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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 quan-
titatively 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 pro-
cesses 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 pro-
cesses, 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 mag-
netic 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 v 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 7 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.
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Zusammenfassung

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

Theoretisch kénnen auch Planeten die Aktivitit ihres Zentralsterns beeinflussen. Ahnlich
wie bei Binérsternen, die starke Aktivitdt - sowohl insgesamt wie auch periodisch verénder-
lich - zeigen, konnten massive Planeten durch magnetische oder Gezeiten-Interaktion die stel-
lare Aktivitdt steigern, allerdings in vergleichsweise geringerem Ausmaf. Einige Hinweise auf
solche Interaktionen wurden in der chromosphérischen Emission von Sternen mit "Hot Jupiters"
gefunden. In dieser Arbeit untersuche ich die magnetische Aktivitit von planetentragen-
den Sternen und insbesondere mdogliche Auswirkungen von Stern-Planeten-Interaktionen, mit
Hauptaugenmerk auf die koronale Rontgenemission der Zentralsterne.

Dazu habe ich ein vollstindiges Sample aller bekannten planetentragenden Sterne innerhalb
von 30 pc Distanz von der Sonne auf Korrelationen zwischen den stellaren Rontgeneigenschaften
und Planetenparametern untersucht. Dabei zeigte sich eine signifikante Korrelation der
Rontgenleuchtkraft mit dem Produkt aus Planetenmasse und inverser grofer Halbachse.
Diese Korrelation konnte jedoch auf Auswahleffekte zuriickgefithrt werden, die von der
Planetendetektion herriihren. Bei Sternen in der solaren Nachbarschaft werden Planeten haupt-
séchlich 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. Zusétzlich zu diesen Auswahleffekten konnten
keine anderen signifikanten Korrelationen nachgewiesen werden, die sich auf Stern-Planeten-
Interaktionen hétten zuriickfithren lassen.

Zuséitzlich habe ich die koronale und chromosphérische Aktivitit eines besonders vielver-
sprechenden einzelnen Stern-Planeten-Systems {iber mehrere Monate analysiert. Das
entsprechende System besteht aus dem kiihlen Hauptreihenstern v Andromedae, einem Hot
Jupiter sowie drei weiteren Planeten in groferen Umlaufbahnen. Im Gegensatz zu fritheren
Studien anderer Autoren zeigte der Stern keine planeteninduzierten Aktivitdtsschwankungen,
sondern Variabilitdt mit der stellaren Rotationsperiode.

Der Stern 51 Pegasi wird vom ersten jemals entdeckten Planeten, ebenfalls ein Hot Jupiter,
umbkreist. Durch eine umfassende Analyse der koronalen Emission dieses Sterns konnte ich nach-
weisen, 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 chromosphérische und koronale Aktivitéit auszeichnet. Der Planet verstirkt die
stellare Aktivitdt in diesem System offenbar nicht. Zusétzlich zeige ich die Ergebnisse einer
Untersuchung des planetentragenden Sterns 7 Bootis, fiir den von anderen Autoren Hinweise
auf einen sehr kurzen Aktivitdtszyklus von nur einem Jahr Dauer gefunden wurden. Dieser
Stern rotiert schnell im Vergleich zu anderen Sternen gleichen Alters; es kdnnte in dem System
ein "Spin-up" durch den massiven Planeten stattgefunden haben. Meine bisher aufgenomme-
nen Daten weisen jedoch darauf hin, dass ein moglicher Aktivitdtszyklus linger ist als bisher
angenommen. Weitere Beobachtungen sind fiir 2011 und 2012 geplant, die genauere Einblicke in
die Aktivitdt dieses Sterns liefern werden.
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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 mil-
lion 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 devel-
oped 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 pres-
sure and the cloud will collapse. For a homo-
geneous cloud with density p and temperature
T3

7 .
The gravitational collapse can also be triggered

by events that cause density fluctuations, such
as clouds colliding or a nearby supernova ex-

T, this happens at the Jeans mass M

plosion, 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 in-
frared 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 col-
lapse, the cloud will have a net angular momen-
tum.

For clouds with large angular momentum,
no central core forms, but the material concen-
trates in a toroidal shape, leading to the for-
mation of a multiple star system. In clouds
with lower angular momentum which form cen-
tral 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 ro-
tating around the core. The disk dissolves with
time as the material in the disk forms plan-
ets, 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,
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SUPERGIANTS .

Surface Tem

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

they grow further by gravitationally attract-
ing 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 migra-
tion in the disk and ejection of larger objects by
gravitational interactions will occur until a sta-
ble 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 con-
centrated 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 an-
gular momentum was stored in the orbital mo-
tions 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 gravi-

tational 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 di-
agram (HRD), where the absolute stellar lumi-
nosity is plotted as a function of color (or tem-
perature, 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 high-
Stars with masses below 1.5M¢
burn hydrogen mainly through the proton-
proton chain, a process which can start at tem-
peratures 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 car-
bon, nitrogen and oxygen act as "catalysts" for
the hydrogen burning.

mass stars.

The type of the fusion mechanism also af-
fects 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 tempera-
ture gradients are present, energy will be trans-
ferred by convection. If the temperature gra-
dient 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 tem-
perature 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 photo-
sphere. In cool stars, however, the energy pro-
duced by the proton-proton chain can still be
efficiently transported away by radiative trans-
fer. 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 con-
vective zones as opposed to stars with outer
convection zones are also called hot and cool
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stars or early-type and late-type stars. The lat-
ter naming convention is actually a historical
misunderstanding: in the nineteenth century,
stars were thought to start as hot and there-
fore "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 spe-
cial process of magnetic field generation which
transfers kinetic into magnetic energy, the so-
called magnetic dynamo. Although this mecha-
nism 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 dy-
namo 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 "abun-
dance patches” on their surface. How these
stars obtain their magnetic field is under de-
bate; 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 color-
luminosity relation changes and the stars evolve
away from the main sequence. The final stage
of a star again depends on its initial mass: stars
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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 burn-
ing in the core and hydrogen burning in a shell
surrounding it, oxygen and carbon will accu-
mulate in the core as the products of helium
burning. These elements will never ignite in
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such stars as the temperature does not be-
come 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 col-
lapses 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, be-
cause the inner core consisting of oxygen and
carbon which could not be ignited in lower-
mass 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 pro-
duced 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 ex-
plosion. This process, which can be observed in
form of a supernova, is so violent that protons
and electrons in the collapsing core form neu-
trons, and only the neutron degeneracy pres-
sure stops the contraction. The central remain-
der 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 el-
ements and in turn feeds the formation of new
stars again.



CHAPTER 2. STELLAR ACTIVITY

Chapter 2

Stellar activity

What is stellar activity? Basically all phe-
nomena 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, fur-
ther layers exist. The chromosphere, named
for its reddish color visible in solar eclipses, ex-
tends 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 tempera-
tures of several million K are present. In the so-
lar 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 dy-
namo. Magnetic fields in hot Ap/Bp stars dif-
fer fundamentally from this as they are mostly
constant large-scale fields. In contrast, it is ex-
actly the spatial fine structure and variability
that produces the variety of atmospheric phe-
nomena we observe in solar-like stars which are
at the focus of my thesis.

