MAGNETIC ACTIVITY OF PLANET-HOSTING STARS

Dissertation zur Erlangung des Doktorgrades des Departments Physik der Universität Hamburg

vorgelegt von

Katja Poppenhäger

aus Kassel

Hamburg 2011

Gutachter der Dissertation: Prof. Dr. J. H. M. M. Schmitt JProf. Dr. A. Reiners Gutachter der Disputation: Prof. Dr. P. H. Hauschildt Prof. Dr. D. Horns Datum der Disputation: 06. Mai 2011 Vorsitzender des Prüfungsausschusses: Dr. R. Baade Vorsitzender des Promotionsausschusses: Prof. Dr. J. Bartels Dekan der MIN Fakultät: Prof. Dr. H. Graener

Abstract

Magnetic activity in cool stars is a widely observed phenomenon, however it is still far from being understood. How fundamental stellar parameters like mass and rotational period quantitatively cause a stellar magnetic field which manifests itself in features such as spots, flares and high-energy coronal emission is a lively area of research in solar and stellar astrophysics. Especially for planet-hosting stars, stellar activity profiles are very interesting as exoplanets are affected by high-energy radiation, both at the time of planet formation as well as during the further lifetime of a star-planet system. In extreme cases, the atmosphere of a planet very close to its host star can be strongly heated by the stellar X-ray and EUV emission and finally escape the planet’s gravitational attraction, so that the atmosphere of the planet evaporates over time.

Theoretically, planets can also affect their host star’s magnetic activity. In analogy to processes in binary stars which lead to enhanced - both overall and periodically varying - activity levels, also giant planets might influence the stellar activity by tidal or magnetic interaction processes, however on a weaker level than in binaries. Some indications for such interactions exist from chromospheric measurements in stars with Hot Jupiters. In this thesis I investigate the magnetic activity of planet-hosting stars and especially possible effects from star-planet interactions with an emphasis on stellar coronae in X-rays.

I tested a complete sample of all known planet-hosting stars within 30 pc distance from the Sun for correlations of stellar X-ray properties with planetary parameters. A significant correlation exists between the stellar X-ray luminosity and the product of planetary mass and inverse semimajor axis. However, this could be traced back to a selection effect introduced by planetary detection methods. For stars in the solar neighborhood, planets are mainly detected by radial velocity shifts in the stellar spectra. This detection method introduces several trends in samples of planet-hosting stars which are investigated in detail in this thesis. On top of these selection effects, no significant other correlations which could be interpreted as manifestations of star-planet interactions were present in the sample.

I also monitored the chromospheric and coronal activity of a promising individual star-planet system over several months. This system consists of υ Andromedae, a cool main-sequence star, a Hot Jupiter and three more planets in wider orbits. Contrary to earlier findings by other authors, the star did not show planet-induced activity variations, but displayed variability with the stellar rotation period instead.

The star 51 Pegasi also hosts a Hot Jupiter; actually, it is the first exoplanet which was ever detected. In a detailed analysis of this star’s coronal emission, I show that the star is in a Maunder minimum state, characterized by a very low coronal temperature of less than one million degrees and a persistent low activity level in coronal and chromospheric emission over sixteen years. The Hot Jupiter apparently does not enhance stellar activity in this system. I also present an analysis of the planet-hosting star τ Bootis, for which indications for a very short activity cycle of only one year duration have been published recently. The star rotates quickly compared to other stars of the same age, which might be due to a ”spin-up” caused by its giant planet. My X-ray data that is available up to now suggests that a possible activity cycle is longer than thought so far; however, more data will be collected in 2011 and 2012 to allow a more detailed insight into this star’s activity.

iv

Zusammenfassung

Die magnetische Aktivität kühler Sterne ist ein wohlbekanntes, aber dennoch im Detail unverstandenes Phänomen. Wie genau fundamentale stellare Eigenschaften wie Masse und Rotationsperiode das stellare Magnetfeld beeinflussen, das sich z. B. durch Flecken, Eruptionen und hochenergetische Strahlung äußert, ist Gegenstand aktueller Forschung. Gerade bei planetentragenden Sternen ist die stellare Aktivität besonders interessant, da Planeten sowohl während ihrer Entstehung als auch während der weiteren Entwicklung des Stern-Planeten-Systems von der stellaren Röntgen- und EUV-Strahlug beeinflusst werden. Bei Planeten in extrem engen Umlaufbahnen kann die Planetenatmosphäre sogar so stark aufgeheizt werden, dass sie der Gravitation des Planeten entflieht und mit der Zeit verdampft.

Theoretisch können auch Planeten die Aktivität ihres Zentralsterns beeinflussen. Ähnlich wie bei Binärsternen, die starke Aktivität - sowohl insgesamt wie auch periodisch veränderlich - zeigen, könnten massive Planeten durch magnetische oder Gezeiten-Interaktion die stellare Aktivität steigern, allerdings in vergleichsweise geringerem Ausmaß. Einige Hinweise auf solche Interaktionen wurden in der chromosphärischen Emission von Sternen mit "Hot Jupiters" gefunden. In dieser Arbeit untersuche ich die magnetische Aktivität von planetentragenden Sternen und insbesondere mögliche Auswirkungen von Stern-Planeten-Interaktionen, mit Hauptaugenmerk auf die koronale Röntgenemission der Zentralsterne.

Dazu habe ich ein vollständiges Sample aller bekannten planetentragenden Sterne innerhalb von 30 pc Distanz von der Sonne auf Korrelationen zwischen den stellaren Röntgeneigenschaften und Planetenparametern untersucht. Dabei zeigte sich eine signifikante Korrelation der Röntgenleuchtkraft mit dem Produkt aus Planetenmasse und inverser großer Halbachse. Diese Korrelation konnte jedoch auf Auswahleffekte zurückgeführt werden, die von der Planetendetektion herrühren. Bei Sternen in der solaren Nachbarschaft werden Planeten hauptsächlich durch Radialgeschwindigkeitsschwankungen in den stellaren Spektren detektiert. Dieses Verfahren verursacht verschiedene Trends in den Samples von planetentragenden Sternen, die in dieser Arbeit im Detail untersucht werden. Zusätzlich zu diesen Auswahleffekten konnten keine anderen signifikanten Korrelationen nachgewiesen werden, die sich auf Stern-Planeten- Interaktionen hätten zurückführen lassen.

Zusätzlich habe ich die koronale und chromosphärische Aktivität eines besonders vielversprechenden einzelnen Stern-Planeten-Systems über mehrere Monate analysiert. Das entsprechende System besteht aus dem kühlen Hauptreihenstern υ Andromedae, einem Hot Jupiter sowie drei weiteren Planeten in größeren Umlaufbahnen. Im Gegensatz zu früheren Studien anderer Autoren zeigte der Stern keine planeteninduzierten Aktivitätsschwankungen, sondern Variabilität mit der stellaren Rotationsperiode.

Der Stern 51 Pegasi wird vom ersten jemals entdeckten Planeten, ebenfalls ein Hot Jupiter, umkreist. Durch eine umfassende Analyse der koronalen Emission dieses Sterns konnte ich nachweisen, dass der Stern sich in einem Maunder-Minimum-Zustand befindet, der sich durch eine sehr geringe koronale Temperatur von weniger als einer Million Grad und langfristig durch eine extrem niedrige chromosphärische und koronale Aktivität auszeichnet. Der Planet verstärkt die stellare Aktivität in diesem System offenbar nicht. Zusätzlich zeige ich die Ergebnisse einer Untersuchung des planetentragenden Sterns τ Bootis, für den von anderen Autoren Hinweise auf einen sehr kurzen Aktivitätszyklus von nur einem Jahr Dauer gefunden wurden. Dieser Stern rotiert schnell im Vergleich zu anderen Sternen gleichen Alters; es könnte in dem System ein "Spin-up" durch den massiven Planeten stattgefunden haben. Meine bisher aufgenommenen Daten weisen jedoch darauf hin, dass ein möglicher Aktivitätszyklus länger ist als bisher angenommen. Weitere Beobachtungen sind für 2011 und 2012 geplant, die genauere Einblicke in die Aktivität dieses Sterns liefern werden.

vi

Contents

1 Introduction 1 1.1 The birth of a star . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 1.2 The main sequence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2 1.3 The death of a star . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

2 Stellar activity 5 2.1 Historical records of solar activity . . . . . . . . . . . . . . . . . . . . . . . . . . . 5 2.2 The magnetic cycle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6 2.3 Observing magnetic activity in stars . . . . . . . . . . . . . . . . . . . . . . . . . 8 2.3.1 Chromospheric activity . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8 2.3.2 Photospheric measurements . . . . . . . . . . . . . . . . . . . . . . . . . . 9 2.3.3 Coronal activity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9 2.3.4 X-ray instrumentation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10 2.3.5 X-ray properties of cool stars . . . . . . . . . . . . . . . . . . . . . . . . . 11 2.4 Open questions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12 2.4.1 Maunder minima . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13 2.4.2 Stellar activity cycles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

3 Exoplanets and their host stars 15 3.1 Detection of exoplanets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15 3.2 Interactions between stars and planets . . . . . . . . . . . . . . . . . . . . . . . . 16 3.2.1 Tidal interaction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17 3.2.2 Magnetic interaction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17 3.2.3 Observing SPI signatures . . . . . . . . . . . . . . . . . . . . . . . . . . . 18 3.3 Open questions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19 3.3.1 Evidence for chromospheric SPI . . . . . . . . . . . . . . . . . . . . . . . . 19 3.3.2 Evidence for coronal SPI . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19 3.3.3 Selection effects in samples of planet-hosting stars . . . . . . . . . . . . . 19

4 51 Peg - a planet-bearing Maunder minimum candidate 21

5 Coronal properties of planet-bearing stars 29

6 A search for SPI in the upsilon Andromedae system 43

7 Host star activity and planet mass 53

8 A short activity cycle of τ Bootis? 61 8.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61 8.2 Observations and data analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62 8.3 Preliminary results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63 8.3.1 X-ray lightcurves . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63 8.3.2 Activity levels . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63 8.3.3 Spectral properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64 8.4 Discussion of preliminary results . . . . . . . . . . . . . . . . . . . . . . . . . . . 67 8.5 Future observations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

9 Summary and future work 69 9.1 Summary of scientific results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69 9.2 Future work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

10 Acknowledgment - Danksagung 73

11 Bibliography 75

Chapter 1

Introduction

Compared to the lifespan of a person, the beginning of modern astronomy starting with the invention of the telescope around 1600 seems long ago. Yet, it is just a blink of an eye in the history of the universe. Two million years ago, the first human beings evolved; 500 million years ago, the first animals on land came into existence. Four billion years ago, the first single-cell life forms on earth developed by mechanisms still unknown. Not much earlier, around 4.6 billion years ago, the Sun and its planets formed from a cloud of gas and dust. The zero-point of the cosmic timescale is 13.7 billion years ago, when the universe itself is thought to have come into existence from a space-time singularity known as the Big Bang.

In this grand perspective, my thesis focuses on the interplay of stars and their planets, so we will start by having a closer look at how stars and planets form, and then at how they develop over time.

1.1 The birth of a star

The space between stars is not empty, but filled with interstellar material consisting mostly of cool dust and gas. In such a cloud, the kinetic pressure of the particles from thermal motion and the gravitational attraction work against each other. If the mass of the cloud is high enough, gravity will overcome the kinetic pressure and the cloud will collapse. For a homogeneous cloud with density ρ and temperature T , this happens at the Jeans mass M_J ∝

√_{T 3} ρ . The gravitational collapse can also be triggered by events that cause density fluctuations, such as clouds colliding or a nearby supernova explosion, so that the collapse may start at much lower masses than the Jeans mass.

A central core forms in the collapsing cloud; the released gravitational energy is radiated away, and finally, the core contraction stops when the core becomes optically thick to its infrared radiation. The outer layers of the cloud keep falling onto the star, producing most of the protostar’s luminosity. However, a random cloud starting to collapse will most likely not be exactly spherically symmetric; together with some motion present before the start of the collapse, the cloud will have a net angular momentum.

For clouds with large angular momentum, no central core forms, but the material concentrates in a toroidal shape, leading to the formation of a multiple star system. In clouds with lower angular momentum which form central cores, the surrounding matter that keeps falling onto the central part of the object has to conserve angular momentum. It cannot fall directly towards the center, but forms a disk rotating around the core. The disk dissolves with time as the material in the disk forms planets, accretes onto the protostar or is blown out of the system by radiation pressure and stellar winds.

