in lower-mass
stars. The rate of Li depletion drops as
soon as the star develops a larger ra-
diative core. The importance of addi-
tional extra mixing processes is still a
matter of debate, so that the details of
the Li depletion mechanism remain elu-
sive (Canto Martins et al., 2011b). De-
tailed empirical studies of Li abundances
in pre-main sequence stars and young
stellar clusters allow a calibration of the
relation between Li abundance and the
stellar age (e.g., Soderblom et al.| 1993,
which is part of a decalogy of papers
dedicated to the evolution of the lithium
abundances of solar-type stars).
Interestingly, [Israelian et al.| (2009)
report indications for a systematically
higher Li depletion in planet host stars
when compared with single stars for
which no planets have been detected so
far. These findings were corroborated
by [Sousa et al.| (2010b)), who used stel-

lar evolutionary models to show that
differences in stellar age or mass are
not responsible for the observed corre-
lation. This would mean that the ob-
served Li depletion is indeed linked to
the formation and evolution of exoplan-
etary systems. However, later results by
Baumann et al.| (2010) and |Ghezzi et al.
(2010) suggest, that their findings are
due to selection biases and that there is
no evidence for a relation between the
depletion of Li and the presence of a
planet.

4 6. Distance estimates from
spectral data

There are several methods that can
be used to determine the distance of
stars in our Galaxy.  The trigono-
metric parallax is the most fundamen-
tal distance measurement technique for
stars. The Hipparcos satellite mea-
sured trigonometric parallaxes for more
than 100, 000 stars down to visual mag-
nitudes around 12 mag in the solar
neighborhood (Perryman et all [1997).
Within the next years, the Gaia mis-
sion (Jordan|, 2008) is expected to pro-
vide parallaxes for about one billion
stars down to 20th magnitude, thereby
dramatically increasing the volume with
available distance data. Until then,
however, we have to revert to alterna-
tive methods to determine the distances
to otherwise well-observed stars.

The use of standard candles like RR
Lyrae and Cepheid variables, which can
provide accurate distance estimates, is
limited to a small number of stars that
are part of a population comprising such
standard candles.
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4.6.1. The spectroscopic parallax

In most cases, it is possible to deduce
the luminosity of a star from its col-
ors or spectroscopically inferred stel-
lar parameters. This photometric (or
spectroscopic) distance is derived from
the apparent magnitude of the star (see
Juric¢ et all, 2008, for an in extenso use
of this technique). The difference be-
tween apparent magnitude V' and abso-
lute magnitude My is related to the dis-
tance d in parsecs of an object according
to

V — My =5logd—5+ Ay  (4.8)

and is therefore known as the distance
modulus. Here the extinction Ay ac-
counts for scattered and absorbed ra-
diation between the object and the ob-
server, e.g., due to interstellar absorp-
tion.

An interesting alternative to obtain
the distance modulus is the use of the
Wilson-Bappu effect relating the mea-
sured width of chromospheric emission
in the Ca II K line core to the abso-
lute visual magnitude, My, of the star
(Wilson & Bappu, (1957)).

4.6.2. Interstellar absorption

A complementary approach is the use
of absorption features caused by the in-
terstellar medium. The Sun is situated
within a region of low density, hot gas
known as Local Cavity. This region
extends to roughly 100 pc and is sur-
rounded by a “wall” of higher density
gas clouds (e.g., Cox & Reynolds| |1987)).
While the Local Cavity contains many
diffuse cloudlets with a complex veloc-
ity structure, beyond it the density dis-
tribution of the gas becomes fairly uni-
form. Thus, absorption features caused

Figure 4.2.: Spatial distribution of inter-
stellar Na I absorption within 300 pc
of the Sun projected onto the galactic
plane. Triangles indicate the position of
stars used to construct the map. The
colorscale indicates values of Na I vol-
ume density (dark—=high) on a logarith-

mic scale. Figure taken from
(2010).

by the interstellar medium can be used
as distance indicator.

The most dominant absorption fea-
tures are the Na I D lines and the
H and K lines of Ca II. Stromgren (1948)
utilizes a curve-of-growth approach to
compute the column densities of the ab-
sorbing species from EW ratios of line
doublets. As the density distribution
of Ca II and Na I is fairly uniform
in the interstellar medium beyond the
Local Cavity, the derived column can
directly be converted into a distance
estimate (Megier et al., 2005).  This
has also been confirmed empirically by
Megier et al| (2009), who provide a re-
lation between the EWs of interstellar
Ca II lines and the distances to early-
type stars within 1 kpc calibrated with
262 stars with measured Hipparcos par-
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allaxes. |Welsh et al. (2010) compiled
a catalog of interstellar Na absorption
lines and provide a map of the local in-
terstellar medium, which provides a con-
tiguous, three-dimensional view of the
dominant structures within the Local
Cavity (Fig. |4.2)).

In X-ray spectroscopy the atten-
uation due to interstellar hydrogen
and heavier elements is usually in-
corporated into the spectral model
(Morrison & McCammon), 1983). Given
the mean gas density of the interstellar
medium in the galactic plane of roughly
n(H I+ Hy) = 1.15 cm™® (Bohlin et al.|,
1978)), the hydrogen column density in-
ferred from the spectral fit provides an-
other rough distance estimate. The
fact that the distribution of hydrogen
in the interstellar medium is correlated
to the distribution of interstellar Na I
(Ferlet et al., [1985) provides an addi-
tional check of consistency between both
spectral regimes.

4.7. Proxies for stellar activity

As described in Chapter [3] stellar ac-
tivity can be observed as non-thermal
emission from the upper layers of the
stellar atmosphere. The total flux from
these layers is typically much weaker
than the photospheric flux. Therefore,
stellar activity is best observed in wave-
length regimes with less or no photo-
spheric contribution like in X-rays or
in the cores of strong photospheric ab-
sorption lines in optical spectra. In
the context of the work at hand, nor-
malized flux indices related to chromo-
spheric Ca II emission are of special im-
portance. The detailed connection be-
tween these diagnostics and stellar ac-
tivity is, however, subtle and critically

Normalized Flux
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Figure 4.3.: Ca II H and K line profile for
TrES-1. Line core and continuum bands
used in the computation of the S-index,
a relative measure of the chromospheric

flux in the line cores. Figure taken from
Melo et al.| (2006)).

depends on the complex dynamics of the
chromosphere (see Rutten, 2010).

4.7.1. The Mount Wilson S index

Probably the most popular chromo-
spheric diagnostic is the Mt. Wil-
son chromospheric flux index (Syw;
Vaughan et al| 1978 Baliunas et al.
1998)) used in the famous Mt. Wilson HK
project. The S-index is defined as the
ratio of the sum of the chromospheric
fluxes measured in two approximately
1 A wide wavelength intervals centered
on the Ca II H and K emission line cores
relative to the flux measured in two
nearby 20 A wide continuum windows
(see Fig. 4.3). The original definition
of Syiw was related to the filters used
with the Mt. Wilson Observatory HKP
spectrometers. It is common practice to
calibrate measurements obtained with
another instrument to the Mt. Wilson
scale (e.g., Melo et al., 2006, for a cali-
bration with respect to the VLT /UVES
spectrograph). As the photospheric con-
tinuum decreases for cooler stars, an ad-
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Figure 4.4.: Chromospheric activity in
HD 171488 measured using the Ca IRT.
The plot shows the observed spectrum
(thick) and a synthetic model (thin).
Their difference yields the residual EW,
AWigr (filled). Figure taken from
Busa et al.| (2007).

ditional correction term depending on
the B —V color index has to be applied
to the calibrated index (Rutten) [1984]).
Further, the expected photospheric con-
tribution in the line cores should be
subtracted following the prescription of
(Noyes et al., [1984).

The corrected S-index, typically de-
noted as Ry, is interpreted as a mea-
sure of magnetic activity and can be
related to stellar rotation and age (see

Sect. 3.2.1] for details).

4.7.2. The Ca IRT triplet

Chromospheric activity can also be mea-
sured in the Ca II infrared triplet (IRT)
at 8498 A, 8542 A, and 8662 A (see
e.g., Linsky et al., [1979). In contrast to
photographic plates, modern CCD de-
tectors are sensitive in the near infrared,
so that the Ca IRT provides another ac-
cessible diagnostic of chomospheric ac-
tivity. While the photospheric contin-
uum around the IRT is well-defined,
the photospheric background within the

lines is much larger and must be accu-
rately modeled to correctly assess the
chromospheric contribution to the line
profile. |Andretta et al.| (2005) proposed
the activity indicator Rigr defined as
the difference between the central line
depths of the observed spectrum and a
rotationally-broadened non-LTE model.
In addition, the total EW of the resid-
ual line profiles, AWirr, provides a use-
ful indicator of the chromospheric excess
emission (Busa et al., [2007)). As shown
by Busa et al. the log Ry activity in-
dex and AWigrr display an almost linear
correlation, however, with a large scat-
ter.
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5. Orbital dynamics of the transiting
extrasolar system TrES-2

The transiting Jovian planet TrES-2b
discovered by |O’Donovan et al.| (2006)
offers an outstanding opportunity to
search for changes in its orbital param-
eters. The planet orbits its host star,
an old GOV star with about solar radius
and mass, in a close-in orbit (0.035 AU).
Together with its large inclination of
about 84° the orbit geometry yields a
nearly grazing transit, making the shape
and timing of the transit sensitive to
small variations of the orbital param-
eters. Since May 2009, TrES-2 is one
of the main short-cadence targets of the
Kepler telescope and, therefore, among
the photometrically best-studied plane-
tary systems known today.

As each paper in this work lists several
authors, I will provide an overview of my
contributions, especially in cases where
I am not listed as first author.

5.1. My contributions

The initial discovery of the change in
the orbital geometry of the TrES-2 sys-
tem goes back to results obtained by
Mislis & Schmitt|(2009), who found first
indications for a secular change in the
orbital inclination in their ground-based
data obtained with the Oskar-Liihning-
Teleskop (OLT) in Hamburg. To corrob-
orate these results Dimitris Mislis ob-
tained additional photometric data with
the BUSCA instrument at Calar Alto

Observatory and the OLT in Hamburg.
Dimitris had already finished his data
reduction and parts of the analysis for
Mislis et al.| (2010), when I joined in to
provide an interpretation of his results in
terms of secular changes in the orbital
parameters. During the work several
parts of the introduction and analysis
had to be adapted, so that, while Dim-
itris provided the major part of the data
analysis (§2 and §3 of the paper), I also
have a share in these parts. My main
contributions are the interpretation of
the results and the model calculations
presented in §4. I also wrote major parts
of the introduction and the abstract. All
results were reached in close coopera-
tion with my supervisor Jiirgen Schmitt.
This work is presented in Sect. [5.2] of my
thesis.

Shortly after the publication of our re-
sults in Mislis et al.|(2010)), several stud-
ies provided additional transit data and
searched for indications for the proposed
inclination change (Rabus et al., 2009;
Raetz et al., 2009; [Scuderi et al., 2010}
Raetz et al., 2011; |Christiansen et al.|
2011). However, these studies were un-
able to conclusively confirm or reject the
proposed inclination change, because
the uncertainties in the system parame-
ters itself were too large. Further com-
plications were the detection of a third
light in the system (Daemgen et al.
2009) and different fitting approaches
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making it difficult to compare the re-
sults.

The definite answer regarding the pro-
posed inclination change had to await
the availability of the first quarters of
photometric data obtained with the Ke-
pler telescope. Kipping & Bakos (2011)
presented the first analysis based on two
quarters of Kepler data. However, their
baseline comprising 18 transits remained
too short to support or exclude the pro-
posed inclination change. The issue has
finally been resolved in our publication
contained in Sect. (Schroter et al.l
2012), which provides an analysis of
all available ground-based data together
with four quarters of space-based Kepler
photometry of TrES-2 in a consistent ap-
proach. The major contribution to this
work was provided by myself, again sup-
ported by Jiirgen Schmitt.

Of course, the other coauthors also
provided contributions to the work,
which I, however, will not describe in de-
tail here.
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ABSTRACT

We present a new data set of transit observations of the TrES-2b exoplanet taken in spring 2009, using the 1.2 m Oskar-Liihning
telescope (OLT) of Hamburg Observatory and the 2.2 m telescope at Calar Alto Observatory using BUSCA (Bonn University
Simultaneous CAmera). Both the new OLT data, taken with the same instrumental setup as our data taken in 2008, as well as the
simultaneously recorded multicolor BUSCA data confirm the low inclination values reported previously, and in fact suggest that the
TrES-2b exoplanet has already passed the first inclination threshold (iyi,; = 83.417°) and is not eclipsing the full stellar surface any
longer. Using the multi-band BUSCA data we demonstrate that the multicolor light curves can be consistently fitted with a given set of
limb darkening coefficients without the need to adjust these coefficients, and further, we can demonstrate that wavelength dependent
stellar radius changes must be small as expected from theory. Our new observations provide further evidence for a change of the orbit
inclination of the transiting extrasolar planet TrES-2b reported previously. We examine in detail possible causes for this inclination
change and argue that the observed change should be interpreted as nodal regression. While the assumption of an oblate host star
requires an unreasonably large second harmonic coeflicient, the existence of a third body in the form of an additional planet would
provide a very natural explanation for the observed secular orbit change. Given the lack of clearly observed short-term variations
of transit timing and our observed secular nodal regression rate, we predict a period between approximately 50 and 100 days for a
putative perturbing planet of Jovian mass. Such an object should be detectable with present-day radial velocity (RV) techniques, but

would escape detection through transit timing variations.

Key words. planetary systems — techniques: photometric — stars: individual: TrES-2b

1. Introduction

As of now more than 400 extrasolar planets have been detected
around solar-like stars. In quite a few cases several planets have
been detected to orbit a given star, demonstrating the existence of
extrasolar planet systems in analogy to our solar system. Just as
the planets in our solar system interact gravitationally, the same
must apply to extrasolar planet systems. Gravitational interac-
tions are important for the understanding of the long-term dy-
namical stability of planetary systems. The solar system has been
around for more than four billion years, and the understanding of
its dynamical stability over that period of time is still a challenge
Simon et al. (1994). In analogy, extrasolar planet systems must
be dynamically stable over similarly long time scales, and most
stability studies of extrasolar planet systems have been directed
towards an understanding of exactly those long time scales. Less
attention has been paid to secular and short-term perturbations
of the orbit, since such effects are quite difficult to detect ob-
servationally. Miralda-Escudé (2002) gives a detailed discussion
on what secular effects might be derivable from extrasolar planet
transits; in spectroscopic binaries the orbit inclination i can only
be deduced in conjunction with the companion mass, and there-
fore the detection of an orbit inclination change is virtually im-
possible. Short-term transit timing variations (TTVs) have been
studied by a number of authors (Holman & Murray 2005; Agol
et al. 2005), however, a detection of such effects has remained

* Photometric transit data are only available in electronic form at the
CDS via anonymous ftp to
cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsweb.u-strasbg. fr/cgi-bin/qcat?]/A+A/510/A107

Article published by EDP Sciences

elusive so far. In principle, a detection of orbit change would be
extremely interesting since it would open up entirely new diag-
nostic possibilities of the masses and orbit geometries of these
systems; also, in analogy to the discovery of Neptune, new plan-
ets could in fact be indirectly detected.

The lightcurve of a transiting extrasolar planet with known
period allows very accurate determinations of the radii of star
and planet (relative to the semi-major axis) and the inclination
of the orbital plane of the planet with respect to the line of sight
towards the observer. Clearly, one does not expect the sizes of
host star and planet to vary on short time scales, however, the
presence of a third body can change the orientation of the orbit
plane and, hence, lead to a change in the observed inclination
with respect to the celestial plane. The TrES-2 exoplanet is par-
ticularly interesting in this context. It orbits its host star once
in 2.47 days, which itself is very much solar-like with parame-
ters consistent with solar parameters; its age is considerable and,
correspondingly, the star rotates quite slowly. Its close-in planet
with a size of 1.2 Ry,p is among the most massive known transit-
ing extrasolar planets (Holman et al. 2007; Sozzetti et al. 2007).

What makes the TrES-2 exoplanet orbits even more inter-
esting, is the fact that an apparent inclination change has been
reported by some of us in a previous paper (Mislis & Schmitt
2009, henceforth called Paper I). The authors carefully mea-
sured several transits observed in 2006 and 2008. Assuming a
circular orbit with constant period P, the duration of an extra-
solar planet transit in front of its host star depends only on the
stellar and planetary radii, Ry and R;,, and on the inclination i
of the orbit plane w.r.t. the sky plane. A linear best fit to the
currently available inclination measurements yields an apparent

Page 1 of 9
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Table 1. Observation summary.

Table 2. Relative photometry data.

Date Instrument  Filter Airmass Seeing HID RelativeFlux ~ Uncertainty ~ Flag
11/04/2009 OLT I 1.7877-1.0712  2.94” 2454933.44031 0.99172 0.0037 OLT -1
28/05/2009  BUSCA v, b, y, I 1.8827-1.0453  3.09” 2454933.44091  0.99204 0.0038 OLT -1
2454933.44221 1.00514 0.0039 OLT -1
2454933.44281 1.00314 0.0038 OLT -1
T 4 . . 2454933.44341  0.99458 0.0035 OLT -1
inclination decrease of 5.1 X 107" deg/day. The transit modeling 245493344401  0.99745 0.0037 OLT — 1

both by Holman et al. (2007) and Mislis & Schmitt (2009) shows
the transit of TrES-2b in front of its host star to be “grazing”. In
fact, according to the latest modeling the planet occults only a
portion of the host star and transits are expected to disappear in
the time frame 2020-2025, if the observed linear trend contin-
ues. This “grazing” viewing geometry is particularly suitable for
the detection of orbital changes, since relatively small changes
in apparent inclination translate into relatively large changes in
eclipse duration. At the same time, a search for possible TTVs by
Rabus et al. (2009) has been negative; while Rabus et al. (2009)
derive a period wobble of 57 s for TrES-2, the statistical qual-
ity of their data is such that no unique periods for TTVs can be
identified.

The purpose of this paper is to present new transit observa-
tions of the TrES-2 exoplanet system obtained in 2009, which
are described in the first part (Sect. 2) and analysed (Sect. 3). In
the second part (Sect. 4) of our paper we present a quantitatively
analysis of what kind of gravitational effects can be responsi-
ble for the observed orbit changes of TrES-2b and are consistent
with all observational data of the TrES-2 system.

2. Observations and data reduction

We observed two transits of TrES-2 using the ephemeris sug-
gested by O’Donovan et al. (2006) and by Holman et al. (2007)
from T.(E) = 2453957.6358[HID] + E - (2.47063 days), us-
ing the 1.2 m Oskar Liihning telescope (OLT) at Hamburg
Observatory and Calar Alto Observatory 2.2 m telescope with
BUSCA.

The OLT data were taken on 11 April 2009 using a 3K X 3K
CCD with a 10" x 10" FOV and an I-band filter as in our previous
observing run (Paper I). The readout noise and the gain were
16.37 e and 1.33 e”/ADU respectively. With the OLT we used
60-s exposures which provided an effective time resolution of
1.17 min. During the observation, the airmass value ranged from
1.7877 to 1.0712 and the seeing was typically 2.94”.

The Calar Alto data were taken on 28 May 2009 using
BUSCA and the 2.2 m telescope. BUSCA is designed to per-
form simultaneous observations in four individual bands with
a FOV of 11’ x 11’. Therefore it has four individual 4K x 4K
CCD systems which cover the ultra-violet, the blue-green, the
yellow-red and the near-infrared part of the spectrum (channel
a—d respectively). For this run we used the Stromgren filters v
(chn. a), b (chn. b), and y (chn. c), and a Cousins-/ filter for
the near-infrared (chn. d). The readout-noise for these four de-
tectors are 9.09 e”, 3.50 e, 3.72 e7, and 3.86 e~ respectively
for the a, b, c, and d channels. The gain values for the same
channels are 1.347 ¢”/ADU, 1.761 e /ADU, 1.733 ¢ /ADU,
and 1.731 e7/ADU respectively. The airmass value ranged from
1.8827 to 1.0453 and the seeing was 3.09”. For the BUSCA
observations we took 30 s exposure yielding an effective time
resolution of 1.63 min. In Table 1 we summarize the relevant
observation details.

For the data reduction, we used Starlink and DaoPhot soft-
ware routines, and the MATCH code. We perform the normal
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Notes. Relative photometry vs. time; note that the complete table is
available only electronically at the CDS. The time stamps refer to the
Heliocentric Julian Date (HJD) at the middle of each exposure. The
“Flag” column refers to the telescope and filter.

reduction tasks, bias subtraction, dark correction, and flat field-
ing on the individual data sets before applying aperture photom-
etry on on all images. For TrES-2, we selected the aperture pho-
tometry mode using apertures centered on the target star, check
stars, and sky background. Typical sky brightness values for the
11 April and for the 28 May were 89 and 98 ADUs, respectively,
i.e., values at a level 0.008% and 0.006% of the star’s flux, re-
spectively (for /-filter). For the relative photometry we used the
star U1350-10220179 as a reference star to test and calibrate the
light curve. For the data analysis presented in this paper we did
not use additional check stars, but note that we already checked
this star for constancy in the Paper 1. To estimate the magni-
tude errors, we followed Howell & Everett (2001) and the same
procedure as described in our first paper (Paper I) to obtain bet-
ter relative results. Our final relative photometry is presented in
Table 2, which is available in its entirety in machine-readable
form in the electronic version of this paper.

3. Model analysis and results

In our model analysis we proceeded in exactly the same fashion
as described in Paper I. Note that the assumption of circularity
appears to apply very well to TrES-2b (O’Donovan et al. 2009;
O’Donovan et al. 2006); the assumption of constant period and
hence constant semi-major axis will be adressed in Sect. 4. For
our modelling we specifically assumed the values Ry = 1.003R,,
Ry, = 1.222 Ry, P = 2.470621 days, a = 0.0367 AU for the radii
of star and planet, their period and the orbit radius respectively.
All limb darkening coefficients were taken from Claret (2004),
and for the OLT data we used the same values as in Paper I, viz.,
u; = 0.318 and u, = 0.295 for the [ filter, as denoted by S1 in
Table 3.

3.1. OLT data and modeling

Our new OLT data from 11 April 2009 were taken with the same
instrumental setup as our previous data taken on 18 September
2008. The final transit light curve with the best fit model is
shown in Fig. 1, the reduced light curve data are provided in
Table 1. Keeping the planetary and stellar radii and the limb
darkening coefficients fixed (at the above values), we determine
the best fit inclination and the central transit time 7. with our
transit model using the y? method; the thus obtained fit results
are listed in Table 3. The errors in the derived fit parameters are
assessed with a bootstrap method explained in detail in Paper I,
however, we do not use random residuals for the new model,
but we circularly shift the residuals after the model substraction
to produce new light curves for the bootstrapped data following
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Table 3. Individual values of duration, inclination, y? values and limb v 3
darkening coefficients from five light curve fits. 108 - 3
100 £ 4
T, time [HID] Duration Errors Inclin. Errors y*value LDL . F 3
3989.7529 + 0.00069 110.308 0.432 83.59 0.019 432.1 i asss 3
3994.6939 + 0.00066 109.230 0.448 83.56 0.019 296.8 assa b 3
4041.6358 + 0.00070 109.025 0.430 83.55 0.019 290.6 E 3
4607.4036 + 0.00072 106.620 0.883 83.44 0.036 179.1 nes =
4728.4640 + 0.00071 106.112 0.870 83.43 0.036 190.1 sk 3
4933.5274 £ 0.00076 105.077 0.964 83.38 0.039 296.1 S1 m; 3
4980.4675 + 0.00068 105.056 0.848 83.38 0.034 181.7 S1 1 E
4980.4679 + 0.00090 104.748 1.076 83.37 0.043 2022 S2 E
4980.4667 + 0.00082 103.832 1.021 83.33 0.041 186.0 S3 ol 3
4980.4678 + 0.00100 104.363 1.194 83.35 0.048 1950 S4 - 3
4980.4675 + 0.00060 104.522 83.36 0.030 - E
.58 B =
Notes. Units for duration and errors are minutes and for inclination er- E
rors are degrees. The OLT light curve has 268 points, the /-filter light 3 3
curve has 198, the y-filter light curve has 208, the b-filter light curve 1%?65 E
198 and the v-filter light curve 162 points respectively. E E
1.008 — —
E 1 100 £ 3
F 1 E’ L 3
1.01F — F 3
C ¢ 7 L g
F L E 3
F 5 noes - 3
1.00 |~ E 3
B F SFEE =
S OF s 3 E
0.99 E mf 3
F 1 £amf 3
0.98F = E 3
F ] osf 3
E 1 1 1 ] g g
3.50 3.55 3.60 vaeE 3

L35 0,82

HJD 2454930.0+

Fig. 1. Observed TrES-2 light curves and model fits for the light curve
taken with the 1.2 m OLT at Hamburg Observatory taken in April 2009.

Alonso et al. (2008). In Table 3 we also provide corrected central
times and errors for those transists already reported in Paper I,
since due to some typos and mistakes the numbers quoted for
central time and their error are unreliable (five first lines of
Table 3). In Fig. 3 we plot the thus obtained inclination angle
distribution for epoch April 2009 (solid curve) compared to that
obtained in September 2008 (dashed curve). While the best fit in-
clination of i = 83.38° differs from that measured in September
2008 (i = 83.42°), the errors are clearly so large that we cannot
claim a reduction in inclination from our OLT data (taken with
the same instrumental setup, i.e., in September 2008 and April
2009) alone, however, is clearly consistent with such a reduction.

3.2. BUSCA data and modeling

Our BUSCA data have the great advantage of providing simul-
taneously measured multicolor data, which allows us to demon-
strate that limb darkening is correctly modelled and does not
affect the fitted inclinations and stellar radii. The limb darken-
ing coeflicients used for the analysis of the BUSCA data were
also taken from Claret (2004); we specifically used u; = 0.318
and u, = 0.295 for the [ filter (S1), i.e., the same values as
for the OLT, u; = 0.4501 and u; = 0.286 for the y filter (S2),

0.5
245488004

Fig. 2. Four light curves and corresponding model fits taken in May
2009 with the 2.2 m telescope at Calar Alto using BUSCA.

u; = 0.5758 and up, = 0.235 for the b filter (S3), u; = 0.7371
and u, = 0.1117 for the v filter (S4) respectively. The data re-
duction and analysis was performed in exactly the same fash-
ion as for the OLT data, we also used the same comparison star
U1350-10220179; the reduced light curve data are also provided
in Table 2. The modelling of multicolor data for extrasolar planet
transits needs some explanation. In our modelling the host star’s
radius is assumed to be wavelength independent. Since stars do
not have solid surfaces, the question arises how much the stellar
radius R, does actually change with the wavelength. This issue
has been extensively studied in the solar context, where the limb
of the Sun can be directly observed as a function of wavelength
(Neckel 1995). Basically the photospheric height at an optical
depth of unity is determined by the ratio between pressure and
the absorption coefficient, and for the Sun, Neckel (1995) de-
rives a maximal radius change of 0.12 arcsec between 3000 and
10000 A, which corresponds to about 100 km. If we assume
similar photospheric parameters in the TrES-2 host star, which
appears reasonable since TrES-2 is a GOV star, we deduce a
wavelength-dependent radius change on the order of 100 km,
which is far below a percent of the planetary radius and thus not
detectable. Therefore in our multi-band data modelling we can
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Fig.3. Inclination distribution for the OLT data using 1000 Monte
Carlo simulations for the September 2008 (solid curve) and April 2009
(dashed curve); see the text for details.

safely fix the radius of the star and the radius of the planet in a
wavelength-independent fashion.

We thus kept the stellar and planetary fixed at the above val-
ues, treated all BUSCA channels as independent observations
and fitted the light curves — as usual — by adjusting inclination
and central transit time. The filter light curves are shown together
with the so obtained model fits in Fig. 2, the model fit parameters
are again summarized in Table 3. We emphasize that we obtain
good and consistent fits for all light curves with the chosen set of
limb darkening coeflicients, thus demonstrating our capability to
correctly model multicolor light curves.

Since the BUSCA data are recorded simultaneously, it is
clear that the light curves in the four BUSCA channels must ac-
tually be described by the same values of inclination and tran-
sit duration. We therefore simultaneously fit all the four light
curves, leaving free as fit parameters only the central time 7T
and inclination i. With this approach we find an average inclina-
tion of i = 83.36° + 0.03°, which is consistent with our spring
OLT data and also suggests that the inclination in spring 2009
has further decreased as compared to our 2008 data.

3.3. Joint modeling

Using all our data we can check whether our assumption of the
wavelength-independence of the radius is consistent with the ob-
servations. For this consistency test we kept the inclination value
fixed at i = 83.36° and fitted only the radius of the star Ry and
T.. The errors on R were again assessed by a Monte Carlo sim-
ulation as described in Paper I and the distribution of the thus
derived stellar radius values R; is shown in Fig. 4; as apparent
from Fig. 4, all BUSCA channels are consistent with the same
stellar radius as — of course — expected from theory since any
pulsations of a main-sequence star are not expected to lead to
any observable radius changes.

The crucial issue about the TrES-2 exoplanet is of course the
constancy or variability of its orbit inclination. Our new BUSCA
and OLT data clearly support a further decrease in orbit inclina-
tion and hence decrease in transit duration. In order to demon-
strate the magnitude of the effect, we performed one more se-
quence of fits, this time keeping all physical parameters fixed
and fitting only the central transit times 7. using 1000 Monte
Carlo realisations and studying the resulting distribution in y?;
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Table 4. y* tests for two different inclination values and the y* errors
after 1000 Monte Carlo simulations.