In a historical perspective, today’s under-
standing of the relevance of stellar magnetic
fields and the ubiquity of magnetic phenom-
ena in late-type stars was preluded by a long
series of insights starting more than two thou-
sand years ago.

Figure 2.1: View of the Sun in the extreme ul-

traviolet, showing hot spots and a large promi-
nence (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 to-
day were performed not only in China, but also
by Arabic and European observers (see Temple
(1988)). The advent of the telescope in the six-
teenth century made more detailed studies pos-
sible, foremost of all the discovery of Jupiter’s
moons by Galilei in 1610, heralding the end of
the geocentric view of the universe. Solar ac-
tivity as observed in sunspot numbers was rec-
ognized as a cyclic phenomenon 150 years ago
(Schwabe 1844; Wolf 1856). A few years later
Sporer (1865) found that not only the num-
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Figure 2.2: Butterfly diagram, first introduced
by Maunder, showing the number (lower panel)
and latitude (upper panel) of sunspots dur-

ing 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 split-
ting of photospheric spectral lines in sunspot
spectra (Hale 1908). This led to the formula-
tion of the polarity rule, which describes the re-
versal of the solar magnetic field polarity from
one activity cycle to the next. This is ob-
served in the (switching) magnetic polarities of
sunspot pairs on the northern and southern so-
lar hemisphere. Later on, also the global mag-
netic field of the Sun was recognized to undergo
polarity reversals (Babcock 1959). Thus the in-
sight 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 man-
ifestation.

2.2 The magnetic cycle

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

Love, J. J., 1999, Astronomy & Geophysics, 40, 6.14-6.19.

D

Figure 2.3: A schematical view of the af2 dy-
namo (Love 1999), depicting the Q effect in pic-
tures a-c and the « effect in pictures d-f.

maximum, and then turns into a poloidal con-
figuration again, but with opposite polarity. So,
a successful model needs to include two mecha-
nisms: 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 prob-
lem 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 rota-
tion 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 €2 ef-
fect.

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
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lines contained within them become twisted as
they rise to the surface, so that small mag-
netic loops perpendicular to the previous con-
figuration are produced, which will yield a
poloidal field configuration on a global scale
again (see Fig. 2.3 d-f). This is called the
« effect, giving the name «af) 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 mag-
netic 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 mod-
ern models (Durney 1995; Dikpati & Gilman
2001; Browning et al. 2006), the toroidal flux
system is not located in the convection zone it-
self, 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 den-
sity are split into a mean field component and a
fluctuating component which is zero on average
(Krause & Raedler 1980). In doing this, one re-
moves the dependency on small-scale structures
in the magnetic field and is able to calculate
properties of the large-scale field. This formal-
ism yields a detailed derivation of the « effect,
which is driven by turbulent motions in the stel-
lar plasma; the « effect had been derived before
by Parker (1955), but that explanation was re-
stricted to heuristic arguments. The mean field
model allows dynamos which do not necessarily
rely on a combination of the v and € effect, but
can also transform toroidal and poloidal fields
into each other purely by « effects. Such mech-
anisms are called o> dynamos.

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

2.4:

Figure 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 ex-
plain 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
Sporer 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.



CHAPTER 2. STELLAR ACTIVITY

2.3 Observing magnetic activ-
ity in stars

Typical activity features of the Sun such as
sunspots and flares are linked to its magnetic
field. Sunspots appear when loops of mag-
netic field lines pierce the solar surface, prevent-
ing patches of the photosphere from convect-
ing downwards and fresh material from float-
ing upwards, so that these patches cool and be-
come 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 re-
connect 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 chro-
mosphere 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
108 K for the corona. For a long time it was de-
bated if this heating process is of predominantly
acoustic or magnetic nature. By now, the sci-
entific consensus is that the chromosphere is
heated by a combination of "basal" acoustic
heating in the lower layers and dominant mag-
netic heating in the middle and upper layers
(Priest 1982). The corona actually has no con-
stant "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 Ca1l H and K line emission and
coronal X-ray emission; other methods try to
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Figure 2.5: Ca1l H and K line profile of a star
with approximately the same mass as the Sun
(HD 59967 from the UVES spectral atlas!).
The emission features in the line cores, marked
by grey boxes, are clearly visible.

reconstruct spot patterns or measure the stel-
lar magnetic field itself.

2.3.1 Chromospheric activity

The connection of emission in the Call reso-
nance lines and magnetic activity is somewhat
intricate.
to the fact that they are easily observable in
the blue part of the visible part of solar spec-
trum, and produce remarkable absorption lines
(Fig. 2.5); emission in the line cores is promi-
nent for example in solar active regions.

The Cail H and K lines arise from a com-
bination of different effects. The absorption
profile of Ca11 H and K lines from the photo-
sphere has a broad triangular shape. Calcium
ions present in the chromosphere produce emis-
sion features again if chromospheric tempera-
tures are sufficiently high. The source func-
tion, which is the ratio of emission to absorption
per unit volume, of Calr (or any other ionized
metal) is collisionally controlled at these tem-
peratures, while the source functions of neu-
tral metals are in general radiatively controlled
(Thomas 1957). This means that CaTr emis-
sion is a good tracer of chromospheric temper-
ature, as the higher energy level is mainly pop-
ulated by collisions with other particles. The
double peak of the emission stems from self-

These lines owe their extensive use

1 .
www.sc.eso.org/santiago/uvespop/field _stars_uptonow.html
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absorption in higher chromospheric layers. So,
Ca 11 emission is a proxy for chromospheric tem-
perature; as the chromosphere is mostly mag-
netically heated, it is also a proxy for magnetic
activity. However, also in the absence of ac-
tivity features, a small amount of emission in
the line cores is present. This basal emission is
probably caused by a low level of acoustic heat-
ing in the chromosphere, which makes an abso-
lute calibration of Call 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 Ha
line in the optical and the Ca Il 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 stel-
lar 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 modula-
tions of its lightcurve (theoretical groundwork
by Wild (1989, 1991)). Even modulations dur-
ing planetary transits can be used to "scan" the
stellar surface more closely (Pont et al. 2007;
Wolter et al. 2009). However, such reconstruc-
tions are not unique, and constraints such as
maximum entropy criteria have to be used.

In Doppler Imaging, one uses the modu-
lation 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 ef-
fect caused by planetary transits in stellar spec-
tra. Again, the reconstruction needs additional
assumptions since there are no unique solu-
tions.

Another method uses the magnetic Zeeman
splitting of photospheric spectral lines which
causes spectral line broadening in unpolarized
light; more detailed information can be ex-
tracted from polarized light, as the Zeeman
splitting manifests itself in different line pro-
files 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 typi-
cally very small, and in addition to the ususally
non-unique solutions one derives from such cal-
culations, the theoretical formalism for recon-
structing the magnetic field is much more com-
plicated 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 tem-
peratures of one million Kelvin and more, emit-
ting at X-ray energies (> 100 €V). One usually
extrapolates this concept to stars other than
the Sun, even if we cannot resolve X-ray struc-
tures on these stars with current instrumenta-
tion. However, also in stars there are many
indications that coronal loops of different sizes
are the building blocks of the corona, see sec-
tion 2.3.5.
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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).
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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 high-
energy radiation from space, but difficult for
X-ray astronomy: any astronomical X-ray ob-
servation has to be performed from space.