The formation of planets in the disk starts with the coagulation of dust particles. However, it is still a major unsolved question how exactly these planetary seeds can avoid fragmentation again at the so-called "meter barrier" to become larger planetesimals; this is the size range where coagulation becomes too weak to make larger grains stick together when they collide. After - by some not entirely clear process - larger planetesimals are formed,

Figure 1.1: The Hertzsprung-Russel diagram, depicting the diagonal main sequence as well as the later stages in a stellar life, giants, supergiants and white dwarfs. (picture credit: ESO)

they grow further by gravitationally attracting smaller rocks in their vicinity. According to the core-accretion model, they will collect surrounding gas and become gas giants if their rocky cores are heavy enough. Planetary migration in the disk and ejection of larger objects by gravitational interactions will occur until a stable configuration is reached, such as we observe in our solar system nowadays.

In the solar system today, more than 99% of the angular momentum is contained within the orbital motions of Jupiter and Saturn, while the mass of the system is almost exclusively concentrated in the Sun. This is largely due to the spin-down of the Sun (see also section 2.3.5), but even when the Sun was rotating much faster, already a non-negligible part of the angular momentum was stored in the orbital motions of the massive planets.

1.2 The main sequence

When the circumstellar disk has dissolved, the star enters a stage called the main sequence. In this phase, the emission of the star is powered by nuclear fusion of hydrogen and not gravitational contraction any more. More massive stars are hotter and therefore have a bluish color in the optical, while the low-mass stars have lower surface temperature and therefore a redder spectrum. In the Hertzsprung-Russel diagram (HRD), where the absolute stellar luminosity is plotted as a function of color (or temperature, or mass), the main sequence forms a diagonal line from the upper left where the bright and hot stars are located to the lower right, where the Sun and stars of even lower mass reside (Fig. 1.1).

The nuclear process by which hydrogen is transformed to helium differs for low- and highmass stars. Stars with masses below 1.5M_⊙ burn hydrogen mainly through the protonproton chain, a process which can start at temperatures of about four million Kelvin in the stellar core. For stars with higher masses the core temperatures are higher, so that the more efficient CNO cycle will take place in which carbon, nitrogen and oxygen act as "catalysts" for the hydrogen burning.

The type of the fusion mechanism also affects the inner structure of hot and cool stars. For both regimes, the core is the hottest part of the star and the photosphere (the visible outer layer) the coolest. Whenever steep temperature gradients are present, energy will be transferred by convection. If the temperature gradient is flatter, a rising bubble of hot plasma can exchange heat with the surroundings quick enough to cool down and not rise any further. In hot stars, the CNO cycle causes a steep temperature gradient in the stellar core, so that a convective zone forms that is surrounded by an outer radiative zone, where radiative transfer is sufficient to transport energy to the photosphere. In cool stars, however, the energy produced by the proton-proton chain can still be efficiently transported away by radiative transfer. Convection then only occurs in the outer layers of the star. In very low-mass stars, no inner radiative core is present at all, so that these stars with masses below 0.3M_⊙ are fully convective.

The two regimes of stars with inner convective zones as opposed to stars with outer convection zones are also called hot and cool

1.3. THE DEATH OF A STAR 3

stars or early-type and late-type stars. The latter naming convention is actually a historical misunderstanding: in the nineteenth century, stars were thought to start as hot and therefore ”early” stars and then to evolve into cooler ”late” stars (Helmholtz 1856; Thomson ’Lord Kelvin’ 1862).

Hot and cool stars also differ in their ability to produce magnetic fields. The Sun as a cool star displays many features like sunspots and an activity cycle which are connected to a special process of magnetic field generation which transfers kinetic into magnetic energy, the socalled magnetic dynamo. Although this mechanism is not entirely understood, it seems that a solar-like dynamo requires an outer convection zone and differential rotation (see section 2.2). Related dynamo mechanisms may be at work in fully convective stars. Hot stars with an outer radiative zone cannot support this kind of a dynamo process. However, strong magnetic fields have been detected for a special group of A and B stars which are strongly enriched in certain elements; these Ap/Bp stars can display ”abundance patches” on their surface. How these stars obtain their magnetic field is under debate; conserved fossil fields which stem from the interstellar medium are a possibility, but also some dynamo processes in the convective core are discussed.

As high-mass stars are brighter, they use up their hydrogen "fuel" faster than low-mass stars. The Sun, for example, will spend 10 Gyr on the main sequence, while O type stars, which are brighter than the Sun by a factor of > 30000, will leave the main sequence after only 10 Myr of hydrogen burning. This fact can be used to estimate the age of stellar clusters, as in old clusters, the upper part of the main sequence will be depopulated already (Fig. 1.2).

1.3 The death of a star

As stars age and use up their hydrogen, they will start burning heavier elements, starting with helium. As a consequence, the colorluminosity relation changes and the stars evolve away from the main sequence. The final stage of a star again depends on its initial mass: stars

Figure 1.2: Hertzsprung-Russel diagram for the Pleiades, a young cluster (top), and M 67, an old cluster (bottom). The massive stars in M 67 have evolved away from the main sequence (Hansen-Ruiz & van Leeuwen 1997; Carraro et al. 1994).

with less than 0.5M_⊙ will not be able to start nuclear burning of helium, and just slowly go dim and collapse.

Stars of a medium mass range between 0.5 and 2.5 solar masses will first shrink as the hydrogen runs low until the core temprature becomes high enough to start burning helium. In this initial "helium flash", the star moves up in the HRD to the giant branch, as it now produces an inflated outer layer around its core. After a phase of stable helium burning in the core and hydrogen burning in a shell surrounding it, oxygen and carbon will accumulate in the core as the products of helium burning. These elements will never ignite in such stars as the temperature does not become high enough, instead the hydrogen- and helium burning shells expand outwards; this stage is called the asymptotic giant branch. The helium-shell burning does not happen in a smooth process, but rather in "fits and starts", causing the star to undergo pulsations. In one final pulse, the star will eject its outer layers as a planetary nebula, while the inner part collapses until the electron degeneracy pressure, a consequence of the Pauli exclusion principle, halts the shrinkage. This final state is called a white dwarf, a hot and dense object which cools slowly and makes its way to the lower left area of the HRD.

Stars with larger mass evolve differently, because the inner core consisting of oxygen and carbon which could not be ignited in lowermass stars will here undergo nuclear fusion and form heavier elements, producing neon, silicon and finally iron. This way, an onion-like inner structure of burning shells will develop, with the heaviest elements at the center. However, the fusion of iron does not produce energy any more, it consumes it instead. This is critical for the star: when the silicon which forms the iron is depleted, there is not enough energy produced any more to support the star against its own gravity, and the star will rapidly collapse onto itself, expelling parts of its matter in an explosion. This process, which can be observed in form of a supernova, is so violent that protons and electrons in the collapsing core form neutrons, and only the neutron degeneracy pressure stops the contraction. The central remainder of such a supernova is a neutron star, or, if the mass of the collapsing core is even larger, a black hole. The plasma ejected in a supernova enriches the interstellar medium with heavy elements and in turn feeds the formation of new stars again.

Chapter 2

Stellar activity

What is stellar activity? Basically all phenomena that do not fit into the picture of a star as a ”quietly” burning ball of plasma. Naively, one would expect a star to have a hot core where the nuclear reactions take place, and outer layers which become subsequently cooler. However, observations of the Sun show that above its optical "surface", the photosphere with a typical temperature of ∼ 6000 K, further layers exist. The chromosphere, named for its reddish color visible in solar eclipses, extends to a height of ca. 2000 km above the photosphere and reaches temperatures up to 20000 K. At larger heights, the transition region and finally the corona follow, where temperatures of several million K are present. In the solar atmosphere, violent energetic processes take place (see Fig. 2.1). Phenemenologically, one observes features such as sun spots, plagues, prominences and coronal mass ejections.

This kind of activity is specific for cool stars which have an outer convection zone and are therefore able to host some sort of magnetic dynamo. Magnetic fields in hot Ap/Bp stars differ fundamentally from this as they are mostly constant large-scale fields. In contrast, it is exactly the spatial fine structure and variability that produces the variety of atmospheric phenomena we observe in solar-like stars which are at the focus of my thesis.

In a historical perspective, today’s understanding of the relevance of stellar magnetic fields and the ubiquity of magnetic phenomena in late-type stars was preluded by a long series of insights starting more than two thousand years ago.

Figure 2.1: View of the Sun in the extreme ultraviolet, showing hot spots and a large prominence (picture credit: SOHO, ESA/NASA).

2.1 Historical records of solar activity

The first written record of observed sunspots dates back into the fourth century BC, by the chinese astronomer Gan De; other early sunspot detections of which we have records today were performed not only in China, but also by Arabic and European observers (see Temple (1988)). The advent of the telescope in the sixteenth century made more detailed studies possible, foremost of all the discovery of Jupiter’s moons by Galilei in 1610, heralding the end of the geocentric view of the universe. Solar activity as observed in sunspot numbers was recognized as a cyclic phenomenon 150 years ago (Schwabe 1844; Wolf 1856). A few years later Spörer (1865) found that not only the num-

Figure 2.2: Butterfly diagram, first introduced by Maunder, showing the number (lower panel) and latitude (upper panel) of sunspots during several solar activity cycles (picture credit: NASA).

ber, but also the latitude of sunspots follows an eleven-year cycle. The mean latitude at which solar sunspots appear decreases from the start of an activity cycle to its end, which is depicted in the famous butterfly diagram (see Fig. 2.2).

In 1908, the magnetic field of sunspots was discovered by Hale, who observed Zeeman splitting of photospheric spectral lines in sunspot spectra (Hale 1908). This led to the formulation of the polarity rule, which describes the reversal of the solar magnetic field polarity from one activity cycle to the next. This is observed in the (switching) magnetic polarities of sunspot pairs on the northern and southern solar hemisphere. Later on, also the global magnetic field of the Sun was recognized to undergo polarity reversals (Babcock 1959). Thus the insight emerged that the true cycle of the Sun is a 22-year magnetic cycle, of which the 11-year activity cycle is just an easily observable manifestation.

2.2 The magnetic cycle

How does the Sun produce a magnetic field with switching polarity? We know from photospheric magnetograms that during sunspot minimum the magnetic field is in a mainly poloidal (nearly axisymmetric) configuration, which becomes mainly toroidal during sunspot

Figure 2.3: A schematical view of the αΩ dynamo (Love 1999), depicting the Ω effect in pictures a-c and the α effect in pictures d-f.

maximum, and then turns into a poloidal configuration again, but with opposite polarity. So, a successful model needs to include two mechanisms: how a poloidal field can be transformed into a toroidal one, and a toroidal field into a poloidal.

It turns out that the first part of the problem can be solved in quite a forward way. The Sun displays differential rotation with regard to latitude on the surface as well as to radial distance from its center. For the differential rotation at the surface, rotational periods of ≈ 25.3 d at the equator and ≈ 31.3 d at a latitude of 60^∘ have been measured (see for example Snodgrass (1984); Pierce & Lopresto (1984); Komm et al. (1993)). Assuming that a poloidal field is present, the differential rotation will cause the magnetic field lines to wind up around the rotational axis (see Fig. 2.3 a-c). Overall, the wound-up field lines then yield a large-scale toroidal field; this is called the Ω effect.

The second part, transferring this toroidal field back into a poloidal configuration, is more difficult. The classical model by Parker (1955) explains this by plasma "blobs" rising in the solar convection zone. They expand as they reach layers of lower density and start to rotate due to the Coriolis force. The magnetic field

2.2. THE MAGNETIC CYCLE 7

lines contained within them become twisted as they rise to the surface, so that small magnetic loops perpendicular to the previous configuration are produced, which will yield a poloidal field configuration on a global scale again (see Fig. 2.3 d-f). This is called the α effect, giving the name αΩ dynamo to this model. There are several modifications of this idea; the Babcock-Leighton model (Babcock 1961; Leighton 1969) forms the poloidal field by transforming a small percentage of the magnetic field of large sunspot pairs into a net dipole moment. Other models include the Sun’s meridional flow which transports plasma slowly from the equator to the poles at the surface and back to the equator at deeper layers. In modern models (Durney 1995; Dikpati & Gilman 2001; Browning et al. 2006), the toroidal flux system is not located in the convection zone itself, but at the tachocline (the layer between the approximately uniformly rotating radiative core and the differentially rotating convection zone).