Inclination [°] OLT B-1 B-y B-b B-v

83.57(Holman) 3049 1994 207.8 216.0 206.3

0,2 (Holman) 16.12  14.04 16.16 21.05 14.26

83.36 (this paper) 213.8 173.44 1643 180.0 131.1

0,2 (this paper) 11.96 11.11 9.96 12.01 8.77

T L e B B
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Fig. 4. Inclination distribution derived 1000 Monte Carlo simulations
for the multi-band BUSCA observations data in the / (crosses), y (stars),
b (diamonds) and v (X-symbol) filter bands; the mean inclination distri-
bution from the four BUSCA lightcurves is shown as solid line, the
inclination distribution derived from the OLT data taken in April 2009
is also shown for comparison (dashed line).
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Fig. 5. Stellar radius distribution (R.), derived from 1000 Monte Carlo
simulations in four different filters (from higher to lower peak, I, y, b
and v filter respectively). The overlap of the curves shows that all colors
can be explained with the same stellar radius as suggested by theory
(see Neckel 1995).

for the inclination we assumed for, first, the value i = 83.57°
(as derived by Holman et al. for their 2006 data) and the value
i = 83.36° (this paper for the 2009 data). The fit results (in terms
of obtained X2 values) are summarised in Table 4, which shows
that for all (independent) data sets the lower inclination values
yield smaller y?-values; for some filter pairs the thus obtained
improvement is extremely significant.
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Fig. 6. Epoch versus inclination together with a linear fit to the cur-
rently available data; the diamond points are those taken in 2006 by
Holman et al. (2007), and those taken in 2008 and reported in Paper I.
The square points are derived from our new observations taken in April
and May 2009. The solid lines showing two linear fits, from the first
paper (dashed line) and the fit from the present paper (solid line).

3.4. Inclination changes

In Fig. 6 we plot all our current inclination vs. epoch data to-
gether with a linear fit to all data; a formal regression analy-
sis yields for the time evolution of the inclination (i = i, + a -
(Epoch), i, = 83.5778, a = 0.00051). In Paper I we noted the
inclination decrease and predicted inclination values below the
first transit threshold (imin,1 < 83.417°) after October 2008. Both
the new OLT data set and all BUSCA channel observations yield
inclinations below the first transit threshold. While the error in a
given transit light curve is typically on the order of 0.04° for i,
we consider it quite unlikely that 5 independent measurements
all yield only downward excursions. We therefore consider the
decrease in inclination between fall 2008 and spring 2009 as
significant, conclude that the inclination in the TrES-2 system
is very likely below the first transit threshold, and predict the
inclinations to decrease further; also, the transit depths should
become more and more shallow since the exoplanet eclipses less
and less stellar surface.

3.5. Period changes

The observed change in orbit inclination is in marked contrast to
the period of TrES-2b. While possible TTVs in TrES-2b have
been studied by Rabus et al. (2009) we investigate the long-
term stability of the period of TrES-2b. From our seven transit
measurements (plus five more data points of Rabus et al. 2009)
spanning about ~400 eclipses we created a new O—C diagram
(cf., Fig. 7); note that we refrained from using the transit times
dicussed by Raetz et al. (2009), since these transits were taken
with rather inhomogeneous instruments and sometimes only par-
tial transit coverage. For our fit we used a modified epoch equa-
tion HID, = HID,, + E - P, where we set P = P, + P(t — HID,)
and explicitly allow a non-constant period P. We apply a y? fit
to find the best fit values for P, P,, and HID,. With this ap-
proach we find a best fit period change of P = 5 x 107, how-
ever, carrying out the same analysis keeping a fixed period shows
that the fit improvement due to the introduction of a non-zero P
is insignificant. We then find as best fit values P, = 2.47061
and HID, = 2453957.6350 conforming to the values derived by

Epoch (E)

Fig.7. O-C values versus epoch including the transits observed by
Holman et al., Rabus et al. and our data denoted by triangles, squares
and diamonds respectively.

Rabus et al. (2009). Thus, the period of TrES-2b is constant, and
any possible period change over the last three years must be less
than about 1 s.

4. Theoretical implications of observed inclination
change

The results of our data presented in the preceding sections
strenghten our confidence that the observed inclination changes
do in fact correspond to a real physical phenomenon. Assuming
now the reality of the observed inclination change of Ai ~
0.075°/yr, given the constancy of the period and the absence of
TTVs at a level of #100 s we discuss in the following a physical
scenario consistent with these observational findings. We specif-
ically argue that the apparent inclination change should be in-
terpreted as a nodal regression and then proceed to examine an
oblate host star and the existence of an additional perturbing ob-
ject in the system as possible causes for the change of the orbital
parameters of Tres-2b.

4.1. Inclination change or nodal regression?

It is important to realize that the reported apparent change of
inclination refers to the orientation of the TrES-2 orbit plane
with respect to the observer’s tangential plane. It is well known
that the z-component of angular momentum for orbits in an az-
imuthally symmetric potential is constant, resulting in a constant
value of inclination. An oblate star (cf., Sect. 4.2) or the aver-
aged potential of a third body (cf., Sect. 4.3) naturally lead to
such potentials, thus yielding orbits precessing at (more or less)
constant inclination as also realized by Miralda-Escudé (2002).
Such a precession would cause an apparent inclination change,
however, physically this would have to be interpreted as nodal
regression at fixed orbit inclination. To interpret the observa-
tions, one has to relate the rate of nodal regression to the rate
of apparent inclination change.

Consider a (massless) planet of radius R, orbiting a star of
radius R, at some distance d. Let the planet’s orbit lie in a plane
with a fixed inclination i relative to the x-y plane, which we take
as invariant plane. Let an observer be located in the x-z plane
with some elevation vy, reckoned from the positive x-axis. The
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Fig. 8. System geometry (see text for details): the orbit plane with nor-
mal vector nowy is inclined relative to the x-y plane by an inclination i,
the observer (towards Fopserver) 1S Within the x-z plane.

line of the ascending node in the x-y plane is denoted by the
angle Q, with Q = 0 implying the ascending node pointed along
the negative y-axis (see Fig. 8). Let in the thus defined geometry
the angle ¥ denote the angle between planet and observer as seen
from the central star. For each system configuration defined by
the angles (y, 7, Q) there is a minimal angle Wi, between orbit
normal and observer obtained in each planetary orbit, which can
be computed from

€08 Win = MOrbit * FObserver = — COS Yy sinicosQ + sinycosi. (1)
A transit takes place when
[cos Win| < (R, + R.)/d, 2

and from the geometry it is clear that the observed inclination
iobs, 1.€., the parameter that can be derived from a transit light
curve is identical to Wpin. Setting then Wiin = iobs and differen-

tiating Eq. (1) with respect to time we obtain
di in Q ini dQ
lobs _ _sinQcosysinidQ 3)

dt SN Zps dr

Equation (3) relates the nodal regression of the orbit to its corre-
sponding observed apparent rate of inclination change dighs/d?,
given the fixed inclination i relative to the x-y plane. Since tran-
sit observations yield very precise values of iy, the required
ascending node Q and its rate of change can be computed, once
the orbit geometry through the angles y and iy is specified. In
Fig. 9 we show a contour plot of the linear coefficient of Eq. (3)
between nodal regression and observed inclination change as a
function of orbit geometry. Note that the apparent change of
inclination due to the nodal regression does vanish for i = 0.
Physically it is clear that a perturbing planet in a coplanar orbit
cannot exercise a torque and therefore cannot cause the observed
inclination variation. We will therefore always assume i # 0 in
the following.

4.2. Oblate host star

We first consider the possibility that the TrES-2 host star is
oblate. The motion of a planet around an oblate host star is equiv-
alent to that of an artifical satellite orbiting the Earth, a prob-
lem intensely studied over the last decades and well understood
Connon Smith (2005). The potential U(r, ¢) of an axisymmetric
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Inclination

Fig.9. Linear coefficient of Eq. (3) between nodal regression and ob-
served inclination change as a function of view geometry (cf., Eq. (3)),
computed for i,,s = 83.38° as applicable for TrES-2; the plotted con-
tour levels denote values of 1.1, 1.3, 1.5, 2., 2.5, 5., 4., 6., 8. from right
bottom up.

body of mass M and radius R can be expressed as a power series
involving the so-called harmonic coefficients. In second order
one approximates the potential U(r, ¢) as
GM R\* 1
U(r,¢) = —[1—]2(—) —(3sin2¢—1)], 4)
r rl 2
where r is the radial distance from the body’s center, ¢ is lati-
tude above the equator and G denotes the gravitational constant.
Clearly, the perturbing term in the potential is proportional to J>

and a perturbation calculation yields as first order secular pertur-
bation the angular velocity of the ascending node as

om\"? 1
[ 27 . 5
o8 l( P ) (GMlotal)2/3 ( )

where e and i denote the eccentricity and inclination of the orbit-
ing body, P its period, Mie the sum of the masses of planet and
host star and the validity of Kepler’s third law has been assumed.

Interpreting the observed inclination change as nodal regres-
sion due to an oblate host star, we can compute a lower bound on
the required harmonic coefficient J, assuming e = 0. Therefore,
we combine Eqs. (3) and (5) to obtain an expression for J;.
Excluding pathological cases like i,QQ = 0 and y = 7/2 and
neglecting the planetary mass in Eq. (5) we find for any given
set of parameters (Q, y, i)

@@ _ 3 LR
dr ~ 2(1-e2)?

i 2digws ( P\ (GMpo)*?
12 > ngn _“ Lobs (_) ﬂ sin iobs, (6)

T3 dr \2x R?

where M, denotes the mass of the host star. Mass, radius, incli-
nation and period of the TrES-2 system are well known, and us-
ing the measured nodal regression we find J> tigs—» = 1.4 % 1074,
i.e., a value smaller than that of the Earth (J, 4 = 0.00108) by an
order of magnitude, but considerably larger than that of the Sun,
which is usually taken as J> o ~ 3—6x 1077 Rozelot et al. (2001).
Since the host star of TrES-2 is a slow rotator very similar to the
Sun Sozzetti et al. (2007), we expect similarly small J, values in
contrast to our requirements. We therefore conclude that oblate-
ness of the host star cannot be the cause for the observed orbit
variations.
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4.3. Perturbation by a third body

An alternative possibility to explain the observed orbit varia-
tions of the TrES-2 exoplanet would be the interaction with other
planets in the system. Let us therefore assume the existence of
such an additional perturbing planet of mass m1,, circling its host
star of mass mg with period P, at distance r, located further
out compared to the known transiting TrES-2 exoplanet. This
three-body problem has been considered in past in the context
of triple systems (Khaliullin et al. 1991; Li 2006) and the prob-
lem of artificial Earth satellites, whose orbits are perturbed by
the Moon. In lowest order, the perturbing gravitational potential
R, onto the inner planet with mass m and distance r is given by
the expression

R m (@)2(@)3(1)2300325—1’ o

mp +m, \ Pp p a 2

where the angle S denotes the elongation between the perturbed
and perturbing planet as seen from the host star, a and a, de-
note their respective semi-major axes and the validity of Kepler’s
third law has been assumed. Note that in this approach the per-
turbed body is assumed to be massless, implying that its pertur-
bations onto the perturbing body are ignored. Next one needs to
insert the orbital elements of the two bodies and, since we are
interested only in secular variations, average over both the peri-
ods of the perturbed and perturbing planet. This is the so-called
double-averaging method (Broucke 2003), which, however, in
more or less the same form has also been applied by Li (2006)
and Kovalevsky (1967). Denoting by e the eccentricity of the
perturbed planet, by w the longitude of the periastron and by i
the angle between the two orbital planes, one obtains after some
lengthy computation (see Kovalevsky 1967)

2
ny na
Ry = — | X Ko(i,e,w), 8
2 mp+mo(2pp) o(i, e, w) ®

with the auxiliary function Ky (i, e, w) given by
Ko(e,i,w) = (6 cos?i— 2)+e2 (9 cos’i— 3)+ 15¢% sin® i cos 2w.

The partial derivatives of R, with respect to the orbital elements
are needed in the so-called Lagrangian planetary equations to de-
rive the variations of the orbital elements of the perturbed body.
One specifically finds for the motion of the ascending node

dQ  mp 3x P cosi
dt my+m, 4 P; \T—¢2
where the auxiliary function K (e, w) is defined through

Ki(e,w) = 5¢% cos 2w — 3¢* — 2

X Ki(e, w), C))

(10)
and for the rate of change of inclination

di , mp 157 P 1 e

- =- —_—— 2 2w).
T emp+m0 3 Pgmsm(l)sm(w)
As is obvious from Eq. (11), the rate of change of inclination in
low eccentricity systems is very small and we therefore set e = 0.
Assuming next a near coplanar geometry, i.e., setting cosi ~ 1,
we can simplify Eq. (9) as

dQ ny,

pial S 12
dr my + ny 2P§ (12)

(1)

If we assume a host star mass and interpret the observed inclina-
tion change as the rate of nodal regression via Eq. (3), Eq. (12)
relates the unknown planet mass m;, to its orbital period P,,.

4.3.1. Sanity check: application to the solar system

The use of Eq. (12) involves several simplifications. Thus, it is
legitimate to ask, if we are justified in expecting Eq. (12) to de-
scribe reality. As a sanity check we apply Eq. (12) to our so-
lar system. Consider first the motion of the Moon around the
Earth, i.e., P = 27.3 d, which is perturbed by the Sun, i.e.,
P, = 365.25 d. Since for that case our nomenclature requires
my, > m, and i ~ 5.1°, we find from Eq. (12) a time of
17.83 years for the nodes to complete a full circle, which agrees
well with the canonical value of 18.6 years for the lunar orbit.
In the lunar case it is clear that the Sun with its large mass and
close proximity (compared to Jupiter) is by far the largest per-
turber of the Earth-Moon two-body system and this situation is
exactly the situation described by theory.

Consider next the the perturbations caused by the outer
planets of our solar system. Considering, for example, Venus,
we can compute the perturbations caused by the planets Earth,
Mars, Jupiter, Saturn and Uranus. Since the perturbation strength
scales by the ratio mpPIjz, we can set this value to unity for the
Earth and compute values of 0.03, 2.26, 0.11 and 0.002 for Mars
through Uranus respectively. So clearly, Venus is perturbed by
several planets, but the perturbations by Jupiter are strongest.
We therefore expect that our simple approach is not appropri-
ate. We further note that among the outer solar system planets
long period perturbations and resonances occur, which are not
described by Eq. (12). If we nevertheless compute the nodal re-
gression for Venus caused by Jupiter using Eq. (12), we find a
nodal regression of 0.1°/cty for Venus, and 0.3°/cty for Mars.
Using the orbital elements computed by Simon et al. (1994) and
calculating the nodal regressions of Venus and Mars in the orbit
plane of Jupiter we find values smaller than the true values, but
at least, they computed values in the right order of magnitude
and do not lead to an overprediction of the expected effects.

4.3.2. Sanity check: application to V 907 Sco

From archival studies Lacy et al. (1999) report the existence
of transient eclipses in the triple star V 907 Sco. According to
Lacy et al. (1999) this system is composed out of a short-period
(Psnort = 3.78 days) binary containing two main sequence stars
of spectral type ~A0 and mass ratio 0.9, orbited by a lower mass
third companion (Pjong = 99.3 days), of spectral type mid-K or
possibly even a white dwarf. The close binary system showed
eclipses from the earliest reported observations in 1899 until
about 1918, when the eclipses stopped; eclipses reappeared in
1963 and were observed until about 1986. Interpreting the ap-
pearance of eclipses due to nodal regression, Lacy et al. (1999)
derive a nodal period of 68 years for V 907 Sco. Using Eq. (12)
and assuming a mass of 2 M, for the host (m,) and a mass of
0.5 My for the companion (mp), we compute a nodal regres-
sion period of 47.6 years, which agrees well with the nodal pe-
riod estimated by Lacy et al. (1999). We therefore conclude that
Eq. (12) also provides a reasonable description of the transient
eclipse observations of V 907 Sco.

4.3.3. Application to TrES 2

Applying now Eq. (12) to the TrES-2 exoplanet we express the
period of the (unknown) perturbing planet as a function of its
also unknown mass through

P. = "p 3LP 1
P\ my+m, 2 dQ/dt

13)
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Fig. 10. Period of hypothesized second planet vs. mass assuming a lin-
ear coeflicient of unity in Eq. (3) and near coplanarity.

Since the host star mass and the nodal regression are known, the
perturbing mass is the only remaining unknown; we note that
Eq. (13) should be correct, as long as there is only one domi-
nant perturber in the system with a low-eccentricity orbit suf-
ficiently far away from the known close-in transiting planet. In
Fig. 10 we plot the expected perturber period P, as a function
of my, (in Jupiter masses) for m, = 1 My and the measured
rate of nodal regression assuming a linear coefficient of unity
in Eq. (3). Assuming ad hoc a mass of about one Jupiter mass
for this perturber and taking into account that a factor of a few is
likely (cf., Fig. 9), we find that periods of 50 to 100 days are re-
quired to explain the observed nodal regression in TrES-2. Such
an additional planet should be relatively easily detectable with
RV studies. Daemgen et al. (2009) report the presence of a faint
companion about one arcsec away from TrES-2. Assuming this
companion to be physical, a spectral type between K4.5 and K6,
a mass of about 0.67 M, at a distance of 230 AU with a pe-
riod of 3900 years follow. Computing with these numbers the
maximally expected nodal regression from Eq. (12), one finds
values a couple of orders of magnitude below the observed val-
ues. We thus conclude that this object cannot be the cause of the
observed orbit variations. On the other hand, this companion,
again if physical, makes TrES-2 particularly interesting because
it provides another cases of a planet/planetary system in a binary
system, and eventually the orbit planes of binary system and the
planet(s) can be derived.

4.4. Transit timing variations by a putative perturber

A perturbing second planet capable of causing fast nodal pre-
cession on the transiting planet is also expected to induce short-
term periodic variations of its orbital elements. In addition to
the secular precession of the node of the orbit we would thus
expect to see short-term transit timing variations (TTVs), peri-
odic variations of the mid-transit times (Holman & Murray 2005;
Agol et al. 2005). Just as nodal regression, the TTV signal can
be used to find and characterize planetary companions of tran-
siting exoplanets. Rabus et al. (2009) carefully analyzed eight
transit light curves of TrES-2 over several years. However, they
were unable to detect any statistically significant TTV ampli-
tudes in the TrES-2b light curves above about 50 s; cf. their
Fig. 10. Therefore, the existence of perturbing objects leading
to TTVs on the scale of up to about 50 s are consistent with ac-
tual observations. Putting it differently, the orbital parameters of
any perturbing object causing the nodal precession of the orbit
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Eccentricity ep

Fig. 11. Amplitude of expected Transit Timing Variations (TTVs) in
the TrES-2 system. The perturber is assumed to have m, = 1 My,. Its
eccentricity e, and period P, are varied within plausible ranges. The
orbit of TrES-2 is assumed to be circular. The vertical dotted line marks
the best fitting TTV signal found by Rabus et al. (2009) of 57 s.

should yield a TTV amplitude below that and hence remain un-
detactable in the presently existing data.

To analyze the mutual gravitational influence of a perturb-
ing second planet in the system on TrES-2, we have to treat the
classical three-body problem of celestial mechanics. Instead of
direct N-body integrations of the equations of motion we use an
alternative method based on analytic perturbation theory devel-
oped and extensively tested by Nesvorny & Morbidelli (2008)
and Nesvorny (2009). Outside possible mean-motion resonances
their approach allows for a fast computation of the expected TTV
amplitude given a combination of system parameters. As input
we have to specify the orbital elements and masses of both plan-
ets. Consistent with the observations we assume TrES-2 to be
in a circular orbit around its host star, while we allow for dif-
ferent eccentricities e, and periods P, of the perturber, which
we assume to be of Jovian mass; since the TTV amplitudes scale
nearly linearly with the perturber mass, we confine our treatment
to m, = 1 Mjyp; all other orbital elements are set to zero. This is
justified as these parameters in most cases do not lead to a signif-
icant amplification of the TTV signal (see Nesvorny 2009, for a
detailed discussion of the impact of these orbital elements). The
resulting TTV amplitude for different reasonable orbit configu-
rations (given the observed secular node regression as discussed
above) of the system of Ppex = 30, 50 and 70 days is plotted vs.
the assumed eccentricity in Fig. 11; the currently available up-
per limit to any TTV signal derived by Rabus et al. (2009) is also
shown. As is obvious from Fig. 11, a Jovian-mass perturber at a
distance required to impose the observed secular changes (pe-
riod of 50-100 days) leads to a TTV signal well below the cur-
rent detection limit for all eccentricities e, as long as ¢, < 0.4.
We therefore conclude that a putative perturbing Jovian-mass
planet with a moderate eccentricity and with a period between
30-70 days would not yield any currently detectable TTV sig-
nal and would therefore be a valid explanation for the observed
inclination change in the TrES-2 system.

5. Conclusions

In summary, our new observations taken in the spring of 2009
confirm the smaller transit durations reported in Paper I and sug-
gest an even further decrease. With our simultaneously taken
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multicolor BUSCA data we demonstrate that the recorded mul-
ticolor lightcurves can be consistently modelled with a reason-
able set of limb darkening coefficients, and that there is no
need to fit the limb darkening coefficients to any particular light
curve. An error in the description of the limb darkening there-
fore appears thus as an unlikely cause of the observed inclination
changes. Also as expected, the obtained stellar radius is inde-
pendent of the wavelength band used, demonstrating the internal
self-consistency of our modelling.

As to the possible causes for the observed apparent orbit in-
clination change in TrES-2 we argue that the apparent observed
inclination change is very likely caused by nodal regression. The
assumption of an oblate host star leads to implausibly large J>
coefficients, we therefore favor an explanation with a third body.
We argue that Eq. (12) is a reasonable approximation for the in-
terpration of the observed inclination changes; applying it to the
TrES-2 system, we find that a planet of one Jovian mass with pe-
riods between 50-100 days would suffice to cause the observed
inclination changes, while at the same time yield TTVs with am-
plitudes well below the currently available upper limits.

The assumption of such an additional planet in the TrES-2
system is entirely plausible. First of all, if it is near coplanar
with TrES-2b, it would not cause any eclipses and therefore
remain undetected in transit searches. Next, an inspection of
the exosolar planet data base maintained at www.exoplanet.eu
reveals a number of exoplanet systems with properties similar
to those postulated for TrES-2, i.e., a close-in planet together
with a massive planet further out: In the GI 581 system there is
a 0.02 Jupiter-mass planet with a period of 66 days, and in fact
a couple of similarly massive planets further in with periods of
3.1, 5.4 and 12.9 days respectively; in the system HIP 14810
there is a close-in planet with a 6.6 day period and a somewhat
lighter planet with a period of 147 days, in the HD 160691
system the close-in planet has a period of 9.6 days and two outer
planets with Jupiter masses are known with periods of 310 and
643 days. It is also clear that in these systems nodal regression
changes must occur, unless these systems are exactly coplanar,
which appears unlikely. Therefore on longer time scales the ob-
served orbit inclination in these systems must change, but only
in transiting systems the orbit inclination can be measured with
sufficient accuracy. Because of its apparent inclination change
TrES-2b is clearly among the more interesting extrasolar plan-
ets. If the system continues its behavior in the future the transits

of TrES-2b will disappear. Fortunately, within the first data set
of the Kepler mission ~30 transits should be covered. From our
derived inclination change rate of Ai ~ 0.075°/yr this corre-
sponds to an overall change of Ai ~ 0.015° in this first data set,
which ought to be detectable given the superior accuracy of the
space-based Kepler photometry. As far as the detection of our
putative second planet is concerned, RV methods appear to be
more promising than a search for TTVs, unless the orbital ec-
centricities are very large.
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ABSTRACT

The GOV dwarf TrES-2A, which is transited by a hot Jupiter, is one of the main short-cadence targets of the Kepler telescope and,
therefore, among the photometrically best-studied planetary systems known today. Given the near-grazing geometry of the planetary
orbit, TrES-2 offers an outstanding opportunity to search for changes in its orbital geometry. Our study focuses on the secular change
in orbital inclination reported in previous studies. We present a joint analysis of the first four quarters of Kepler photometry together
with the publicly available ground-based data obtained since the discovery of TrES-2b in 2006. We use a common approach based on
the latest information regarding the visual companion of TrES-2A and stellar limb darkening to further refine the orbital parameters.
We find that the Kepler observations rule out a secular inclination change of previously claimed order as well as variations of the
transit timing, however, they also show slight indication for further variability in the inclination which remains marginally significant.

Key words. stars: individual: TrES-2 — planetary systems

1. Introduction

The transiting Jovian planet TrES-2b was originally discovered
by O’Donovan et al. (2006), and later extensively observed by
Holman et al. (2007) and Sozzetti et al. (2007), who determined
more accurate properties for the TrES-2 system. TrES-2A is an
old (=5 Gyr) GOV star with about solar radius and mass, orbited
by a close-in (0.035 AU) planet with a mass of 1.2 Mj and a pe-
riod of 2.47 d. The planet has a radius of 1.24 Ry and a large incli-
nation angle of about 84°, implying a nearly grazing transit. The
spectroscopic parameters of the systen determined by Sozzetti
et al. (2007) were confirmed and refined by Ammler-von Eiff
et al. (2009).

As already pointed out by Holman et al. (2007), TrES-2 of-
fers an outstanding opportunity to search for changes in orbital
parameters for several reasons: its large inclination and close-in
orbit yield a high impact parameter, making the shape and tim-
ing of the transit sensitive to variations of the orbital parameters.
Its large radius and short orbital period allow the study of large
numbers of deep transits over hundreds of epochs. Additionally,
TrES-2 is in the field of view of the Kepler telescope, which
has already gathered more than 220 days of publicly available
photometric data, probably making TrES-2 the photometrically
best-studied exoplanetary system to date.

Since its discovery there have been numerous attempts to de-
tect secular changes in the orbital parameters of TrES-2b due to
an external perturber. Mislis & Schmitt (2009) combined their
own transit observations with the data from Holman et al. (2007)
and found these data to be consistent with a decrease in tran-
sit duration, suggesting a decrease of about 0.075°/yr in the
orbital inclination of the planet, an interpretation corroborated
by another series of observations (Mislis et al. 2010). Reverting

* Appendix A is available in electronic form at
http://www.aanda.org

Article published by EDP Sciences

to secular perturbation theory, Mislis et al. (2010) suggest that
a Jovian mass planet with a period between 50 to 100 days
can explain the observed inclination changes. On the other
hand, Scuderi et al. (2010), in their analysis from data taken
in June 2009, find systematically higher values for the inclina-
tion of TrES-2b, ruling out any systematic trend. Their analysis
also includes 33 days of Kepler data comprising multiple transits
originally published by Gilliland et al. (2010), which they find
to be in agreement with their ground-based observations.

Additional photometric data of TrES-2 are presented by
Rabus et al. (2009), who analyze five transits sytematically
searching for signatures of transit timing variations. However,
they do not find a clear signal and are only able to provide upper
constraints on the perturber’s mass. Christiansen et al. (2011)
obtained nine additional transits from NASA’s EPOXI Mission
of Opportunity (Deep impact). Comparing their results with ear-
lier measurements, they find a formally significant decrease in
the transit duration with time, which however disappears if they
exclude the duration measurement by Holman et al. (2007).

A thorough analysis of the first two quarters of Kepler data
(Q0 and Q1) is presented by Kipping & Bakos (2011b), who do
not find any inclination change within the Kepler data, obtain-
ing an inclination change of (+0.0019 + 0.0020)°/cycle. They
also reanalyze the data by Holman et al. (2007) fitting the limb-
darkening coefficients and compare the measured average transit
durations in both data sets. Their results neither support nor ex-
clude the inclination change, largely due to the still very small
temporal baseline of 18 cycles. Raetz et al. (2009, 2011) analyze
22 additional transits observed between March 2007 and August
2010, but find no indications of variations in the transit dura-
tion. However, their data quality does not suffice to exclude the
inclination change proposed by Mislis et al. (2010).

The whole discussion is further complicated by the results
of Daemgen et al. (2009), who detected a visual companion to
TrES-2A at a separation of 1.089 + 0.008” that contaminates
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the photometric data, and leads to filter-dependent deviations in
the orbital parameters if not being accounted for. While Scuderi
et al. (2010) already mention the contribution of a third light
and estimate its influence on the system parameters, Kipping &
Bakos (2011b) were actually the first to include it in their light-
curve modeling of the Kepler data.

The purpose of this work is to present a joint analysis of all
publicly available Kepler data of TrES-2 focussing on the ap-
parent change in orbital inclination as proposed by Mislis et al.
(2010). We exploit four quarters of Kepler photometry and pub-
licly available ground-based transit observations in a joint ap-
proach including the latest observational results regarding the
TrES-2-system, aiming at a consistent picture of the observa-
tional status quo regarding changes in the orbital parameters, es-
pecially the inclination of the planet.

2. Light-curve modeling

We fit the transit data with the transit model developed by
Mandel & Agol (2002) making use of their occultquad and
occultnl FORTRAN routines'. From the transit light curve, we
can directly infer the following parameters: the orbital period,
P, the time of transit minimum, 7, the radius ratio, p = R,/R;,
the semi-major axis in stellar radii, a/R;, the orbital inclina-
tion, i, and the limb-darkening law. For our fits we either as-
sume a quadratic limb darkening with coefficients u; and u; or
a four-parametric non-linear prescription as proposed by Claret
& Bloemen (2011, their Eq. (5)), which provides a significantly
more accurate representation of model atmophere intensities
(Howarth 2011a). Furthermore, our model includes the contri-
bution of a third light, L3, given as a fraction of the host-star’s
luminosity.

We assume a circular orbit fixing e = 0, as there are no indi-
cations for any non-zero eccentricity (Kipping & Bakos 2011b).

2.1. On the role of limb darkening

There is an ongoing debate on the role of limb darkening in the
analysis of planetary transit light curves regarding the question
whether the limb-darkening coefficients (LDCs) should be fit-
ted together with the remaining parameters or left fixed during
the fit. On the one hand, LDCs are the only quantities in the pa-
rameter set describing the transit that can be predicted theoreti-
cally, given some basic spectroscopic information of the object.
As such they are inherently dependent on the quality of available
spectroscopic data and the subtleties of underlying assumptions
entering the model calculations itself. Fitting the LDCs therefore
assures that the resulting transit parameters are independent of
the spectroscopic background model and that the uncertainties of
the spectroscopic parameters are readily included into the transit
model. Furthermore, the inclusion of LDCs as free parameters
in the fitting process leads to considerably larger uncertainties
in the remaining model parameters, reflecting the fact, that the
LDCs are highly correlated to most parameters.