There have been several space-based mis-
sions 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 so-
lar 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 ob-
servatory SDO, which observes the Sun in the
extreme UV with very high spatial and tempo-
ral resolution.

Stellar X-ray astronomy had an amazing
breakthrough with the Finstein satellite (1978-
1981), which detected hundreds of stars in X-
rays, while only a handful of extremely ac-
tive objects had been detected with earlier mis-
sions. The German Rontgensatellit ROSAT
(1990-1999) yielded more than 50000 detec-
tions of stellar coronae in its all-sky survey
and pointed observations. Some other X-ray
missions were BeppoSaz, EXOSAT, RXTE and
ASCA. Today, the main workhorses for X-
ray astronomy are ESA’s X-ray Multi-Mirror
Mission XMM-Newton and NASA’s Chandra X-
ray 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 supe-
rior sensitivity in most of the accessible energy
ranges.

As X-ray photons are not reflected by ordi-
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nary mirrors, the X-ray observatories use tele-
scopes 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 effec-
tive 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?, for Chandra it is ca.
700 cm? (for comparison, the largest mirrors of
the VLT have a size of ca. 500000 cm?).

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 micro-
channel plate detector for X-rays, the HRC.
The CCD detectors yield X-ray images from
which X-ray spectra of moderate energy res-
olution (FW HM typically around 80 eV) can
be extracted. The novelty compared to ear-
lier X-ray missions is that both observatories
have grating spectrometers with resolutions of
up to AXA/A =~ 1000. This allows to identify and
quantify emission in individual spectral lines of
stellar X-ray spectra, making detailed analy-
ses 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 behav-
ior.

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 Lx /Ly, 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 rela-
tion of X-ray activity and Rossby number which
depends on stellar rotation and the convective
turnover time, (super)saturates for very fast ro-

tators; 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 rela-
tionship is in fact a relationship of stellar age
and activity. Young stars start out as fast ro-
tators 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 mag-
netic 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 consid-
erable 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 min-
imal surface flux for cool stars (Schmitt 1997)
that coincides with the X-ray surface flux of a
solar coronal hole. This indicates that very in-
active stars might be covered mostly by coronal
holes, with very few closed coronal loops of sig-
nificant size.

Stellar X-ray flares can be much more ener-
getic than flares observed on the Sun. Flares
with emitted energies orders of magnitudes
larger than solar flares have been observed, es-
pecially 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 ra-
dio, optical, or hard X-ray regime before a rise
in soft X-ray emission is observed. The time-
integrated lightcurve of these wavelengths then
is proportional to the rising part of the soft X-
ray lightcurve. Radio, optical and hard X-ray
emission trace the accelerated electrons causing
chromospheric evaporation, while the plasma
evaporated into the corona increases the ex-



12

CHAPTER 2. STELLAR ACTIVITY

isting coronal emission measure and therefore
the soft X-ray luminosity. However, not all
flares follow this standard picture; flares with-
out 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 in-
strumentation does not provide sufficient angu-
lar resolution. However, information on coro-
nal loops of cool stars can be inferred from
a set of sophisticated analyses. Density diag-
nostics during flaring and non-flaring times are
possible through line intensity ratios in helium-
like triplets such as the O vil and NeIX 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 de-
pends on the plasma density. This is because
in a high-density environment ions in the ex-
cited state of the forbidden line can be excited
by collision into the upper level of the inter-
combination line, from where the de-exite ra-
diatively. So, in a high-density plasma the for-
bidden 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 transi-
tion 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 de-
tailed information on flaring loops and reheat-
ing during the flare is possible by investigat-
ing the evolution of coronal emission measure
and temperature through time-resolved spec-
troscopy (Reale et al. 1997). So far, there is
evidence for a variety of stellar coronal configu-
rations, depending on the observed star: there
are small and large coronal loops, intense coro-
nae 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 re-
gions 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 el-
ements in the solar corona show a trend with
the first ionization potential, the so-called FIP
effect: elements with low FIP, such as iron, cal-
cium and silicon, are enriched with respect to
hydrogen when compared to the photospheric
composition, whereas the high-FIP elements
(oxygen, neon, carbon, nitrogen) have photo-
spheric abundances (Feldman 1992). In stel-
lar coronae, this effect is activity-related. Stars
of low to moderate activity, measured by the
ratio of X-ray luminosity to bolometric lumi-
nosity log Lx /Ly S —5, show a solar-like FIP
effect, while very active stars with hot coronae
T 2 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 pro-
cess takes place in chromospheres, where low-
FIP elements are already ionized and high-FIP
elements are mostly neutral; they thus experi-
ence 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 de-
tected, are just a few of the important issues
that need to be resolved in the future. Some of
the questions concerning coronal and chromo-
spheric activity are addressed in this thesis:
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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 Spérer Minima, of which
the Maunder Minimum was the most extreme),
S0 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 chromo-
spheric activity indices incomparable to main
sequence stars. Additionally, chromospheric ac-
tivity 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 11 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 out-
liers in X-rays from the chromospheric behav-
ior (Favata et al. 2008). Additionally, there are
no reliable models for predicting activity cy-
cles 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 7 Boo (P, = 3.3 d), a very
short activity cycle of only one year duration
has been derived from magnetic maps recon-
structed from spectropolarimetric Zeeman sig-
natures (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 dur-

ing its proposed activity cycle. During 2011
and 2012, more optical and X-ray data will be
collected on this star, and a complete analy-
sis will be published in a peer-reviewed journal
then. However, the existing datasets already
allow some interesting insights which are de-
scribed in this thesis.
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Chapter 3

Exoplanets and their host stars

The question if we as living beings are alone
in the universe has been pondered on for cen-
turies. 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 gi-
ant exoplanets orbit their host stars with very
short orbital periods of less than five days, un-
like 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 con-
cept 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).
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Figure 3.1: Radial velocity curve of the planet-
hosting star 51 Peg. The RV amplitude is
~ 460 ms~!, yielding a planetary mass of
Mysini = 0.47 £ 0.02M; (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
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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 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 astro-
metry, direct imaging, microlensing and tim-
ing analysis have been successful as well, but
yielded a far lower number of planet detections
than the RV or transit method.

successful

3.2 Interactions between stars
and planets

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

Coronal image of AR Lac, re-
constructed from an ASCA X-ray lightcurve
(Siarkowski et al. 1996).

Figure 3.2:

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 atmo-
spheric 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 com-
ponents of the binary. In addition, periodic flar-
ing 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 X-
ray 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 obser-
vations led to the idea that stars with close-in
giant planets, regarded as binaries with a very
small mass ratio, might exhibit effects on stel-
lar activity from these kinds of interaction as
well.