Another type of dynamo mechanisms which can also be applied to fully convective stars are turbulent dynamos. In these kinds of models, the relevant quantities such as the magnetic and electric field, the velocity and the current density are split into a mean field component and a fluctuating component which is zero on average (Krause & Raedler 1980). In doing this, one removes the dependency on small-scale structures in the magnetic field and is able to calculate properties of the large-scale field. This formalism yields a detailed derivation of the α effect, which is driven by turbulent motions in the stellar plasma; the α effect had been derived before by Parker (1955), but that explanation was restricted to heuristic arguments. The mean field model allows dynamos which do not necessarily rely on a combination of the α and Ω effect, but can also transform toroidal and poloidal fields into each other purely by α effects. Such mechanisms are called α^2 dynamos.

However, there is no quantitative closed model yet which reliably describes the solar cycle with respect to the main observable effects such as sunspot appearance, the butterfly diagram, cycle duration and strength of individual

Figure 2.4: The solar corona as seen with SOHO in the extreme ultraviolet over one complete activity cycle (picture credit: ESA/NASA).

upcoming cycles.

A successful model would also have to explain apparent "hiatus" phases of the solar cycle. The most prominent of these phases was the Maunder Minimum lasting from 1645 to 1700, when the Sun showed extremely few sunspots. Eddy (1976) showed that this was a true quantitative effect and not the result of some historical selection effect. Other such minima were less extreme, for example the Spörer minimum from 1460-1550, as inferred from carbon-14 analysis in tree rings, and the Dalton minimum from 1790-1830.

Even very recently, debates arose whether the very pronounced activity minimum of the solar cycle persisting in 2008 and 2009, when sunspot numbers dropped to a hundred-year low, might be the beginning of a new long-term minimum state. In 2010, however, the solar activity level rose again, and in February 2011, the first very powerful solar flare (categorized as an X class flare) of the new cycle occurred. This vividly shows that the current understanding of solar, let alone stellar, activity is still limited.

2.3 Observing magnetic activity in stars

Typical activity features of the Sun such as sunspots and flares are linked to its magnetic field. Sunspots appear when loops of magnetic field lines pierce the solar surface, preventing patches of the photosphere from convecting downwards and fresh material from floating upwards, so that these patches cool and become darker than their surroundings. Flares are thought to happen when these magnetic loops tangle up from photospheric motions of their footpoints (the sunspots) and finally reconnect in order to transit to a state of lower energy. Electrons are accelerated downwards along the magnetic field lines and collide into the deeper atmospheric layers, causing them to heat up and to evaporate partly into the corona.

One of the very basic consequences of the solar magnetic field is the existence of a chromosphere and a corona itself, as these outer thin layers of the stellar atmospheres need to be heated to the observed temperatures of ≲ 20000 K for the chromosphere and several 10^6 K for the corona. For a long time it was debated if this heating process is of predominantly acoustic or magnetic nature. By now, the scientific consensus is that the chromosphere is heated by a combination of "basal" acoustic heating in the lower layers and dominant magnetic heating in the middle and upper layers (Priest 1982). The corona actually has no constant "quiescent" base level of X-ray emission. How the corona is heated exactly is still one of the outstanding problems in solar and stellar astrophysics; in any case, magnetic fields have to play an important role in the heating process, as observations show that coronal lightcurves can be simulated as superpositions of flares of different sizes (Kopp & Poletto 1993), pointing towards a flare-related heating.

When observing stars other than the Sun, features on the stellar surface usually cannot be resolved angularly. Therefore activity is usually measured in disk-integrated quantities. The two most widely used activity indicators are chromospheric Ca ii H and K line emission and coronal X-ray emission; other methods try to

Figure 2.5: Ca ii H and K line profile of a star with approximately the same mass as the Sun (HD 59967 from the UVES spectral atlas^1). The emission features in the line cores, marked by grey boxes, are clearly visible.

reconstruct spot patterns or measure the stellar magnetic field itself.

2.3.1 Chromospheric activity

The connection of emission in the Ca ii resonance lines and magnetic activity is somewhat intricate. These lines owe their extensive use to the fact that they are easily observable in the blue part of the visible part of solar spectrum, and produce remarkable absorption lines (Fig. 2.5); emission in the line cores is prominent for example in solar active regions.

The Ca ii H and K lines arise from a combination of different effects. The absorption profile of Ca ii H and K lines from the photosphere has a broad triangular shape. Calcium ions present in the chromosphere produce emission features again if chromospheric temperatures are sufficiently high. The source function, which is the ratio of emission to absorption per unit volume, of Ca ii (or any other ionized metal) is collisionally controlled at these temperatures, while the source functions of neutral metals are in general radiatively controlled (Thomas 1957). This means that Ca ii emission is a good tracer of chromospheric temperature, as the higher energy level is mainly populated by collisions with other particles. The double peak of the emission stems from self- 1 www.sc.eso.org/santiago/uvespop/field_stars_uptonow.html

absorption in higher chromospheric layers. So, Ca ii emission is a proxy for chromospheric temperature; as the chromosphere is mostly magnetically heated, it is also a proxy for magnetic activity. However, also in the absence of activity features, a small amount of emission in the line cores is present. This basal emission is probably caused by a low level of acoustic heating in the chromosphere, which makes an absolute calibration of Ca ii emission and magnetic activity problematic, especially for low-activity stars.

Most other chromospheric spectral lines lie in the ultraviolet, making measurements more difficult since they cannot be observed with ground-based telescopes; exceptions are the Hα line in the optical and the Ca ii infrared triplet.

2.3.2 Photospheric measurements

There are several observational methods to gather information on stellar magnetic activity from photospheric measurements.

One of them is the reconstruction of spot distributions on the stellar surface from lightcurve analysis or Doppler Imaging. In lightcurve reconstructions, one uses long-term lightcurves as they are for example routinely collected by space-based planet-search missions such as Kepler or CoRoT. Spots on the host star will cause periodic fluctuations of the stellar brightness. If the star is rotating sufficiently fast, so that the typical lifetime of a spot is much longer than the rotational period, one can model the stellar surface from the modulations of its lightcurve (theoretical groundwork by Wild (1989, 1991)). Even modulations during planetary transits can be used to "scan" the stellar surface more closely (Pont et al. 2007; Wolter et al. 2009). However, such reconstructions are not unique, and constraints such as maximum entropy criteria have to be used.

In Doppler Imaging, one uses the modulation that a spot causes in absorption lines to reconstruct the stellar surface (Vogt et al. (1987); for a review see Strassmeier (2002)). In a rotationally broadened absorption line, a dark spot causes deviations from the mean line profile in the blue or red wing, depending on its current position on the stellar hemisphere rotating towards or away from the observer. This is similar to the Rossiter-McLaughlin effect caused by planetary transits in stellar spectra. Again, the reconstruction needs additional assumptions since there are no unique solutions.

Another method uses the magnetic Zeeman splitting of photospheric spectral lines which causes spectral line broadening in unpolarized light; more detailed information can be extracted from polarized light, as the Zeeman splitting manifests itself in different line profiles depending on the polarization. This can be measured with a spectropolarimeter, which basically consists of a polarimeter which splits the beam into differently polarized components before it is fed into a normal high-resolution spectrograph. In principle, this method allows a reconstruction of the stellar magnetic field (Donati et al. 1997; Piskunov & Kochukhov 2002). However, the Zeeman signals are typically very small, and in addition to the ususally non-unique solutions one derives from such calculations, the theoretical formalism for reconstructing the magnetic field is much more complicated than for reconstructing spot patterns. Still, gaining information on the magnetic field itself and not only its proxies from spots or chromospheric and coronal emission can yield valuable insights into stellar magnetospheres that cannot be achieved otherwise.

2.3.3 Coronal activity

The observational proxy for stellar activity that is predominantly used in this thesis is coronal X-ray emission.

As we know from solar observations in the extreme UV, the solar corona is composed of magnetic loops (see Fig. 2.6). These coronal loops are filled with hot, thin plasma with temperatures of one million Kelvin and more, emitting at X-ray energies (> 100 eV). One usually extrapolates this concept to stars other than the Sun, even if we cannot resolve X-ray structures on these stars with current instrumentation. However, also in stars there are many indications that coronal loops of different sizes are the building blocks of the corona, see section 2.3.5.

Figure 2.6: Highly structured coronal loops on the Sun, imaged in an extreme UV passband that tracks temperatures of ≈ 1−2 MK (picture credit: TRACE / NASA).

Figure 2.7: Merged X-ray spectrum of Proxima Centauri, obtained with XMM-Newton’s RGS spectrographs. The strongest spectral lines are from oxygen, iron and neon.

A coronal spectrum differs from the usual photospheric and chromospheric spectra which are dominated by absorption lines, since the the hot plasma of the corona is optically thin. Ions are excited by collisions with electrons and de-excited by radiation, i.e. X-ray emission. At typical coronal temperatures of 1 − 5 MK for stars with low to moderate activity, most of the emission is through spectral lines (see Fig. 2.7). At higher temperatures, thermal bremsstrahlung becomes relevant and forms a continuum in addition to the spectral lines present.

2.3.4 X-ray instrumentation

X-ray photons can travel through the Earth’s atmosphere only for a few meters before they are absorbed. This is good for lifeforms on Earth, since they are protected from highenergy radiation from space, but difficult for X-ray astronomy: any astronomical X-ray observation has to be performed from space.

There have been several space-based missions to observe the Sun or stars in X-rays. To mention a few space observatories used for solar coronal research, there was the Skylab space station (1973-1979), the Yohkoh X-ray telescope (1991-2005), the Transition Region And Coronal Explorer TRACE, monitoring solar UV and extreme UV emission (1998-2010), the Solar And Heliospheric Observatory SOHO which operates in the extreme UV (since 1995), and operating since 2010, the Solar dynamic observatory SDO, which observes the Sun in the extreme UV with very high spatial and temporal resolution.

Stellar X-ray astronomy had an amazing breakthrough with the Einstein satellite (1978- 1981), which detected hundreds of stars in Xrays, while only a handful of extremely active objects had been detected with earlier missions. The German Röntgensatellit ROSAT (1990-1999) yielded more than 50000 detections of stellar coronae in its all-sky survey and pointed observations. Some other X-ray missions were BeppoSax, EXOSAT, RXTE and ASCA. Today, the main workhorses for Xray astronomy are ESA’s X-ray Multi-Mirror Mission XMM-Newton and NASA’s Chandra Xray observatory, both launched in 1999. These two X-ray missions are complementary in the sense that Chandra (Weisskopf et al. 2000) is optimized for high angular resolution, while XMM-Newton (Jansen et al. 2001) has superior sensitivity in most of the accessible energy ranges.

As X-ray photons are not reflected by ordinary mirrors, the X-ray observatories use telescopes of the Wolter type. X-rays can only be reflected at grazing incident angles; therefore Wolter telescopes have a shape that reminds of a champagne glass, consisting of nested metallic paraboloidal and hyperboloidal mirrors. The neccessity of a grazing angle makes the effective area of these telescopes small compared to an optical ground-based telecope. For XMM- Newton, the maximum effective area for a single detector is ca. 1300 cm^2, for Chandra it is ca. 700 cm^2 (for comparison, the largest mirrors of the VLT have a size of ca. 500000 cm^2).

The detectors used on board of XMM- Newton and Chandra are largely similar to each other. Both use CCD detectors and grating spectrometers; additionally, XMM-Newton has an optical monitor, while Chandra has a microchannel plate detector for X-rays, the HRC. The CCD detectors yield X-ray images from which X-ray spectra of moderate energy resolution (F W HM typically around 80 eV) can be extracted. The novelty compared to earlier X-ray missions is that both observatories have grating spectrometers with resolutions of up to Δλ/λ ≈ 1000. This allows to identify and quantify emission in individual spectral lines of stellar X-ray spectra, making detailed analyses of temperatures, emission measures and also coronal densities possible.

2.3.5 X-ray properties of cool stars

Our current understanding of stellar X-ray emission is that cool stars, meaning stars with outer convection zones, exhibit activity features that resemble the Sun’s, but there are also properties that are unknown from solar behavior.

For cool stars, there is a clear correlation of stellar rotation and X-ray activity, suggesting a solar-like dynamo is at work in these stars. The X-ray activity level is usually measured by the quantity log L_X /L_{bol}, which spans a range of −3 to −7 in the 0.2 − 10 keV energy band for stars with coronae. The rotation-activity relation, more conveniently expressed as a relation of X-ray activity and Rossby number which depends on stellar rotation and the convective turnover time, (super)saturates for very fast rotators; reasons for this may be the saturation of the dynamo itself, the saturation of stellar surface filling with active regions, or effects of strong centrifugal forces on coronal loops.