On the other hand, the data quality of most ground-based
measurements is not sufficient to substantially constrain the
LDCs. Several fit parameters, especially the LDCs, are known
to be mutually correlated, as demonstrated analytically by Pal
(2008) and numerically by Southworth (2008) in the specific
case of TrES-2. The mutual correlations among the parameters
are particularly strong in the case of TrES-2, where the transit is
nearly grazing, because TrES-2b only covers the outermost parts

! http://www.astro.washington.edu/users/agol
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Table 1. Spectroscopic parameters of TrES-2.

Sozzetti et al. (2007) Ammler-von Eiff et al. (2009)

Tor (K) 5850 = 50 5795+ 73
log g (cgs) 44+£0.1 430+0.13
& (kms™h) 1.00 + 0.05 0.79 + 0.12
[M/H] ~0.15+0.10 0.06 + 0.08

of the stellar disk that are dominated by strong limb-darkening
effects. The remaining orbital parameters thus depend crucially
on the details of the adopted limb darkening resulting in strong
correlations with the LDCs. The amount of information on the
limb darkening, which can be extracted even from the Kepler
data, is limited by the fact, that the transit of TrES-2b is nearly
grazing, i.e. ¢ < 1. Assuming a quadratic limb-darkening law
this approximation yields

1)

I - 1= (1 + w2) + p(uy + 2u2) = OG). (1

Therefore, to zeroth order we are only sensitive to the sum of the
LDCs, i.e. the amount of deducible knowledge on the individ-
ual parameter is inherently limited. This introduces a degener-
acy between both LDCs due to their strong correlation. While, in
principle, it would always be preferable to fit for LDCs, thereby
cross-checking spectroscopic results and theoretical modeling,
analyses of ground-based observations of TrES-2 cannot afford
to refrain from including as much independently obtained infor-
mation as possible.

Therefore, in a first attempt, we will fit the Kepler data
without assuming any a priori information on the LDCs (see
Sect. 4.1) and compare our results to theoretical predictions.
However, comparing the results from the Kepler data to several
ground-based transit observations requires a common treatment
of the data. We therefore eventually use fixed LDCs for all data
sets assuming the theoretically predicted values (see Sect. 4.2).

The spectroscopic studies by Sozzetti et al. (2007) and
Ammler-von Eiff et al. (2009) concordantly suggest that
TrES-2A has an effective temperature of 5800 K, a surface grav-
ity of 4.4, mictroturbulence velocity of 1 kms~! and solar metal-
licity (see Table 1). Claret & Bloemen (2011) provide LDCs
in several filter bands calculated for a grid of PHOENIX and
ATLAS9 model atmospheres, employing two different calcula-
tion methods. We linearly interpolated on the data grid to obtain
a set of LDCs pertaining to a PHOENIX model closely match-
ing the inferred spectroscopic properties of TrES-2A. Our inter-
polated LDCs for the different filter bands are summarized in
Table 2.

2.2. On the contribution of a third light

Daemgen et al. (2009) report the detection of a faint visual com-
panion of TrES-2A in their ground-based high-resolution im-
ages obtained with the AstraLux lucky imaging camera at Calar
Alto. The angular distance from TrES-2A to this object is only
1.089 + 0.009”. It contaminates all previous published observa-
tions and introduces a systematic error in the transit parameters,
especially the transit depth. According to Southworth (2010),
roughly 5% of third light can be compensated for by decreas-
ing a/Rs by 1%, p by 3% and i by 0.1 degrees.

Daemgen et al. (2009) measured magnitude differences in
the Sloan Digital Sky Survey (SDSS) z’ and ¢’ filters, that can be
used to obtain the flux contribution of the third light, L3. They
find A7 = 3.429 + 0.010 and A" = 3.661 + 0.016 resulting in



5.3. A consistent analysis of ground- and space-based photometry of TrES-2 75

S. Schroéter et al.: A consistent analysis of three years of ground- and space-based photometry of TrES-2

Table 2. Non-linear limb-darkening coeflicients obtained by linear in-
terpolation on the tables provided by Claret & Bloemen (2011) based
on PHOENIX atmosphere models.

Filter ag ay as ay L3

Kepler 0.473*  0.192¢ - - 0.0276
Kepler 0.801 -0.676 1.053 -0.388  0.0276
Stromgrenu 0910 —-1.006 1.388 —-0.355  0.0045
Stromgrenv  0.863  -0.767 1.872 -0.617  0.0102
Stromgren b 0.698  -1.206 1.572 -0.599  0.0180
Stromgreny  0.758  -0.663 1.203 -0.454  0.0227
Johnson U 1.085 -1.412 1.721 -0.466  0.0053
Johnson B 0.754  -0937 1.734 -0.641  0.0137
Johnson V 0742  -0.602 1.134 -0.434 0.0216
Cousins R 0.796  -0.632 0993 -0.378  0.0294
Cousins / 0.853 -0.746 0.963 -0.363  0.0360
SDSS # 0.829 -0.688 0.935 -0.354 0.0343"
SDSS 7/ 0.861 -0.807 0.967 -0.360 0.0425"

Notes. The last column gives the fraction of flux due to the visual com-
panion detected by Daemgen et al. (2009).  Interpolated coefficients
for a quadratic limb-darkening law. ) Values are based on magnitude
differences directly measured by Daemgen et al. (2009).

flux contributions of 0.0425 +0.0004 and 0.0343 £ 0.0005 in the
7/ and i’ bands, respectively. We assume that the nearby com-
panion has an effective temperature of 4400 K, surface gravity
of 4.5, solar metallicity and microturbulent velocity of 2 km g1
compatible with its spectral type being K4.5 to K6 as derived by
Daemgen et al. (2009). We used Gray’s SPECTRUM together
with a Kurucz atmosphere model to calculate a synthetic spec-
trum. We then use STScI’s pysynphot? to convolve the spectrum
with transmission curves of all standard filter systems, taking
into account the high-resolution Kepler response function® to
obtain the throughput in Kepler’s broad spectral band. The re-
sulting fractional contributions of third light, L3, are tabulated in
Table 2.

2.3. Fitting approach and error analysis

To obtain adequate errors for the fit parameters and to determine
the mutual dependence of the parameters, we explore the pa-
rameter space by sampling from the posterior probability distri-
bution using a Markov-chain Monte-Carlo (MCMC) approach.
Typically, the system parameters, especially the LDCs, are
prone to substantial correlation effects. These correlations can
easily render the sampling process inefficient. It is therefore ad-
visable to use a suitably decorrelated set of LDCs as e.g. pro-
posed by Pal (2008). However, due to the near-grazing system
geometry in the case of TrES-2 we expect strong correlations
between the whole set of parameters. We therefore chose to use
a modification of the usual Metropolis-Hastings sampling algo-
rithm, which is able to adapt to the strong correlation structure.
This modification, known as Adaptive Metropolis algorithm
(AM; Haario et al. 2001), releases the strict Markov property of
the sampling chains by updating the sampling parameters using
a multivariate jump distribution whose covariance is tuned dur-
ing sampling. This tuning is based on all previous samples of the
chain, so that AM looses the Markov property. However, the al-
gorithm can be shown to have the correct ergodic properties, i.e.
it approaches the correct posterior probability distribution under

2 http://stsdas.stsci.edu/pysynphot/
3 http://keplergo.arc.nasa.gov/
CalibrationResponse.shtml

very general assumptions (Haario et al. 2001; Vihola 2011). We
checked that AM yields correct results for simulated data sets
with parameters close to TrES-2, and found that this approach
showed fast convergence and efficiency.

All MCMC calculations make extensive use of routines of
PyAstronomy*, a collection of Python routines providing a con-
venient interface to fitting and sampling algorithms implemented
in the PyMC (Patil et al. 2010) and SciPy (Jones et al. 2001)
packages.

3. Data preparation

We retrieved the Kepler data of quarters QO to Q3 from the
NASA Multimission Archive at STScI’. Specifically, we use
data pertaining to data release 5 (QO0, Q1), data release 7 (Q2),
and data release 4 (Q3) as provided by the Kepler Data Analysis
Working Group®. Kepler observed TrES-2 in short cadence
mode with a sampling of 58.85 s covering 229 days. For our
analysis, we use the raw aperture photometry (SAP) flux and
the corresponding error as provided in the FITS files. The raw
data have been processed using Kepler’s photometric analysis
(PA) pipeline, which includes barycentric time correction, de-
tection of Argabrightening (a transient increase of background
flux possibly due to dust particles) and cosmic ray events, back-
ground removal, and the computation of aperture corrected flux.
Further, we removed invalid data points and all points marked by
the SAP_QUALITY flag. The Kepler data provide time stamps
in barycentric Julian dates (BJDyrc), which we convert into
barycentric dynamical time (BJDtpp) accounting for 34 leap
seconds elapsed since 1961.

The data show discontinuities and exponential jumps due to
instrumental duty cycles (“pointing tweaks”, “safe mode recov-
eries”, and “earth points”) and long-term trends (“focus drifts”),
which must be corrected beforehand. First, we removed all tran-
sits from the light curve including one half of the transit duration
on either side and rejected 30~ outliers using a sliding median
filter of window size 30 min. We then used the information pro-
vided in the data release notes to exclude data points affected by
safe mode recoveries and earth points, which are difficult to cor-
rect otherwise. Subsequently, we divided the data into chunks
covering undisturbed duty cycles. As there are two pointing
tweaks occuring during quarter Q2, we subdivided the Q2 data
at these tweaks into three chunks covering full duty cycles.

To remove long-term trends due to focus drifts, we followed
an approach similar to Kipping & Bakos (2011b) by using the
discrete cosine transform (Makhoul 1980) to obtain a smoothed
model of the continuum for each data chunk separately. The dis-
crete cosine transform decomposes a signal x(n) into a linear
combination of N cosine functions according to

N-1
y(k) = > x(n) cos(%), 0<k<N, )
n=0

and provides an efficient way of extracting the low-frequency
information within the signal. We applied the discrete cosine
transform to each chunk of the light curve removing all but the
first / low-frequency terms, where / is the rounded integer value
of the length of the chunk divided by the orbital period. The
thus cleaned transformed signal was inversely transformed to

4 http://www.hs.uni-hamburg.de/DE/Ins/Per/Czesla/
PyA/PyA/index.html

5 http://archive.stsci.edu/kepler/

% http://archive.stsci.edu/kepler/release_notes
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Table 3. Publicly available data of ground-based photometric observa-
tions of TrES-2.

Epoch Filter Reference

13, 15, 34 i Holman et al. (2007)
263 near R Mislis & Schmitt (2009)
312 1 Mislis & Schmitt (2009)
395 1 Mislis et al. (2010)
414 Ly, b,v Mislis et al. (2010)
421 I Scuderi et al. (2010)

Notes. The epoch refers to the first transit of TrES-2b observed by
O’Donovan et al. (2006).

obtain a smoothed model of the continuum. Finally, we divided
the complete light curve including the transits by the model
and extracted the data in a box of half-width 0.06 days around
each transit center. We further discard three transits, which occur
close to the pointing tweaks, where the continuum flux shows
strong distortions.

To check that the results of our study do not depend on the
details of the data reduction, we also extracted the un-detrended
data directly around each transit center and divided the transit by
a third-order polynomial fit to the local continuum (Welsh et al.
2010). We find, that this procedure yields essentially the same
results.

The ground-based data covering a total of 8 planetary tran-
sits between 2006 and 2009 are used as provided by the au-
thors (see Table 3, for references). The time stamps are specified
as Heliocentric Julian Dates (HJDytc) and are converted into
BIDpp using the webtool by Eastman et al. (2010).

4. Fitting results

Before fitting the Kepler data, we use all available data to obtain
estimates of the period, P, and the time of transit minimum, 7. As
already pointed out by Southworth (2008), P and 7 are usually
correlated with each other, but uncorrelated with the remaining
parameters. Therefore, the period can be determined quite accu-
rately without interference of other parameters. Fitting all pub-
licly available data we obtained

o = 2453 957.635486") 50005 BIDpp and

_ 0.000000150
P = 2.470613402+0900000150 4

where 7 refers to the first transit of TrES-2b observed by
O’Donovan et al. (2006) and errors correspond to 68.3% HPD
(highest probability density) intervals. The fractional error in P
is approximately 10° times smaller than the fractional errors in
a/Rs and p, and can safely be ignored. We checked that includ-
ing both parameters with Gaussian priors corresponding to their
errors in the MCMC calculations yields negligible changes in the
remaining parameters but slows down the MCMC algorithm. In
the following, we therefore fix these parameters to their best-fit
values.

4.1. Four quarters of Kepler data

In the following, we fit all 81 transits observed by Kepler
during the first four quarters of observations. To explore the
whole parameter space of solutions, we relax the constraints
on the parameters as much as possible by imposing uniform

A97, page 4 of 10

prior probability distributions allowing large parameter varia-
tions. By fixing the LDCs to their theoretically computed values
we would impose strong a priori information on the fitting pro-
cess. If the LDCs were chosen incorrectly, we would obtain well-
constrained model parameters with comparably small credibility
intervals, which, however, could be inconsistent. We therefore
additionally fitted quadratic LDCs, assuming uniform priors on
u; and u,, and performed an MCMC error analysis of the com-
plete set of parameters. Our best-fit solution is determined by
those parameter values that minimize the deviance after 10° iter-
ations of the sampler. The errors are calculated from 68.3% HPD
intervals of the posterior probability distributions for the param-
eters. Our results are summarized in the upper part of Table 4.

Given their credibility intervals the parameters of our global
fit are compatible with those by Southworth (2011) and Kipping
& Bakos (2011b). We note a slight discrepancy with the results
by Kipping & Bakos (2011b), who obtain a slightly larger ra-
dius ratio, p, of 0.1282. A small, possibly systematic discrepancy
compared to the values of Kipping & Bakos (2011b) has also
been noted by Southworth (2011). Within their 2o~ error intervals
our LDCs are still consistent with the best-fit solution obtained
by Kipping & Bakos (2011b), who found LDCs of u; = 0.52
and up, = 0.06. We note that the sum, u; + up, of the LDCs is
very well constrained in agreement with our considerations in
Sect. 2.1.

As discussed in Howarth (2011b) we cannot directly com-
pare our best-fit LDCs to predictions based on the stellar atmo-
sphere model. This is due to the fact that we are fitting pho-
tometric data from a real star, using a simplified model of the
stellar limb darkening. The high impact parameter of TrES-2b
together with the fitting approach inevitably lead to consider-
able deviations of the photometrically determined LDCs from
model-atmosphere characterizations. Instead, Howarth (2011b)
proposes to compare the results from the photometric analysis
with the results obtained from synthetic photometry based on
a given atmosphere model (termed “SPAM”). Figure 1 shows
the result of this consideration. The lowest deviance combina-
tion of LDCs after 10° MCMC samples is obviously inconsis-
tent if compared directly to the predictions by Claret & Bloemen
(2011) based on PHOENIX model atmospheres for TrES-2.
However, the SPAM model based on the same model atmosphere
is consistent with the best-fit LDCs. This strengthens our confi-
dence in the reliability of the theoretically calculated LDCs.

Note that the simplified prescription of limb darkening used
in our model also introduces small, but non-negligible system-
atic errors in the remaining light curve parameters due to the
strong correlations between all parameters. In the following we
therefore use the four-parametric, non-linear limb-darkening law
proposed by Claret & Bloemen (2011), holding the LDCs fixed
at their theoretically expected values to obtain the remaining
transit parameters. This, of course, substantially reduces the er-
rors on our parameter estimates because the strong correlations
mediated by the limb-darkening treatment diminuish. Our resuls
after 10° iterations of the MCMC sampler are summarized in the
lower part of Table 4.

4.2. Secular change in inclination

The values inferred from the fit to the Kepler data are the most
robust estimates of the planetary parameters of TrES-2 currently
available. In the following, we reanalyze all publicly available
photometric data of TrES-2 examining each transit separately to
search for secular variations in the orbital inclination.
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Table 4. Lowest-deviance parameters for the Kepler data after 10°
MCMC samples compared to the results with fixed limb-darkening
coefficients.

Parameter Value Error (68.3% HPD)
i(°) 83.874 [83.806, 83.910]

P 0.1257 [0.1240, 0.1265]
a/Ry 7.903 [7.835, 7.937]

Uy 0.19 [-0.10, 0.36]

uy 0.43 [0.25, 0.75]

Uy + up 0.626 [0.605, 0.648]

i(°) 83.9788  [83.9740, 83.9837]
P 0.12759  [0.12755, 0.12762]
a/Ry 7.9899 [7.9856, 7.9943]

ay, ar, a3, aq  fixed, see Table 2

Notes. Both fits assume a third light contribution according to Table 2.
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Fig. 1. Correlation between linear and quadratic limb-darkening coeffi-
cient resulting from 10° MCMC runs. The lowest deviance combination
of parameters (circle) is significantly offset from the Claret & Bloemen
(2011) model prediction (dashed red) but consistent with the result ob-
tained from fitting synthetic photometry based on the same atmosphere
model (SPAM, green).

Secular inclination changes are empirically detectable as
changes in transit duration, which is a function of a/R, p and
i (Seager & Mallén-Ornelas 2003). While each of these param-
eters may itself exhibit secular changes resulting in changes in
the transit duration (Kipping 2010), we focus in the following on
changes in the orbital inclination, 7, and the time of transit min-
imum, 7, of each transit. We thereby assume that neither the ra-
dius ratio nor the planetary orbit change in size over the course of
the observations and that the orbit is circular. However, we still
must account for our incomplete knowledge of the true value of
a/Rs and p. We therefore leave both parameters free during the
MCMC calculations imposing Gaussian priors according to the
errors obtained from our global fit. Depending on the instrumen-
tal setup of the observations (cf. Table 3) we take into account
the expected third light contribution and the LDCs according to
Table 2. For each transit we obtain the posterior distributions
for both 7 and i using 10* iterations of the MCMC sampler. We
summarize the prior information in Table 5. The errors again
correspond to 68.3% HPD intervals.

Concerning the Kepler data, Kipping & Bakos (2011b) did
not find evidence for parameter changes within the first two quar-
ters. However, the public release of the last two quarters, i.e.
quarters Q2 and Q3, provided a substantial enlargement of the
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Fig. 2. Inclination versus transit epoch for TrES-2 based on publicly
available ground-based data and the Kepler observations. Errors are de-
rived from 95.5% HPD intervals corresponding to 20 errors based on
10* MCMC iterations for each transit.

Table 5. Prior information used for the MCMC calculations in Sect. 4.2.

Quantity Prior Source
a/Ry 7.9899 + 0.0043 Table 4
P 0.127585 + 0.000035  Table 4
T uniform
i uniform
ap, dp, as, d4 fixed Table 2
Ly fixed Table 2
e 0 (fixed)

data set. We therefore reanalyze the complete QO to Q3 set of
transits in detail searching for variations of the inclination or
transit timing variations (TTVs).

Our results are shown in Fig. 2. The superior quality of the
Kepler data manifests itself in very small credibility intervals
for these observations. While the data by Holman et al. (2007)
are fully consistent with the inclination obtained by Kepler, we
find systematically lower inclinations for the data sets of Mislis
& Schmitt (2009) and Mislis et al. (2010). In fact, ignoring the
Kepler data, the secular inclination change detected by Mislis &
Schmitt (2009) is clearly visible.

Note, however, that our common fitting approach based on
the results from Kepler and including the third light contribu-
tion yields best-fit values for the inclinations derived from the
ground-based measurements that are closer to the Kepler values
than those originally obtained by Mislis & Schmitt (2009) and
Mislis et al. (2010). Furthermore, our new errors are quite large
so that the Kepler value lies only just outside of our 3¢ error.

We also checked, whether it is possible to completely rec-
oncile the Kepler observations with the results by Mislis &
Schmitt (2009) and Mislis et al. (2010). Accounting for the
possibility of normalization problems during data reduction we
introduce an additional normalization constant to our model.
Including this constant as another parameter of our MCMC
marginally enlarges the uncertainties on the inclinations. We
thus do not expect the deviation to stem from simple normal-
ization problems.

Another cause for erroneous results would result from in-
correctly taking into account the contribution of the contaminat-
ing third light. To fully reconcile the inclinations by Mislis &
Schmitt (2009) and Mislis et al. (2010) with the best-fit inclina-
tion from the Kepler data would require contributions of a third
light of 10 to 20% of the total flux, which can be excluded from
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Fig. 3. Inclination versus transit epoch for the Kepler observations.
Errors are computed from the 68.3% HPD intervals based on 10*
MCMC iterations for each transit. The best-fitting linear (dotted/green)
and sinusoidal models including a linear trend (dashed/red) are over-
plotted.

the observations by Daemgen et al. (2009). However, assuming
a uniform prior for the third light contribution and demanding it
to be smaller than 10%, the credibility intervals become substan-
tially larger including the Kepler result. We thus conclude, that
problems with the flux calibration possibly caused by the refer-
ence star are the most likely cause for the observed deviations.

In either case, the Kepler data rule out a decrease in inclina-
tion of the size expected by Mislis et al. (2010). The exact reason
for their systematic deviation remains unclear. The Holman et al.
(2007) data are consistent with the first four quarters of Kepler
data. Note, however, that despite the long available time baseline
the errors of the Holman et al. (2007) data points are too large
to draw significant conclusions on the presence of other, smaller
linear trends.

4.3. Variability in the Kepler data

We now focus on the Kepler data searching for small trends
or variations, which could still be consistent with the previous
ground-based observations. Figure 3 shows an enlarged view of
the Kepler data; the errors are derived from the 68.3% HPD in-
tervals, so they are equivalent to 1o errors.

We found a slight linear trend in the Kepler data.
An MCMC analysis yields a slightly non-zero slope of
(0.8 £0.2) x 107* °/cycle. This would correspond to a secular
inclination change nearly two orders of magnitude smaller than
the value by Mislis et al. (2010). Extrapolating this trend back
to the epoch of transit observations obtained by Holman et al.
(2007), we would expect an inclination of 83.94° +0.01° consis-
tent with the measurement errors.

In order to quantify the improvement of the different fits, we
calculated the statistic

(2 =x2) /(va = w)

FA' =
)(i/Vh

3

and compared its value to an F-distribution with v, — v;, and
v, degrees of freedom (e.g., Rawlings et al. 1998). We obtain a
p-value of 0.004 indicating that the linear trend provides a better
description compared to the constant at the 2.80 level, which
we consider as indicative, but not significant evidence for the
presence of such a trend.
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Fig. 4. Upper panel: averaged templates of two sets of 10 transits with
high (H, solid red) and low (L, dashed green) inclinations, respectively,
as expected from the tentative sinusoidal variation of the inclinations
obtained by Kepler. Lower panel: the difference between the two av-
eraged transits. The expected difference for two models pertaining to
i = 83.97° and 83.99° is shown for reference (solid red).

After subtracting the linear trend from the data, we computed
an error-weighted Lomb-Scargle periodogram (Zechmeister &
Kiirster 2009), which displays a single signal at a period of 45
cycles or 111 days with a false-alarm probability below 10%.
Figure 3 shows our best-fit sinusoidal model including a lin-
ear trend. An F-test comparing the model to the constant model
yields a p-value of 0.015 (or 2.40); the test thus indicates the
presence of an additional sinusoidal modulation superimposed
on the linear trend, which however remains insignificant.

We can also compare the three models using the Bayesian
information criterion, BIC = )(2 + kIn N (Schwarz 1978), which
penalizes the number k of model parameters given N = 81
data points. We obtain BICs of 136.3, 127.6, and 117.0 for the
constant, the linear trend, and the sinusoid with linear trend,
respectively.

Despite being close to formal significance the signal is eas-
ily obliterated by the noise and could be introduced by some
subtleties in our analysis. Assuming the sinusoidal model with
linear trend to be true, we averaged two sets of 10 transits per-
taining to low (around epoch 409, compare Fig. 3) and high
(around epoch 470) inclinations, respectively. Subtracting both
templates, their difference should exhibit a characteristic signa-
ture, which we model by subtracting two model calculations for
i = 83.97° and iy = 83.99°. We show the averaged templates
together with their difference and the model in Fig. 4. While
during ingress the flux difference shows a decrease following
the difference model, the signature during egress is obliterated
by the noise. We checked that averaging transits pertaining to
epochs close to the zero-crossing points of the sinusoidal model
yields no substantial deviation from a constant.

We repeated our analysis using simulated control data to
check, whether the signal is introduced by our data reduction
or by “phasing effects” due to the Kepler cadence (Kipping &
Bakos 2011a). However, we could not detect similar signals ex-
ceeding the noise. We further changed our data normalization
strategy (see Sect. 3), but found the variation of inclination to be
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Fig. 5. Transit timing variation (TTV) versus transit epoch for TrES-2b
using the best-fit ephemerides. Errors are computed from the 68.3%
HPD intervals based on 10* MCMC iterations for each transit.

stable against these changes. Analyzing similar Kepler targets
we found spurious periodicities in some cases, which, however,
remained insignificant in the periodogram (at false-alarm prob-
abilities above 10%). In summary, there seem to be some indi-
cations for a short-term inclination variation and an underlying
secular change in the Kepler data of TrES-2. However, the de-
tected signal is merely an indication of inclination changes in the
Kepler data, because the baseline of space-based observations is
still too short to draw significant conclusions on the stability or
variability in the inclination (compare Fig. 4).

Turning to the times of transit minimum of the Kepler tran-
sits, Fig. 5 shows that the transit timing is consistent with being
constant over the course of the Kepler data. An F-test compar-
ing the constant and a linear model yields a p-value of 0.92; thus,
there is no evidence for a linear trend. In the periodogram there
is no signal at false-alarm probabilities below 10%. We thus do
not see any evidence for TTVs in the Kepler data.

The apparent secular change in inclination refers to the ori-
entation of the orbital plane of TrES-2b relative to the observer’s
tangential plane and, assuming a circular orbit, can be inter-
preted as nodal regression at fixed orbit inclination. While grav-
itational perturbation due to an oblate host star is unlikely given
that TrES-2A is a slow rotator very similar to the Sun (Mislis
et al. 2010), additional bodies in the stellar system could offer
a viable explanation for secular changes in the orbital parame-
ters. If we assume our linear trend in inclination to be physical,
we can estimate the period of a perturber of specified mass in a
circular, coplanar orbit using Eq. (13) in Mislis et al. (2010). We
find that a perturbing planet of Jovian mass would be expected at
orbital periods between 100 and 300 days. However, a perturbing
second planet capable of causing nodal precession of the transit-
ing planet would also be expected to induce short-term periodic
variations of its orbital elements (Holman & Murray 2005; Agol
et al. 2005). To calculate the amplitude of such TTVs, we use
an approach based on analytic perturbation theory developed by
Nesvorny & Morbidelli (2008). Outside possible mean-motion
resonances additional Jovian mass bodies with periods larger
than 100 days would cause a TTV amplitude below 1 s if on a
circular orbit. Given the standard deviation of the times of transit
minimum of 4.8 s, such a TTV amplitude cannot be ruled out.
Thus, the existence of an external perturber in the system still
provides an entirely plausible scenario.

5. Summary and conclusion

We presented an analysis of all publicly available photometric
data obtained during planetary transits of TrES-2b including four
quarters of data obtained with the Kepler space telescope. The
transits were fitted in a common scheme using theoretically cal-
culated LDCs and taking into account the contribution of a third
light.

Fitting quarters QO to Q3 of the Kepler data, we were able
to refine the system parameters determined by Kipping & Bakos
(2011b) and Southworth (2011). Our results are compatible with
these previous studies, our errors being slightly smaller. Its high
impact parameter makes the TrES-2-system sensitive to details
of the adopted stellar limb-darkening model because only the
covered regions close to the stellar limb are used to extrapolate
the limb darkening for the whole stellar disk. Small differences
between limb-darkening prescriptions therefore yield significant
differences in the resulting best fits. We find that the theoretically
calculated LDCs by Claret & Bloemen (2011) provide a correct
description of the observed limb darkening if compared with the
data via the SPAM approach as advocated by Howarth (2011b).

The data by Mislis & Schmitt (2009) and Mislis et al. (2010)
are found to be inconsistent with the remaing data, especially
the Kepler data. The discrepancy can neither be attributed to er-
rors in the theoretical LDCs nor to the contribution of third light,
which the original studies did not account for. The most proba-
ble explanations would be subtleties in the data reduction, per-
haps due to problems with the reference star, or the presence of
time-correlated noise yielding underestimated parameter errors
(Carter & Winn 2009).

Excluding the Mislis & Schmitt (2009) and Mislis et al.
(2010) data sets, all observations can be reconciled in a consis-
tent picture. The extension of the available Kepler data by two
additional quarters reveal some hints for systematic variations in
the inclination, the marginally significant slope would be consis-
tent with the data by Holman et al. (2007). However, given the
available baseline of space-based observations we consider the
inclination change as indicative but not significant. Further data,
which already have been obtained by the Kepler space telescope,
will settle this issue in the near future.

Our study shows that space-based and ground-based pho-
tometry of TrES-2 can be analyzed in a common scheme yield-
ing consistent results. While space-based photometry offers the
possibility to constrain all system parameters at once, with the
eventual decommissioning of Kepler it will again be up to
ground-based measurements to search for long-term changes in
the orbital parameters of TrES-2.
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Appendix A: Results from individual fits

In Table A.1, we show the transit parameters of TrES-2b from individual fits of ground-based and Kepler data.

Table A.1. Transit parameters for TrES-2b from individual fits of ground-based and Kepler data.