Several theoretical models exist of how
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Figure 3.3: Chromospheric activity, as measured by Cail K line emission, phase-folded with the
planetary orbital period for the planet-hosting stars HD 179949 (left) and v 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 interac-
tion.

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 ro-
tation period equals the planetary orbital pe-
riod, this will effectively cause bulges to rise
and subside on fixed areas on the stellar surface.
This may increase turbulent motions in the stel-
lar 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 high-
energy emission of the star. Detailed quanti-
tative calculations of such increased emission
have not been performed yet; however, Cuntz
et al. (2000) give estimates on the height of SPI-
induced tidal bulges. They calculate the gravi-
tational perturbation AQZ* caused by the planet
as

Ag* o Mpl 2R§
Gx - M, (d— R.)?
and the height of the induced tidal bulge as

(3.1)

180,
2 g«
with R, and M, being the stellar radius and
mass, M, the planetary mass, and d the dis-
tance between planet and star. This typically
yields tidal bulge heights of 0.1 —10% of the re-
spective photospheric pressure scale height, or
in absolute units up to ca. 10 km, for stars with
close-in (d < 0.1 AU) planets.

hiige = (32)

3.2.2 DMagnetic 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 SPT is esti-
mated in that model to be

Pdiss X BgRgnvrela (33)

with R,, being the radius of the planetary mag-

netosphere
. B,\ /3
m — dipl Bpl )

B, being the stellar magnetic field strength at
the boundary of the planetary magnetosphere,
By, the planetary magnetic field strength,
R, the planetary radius, and v, the relative

(3.4)
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velocity between the planet and the stellar
magnetic field. For the system HD 179949,
which hosts a 0.95Mj,, planet in a 3.1 d
orbit, this yields a dissipated power of only
~ 10%* ergs™!; this is smaller than the de-
tection limit of XMM-Newton or Chandra for
X-ray luminosities of nearby stars.
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.

However,

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-lo interaction in the
solar system, where Jupiter displays auroral
features caused by lo, and, somewhat weaker,
by Europa and Ganymede. These auroral foot-
prints are caused by two flux tubes which con-
nect Io to the polar regions of Jupiter. Io
displays strong volcanism that causes an iono-
sphere; lo itself therefore is a good conduc-
tor, 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 parti-
cles carrying the current then produce the au-
roras 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 or-

bit (cf. Jupiter’s rotation period of ~ 10 h and
To’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)

2w
Porb

BIRUR?,

Porb
(GM*)5/3(

13/3
) P,

Piss o ( —1), (3.5)
with P,,; being the planetary orbital period, Pk
the stellar rotation period, and B, the the mag-
netic field strength at the stellar surface. With
realistic values for these quantities, dissipated
powers of up to 10% ergs™! 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 busi-
ness. 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 re-
spective 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 rota-
tion 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 signa-
tures of star-planet interactions. Activity fea-
tures in single planet-hosting stars such as X-
ray flares or elevated mean countrates that co-
incide with the position of the planet have been
observed (Saar et al. 2008; Pillitteri et al. 2010),
but attributing them unambiguously to star-
planet 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
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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 interac-
tions presents lots of fundamental unanswered
questions, some of which are investigated in this
thesis.

3.3.1 Evidence
SPI

for chromospheric

Observational hints for planet-induced chromo-
spheric variability are available for only a small
number of stars (Shkolnik et al. 2005, 2008;
Lenz et al. 2010). I therefore monitored the
star v Andromedae, one of the stars claimed
to exhibit such chomospheric SPI signatures
(Shkolnik et al. 2005), for six months in the op-
tical and in X-rays to characterize its chromo-
spheric 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 emis-
sion (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 planet-
hosting 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 prop-
erties 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 amaz-
ing 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 observa-
tions. 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 (ra-
dial 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 in-
cluded, 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.
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ABSTRACT

We observed 51 Peg, the first detected planet-bearings@ab% ksXMM-Newton pointing and in 5 ks pointings each wi€handra
HRC-l and ACIS-S. The star has a very low count rate inXh&V observation, but is clearly visible in ti@handra images due to the
detectors’ diferent sensitivity at low X-ray energies. This allows a terapgre estimate for 51 Peg’s coronalofk 1 MK; the detected
ACIS-S photons can be plausibly explained by emission lefesvery cool plasma near 200 eV. The constantly low X-rayaser
flux and the flat-activity profile seen in optical @alata suggest that 51 Peg is a Maunder minimum star; an gatrftancement
due to a Hot Jupiter, as proposed by recent studies, seerasafosent. The star’s X-ray fluxes irffidrent instruments are consistent
with the exception of the HRC Imager, which might have a laafiective area below 200 eV than given in the calibration.

Key words. stars: coronae — stars: activity — stars: individual: 51 P&grays: stars — X-rays: individuals: 51 Peg

1. Introduction ACIS-S on December 6, 2008 immediately after each other. The

) specific observation details are listed in Table
The star 51 Peg (GJ 882, HD 217014) shot to fame in 1995 when

Mayor & Queloz(1999 detected an exoplanet in its orbit, the
planetary parameters being quite unexpected at that tiee, b.1. XMM-Newton data analysis
cause 51 Peg b is a giant planet, located at only 0.05 AU dis-
tance. The star itself is a G5V star 15.4 pc away from the SumheXMM-Newton data were reduced using the Science Analysis
Its properties are quite similar to the Sun’s, since 51 Papdit System (SAS) version 8.0.0. Standard selection criteriaap-
4 Gyr old and its mass, radius anfietive temperature are com-plied for filtering the data. In the full-time image obtainedh
parable to solar values witR = 1.27 R, (Baines et al. 2008 the PN detector, the automatic source detection procedts fi
M = 1.11 Mg, Teg = 5790 K (Fuhrmann et al. 1997However, a faint X-ray source with 32 excess counts at 51 Peg’s nominal
51 Peg is a metal-rich star, for which the metallicities givie position when using the 0.2—-1 keV energy band. This choice is
the literature vary over a wide range-0.05 < [Fe/H] < +0.24, motivated by 51 Peg being detected in the 18G2SAT PSPC
see for exampl&alenti & Fischer(2005. Enhanced metallici- pointing as a very soft X-ray source. Because of the weak sig-
ties are a common feature of stars with giant planéisnzalez nal, we merged both MOS detectors. In the RGS, no relevant sig
1997 Santos et al. 2001 nal was present. The PN observationfi&eeted by proton con-
The activity profile of 51 Peg turned out to be unspectactemination, therefore we used only time intervals (GTI) vehe
lar. In the Mount Wilson progranBaliunas et al. 1995which the high-energy background averaged over the detectotas/be
monitors the Cat H and K line fluxes of main sequence star<)-8 ctgs, leading to a PN GTI of 29 ks.
the star shows a very low and nearly flat chromospheric &gtivi  Since spectral fitting results are not very reliable withsthi
level from 1977 until 1989 and a slight drop in 1990 and 1981. low number of counts, we conducted a study ifietient energy
the Lowell Observatory prograrii@ll et al. 2007, it also shows bands instead and investigated the recorded counts witlein t
low activity and little variability in Ca fluxes since the ieging source region, a radius of 1%round 51 Peg’s nominal posi-
of the program in 1994. The star was also observed in a 12.5tis for the PN and MOS instruments. The source region size of
ROSAT PSPC pointing in 1992 and detected as a weak X-ray’ radius was chosen because of the rather broad point spread
source. function, which contains 72% (68%) of the photons from a
The coronal activity of 51 Peg is of interest not only becaugmint-like source in the PN (MOS) detector. Background ¢sun
the star is similar to the Sun, but also with regard to recert-s were extracted from source-free nearby regions, whichare |
ies (Kashyap et al. 2008which claim stars with close-in giantcated on the same chip for the MOS detector; for the PN de-
planets to be more X-ray active than stars with far-out ones. tector, two background regions were chosen, one on the same
chip as the source and one on a neighboring chip. Since 51 Peg
proved to be a very soft X-ray source in the previGRBSAT
2. Observations and data analysis observation, we expect most X-ray photons to be produced
from the Ovi triplet or lines with even lower energies, such as
We observed 51 Peg on two occasions in 2008. A 55 k&vii/vi and Cvi/v. We therefore specified three energy bands
XMM-Newton was carried out on June 1, 2008, and witlior our analysis, concentrating on a band around thver@iplet
Chandra, we observed 51 Peg for 5 ks each using HRC-I ani@570 eV); the detected photons are given in Tabl8ince the
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Table 1. XMM andChandra observation log of 51 Peg.