The reason for this rotation-activity relationship is in fact a relationship of stellar age and activity. Young stars start out as fast rotators with rotation periods of often less than a day, but with time, they slow down by magnetic breaking. This comes from the fact that cool stars drive ionized winds. This plasma moves outwards along large-scale or open stellar magnetic field lines, causing the star to spin down as the angular momentum is conserved. This is nicely illustrated by an ice scater performing a pirouette, who will slow down when stretching out his or her arms.

There is apparently no quiescent, constant level of X-ray emission for stars (or the Sun). Typical stellar X-ray lightcurves show a considerable amount of short-, medium- and longterm variability, and it has been shown (Kopp & Poletto 1993) that typical X-ray lightcurves can be formed by a superposition of few large flares and an increasingly larger number of small flares ("nanoflares"). There seems to be a minimal surface flux for cool stars (Schmitt 1997) that coincides with the X-ray surface flux of a solar coronal hole. This indicates that very inactive stars might be covered mostly by coronal holes, with very few closed coronal loops of significant size.

Stellar X-ray flares can be much more energetic than flares observed on the Sun. Flares with emitted energies orders of magnitudes larger than solar flares have been observed, especially for young stars (Preibisch et al. 1995; Tsuboi et al. 1998). For some stellar flares, the Neupert effect which was first recognized for the Sun (Neupert 1968) has been detected. It states that flares are first detected in the radio, optical, or hard X-ray regime before a rise in soft X-ray emission is observed. The timeintegrated lightcurve of these wavelengths then is proportional to the rising part of the soft Xray lightcurve. Radio, optical and hard X-ray emission trace the accelerated electrons causing chromospheric evaporation, while the plasma evaporated into the corona increases the existing coronal emission measure and therefore the soft X-ray luminosity. However, not all flares follow this standard picture; flares without preceding radio emission or non-matching lighcurve profiles have been observed as well.

Understanding stellar flares would be much easier if stellar coronal loops could be observed directly; this is not possible because current instrumentation does not provide sufficient angular resolution. However, information on coronal loops of cool stars can be inferred from a set of sophisticated analyses. Density diagnostics during flaring and non-flaring times are possible through line intensity ratios in heliumlike triplets such as the O vii and Ne ix triplet (Porquet et al. 2001). Such an analysis makes use of the fact that in a helium-like triplet, where a resonance, an intercombination and a forbidden emission line are present, the ratio of the forbidden and the intercombination line depends on the plasma density. This is because in a high-density environment ions in the excited state of the forbidden line can be excited by collision into the upper level of the intercombination line, from where the de-exite radiatively. So, in a high-density plasma the forbidden line is weaker and the intercombination line is stronger than in a low-density plasma. However, some care has to be taken for stars with strong ultraviolet radiation, as the transition from the forbidden to the intercombination state can also be triggered by UV photons.

Furthermore, positions of active regions on the stellar surface can be obtained for eclipsing binary systems (Schmitt et al. 2003). Assuming that a single loop is involved in a given flare, the loop length can be inferred from the decay time of the flare lightcurve (van den Oord & Mewe 1989; Serio et al. 1991). Deriving more detailed information on flaring loops and reheating during the flare is possible by investigating the evolution of coronal emission measure and temperature through time-resolved spectroscopy (Reale et al. 1997). So far, there is evidence for a variety of stellar coronal configurations, depending on the observed star: there are small and large coronal loops, intense coronae located at the poles or near the equator; the filling factors even for active stars seem to be rather small, but X-ray observations are most sensitive to dense regions of the corona, so regions filled with loops of low density might go undetected.

Also the chemical composition of stellar coronae has been studied, and significant progress has been made since the advent of the high-resolution spectrographs of XMM-Newton and Chandra. The abundances of chemical elements in the solar corona show a trend with the first ionization potential, the so-called FIP effect: elements with low FIP, such as iron, calcium and silicon, are enriched with respect to hydrogen when compared to the photospheric composition, whereas the high-FIP elements (oxygen, neon, carbon, nitrogen) have photospheric abundances (Feldman 1992). In stellar coronae, this effect is activity-related. Stars of low to moderate activity, measured by the ratio of X-ray luminosity to bolometric luminosity log L_X /L_{bol} ≲ −5, show a solar-like FIP effect, while very active stars with hot coronae T ≳ 10 MK often show an inverse FIP effect, where the high-FIP elements are overabundant compared to the low-FIP elements (Audard et al. 2003). The reason for the FIP effect is not entirely clear. Some kind of fractionation process takes place in chromospheres, where low- FIP elements are already ionized and high-FIP elements are mostly neutral; they thus experience magnetic and electric fields differently (for a review, see Jordan et al. (1998)).

2.4 Open questions

Stellar activity in the corona and chromosphere still provides many unsolved problems. How stellar coronae are structured, how exactly the heating of coronae takes place, what kind of magnetic dynamos operate in stars of different masses, and what processes drive stellar flares with or without the Neupert effect being detected, are just a few of the important issues that need to be resolved in the future. Some of the questions concerning coronal and chromospheric activity are addressed in this thesis:

2.4. OPEN QUESTIONS 13

2.4.1 Maunder minima

We know of three phases in the life of the Sun when it displayd very low activity (the Maunder, Dalton and Spörer Minima, of which the Maunder Minimum was the most extreme), so it is natural to expect that some other stars are in corresponding Maunder minima as well. Initially, a large number of stars (30%, later corrected to 10 − 15%) was assumed to be in a Maunder minumum based on chromospheric activity measured in the Mount Wilson project (Saar & Baliunas 1992). However, it was shown by Wright (2004) that most of these stars were actually evolved stars, making their chromospheric activity indices incomparable to main sequence stars. Additionally, chromospheric activity is always influenced by a small amount of basal acoustic heating, making X-ray and EUV measurements necessary to truly assess if a star is in a Maunder minimum (Judge & Saar 2007). In chapter 4, I give a detailed investigation of the activity profile of the planet-hosting 51 Peg, deriving from X-ray and optical data that the star is most probably in a Maunder minimum state.

2.4.2 Stellar activity cycles

An activity cycle as the Sun displays has been found in chromospheric Ca ii H and K lines for a multitude of stars in the Mount Wilson project (Baliunas et al. 1995). X-ray analogues of these chromospheric cycles have been found only for a few targets (Hempelmann et al. 2006; Ayres 2009), while other stars at least show some outliers in X-rays from the chromospheric behavior (Favata et al. 2008). Additionally, there are no reliable models for predicting activity cycles from fundamental stellar parameters. It is therefore crucial to gather more evidence for coronal activity cycles to be able to understand magnetic dynamos in cool stars. For the quite fast-rotating star τ Boo (P_∗ = 3.3 d), a very short activity cycle of only one year duration has been derived from magnetic maps reconstructed from spectropolarimetric Zeeman signatures (Catala et al. 2007; Donati et al. 2008; Fares et al. 2009). In chapter 8, I present an analysis of this star’s coronal properties during its proposed activity cycle. During 2011 and 2012, more optical and X-ray data will be collected on this star, and a complete analysis will be published in a peer-reviewed journal then. However, the existing datasets already allow some interesting insights which are described in this thesis.

14 CHAPTER 2. STELLAR ACTIVITY

Chapter 3

Exoplanets and their host stars

The question if we as living beings are alone in the universe has been pondered on for centuries. A famous formula postulated by Drake (1961) multiplies the star formation rate, the fraction of stars hosting planets, the fraction of habitable planets in a planetary system and other quantities relating to the development of life forms to derive the number of hypothetical civilizations with whom communication might be possible. In Drake’s original estimates, this results in about two hundred civilizations in our galaxy existing at a given time. After sixteen years of exoplanet detections, the astronomical community is making progress in determining the fraction of stars which actually host planets. However, a habitable planet dubbed "second earth" has not yet been found. Actually, many exoplanets detected so far differ significantly from the planets in our solar system. Many giant exoplanets orbit their host stars with very short orbital periods of less than five days, unlike Jupiter in the solar system. Probably it were our own expectations that hampered the detection of the first exoplanets in the early years, as scientists were looking for massive, wide-orbit planets. Also, exoplanets are often found in eccentric orbits or are tidally locked to their host star, with the same side of the planet facing the star all the time. Therefore the concept of the habitable zone, usually meaning the orbital range where a planet could have water in liquid form, needs to be modified for several effects in exoplanets which are negligible in the solar system (Lammer et al. 2009; Barnes et al. 2010).

Figure 3.1: Radial velocity curve of the planethosting star 51 Peg. The RV amplitude is ≈ ±60 m s^{−1}, yielding a planetary mass of M_p sin i = 0.47 ± 0.02 M_J (Mayor & Queloz 1995).

3.1 Detection of exoplanets

A variety of observational methods has been employed in the hunt for exoplanets. The most successful one so far, in terms of total detected planets, is the radial velocity (RV) method. As a star and its hypothetical companion orbit around their common center of mass, there will be a Doppler shift in the spectrum of the star as it moves towards and away from the observer during one orbit. This periodic change in radial velocity can be used to calculate the mass ratio of the companion and the star times the sine of the orbital inclination (see Fig. 3.1). When the stellar mass is derived from the spectral type of the star using suited theoretical models, the remaining free parameters are the companion’s mass and the orbital inclination. Therefore the RV method alone yields only lower limits to planetary masses as long as the inclination of the system is unknown.

The second very successful detection method is the search for planetary transits. If the orbital inclination of a star-planet system is close to 90^∘, the planet can cross the line of sight from the observer to the star, occulting a small part of the star during this (primary) transit. From the duration, the depth and the ingress and egress profiles of the transit, the ratio of planetary to stellar radius can be determined. Practically, finding a good model for the limb darkening of the star, which affects in- and egress profiles, is one of the major complications of transit analysis. The transit method as such is not suited to derive planetary masses, it only yields radii. Therefore all transit detections have to be confirmed by RV measurements to exclude brown dwarfs or low-mass stellar companions as the cause for observed transits; since the inclination is approximately known from the occurence of the transit, the companion’s mass can be determined. As of February 2011, there are 312 (released) planet candidates detected by the Kepler space telescope awaiting possible confirmation from RV observations.

Other detection methods such as astrometry, direct imaging, microlensing and timing analysis have been successful as well, but yielded a far lower number of planet detections than the RV or transit method.

3.2 Interactions between stars and planets

We know from our own solar system that planets are affected by their host star’s activity. A prominent example are the northern lights, caused by the solar wind hitting earth’s magnetosphere, which guides energetic electrons and protons into the atmosphere where they collide with atomic and molecular oxygen and nitrogen.

Figure 3.2: Coronal image of AR Lac, reconstructed from an ASCA X-ray lightcurve (Siarkowski et al. 1996).

For exoplanets which orbit their host star at very close distances, more extreme effects might take place. It has been claimed that the giant planet HD 209458 b undergoes atmospheric evaporation due to the irradiation by its host star (Vidal-Madjar et al. 2003), although this detection is somewhat debated (Ben-Jaffel 2007).

Interactions that lead to effects from the planets on the Sun have not been observed in the solar system. However, it is well known that massive companions, such as in binary stars, can have severe effects on each other. Binaries are often much more active than single stars of the same spectral class, which is caused by tidal locking and therefore faster rotation of the components of the binary. In addition, periodic flaring has been observed for young binary systems at millimeter and centimeter wavelengths, with the flares occuring during periastron (Massi et al. 2002; Salter et al. 2010); corresponding Xray flaring has been observed as well (Getman et al. 2011). Also, reconstructions from X-ray lightcurves of the active binary AR Lacertae suggest that there may be interaction of the two stars leading to X-ray emission from the area between them (see Fig. 3.2). These observations led to the idea that stars with close-in giant planets, regarded as binaries with a very small mass ratio, might exhibit effects on stellar activity from these kinds of interaction as well.

Several theoretical models exist of how

3.2. INTERACTIONS BETWEEN STARS AND PLANETS 17

Figure 3.3: Chromospheric activity, as measured by Ca ii K line emission, phase-folded with the planetary orbital period for the planet-hosting stars HD 179949 (left) and υ And (right, the different symbols represent observations in different years) (Shkolnik et al. 2005, 2008).

such star-planet interactions (SPI) could work, which can be divided into two main classes of interaction types: tidal and magnetic interaction.