Epoch 7 i a/Ry P Reference
[BIDmpg —2450000d]  [deg]
Publicly available ground-based data
13 3989.752878*)-000208 83.9876*00171  7.9899*00038 (.127585+09%003¢  Holman et al. (2007)
15 3994.694003*)-000233 83.9174*00166  7.9898*00042  0.127585709%005%  Holman et al. (2007)
34 4041.635919+0000213 83.9300700184  7.9893*00042  (.127582+09%99%  Holman et al. (2007)
263 4607.398143*0000%12 83.7650700378  7.9897+00042  0.127585*00000y  Mislis & Schmitt (2009)
312 4728,465365“_’§:§§§§§§ 83.7622’:%:‘8’22% 7.9895f§:§‘8"§‘§ 0.1 27581f‘8’:§§§§§§ Mislis & Schmitt (2009)
395 4933.5272117 iooser 83.7291% %% 7.9897  nis  0.127584% ) hss  Mislis et al. (2010)
414 4980.466843*0000712 83.42397000%°  7.9897+00040  0.127583*0:00003  Mislis et al. (2010)
414 4980.467292+0:000552 83.7314700%27  7.9896*00038  0.127582*0:00003  Mislis et al. (2010)
414 4980.467765*5:00115 84.0745109579  7.9897+0:0032  0.127585+06009%¢  Mislis et al. (2010)
414 4980.467504+0:001041 83742100780 7.9900790042  0.12758570:900035  Mislis et al. (2010)
421 4997.762881+0.000642 84.188070.0620  7.9900*00015  0.127587+09000%7  Scuderi et al. (2010)
Kepler data
404 4955.763245 0000050 83.9673700047  7.9883*0004  0.127577* 0000
405 4958.233917+000047 839703700055 7.9886*00011  0.127579+00000
406 4960.704517+000042 839662709052 7.9886*000%)  0.127575*00000%4
407 4963.175144*0:000040 83.9723*0:0063  7.9897+00042  0.127577+3.900031
408 4965.645664 (000048 83.9784+00056  7.9901*00040  0.127578* (000
409 4968.116325*000048 83.9826700067  7.9900* 00ae  0.127580%0 500077
410 4970.586959*0000023 83.967270005¢  7.9899+0001%  0.127587 50008
411 4973.057564 000002 83.973970008  7.9876*000sr  0.127570*00000%)
412 4975.528240+0000043 83.9795700052  7.9891*00037  0.127578*0 00003
413 4977.998789* 000047 83.981870.0058  7.9904*00087  0.127589*00000%7
414 4980.469352*+0:000045 83.969870.0060  7.9893*00041  0.127570*5000032
415 4982.939951+0:000047 83.9765109061  7.9874*000T  0.127569+0000038
416 4985.410635+0:000047 83.968170005¢  7.9900*0003  0.127581+00007
417 4987.881204 000004 83.9740700055  7.9904*000%%  0.127585* 00000
418 4990.351791 % 00004 83.9804700058  7.9896*0004:  0.127580%0 5000
419 4992.822527+000042 83.9843700080  7.9896* 00038 0.127576*0 0000
420 4995.293008*(000044 83.9716700051 7.9890*3001)  0.127578*0000033
421 4997.763604 000004 83.980570005]  7.9895*00030  0.127578*(0000%8
424 5005.175613*0-000049 83.9741109063  7.9900* 0041 0.127589+0000033
425 5007.646198*)-000043 83.9818700033  7.9884*000%  0.127577 0000
426 5010.116754+)-000047 83.97157000%5  7.9904*0003%  0.127583*0000029
427 5012.587380* 000045 83.98097000%8  7.9899+00047  0.127583* 000000
430 5019.999187*5-000042 83.9850700050  7.9895*00048  0.127589*000003
431 5022.469822+0-000031 83.9700700052  7.9901*0003  0.127589+00007
432 5024.940477+5-0000%0 83.9771700081  7.9892*00043  0.127581 0000040
433 5027.411097*500004 83.9862700050  7.9897+00041  0.127579+0:000033
434 5029.881709* 9000043 83.9768*0005%  7.98870001%  0.127577+9000%4
435 5032.352219*)000047 83.9744*00057 7.9899*00041  0.127580%0.900038
436 5034.822785* 0000007 83.98307000%2  7.9906*0(0032  0.127587*0 0000
437 5037.293526* 000042 83.9665700005  7.9893*0008  0.127577* o0oe
438 5039.764149+-00004¢ 83.9742+00057  7.9890*00047  0.127582+0000%
439 5042.234769* 5000049 83.981970005%  7.9916*00032  0.127606* 0000
440 5044.705462* 0000049 83.973170006  7.9897+0004  0.127580*00000%
441 5047.175958* 0000043 83.97817000%%  7.9889*00038  (0.127583+0:00003¢
442 5049.646518* 0000046 83.9691700057  7.9903*0003)  0.127591+5:000038
443 5052.117194+0:900045 83.9774700063 7.9902+00033  0.127588+:900034
444 5054.587747+ 090001 83.97751090%%  7.9885* 0001 0.127581+5000040
445 5057.058368")-00004¢ 83.9673700050  7.9890*0005  0.127581%00000w
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Table A.1. continued.
Epoch 1 i a/R; Y4 Reference
[BIDrps —2450000d]  [deg]
446 5059.529155+.900044 83.9787+0006  7.98907000:2  0.127580700000¢
447 5061.999681+:000048 83.9769%000%%  7.989570004  0.1275767 000036
449 5066.940882+0-000048 83.9786*000%0  7.9902+5004 0127589000034
450 5069.411456* 0000046 83.9735+000%0  7.9896+0:0042  0.127583 0000033
451 5071.882092+ 000004 83.9814*00051 7.9900+00048  0.127587+0000033
452 5074.35276670 00004 83.9856090%%  7.9910%50040  0.127591+5000034
453 5076.823347+0:900047 83.9805709058  7.9896*00043  0.1275780000057
454 5079.293970*0:900042 83.9786709051  7.9904+00042(.127581+0:000039
455 5081.764470+0.900043 83.9759*09051 7.9892+0004 (.127581+0-000055
456 5084.235245+0:00004° 83.9985*00%%  7.9907*500% 0127594000003
457 5086.705793*0.00004% 83.983210003  7.9902+00045 0127581000032
460 5094.117546* 0000046 83.9744100065  7.0914+0004 0127594000037
461 5096.588269+ 0900042 83.9794*00057  7.9904*30047  0.1275850000032
462 5099.058744+0.900049 83.98757090%0  7.9908*00042  0.127593+0000057
463 5101.52937070.9000%! 83.9845709058 7.9903+00043  0.127599+3000057
464 5103.9999900:900048 83.9797*09050  7.9895+0004  0.127592+3000057
465 5106.470706" 900042 83.985570.0049  7.9899+00044 0.1275860-00003
466 5108.941275*200004¢ 83.9943+00056  7.9897+0:0048 (.127581+0:000038
467 5111.411898*0:900042 83.9798+09051  7.9896+00041  (.127585+0:000035
469 5116.353078+ 0900042 83.98147090¢2  7.9907+50048  0.127591*950002
470 5118.823862+0.000046 84.0001709058  7.9922+00047 (.127599+3-000033
471 5121.294291+0:900047 83.9872709053  7.9899+00040  0.127590*5000052
473 5126.235583 70000044 83.9888*09052  7.9893+00043  0.1275861 000005
474 5128.706192+ 0900046 83.9941709051  7.9910%0004  0.12758610000057
475 5131.176834+0:900042 83.9822+09061  7.9911+00040  (.127592+0-000034
476 5133.647423+ 0900042 83.9931709052  7.9909+00041 (.127593+0-000053
477 5136.118086* 000043 83.9800*000%5  7.9907+00042 0127592000023
478 5138.588677 0000048 83.9806*00%5  7.9928+0:0040  0.127603+0000033
479 5141.059254*0000044 83.9840*00060  7.9905+0:004  0.127588*0000038
480 5143.529887+0000042 83.9797+00060  7.988870004 01275770000
481 5146.000644 0900042 83.9659709053  7.9895+00038  0.12758010:000033
482 5148.471133*5000096 83.9813*00007  7.9898*0004  0.127584*0 0000
483 5150.941691* 0900043 83.979970005%  7.9899+00042  (.127591+0000034
484 5153.412285+ 000004 83.97557000 7990275001 0.127583*0-000033
486 5158.3535907 0000045 83.986570007 79909700043 0.127592+00000%4
487 5160.8240967 090004 83.9753*00054  7.9909+00047  0.127592+0-000033
488 5163.294713*5000041 83.9746*0905¢  7.9907+300  0.127587+5000032
489 5165.7654461 090001 83.983670005%  7.9897+00047  0.127587+3000032
490 5168.236001* 0900042 83.975670005¢  7.9913*00041 0.127593+3000051
491 5170.706625* 900042 83.979070.9048 7.9905+00046  0.127590*300003¢
492 5173.177189* 0900042 83.9814+09057  7.9907+0003  0.127598+0-000034
493 5175.647822+0:900043 83.9678+09050  7.9901+30042  (.127581+0:000033
494 5178.118439* 0900032 83.9781+09060  7.9907+00048  (.127598+0-000034
495 5180.589204* 000040 83.9747+00048  7.9892+0003  0.12758210000035

Notes. Epoch refers to the first transit of TrES-2b observed by O’Donovan et al. (2006). For the MCMC analysis, we fix the limb-darkening
coefficients corresponding to the filter band (cf. Table 2) and use prior information as described in Table 5.

A97, page 10 of 10



6. Chromospheric and coronal stellar
activity in extrasolar planetary systems

On the following pages, 1 repro-
duce two publications on CoRoT-2
(Schroter et al, 2011, |Czesla et al.,
2012), which have been published
in Astronomy & Astrophysics,
and one publication on CoRoT-7
(Poppenhaeger et al., [2012), which is
accepted for publication in the same
journal. The works focus on the active
host stars of both planetary systems and
study amongst others, the relationship
between stellar high-energy radiation
and the close-in extrasolar planets.

6.1. My contributions

The transit light curves of CoRoT-2
show pronounced rotational modulation
due to starspots. Since the occultation
of spots leads to a relative increase of the
flux within the transit, stellar activity
directly affects the estimates of stellar
parameters derived by transit modeling.
Czesla et al|(2009) found that these ef-
fects cannot be neglected when the plan-
etary parameters are to be accurate up
to a few percent.

During the early phases of my doc-
toral studies, I participated in the prepa-
ration of (Czesla et al.| (2009), so I will
outline my contributions here. S. Czesla
and I developed a reduction pipeline for
CoRoT light curves used in the analy-
sis to correct the photometry for instru-
mental jumps, artifacts, periodic noise,

and long-term trends. We further set up
a transit fitting code based on the ana-
lytic transit model by Pal (2008)). Ad-
ditionally, I provided some of the sta-
tistical considerations in §3.3 of the pa-
per. However, since [ am not a main au-
thor, Czesla et al.|(2009) is not included
in this PhD thesis.

The publications reproduced in
Sects. 6.21 and [6.3 of this thesis
(Schroter et al),  2011;  |Czesla et al.|
2012) are based on observational data
obtained by Klaus F. Huber with the
UVES spectrograph at the Very Large
Telescope. Both works on CoRoT-2
are the result of a collective effort.
Therefore, I will not attribute individ-
ual sections exclusively to me. The
major contributions to [Schroter et al.
(2011) and (Czesla et al| (2012) were
provided by Stefan Czesla and myself.
Both works are prepared and written
in close cooperation with Stefan, who
is also (co)author of both papers.
Stefan and I provided approximately
equal contributions to |Schroter et al.
(2011). The initial idea for |Czesla et al.
(2012) was contributed by Stefan, who
proposed to use the chromospheric
Rossiter-McLaughlin effect as a tool to
resolve chromospheric emission regions.
However, both of us have an equal share
in every part of the work. Of course,
the other coauthors also provided
contributions, which I, however, will
not outline in detail here.
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The third paper in this chapter
(Poppenhaeger et al., [2012) is the re-
sult of a collaboration initiated by Katja
Poppenhaeger. She discovered the un-
published XMM-Newton X-ray data of
CoRoT-7 originally proposed for obser-
vation by Vinay Kashyap. Katja pro-
vided the reduction and analysis of the
X-ray data. Sairam Lalitha contributed
the discussion of the UV light curve
obtained with XMM’s Optical Moni-
tor. Stefan Czesla and I reduced 46
archival optical VLT /UVES spectra of
CoRoT-7. My main contribution is the
analysis of the optical spectra search-
ing for interstellar absorption and sig-
natures for absorption due to the plan-
etary atmosphere during primary tran-
sit. I wrote the corresponding parts of
the results section (§3) of the paper and
contributed to the discussion of plane-
tary evaporation in §4.
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ABSTRACT

CoRoT-2 is one of the most unusual planetary systems known to date. Its host star is exceptionally active, showing a pronounced,
regular pattern of optical variability caused by magnetic activity. The transiting hot Jupiter, CoRoT-2b, shows one of the largest
known radius anomalies. We analyze the properties and activity of CoRoT-2a in the optical and X-ray regime by means of a high-
quality UVES spectrum and a 15 ks Chandra exposure both obtained during planetary transits. The UVES data are analyzed using
various complementary methods of high-resolution stellar spectroscopy. We characterize the photosphere of the host star by deriving
accurate stellar parameters such as effective temperature, surface gravity, and abundances. Signatures of stellar activity, Li abundance,
and interstellar absorption are investigated to provide constraints on the age and distance of CoRoT-2. Furthermore, our UVES data
confirm the presence of a late-type stellar companion to CoRoT-2a that is gravitationally bound to the system. The Chandra data
provide a clear detection of coronal X-ray emission from CoRoT-2a, for which we obtain an X-ray luminosity of 1.9 x 10* ergs~!.
The potential stellar companion remains undetected in X-rays. Our results indicate that the distance to the CoRoT-2 system is =270 pc,
and the most likely age lies between 100 and 300 Ma. Our X-ray observations show that the planet is immersed in an intense field of
high-energy radiation. Surprisingly, CoRoT-2a’s likely coeval stellar companion, which we find to be of late-K spectral type, remains

X-ray dark. Yet, as a potential third body in the system, the companion could account for CoRoT-2b’s slightly eccentric orbit.

Key words. stars: individual: CoRoT-2a — stars: fundamental parameters — planetary systems — stars: late-type — X-rays: stars

1. Introduction

The CoRoT-2 system stands out of the plethora of known ex-
oplanet systems both for its exceptionally active host star and
its unusually inflated planet. The hot Jupiter CoRoT-2b is the
second transiting planet discovered by the space-based CoRoT
mission (Alonso et al. 2008); its planetary nature was con-
firmed by spectroscopic follow-up observations with SOPHIE
and HARPS (Bouchy et al. 2008). The planet orbits its host
star every 1.74 days. Given its mass of 3.31 Mj and large ra-
dius of 1.465 Ry (Alonso et al. 2008), CoRoT-2b appears to
be anomalously inflated in comparison to current evolutionary
models (Guillot & Havel 2011). A spectral analysis showed that
its host star, CoRoT-2a, is a G7 dwarf with solar composition. Its
spectrum shows strong Li I absorption and emission-line cores
in Can H and K, indicating that CoRoT-2a is a young and active
star (Bouchy et al. 2008). CoRoT-2a has a close visual com-
panion, 2MASS J19270636+0122577, separated by about 4”.
Photometric magnitudes from the optical to the infrared concor-
dantly suggest that this object is a late-K or early-M type star
located at the same distance as CoRoT-2 (Alonso et al. 2008;
Gillon et al. 2010). Thus, CoRoT-2a and its visual companion
possibly form a physical pair.

The continuous photometric data of CoRoT-2a provided by
the CoRoT telescope span 152 days. CoRoT-2a’s light curve
shows a distinct pattern of variability caused by starspots. In sev-
eral studies, the light curve was used to reconstruct the surface

* Based on observations obtained with UVES at the ESO VLT
Kueyen telescope (program ID 385.D-0426) and the Chandra X-ray
Observatory (obs. ID 10989).

Article published by EDP Sciences

brightness distribution of CoRoT-2a: Lanza et al. (2009) applied
a light-curve inversion technique and found that most spots are
concentrated in two active longitudes of alternating strength lo-
cated on opposite hemispheres. Moreover, it was demonstrated
that starspots influence the profiles of transit light-curves and
that this effect cannot be neglected in transit modeling (Wolter
et al. 2009; Czesla et al. 2009). Because the latitudinal band
eclipsed by the planet is accurately known (Bouchy et al. 2008),
it is even feasible to study the spot coverage on the surface
section recurrently eclipsed by the planet (Huber et al. 2009;
Silva-Valio et al. 2010; Huber et al. 2010).

Secondary eclipses of CoRoT-2b were observed in the op-
tical with CoRoT (Alonso et al. 2009; Snellen et al. 2010),
in the infrared with Spitzer (Gillon et al. 2010; Deming et al.
2011), and from the ground (Alonso et al. 2010). While atmo-
spheric models (Fortney et al. 2008) suggest the presence of a
stratospheric thermal-inversion layer in CoRoT-2b caused by the
strong irradiation, the observational situation remains inconclu-
sive (e.g., Deming et al. 2011). The observed emission of the
planet is currently incompatible with any kind of standard atmo-
sphere model, and more sophisticated approaches including, for
example, substantial carbon monoxide mass loss or additional
substructure in the atmosphere may be needed to explain the ob-
servations (see Deming et al. 2011, for a discussion); the sub-
stantial activity of the host star adds another complicating factor
to the picture (e.g., Knutson et al. 2010).

Using KECK/HIRES data, Knutson et al. (2010) searched
for a relation between stellar activity as manifested by chromo-
spheric emission in the Can H and K line cores and the emission
spectra of hot Jovians. Among their sample of planet host-stars,
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CoRoT-2a stands out as being the most active as measured
by its log R}, index. Ammler-von Eiff et al. (2009) reanalyzed
the archival UVES data presented in Bouchy et al. (2008)
(program 080.C-0661D) and determined precise estimates of
CoRoT-2a’s spectral properties such as effective temperature and
iron abundance. In August 2009, Gillon et al. (2010) obtained
and analyzed a new UVES spectrum (program 083.C-0174C).
The authors provide a more detailed discussion of the Li ab-
sorption line and derive an age between 30 and 316 Ma for
CoRoT-2a. Additionally, they find evidence for a slight eccen-
tricity of 0.014 + 0.008 for the planetary orbit, which they at-
tribute to the youth of the system, if not caused by CoRoT-2a’s
potential stellar companion.

Guillot & Havel (2011) investigated the matter of
CoRoT-2a’s anomalously inflated planet on theoretical grounds
by simultaneously modeling the planetary and stellar evolution
including stellar activity. The authors’ models favor two classes
of solutions: either a young system with a star on the pre-main
sequence (30—40 Ma) or a much older system (>100 Ma) with
a main-sequence star. The authors discuss several effects that
could have led to the anomalously large radius of CoRoT-2b.
While they argue that the influence of starspots is minor, either
the presence of additional infrared opacity sources in the plan-
etary atmosphere that reduces the rate of heat loss during the
planet’s evolution or a recent interaction with a third body in the
system that leaves the planet in an eccentric orbit could account
for the observed radius anomaly.

In this work, we present a new UVES spectrum of CoRoT-2a
and its visual companion, which we analyzed in detail to refine
the spectroscopic parameters and chromospheric activity indica-
tors. We especially aim at deriving several independent estimates
of the age and the distance of the CoRoT-2 system. First, we
present the results of our analysis of the high-resolution UVES
spectrum of CoRoT-2a and our low-quality spectrum of its visual
companion. Second, we present our analysis of the first X-ray
observation of CoRoT-2a. We proceed by discussing the physi-
cal implications of our findings (Sect. 4) and, finally, we present
our conclusions.

2. Optical spectroscopy with UVES
2.1. Observations

On June 7, 2010, we acquired 24 high-resolution spec-
tra of CoRoT-2a with the UVES spectrograph (Dekker
et al. 2000) mounted at the VLT Kueyen telescope (pro-
gram ID 385.D-0426(A)). The instrument was set up in
“Dichroic 2” mode with a slit width of 0.7”. We used the cross-
disperser #4 with a central wavelength of 7600 A providing
a wavelength coverage of 3800-5000 A on the blue arm and
5700-9500 A on the red arm. Around 7600 A a section of 100 A
is missing because of the gap between the two detectors. Because
no overbinning was applied during CCD read-out, we reach a
spectral resolving power of about 60 000.

In this set-up, we obtained 24 individual spectra with ex-
posure times of 800 s each. The observations were scheduled
to cover a full planetary transit of CoRoT-2b including a rea-
sonable time span before and after the actual transit event.
Owing to worsening seeing conditions, the last 13 observations
were carried out using the image slicer to reduce light losses.
Additionally, we used an archived UVES spectrum obtained on
Oct. 13, 2007 in the framework of the program 080.C-0661(D)
for comparison.
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To reduce the UVES echelle data, we applied the UVES
pipeline in version 4.7.8 with its associated standard recipes and
the REDUCE package developed by Piskunov & Valenti (2002).
Our analysis is based on the REDUCE spectra unless stated oth-
erwise. Background-sky subtraction for exposures taken with
the image slicer is difficult because there is hardly any sky
area left on the detector that could be used to extract the back-
ground. Indeed, the UVES pipeline does currently not apply any
such subtraction for exposures taken with the image slicer. The
24 individual UVES spectra were combined and yielded a high-
resolution spectrum of CoRoT-2a with a signal-to-noise ratio
(SNR) of about 200 at 6500 A. Although sky emission-lines are
present in the spectrum, they did not affect our analysis.

2.2. Analysis of optical data

The stellar spectrum conveys information about the physical
conditions in the stellar atmosphere. The parameters of primary
interest in our analysis were the effective temperature, elemen-
tal abundances, surface gravity, and microturbulence velocity.
Unfortunately, those parameters cannot be determined indepen-
dently from the observed stellar spectrum, but they are highly
correlated. Several techniques are commonly used in spectro-
scopic analyses, and the results depend on the underlying as-
sumptions and implementation. Systematic errors can originate
in the data reduction process or in differences in the adopted
atomic data. As a consequence, error bars based on purely sta-
tistical considerations usually underestimate the true uncertainty.
Therefore, we applied a number of independent analyses to cor-
roborate the validity of our parameter and error estimates. In the
following analysis, we concentrate on the time-averaged UVES
spectrum of CoRoT-2a. An analysis of the temporally resolved
properties will be presented in another context.

2.3. Elemental abundances via excitation/ionization balance

In our high-resolution UVES spectrum of CoRoT-2a, we mea-
sured equivalent widths (EWs) of lines of neutral (Fe1) and ion-
ized iron (Fem) and several other metals (Na, Mg, Al, Si, Ca,
Ti, V, Cr, Mn, Co, Ni, and Ba). Our selection of lines is based
on the line lists provided by Sousa et al. (2008) and Bubar &
King (2010), out of which we compiled a list of iron lines with-
out severe blends with excitation potentials below 5 eV and
EWs between 10 and 200 mA. Our resulting line list comprises
212 Fer1 lines, 26 Feu lines, and 162 lines of other metals.

To measure the EWs of a large number of spectral lines,
Sousa et al. (2007) developed the ARES! code. This algorithm
detects spectral lines by evaluating numerical derivatives of the
spectrum. For the following analysis, we set up our own imple-
mentation of the ARES algorithm, extending it at several points,
for example, by a low-pass Fourier filter to suppress noise effects
and an estimation of the local continuum. Our tool runs semi-
automatically, allowing the user to interactively improve the fit
result by visual inspection where desired. The normalization of
the spectrum is made manually by comparing the observed to a
synthetic spectrum to identify regions of undisturbed continuum,
which are then used as nodes for a linear (or cubic) spline fit.

The EWs thus obtained were used as input for the 2010 ver-
sion of MOOG? (Sneden 1973) together with ATLAS plane-
parallel model atmospheres® (Kurucz 1993). We used MOOG

! See http://www.astro.up.pt/~sousasag/ares/
2 See http://www.as.utexas.edu/~chris/moog.html
3 See http://kurucz.harvard.edu/grids.html
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Table 1. Stellar parameters and iron abundance of CoRoT-2a determined from the analysis of Fe I and II lines, the Sousa et al. (2007) line-ratio

technique, and SME line profile fitting.

Stellar parameters T [K] log g (cgs) & [kms™] [Fe/H] N(Fe, Fe II) Source
Excitation/ionization balance ~ 5598 +34 447 +0.14 1.75+0.04 0.04 £ 0.02 212,26 this work (Sect. 2.3)
Excitation/ionization balance ~ 5608 +37  4.71 £0.20 1.49 +0.06 0.07 £ 0.04 26,9 Ammler-von Eiff et al. (2009)
Ferand u lines 5625 + 120 43+02 0.0+0.1 Bouchy et al. (2008)
Line ratio calibration 5513+ 111 this work (Sect. 2.4)
SME global fit 5475 +44  4.62 +0.06 1.52 -0.06 = 0.03 this work (Sect. 2.5)

Ha 16563 5510’:38 this work (Sect. 2.5)

Ha 16563 5450 + 120 Bouchy et al. (2008)

Car1 16122, 16162, 16439 449 +0.14 this work (Sect. 2.5)

Na D 15890, 15896 4.53+0.18 this work (Sect. 2.5)

to derive the effective temperature by minimizing the correla-
tion between iron abundance and excitation potential, whereas
the microturbulence velocity was obtained by removing the
correlation with reduced EW, i.e., the EW normalized by the
central wavelength of the line. The surface gravity is derived
by minimizing the difference between the resulting Fer and
Fe i abundances.

To account for possible errors in the atomic line parameters,
the spectroscopic analysis proceeds differentially to the Sun.
Therefore, we measured each EW in both a lunar UVES spec-
trum provided by the ESO Quality Control and Data Processing
Group* and the stellar spectrum and subsequently subtracted the
solar abundance from the resulting stellar abundance. We used
the freely available PYSPEC® Python interface to MOOG by
Bubar for our differential spectroscopic analysis (for details, see
Bubar & King 2010). The abundances of the other metals were
derived in the same way, but keeping the input stellar atmosphere
model fixed.

We present our results in Table 1. The listed errors on ef-
fective temperature and microturbulent velocity are estimated
by investigating the correlation of the iron abundance with ex-
citation potential and reduced EW, respectively, as measured by
Spearman’s rank correlation coefficient. In particular, the param-
eters were varied until a 1o correlation was found, and the as-
sociated values were then used as an estimator of the reason-
able parameter range. The error on log g was propagated based
on the errors of the remaining parameters as detailed in Bubar
& King (2010). Our spectral parameters agree well with earlier
results obtained by Bouchy et al. (2008) and Ammler-von Eiff
et al. (2009) from the analysis of Fer and 1 lines.

The inferred elemental abundances are summarized in
Table 2. Neither for Ni nor for Tit and 1 did we find any strong
correlations of abundance with excitation potential or EW given
the atmospheric model derived from the Fer and 1 lines. This
indicates that the stellar parameters were indeed correctly cho-
sen. Within the errors the elemental abundances are compatible
with the solar values. The overabundance of Ba is a result of
the lines being blended with Fe lines. We therefore redetermined
the Ban abundance via line synthesis and obtained a value of
+0.13 + 0.09 dex, which better agrees with the remaining ele-
mental abundances.

2.4. Effective temperature via line ratios

Comparing spectral lines with different temperature sensitiv-
ity with each other provides a valuable temperature diagnostic.

4 See http://www.eso.org/observing/dfo/quality/
5 See
http://www.pas.rochester.edu/~ebubar/speclink.html

Table 2. Elemental abundances for CoRoT-2a relative to the Sun with the
number of lines N(X) used for each element.

Elem. [X/H] N(X) Elem. [X/H] N(X)
Mg1 -0.16 £0.13 4 Mn1 +0.05 £ 0.15 5
Sit -0.05 £ 0.11 17 Co1 -0.13 £ 0.10 4
Car +0.12 £ 0.10 14 Ni1 -0.10+0.10 38
Tit +0.05 +0.14 25 Nar -0.03 £ 0.04 2
Tin -0.02 £0.15 13 Al1 +0.01 £0.10 4
Vi +0.05 £ 0.10 12 Ban +0.25 + 0.05 3
Cri1 +0.03 £ 0.27 18 Ban“  +0.13 +0.09

Crn +0.05 +0.16 3 Lir’ +1.55 +0.38

Notes. @ See discussion in Sect. 2.3. @ See discussion in Sect. 2.6.

Particularly useful is comparing the EWs of spectral lines be-
longing to metallic species. A line-ratio technique based on such
a comparison was proposed by Sousa et al. (2007), who also cal-
ibrated their method using 451 FGK dwarf stars (Sousa et al.
2010). The authors determine an empirical relation between ef-
fective temperature and the EW ratio for a set of 433 pairs of
spectral lines and incorporated their results into the “Teff LR
Code” code, which is an extension to the ARES code; both are
freely available.

We used the relations published in Sousa et al. (2007, 2010)
and obtained a value of T =5513 + 111 K for CoRoT-2a’s ef-
fective temperature, using 322 metallic lines and 22 independent
line ratios. Although somewhat lower, this value is consistent
with previous estimates (cf. Table 1). As a cross-check, we de-
termined the solar effective temperature using the same set of
lines in the UVES solar spectrum and found the resulting value
of 5784 + 152 K to agree well with the literature (Cox 2000,
p. 341).

2.5. Synthetic spectra fitting via SME

As an alternative to the modeling of line EWs, the stellar param-
eters can also be obtained by directly fitting the profile of spec-
tral lines using synthetic spectra. This approach is implemented
in the “Spectroscopy Made Easy” (SME) package (version 2.1;
Valenti & Piskunov 1996). This interpolates on a Kurucz grid of
stellar atmospheres and employs a VALD® (Piskunov et al. 1995)
line list to compute a synthesized spectrum for each set of stellar
parameters. The observed spectrum is fitted by minimizing the
residuals via a non-linear least-squares algorithm.

We used SME to determine the stellar parameters first in a
global fit and second by fitting individual lines sensitive to T
and log g. Currently, it is not feasible to compute a reliable error

% See http://www.astro.uu.se/~vald/php/vald.php
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estimate for a global fit due to the large computational effort
of calculating synthetic spectra. From the analysis of a set of
1040 FGK stars, however, Valenti & Fischer (2005) derived typ-
ical errors of 44 K in Teg, 0.06 dex in logg, and 0.03 dex in
metallicity, which we adopt below. For the analysis of single line
profiles, we usually fixed all parameters at their best-fit values
and obtained the error by computing the 90% confidence inter-
val (Ay? = 2.71).