Instrument Configuration ObsID Obs. time GTI (s)
XMM MOS1 full framethick filter 0551020901 2008-06-01 11:57:03 2008-06-0220F0 55000
XMM MOS2 full framethick filter 0551020901 2008-06-01 11:57:03 2008-06-029%F5 55100
XMM PN full framethick filter 0551020901  2008-06-01 13:09:38 2008-06-0283:0 29000
Chandra ACIS-S  back-illuminated 10825 2008-12-06 11:03:26 20086 12:26:26 4980
Chandra HRC-| imaging 10826 2008-12-06 12:44:54 2008-12-06 1487: 4924

Table 2. Photons of 51 Peg iKMM andChandra; see text for details. ool

1S
Energy PN MOSEI2  ACIS-S HRC <
(keV) s b s b s b s b g or
01502 .. . T E
02-045 1739 9.1 738 49 @3 0 2
045-0.65 &% 35 632 32 02 0
0.65-2.0 10%% 104 2172 232 02 0

01520 . e e e .. 2406 o

counts
IS
T

EPIC detectors have energy resolution9HM ~ 100 eV, we

adopted this as minimum bandwidth. 2r T ]
In the source region we then count the number of photons S [

recorded in the various energy bands and detectors, listeal- 150 200 3(50 4(50 500 6(;0 7(;0 800 1(;0 2(;0 300 400 550 az;o 750 800

umn “s” in Table2. Source counts are given witlrconfidence PN: Energy (V) ACIS=S: Energy (eV)

limits for low count numbers according Kraft etal.(1991;for = 1 Unner pandl: effective areas oKMM PN andChandra ACIS-S
a detailed discussion, ségres (2004. The scaled backg"oundatgenerg'i)-gs bp:}gw 800 eVower panel: detect cell counts (solid his-
counts (denoted “b”) were taken from areas much larger then fogram) of 51 Peg in PN and ACIS-S over the respective bacig®
source region, and thus the error on the background is déetinadashed; ACIS-S has practically no background).

by statistical fluctuations.

moderate intrinsic energy resolution the nominal energies
the detected source photons cannot be regarded as exact val-
For data reduction of theChandra observations we usedues. From the absence of emission features atnCenergies
CIAO 4.1 (Fruscione et al. 20Q6and applied standard selec{~650 eV) we can conclude that 51 Peg’s corona has an average
tion criteria. The analysis of the data was performed in tHdasma temperature well below 3 MK.
0.15-1keV energy band since the back-illuminated ACISi@ ch
has nonzeroféective area at X-ray energies l_)elovy 300 eV. FO¥ 5 chandra ACIS-S and HRC-I
the HRC imager no energy cuts were used since its energy reso-
lution is low. 51 Peg is clearly detected in both instruments  All the recorded counts have energies between 150 and 450 eV
In the ACIS observation we detect eight photons in thend are distributed quite evenly over the observation tsup;
source region, a circle with 1/5radius around 51 Peg’s nom-porting a soft, basically constant X-ray source. Let us now i
inal position. This radius was chosen to contain 95% of ttie sspect the energies of the ACIS-S photons in detail; the CIAO
(<1 keV) photons from a point-like source. From nearby sourcseftware assigns a nominal energy to each recorded phaen (s
free regions in the 150-650 eV energy band we expect orifig. 1). The eight source photons have energies of 170, 206, 211,
0.03 background counts for this area, therefore we attialibf 212, 256, 227, 291 and 428 eV, they are hence very soft and
the recorded counts to 51 Peg. The spectral resolution c8AE| obviously none of these photons can be attributed tai@r
is similar to the one of the EPIC detectorsl 00 eV). even OvIil emission. This supports our hypothesis of a very low
Inthe HRC-I pointing 21 photons were detected in the sourpgasma temperature evoked by %M data.
region over a background of 0.6 photons scaled to the sarae are The ACIS-S detector is prone to optical contamination, so
At any rate, also the HRC clearly detects 51 Peg. we have to check whether the extremely soft events could be
induced by optical photons. The threshold for optical conta
ination in the ACIS-S detector is &t ~ 7.8 for stars with
3. Results an dfective temperature between 5000 and 6500 K; a star this
3 bright would cause a bias level shift of one Analog-to-Ciit
8.1 XMM-Newton PN and MOS Unit (ADU) of 3.4 eV during the standard 3.2 s time frame for
51 Peg shows a photon excess in the 0.2-0.45 keV and the central pixel of the source. 51 Peg’s visual magnitudeSs
Ovi band (0.45-0.65 keV) in PN and a very weak excess #o we expect ca. 8 ADUs per time frame. Since the event thresh-
the same bands in the merged MOS detectors. The MOS ad lies at 20 ADUs, optical contamination can be ruled out as
PN lightcurves show no obvious variability over the whole&85 explanation for the detected events.
As shown in Fig.1, most of PN’s excess source photons have Also in the HRC the recorded events are distributed evenly
energies around 300 eV; another emission feature is presgmbughout the observation time. The intrinsic energy lkeso
around 570 eV, the energy of thev@ triplet. Because cKMM'’s  tion of the HRC detector is low so that little information dret

2.2. Chandra data analysis
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Table 3. X-ray fluxes of 51 Peg with & errors, calculated with 2.5