3.2.1 Tidal interaction

Tidal interaction may cause tidal bulges on the star. If the planet and its host star are not tidally locked in the sense that the stellar rotation period equals the planetary orbital period, this will effectively cause bulges to rise and subside on fixed areas on the stellar surface. This may increase turbulent motions in the stellar photosphere, causing faster entanglement of coronal loops by motions of their footpoints in the photosphere. Also, waves may be excited by the compression and expansion due to the tidal bulges. Finally, even an amplification of waves in outer atmospheric layers may occur. These effects could in principle lead to increased highenergy emission of the star. Detailed quantitative calculations of such increased emission have not been performed yet; however, Cuntz et al. (2000) give estimates on the height of SPIinduced tidal bulges. They calculate the gravitational perturbation^{Δg∗}_{g∗} caused by the planet as Δg_∗ g_∗ = M_{pl} M_∗ 2R^3_∗ (d − R_∗)^3

(3.1)

and the height of the induced tidal bulge as h_{tide} = 1 2 Δg_∗ g_∗ R_∗, (3.2)

with R_∗ and M_∗ being the stellar radius and mass, M_{pl} the planetary mass, and d the distance between planet and star. This typically yields tidal bulge heights of 0.1−10% of the respective photospheric pressure scale height, or in absolute units up to ca. 10 km, for stars with close-in (d ≲ 0.1 AU) planets.

3.2.2 Magnetic interaction

The magnetic interaction scenario has several variants. Magnetic interaction could happen through reconnection of planetary and stellar magnetic field lines. A model for this kind of interaction has been presented by Lanza (2008, 2009). The dissipated power from SPI is estimated in that model to be P_{diss} ∝ B^2_aR^2_mv_{rel}, (3.3) with R_m being the radius of the planetary magnetosphere R_m = R_{pl} ( B_a B_{pl} )_{−1/3} , (3.4)

B_a being the stellar magnetic field strength at the boundary of the planetary magnetosphere, B_{pl} the planetary magnetic field strength, R_{pl} the planetary radius, and v_{rel} the relative velocity between the planet and the stellar magnetic field. For the system HD 179949, which hosts a 0.95 M_{jup} planet in a 3.1 d orbit, this yields a dissipated power of only ∼ 10^{24} erg s^{−1}; this is smaller than the detection limit of XMM-Newton or Chandra for X-ray luminosities of nearby stars. However, much larger dissipated powers can theoretically be achieved when the stellar coronal loops tangle up by normal activity processes, and are then disturbed by the planetary magnetic field, triggering reconnection and thus flares. This is similar to the normal flaring process of a star, with the difference that flares would preferentially occur near the subplanetary point.

Another variant was presented by Cohen et al. (2009), where the mere presence of the planetary magnetosphere is thought to hinder the expansion of the stellar coronal magnetic field, such that field lines which would normally open up will stay closed. In the model, this causes locally higher coronal temperatures and larger emission measure since the plasma does not escape from the loop and thus yield a higher X-ray luminosity of the star. Enhanced soft X-ray emission of up to a factor of 14 has been modelled this way.

The magnetic interaction process could also be similar to the Jupiter-Io interaction in the solar system, where Jupiter displays auroral features caused by Io, and, somewhat weaker, by Europa and Ganymede. These auroral footprints are caused by two flux tubes which connect Io to the polar regions of Jupiter. Io displays strong volcanism that causes an ionosphere; Io itself therefore is a good conductor, and through the relative motion of the flux tubes with respect to Jupiter’s magnetic field, an electric current along the flux tubes is generated in the way of a unipolar inductor (Goldreich & Lynden-Bell 1969). The particles carrying the current then produce the auroras by collisions with Jupiter’s atmosphere. For this specific mechanism to be applied to stars and their planets it is necessary that the host star rotates faster than the planetary orbit (cf. Jupiter’s rotation period of ≈ 10 h and Io’s orbit of ≈ 1.8 d), which is not the case for most of the exoplanetary systems known today. For systems where these conditions apply, the resulting dissipated power has been calculated as (Schmitt 2009)

P_{diss} ∝ ( 2π P_{orb} )^{13/3}

B^2_∗ R^6_∗R^2_{pl} (GM_∗)^{5/3} ( P_{orb} P_∗ − 1), (3.5)

with P_{orb} being the planetary orbital period, P_∗ the stellar rotation period, and B_∗ the the magnetic field strength at the stellar surface. With realistic values for these quantities, dissipated powers of up to 10^{29} erg s^{−1} can be reached. Other models take into account the stellar wind in such systems to explain planet-induced hot spots which have a phase lag with respect to the subplanetary point (Preusse et al. 2006).

3.2.3 Observing SPI signatures

Gaining observational evidence of star-planet interactions has proven to be a subtle business. The first detection of such signatures was claimed in 2005, when two out of thirteen stars monitored for chromospheric activity showed changes that were compatible with their respective innermost planet’s orbital period (see Fig. 3.3). Repeated observations in subsequent years, however, yielded activity changes which were mostly compatible with the stellar rotation period, not the planetary orbit.

As coronal X-ray emission is a prominent feature of stellar magnetic activity, there have been several attempts to identify coronal signatures of star-planet interactions. Activity features in single planet-hosting stars such as Xray flares or elevated mean countrates that coincide with the position of the planet have been observed (Saar et al. 2008; Pillitteri et al. 2010), but attributing them unambiguously to starplanet interactions is difficult, since late-type stars usually display a considerable amount of intrinsic X-ray variability even if they do not host planets.

A convenient way to average out short-term X-ray activity changes is to analyze a large sample of planet-hosting stars in order to look for increased average activity levels which may

3.3. OPEN QUESTIONS 19

correlate with planetary parameters. This has been done by several authors with the result that the planetary semimajor axis or, for close planets, the planetary mass correlates with the X-ray luminosity of the host star (Kashyap et al. 2008; Scharf 2010). However, there can be significant selection effects in dealing with such samples. These selection effects can be caused by not accounting for X-ray flux limits in survey data. Other possible selection effects stem from the planet detection methods which can introduce correlations of several stellar and planetary parameters.

3.3 Open questions

The young research field of star-planet interactions presents lots of fundamental unanswered questions, some of which are investigated in this thesis.

3.3.1 Evidence for chromospheric SPI Observational hints for planet-induced chromospheric variability are available for only a small number of stars (Shkolnik et al. 2005, 2008; Lenz et al. 2010). I therefore monitored the star υ Andromedae, one of the stars claimed to exhibit such chomospheric SPI signatures (Shkolnik et al. 2005), for six months in the optical and in X-rays to characterize its chromospheric and coronal activity variations in detail. The results are presented in chapter 6.

3.3.2 Evidence for coronal SPI

Coronal emission is more strongly variable with the activity level than chromospheric emission is, as can be seen from the cyclic variations of the few stars for which activity cycles have been found both in X-rays and chromospheric emission (Hempelmann et al. 2006; Ayres 2009), and of course for the Sun itself. Thus one might see effects of SPI on the X-ray emission of a planethosting star. As stellar coronal emission of an individual star is highly variable also in absence of planets, it is favorable to work with stellar samples here and look for trends of X-ray properties with planetary mass and semimajor axis.

I present the first X-ray analysis of a complete sample of all known planet-hosting stars within 30 pc distance from the Sun in chapter 5.

3.3.3 Selection effects in samples of planet-hosting stars

A striking correlation between planetary mass and X-ray luminosity for stars with very close planets has been published Scharf (2010), using data from the ROSAT All-Sky Survey (RASS). If truly SPI-related, this would be an amazing discovery. However, such a correlation is not present in the complete sample from Poppenhaeger et al. (2010), which uses X-ray data from both survey and pointed observations. Therefore I conducted a detailed analysis of possible selection effects which are present in flux-limited survey data and in the sample of known nearby planet-hosting stars themselves, as the predominant detection mechanism (radial velocity) gives rise to severe trends which can be interpreted as SPI signatures if not taken into account carefully. This is discussed in chapter 7. This chapter contains a manuscript which has been submitted to The Astrophyical Journal for publication. The manuscript is still being refereed at the time of writing this thesis; the comments from the referee are already included, but final acceptance has not been given yet. I expect to publish the paper without any significant changes from the version which is presented here.

20 CHAPTER 3. EXOPLANETS AND THEIR HOST STARS

CHAPTER 4. 51 PEG - A PLANET-BEARING MAUNDER MINIMUM CANDIDATE 21

Chapter 4

51 Pegasi - a planet-bearing Maunder minimum candidate

K. Poppenhäger, J. Robrade, J. H. M. M. Schmitt and J. C. Hall Astronomy & Astrophysics, Volume 508, Issue 3, pp.1417-1421 (2009) The original publication is available at www.aanda.org

22 CHAPTER 4. 51 PEG - A PLANET-BEARING MAUNDER MINIMUM CANDIDATE

23

24 CHAPTER 4. 51 PEG - A PLANET-BEARING MAUNDER MINIMUM CANDIDATE

25

26 CHAPTER 4. 51 PEG - A PLANET-BEARING MAUNDER MINIMUM CANDIDATE

27

28 CHAPTER 4. 51 PEG - A PLANET-BEARING MAUNDER MINIMUM CANDIDATE

CHAPTER 5. CORONAL PROPERTIES OF PLANET-BEARING STARS 29

Chapter 5

Coronal properties of planet-bearing stars

K. Poppenhaeger, J. Robrade and J. H. M. M Schmitt Astronomy & Astrophysics, Volume 515, id.A98 (2010)^1 The original publication is available at www.aanda.org

1 Due to some incorrectly printed data entries in two tables, a Corrigendum was accepted for publication by A&A and is included here.

30 CHAPTER 5. CORONAL PROPERTIES OF PLANET-BEARING STARS

31

32 CHAPTER 5. CORONAL PROPERTIES OF PLANET-BEARING STARS

33

34 CHAPTER 5. CORONAL PROPERTIES OF PLANET-BEARING STARS

35

36 CHAPTER 5. CORONAL PROPERTIES OF PLANET-BEARING STARS

37

38 CHAPTER 5. CORONAL PROPERTIES OF PLANET-BEARING STARS

39

40 CHAPTER 5. CORONAL PROPERTIES OF PLANET-BEARING STARS

41

42 CHAPTER 5. CORONAL PROPERTIES OF PLANET-BEARING STARS

CHAPTER 6. A SEARCH FOR SPI IN THE UPSILON ANDROMEDAE SYSTEM 43

Chapter 6

A search for Star-Planet-Interactions in the upsilon Andromedae system at X-ray and optical wavelengths

K. Poppenhaeger, L. F. Lenz, A. Reiners and J. H. M. M Schmitt Astronomy & Astrophysics, Volume 528, id.A58 (2011) The original publication is available at www.aanda.org

44 CHAPTER 6. A SEARCH FOR SPI IN THE UPSILON ANDROMEDAE SYSTEM

45

46 CHAPTER 6. A SEARCH FOR SPI IN THE UPSILON ANDROMEDAE SYSTEM

47

48 CHAPTER 6. A SEARCH FOR SPI IN THE UPSILON ANDROMEDAE SYSTEM

49

50 CHAPTER 6. A SEARCH FOR SPI IN THE UPSILON ANDROMEDAE SYSTEM

51

52 CHAPTER 6. A SEARCH FOR SPI IN THE UPSILON ANDROMEDAE SYSTEM

CHAPTER 7. HOST STAR ACTIVITY AND PLANET MASS 53

Chapter 7

A correlation between host star activity and planet mass for close-in extrasolar planets?

K. Poppenhaeger and J.H.M.M. Schmitt Submitted to The Astrophysical Journal

54 CHAPTER 7. HOST STAR ACTIVITY AND PLANET MASS

55

56 CHAPTER 7. HOST STAR ACTIVITY AND PLANET MASS

57

58 CHAPTER 7. HOST STAR ACTIVITY AND PLANET MASS

59

60 CHAPTER 7. HOST STAR ACTIVITY AND PLANET MASS

Chapter 8

A short activity cycle of τ Bootis?

8.1 Introduction

In this chapter, I present an analysis of recently recorded X-ray and optical data on τ Boo, a star which has been suspected to have a very short activity cycle of approximately one year duration. The observations of this star will continue throughout 2011 and 2012, and a paper will be prepared when these observations have been performed. However, as there is already a decent amount of data available which is sufficient for preliminary interpretation, I will present my analysis of the data on τ Boo already here in this thesis.

τ Boo is a planet-hosting main sequence star of spectral type F7 located at 15.6 pc distance from the Sun. Its age has been estimated by Saffe et al. (2005) to be roughly 3 Gyr, estimated from isochrones, lithium abundances and chromospheric Ca ii activity. For this age, the star rotates rather fast with a mean rotation period of P_∗ = 3.23 d; it also displays quite strong differential rotation with P_{eq} = 3 d and P_{pole} = 3.9 d at the equator and the poles, respectively (Donati et al. 2008). It has been speculated if this fast rotation stems from a tidal spin-up induced by the giant planet that orbits the star with a period of 3.3 d (Barnes 2001).