An approximation of the effective temperature can be ob-
tained by investigating the Ha line profile. The wings of the
prominent Ha line at a nominal wavelength of 6563 A are sen-
sitive to a wide range of effective temperatures of G- and F-type
stars (e.g. Fuhrmann 2004), while remaining reasonably unaf-
fected by the surface gravity, log g, and the metallicity.

However, active late-type stars are known to show strong
contributions of chromospheric emission in the Balmer lines,
which can even extend into the wings of the line profiles (e.g.,
Montes et al. 1997). This can interfere with the determination of
the effective temperature. We independently analyzed the line
wings of He and HB. Consistent results for the temperatures
deduced from both Balmer lines indicate that the wings of Ha
are not strongly affected by chromospheric activity (Fuhrmann
2004; Konig et al. 2005).

A visual inspection of the symmetry of the Ha line profile
suggested that the UVES pipeline, in this respect, provided a su-
perior result, so that we rely on the pipeline spectra during this
analysis. We note, however, that in any case a manual rectifica-
tion of the spectrum is necessary. Hence, this method is prone to
considerable uncertainties. We used SME to fit synthetic spec-
tra to the observed Ha and Hp line profiles excluding the line
cores and found an effective temperature 7 of 55101’38 K and
5520fgg K, respectively. This is consistent with the result of
5450 + 120 K derived from the analysis of the Ha line observed
with HARPS (Bouchy et al. 2008). The good agreement between
the Balmer line estimates indicates that the chromospheric con-
tribution remains small.

Several pressure-broadened spectral lines can be used to de-
termine the surface gravity of late-type stars. Examples of these
lines are the Mgb triplet (Fuhrmann 1998), the Na1 D doublet,
and the Car lines at 6122, 6162, and 6439 A (e.g., Bruntt et al.
2010). Because of the gap between the two detectors, the spec-
trum does not contain any Mg 1b lines. We therefore concentrated
on the Na and Ca lines. With SME, we iteratively fitted synthetic
spectra to the three Car lines and the Na D line, leaving only
log g as a free parameter. The resulting value from the Ca1 lines
(4.49 = 0.14) was found to be consistent with the value derived
from Na D (4.53 +£0.18).

2.6. The age of CoRoT-2a as determined by Li

The abundance of lithium is a valuable indicator of the stellar
age. The element is depleted by lithium burning primarily during
the early phases of stellar evolution, when the existence of deep
convection zones allows for the interchange of material between
the stellar interior and the surface (e.g., Pinsonneault 1994).

CoRoT-2a shows a strong Li line at ~6708 A, for which we
determined an EW of 139 + 1 mA. We used SME to fit synthetic
spectra with all remaining stellar parameters kept fixed and de-
rived an abundance of Ap; = +2.6 + 0.3. This value confirms the
result of Gillon et al. (2010), who found Ay; = +2.8. According
to Sestito & Randich (2005), this Li content is typically found in
G-type stars of T = 5600 K at an age between 100 and 250 Ma.
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Fig. 1. Li1 EW vs. effective temperature for CoRoT-2a and a sample of
open stellar clusters with different ages.

In Fig. 1 we show effective temperature versus Lir1 line
EW for the open stellar clusters Orion IC (10 Ma), NGC 2264
(10 Ma), Pleiades (100 Ma), Ursa Major (300 Ma), Hyades
(660 Ma), and Praesepe (660 Ma) (King 1993; Soderblom et al.
1990, 1993a,b,c, 1999), additionally, the location of CoRoT-2a is
marked in the diagram. The clusters are of different age, so that
putting CoRoT-2a in the context of the cluster properties pro-
vides an indication of its age. The Li1t EW of CoRoT-2a is best
compatible with those in the Pleiades, indicating an age of about
100 Ma. This finding is consistent with the numbers derived by
Guillot & Havel (2011) from evolutionary modeling and also
the age estimates given by Gillon et al. (2010), who derive an
age between 30 and 316 Ma.

2.7. Activity indicators

Active stars are known to show strong emission in the
CaunHand K line cores at 3934.8 and 3969.7 A (see Linsky
1980, for a profound discussion). This is also true for CoRoT-2a;
we show its Cam H and K lines in Fig. 2.

In late-type stars the width, Wy, of the emission cores seen
in the Can H and K lines is mainly sensitive to the value of
log g, and, hence, to the mass and radius of the star, but insen-
sitive to the effective temperature and metallicity. If calibrated
appropriately, the width can be used as a rough estimator of
the absolute luminosity of a star (Wilson & Bappu 1957). We
used the recent calibration of Pace et al. (2003) together with
CoRoT-2a’s apparent magnitude corrected for interstellar extinc-
tion (see Sect. 4.3) to obtain a distance estimate for the CoRoT-2
system. Pace et al. find no significant effect of rotational and
instrumental broadening within their sample, which comprises
stars with vsini < 14 kms~'. Neglecting broadening effects, we
obtained a distance estimate of 19020 pc. When both broad-
ening mechanisms were taken into account by a quadratic cor-
rection to Wy as described by Pace et al., the distance estimate
reduced to 140*50 pc, which is lower but still compatible, given
the errors.

The Wilson chromospheric flux index (Syw; Vaughan et al.
1978; Baliunas et al. 1998) is a popular measure of chromo-
spheric activity. To estimate Syw from our spectra, we used
the calibration procedure for UVES spectra described by Melo
et al. (2006). These authors defined a proper index Sys and
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Fig.2. Region of CoRoT-2a’s spectrum containing the Cam
Hand K lines. Gray shades indicate the bands defined by Melo
et al. (2006) for the definition of log R}, See text for details.

determined the following relation between their index and the
Wilson index:

Sus =0.06111 X Syw — 0.00341

(see Eq. (1) in Melo et al. 2006). Inverting this relation, we ob-
tained an Syw index of 0.479. We proceeded by correcting our
Swmw index for the color dependence (Rutten 1984) and sub-
tracted the expected photospheric contribution to the flux in the
line cores (Noyes et al. 1984). Using a value of 0.854 for the B —
V color of CoRoT-2a from the SIMBAD database’, we obtained
an emission ratio of log R, = —4.458 + 0.051, which agrees
well with the results of Gillon et al. (2010) (—4.471 + 0.0629)
and Knutson et al. (2010) (—4.331).

The central part of the Can H and K emission core does
not show the double-horned structure usually observed in the
line cores of solar-like stars. We found no sign of self-reversal
in the central part of the line core. According to Ayres (1979),
strong chromospheric heating through stellar activity leads to a
decrease of the wavelength separation between the two K, peaks
of the emission core, so that the central K3 dip is easily obliter-
ated by instrumental, macroscopic, and microscopic broadening
effects. The lack of a detectable self-reversal is, therefore, an in-
dicator of strong chromospheric heating itself. Because chromo-
spheric heating causes an increase in the wavelength separation
of the two K; minima that approximately counterbalances the
mutual approach of the K, peaks, the Wilson-Bappu width, Wy,
remains basically insensitive to stellar activity.

Chromospheric activity can also be measured in the Ca1 in-
frared triplet (IRT) at 8498, 8542, and 8662 A (seee. g., Andretta
et al. 2005; Busa et al. 2007). To correctly assess the chromo-
spheric contribution to the line profile, the line forming process
within the photosphere must be accurately modeled. Andretta
et al. (2005) proposed the activity indicator Rirt defined as the
difference between the central line depths (or central depres-
sions) of the observed spectrum and a rotationally-broadened
NLTE model. We calculated the central depression, Rrr, and
AWigr, i.e., the EW of the residual line profile and the corre-
sponding error estimates following the approach detailed in Busa
et al. (2007). In our calculations, we used LTE models synthe-
sized via SME, which, according to Andretta et al., suffice to
approximate the photospheric spectrum for main-sequence stars
of solar metallicity. The parameters thus obtained are summa-
rized in Table 3. The CoRoT-2a Ca IRT along with our synthetic
templates are shown in Fig. 3, which also indicates the residu-
als. Busa et al. found a relationship between the log Ry, activity
index and Rrr, however, with a large scatter. Given our value
of log Ry, = 4.46, the relation predicts a value of 0.25 for Rigr,
which reasonably agrees with our results.

7 See http://simbad.u-strasbg.fr/simbad/

Table 3. Central depression (CD), Rigr and residual equivalent width
AWigr for the lines of the Ca infrared triplet in CoRoT-2a.

A[A] CDps Rirr AWigr [mA]
8498  0.266 = 0.009  0.342 +0.009 237.6 £ 1.6
8542  0.361 £0.006 0.297 + 0.006 63.1 +£0.6
8662 0.413+£0.014 0.256 £0.014 171.4 £ 2.1

2.8. Interstellar absorption features

Analyzing the emission line cores of the Cam H and K com-
plex, we found narrow K4 (see e.g., Reimers 1977, for desig-
nation) and Hy absorption features close to both central chro-
mospheric emission peaks (Fig. 4). We therefore attribute the
features to Cam absorption and determine a barycentric veloc-
ity of —15 kms~!, corresponding to a relative velocity of about
+40 km s~! with respect to CoRoT-2a.

Separately considering our 24 UVES spectra observed
within 6 h and the archived UVES spectrum taken about three
years earlier in 2007, we found no intrinsic variability of this
feature. The EW of the Can K4 absorption feature is 65 maA,
slightly higher than the corresponding EW of the Can Hy fea-
ture with 53 mA. These blue shifted absorption features of ion-
ized material may be caused by wind absorption as observed in
giant stars (e.g., Reimers 1977) or, alternatively, by the interstel-
lar medium.

While Ca Hy and K4 features caused by wind absorption are
observed in giant stars rather than dwarfs such as CoRoT-2a,
the narrowness of the features is surprising if they are attributed
to interstellar absorption. Often, multiple interstellar clouds are
found in the line of sight, giving rise to a more diffuse absorp-
tion feature. Indeed, the width of the Ca Hs and K4 features is
comparable to that of telluric lines in our spectrum. However,
considering the temporal stability, we argue in favor of interstel-
lar absorption as the origin of the Ca Hy and K4 features.

The Sun is situated within a region pervaded by hot, ionized
plasma of low density known as the Local Cavity that reaches a
radius of about 100 pc (e.g., Cox & Reynolds 1987; Sfeir et al.
1999). This cavity contains many diffuse clouds with a complex
velocity structure, which typically give rise to Can absorption
features with EWs of a few mA (Lallement & Bertin 1992). The
density distribution of Cam is fairly uniform in the interstellar
medium beyond the Local Cavity, so that the EW of interstel-
lar Can H and K absorption can be used as a distance indicator
for sufficiently distant objects (Megier et al. 2005, 2009; Welsh
et al. 2010). Using Egs. (1) and (2) in Megier et al. (2005), we
translated the EWs of both Car absorption features into distance
estimates of 274 pc for the Can K4 feature and 256 pc for the
Can Hy feature.

We note that our spectrum of CoRoT-2a also shows two
strong, nearly saturated Nart absorption lines with the same ra-
dial velocity shift within the blue wing of the Na1 D doublet.
These broad absorption features have EWs of 270 mA (D) and
230 mA (D)), which is again compatible with interstellar absorp-
tion and a distance of 340+ 180 pc and 320+ 140 pc, respectively
(Welsh et al. 2010). Additional interstellar absorption lines of K1
at 7698.974 A or molecules such as CH could not be detected.

In summary, we estimate a distance of 270 + 120 pc for
CoRoT-2a, based on interstellar absorption; the error was esti-
mated from the standard deviation of the distances of the stars
with K4 EWs in a +5 mA band around our measured EW (cf.,
Fig. 5).
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Fig. 3. Can infrared triplet in the spectrum of CoRoT-2a (black), which is used as activity diagnostic. The activity indicators are calculated relative
to an LTE synthetic spectrum (red) based on the residuals (gray) as outlined in Busa et al. (2007). The small emission features result from sky

emission (cf., Sect. 2.1).
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Fig. 4. Emission line cores of the Can H and K lines clearly showing
the H, and K, absorption features. The spectrum of CoRoT-2a is shifted
in radial velocity by 23.2 kms~!, while the absorption features show a
barycentric velocity shift of —15 kms™'.

2.9. Evidence for a gravitationally bound companion

CoRoT-2a has a close neighbor, 2MASS J19270636+0122577,
about 4" in southeast direction. Alonso et al. (2008) found that
the color of this visual companion is consistent with a late-K
or early-M type star located at the same distance as CoRoT-2a.
During five of our 24 UVES observations this nearby neighbor
was placed inside the slit along with CoRoT-2a, which we used
to obtain a low SNR spectrum of the companion. The separation
of the two objects allowed us to separately extract the spectra
using the UVES pipeline.

Because the companion is ~3.5 mag fainter than CoRoT-2a
in the visual band, the resulting spectrum has an SNR of no more
than 10-20 depending on wavelength. It is dominated by ab-
sorption lines from neutral and singly-ionized metals. In partic-
ular, we find strong absorption in Cat and Mgn, whereas the
Can lines are comparably weak. Furthermore, we find a rela-
tively weak Ha line and distinct edges caused by titanium oxide
(TiO) absorption.

The TiO bands are a valuable indicator of stellar effective
temperature if the metallicity is known, while they are less sen-
sitive to surface gravity (Milone & Barbuy 1994). To obtain an
estimate of the effective temperature, we compared the coad-
ded companion spectrum to synthetic spectra calculated with
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Fig. 5. Equivalent width of the interstellar Can K4 absorption line ver-
sus distance for stars within 800 pc (catalog data compiled by Welsh
et al. 2010). The measured Can K, absorption of CoRoT-2a is consis-
tent with a distance of roughly 300 pc.

SPECTRUMS? (Gray & Corbally 1994) using line lists contain-
ing the TiO and ZrO lines compiled by Plez (1998)°.

Assuming solar metallicity, we set up a Markov-Chain
Monte-Carlo (MCMC) framework to find an estimate of the ef-
fective temperature and the associated error. We used uniform
priors on the stellar parameters and allowed for an additional
normalization constant accounting for inadequacies during blaze
correction and continuum normalization. We focused on the
strongest TiO band with its bandhead at 7054 A and analyzed
the three absorption edges individually. The resulting three 95%
credibility intervals for T.g consistently yield an effective tem-
perature between 3900 and 4100 K (see Fig. 6). The surface
gravity was found to be logg = 4.9 + 0.1, which is very close to
our imposed upper bound of logg = 5 and does not seem to be
well constrained.

We tried to use SME to fit synthetic spectra to several spec-
tral lines known to be sensitive to the stellar parameters. Our
efforts were, however, strongly hampered by the low SNR of the
spectral data owing to the faintness of the companion. From the
analysis of the Nar1 doublet at 5890 A, the Car lines at 6122,
6162, and 6439 A, and a set of 137 single Fe lines, we found the
stellar spectrum to be best described by effective temperatures

8 See http://wwwl.appstate.edu/dept/physics/spectrum
9 See http://www.graal.univ-montp2.fr/hosted/plez
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Fig.6. Part of the companion spectrum showing the temperature-
sensitive TiO band at 7050—-7200 A. The red/green lines are synthetic
spectra for Tex = 3900 K and 4100 K, respectively, computed for solar
metallicity and log g = 4.9.

around 4000 K and a surface gravity between 4.6 and 4.9.
Unfortunately, the quality of the spectrum made an analysis of
the Ha line impossible. The set of Fe1 lines was also used to
quantify the effect of rotational line broadening. Neglecting ad-
ditional line broadening effects, we obtained an upper limit of
10 kms~!' on vsini at a confidence level of 90%.

These findings are compatible with the companion being a
K9 star (Cox 2000, p. 388, Table 15.7). Our results are in line
with those of Alonso et al. (2008) and Gillon et al. (2010), who
found the photometric magnitudes measured in optical (Exodat),
near-infrared (2MASS), and infrared (Spitzer) filter bands to be
consistent with a late-K or early-M type companion star.

To find the radial velocity of the visual companion, we
cross-correlated our five companion spectra with a template
spectrum corresponding to our best-fit stellar parameters. The
radial velocity was estimated independently in our five compan-
ion spectra, and corrected for the wavelength drift visible in the
telluric lines. The resulting average radial velocity amounts to
23.9 + 0.4 kms™!, a value close to CoRoT-2a’s radial velocity
of 23.245 + 0.010 kms™', which we determined accordingly.
We note that it is also independent of the details of the cho-
sen spectral model. Given the apparent distance in the sky of
4” and a distance of about 270 pc the projected distance be-
tween CoRoT-2a and the companion amounts to about 1100 AU.
Because CoRoT-2a is basically solar-like in mass, Kepler’s third
law yields a lower bound for the orbital period of 40 000 a, which
gives an orbital velocity of up to 0.9 kms™!. Thus, the radial ve-
locity found for the visual companion of CoRoT-2a is compati-
ble with the hypothesis of a gravitationally bound companion.

To check for relative sky motions of CoRoT-2a and
2MASS J19270636+0122577, we inspected the photographic
data available from the Digitized Sky Survey. We checked
the digitized plates of the Palomar Observatory Sky Surveys
from 1951, 1983, and 1991 and the HST Guide Star Catalogue
from 1980, but found no indications for a relative transversal

Table 4. Stellar parameters of 2MASS J19270636+0122577.

Parameter Value Lines
Ter [K] [3900,4100] (95% cred.)  TiO 7050—7200 A
vsini [kms™!] <10 (90% CL) 137 Fer lines
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Fig.7. X-ray image (0.5”/bin) of the surrounding of CoRoT-2a for en-
ergies above 0.3 keV. The nominal 2MASS positions of CoRoT-2a and
2MASS J19270636+0122577 are marked with red crosses.

motion. This finding corroborates the hypothesis that
2MASS J19270636+0122577 and CoRoT-2a are gravitationally
bound and form a wide binary system.

The parameters derived for the companion are summarized
in Table 4.

3. Analysis of the Chandra X-ray data
3.1. Observations

CoRoT-2a was observed by Chandra using the ACIS-S detector
on June 24, 2010 for about 15 ks (Obs.-ID 10989). In the reduc-
tion and analysis process, we used the standard software package
CIAO in version 4.2. To obtain the best possible timing, the tool
axbary was used to apply a barycentric correction to the photon
arrival times.

3.2. Detection and spectral analysis

In a first step, we screened the X-ray image for photons in the
0.3—4 keV energy band. This step reduces the background con-
tamination and focuses our analysis on the energy band, in which
stellar coronal emission is expected to dominate. We show parts
of the resulting X-ray image in Fig. 7.

In a second step, we counted all photons within a 2”” radius
circular region centered on the nominal position of CoRoT-2a. In
this region, we found 87 photons with an expected background
contribution of ~3 photons, deduced from nearby source-free re-
gions.

Finally, we carried out a spectral analysis of the source
photons. Using XSPEC v12.5 Arnaud (1996), we fitted the
ACIS spectrum with an absorbed, thermal APEC (e.g., Smith
et al. 2001) model. Because the abundances are not well con-
strained by the fit, we fixed them at their solar values for the
rest of the analysis, which is in accordance with our optical es-
timates (cf. Sect. 2.3). For the depth of the absorbing column,
the fit provides a value of ~10%' cm™2, which is well compatible
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Fig. 8. ACIS-S spectrum of CoRoT-2a with applied spectral model.

Table 5. Spectral-fit results for CoRoT-2a derived from Chandra ACIS-
S data.

Parameter Value (90% conf.)
Ny [102Z cm™?] <0.2

T [keV] 0.74 (0.57-0.83)
T [10° K] 8.6 (6.6-9.6)
fx [107% ergem™2 57 2.1(0.8-2.9)
Lx (at 270 pc) [10% ergs™'] 1.9 (0.7-2.5)*

Notes.  An error of +120 pc on the distance estimate translates into a
larger conf. interval for Ly of (0.2-5.2) x 10% ergs'.

with a canonical density of 1 particle per cm? for the interstellar
medium and a distance of #270 pc (see Sect. 2.8) for CoRoT-2a.

Figure 8 shows the X-ray spectrum and our best-fit model;
the fit results are summarized in Table 5. From our best-fit
model, we obtain an X-ray luminosity of Lx = 1.9 x 10% ergs™!
in the 0.3—4 keV band, corresponding to an activity level of
log,g Lx/Lvol ® —4.2, which indicates that CoRoT-2a is an active
star also by X-ray standards.

3.3. X-ray light curve and transit

To investigate the X-ray variability of CoRoT-2a, we constructed
background-subtracted light curves with various binnings. A
barycentric time-correction was applied to all light curves to ob-
tain time stamps, which can be easily reconciled with planetary
ephemerides given in the literature. Figure 9 presents the light
curve of CoRoT-2a, which shows no indications of strong short-
term variability like flares, and, therefore, we argue in favor of
quiescent emission.

The ephemerides of CoRoT-2b were derived by Alonso et al.
(2008) using the CoRoT data. The transit duration is 8208 s,
during which the relative flux deficit in the optical reaches 3%.
Our Chandra observation completely covers one planetary tran-
sit (epoch 651 with respect to the ephemerides from Alonso et al.
2008). The ingress begins 6538 s after the start of the observa-
tion and the egress is finished shortly before the observation ends
(cf., Fig. 9).

Our analysis showed that the source count rate, if anything,
increased by 17% during the eclipse. Similarly, the hardness ra-
tio HR = (H-S)/(H+S)with § =0.3-1keV and H = 1-4keV
(lower panel in Fig. 9) remains unaffected. On the one hand,
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Fig. 9. Light curve of CoRoT-2a in the 0.3—4 keV band and hardness
ratio (H — S)/(H + §) for 0.3—1 and 1-4 keV bands (750 s binning).
The shaded area corresponds to the transit in visual wavelengths.

given 82 source counts in 15 ks, detecting a 3% drop in bright-
ness as observed in the optical seems to be out of reach in X-rays.
On the other hand, the sources of X-ray emission are believed
to be distributed much more inhomogeneously across the stellar
surface than those of optical light. We conclude that either the
planet did not eclipse a strong concentration of X-ray emitting
material in this particular case, the emission is distributed ho-
mogeneously, or concentrated at higher latitudes avoided by the
planetary disk.

3.4. The companion in X-rays

To check whether CoRoT-2a’s potentially physical companion,
2MASS J19270636+0122577, is an X-ray source, we collected
the photons within a circle of 1” radius centered on the star’s
2MASS position. According to our modeling, this region con-
tains 93% of the Chandra point spread function (PSF) at 1 keV.
A single photon with an energy of 1.1 keV was detected in this
region. Because 99% of CoRoT-2a’s PSF are confined to a dis-
tance of 4” and less from CoRoT-2a, the detected photon is
unlikely to stem from that source. From nearby source-free re-
gions, we estimated the rate of background-counts with energies
of 1.1+0.1keV, where the 0.1 keV range accounts for Chandra’s
energy resolution, to be 2 x 107 ctss™! within the encircled re-
gion centered on the companion.

The detected photon may, consequently, be associated with
an X-ray source at the companion’s position. To derive an up-
per limit on the X-ray flux of the companion, we determined the
count rate yielding one or less detected photons with a probabil-
ity of 95%. Consulting Poisson statistics, the limiting count rate
amounts to 0.36 cts in 15 ks or 2.4 x 107 ctss~'. Assuming that
the source has a 1 keV thermal spectrum, a distance of 270 pc (cf.
Sect. 2.8), and neglecting absorption, we used WebPIMMS'? to
convert the count rate into an upper limit of Ly < 9x 10?0 ergs™!
for the companion’s X-ray luminosity.

4. Discussion

We presented new X-ray and optical data of the active planet
host-star CoRoT-2a. Below, we discuss the impact of our
findings on our understanding of the CoRoT-2 system.

0 http://heasarc.gsfc.nasa.gov/Tools/w3pimms.html
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4.1. CoRoT-2a’s atmosphere and activity

We studied the photosphere of CoRoT-2a applying different
techniques of spectroscopic analysis to determine the stellar ef-
fective temperature, surface gravity, metallicity, and microturbu-
lence velocity. First, we measured the EW of 238 Ferand 1 lines
and determined the entire set of parameters by imposing excita-
tion and ionization balance. Second, we redetermined the pa-
rameters by directly fitting several sensitive spectral lines and
found consistent results, which are, moreover, in line with pre-
viously published values (Ammler-von Eiff et al. 2009; Bouchy
et al. 2008). With an effective temperature of 5598 + 34 K and a
surface gravity of log g = 4.47+0, 14, CoRoT-2a is a star of spec-
tral type G6—-G7 (Cox 2000, p. 151, Table 7.5) with slightly in-
creased metallicity compared to the Sun. We compared the stel-
lar parameters to those predicted by theoretical isochrone calcu-
lations for pre-main and main-sequence stars (Siess et al. 2000).
Assuming that CoRoT-2a is close to the zero-age main sequence,
these models favor a spectral type of G7 given the observed val-
ues of effective temperature and metallicity.

The fact that CoRoT-2a is a highly active star became first
obvious in the photometry observed by the CoRoT observatory.
The light curve shows pronounced rotational variability caused
by active regions that cover a substantial fraction of the stellar
photosphere (e.g., Wolter et al. 2009; Czesla et al. 2009; Huber
et al. 2009, 2010). This high level of activity, mainly diagnosed
by photospheric spots, is expected to be also detectable in chro-
mospheric lines excited by enhanced chromospheric heating.

Indeed, CoRoT-2a shows strong chromospheric emission-
line cores in its Can H and K lines as well as in the Ca IRT lines.
We quantified the strength of the emission by determining the
Wilson S-index and a log Ry value of 4.458 + 0.051. Our re-
sults agree well with those reported by Knutson et al. (2010)
and place CoRoT-2a among the most active known planet host-
stars. Furthermore, we studied the Ca IRT and derived a value of
0.298 + 0.006 for the Rirr index, which again demonstrates that
CoRoT-2a is a highly active star.

The presence of starspots and strong chromospheric heat-
ing suggests that coronal heating is substantial as well. Indeed,
our 15 ks Chandra observation yields a clear detection of coro-
nal X-ray emission characterized by a thermal spectrum with a
temperature of 1 keV. Combining CoRoT-2a’s X-ray luminos-
ity of 1.9 x 10% ergs™! with its spectral type of G7, we derived
an activity level of log Lx /Ly & —4.2, showing that CoRoT-2a
is a very active star also by X-ray standards. Although opti-
cal studies (Lanza et al. 2009; Huber et al. 2010) suggested a
large inhomogeneity in the distribution of active regions, which
is very likely also true for the distribution of X-ray emission
across the stellar disk, an X-ray transit could neither be detected
in the X-ray count rate nor in the hardness ratio. This indicates
that either no prominent source of X-ray emission was occulted
during this particular transit or that the emission is distributed
too homogeneously to cause an X-ray transit detectable with
Chandra. In any case, we emphasize that our Chandra snapshot
covers no more than 4% of CoRoT-2a’s rotation period and a
virtually negligible fraction of the optically observed “beating
pattern” (e.g., Alonso et al. 2008) with a period of =50 d, so
that it remains insufficient to obtain a representative picture of
CoRoT-2a’s corona.

4.2. The age of CoRoT-2

One of the key quantities needed to understand the evolution
not only of the CoRoT-2 system but of all planetary systems is

their age. Based on our analysis, we applied several techniques
to estimate the age of CoRoT-2a.

From the EW of the lithium line at 6708 A in the spectrum
of CoRoT-2a, we inferred an age comparable with that of the
Pleiades, i.e., ~100 Ma. Furthermore, we derived a Li abun-
dance of Ap; = +2.6 dex, which suggests an age between 100
and 250 Ma. Applying the relation provided by Donahue (1998,
Eq. (1)), we used the strength of the Cam H and K emission-
line cores measured by the log R}, index to estimate a “chro-
mospheric age” of 670328 Ma for CoRoT-2a. The coronal activ-
ity provides another age estimate. Using the relation between
X-ray luminosity and age for late-F to early-M dwarfs pre-
sented in Sanz-Forcada et al. (2010), we calculated an age of
230*2% Ma. An additional estimate can be obtained from gy-
rochronology. Using the relation presented by Barnes (2007), we
determined an age of 76 + 7 Ma for CoRoT-2a. However, Barnes
note that gyrochronology tends to underestimate the stellar age if
(B —V) > 0.6, which is true for CoRoT-2a, owing to the sparse-
ness of the open cluster sample used for calibration in case of
blue stars.

Guillot & Havel (2011) modeled the evolution of the star,
CoRoT-2a, and its planet simultaneously and found two classes
of solutions reproducing the observed properties of the CoRoT-2
system: first, a solution in which CoRoT-2a is a very young star
with an age of 30 to 40 Ma and second, a solution with a more
evolved main-sequence host-star with an age of 130 to 500 Ma.
None of the above age indicators, not even the gyrochronological
age estimate, favors the solution with a very young host-star,
rendering this class of evolutionary scenarios found by Guillot
& Havel (2011) unlikely.

In summary, we conclude that combining our outcomes with
published results both observational and theoretical favors an
age between 100 and 300 Ma for CoRoT-2a. This suggests that
CoRoT-2a is a young main-sequence star that has already left
the zero-age main sequence, which for a G7 star of solar mass is
situated at an age of 30 Ma (Siess et al. 2000).

4.3. Distance to CoRoT-2a

Photometric colors are often used for a rough spectral classifica-
tion. The magnitudes provided by SIMBAD yield a B — V color
index of 0.854 mag for CoRoT-2a. Comparing this value with the
color index expected for a G7 star of age 200 Ma with slightly
increased metallicity (Z = 0.01) (Siess et al. 2000), we calcu-
lated a color excess of E(B — V) = 0.15 mag. Thus, CoRoT-2a
appears redder than expected; we attribute this to interstellar ex-
tinction.

Combining the B — V color excess with the relation given by
Bohlin et al. (1978)

(NH1+H)/EB-V))=58x10* cm2mag™,

we obtain a column density of 9 X 10%° ¢cm~2, which is consistent
with the upper limit of 2 x 10*! cm~2 derived from our X-ray ob-
servations. Converting the EWs of the interstellar Na D absorp-
tion lines into a column density of 8 x 10'> cm™2 via the line-
ratio method (Stromgren 1948), we obtained another consistent
estimate of ~10?! cm™2 for the hydrogen column density (Ferlet
et al. 1985). Assuming a density of one particle per cm? for the
interstellar medium, the hydrogen column density inferred from
the color excess directly translates into a distance estimate of
290 pc, which is consistent with our previous estimate of 270 pc.