WebPIMMS using a 1 MK thermal plasma model. 20F
50T 3
Instrument Flux (0.1-1.0 keV) ldgy (0.1-1.0 keV) 1.0k 1 2
(erg stcm?) (erg st) ] ;
XMM PN lZ’j(l):g x 1074 26.3-26.8 N [
XMM MOS1+2 llﬁé‘é x 1014 26.1-26.8 .
Chandra ACIS-S 17+8g x 1014 26.5-26.8 5.6 58 6.0 6.2 6.4 6.6 56 58 6.0 6.2 6.4 6.6
—0. . . log T log T
+1.1 14
ChandraHRC-I  4.2751 x 10° 27.0-27.2 (@) HRagis 1 (b) HRxois. 5
ROSATPSPC  21:03x 10 26.7-26.8

2.5

2.0

1.5F
spectral energy distribution can be derived; because the-HR _ |
observation was carried out immediately after the ACIS-S obo'5
servation, we assume that the 21 detected HRC-I sourcemqhoto

have similar energies as the photons in the ACIS-S detector. 78::
56 58 60 62 64 66 5.6 5.8 6.0 6.2 6.4 6.6
log T log T
3.3. Determination of coronal temperature (¢) HRey (d) HRespe

To estimate the coronal temperature, we evaluate tE% 2. Hardness ratios as a function of temperature (see text failgle
t/(?;n p(;:_{r;.tjuNre (:izepepi(’js/rg:,\‘arc\i,\l;li?hss l['aptrl\josa?]fdsesvpe’\:’alczmb Observed ratios are given as crosses wittetror.
0.45-0.65 keV and 0.2-0.45 keV for PN; for ACIS-S, we use
HRacis1 = Hacis1/Sacis1 @andHRacis2 = Hacis2/Sacis2 With ) )
the energy banddacis 1: 0.25-0.45 keVSacis1: 0.15-0.25 keV, interrupted for ca. 70 ks. 51 Peg emits mainly soft X-ray phet
Hacis2: 0.45-0.65 keV an®acis2: 0.25-0.45 keV. The energy below 500 eV HR; ~ —1.0) and showed a low and constant X-
bands for ACIS-S were chosen to obtain quite an even distrij@y activity level without any obvious variability.
tion of source photons. We can constrain the coronal temperature of 51 Peg in this
We derive the temperature-dependence of the hardnessateservation in the same way as for tkéIM and Chandra
tios with Xspec v12, using the instrument responses diet€ pointings. We use the temperature-dependent hardness ra-
tive areas as shown in Fid.and simulating spectra for a onetio HRpspc = Hpspd/ Spspc With the energy band$ipspg
temperature thermal plasma model with solar abundanceein th1-0.3 keV, Spspg 0.3-0.65 keV. The observation yields
temperature range between [bg- 5.6 and 66 (see Fig2). The HRpspc = 0.127212 from which lower and upper limits for the
possible plasma temperature of 51 Peg is then constraingag:bytemperature can be derived, namelg®< logT < 6.05 (see
observed hardness ratios for ACIS-S and PN. Assumingrt  Fig. 2). This again leads to a temperatur estimat& of 1 MK.
rors for low count numbers as defined in TaBlewe find that
HRpN = O.Gté:}‘, HRacis1 = 06‘:32 andHRacis2 = Oté The ob-
served PN ratio yields the temperature limit8%< log T < 6.3.
The ACIS-S ratios yleld alower temperature limit frdﬂth and The observed count rates ¥XMM PN and MOS andChandra
an upper limit fromHRs: 5.8 < log T < 6.05, so that the likely ACIS-S are, considering the low photon numbers and thezefor
temperature range for 51 Peg’s corona.BSx< logT < 6.05.  |arge statistical fluctuation, in reasonably good agreendrat
Since there are virtually no background photons in ACIS-AC|S-S detects no photons in thev@ band is no surprise given
we can use the energies of the eight recorded source photgsshorter exposure in ACIS-S and its small@ective area in
to validate our temperature constraints by identifyingthest that energy range (see Fifj). At energies below 300 eV, we
likely emission lines of their origin. Strong emission aniger-  find that the PN and MOS counts numbers are smaller than ex-
atures near 1 MK comes from the Si and S emission line cofjected from what we see in ACIS-S. This might be explained
plexes around 200 eV, some strong Si lines arot80 eV, the by statistical fluctuations, errors in théective area determina-
Cv triplet around 300 eV and the W triplet around 426 eV. tion or energy redistributionféects in the CCD detectors (EPIC
These emission lines match well with the observed photongw-energy shoulder”). Given these uncertainties forywiemw
which can be considered as a rough plausibility check. S, benergies, we use only thex@ counts (0.45-0.65 keV) of PN
the temperature constraints from hardness ratios and éméiid and MOS for our flux calculations and then extrapolate the flux
fication of possible emission line complexes point to a p&asnio a common energy range of 0.1-1 keV for comparison. For the
temperature of <1 MK. other instruments, we use 0.65 keV as the upper bound of the
energy range and their low-energy sensitivity limits asltneer
bound (0.15 keV for ACIS-$IRC, 0.1 keV for PSPC) and then
extrapolate to the common energy range.
To investigate the long-term X-ray behavior of 51 Peg, we re- The fluxes normalized to the 0.1-1 keV energy band and the
analyzed a 12.5 kROSAT PSPC observation from Decembecorresponding X-ray luminosities are consistent within dr-
1992. Using the conversion facterf = (5.30x HR; + 8.31)x rors except for the HRC-I flux, which seems to be larger (see
102 erg count! cm2 with HR; being the hardnessratitR; = Table 3). The count rate measured by the HRC instrument is
(H-S)/(H+S) (S:0.1-0.4keV, H: 0.5-2.0 keVHehmitt 1997, higher by a factor of ca. 2.5 compared to the ACIS-S count
the luminosity derived from the observed count rate of 7ksts rate. The nominalféective areas of the two instruments are very
is logLx = 26.75 ergs?. The observation is split in two parts,similar at low energies, with the HRC having somewhat larger

3.5. Consistency of measured count rates and fluxes

3.4. Comparison with ROSAT data
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popTTIITTTT T T T T T T T T T T T T T T4 gindices are at the lower end of or even below the Sun’s respec

tive data during a solar minimum (data taken frBaliunas et al.