Even if magnetic activity is not understood well enough to predict durations and strengths of activity cycles from fundamental stellar parameters, a short activity cycle might be expected for τ Boo as stellar rotation and magnetic activity are related in latetype stars. In the Mount Wilson program (Baliunas et al. 1995), the star did not ex-

Table 8.1: XMM-Newton and optical observations of τ Boo with expected activity state as extrapolated from magnetic field reconstructions.

ObsID Obs. date GTI (ks) state 0144570101 2003-06-24 70.5 min. 0651140201 2010-06-19 12.7 min. (optical) 2010-06-19 2.2 min. 0651140301 2010-07-23 7.7 min. (optical) 2010-07-24 1.7 min. 0651140401 2010-12-19 9.7 max. 0651140501 2011-01-22 13.3 max.

hibit any obvious periodic activity changes over several years. However, during the last years, the large-scale magnetic field of τ Boo was reconstructed from spectropolaric measurements using Zeeman Doppler Imaging (Catala et al. 2007; Donati et al. 2008; Fares et al. 2009). These reconstructions suggested that the polarity of the large-scale magnetic field switched twice during a period of two years, indicating an activity cycle of only one year duration.

If these reconstructions really characterize the actual magnetic field configuration of the star, it can be expected in analogy to the Sun that τ Boo is in a state of minimum activity during the phases of a stable, poloidal field configuration. During the polarity switches, when toroidal field configurations are dominant, the activity level should be at a maximum. The available ZDI data suggest that the polarity switches occur yearly in winter; this is why we observed the star twice in summer 2010 and winter 2010/11 in X-rays and additionally in

Figure 8.1: Background-subtracted X-ray lightcurves of τ Boo in 2003 and 2010/11 with 100 s time binning, observed with the XMM-Newton PN camera.

the optical in summer 2010.

8.2 Observations and data analysis

X-ray data

We monitored τ Boo’s X-ray emission with the XMM-Newton telescope in four observations. The observation dates were scheduled so that two of them cover the expected activity maximum of the magnetic cycle and two the expected minimum, as extrapolated from the magneto-spectropolarimetric observations performed by Catala et al. (2007); Donati et al. (2008); Fares et al. (2009), see Table 8.1. Additionally, there is an archival XMM-Newton observation of the star from June 2003. The data from this observation has been analyzed in detail by Maggio et al. (2011); however, we will re-analyze the dataset along the same lines as we do for our new observations from 2010/11 for better comparability. All observations were performed with the thick filter, as τ Boo is an optically bright target with m_V = 4.5. This is also the reason why the optical monitor of XMM-Newton had to be blocked and could not be used for scientific analysis.

We reduced the data using standard procedures of the SAS10.0 software package. τ Boo has a mean X-ray countrate of ≈ 0.8 cts/s, practically all photons having energies below 5 keV, except for the observation in 2003 where also (few) X-ray source photons of higher energies were collected. We produced light curves with 100 s binning to obtain acceptable error bars as well as enough time resolution to identify possible flares. For the spectra, we used energy bins with at least 15 counts per bin for decent statistics. Significant background signal was present for the 2003 observation, so in analyzing this exposure we used good time intervals with low background signal to extract the source spectra. The spectral fitting was performed with Xspec v12.5.

τ Boo has a stellar companion at an angular distance of 2.8^{′′} (Patience et al. 2002) which is unresolved in the XMM-Newton observations. This companion, GJ 527 B, is a low-mass mainsequence star of spectral type M2. The majority of early M dwarfs (≈ 80%) have luminosities below log L_X = 27.5 (Schmitt et al. 1995). This amounts to a fraction of only 5% of the detected X-ray flux of both τ Boo and GJ 527 B together, so that we can safely choose to neglect the contribution of the low-mass companion to the X-ray emission in our observations.

Optical data from FLWO

The Fred Lawrence Whipple Observatory in Arizona hosts the TRES spectrograph at its 1.5 m telescope. TRES is a cross-dispersed echelle spectrograph with a resolution of ≈ 20 000−40 000 (depending on the used fiber) in a bandpass covering 3900 − 9100Å. For our observations the medium fiber was used, yielding a spectral resolution of ≈ 30 000. The raw spectra were flatfielded and the wavelength calibration was conducted through ThAr reference frames, using the TRES reduction pipeline.

Optical data is available for June and July 2010; in June, a total exposure time of 37 min split into ten exposures was reached; in July, the total exposure time was 28 min split into seven individual exposures.

8.3 Preliminary results

8.3.1 X-ray lightcurves

The X-ray lightcurves of τ Boo, collected in summer 2003, summer 2010 and winter 2010/11, are shown in Fig. 8.1. The lightcurves were extracted from the PN detector in the 0.2 − 5 keV energy band with a time binning of 100 s. The median countrate in the 2003 observation was higher than in any of the later observations with ca. 1.0 cps. The 2010/11 observations displayed median countrates of 0.90, 0.69, 0.79, and 0.85 cps, respectively. All lightcurves display some short-term variability of 10-30%. The 2003 observation exhibits several small flares, and also the 2010/11 observations show a few flare-like variations, however on a lower level. However, the flares are too small to allow a detailed loop analysis.

The lightcurve variability can be quantified by the MAD, which is the median of the deviation from the median in each lightcurve. The MAD values for the observations are, in chronological order, 0.090, 0.072, 0.050, 0.072, and 0.069.

8.3.2 Activity levels

A good indicator for coronal activity is the ratio of X-ray and bolometric luminosity. Inactive stars typically display values of log L_X /L_{bol} < −6; the Sun’s activity index varies between −6.8 and −5.8 during an activity cycle (Judge et al. 2003).

We compute the mean X-ray luminosity of τ Boo in each of the five observations by fitting MOS, PN and RGS spectra in Xspec 12.0 with a VAPEC model with four temperature components and variable abundances for the most prominent elements; the fitting process is described in detail in section 8.3.3. We calculate

Figure 8.2: Ca II K line of τ Boo in June 2010. Weak emission in the line core (dashed box) is visible.

Table 8.2: X-ray luminosity (0.2-10 keV) and activity indicator L_X /L_{bol} during the five observations of τ Boo.

Date L_X log^{LX}_{Lbol} state (erg s^{−1} cm^{−2}) June 2003 7.6 × 10^{28} -5.22 min. June 2010 6.5 × 10^{28} -5.29 min. July 2010 5.1 × 10^{28} -5.39 min. Dec. 2010 5.6 × 10^{28} -5.35 max. Jan. 2011 6.1 × 10^{28} -5.32 max.

the X-ray luminosity in the 0.2 − 10 keV energy band and the activity indicator from the spectral model, the results are given in Table 8.2. In cool stars, the activity indicator typically spans values of −7 to −3, placing τ Boo at a moderate level of activity which is higher than the solar activity level at the maximum of the solar cycle. The highest X-ray activity level was detected in summer 2003, where the X-ray luminosity was higher by 50% compared to the lowest activity level detected in July 2010.

The chromospheric activity level can be determined from the optical spectra we recorded in June and July 2010. More spectra will be taken during 2011, but as of now, these are the only optical spectra available which were recorded near-simultaneously to our X-ray observations. The core of the Ca ii K line, located at wavelengths around 3933 Å, is depicted

Table 8.3: Spectral properties of τ Boo’s corona during the five observations given with 1σ errors obtained from the fits. Emission measure given in units of 10^{−50} cm^{−3}.

observation 06/2003 06/2010 07/2010 12/2010 01/2011 EM_1 (kT_1 = 0.2 keV) 9.4 ± 0.9 7.9 ± 1.8 6.7 ± 1.2 6.0 ± 2.3 9.7 ± 1.4 EM_2 (kT_2 = 0.35 keV) 34.3 ± 1.8 38.7 ± 2.6 33.6 ± 6.0 36.0 ± 4.3 27.0 ± 2.9 EM_3 (kT_3 = 0.6 keV) 10.3 ± 0.7 4.9 ± 1.2 2.7 ± 1.5 4.0 ± 1.3 5.4 ± 0.9 EM_4 (kT_4 = 2 keV) 1.73 ± 0.17 0.13 ± 0.28 0.0 ± 0.07 0.0 ± 0.24 0.14 ± 0.28 O 0.37 ± 0.01 0.36 ± 0.02 0.36 ± 0.04 0.38 ± 0.03 0.47 ± 0.03 Ne 0.44 ± 0.04 0.31 ± 0.06 0.33 ± 0.08 0.35 ± 0.07 0.45 ± 0.08 Mg 0.66 ± 0.05 0.63 ± 0.09 0.48 ± 0.08 0.47 ± 0.10 0.63 ± 0.11 Si 0.99 ± 0.08 0.88 ± 0.16 0.66 ± 0.24 0.88 ± 0.24 1.33 ± 0.26 Fe 0.96 ± 0.03 0.89 ± 0.04 0.83 ± 0.10 0.81 ± 0.10 1.02 ± 0.07 χ^2 red. (d.o.f.) 1.48 (1025) 1.35 (449) 1.12 (329) 1.05 (351) 1.28 (426) state min. min. min. max. max.

in Fig. 8.2. There is a small amount of emission in the line core, typical for a low to moderate level of activity. To quantify this emission, we calculate the equivalence width of the Ca ii K line core, contained in a 1 Å part of the spectrum centered around the minimum of the core, with respect to the pseudo-continuum present between 3945 and 3955 Å. The values are very similar for the optical observations in June and July 2010 with EW_{June} = 0.938 and EW_{July} = 0.925. Further observations to be obtained in 2011 will give more insight into the variability of τ Boo’s chromospheric activity (see also section 8.5).

8.3.3 Spectral properties

We extracted X-ray spectra from each observation of τ Boo, yielding CCD spectra from MOS1, MOS2 and PN (see Fig. 8.3) as well as grating spectra from RGS1 and RGS2 (see Fig. 8.4). We fitted all five spectra from a single observation simultaneously in Xspec12.5, using a thermal plasma model with variable elemental abundances (VAPEC) and four temperature components. To make the different observations comparable, we defined a fixed grid of temperatures for all exposures with values of kT = 0.2, 0.35, 0.6, 2.0 keV, corresponding to T = 2.3, 4.0, 6.9, 23 MK. We then defined the abundances of iron, neon, oxygen, magnesium and silicon to be equal in each tempera-

Figure 8.3: X-ray CCD (PN) spectra of τ Boo from 2010/11 and 2003 (black: June 2010, red: July 2010, blue: December 2010, green: January 2011, turquoise: June 2003). The spectra from 2010/11 are very similar to each other, the spectrum from 2003 displays higher mean temperature and emission measure.

Figure 8.4: X-ray grating spectrum of τ Boo, obtained with RGS1 (black) and RGS2 (red) in January 2011. In this exposure of 13.3 ks duration, the strong emission line complexes of Fe xvii near 15 and 17 Å, the O viii line near 19 Å and the O vii triplet near 22 Å (visible only in RGS1 because of a broken CCD in RGS2) produce the most remarkable features.

ture component, but allowed said abundances to vary for each observation. As other elements do not produce comparably prominent emission lines in the accessible X-ray spectra, all remaining abundances were fixed at solar photospheric values taken from Grevesse & Sauval (1998). For some of the elements which we allow to vary in the coronal fits, photospheric abundances of τ Boo are available, namely for iron, oxygen, and silicon. However, these abundances are all very similar to each other with [X/H] ≈ 0.3 (Gonzalez & Laws 2007), so that an additional normalization of these elements with the photospheric abundance of τ Boo is not necessary given the magnitude of the errors in our spectral fits.

In fitting coronal spectra, especially ones of only moderate spectral resolution such as the MOS and PN spectra, there is an interdependence of elemental abundances and emission measure. Fits with high emission measure often produce lower elemental abundances and vice versa, while the fit quality essentially stays the same. When we compare the emission measures or abundances of the individual observations of τ Boo (for example in Fig. 8.5 and 8.6), we therefore normalize the abundances with the total emission measure of each fit, or, if dealing with emission measures, normalize them with the added abundance of iron, oxygen and neon as these are the most precisely determined abundances in our fits.

Coronal abundances

In the Sun, coronal elemental abundances differ systematically from the photospheric abundances (Feldman 1992). Elements with a low first ionization potential (FIP) are enhanced compared to such with a high FIP. In stars, it has been found that the nature of the FIP effect often depends on the activity level (Audard et al. 2003). For rather inactive stars with log L_X /L_{bol} < −5, the FIP effect is solar-like, while very active stars with dominant coronal temperature components of > 10 MK show an inverse FIP effect with the high-FIP elements being overabundant.