According to our spectroscopic analysis, CoRoT-2a can be
classified as a G7-type dwarf and, according to the evolutionary
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model, should have an absolute visual brightness of 5.1 mag.
Assuming a value of R = 3.1 (Schultz & Wiemer 1975) for
the ratio of total visual extinction, Ay, and E(B — V), we derive
Ay = 0.48 mag for CoRoT-2a. Combining this with the appar-
ent visual brightness of 12.57 mag, we derived an extinction-
corrected spectroscopic parallax of 250 pc.

In Sect. 2.7 we estimated the distance to the CoRoT-2 sys-
tem from the Wilson-Bappu width of the Can H and K emission
line cores and obtained 140*30 to 190*%) pc depending on the de-
tails of the calibration. We further determined the distance from
the presence of interstellar Ca and Na absorption features in the
spectrum and obtained 270 + 120 pc based on the interstellar ab-
sorption column (Sect. 2.8). In summary, we argue in favor of a

distance of ~270 pc as the most likely value.

4.4. X-rays eroding CoRoT-2b

Because CoRoT-2b orbits its host star at a distance of only
0.03 AU, it is immersed in an enormous high-energy radi-
ation field. According to CoRoT-2a’s X-ray luminosity, the
X-ray flux at the distance of CoRoT-2b’s orbit amounts to
8.5 x 10* ergem=2 57!, which is five orders of magnitude larger
than the solar X-ray flux received by Earth. This amount of ioniz-
ing radiation can have a significant influence on the structure and
evolution of the planetary atmosphere. Schneider et al. (1998)
found that the extent of the atmospheres of hot Jovian exoplanets
can exceed the Roche lobe, leading to evaporation of planetary
material by an interaction with the stellar wind. Indeed, extended
atmospheres of extrasolar planets were found for HD 209458b
(Vidal-Madjar et al. 2003; Linsky et al. 2010) and HD 189733b
(Lecavelier Des Etangs et al. 2010).

Sanz-Forcada et al. (2010) analyzed a sample of planetary
systems. The authors come to the conclusion that erosion trig-
gered by stellar high-energy illumination has a detectable influ-
ence on the observed mass distribution of exoplanets. This gives
rise to an “erosion line”, below which Sanz-Forcada et al. (2010)
find the large majority of the planets in their sample. To estimate
the mass loss induced by the X-ray and extreme-UV (EUV) ir-
radiation, we used Eq. (2) from Sanz-Forcada et al. (2011), viz.

. F
M= 3 xuv.
4Gp

where Fxyy is the sum of the stellar X-ray and EUV flux at the
planetary orbit, G is the gravitational constant, and p is the den-
sity of the planet (all in cgs units). Because there are no EUV
data of CoRoT-2a available, we use Eq. (3) from Sanz-Forcada
etal. (2011), which provides a relation between X-ray and EUV
luminosity calibrated with their sample of objects, to obtain an
estimate of 4.3 x 10° ergem™2s7! for the expected EUV flux
at the distance of CoRoT-2b. Substituting the parameters for
CoRoT-2b (Alonso et al. 2008, Table 1), we obtained a mass-
loss rate of 4.5 x 10! gs7! or 7.3 x 1072 My Ga™! for the planet.
Given the uncertainties, this value remains a coarse estimate, but
places CoRoT-2b clearly above the erosion line, which, accord-
ing to Sanz-Forcada et al., may be explained by the youth of the
system. We note, however, that by using different assumptions
for the extent of CoRoT-2b’s atmosphere (Sanz-Forcada et al.
2010, Eq. (1)), the mass-loss rate may be increased by up to one
order of magnitude. Moreover, the effects leading to planetary
mass loss are not yet well understood.
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4.5. The companion — a puzzling genesis

An important consequence of our analysis is that the CoRoT-2
system may extend far beyond the planetary orbit. CoRoT-2a’s
visual companion, 2MASS J19270636+0122577, may actually
also be a physical companion, forming a wide binary pair with
CoRoT-2a.

We obtained and analyzed the first low-SNR UVES spec-
trum of the companion. Alonso et al. (2008) already noticed that
the companion may be a late-K or early-M-type star at about the
same distance as CoRoT-2a. We measured the companion’s ra-
dial velocity and found a value of 23.9 + 0.4 km s~!, which is
close to CoRoT-2a’s radial velocity. By modeling the TiO bands
present in the spectrum, we determined an effective temperature
between 3900 and 4100 K. Wide lines of Ca1 were used to infer
a surface gravity of logg = 4.74. Consulting the evolutionary
tracks of Siess et al. (2000) at an estimated age of 200 Ma, we
find that the companion is likely to be a star of spectral type K9,
which is gravitationally bound to CoRoT-2a. This would make
CoRoT-2 one of about 40 known binary systems harboring an
exoplanet (Mugrauer & Neuhduser 2009).

If this hypothesis withstands further observational tests, it
would challenge our understanding of the CoRoT-2 system, in
particular, the age of the system. From the Chandra data we de-
rived an upper limit of 9 x 10?® ergs™! for the X-ray luminosity
of the companion, and the Siess et al. evolutionary tracks sug-
gest an absolute bolometric luminosity of 6.8 mag. Combining
these numbers, we obtain log Lx /Ly, < —5.8, making the com-
panion a star much less active than CoRoT-2a. From our spectral
analysis, we concluded that CoRoT-2a has an age between 100
and 300 Ma. Assuming that the companion is physically bound
and has the same age as CoRoT-2a, we would expect an X-ray
flux significantly higher than observed in our Chandra pointing.
From the study of X-ray emission of members of the Pleiades
cluster, Micela et al. (1996) find typical X-ray luminosities for
K-stars of log Ly = 29.4 ergs™!, which is more than two or-
ders of magnitude above our upper limit for the companion. We
therefore conclude that either the companion has never been an
active X-ray source, which seems unusual for a young late-type
star, or that the activity of the companion has already dropped
to a moderate level. Given the upper limit for the X-ray lumi-
nosity, the companion may be an evolved K-type star similar
to those found in the solar neighborhood (Schmitt et al. 1995).
This also agrees with the upper limit on its rotational velocity
of vsini < 10 kms™!; neglecting the unknown inclination, this
would be a value typical for K-type stars on the main-sequence
(Cox 2000, p. 389, Table 15.8).

We speculate that the CoRoT-2 system, if bound, should be
old enough to let the K-star become sufficiently inactive, while
the G-star CoRoT-2a remained more active, maybe through an
interaction with its close-in planet. This hypothesis is backed by
the recent results presented by Brown et al. (2011), who reported
on a discrepancy between different age estimations of the host
stars of the planetary systems WASP-18 and WASP-19. Both
stars harbor a close-in hot Jupiter and appear to be older than at-
tested by their gyrochronological age. Brown et al. (2011) sug-
gested that an inward migration of the hot Jupiters has caused a
spin-up of their host stars via tidal interaction. Alternatively, or
even additionally, interactions between the planetary and stellar
magnetic fields may have reduced the stellar angular-momentum
loss as proposed by Lanza (2010). The CoRoT-2 system is
among the planetary systems with the shortest orbital periods
and should, therefore, be susceptible to these effects.
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4.6. On the dynamics including the companion

A gravitationally bound stellar companion influences the dy-
namics of the CoRoT-2 system. In particular, it slightly disturbs
the planetary orbit. Indeed, Gillon et al. (2010) find a temporal
offset of the secondary eclipse, which can be attributed to a slight
orbit eccentricity or another interacting body. Because transit
timing variations larger than 10 s are excluded by the CoRoT
light curve (Alonso et al. 2009), Gillon et al. conclude that the
planetary orbit has an eccentricity of ~0.014. Given the present
eccentricity of the orbit, the anomalous radius of the planet can
be explained by evolutionary scenarios if the models include a
third planetary body in the system. Guillot & Havel (2011) pro-
pose two possible scenarios, which would result in a relatively
recent (~20 Ma) start of the circularization process of the orbit.
One requires a planetary encounter and the other is based on the
Kozai interaction with a distant body. Our findings clearly favor
the latter scenario.

5. Conclusion

The CoRoT-2 system may be a key to a more profound under-
standing of the early evolution of planetary systems. We studied
new optical and X-ray data. Our analysis showed that magnetic
activity can be traced through all layers of the stellar atmosphere
from the photosphere to the corona and provided new evidence,
helping to answer questions about the age, distance, and evo-
lution of the system. A detailed analysis of several age indica-
tors showed that an age between 100 and 300 Ma is most likely.
Furthermore, we were able to provide an estimate of 270 pc for
the distance of CoRoT-2a, but with a large uncertainty.

Beyond answering questions, our analysis also
raised new problems. Most notably, the true nature of
2MASS J19270636+0122577, the optical and potentially
physical stellar companion of CoRoT-2a, remains doubtful. The
apparent presence of a gravitationally bound and, therefore,
most likely coeval K-type stellar companion, which, nonethe-
less, shows no detectable activity, would challenge our picture
of the CoRoT-2 system. Either the companion is old enough
to have already become inactive, or CoRoT-2a appears to be
younger than it actually is. A third body would have a substantial
impact on the evolutionary dynamics of the whole system. It
may account for the eccentricity of the planetary orbit and may
even be responsible for the observed anomalously large radius
of CoRoT-2b.
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ABSTRACT

The young G7V dwarf CoRoT-2A is transited by a hot Jupiter and among the most active planet host-stars known to date. We report on
the first detection of a chromospheric Rossiter-McLaughlin effect observed in the Can H and K emission-line cores. In Can H and K,
the transit lasts 15% longer than that observed in visual photometry, indicating that chromospheric emission extends 100 000 km
beyond the photosphere. Our analysis is based on a time series of high-resolution UVES spectra obtained during a planetary transit
and simultaneously obtained photometry observed with one of the PROMPT telescopes. The chromospheric Rossiter-McLaughlin
effect provides a new tool to spatially resolve the chromospheres of active planet host-stars.

Key words. stars: individual: CoRoT-2A — planetary systems — stars: late-type

1. Introduction

The G7V dwarf CoRoT-2A is one of the most active planet host-
stars known to date. Every 1.74 d, the star is transited by the
unusually inflated hot Jupiter CoRoT-2b (Alonso et al. 2008;
Bouchy et al. 2008). CoRoT-2A is young (100-300 Ma) and
has basically solar metallicity (Schréter et al. 2011). It shows
a high level of magnetic activity as diagnosed from the ampli-
tude of its photometric variation, strong chromospheric emission
lines, and coronal X-ray emission (Alonso et al. 2008; Knutson
et al. 2010; Schroter et al. 2011). Furthermore, Schroter et al.
(2011) provided strong evidence that CoRoT-2A’s optical neigh-
bor, 2MASS J19270636+0122577, is a true physical compan-
ion of spectral type K9, as earlier hypothesized by Alonso et al.
(2008), making CoRoT-2 a wide binary system with at least one
planet.

The CoRoT-2 system has been subject to a multitude of pho-
tometric and spectroscopic studies. To name but a few: Alonso
et al. (2008) reported the discovery of CoRoT-2b and first ra-
dial velocity (RV) measurements, later refined by Bouchy et al.
(2008); Gillon et al. (2010) studied the secondary transit ob-
served with Spitzer’s IRAC instrument and Snellen et al. (2010)
analyzed the secondary transit as observed by CoRoT; Lanza
et al. (2009), Czesla et al. (2009), and Huber et al. (2009, 2010)
used light-curve inversion techniques to recover CoRoT-2A’s
surface; finally, Ammler-von Eiff et al. (2009) and Schréter et al.
(2011) investigated the spectral properties, activity, and X-ray
emission of the system.

During a transit, the planet occults different parts of the ro-
tating stellar surface, which leads to the Rossiter-McLaughlin
effect (RME). The occultation introduces asymmetries into the

* Based on observations obtained with UVES at the ESO VLT
Kueyen telescope (program ID 385.D-0426).

Article published by EDP Sciences

rotationally broadened line profile, which result in an apparent
radial velocity (RV) shift of the stellar spectrum. The RME, first
observed in eclipsing binary stars (Schlesinger 1910; Rossiter
1924; McLaughlin 1924), has become a standard tool to analyze
the geometry of exoplanetary systems (e.g., Fabrycky & Winn
2009). Analytical models of this effect, based on the first mo-
ment of spectral lines, have been presented by Ohta et al. (2005)
and Giménez (2006) and are commonly applied to modeling,
although they may not exactly reproduce the results obtained
by cross-correlation techniques (e.g., Triaud et al. 2009; Hirano
et al. 2010).

The RME has widely been used to measure the projected
rotation velocity of planet host-stars and the alignment of their
rotation axis relative to the planetary orbit (e.g., Bouchy et al.
2008). Snellen (2004) and Dreizler et al. (2009) proposed the
use of the RME to probe the planetary atmosphere by analyz-
ing the differences between measurements in various spectral
lines showing potentially large absorption due to the planet’s
exosphere. In contrast to narrow-band photometry, the differen-
tial RME measurement does not rely on accurate photometric
calibration (Snellen 2004).

The applicability of the RME is not limited to the study of
the planetary orbit and atmosphere, but can be extended to the
study of the stellar atmosphere. By confining the RME measure-
ment to spectral lines originating in individual layers of the stel-
lar atmosphere, the properties of these layers can be separately
analyzed. In this paper, we demonstrate the feasibility of this
approach for the stellar chromosphere. While the apparent sur-
face brightness of the photosphere decreases toward the limb, the
optically thin chromosphere and corona show limb-brightening
(Wolter & Schmitt 2005). Narrow-band transit light-curves of
limb-brightened emission lines are expected to display charac-
teristic profiles (Assef et al. 2009; Schlawin et al. 2010), which
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also applies to the RME derived from chromospheric emission
lines. Therefore, the RME observed in chromospheric emission
lines allows us to probe the spatial structure of the chromo-
sphere, including both the chromospheric center-to-limb varia-
tion and inhomogeneities due to active regions. These measure-
ments can be used to study the chromospheres of active planet
host-stars and examine whether faculae dominate over spots on
the surfaces of young, active stars, as found by Radick et al.
(1998).

In this paper, we present time-resolved transit spectroscopy
of CoRoT-2A obtained with the UVES spectrograph and simul-
taneous photometry obtained with the ‘“Panchromatic Robotic
Optical Monitoring and Polarimetry Telescopes” (PROMPT,
Reichart et al. 2005). We refine the wavelength calibration of the
spectra and discuss the RME observed in photospheric lines. In
Sect. 3.3, we report the first detection of the prolonged RME in
the chromospheric emission-line cores of Can H and K, before
closing with a discussion of our findings.

2. Observation

We acquired 24 high-resolution spectra of CoRoT-2A using the
UVES spectrograph (Dekker et al. 2000) mounted at the VLT
Kueyen. The observations were obtained on June 7, 2010, under
program-ID 385.D-0426(A) and cover a full planetary transit of
CoRoT-2b, including one hour before and two hours after the ac-
tual transit; the spectra have individual exposure times of 800 s.

The UVES spectrograph was set up in dichroic 2 mode
with a slit width of 0.7 arcsec. For the selected setup, UVES
provides a wavelength coverage of 3800-9000 A with gaps
at 50005700 A and 7500-7680 A at a resolving power of
about 60 000. Owing to the worsening seeing conditions during
the second half of the night, we inserted the image slicer into the
light path to reduce light losses during exposures Nos. 12—-24. To
reduce the UVES echelle data, we applied the REDUCE pack-
age developed by Piskunov & Valenti (2002); for a more detailed
discussion of the data and the reduction, we refer the reader to
Schréter et al. (2011).

The transit observed with UVES was simultaneously fol-
lowed by one of the six 0.41 m Ritchey-Chrétien telescopes be-
longing to the PROMPT observatory (Reichart et al. 2005) lo-
cated at the “Cerro Tololo Inter-American Observatory” (CTIO)
in Chile. The telescope is equipped with an “Apogee Alta U47”
detector with a 1k X 1k pixel array with a gain of 4.91 elec-
trons/ADU and a read-out noise of 10 electrons.

A total of 528 science frames were taken with a fixed ex-
posure time of 30 s. No filter was used in the observations. We
calibrated all science frames using a master bias, but refrained
from applying a sky-flat correction, because the sky-flat expo-
sures showed a strong illumination gradient from the center to
the periphery, possibly caused by the projected shadow of the
shutter. The following reduction was carried out using standard
routines from the IRAF daophot package for image processing.

3. Analysis

We present an analysis of the temporal evolution of the ob-
served spectra including a detailed presentation of the wave-
length calibration, which is crucial to our analysis. All line pro-
file and model fits as well as the Markov-chain Monte Carlo
(MCMC) calculations make extensive use of routines of our
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Fig. 1. Time-dependent drift of the UVES wavelength calibration deter-
mined from 64 isolated H,O (red) and O, (blue) telluric absorption lines
(small temporal displacement for clarity). The dashed line indicates the
insertion of the image slicer.

PyAstronomy' collection of Python packages, which provide a
convenient interface to fitting and sampling algorithms imple-
mented in the PyMC (Patil et al. 2010) and SciPy (Jones et al.
2001) packages.

3.1. Refining the wavelength calibration using telluric
standards

Our wavelength calibration was obtained using Th-Ar lamp
spectra. Since those spectra are not taken simultaneously with
the science spectra, they cannot account for instrumental wave-
length drifts produced, for example, by environmental effects. To
obtain a more accurate, time-dependent wavelength calibration,
we exploited telluric absorption lines. The power of this tech-
nique has already been demonstrated, for instance, by Snellen
(2004), who used atmospheric H,O lines in a UVES spectrum
to show that a precision of ~5-10 ms~! can be attained, and by
Figueira et al. (2010), who found that the accuracy obtained by
using atmospheric features can compete with that reached with
gas-cell methods on timescales of days.

To obtain an absolute wavelength calibration, we determined
the wavelengths of the strong atmospheric lines of H,O and O,.
Telluric absorption lines of H,O are present around 6500 A and
in the 6900-7400 A region, while those pertaining to O, popu-
late the regions 6200—-6300, 6800—-6950, and 7650—-7700 A.

We selected the 64 strongest, isolated telluric lines (27 H,O,
37 O,) and fitted them with Gaussians. The best-fit wavelengths
were then compared with the spectral atlas of telluric absorp-
tion lines provided by the “high-resolution transmission molec-
ular absorption database” (HITRAN?; Rothman et al. 2009).
The sample standard deviation between observed and nominal
wavelengths was used as an error estimate. Errors were deter-
mined for H,O and O, separately and found to be larger for the
H,O0 lines, which predominantly populate the wavelength band
beyond 7000 A, where the signal-to-noise (S/N) ratio decreases.

In Fig. 1, we show the thus obtained apparent RV shift
of the 24 spectra. Clearly, the difference between nominal and

! http://www.hs.uni-hamburg.de/DE/Ins/Per/Czesla/PyA/
PyA/index.html
2 http://www.cfa.harvard.edu/hitran
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observed wavelength of the telluric lines follows a systematic,
time-dependent trend. The blue shift corresponds to a drifting of
approximately 1 kms™' in five hours. The drift is neither linear
nor monotonic, but shows a humpy behavior. Most notably, there
is a sudden jump of 0.2 kms™! after the 12th observation. We
find no wavelength-dependence of the trend in the 6200—7700 A
range covered by telluric lines.

This telluric drift may be caused by instrumental and
atmospheric effects. As an evolving velocity field in the
atmosphere gives rise to a Doppler shift, it induces a wavelength-
proportional line shift. To check whether this is the case, we de-
termined the apparent shift of telluric lines in seven echelle or-
ders. Our analysis suggests that the drift of telluric lines does not
show the characteristics of a Doppler shift, but is dominated by
a displacement of the spectrum on the detector (about 0.1 CCD

pixels at 6700 A).

The telluric line drift may be the result of a changing dis-
persion relation caused by a variation in the ambient condi-
tions. The ambient pressure and temperature reported in the
FITS headers, indeed, follow a pattern reminiscent of the tel-
luric line drift. Figure 2 shows both quantities as a function
of time. Ambient pressure and temperature are both strongly
correlated with the telluric drift pattern yielding Pearson cor-
relation coefficients of 0.92 and 0.80, corresponding to shifts
of 1.38 kms~'/hPa and 1.12 kms~!/°C. According to the ESO
UVES User Manual (Kaufer et al. 2011) and the ESO Quality
Control Group (2005), variations in temperature yield shifts
of typically 0.35 pixels/°C (0.5 kms~!/°C) in dispersion direc-
tion and changes in the ambient pressure cause typical shifts of
0.05 pixels/hPa (0.1 kms~'/hPa). Given the environmental con-
ditions during the night (see Fig. 2), temperature variations dom-
inate the instrumental drift.

Although the observed drift in our spectra is larger than that
inferred from the UVES manual, we identify the ambient con-
ditions as the likely dominating cause of the apparent drift. This
conclusion is in line with the results of Reiners (2009), who an-
alyze similar differential velocity drifts.

3.2. Photospheric Rossiter-McLaughlin effect and optical
photometry

Below, we present a joint analysis of the photospheric Rossiter-
McLaughlin effect derived from the UVES spectra and simulta-
neously obtained optical photometry.

3.2.1. Analysis of PROMT data

The photometry was obtained using PROMPT. To reduce these
data, we carried out the usual CCD data reduction steps. We
identified USNO-B1.0-0913-0447626 as the most well-suited
comparison star and obtained the differential light curve for
CoRoT-2A along with several control light-curves using other
comparison stars. To obtain the light curves, we extracted
the photons from circular apertures centered on the individ-
ual stars. The local sky level was measured within an an-
nulus surrounding the aperture. In the case of CoRoT-2A,
the aperture also comprised its bona-fide physical companion,
2MASS J19270636+0122577. The resulting light curve was
normalized using a linear fit to the out-of-transit points and is
shown in the lower panel of Fig. 4.
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Fig. 2. Time dependence of ambient pressure and temperature during
the UVES observations.

3.2.2. Measurement of the photospheric
Rossiter-McLaughlin effect

We determined the radial-velocity shift of the stellar spectrum
obtained with UVES by cross-correlating it with a synthetic
template of CoRoT-2A according to the prescription by Zucker
(2003). The template was calculated with the SPECTRUM stel-
lar synthesis code (Gray & Corbally 1994) and is based on
Kurucz model atmospheres (Kurucz 1993). The stellar param-
eters were adopted from Schroter et al. (2011).

Before cross-correlating them, the observed spectra were
continuum-normalized. To define the continuum, we manually
specified an appropriate number of supporting points for a
piecewise linear fit, chosen by comparing the spectra with the
template. We then calculated the cross-correlation function for
different parts of the spectrum that show no contamination by
telluric absorption lines. While the blue parts of the spectra are
most convenient from that point of view, they completely lack
telluric lines that could be used to correct for the systematic
instrumental drift described in Sect. 3.1. We, therefore, com-
puted the cross-correlation in the 5700-7500 A range and sub-
sequently subtracted the instrumental drift inferred from the tel-
luric lines. The result is shown in Fig. 3 along with a quadratic
fit to the out-of-transit points used in the modeling.

3.2.3. Joint modeling of photometry and
Rossiter-McLaughlin effect

In our modeling, we apply the analytical RME curves pre-
sented by Ohta et al. (2005) and the transit model developed
by Pal (2008). In addition to the RME model, we take into
account the orbital reflex motion of the host star using a si-
nusoidal curve. In our approach, we neglect the slightly non-
zero (e = 0.0143*0077) eccentricity determined by Gillon et al.
(2010), whose influence on our model is small.

The transit model has the following parameters: the orbital
period, P, the mid-transit time, T, the radius ratio, r,/R, the
semi-major axis in stellar radii, a/R;, the orbital inclination, i,
the linear stellar limb-darkening coefficient, €, and the contri-
bution of third light, L3, given as a fraction of the host-star’s
luminosity.

The RME model of Ohta et al. (2005) encompasses, apart
from the third light contribution, all parameters used in the
transit model. In addition, it includes the sky-projected stellar
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Fig.4. Upper panel: photospheric Rossiter-McLaughlin effect of
CoRoT-2A determined in the 5700-7500 A band, our most likely model
(solid), and the model given by Bouchy et al. (2008) (dashed). Lower
panel: transit simultaneously observed with PROMPT and most likely
model from our joint transit+RME fit.

rotational velocity, v sin(/;), and the sky-projected angle between
stellar spin axis and planetary orbit normal, A. Furthermore, we
characterize the stellar reflex motion using a sine with RV semi-
amplitude, K, and an RV zero point, Vj. In the computation of
the RV curve, we used an “overbinned” model to account for the
finite (800 s) integration time per spectrum. In particular, each
observed bin was divided into 15 model bins, which were finally
averaged and compared to the observation.

In an active star such as CoRoT-2A, stellar activity could af-
fect the measured RV curve (Albrecht et al. 2011; Bouchy et al.
2008). Additionally, systematic effects due to the observed in-
strumental drift may still be present. To account for RV shifts
not caused by the stellar reflex motion and the RME itself, we
fitted the out-of-transit points of our RV measurement using a
quadratic model (see Fig. 3) and subtracted the quadratic term
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our modeling, we specified Gaussian priors based on previous
results for the parameters: v sin(ly), A, K, Vo, 1,/Rs, L3, a, and i.
For the radius ratio, r,/R,, we used the difference between the
values derived by Alonso et al. (2008) and Czesla et al. (2009)
as the width of the prior. For all other parameters, except for
the eccentricity, which was neglected, we used uniform priors
covering the full physically reasonable space. The information
on parameters and priors is summarized in Table 1.

We proceeded by sampling from the posterior probability
distribution using a Markov-chain Monte Carlo (MCMC) ap-
proach. In Fig. 4, we show the most likely model given the
data and the prior information. The expectation values for the
parameters and 95% credibility intervals derived from the pos-
terior are given in Table 1. We note that the prior information
has a noticeable influence on the posterior, especially that on
the stellar rotation velocity, vsin(/;). If we neglect this prior in-
formation by using a broad uniform prior, the posterior yields
vsin(ly) = 12.9 (11.9,13.9) kms~!, increasing the amplitude of
the RME model.

Our analysis shows that CoRoT-2A’s companion,
2MASS J19270636+0122577, provides 5.2% of the total flux in
the PROMPT band, which is comparable to the number of 5.6%
derived by Alonso et al. (2008) in the CoRoT band. The ob-
served transit center, 7, shows a slight displacement of —76.7 s
if compared to the ephemerides given by Alonso et al. (2008).



6.3. The extended chromosphere of CoRoT-2A

101

S. Czesla et al.: The extended chromosphere of CoRoT-2A

The numbers are, however, compatible considering that the 1 o
uncertainty in the Alonso et al. ephemerides amounts to 95 s at
the given epoch, which covers our value. Using the reference
point, Ty A, given by Alonso et al. and our transit center, T, we
can slightly improve the estimate of the planet’s orbital period
using the equation

(2455354.796312d - 76.7s) — To a

P, = 1
641 )

= 1.74299502 + 0.000 001 d.

We caution that large starspots may affect the transit timing, but
as our period estimate lies within the error given by Alonso et al.
(2008), their effect is unlikely to be larger than the observed off-
set of —77 s. Whether the small deviation is due to starspots,
cannot be decided on the basis of the data at hand.

In the upper panel of Fig. 4, we show our data points (see
also Table A.1), our best-fit RME model, and the model derived
by Bouchy et al. (2008) (their “combined MCMC fit” shifted
to our RV offset); in Table 1, we list the associated parameter
values and the 95% highest probability density (HPD) credibility
intervals derived using MCMC sampling.

The RME observed with UVES shows a slightly larger am-
plitude than reported by Bouchy et al. (2008), which causes the
larger vsin(/s) value derived from our data. While the derived
linear limb-darkening coefficient, €, of 0.3 appears to be low
compared to the number of 0.66 reported by Claret (2004) for
a star like CoRoT-2A in the #’ band, it is in better agreement
with the number of 0.41 + 0.03 given by Alonso et al. (2008),
neglecting their small (0.06) quadratic term.

Although the amplitude of the RV shift produced by the
orbital motion of the planet, K, cannot be reliably determined
given that our data cover only about 10% of the orbital period,
we find our number of 564 (541,587) ms~! to be in good agree-
ment with the value of 563 + 14 ms~! derived by Alonso et al.
(2008) using the full orbit.

CoRoT-2A is an active star, which had a substantial spot
coverage during the half-year long CoRoT observation (Alonso
et al. 2008; Czesla et al. 2009; Huber et al. 2010). It is likely that
spots were also present during the transit under consideration.
Parameter uncertainties imposed by stellar activity on the order
of a few percent have been found for CoRoT-2A, e.g., by Czesla
et al. (2009), and we expect to find a similar effect in our current
measurements.

Our photometry suggests that the planet-to-star radius ratio
is about 2% smaller than observed by Alonso et al. (2008). Such
a decrease may be caused by a corresponding decrease in the
total spot coverage of the star, which would make the planet ap-
pear smaller. A smaller planet could also account for the larger
model value of the stellar rotation velocity, which would then
counterbalance the less pronounced RME effect produced by a
smaller planet. Alternatively, the spot coverage on the eclipsed
section of the star may be larger, thus, making the transit appear
less deep (Czesla et al. 2009). We refrain from pointing out indi-
vidual spot-crossing events in our photometry, because the data
do not allow a unique identification.

Strong stellar activity as observed on CoRoT-2A can mask
the true values of the physical parameters, leading to differences
between individual measurements. To quantify this activity scat-
ter, a larger sample of measurements, allowing a statistical
analysis, would be needed.
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Fig. 5. Chromospheric Rossiter-McLaughlin effect: radial velocity shift
of the Can H and K lines. Circular data points: RV corrected for telluric
drift; triangles: uncorrected RV shift; and dashed line: orbital radial ve-
locity model.