1995. Other stellar properties like radius, mass, age dfete

tive temperature are similar to the Sun’s respective patense
The steady low-activity behavior of 51 Peg’s €d&1 and

K line fluxes is also reflected by its X-ray properties. Coneplar

to estimates for the solar X-ray luminosity in tROSAT RASS

band (0.1-2.4 keV) during a solar cycldufige et al. 2003

51 Peg'’s luminosity is also at the lower end of the Sun’s val-

ues. The ratio of the star’s X-ray to bolometric luminosgylso

rather low withLy /Lpo = 1x1077. The X-ray surface flux of F to

M stars was shown to be constrained at the lower end by the sur-

face flux level of a solar coronal holB noiey ~ 10 erg st cm2

for the ROSAT and Chandra energy band, which translates to

ool . L L L e x10°8erg st cm? for XMM's 0.2—12 keV bandgchmitt 1997.
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~
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1985 1890 1995 2000 2005 2010 51 Peg's surface flux, calculated from the ACIS-S data, isafne
) o . the lowest so far detected wilfx = 10°7 ergs™* cm2; the coro-
Fig.3. X-ray luminosity (crosses) and S index seasonal mean b hole surface flux seems to be a good description of this sta
51 Peg's Cai H and K line flux; reliable Ca data given as filled tri-y gy flux, with regards to the flux level as well as the plasma
angles wlth typical staqdard deviations ©£0.005, open trlangles are temperature
less reliable values derived from only a small number of plag®ns. : . . . .
There has been some discussion on how to identify a
Maunder minimum (MM) star over the last years. The orig-
effective area below 200 e\A@A ~ 10 cn? or 17% at 200 eV, inal criterion of chromospheric activity level&, ) < -5.1
44% at 150 eV). The additional counts might arise from phstoi/as derived byHenry et al.(199), but relied on a stellar sam-
at these energies, but considering the sméldénce in #ective  ple contaminated with evolved stars, which have signifigant
areas, it does not seem likely that this is the case for akssxclower chromospheric activity levels compared to main seqae
HRC photons. This mismatch is further validated by compagtars.Wright (2004 reanalyzed these data, excluding evolved
ing ACIS-S and HRC count rates with WebPIMMS: assuminggiars with luminosities more than one magnitude larger than
thermal plasma with solar abundances @nd 1 MK, 8 counts Hipparcosaverage main sequence for the respedivé/ value,
in the 0.15-0.65 keV energy band in ACIS-S translate into@nd found that most stars previously identified as MM candi-
expected counts in the same energy band in HRC-I, whichdates are evolved stars and therefore not comparable taithe S
obviously inconsistent with the 21 recorded HRC photong onMaunder minimum state. This letfidge & Saa(2007) to the
15 min after the ACIS-S observation. The photon count esmajuestion if the minimun{R},, ) level for main sequence stars to
changes by20% if one assumes a plasma temperature of 04galify as an MM candidate should be higher thdil, and also
or 1.25 MK, so a slightly dferent plasma temperature does nd® consider flat-activity time profiles and UV- and X-ray deda
cure the substantial mismatch in the count rates. identify MM candidates. A recent study yall et al. (2009
Mismatches between HRC ab@IM count rates have beensuggests that minimum levels B, depend on stellar metal-
reported before forr Cen Robrade et al. 200%Ayres et al. licity, with metal-poor stars from the examined sample hgvi
2008. This mismatch between almost simultaneous HRC aadhigher minimalR,, . In this picture, 51 Peg as a metal-rich
ACIS-S count rates can be explained reasonably by two pé&#ar still has low chromospheric activity as measuredgy,
sibilities: either the fiective area of the HRC at low energiedUt this alone does not necessarily qualify it to be a Maunder
is underestimated in the current calibration or tikeative ar- Minimum candidate. However, as recent results stidail €t al.
eas ofXMM MOS and PN (while using the thick filter) as well2007 2009, the absolute magnetic excess fltikik seems to
asChandra ACIS-S are overestimated in that energy range. jae a more reliable indicator for stellar activity thigf, . In terms
detailed cross-calibrationffert, preferably with a soft coronal of this quantity, 51 Peg’s activity level is even lower comgzh

source, could help to resolve any systematic errors in fizge t0 the quiescent Sun than indicatedRy, or the S index, sup-
tive areas of the instruments. porting our interpretation of 51 Peg as being extremelytinac
The strongest line of evidence for 51 Peg being a Maunder
) ) minimum candidate is its flat activity profile as seen over
4. Discussion decades in the Mount Wilson programgfiunas et al. 1995
and in observations at Lowell Observatoiya|l et al. 2007,
as well as the extremely low X-ray surface fluxes, which have
We found 51 Peg to be a rather constant, weak and soft X-ragt changed significantly since the 19B@SAT observations.
source over the last 15 years. Another available long-tezm ahat 51 Peg is a slow rotator with, ~ 30-40 d Baliunas et al.
tivity indicator is Cal. In the Car H and K line flux moni- 1996 Mayor & Queloz 199%fits the picture, making 51 Peg the
toring programs carried out at the Mount Wilson and Loweflrst MM candidate star with a close-in giant planet.
ObservatoriesRaliunas et al. 1995Hall et al. 2007, 51 Peg A statistical analysis of the X-ray luminosities of planet-
was found to have a very low chromospheric activity levddearing host stars has recently been condudfegtfyap et al.
((Rl) = =5.01,Smw = 0.16). In Fig.3 we plot the star's Mount 2008. Its authors claim that stars with close-in giant planets,
Wilson S index measured since 1996 together with the averageh as 51 Peg, are on average X-ray brighter by a factor of two
of older data. Clearly, the overall chromospheric actiigtjow, compared to stars with far away planets. Apparently, 51Peg’
with some variations in the older set of data which is alsm$ee overall activity is not enhanced by the presence of its Hpitdu
the more recent observations. Apart from one data pointhwhitlowever, at a distance of order of &3, only a weak interac-
is derived from a very small number of observations, 51 Pedisn between an inactive star and its planet might be exdecte

Year

4.1. Low activity — 51 Peg a Maunder minimum candidate?
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5. Conclusions grant ATM-0742144 from the National Science Foundatioris Tvork is based
L . on observations obtained witkMM-Newton, Chandra and makes use of the
We have detected X-ray emission from 51 Peg in a 55 ks obsRosAT Data Archive. We acknowledge the allocation @fiandra Director's

vation with XMM-Newton and 5 ks observations witBhandra  Discretionary Time.
ACIS-S and HRC-I each. The detection of 51 Peg with a low
count rate in theXMM pointing and the clear source signal i
the much shorte€handra observations can be explained by th
different défective response of the detectors at low energies anges, T. R. 2004, ApJ, 608, 957

51 Peg having an extremely cool corona. Our main results @sees, T. R., Judge, P. G., Saar, S. H., & Schmitt, J. H. M. M0&0ApJ, 678,
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ABSTRACT

Context. Do extrasolar planetsffect the activity of their host stars? Indications for chrepieric activity enhancement have been
found for a handful of targets, but in the X-ray regime, cosale observational evidence is still missing.

Aims. We want to establish a sound observational basis to confimaject major &ects of Star-Planet Interactions (SPI) in stellar
X-ray emissions.

Methods. We therefore conduct a statistical analysis of stellar Xaetivity of all known planet-bearing stars within 30 pcteisce
for dependencies on planetary parameters such as massnainebger axis.

Results. In our sample, there are no significant correlations of Xdwayinosity or the activity indicatoty /Lyo with planetary
parameters which cannot be explained by selectitects.

Conclusions. Coronal SPI seems to be a phenomenon which might only maitgeH as a strongféect for a few individual targets,
but not to have a majorfkect on planet-bearing stars in general.