As the activity levels of τ Boo are slightly different in the five observations, we analyze the coronal abundances of elements which are welldetermined from the EPIC and RGS spectra for each observation. The silicon abundance derived form our spectral fits has larger error bars than the abundances of oxygen, neon, magnesium and iron, due to the fact that no prominent silicon lines are accessible in the energy band covered by RGS, while in EPIC, the generally soft spectra do not yield a large number of counts at energies around 2 keV where Si xiiixv lines are located.

In the case of τ Boo, we find that all spectra of τ Boo show a FIP effect in the elemental abundances (see Fig. 8.5). Elements with a low FIP such as iron, silicon and, somewhat less pronounced, magnesium are overabundant compared to the high-FIP elements oxygen and neon, see Table 8.3. However, the magnesium abundance is systematically lower than the abundances of the other low-FIP elements, iron and silicon. As the photospheric abundance of magnesium has not been measured for τ Boo, it might be that the star is generally magnesium-poor; in any case, the magnesium abundance is still higher than the corresponding oxygen and neon abundances in each ob-

Figure 8.5: Coronal elemental abundances of τ Boo during the five observations, relative to solar photospheric abundances from Grevesse & Sauval (1998) and normalized to the coronal oxygen abundance.

servation, fitting the picture of the FIP effect. We also find that changes of the FIP pattern with respect to the activity state in the individual observations are not present on a significant level.

Emission measure and coronal temperature

The abundance-normalized emission measure distribution over the four different temperature bins is shown in Fig. 8.6. This distribution is typical for stars of moderate activity, as the peak of the distribution is located at a temperature of ≈ 4 MK. For the four observations with lower activity (2010/11), the emission measure becomes small already at a temperature of 7 MK, and it negligible at > 10 MK. Only the observation form 2003 displays significant emission measure at these higher temperatures, which fits with the overall higher activity state of τ Boo during that time.

Also the total emission measure summed over the temperature bins and normalized by the elemental abundances correlates with the stellar activity. It is largest for the 2003 observation with 5.9 × 10^{51} cm^{−3}, and becomes smaller with decreasing activity, with the lowest activity observation in July 2010 having a total emission measure of 3.9 × 10^{51} cm^{−3}.

Figure 8.6: Emission measure distribution of the five observations of τ Boo, derived from the 4-T model. Emission measures are scaled by the summed abundances of oxygen, neon and iron for each observation.

As I have chosen to fit the X-ray data to a grid of fixed temperatures for better comparability, the dominant coronal temperatures in each observation are not obvious at first glance. However, the mean coronal temperatures can be calculated from the fits by weighting the grid temperatures with the emission measure of each temperature bin. The mean temperature in each fit is of the order 4 − 5 × 10^6 K. Similar to the emission measure, also the mean coronal temperature rises with increasing activity level.

As coronal emission is thought to stem from a superposition of flaring loops with different sizes, this is not surprising. In the standard flare picture, reconnection of magnetic field lines in a coronal loop accelerates electrons downwards into the chromosphere, where their energy dissipates and heats the chromospheric plasma. The chromospheric plasma evaporates and fills the coronal loop, increasing the plasma density and thus the emission measure in that loop, causing it to brighten up in soft X-rays. The activity state of τ Boo as determined by log L_X /L_{bol} correlating with the mean coronal temperature and emission measure confirms this picture completely.

8.5. FUTURE OBSERVATIONS 67

8.4 Discussion of preliminary results

Our observations have shown that τ Boo is a moderately active star which displays some small-scale variability in X-rays. A FIP pattern in the coronal elemental abundances, typical for stars with low to moderate activity, is present as well. However, using the data available up to now, we do not find evidence for a short activity cycle of ≈ 1 yr duration. Especially an elevated activity state in winter 2010/11 as extrapolated from spectropolarimetric measurements is not present in the stellar coronal emission.

This is not a problem of identifying stellar activity cycles in X-ray emission. It has been shown for two stars other than the Sun, namely HD 81809 and 61 Cyg (Favata et al. 2008; Hempelmann et al. 2006), that the quasiquiescent coronal emission in general follows the chromospheric activity behavior. For these stars, the activity cycles with ca. 8 and 10 yr are much longer than the one that was proposed for τ Boo.

This leaves two main reasons why the coronal emission does not show the expected longterm variability. On the one hand, the sampling of our data available so far is quite sparse with only four pointings distributed over one year. It might be that we incidentally caught τ Boo in short phases of low activity during winter 2010/11, while the general activity level during that period was significantly higher. For the observations from 2003, a low activity state was extrapolated from the spectropolarimetric data. If truly a 1-year cycle is present, then there are seven cycles between that dataset and the 2010/11 observations. We know from the Sun that different activity cycles can be more or less pronounced, so the higher activity level in 2003 does not necessarily contradict this first possibility of an interpretation.

On the other hand, the magnetic polarity switches recontructed from spectropolarimetric measurements might not be caused by a short magnetic cycle in the first place. In those observations, the Stokes I and V components were measured, which contain information on the net magnetic field of the stellar hemisphere that is visible during the individual observations. Areas on the stellar surface which have opposite polarity "cancel out" in the Stokes V signal and can therefore usually not be reconstructed by measuring only these two components. If these areas and their magnetic fields do not match in magnitude completely, the Stokes V signature appears as that of the net field strength of both areas, and thus does not allow a distinction between global net fields and a locally differing field strength of opposite polarity.

In the case of τ Boo, a net radial magnetic field with a strength of up to 10 G has been reconstructed (Fares et al. 2009). In the Sun, the magnetic field strength in sunspots is of the order of several kilogauss, while the global polar field of the Sun is much weaker with only a few Gauss. Even if sunspots usually are present in pairs, it is well possible that a snapshot of one stellar hemisphere of τ Boo contains local magnetic fields in such a way that their integral over the stellar disk yields a net field strength equals 10 G. Therefore, a global magnetic field switch is not necessarily the only possible explanation for the spectropolarimetric data.

8.5 Future observations

In any case, our future observations of τ Boo will allow more insight into the question of this star’s activity cycle.

For 2011/12, several observations of τ Boo’s coronal and chromospheric emission are scheduled. The coronal X-ray emission will be monitored almost every month from April 2011 to April 2012, using the X-ray observatories XMM-Newton, Chandra, and Swift.

In addition, we will also collect more optical data to determine τ Boo’s chromospheric activity state near-simultaneously to the coronal activity. We will again use data from FLWO in Arizona; so far, observations are scheduled for spring and summer 2011, and additional observations covering the period to April 2012 are proposed for.

This closer data sampling will allow us to determine if the low coronal activity in winter 2010/11 is an outlier or just represents the overall activity state of τ Boo. This would strengthen our second interpretation of the data, indicating that no one-year activity cycle is present in this star.

Chapter 9

Summary and future work

Here I summarize the scientific results of my thesis and comment on future research possibilities.

9.1 Summary of scientific results

Most of the work discussed in this thesis has been published in refereed journals such as Astronomy and Astronphysics and The Astrophysical Journal and has been presented at international conferences. This was done to allow the international community to participate in my results as early as possible. All of these publications deal with the magnetic activity of planet-hosting stars, and several new and original results have been derived.

Maunder minimum states: The planethosting star 51 Peg is in a Maunder minimum state, characterized by low and constant X-ray and chromospheric activity profiles over more than 16 years. Its coronal temperature is very low with T ≲ 1 MK, which is similar to the temperature of a solar coronal hole. As chromospheric activity indicators alone can only hint at Maunder minima, this is the first time that substancial observational evidence for a stellar Maunder minimum state has been presented, by using both chromospheric and coronal data.

τ Boo’s activity cycle: τ Boo, a fast rotating star with a Hot Jupiter in a synchronous orbit, does not show modulations of its X-ray activity with a period of ≈ 1 yr, as had been anticipated from Zeeman Doppler Imaging. The star exhibits low to moderate activity during my observations in 2010/11; in X-ray data from 2003 the activity level was only slightly higher. The elemental abundances show a FIP effect in all X-ray observations, which is often seen in stars with low to moderate activity. These results are preliminary in the sense that more monitoring observations in the optical and in Xrays will be carried out in 2011/12, which will allow to search for activity modulations with longer periods.

Chromospheric SPI: The planet-hosting star υ And, which has been claimed to undergo chromospheric activity changes with the orbital period of its planet, does not exhibit such modulations during my observations in 2009. Instead, υ And showed periodic variability with the stellar rotation period, indicative of active regions being present on the star which were not associated with the planet. Near-simultaneous X-ray observations confirmed this behavior. SPI therefore induces only small effects in this star, if any.

Coronal SPI: In a complete sample of all known planet-hosting stars within 30 pc distance from the Sun, there are no detectable SPI-related effects present in the stellar X-ray emission. The only significant correlation which is present is between stellar X-ray luminosity and the product of planetary mass and reciprocal semimajor axis. This correlation can be traced back to a selection effect from planet detection, since it is present both for massive, close-in planets where one expects to see SPI signatures as well as for small, far-out planets for which SPI effects should be negligible.

Selection effects in planet-hosting stars:

There are strong selection effects present in samples of planet-hosting stars which can mimick trends as expected from SPI manifestations. I investigated such selection effects in detail for the radial velocity detection method, which is the dominant method for discovering planets around nearby stars. The detectability of the RV signal depends on the apparent brightness of the star itself (brighter stars yield higher signal-to-noise ratio in optical spectra), as well as on the RV amplitude, which is a function of planetary mass and reciprocal stellar mass and planetary orbital period. This causes small planets to be mostly found around stars with low X-ray luminosity, which can be mistaken for massive planets causing higher X-ray luminosities.

9.2 Future work

The results of my work have shown that starplanet interactions do not produce a major contribution to stellar activity. Any hypothetically induced effects are small compared to intrinsic stellar variability, judging from the observational evidence which is available today.

For binary stars, activity features which have been interpreted as related to magnetic interactions have been observed (Salter et al. 2010; Siarkowski et al. 1996; Peterson et al. 2010); as they are apparently negligible for planet-hosting stars, the question arises at which mass range such interactions become significant. Suitable targets for further investigations are therefore M dwarf binaries, as they provide a link in the mass range between planet-hosting stars and binaries of the RS CVn or BY Dra type. I have submitted a proposal to observe the newly discovered close M dwarf binary GJ 3240 B which has a orbital period of only 0.4 d; the analysis of X-ray and optical data from this system will show if this binary displays, apart from high activity due to tidal locking and therefore fast rotation, additonal acitivity features in the form of "star-star interactions".

Also single stars are suited to gain more insight into magnetic activity processes. Two main-sequence stars of intermediate mass, namely τ Boo and ι Hor, recently showed indications of very short activity cycles (1 yr and 1.6 yr, respectively). In the case of τ Boo, I have already shown that its activity cycle as indicated in X-ray emission is most probably longer than the 1 yr duration derived from Zeeman Doppler Imaging. Additional observations in X-rays and in the optical regime will be performed in 2011/12 with closer time sampling to investigate the nature of τ Boo’s activity in more detail. For the star ι Hor, the evidence for the short cycle is stronger than for τ Boo since chromospheric activity measurements are available from more than one cycle, thus one does not need to rely on spectropolarimetric reconstrcutions of magnetic fields. For ι Hor, several X-ray observations to be performed by XMM- Newton will become available in 2012, allowing to test the chromospheric activity cycle in the stellar coronal emission.

The influence of planets on their host stars’ activity may be negligible, but the effect that stellar activity and thus high-energy irration has on close-by planets is certainly not. As planetary evaporation has been observed for HD 209458b, the question arises how such evaporation takes place. There are different models explaining much larger evaporation rates than those emerging from pure Jeans’ escape, which make use of the high-energy irradiation of the planetary atmosphere. However, there are no observational constraints for the most crucial parameter in such models, the planetary radius in X-rays. For inflated massive planets, some models assume the X-ray radius to be larger than the optical radius by a factor of 2 − 4. I will test the planetary X-ray radius in the system HD 189733, which is similar to HD 209458, but located at a closer distance; the Chandra X-ray observations of this system will

9.2. FUTURE WORK 71

be carried out in fall 2011. To derive the radius, I will use both folded X-ray lightcurves of the planetary transits as well as a hardness ratio analysis. Normal stellar variability produces a linear relationship between hardness ratio and countrate, since flares of all sizes produce hotter plasma which is both X-ray brighter and has a harder spectrum than cooler plasma. A planetary transit will cause outliers from this relationship, since the transit lowers the X-ray flux by occultation without lowering the detected effective plasma temperature. This may yield observation-based estimates of planetary X-ray radii for the first time.