3.3. The chromospheric Rossiter-McLaughlin effect

As the planet eclipses the chromosphere during the transit, the
RME should also be observable in chromospheric emission
lines. Among the chromospheric features in CoRoT-2A’s spec-
trum, we find that only the cores of the Can H and K lines
are usable for our analysis. These lines are both strong enough
and sufficiently uncontaminated by photospheric emission. A de-
tailed analysis of the chromospheric features in Ha, HB, the Na |
lines, or the Ca infrared triplet is impeded by a comparably large
photospheric background, which is small in the Canm H and K
emission-line cores (see Fig. 7, or Fig. 4 in Schréter et al. 2011).

In the red, we used the telluric lines as standards to improve
our wavelength calibration (cf., Sect. 3.1). Because this proce-
dure remains impossible in the blue owing to the lack of appro-
priate telluric lines, we adopted another approach to obtain a cor-
rection for the instrumental drift: We derived the photospheric
RME in the blue part of the spectrum using a synthetic spectrum
and a line list obtained from VALD (Piskunov et al. 1995) to de-
termine the wavelength of 38 unblended stellar absorption lines
between 3800 and 4300 A. Our previously calculated red RME
model was then subtracted and the residual signal was attributed
to the drift. While we used the thus derived correction to model
the chromospheric RME, we emphasize that the detection of the
effect is independent of this correction.

To estimate the apparent RV shift of the Can H and K line
cores, we determined their barycenters using small 0.5 A-wide
segments centered around the cores’ nominal positions (cf.,
Fig. 7). As both should be similarly affected, we averaged the
results yielding a mean RV shift in the Can H and K emission
line cores.

In an alternative approach, we approximated the Can
H and K emission-line cores with Gaussians and used MCMC
sampling to explore the posterior probability distribution. The
measurement errors were assumed to obey a normal distribu-
tion and were derived by comparing the observed spectrum to
an appropriate synthetic template. Both the barycenter and the
Gaussian fit approach yielded comparable results. The resulting
RV shifts are listed in Table A.1, and the outcome of the MCMC
analysis is shown in Fig. 5, which shows an RV curve with a sig-
nature strongly reminiscent of the photospheric RME; the errors
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correspond to 68% credibility intervals. We found that the cen-
ter of the Gaussian is not correlated with any other parameter
and concluded that the estimate is insensitive to the shape of the
emission-line core.

To check the significance of the detection, we tested the null
hypothesis that the RV variation in the Cam H and K cores is
described by the orbital motion of the planet alone. Applying
x? statistics, the null hypothesis can be rejected with a p-value
of 10719, indicating that our data include an additional contribu-
tion to the RV variation, which we attribute to the chromospheric
RME.

To exclude the possibility that we merely detected the RME
present in the residual photospheric flux underneath the Can
H and K emission-line cores, we used simulated spectra. First,
we obtained a synthetic spectrum of the Cam H and K line region
without emission-line cores, shifted it according to the observed
photospheric RME, and applied noise to simulate the observa-
tion. We then used the same barycenter method applied to the
UVES spectra and found that no RV shift can be detected that
can be distinguished from noise. This is a consequence of the
broad Camn H and K line wings. Second, we added the emission-
line cores. Our simulations show that both the RV signal re-
sulting from the barycenter method and the Gaussian fit to the
cores are dominated by the shift in the cores and virtually unaf-
fected by the underlying photospheric flux. We, therefore, con-
clude that the observed additional RV shift is not a relic of the
photospheric RME, but is, indeed, related to the chromospheric
emission.

3.3.1. Interpreting the radial velocity signature

The similarity of the chromospheric RV signature (see Fig. 5)
and the photospheric RME suggests that the surface of
CoRoT-2A is covered by active regions — at least the fraction
eclipsed by the planet. The chromospheric and photospheric
RME can, however, be described by the same model with
different parameter values accounting for the physical condi-
tions in the chromosphere and the photosphere. In particular,
the wavelength-dependent center-to-limb variation and a, poten-
tially, wavelength-dependent radius ratio must be taken into ac-
count (Vidal-Madjar et al. 2003; Dreizler et al. 2009).

In a first attempt to model the chromospheric RME, we con-
sidered only the RV offset, V, and the center-to-limb variation,
i.e., the limb-darkening coefficient, €, as free parameters. The
remaining model parameters remained fixed at the photospheric
values given in Table 1. We, again, imposed uniform priors on
all parameters and used MCMC sampling to explore the pos-
terior probability distribution. The optimal solution found after
10° iterations is shown in Fig. 6. The fit describes the data qual-
itatively, but, formally, the quality remains poor with a y>-value
of 76.3 for 22 degrees of freedom.

In a second fitting attempt, we allowed for an extended chro-
mosphere, i.e., a larger radius of the star, by introducing a scal-
ing factor. Using a uniform prior for the scaling, we repeated the
MCMC sampling and found that the data are reproduced best
if the chromospheric radius is a factor of 1.16 (1.1, 1.23) larger
than the photospheric radius, Rp,. Formally, the fit is improved
yielding a y?-value of 58.8 with 21 degrees of freedom for the
lowest deviance solution.

Clearly, the 95% highest probability density (HPD) interval
favors a larger chromospheric radius (see Table 2). To solidify
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Fig. 6. Chromospheric Rossiter-McLaughlin effect: data points (filled
black circles), best-fit model with radii fixed at photospheric values
(dashed red), and best-fit model with free stellar radius (solid blue).

Table 2. Results of the modeling of the chromospheric Rossiter-
McLaughlin effect.

Quantity Value* 95 % HPD

€ -0.4 [-16.5, 1.0° ]
Ve [kms™']  21.953  [21.918, 21.987]
€ -44 [-20.0%, —0.6]
Ve [kms™'] 21957 [21.922,21.992]
R; [Rphoto] 1.16 [1.10, 1.23]

Notes. ( We report the value pertaining to the lowest deviance solution
after 10° iterations. ”’ This limit of the credibility interval is determined
by the finite range of our uniform prior.

the significance of the result, we used an F-test to compare the
vying models. We calculated the estimator

02 = XDV — )

F =
X3/ Ve

()
and compared its value to an F-distribution with v, — v, and v,
degrees of freedom (e.g., Rawlings et al. 1998). We found that
the improvement is significant at the 98% confidence level.

In an alternative approach, we used the method described by
Newton & Raftery (1994, see their Sect. 7, Eq. (13)) to estimate
the marginal likelihood using the harmonic mean computed from
the posterior sample generated by the Markov chain. Given the
marginal likelihoods, we computed the Bayes factor, B, and ob-
tained log,;y(B) = 3.5. In the scale introduced by Jeflreys (see,
e.g., Kass & Raftery 1995, and references), this yields “deci-
sive” evidence in favor of the model that proposes a larger chro-
mospheric radius for CoRoT-2A. We conclude that this model
provides a significantly better description of the data.

We note that a model in which the planetary radius is en-
larged to account for the prolonged transit is not supported by
our data. To explain the longer transit, the planetary radius would
have to be larger by about a factor of two, which would drasti-
cally increase the amplitude of the RME as a whole and is in-
consistent with the data.

Taking the stellar radius into account, the relative enlarge-
ment of 16% can be converted into an absolute “chromospheric”
scale of 100000 km. For the Sun, Beck & Rezaei (2011) ob-
served Ca H and K emission up to 5000 km above the solar
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limb. The largest solar prominences such as the “Grand Daddy
Prominence” reach projected heights of 112 000 km as measured
in Ha emission (Pettit 1946). Reverting to the solar analog, we
speculate that CoRoT-2A is covered with structures reminiscent
of the Grand Daddy Prominence in size. Whether these struc-
tures are stable cannot be decided on the basis of the data, al-
though, in our measurement, the chromospheric RME appears
to be symmetric, which indicates the presence of extended struc-
tures on both sides of the star. We interpret this as evidence of
a stable configuration or at least a high filling factor of active
regions creating large chromospheric structures.

We found that €, which parametrizes the chromospheric
center-to-limb variation, appears to be negative. This indi-
cates that the chromosphere is limb-brightened. At some point,
the limb-brightened RME model effectively becomes a “ring
model”, which is relatively indifferent to further changes in €.
As our data do not rule out this region, the exact level of chro-
mospheric limb-brightening cannot currently be determined.

As shown in Fig. 6, some data points are incompatible with
either RME model. This may be due to the following reasons:
statistics and systematics, chromospheric inhomogeneities, and
intrinsic variability.

During the transit, the RME curve could be affected by
plage-crossing events. We checked that features with RV ampli-
tudes of ~150 ms~! can be reproduced assuming a plage region
with a size similar to that of the planetary disk and twice the
photospheric brightness (cf., Sect. 3.3.2). Additionally, the chro-
mospheric emission may show intrinsic variability unrelated to
the transit. However, we argue that neither intrinsic variability
nor systematics due to the wavelength calibration are likely to
mimic the prolonged transit signature observed in Can H and K.
Nevertheless, such an effect cannot ultimately be excluded.

3.3.2. Distribution of chromospheric and photospheric
emission

The detection of the RME in the Can H and K lines shows
that a significant fraction of the chromospheric emission regions
must be eclipsed during the entire transit. Any differences in the
distribution of chromospheric and photospheric surface bright-
nesses should be reflected by a variable equivalent width (EW)
of the Can H and K emission-line cores during the transit, be-
cause chromospheric emission would be measured relative to
the photospheric continuum. To obtain an estimate of the EW,
we summed the signal in 1.4 A wide bands centered on the
Camn H and K emission-line cores (see Fig. 7) and compared it to
the signal obtained in the two photospheric bands in the regions
3981-3996 A and 3861-3909 A. The choice of these bands is
arbitrary, but we verified that our results depend only weakly on
this choice. The resulting ratio, R, is a measure of the quantity
(yis(Aca))(®) 3)
(buis(Apn))(®)
where (byis(Acapn)) is the mean surface brightnesses of the visi-
ble fraction of the star in Can H and K and the photosphere.

Figure 8 shows the outcome. No variation in the observed
EW is detectable within the limits of our uncertainties. The ratio
of Cam H and K signal to the continuum signal in the aforemen-
tioned bands amounts to R = (2.31 + 0.028) x 1072, The given
error corresponds to the sample standard deviation. It does not
differ for in- and out-of-transit points and is attributed to a com-
bination of measurement errors and intrinsic variability.

If the photospheric and chromospheric emission were
equally distributed on the visible surface of CoRoT-2A, the EW
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Fig.7. CoRoT-2A’s Can H and K lines. Gray intervals indicate the
bands used to measure the flux in the emission-line cores (see text for
details).
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Fig. 8. Ratio of integrated fluxes in both the Canm H and K emission-line
cores (see Fig. 7) to those in the comparison bands (see text).

of the Can H and K cores and, therefore, R would remain con-
stant during transit, because the occultation has the same effect
on both photospheric and chromospheric emission. A change in
R indicates a deviation from the equal distribution on the cur-
rently occulted section of the stellar disk. If, for example, an ac-
tive region is occulted, more chromospheric than photospheric
emission should be blocked, leading to a decrease in R.

In the following, we quantify the relation between surface
brightness distribution and R. The brightness, B(1), of the entire
stellar disk at any wavelength, A, can be written as
B(A) = f{bocc(D) + F{byis(D) (C))
where f is the occulted area of the stellar disk and F the vis-
ible area. For the special case of (boec) = (bvis) = b, we ob-
viously obtain B = (f + F)by. Starting from exactly this situ-
ation, we introduce a bright chromospheric plage region with a
local surface brightness, (b{.(Aca)), Which is a factor of a higher
than the mean surface brightness. Hence, we write (b/..(1ca)) =
abo(Aca)

The conservation of total brightness demands that a local in-
crease in the surface brightness across the eclipsed section of the
star must be balanced by an adjustment of the mean brightness
of the visible fraction, (byis(Aca)), which we parametrize by 5 so
that (b, (Aca)) = Bbo.

Assuming that the photospheric surface brightness remains
unaffected, the ratio R is proportional to 3 (see Eq. (3)). Starting
from B = fab + Ff3by, we obtain the relation

f

p=1+%01-a). (&)

In the case of CoRoT-2A, the factor f/F amounts to =~0.03.
Thus, if a plage region with a local Canm H and K surface
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brightness that is a factor of @« = 15 higher than the mean
brightness were eclipsed, the observed EW would be a fac-
tor of 2 lower. The relative stability of R, which varies by
only about 3%, suggests that the surface brightness of the Can
H and K emission does not strongly deviate from that of the pho-
tosphere. According to our result, the photospheric and chromo-
spheric surface brightnesses are the same to within a factor of
about 2.

An analysis of the chromospheric emission in the Can in-
frared triplet, which is visible as a substantial filling-in of the
line cores, yielded compatible but less conclusive results due to
the much larger photospheric contribution.

3.4. Searching for planetary Na | absorption

During a primary eclipse, stellar light passes through the plane-
tary atmosphere, potentially giving rise to planetary absorption
features. These features have, indeed, been detected in several
systems using the Hubble Space Telescope and more recently
ground-based data (e.g., Charbonneau et al. 2002; Redfield
et al. 2008). According to Seager & Sasselov (2000), the most
prominent planetary absorption features in the optical should be
caused by neutral sodium.

To search for planetary sodium absorption features in our
spectra, we combined them to yield in- and out-of-transit tem-
plates with a S/N ratio of 90 and 110 around Nai, respec-
tively. As discussed by Schréter et al. (2011), the sodium dou-
blet is affected by strong blue-shifted interstellar absorption.
Additionally, the line core is contaminated by residual sky emis-
sion. In the course of our observations, the strength of the sky
contribution increased monotonically following the airmass. We
found that a correction for the sky emission is problematic,
because the sky spectrum shifts in wavelength relative to the
stellar spectrum producing spurious absorption in the in-transit
template. The quality of our combined template spectra does
not allow us to subtract a heuristic model of the sky emission
without introducing additional residuals. Therefore, we found it
impossible to deduce a reasonable upper limit to the planetary
sodium absorption.

4. Discussion and conclusion

We have presented our analysis of 24 high-resolution UVES
spectra of CoRoT-2A and simultaneously obtained photometry,
observed during a planetary transit. We have reported on the
—to the best of our knowledge — first detection of a prolonged
RME in the chromospheric Can H and K emission-line cores.
Furthermore, we have presented a joint analysis of the photo-
spheric RME and the transit photometry.

During our analysis, we found that the wavelength calibra-
tion of UVES undergoes a substantial drift, which we corrected
using telluric standards. While the modeling of the RME de-
pends on the details of this correction, neither the detection of
the photospheric nor the chromospheric RME does.

Our modeling yielded an improved estimate of the orbital
period of the planet and shows that our data favor an RME am-
plitude slightly larger than that reported by Bouchy et al. (2008)
using HARPS and SOPHIE data. This results in a larger estimate
of the projected rotational velocity, v sin(Jy), of the star. This dif-
ference potentially reflects a change in the total stellar spot cov-
erage between the observations. As Alonso et al. (2008), we de-
rived a weak limb-darkening relative to the theoretical numbers
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given by Claret (2004). We speculate that a larger contribution
from plage regions and, therefore, the observed activity, may
be responsible for this. While the planet clearly passes across
the stellar disk, our search for planetary absorption features in
sodium remained inconclusive, owing to the lack of signal and
contaminating sky emission.

The presence of the chromospheric RME indicated that chro-
mospheric emission was eclipsed during every phase of the vi-
sual transit — and beyond. We present evidence that the transit
observed in Can H and K lasts about 15% longer than its vi-
sual counterpart. Our modeling shows that the data are most
closely reproduced by increasing the size of the stellar chro-
mosphere. In contrast, boosting the planetary radius by a fac-
tor of two, as would be needed to explain the longer transit, is
incompatible with the data. The observed chromospheric scale
of 100 000 km is compatible with large solar structures such as
the “Grand Daddy Prominence”. Our observations indicate that
such structures could cover a substantial fraction of the surface
of CoRoT-2A and other very active stars.

The analysis of the chromospheric RME favors chromo-
spheric limb-brightening. However, in a subsequent analysis of
the EW of the Can H and K emission-line cores, we found no
differences between the surface brightness distributions of chro-
mospheric and photospheric emission to within the uncertainties
of our data.

Besides the scale height of the chromosphere, the analysis
of the chromospheric RME allows to explore the structure of
the stellar chromosphere covered by the planetary disk, i.e., the
center-to-limb variation and inhomogeneities due to active re-
gions. Indeed, the asymmetry of the chromospheric RME curve
(see Fig. 6; 0 < time < 0.05 d) may be a consequence of inhomo-
geneities in the chromospheric surface-brightness distribution.
However, the sparse phase coverage, the uncertainties imposed
by the instrumental RV drift, and the likely presence of intrin-
sic variability do not allow to safely attribute these variations
to surface features. Nonetheless, both points could be addressed
by dedicated observations with today’s instrumentation. In par-
ticular, what is needed to verify our results is higher temporal
resolution, spectra of equivalent or higher S/N, and improved
RV stability — hence, a brighter target.

To increase the amount of chromospheric signal, future ob-
servations could include other emission-line cores in the UV re-
gion such as the Mgt H and K lines at #2800 A, which are not
covered by the present data. As for Can H and K, these lines
have weak photospheric contributions, but are, unfortunately,
impossible to observe from the ground.

As an alternative to the chromospheric RME, the chromo-
spheric center-to-limb variation and inhomogeneities could also
be studied using narrow-band transit-photometry centered on
chromospheric emission lines (Assef et al. 2009; Schlawin et al.
2010). In contrast to the RME, however, this method relies on a
precise photometric calibration (Snellen 2004), which is difficult
to achieve especially in ground-based observations.

Our analysis demonstrates the power of the Rossiter-
McLaughlin effect for the exploration of the stellar atmosphere
and clearly underlines the need for dedicated observations.
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Appendix A: Details of observations and data analysis
Table A.1. Details of data and data analysis.
No. HID IS¢  Airmass Seeing Pressure Temp. 77 RV ARV Can
—-2400000 d ["] [hPa] [°C] [kms™!] [kms™!]
1 55354701526 n 1.377 0.94 744.27 1062 n  23424+0.017 0.16 £0.07
2 55354711337 n 1.319 1.07 744.31 1059 n  23412+0.017 -0.06+0.08
3 55354.721503 n 1.270 0.89 74432 1057 n 23.400+0.017  0.19 +0.09
4 55354.731315 n 1.231 1.08 744.32 1052 n 23389+0.017  0.09+0.08
5 55354741612 n 1.196 0.95 744.29 1038 n  23.335+0.016 0.01+0.09
6 55354751424  n 1.170 1.03 744.25 1026 'y  23357+0.017 0.44 +0.09
7 55354761459 n 1.149 1.07 744.19 1024 y  23559+0.017 0.20+0.07
8 55354.771271 n 1.133 1.12 744.16 1023y 23528 +0.017 0.34 +0.08
9 55354.781191 n 1.122 1.36 744.08 1026y  23422+0.022 0.41+0.10
10 55354.791007 n 1.115 1.31 743.96 1020 'y 23376+0.016 0.12+0.07
11 55354.801043 n 1.113 1.15 743.89 1026 y  23233+0.020 0.03+0.10
12 55354812237 y 1.116 1.45 743.80 10.12 'y  23.086+0.019 0.08 +£0.11
13 55354.822116 y 1.124 1.29 743.78 10.13 'y 22940+0.023 —0.04 £0.09
14 55354.831931 y 1.135 0.98 743.73 9.91 y 22990 +0.019 -0.32+0.09
15 55354.841743 y 1.152 0.98 743.74 9.91 y  23.100+0.020 -0.44 +0.09
16 55354.851776 'y 1.174 0.95 743.70 9.85 n  23.152+0.021 0.23+0.09
17 55354.861589 vy 1.201 0.92 743.78 9.92 n  23.096 +0.030 0.03 +0.09
18  55354.871404 y 1.235 0.83 743.80 9.86 n  23.056+0.051 -0.26+0.09
19 55354.881691 y 1.277 0.85 743.75 9.89 n 23121 +0.033 -0.20 +0.08
20 55354891506 y 1.326 0.83 743.68 9.77 n  23.048+0.029 -0.29 +0.08
21 55354901320 vy 1.385 0.71 743.68 9.78 n  23.014+0.037 -0.15+0.09
22 55354911400 vy 1.456 0.73 743.71 9.91 n  22950+0.044 -0.23+0.11
23 55354921213 y 1.539 0.86 743.74 10.15 n 22984 +0.058 -0.15=+0.09
24 55354931026 y 1.640 1.18 743.79 9.98 n  22.890+0.034 -0.16+0.09

Notes. © Was the Image Slicer (IS) used? (Yes/No). ¥’ Was the observation obtained during transit? (Yes/No).
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ABSTRACT

High-energy irradiation of exoplanets has been identified to be a keymciuen the stability of these planets’ atmospheres. So far,
irradiation-driven mass-loss has been observed only in two Hot Jsipéted the observational data remain even more sparse in the
super-earth regime. We present an investigation of the high-energgiemin the CoRoT-7 system, which hosts the first known
transiting super-earth. To characterize the high-energy XUV radiaghifito which the rocky planets CoRoT-7b and CoRoT-7c are
immersed, we analyzed a 25 ks XMNewton observation of the host star. Our analysis yields the first cleBs{X-ray detection of
CoRoT-7. We determine a coronal temperature &MK and an X-ray luminosity of % 10?8 ergs™. The level of XUV irradiation

on CoRoT-7b amounts te 37 000 erg c? s71. Current theories for planetary evaporation can only provide arr-afd@aagnitude
estimate for the planetary mass loss; assuming that CoRoT-7b hagsifasmaerocky planet, we estimate that CoRoT-7b evaporates at
arate of about B x 10'* gs* and has lost 4 — 10 earth masses in total.

Key words. Stars: activity — Stars: planetary systems — Planets and satellites: atmessph¥-rays: stars — X-rays: individuals:
CoROT-7 — Stars: coronae

1. Introduction etal. (2011) oM, = 7.4 Mg, yielding a mean planetary density
fp, =104 gcnTs.

af-Pp . . . .

Interestingly, the known super-earthsffei drastically in

ir physical properties. For example, the Earth-likesitgrof

7 — 10 gent? found for CoRoT-7b (Bruntt et al. 2010; Hatzes

et al. 2011) is in sharp contrast to findings for GJ 1214b, tvhic

ghOWS adensity of only.2+0.4 g cnT3, suggesting the existence
gaseous envelope (Rogers & Seager 2010; Nettelmann et al.
011). One possible source of thistdrences is the high-energy

irradiation from the planets’ host stars, which has beentitied

as the main driver of planetary mass-loss and is therefoma-an

portant factor for their evolution (e.g., Sanz-Forcadd.€2@10).

Observational evidence for ongoing evaporation has baamdfo

.Ifor two transiting Hot Jupiters: HD 209458b (Vidal-Madjarad

2003) and HD 189733b (Lecavelier Des Etangs et al. 2010). The

CoRo0T-7 has anfeective temperature of 525060 K, a surface accumulated féect of stellar high-energy emission could have

. _ ft fingerprints on today’s planetary population (Sanzeada
gravity of log(g) = 4.47+ 0.05, and a metal overabundance 0‘% al. 2010). For CoRoT-7b, Valencia et al. (2010) showed tha
I

After more than a decade of finding Jovian exoplanets, pl
etary research has entered a new stage heralded by the t%ig
covery of low-mass — possibly Earth-like — exoplanetéger
et al. (2009) reported on the detection of the first knownsitan
ing super-earth, CoRoT-7b. In quick succession, intendialra
velocity follow-up revealed a second, CoRoT-7c (Quelozlet
2009), and potentially a third planet, CoRoT-7d (Hatzeslet
2010), making CoRoT-7 a compact super-earth system.
CoRoT-7b orbits its host star every88 d, has a mass of
~ 7.4 Mg, and a semi-major axis of @7 AU (Hatzes et al.
2011). CoRoT-7c orbits at a distance 0086 AU, has roughly
twice CoRoT-7b’s mass, and an orbital period of 8 (Queloz
et al. 2009). The spectral properties of the host star, CeRo
have been analyzed beforegger et al. 2009; Bruntt et al. 2010).

[M/H]= 0.12 + 0.06 with an abundance pattern consistent wit .
that of the Sun. Bruntt et al. (2010) concluded that CoRoT-78S accumulated planetary mass-loss may be as high as 400 M
: ) the planet initially hosted a massive hydrogen-heliurmesn

orbits a main-sequence star of spectral type G8V-KOV. . o ; .
The two sup?ar-earths CoRoPI'-7b an)clipCoRoT—7c cause IJRPedand ca.li?r 4 Mg if the inital planetary density was similar
{0 today'’s value.

amplitudes of onlys 5 ms™. Accurate RV measurements in To shed light on the possible atmospheric evaporation of
the CoROT-7 system are madéfiult because of the host star's 527 9 D the firat e o o hich.
activity; indeed, the analysis of Queloz et al. (2009) shibtirat ORO , WE present nere the lirst measurement ot the hig
the dominating RV signal can be attributed to stellar rotagind, €N€'9Y €mMIssion of the super-earth host-star CoRoT-7.

thus, activity. Those authors found a mean R¢iIK)) index of
—4.612 and a 2% variation in phase with the 23 d stellar rot
tion period. This result is in line with the optical variabjlob-
served in the CoRoT light-curve gger et al. 2009). Pinpointing CoRoT-7 was observed with XMNilewton for approximately

the exact mass of CoRoT-7b has proven to bBadilt because 25 ks on September 22, 2010 (ObsID 0652640201, Pl V.
of the fairly high activity of the host star. The mass estiesat Kashyap). The observation does not cover any planetargitran
of various authors dlier by several Earth masses, see for exarfor our analysis of the X-ray data we used SAS version 11.0 and
ple Queloz et al. (2009), Hatzes et al. (2010), and FerralteMefollowed standard routines for data reduction. The obsema

et al. (2011); here we use the mass determination from Hatzoesried out with the thin filter, isféicted by strong background

9. Data analysis
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Fig.2. UV light curve of CoRoT-7 recorded with XMMNewton's

Fig.1. Soft X-ray image of CoRoT-7, merged data from xMMm-Optical Monitor and rebinned to 200 s time resolution.
Newton’s MOS1, MOS2, and PN camera in the 0.2-2 keV energy band.

after the first 10 ks; the background contribution is patéidy
strong in the PN detector. In our analysis we did not disigal
time intervals of strong background, as this would have mea
losing most of the data, too. However, the EPIC backgrour
contributes strongest at energies above 2 keV and can dneref
be reduced by choosing an approriate low-energy range whe
moderately active stars have their strongest X-ray enmissio
In Fig. 1 we show the soft X-ray image of CoRoT-7. We
extracted the source signal from a circular region with 1&" r
dius centered on the nominal, proper-motion correctedtiposi
of CoRoT-7 from SIMBAD; the background signal was mea:
sured in a source-free region close to CoRoT-7 and subtract
from the signal in the source region.
Our analysis was carried out in the soft energy band fror ~ -02—— =5 5 =5 oo
0.2 — 2 keV, as this is where stellar emission is typically strong Radial velocity (km s~1)
for weakly to moderately active stars as CoRoT-7, see for ex-
ample Telleschi et al. (2005). In this way, the strength & tHFig. 3. Combined UVES spectra of CoRoT-7 showing ther ¥ line
background in relation to the source signal was reduced. and interstellar absorption. Aftersubtracting quigt profile (dashed re‘d.
XMM- Newton's Optical Monitor (OM) was used in the fastfrom the data (blue) the blues.hlfted absorption feature becomes visi-
mode with the UVW1 filter inserted during the observation. T e in the {e5|duals (solid red); the RV shift oI the interstellar feature
UVWL1 filter covers a wavelength range of ca. 240-360 nm 19 kms ) and the COROT-7 system 1 kms) are marked by ver-
. . 4 : . tical, dashed lines. The absorption lines in the outer parts of the line
Fig. 2, we show the OM light-curve with 200 seconds bmnmg,ing are due to Fe
obtained from the raw data.
To obtain a distance estimate from interstellar absorption
features, we analyzed 46 optical VLT-UVES spectra of CoRoT-
obtained during five nights (Sept. 14 2008, Dec. 28 2009,Q&n. .
2010, Jan. 07 2010, Feb. 0(7 2810; programs 081.C-0413(C) &y 1he distance to CoRoT-7
384.C-0820(A)). The data were reduced using the ESO UVE@-Fig. 3 we show an excerpt of the combined optical UVES
pipeline in version 4.4.8 (Ballester et al. 2000). Thesadhatve spectra of CoRoT-7. In the blue wings of the Ndsorption-line
been analyzed before to study possible emission and almorptjoublet, we detected an additional, narrow absorptiorufeat
features of the planetary atmosphere, resulting in a nestiet  \yhich shows a relative displacement-ef2 km s with respect
and an upper limit of 2- 6 x 10°°L, for planetary emission in to CoRoT-7 in radial velocity. This corresponds to a baryxen
the Ca, Can, and NaD lines (Guenther et al. 2011). velocity shift of +19 kms™. Because the feature is visible in
all spectra and shows no intrinsic variability, we attrioitt to
interstellar Na absorption.
3. Results Th . :
e equivalent widths (EWSs) of the Nay[and Na 0} fea-
To determine the X-ray luminosity of CoRoT-7 and the retures are 12 + 1.6 mA and 68 = 1.8 mA. Using the line-ratio
sulting evaporation rates, the distance to the system igatru method (Stdtmgren 1948), we converted this measurement into
Therefore, we start our discussion by deriving new and cemph column density of & 10'° cm2. Welsh et al. (2010) com-
mentary distance estimates based on interstellar absorptid piled a catalog of interstellar Na absorption lines and jol®a
the Wilson-Bappu fect. map of the local interstellar medium, which we used to ob¢ain

Normalized flux
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Table 1. X-ray net source counts of CoRoT-7 in the soft energy band
(0.2-2 keV). Net counts obtained by subtracting the backgroundlsigna 1.0 T T T
after scaling it to the same area (factor 0.09). L

MOS 1+2 PN EPIC merged 0.5
Source region 183 567 750 2 I
Background 1389 5578 6967 2
Net counts 58 65 123 % o.0fF
Significance Ao 210 350 g -
£

—osf

distance estimate from the absorption measured alongrtge li

of-sight. Comparing the Na £3 EWs with the catalog data, we

determined distance estimates of £80 pc (D) and 11Q-70 pc

(D,) for CoRoT-7; the errors were estimated as the standard

gei\_/éatrlr?g g;r:rc]iea(rjcl)sutﬁgctise ?;es;a;:lsre\/\c/iltgw;ezggfllgﬁzf Z\ll_s ‘:ig. 4. Expected_ hardnehss ratio in XMIbiIewton‘s MOS ar|1d kPN de-

2011). tectors, depe_ndlng on the mean coronal temperature (black); _nse_qlas_ur
i ) . hardness ratio of CoRoT-7 (red dashed) shown with 68% credibility in-

Using the Wilson-Bappufeect, Bruntt et al. (2010) obtainedterval (orange dash-dotted).
an absolute visual magnitude of45: 0.6 mag for CoRoT-7.
Given the apparent brightness\éf= 11.7 mag, this translates
into a distance of 18@& 50 pc for CoRoT-7.