A second important question arises from the HD 209458 system: although the star is apparently able to drive planetary evaporation, it is not detected in X-ray so far. As the system is located at 47 pc distance, this is not surprising for the ROSAT All-Sky Survey; however, even in more sensitive XMM-Newton observations, a significant X-ray detection could not be made. Together with HD 209458’s low chromospheric activity derived from optical spectra, this hints towards a Maunder minimum state of this star. However, the far UV emission of HD 209458, measured in a band spanning 1350 − 1750 Å by the GALEX space observatory, is stronger than the emission of the Maunder minimum star 51 Peg by a factor of three. Clearly, HD 209458 provides some puzzles concerning stellar activity and its influence on the planetary atmosphere. Therefore I have proposed a new X-ray observation of HD 209458 with Chandra ACIS- S to derive the stellar coronal temperature from only a few necessary source counts in a similar way as I have done for 51 Peg in this thesis. If HD 209458 really is in a Maunder minimum state, this can indicate that the planetary evaporation might be dominantly driven by stellar wind instead of irradiation for this system.

This shows that - even if star-planet interactions induce only minor effects - the magnetic activity of planet-hosting stars is a rich field of research awaiting deeper understanding in the future.

72 CHAPTER 9. SUMMARY AND FUTURE WORK

Chapter 10

Acknowledgment - Danksagung

Es gibt eine Reihe von Menschen, denen ich hier danken möchte, weil sie mir aus vielerlei Gründen wichtig gewesen sind in den vergangenen drei Jahren und darüber hinaus.

Zunächst ist das mein Doktorvater Jürgen Schmitt, der mir wissenschaftlich freie Hand gelassen hat, mir aber, wann immer ich das brauchte, auch eine Leitfigur war. Ich habe wissenschaftlich und taktisch viel von Dir gelernt, Jürgen. Ebenfalls bedanken möchte ich mich bei Ansgar Reiners, der für mich immer ein sehr offener Ansprechpartner war für meine Fragen zur magnetischen Aktivtät und zum Leben als Wissenschaftler allgemein. Ein Dankeschön geht auch an Jan Robrade, der meine ersten Schritte in der Röntgenastronomie begleitet hat.

Finanzielle Unterstützung wurde mir zuteil durch das Deutsche Zentrum für Luft- und Raumfahrt (DLR) unter der Projektnummer DLR 50OR0703.

Meine Kollegen an der Hamburger Sternwarte haben das Institut zu einem angenehmen und fröhlichen Arbeitsplatz für mich gemacht. Auch nach der Arbeit hatte ich viel Spaß mit euch bei gemeinsamen Kochabenden, Kinobesuchen und "Inspirational Sessions". René, Mariana, Moritz und auch Feo aus Göttingen, ihr seid mir besonders ans Herz gewachsen, und ich bin sehr froh, euch zu kennen.

Tobias, Du bist mir wichtiger als alles andere. Diese Arbeit ist Dir gewidmet.

74 CHAPTER 10. ACKNOWLEDGMENT - DANKSAGUNG

Chapter 11

Bibliography

76 CHAPTER 11. BIBLIOGRAPHY

Bibliography

Audard, M., Güdel, M., Sres, A., Raassen, A. J. J., & Mewe, R. 2003, A&A, 398, 1137

Ayres, T. R. 2009, ApJ, 696, 1931

Babcock, H. D. 1959, ApJ, 130, 364

Babcock, H. W. 1961, ApJ, 133, 572

Baliunas, S. L., Donahue, R. A., Soon, W. H., et al. 1995, ApJ, 438, 269

Barnes, R., Meadows, V. S., Domagal- Goldman, S. D., et al. 2010, ArXiv e-prints

Barnes, S. A. 2001, ApJ, 561, 1095

Ben-Jaffel, L. 2007, ApJ, 671, L61

Browning, M. K., Miesch, M. S., Brun, A. S., & Toomre, J. 2006, ApJ, 648, L157

Carraro, G., Chiosi, C., Bressan, A., & Bertelli, G. 1994, A&AS, 103, 375

Catala, C., Donati, J., Shkolnik, E., Bohlender, D., & Alecian, E. 2007, MNRAS, 374, L42

Cohen, O., Drake, J. J., Kashyap, V. L., et al.

2009, ApJ, 704, L85

Cuntz, M., Saar, S. H., & Musielak, Z. E. 2000, ApJ, 533, L151

Dikpati, M. & Gilman, P. A. 2001, ApJ, 559, 428 Donati, J., Moutou, C., Farès, R., et al. 2008, MNRAS, 385, 1179

Donati, J., Semel, M., Carter, B. D., Rees, D. E., & Collier Cameron, A. 1997, MNRAS, 291, 658

Drake, F. D. 1961, in Discussion of Space Science Board, National Academy of Sciences, Conference on Extraterrestrial Intelligent Life, Green Bank, West Virginia

Durney, B. R. 1995, Sol. Phys., 160, 213

Eddy, J. A. 1976, Science, 192, 1189

Fares, R., Donati, J., Moutou, C., et al. 2009, MNRAS, 398, 1383

Favata, F., Micela, G., Orlando, S., et al. 2008, A&A, 490, 1121

Feldman, U. 1992, Phys. Scr, 46, 202

Getman, K. V., Broos, P. S., Salter, D. M., Garmire, G. P., & Hogerheijde, M. R. 2011, ArXiv e-prints

Goldreich, P. & Lynden-Bell, D. 1969, ApJ, 156, 59

Gonzalez, G. & Laws, C. 2007, MNRAS, 378, 1141

Grevesse, N. & Sauval, A. J. 1998, Space Science Reviews, 85, 161

Hale, G. E. 1908, ApJ, 28, 315

Hansen-Ruiz, C. S. & van Leeuwen, F. 1997, in ESA Special Publication, Vol. 402, Hipparcos - Venice ’97, ed. R. M. Bonnet, E. Høg, P. L. Bernacca, L. Emiliani, A. Blaauw, C. Turon, J. Kovalevsky, L. Lindegren, H. Hassan, M. Bouffard, B. Strim, D. Heger, M. A. C. Perryman, & L. Woltjer, 295–298

Helmholtz, H. v. 1856, The London, Edinburgh and Dublin Philosophical Magazine and Journal of Science, 11, 489

Hempelmann, A., Robrade, J., Schmitt, J. H. M. M., et al. 2006, A&A, 460, 261

Jansen, F., Lumb, D., Altieri, B., et al. 2001, A&A, 365, L1

Jordan, C., Doschek, G. A., Drake, J. J., Galvin, A. B., & Raymond, J. C. 1998, in Astronomical Society of the Pacific Conference Series, Vol. 154, Cool Stars, Stellar Systems, and the Sun, ed. R. A. Donahue & J. A. Bookbinder, 91–+

Judge, P. G. & Saar, S. H. 2007, ApJ, 663, 643

Judge, P. G., Solomon, S. C., & Ayres, T. R.

2003, ApJ, 593, 534

Kashyap, V. L., Drake, J. J., & Saar, S. H.

2008, ApJ, 687, 1339

Komm, R. W., Howard, R. F., & Harvey, J. W.

1993, Sol. Phys., 143, 19

Kopp, R. A. & Poletto, G. 1993, ApJ, 418, 496

Krause, F. & Raedler, K. 1980, Mean-field magnetohydrodynamics and dynamo theory, ed. Williams, L. O.

Lammer, H., Bredehöft, J. H., Coustenis, A., et al. 2009, A&A Rev., 17, 181

Lanza, A. F. 2008, A&A, 487, 1163

Lanza, A. F. 2009, A&A, 505, 339

Leighton, R. B. 1969, ApJ, 156, 1

Lenz, L. F., Reiners, A., & Kürster, M. 2010, ArXiv e-prints

Love, J. 1999, Astronomy and Geophysics, 40, 14 Maggio, A., Sanz-Forcada, J., & Scelsi, L. 2011, A&A, 527, A144+

Massi, M., Menten, K., & Neidhöfer, J. 2002, A&A, 382, 152

Mayor, M. & Queloz, D. 1995, Nature, 378, 355

Neupert, W. M. 1968, ApJ, 153, L59+

Parker, E. N. 1955, ApJ, 122, 293

Patience, J., White, R. J., Ghez, A. M., et al.

2002, ApJ, 581, 654

Peterson, W. M., Mutel, R. L., Güdel, M., & Goss, W. M. 2010, Nature, 463, 207

Pierce, A. K. & Lopresto, J. C. 1984, Sol. Phys., 93, 155

Pillitteri, I., Wolk, S. J., Cohen, O., et al. 2010, ApJ, 722, 1216

Piskunov, N. & Kochukhov, O. 2002, A&A, 381, 736

Pont, F., Gilliland, R. L., Moutou, C., et al.

2007, A&A, 476, 1347

Poppenhaeger, K., Robrade, J., & Schmitt, J. H. M. M. 2010, A&A, 515, A98+

Porquet, D., Mewe, R., Dubau, J., Raassen, A. J. J., & Kaastra, J. S. 2001, A&A, 376, 1113

Preibisch, T., Neuhaeuser, R., & Alcala, J. M.

1995, A&A, 304, L13+

Preusse, S., Kopp, A., Büchner, J., & Motschmann, U. 2006, A&A, 460, 317

Priest, E. R. 1982, Solar magnetohydrodynamics, 74P–+

Reale, F., Betta, R., Peres, G., Serio, S., & McTiernan, J. 1997, A&A, 325, 782

Saar, S. H. & Baliunas, S. L. 1992, in Astronomical Society of the Pacific Conference Series, Vol. 27, The Solar Cycle, ed. K. L. Harvey, 150–167

Saar, S. H., Cuntz, M., Kashyap, V. L., & Hall, J. C. 2008, in IAU Symposium, Vol. 249, IAU Symposium, ed. Y.-S. Sun, S. Ferraz-Mello, & J.-L. Zhou, 79–81

Saffe, C., Gómez, M., & Chavero, C. 2005, A&A, 443, 609

Salter, D. M., Kóspál, Á., Getman, K. V., et al.

2010, A&A, 521, A32+

Scharf, C. A. 2010, ApJ, 722, 1547

Schmitt, J. H. M. M. 1997, A&A, 318, 215

Schmitt, J. H. M. M. 2009, in American Institute of Physics Conference Series, Vol. 1094, American Institute of Physics Conference Series, ed. E. Stempels, 473–476

Schmitt, J. H. M. M., Fleming, T. A., & Giampapa, M. S. 1995, ApJ, 450, 392

Schmitt, J. H. M. M., Ness, J., & Franco, G.

2003, A&A, 412, 849

Schwabe, M. 1844, Astronomische Nachrichten, 21, 233

Serio, S., Reale, F., Jakimiec, J., Sylwester, B., & Sylwester, J. 1991, A&A, 241, 197

Shkolnik, E., Bohlender, D. A., Walker, G. A. H., & Collier Cameron, A. 2008, ApJ, 676, 628

Shkolnik, E., Walker, G. A. H., Bohlender, D. A., Gu, P., & Kürster, M. 2005, ApJ, 622, 1075

Siarkowski, M., Pres, P., Drake, S. A., White, N. E., & Singh, K. P. 1996, ApJ, 473, 470

Snodgrass, H. B. 1984, Sol. Phys., 94, 13

Spörer, F. W. G. 1865, Astronomische Nachrichten, 63, 71

Strassmeier, K. G. 2002, Astronomische Nachrichten, 323, 309

Temple, R. K. G. 1988, The UNESCO Courier:

a window open on the world, 41, 9

Thomas, R. N. 1957, ApJ, 125, 260

Thomson ’Lord Kelvin’, W. 1862, Macmillan’s Magazine, 5, 388

Tsuboi, Y., Koyama, K., Murakami, H., et al.

1998, ApJ, 503, 894

van den Oord, G. H. J. & Mewe, R. 1989, A&A, 213, 245

Vidal-Madjar, A., Lecavelier des Etangs, A., Désert, J., et al. 2003, Nature, 422, 143

Vogt, S. S., Penrod, G. D., & Hatzes, A. P.

1987, ApJ, 321, 496

Weisskopf, M. C., Tananbaum, H. D., Van Speybroeck, L. P., & O’Dell, S. L. 2000, in Society of Photo-Optical Instrumentation Engineers (SPIE) Conference Series,

Vol. 4012, Society of Photo-Optical Instrumentation Engineers (SPIE) Conference Series, ed. J. E. Truemper & B. Aschenbach, 2–16

Wild, W. J. 1989, PASP, 101, 844

Wild, W. J. 1991, ApJ, 368, 622

Wolf, R. 1856, Astronomische Nachrichten, 44, 173 Wolter, U., Schmitt, J. H. M. M., Huber, K. F., et al. 2009, A&A, 504, 561

Wright, J. T. 2004, AJ, 128, 1273