Although the results derived from Na,[@nd the photomet- Using WebPIMMS, we converted the mean count rate of a
ric parallax favor a value of 170 pc, all estimates remain con-single XMM-Newton MOS instrument of 1.6 x 10~3 counts st
sistent with the distance of 15020 pc given by leger et al. into an unabsorbed X-ray flux of@x 10-1* ergs cm? s in the
(2009). Therefore, we assume the same distance of 150 p&.i?-2 keV energy band, taking into account the encircled energy
our analysis. fraction of 68% for our 15” extraction region. Given a distarof

150 pc, this translates into an X-ray luminosity of8?8 erg s*.
) This is well in line with previous estimates derived from @hr
3.2. X-ray and UV properties mospheric Ca H and K line emission, which yielded a pre-
Ected X-ray luminosity of~ 2 x 10?8 ergs?® (Poppenhaeger
€

-1.0L . .
5.5 6.0 6.5 7.0
log T (K)

We report a clear X-ray detection of CoRoT-7. The merged EP .
image (MOS1, MOS2, and PN) shows an X-ray excess at | Schmitt 2.011)' For a star of spectral type late G to earlly.K,
OROT-7 displays a typical moderate level of coronal afgtivi

nominal position of CoRoT-7 (see Fig. 1). The detailed seurc’ . . : : ; o
and backpground count numbérs are %ive)n in Table 1. From ¢ ich is also observed in stars with solar-like activity legc

; ; P empelmann et al. 2006; Favata et al. 2008): with a bolomet-
rsnoitrge?]de%?/tzévr\]/g (((j)egg ﬁg/;ietectlon significance.&f & the ric correction 0f-0.437 (Flower 1996), we derived a bolometric

Owing to the strong background signal a detailed analy luminosity of logLyy = 333 and, therefore, an X-ray activity

; SI ; ?f?dicator, logLx/Lpol, Of —4.8.
cr;fatizids?rlrj]rggsssiﬁ;np‘lc')(;atl)t;/tzriﬁtglr:t):a;?rgastgeggr?r:epggﬁg‘?_te _ The UV light-curve seen with the OM does not show strong
perature despite this, we determined a hardness ratio fnem 'Eares (see Fig. 2). To determine the level and slope of ti lig

X urve, we fitted it with a linear model with fredfset and gra-
collected source counts in the MOS1, MOS2, and PN detect ! : . :
Using a soft band of @ — 0.7 keV and a hard band of D— dient and determined errors using a Markov-Chain MontdeCar

2.0 kev, we determined a hardness ratitit = 022.03 the g /o) e\ d1 2 e 596 crediilty merval s given -
9 quar- e y Inte arenthesis. Using the count-to-energy conversion fadtora

We proceeded by calculating theoretical predictions fer thi;- - ¢ spectral type KO from the XMNilewton handbook, we
hardness ratio assumingfigirent coronal temperatures. Th%alculated a flux of % 10°15 ergcm?s! in the covered E)and

modelir)g was carried out using Xspec v12.0 and the_ resultdﬁ 240-360 nm. Combining this with a distance of 150 pc, we
shown in Fig. 4 along with our measurement. From this ana'%btain a luminosity of 2 x 10?8 erg st in the same band
sis, we can constrain the coronal temperature of CoRoT-€to According to our analysis, the slope amoulnts to

between 5 and 37 MK, which is compatible with the coronal 8(18— 14)x 102 countsh?, indicating a slight increase

temperatures seen in moderately active stars such as thatSygr luminosity during the observation, which may be due to

Its mtaX|ml;n; acél\fty. (lior:s;quergly_,rv;? r;\<ssun1|e a_corqtnaJ rinsic short-term variability induced by active reggoar ro-

perature o - Lo calculate LORO1-7's A-ray lUmMINOSIY. tational modulation. Although a temporal analysis of theay-
At a stellar distance of 150 pc, interstellar hydrogen migh,x was not possible, the lack of pronounced UV variability

produce noticeable absorption of the X-ray flux. According tingicates that it can be interpreted as quiescent emission.
Ferlet et al. (1985), the interstellar Nelumn density is a suit-

able tracer for hydrogen. Our measurement of the sodium col-

umn densityN(Na) = 7x 10'° cm2 converts to a hydrogen col- 4. Discussion: Evaporation of CoRoT-7b and

umn density ofN(H1 + Hp) = 3x 10" cm?. Assuming a dis-  ~oReT-7¢

tance of 150 pc to CoRoT-7 (see Sect. 3.1), this corresporals t

number density of about D cnT3 compatible with typical den- Although an X-ray luminosity ok 3x10?® erg cnt? s~ does not
sities observed in the Local Cavity (Cox 2005). place CoRoT-7 among the very active stars, the extreme prox-
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imity of its planets exposes them to high levels of high-gger Leyy = 2.1 x 10?° ergs?, and thus a combined XUV (X-ray
irradiation. and EUV) luminosity ofLxyy = 2.4 x 10?° erg s'of CoRoT-

Given semi-major axes of.@l7 AU and 0046 AU for 7, which is about ten times higher than the X-ray luminosity
CoRoT-7b and CoRoT-7c (Queloz et al. 2009), we calculatedbne. Substituting this number into Eq. 1 yields an estneet
X-ray fluxes of fxp = 3.7 x 10* ergcm?s™ and fxy. = 5x 1.3 x 10 gst for CoRoT-7b’s current mass-loss rate.
10° erg cnm? 571 at the orbital distances of the planets. Assuming This number is higher than the one derived by Valencia et al.
a solar X-ray luminosity of 18 erg s, these fluxes exceed the(2010), who estimated the XUV flux purely from an age-agjivit
solar X-ray flux on Earth by factors of 100000 and 14 000. relation for solar-like stars given by Ribas et al. (2008)¢ce no

We now derive an order-of-magnitude estimate for th¥-ray detection of the star was available. CoRoT-7 has atig
amount of mass that has been evaporated from CoRoT-7b dub-solar mass, being of spectral type G8-KO0; however, dior 0
to the stellar high-energy emission. Planetary evaparao order-of-magnitude estimate of the mass loss, tifemince in
thought to be mainly driven by X-ray and EUV irradiation. Thectivity evolution of G and early K stars is small (Lammerlet a
process is hydrodynamical (Tian et al. 2005; Murray-Claglet 2009) and can be neglected. Valencia et al. (2010) estirhate t
2009) and is much morefficient than pure Jeans escape. ThEUV luminosity as 5< 1078 erg s*. Assuming a lower planetary
approach has been refined for expanded absorption radii aleshsity than in this work, 48 g cnt3, they derived a lower mass
mass-loss ffects through Roche lobe overflow (Lammer et aloss rate of 5 - 1 x 101 gs™.
2003; Erkaev et al. 2007). However, there are still consiboler For CoRoT-7c, we estimate that the mass-loss rate should be
uncertainties about the dynamics of the process. In addive about an order of magnitude lower than for CoRoT-7b due to
assume here that CoRoT-7b has formed as a rocky planet #mel weaker irradiation. Because this planet does, howewaer,
that the orbital distance is stable; there are other calonka transit, its radius—and thus density—remains unknown.
that consider planetary migration as well as CoRoT-7b btiag Planetary mass-loss rates have been measured for two Hot
solid core of an evaporated gaseous planet, which constguedupiters so far by using the transit depth in the hydrogem Ly
derive very diferent mass loss histories (Jackson et al. 2010ine as an indicator for extended and escaping planetarg-atm
Here, we apply the same formula as used by Sanz-Forcada espheres. Vidal-Madjar et al. (2003) reported a lower linoit f
(2011) and Valencia et al. (2010). The latter authors arpae tthe mass loss rate of HD 209458b of 10°g s™. Similarly,
the mass-loss rates, originally estimated for gaseougfdacan Lecavelier Des Etangs et al. (2010) derived a mass loss eate b
in principle remain true also for rocky planets, becausergie tween 16 and 161 g s for HD 189733b. The orders of magni-
of sublimation in close vicinity to the star should be abledan- tude are compatible with our calculations, even if thesenplas

terbalances the mass-loss: tional results were obtained for gaseous, not rocky planets
Based on our mass-loss rate determination for CoRoT-7b, we
N 3eFxuv (1) can derive an order-of-magnitude estimate for the totalgikry
4GppK '’ mass-loss over time. The possible stellar age range for CGRo

. L . Is given by Leger et al. (2009) as.2- 2.3 Gyr; we adopt here
whereFxyy is the incident XUV flux at the planetary orb&is -, age of 15 Gyr. Along the lines of Valencia et al. (2010) we

the gravitational constang,, the mean planetary density, which . ; )
. assume a constant density of CoRoT-7b. Likewise, for the ste
we assume to be Mg cnt3 according to Hatzes et al. (2011) Y

; - . lar activity evolution, we assume that the combined X-ragt an
ande is a factor to account for heatindgfieiency of the plan- Y g

) . -y - EUV luminosity increases at younger stellar agdsy a factor
etary atmosphere, with = 1 denoting that all incident energy ¢ (t/7.)"123 with 7, being the current stellar age in Gyr (Ribas
is converted into particle escape. Several authors ches@.4

(Valencia et al. 2010: Jackson et al. 2010), inspired by rse et al. 2005), and that the activity remains at a constant feve

. ; . ages younger than 0.1 Gyr. Inserting the time-variable XW¥ fl
tions of the evaporating Hot Jupiter HD 209458b, and we Vollo; - Eq. 1 and integrating over 1.5 Gyr yields a total mass tfs

their approach. However, this can only be a rough estimateof -, ‘g, ‘This s higher than the result of Valencia et al. (2010) of
true heating #iciency, which cannot be stated more precisely_, Ma, who used a lower stellar XUV flux and lower planetary

without detailed models of the dynamics of the exoplanediry yengjy I we consider the uncertainty in the age detertitna
mospherek is a factor for taking into accountiects from mass ¢ 0R6T.7. our estimated mass loss range extends KM,
loss through Roche lobe overflow; we neglect theeces by as- en the current uncertainties in the analytical modeigfan-

sumingK = 1. This is justified because the approximate Roc ; ; ;
lobe radius (Eggleton 1983) is about three times today’hmadr?n?ggé %’:Spgfr%tfgég (;bct%nsledg\r/ézew%%sréble range for e tr

of CoRoT-7b . If the planetary mass had been three times as
large initially, the Roche lobe radius would still have exded
the initial planetary radius, as modeled by Seager et aD{R0 5. Conclusion

for rocky planets, by a factor of approximately two. Roctibd We report the first X-ray detection of CoRoT-7, host star to at

influenced mass loss was therefore likely insignificant far t . . .
y g least two close-in super-earths. After veryfying the distaes-

planetary evolution. -
) ate of 150 pc of Eger et al. (2009), we converted the X-ray
Because we have not measured CoRoT-7’s EUV flux, we u#uré'x of 10 ergcmr? s+ measured with XMMNewton into a

arelation between X-ray (D- 2.5 keV) and EUV (100-920 A) luminosity of 3x 107 erg $3(0.2-2 keV)

flux (Sanz-Forcada et al. 2011): An X-ray activity indicator of log.x/Lps = —4.8, com-
bined with a likely coronal temperature sf 3 MK, character-
logLeyy = (4.80+ 1.99)+ (0.860+ 0.073)logLx.  (2) izes CoRoT-7 as a moderately active star. Employing an ana-
lytical model for planetary evaporation — with the caveattth
We measured the X-ray luminosity in the 0.2-2 keV banthany aspects of this evaporation are not yet understood —, the
to be 3x 10?2 erg s'; we used WebPIMMS to extrapolate thiscombined X-ray and EUV irradiation can be converted into an
to the required energy band ofl0- 2.5 keV, the result be- order-of-magnitude estimate of the planetary mass lossdéVe
ing 33 x 10?8 ergs?. This leads to an EUV luminosity of rive a current mass loss rate aB 10 gs™ for the closest
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planet, CoRoT-7b. Assuming that the planet was formed as a
rock and integrating the likely activity history of the CoRo

7 system, we estimate that CoRoT-7b haeyed a total mass
loss of~ 4 — 10 Earth masses.
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7. Closing thoughts

7.1. Summary and
conclusions

In this thesis, orbital dynamics of extra-
solar planetary systems and stellar ac-
tivity in planet-bearing stars were stud-
ied in the landmark systems TrES-2,
CoRoT-2, and CoRoT-7. Different ob-
servational techniques like ground- and
space-based photometry, and X-ray and
optical spectroscopy were used in con-
cert to study the structure and evolu-
tion of these planetary systems and their
host stars.

7.1.1. TrES-2

Ground-based photometry was used to
search for secular changes of the orbit
inclination of the transiting exoplanet
TrES-2b. In a first step, my cowork-
ers and I demonstrated that our data
comprising several transits indeed con-
firm the presence of a secular inclination
change (Mislis et al] [2010, Sect. [5.2).
We tried to carefully rule out errors in-
troduced by the adopted limb-darkening
prescription using simultaneous multi-
color photometry. Our results indicate
that the transit can be modeled consis-
tenly in the four filter bands using the-
oretically computed limb-darkening co-
efficients. We showed that the observed
change in orbital inclination can be in-
terpreted as regression of the nodes of
the planetary orbit. While the observed
effect would require an implausibly large
oblateness of the host star, it can be

readily explained as being caused by an
external Jovian-mass perturber. As a
perturber should reveal itself through
transit-timing variations (T'TV), we per-
formed numerical simulations showing
that the expected amplitude for TTVs
is below our upper limits.

Several studies from other authors
tried to corroborate or reject our re-
sults, however, the available ground-
based data still remained insufficient to
decide upon the issue. This changed
with the advent of the Kepler space tele-
scope, which included TrES-2 as one of
its short-cadence targets from the very
beginning of the mission. In a second
step, my coworkers and I presented a
consistent analysis of the first four quar-
ters of Kepler data of TrES-2 together
with all publicly available ground-based
data covering a time span of three
years since the discovery of the sys-
tem (Schroter et all, 2012, Sect. [5.3).
We further took into account the lat-
est information regarding the presence
of a third light and the most recent set
of limb-darkening coefficients computed
from PHOENIX spectra.

The superior quality of the Kepler
data allows to constrain all parame-
ters of the system at once. However,
we found that the orbital geometry of
the system itself introduces a strong
degeneracy between the limb-darkening
parameters.  We therefore fixed the
limb-darkening at their theoretically cal-
culated values using a four-parametric
non-linear prescription.
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Using the accurately determined or-
bital parameters of the system, we re-
analyzed the ground-based data search-
ing for changes in the orbital incli-
nation and TTVs. Our study shows
that ground- and space-based photome-
try can be analyzed in a common scheme
if one carefully accounts for wavelength-
dependent limb-darkening and third
light contributions. The secular trend in
inclination is still visible in our first set
of ground-based observations, however,
the reduced errors clearly show that
these observations do not yield consis-
tent results. Our analysis of the Kepler
data rules out the previously claimed
change in orbital inclination.

We searched for effects that could
cause the observed deviation, but found
no simple explanation related to the
modeling. However, we cannot exclude
subtleties in the data reduction and
problems during the observations like
time-dependent noise, which would yield
underestimated parameter errors.

The Kepler data further reveal indi-
cations for a much smaller secular in-
clination change just below our detec-
tion threshold but display no detectable
TTV signal. Our study points out
the intricacies present in the search for
long-term variations in the orbital ele-
ments of extrasolar planetary systems.
Complications can be introduced during
the observation, reduction, and mod-
eling especially of ground-based data.
It further demonstrates the potential of
space-based photometry as a tool to cal-
ibrate ground-based observations by fix-
ing the system parameters.

7.1.2. CoRoT-2

The next study presented a thorough
characterization of CoRoT-2, an out-

standing system comprising a particu-
larly active star orbited by a close-in
Jovian planet. Its host star shows a
pronounced, regular pattern of optical
variability caused by magnetic activity.
My coworkers and I analyzed newly ob-
tained time-resolved VLT /UVES spec-
troscopy and a 15 ks Chandra snapshot,
both obtained during planetary transit.

In the first publication
(Schroter et all 2011,  Sect. [6.2)),

we provided an analysis of the co-added
optical spectrum of CoRoT-2A. The
optical data was used to derive the fun-
damental stellar parameters confirming
and improving earlier estimates. We
analyzed several activity diagnostics, all
pointing towards strong chromospheric
activity, and investigated indicators
such as Li abundance and interstellar
absorption to provide constraints on
the age and distance of the system.
Our results indicate that CoRoT-2 is
a young stellar system with an age
between 100 and 300 million years
located at a distance of about 270 par-
sec. We further extracted a spectrum
of the late-type stellar companion
of CoRoT-2A from our observations.
Our data provide the first detailed
spectroscopic characterization of this
object and confirm that it is most likely
gravitationally bound.

The Chandra snapshot clearly reveals
the presence of coronal X-ray emission
originating in hot plasma at tempera-
tures of about 8 million Kelvin. An ac-
tivity level of log Lx/Lpo = —4.2 indi-
cates that CoRoT-2A is an active star,
also by X-ray standards. The close-in
planet is thus prone to a large amount of
high-energy radiation, which is thought
to lead to the gradual evaporation of the

planetary atmosphere (cf. Fig. [7.1]).
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Star  Blasts
Artist’s view

Figure 7.1.: “CoRoT-2A:
Planet With X-rays.”
of the CoRoT-2 system illustrating a
NASA press release based on our results

(Credit: NASA/CXC/M. Weiss).

The late-type stellar companion re-
mains undetected in X-rays. Our upper
limit on its luminosity of 9 x 10?6 ergs—!
is two orders of magnitude below the
typical values for K-type dwarfs of
Pleiades age, but would be compatible
with an evolved object on the main-
sequence. These findings challenge our
understanding of the stellar system, be-
cause, apparently, both stellar compo-
nents may not be in the same evolution-
ary stage. Either, the late-type compan-
ion is old enough to have already become
sufficiently inactive, or CoRoT-2A ap-
pears to be younger than it actually is.

The Chandra X-ray light curve shows
no indications for the occultation of
substantial parts of the corona during
the planetary transit. Apparently, the
planet did not occult a strong concen-
tration of X-ray emitting material. This
implies that the coronal emission is ei-
ther distributed homogeneously or con-
centrated at higher latitudes not covered
by the planetary disk.

The CoRoT-2 system provides ideal
conditions to resolve surface features
on the active host star using the spa-

tial information provided by planetary
transits. In our second study focusing
on CoRoT-2, my coauthors and I fol-
lowed this approach by analyzing the
time-dependent spectroscopic and pho-
tometric data obtained during the tran-
sit (Czesla et al., 2012, Sect. .

The UVES spectra taken during a sin-
gle planetary transit provide a time res-
olution of 800 s. We presented a joint
analysis of the Rossiter-McLaughlin ef-
fect visible in photospheric absorption
lines together with simultaneously ob-
tained PROMPT photometry. Telluric
lines were used to correct the wave-
length calibration, originally obtained
using ThAr spectra, for instrumental
and environmental trends. Our results
are in line with earlier measurements
and show the feasibility of our approach
to use telluric lines as wavelength cali-
bration.

Furthermore, we reported on the first
detection of the Rossiter-McLaughlin ef-
fect in the chromospheric emission cores
of the Ca II H and K lines. Our data in-
dicate, that the chromospheric Rossiter-
McLaughlin effect sets in before the pho-
tospheric transit and lasts longer. We
show that such a prolonged effect is com-
patible with the stellar chromospheric
radius being 16 % larger than the pho-
tospheric radius of the star. A de-
tailed analysis of the variability of the
H and K emission features shows that
the distributions of photospheric and
chromospheric surface brightnesses are
the same to within a factor of about
two. Our results suggest that CoRoT-
2A is covered (at least beneath the plan-
etary path) with chromospheric plages
and off-limb prominences comparable to
the largest prominences occasionally vis-
ible on the Sun.
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Our study demonstrates that the
Rossiter-McLaughlin effect can be used
as a tool for the exploration of the stellar
chromosphere. However, the detected
signal is easily obliterated by instrumen-
tal effects and intrinsic variability of the
star. Our observations therefore under-
line the need for dedicated observations.

7.1.3. CoRoT-7

My coauthors and I reported the
first X-ray detection of the active
G8- to KO-type dwarf CoRoT-7A
(Poppenhaeger et al., 2012, Sect. .
The CoRoT-7 system comprises two
planets in the terrestrial mass regime,
one of them transiting, in close orbits
around their host star.

Archival UVES spectra were used to
derive a distance estimate from inter-
stellar sodium absorption and the pre-
viously measured Wilson-Bappu effect.
The coronal X-ray flux of CoRoT-7A
obtained from an XMM-Newton expo-
sure of the system translates into an X-
ray activity level of log Lx /Ly, = —4.8.
The extreme proximity of the two super-
earth planets exposes them to high lev-
els of high-energy irradiation. Employ-
ing a simple model for the decrease of
X-ray and EUV radiation with age, we
estimate that CoRoT-7b has suffered a
total mass loss of about 4 — 10 Earth
masses since its formation.

7.2. Future work

Long-term space-based photometry ob-
tained by CoRoT and Kepler has ush-
ered in a new era of exoplanet re-
search. Both telescopes provide photo-
metric data of unparalleled quality. Ke-
pler’s recent discovery of a stellar system

comprising a solar-like star with three
Neptunes and two FEarth-sized plan-
ets (Fressin et al., |2012) shows that as-
tronomers are close to the discovery of
a possibly large number of Goldilocks
planets, Earth-like worlds in the habit-
able zone around their host star.

The data gathered by these instru-
ments is also extremely valuable in the
study of stellar activity, because both
missions study a large number of ob-
jects for a long time. While the work
at hand concentrated on a small num-
ber of landmark targets, future analyses
will be able to derive statisticial proper-
ties of a large sample of stars.

During the course of this study, a
large number of late-type stars were de-
tected showing a distinct kind of pho-
tometric variability astoninglishly sim-
ilar to the light curve of CoRoT-2A,
however, without transits. These ob-
jects show dominant rotation periods
between 1 and 10 days as well as a beat-
ing period on the order of weaks. Their
variability amplitudes are on the order
of a few percent; their photometric sim-
ilarity suggests that these objects form
a distinct class of active stars, possi-
bly corresponding to a special evolution-
ary state or a common “flip-flop”-like dy-
namo mechanism. The study of these
objects could help to understand the
evolutionary stage of the CoRoT-2 sys-
tem. We succesfully proposed spectro-
scopic follow-up observations with the
TNG/SARG on La Palma to derive
the fundamental stellar parameters of a
sample of these stars and search for sig-
natures of stellar activity. These obser-
vations have been carried out in Decem-
ber 2011 and will be analyzed in the near
future.

Despite the superior quality of space-
based photometry, our analysis of seven
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months of short-cadence Kepler data
of TrES-2 shows that it is still diffi-
cult to unambiguously pinpoint the sys-
tem parameters without ad hoc assump-
tions regarding the stellar limb darken-
ing. In fact, the accuracy required to
detect vartations in the orbital parame-
ters requires well-known limb-darkening
coefficients. Especially in the case of
near-grazing transits, uncertainties in
the limb darkening directly translate
into the remaining parameters medi-
ated by the strong correlations. On the
one hand, limb darkening is often ap-
proximated by analytical two-parameter
“laws”, because these models are advan-
tageous from a model fitting perspec-
tive. On the other hand, these models
are known to provide a poor descrip-
tion of synthetic model atmospheres,
in particular for spherical models. It
would therefore be much more consis-
tent to directly incorporate the angle-
dependent model atmosphere into the
transit model. In comparison with Ke-
pler’s high-quality data this approach
can even provide an important cross-
check for atmosphere models.

Our spectroscopic study of the
CoRoT-2 system has left us with a
number of puzzling results and unan-
swered questions, especially regarding
the nature of CoRoT-2A’s companion:

e The late-type stellar companion
seems to be gravitationally bound
as indicated by our radial velocity
measurements. If true, the com-
panion could have an impact on the
evolutionary dynamics of the whole
system. In fact, it could account for
the slight eccentricity (Gillon et al.,
2010) and may even be responsi-
ble for the anomalously inflated ra-

dius of the planet (Guillot & Havel,
2011)).

e CoRoT-2A and its companion
should be a coeval pair. However,
the companion is X-ray dark
compatible with an evolved main-
sequence object. This raises the
question, whether CoRoT-2A could
appear younger than it actually is
due to interaction with its close-
in planet. Similar discrepancies
have been found in other systems
and possible explanatory scenar-
ios would be tidal interactions
(Brown et al., 2011) or interacting
magnetospheres of star and planet
(Lanzaj, 2010; |Cohen et al., [2010)).

e CoRoT-2A is among the most ac-
tive planet hosts stars, as evidenced
for example by its strong chromo-
spheric Ca II H and K emission.
In view of the close-in orbit of its
hot Jupiter, this raises the question,
whether increased activity is typical
for this kind of exoplanetary sys-
tem. In their sample of exoplanet
host stars, Knutson et al. (2010)
find indications for a correlation be-
tween stellar chromospheric activ-
ity and the presence of a tempera-
ture inversion in the atmosphere of
close-in massive planets. However,
so far no significant correlations be-
tween chromospheric activity and
other planetary parameters have
been found (Canto Martins et al.|
2011a)).

Clearly,  dedicated spectroscopic
follow-up observations of CoRoT-2A’s
companion are desirable to reliably
estimate the age of the system and
confirm or refute the pair as a coeval
binary. U. Wolter obtained observations
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with VLT /UVES under ESO program
088.D-0383, which will be analyzed in
the near future.

Our studies demonstrate that the
Rossiter-McLaughlin effect in chromo-
spheric emission lines offers a method to
resolve the extent of the chromosphere
and the presence of plages and promi-
nences on latitudes beneath the plan-
etary path. However, our results are
close to the noise limit and require fur-
ther confirmation. An interesting target
would be HD 189733, a much brighter
(V = 7.7 mag) but similarly active
planet host star (Knutson et al., [2010)),
which shows strong indications for plan-
etary evaporation in the light of Ly«
(Lecavelier Des Etangs et al, [2010)). In
the case of HD 189733, the transiting
planet could even be used to simulta-
neously scan the bloated planetary ex-
osphere and the stellar chromosphere
with high resolution. Our group suc-
cesfully proposed spectroscopic observa-
tions of HD 189733 with VLT /UVES,
which will be carried out under ESO
program 089.D-0701.

From the instrumental point of view,
future observations require a better
wavelength stability of the spectrograph
and simultaneously obtained calibration
spectra. An interesting alternative are
observations in the UV region such as
an analysis of the Mg IT h and k lines.
These lines have even weaker photo-
spheric background than the Ca II lines,
however, they are only accessible with
space-based instrumentation.

Regarding star-planet interactions,
there is currently no unambiguous evi-
dence that the mere presence of close-
in Jovian planets has a direct influence
on the host star. However, our stud-
ies of the two systems CoRoT-2 and
CoRoT-7 showed that stellar activity

should directly affect the planet and its
evolution—at least, according to simple
order-of-magnitude estimates assuming
energy-limited escape. We found that
high-energy radiation yields the evapo-
ration of the planetary atmosphere, con-
tributes to planetary mass loss, and,
therefore, can play an important role
in the evolution and formation of hot
Jupiters oder close-in super-earths.

Planetary evaporation has been ob-
served directly, e.g., in the case
of HD 209458b (Vidal-Madjar et al.
2003). However, the detailed physical
mechanisms leading to the evaporation
of the atmosphere are far from under-
stood. The complexity of the extreme
environments in these systems currently
allows to model only certain aspects of
the problem via numerical simulations.

Studies of stellar activity in extrasolar
planetary systems, like those presented
in this thesis, can contribute to con-
strain the parameter space of available
theoretical models. In the future, simi-
lar investigations will help to deepen our
understanding of this vibrant field of re-
search.

7.3. Epilogue

This thesis presents merely a glimpse
of the strange new worlds populating
our Universe. Today, astronomers ex-
ploring the diversity of extrasolar plan-
etary systems are well on their way to
find an answer to the fundamental ques-
tion, whether Earth is unique—or one
among many habitable worlds like our
own. Recent results from a statistical
analysis of microlensing observations in-
dicate that on average every star in our
galaxy should be orbited by 1.6755 plan-
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ets at orbital distances between 0.5 and
10 AU (Cassan et al., 2012).

However, what kind of existential dif-
ference would it make, if we knew that
we are not alone? Following the German
philosopher |Jonas| (1996)), such knowl-
edge would make no difference at all
(besides, of course, satisfying our sci-
entific curiosity): There would certainly
be no practical difference, given the im-
mense light travel times involved in in-
terplanetary communication. Further,
the bare knowledge about the existence
of other extraterrestrial civilizations in
our Galaxy could hardly cure Pascal’s
feeling of loneliness and forlornness in
the vastness of space, given that it can-
not be cured facing a population of 7 bil-
lion human beings on our Earth. Nei-
ther would it change our ethical re-
sponsibility for our planet and its fu-
ture.  However, according to |Jonas
(1996)) there is an important existential
lesson to be learned about our role in
the Universe:

“That our signal going out
somewhere or other in the uni-
verse may not be a death
notice—with this we have
enough at our hands. Let
us concern ourselves with our
Earth. [...] Let us care about
it as if we were, in fact, unique
in the universe.”
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