Key words. planet-star interactions — stars: activity — stars: coeonatars: statistics — X-rays: stars

1. Introduction might also induce enhanced activity via Jupiter-lo-likeenac-
tion, i.e. flux tubes which connect star and planet and heat up
The detection of extrasolar planets is one of the outstanditheir footpoints on the stellar surface, or magnetic reeation.
achievements in astronomy during the last 20 years. Thelfirst Some observational campaigns have been conducted toiinvest
tected exoplanet revealed properties which were very simgr gate the existence of possible SBhkolnik et al.(2005 mon-
at that time 51 Peg (Mayor & Queloz 199%hosts a Jupiter-like itored the chromospheric activity of 13 stars vialC&l and
planet at a distance of only 0.05 AU, thus the planet orbéts KK line fluxes and found indications for cyclic activity enttaa
host star in less than five days. Since then, more than 400 otheents in phase with the planetary orbit for two of these stre
exoplanets have been found at the time of writing (see for exetivity enhancements appeared once per planetary ougi, s
ample the Exoplanet Databasewati . exoplanet.eu), both in gesting magnetic instead of tidal interaction. Howeversuge-
very close orbits and in such more familiar from our own Solanents obtained three years lat&hkolnik et al. 2008showed
system. that the activity enhancements had switched to a cycle isg@ha

With the existence of extrasolar planets established, théh the stellar rotation period instead.
question arises what the environmental properties of siafrp  The coronal activity of planet-bearing stars has been inves-
ets may be and if they might even allow the existence of liféigated in a first systematic study b§ashyap et al(2009. The
The physical properties of planets, especially in closésirare authors claim an over-activity of planet-bearing stars fafctor
crucially determined by the irradiation from their hostrstafhe  of four compared to stars without planets, but their study tioa
evaporation rate of a planetary atmosphere depends on-its igxlude upper limits for a large number of stars since less th
ospheric temperaturé., i.e., the regions where particles camne third of the stars in their original sample were detedated
escape freelylammer et al. 2008 Thus, the host star's EUV X-rays at that time. A dedicated campaign to search for mizgne
and X-ray radiation is the key property determining a plarsPI in the case ofiD 179949, one of the stars whicBhkolnik
ets exospheric temperature. Evaporation of the planetarg-a et al.(2005 found to have cyclic activity changes in the chromo-
sphere has been observed for the transiting pleDe209458b  sphere, was conducted Baar et al(2008. These authors found
(Vidal-Madjar et al. 2008 the planet loses hydrogen which isspectral and temporal variability phased with the plaryetaloit,
observable in absorption spectra during the transit. but some of that might also be induced by intrinsic stellgivac

At very close distances, one might expect also planets to i Variations, since the stellar rotation period is podthyown
fluence their host stars, in analogy to binary stars whickvsho (P. =7-104).
higher activity level compared to single stars. Twietient pro- Up to now, the observational basis of stellar coronal activ-
cesses for Star-Planet-Interaction (SPI) have been puifor ity enhancements due to close-in planets is not sound enough
(Cuntz et al. 200p Planets can induce tidal bulges on the stap establish or reject the possibility of coronal SPI. Inertb
with an interaction strength depending on the planetaryrsem adress this issue we conducted an X-ray study of all planet-
jor axis (ca,%), which might lead to enhanced coronal activithosting stars within a distance of 30 pc with XMM-Newton
via increased turbulence in the photosphere. Planetaryetiag which have not been studied with ROSAT before. In this fashio
fields can also interact with the stellar magnetic fietd2) and a volume-limited complete stellar sample can be constducte
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2. Observations and data analysis XMM-Newton fluxes to the ROSAT band, identifying stars with
o coronal temperatures below lI3g= 6.2 and 60 by a hardness

As of December 1st 2009, a total of 72 stars within 30 P&tio of HR = (H = S)/(H +S) < +0.19 and-0.34 respectively,

distance have been detected which are known to to har@th 4 and 'S being the source counts in the energy bands

one or more planets. For some of these, X-ray properties aig)_750 eV and 200-450 eV, respectively.

known from previous ROSAT or XMM-Newton observations, e did not exclude flaring periods of individual stars when

but for a large number of these stars X-ray characteristegw oing comparisons of X-ray luminosities or activity indices,

not or only poorly known. Therefore we observed a total Qfince we cannot identify flares in stars which are barely de-

20 planet-hosting stars with XMM-Newton between May 2008 ahle and do not allow lightcurve analysis. We do, howeve

and April 2009 to determine X-ray luminosities for stars @i yistinquish between flaring and quiescent phases for spectr
had not been detected before in other X-ray missions, ane-to gnalyges of individual starsg d P -

rive coronal properties from spectra recorded with EPIGHbo  \yhen conducting intra-sample comparisons, we will use
MOS and PN CCD detectors) especially for stars with close-{jl, getections for Kolmogorov-Smirnov and correlatioatse
planets. We reduced the data with SAS version 8.0, using stgfii" e will include upper limits when doing linear regres-
dard criteria for filtering the data. We extracted countsifithe  gjong of X-ray luminosities or activity indicators over pégary
expected source regions with radii betweerf Hhd 30, de- roperties

pending on the source signal, background conditions and {%e '

presence of other nearby sources. Background counts were ex

tracted from much larger, source-free areas on the saméarhip: ;

the MOS detectors and at comparable distances from the h03r'i-Sample properties

zontal chip axis for the PN detector. Now we characterize our sample of planet-bearing starsmwith

For hitherto undetected stars, which showed only a wedR pc with respect to X-ray detection rates and X-ray surface
source signal in our observations, we used the source ietecfluxes of ROSAT- and XMM-Newton-detected stars as well as
package “edetect-chain” of SAS v8.0. As stars with low X-rai) comparison with field stars. Tablgsand5 list stellar and
luminosities in general have lower coronal temperatureidlams Planetary parameters as well as X-ray properties of the amp
softer spectra, we used energy bands of 0.2—1 keV in PN &ars WhiCh have been detected with XMM-Newton and ROSAT,
0.15-1 keV in MOS and merged all EPIC detectors for souré@spectively.
detection.

For the subsequent analysis of all stars we use the foyip X-ray detection rate
energy bands 0.2-0.45 keV, 0.45-0.75 keV, 0.75-2 keV and
2-5 keV, because not all of our sample stars were detectéd whit total, 72 stars planet-bearing stars have been detedtieith a
sufficient signal to noise ratio to allow spectral fitting. Witreth distance of 30 pc. 36 of these were observed with XMM-Newton
four energy bands, we can calculate the stellar fluxes viasEQ#ver the last years, yielding 32 X-ray detections. For 24i-add
(energy conversion factors) for each band more accurdtaly t tional stars, which have not been observed with XMM-Newton,
by just assuming a single ECF for all counts. Above 5 keV,gheK-ray luminosities are known from ROSAT observations. This
is very little to no signal present in comparison to softegrgies Yields 56 stars with knowhy out of the total sample of 72 stars.
for all of our stars. We calculated these ECFs by simulatiggs In our further sample analysis, we will leave three detestats
tra in Xspec v12.5 for dierent coronal temperatures with the reout of our analysis, namely Cep, Fomalhaut angiPic; the for-
spective instrumental responses afféaive areas of the detec-mer being a spectroscopic binary which cannot be resolved in
tors folded in. This yields reliable ECFs which vary abou¥25 X-rays, the two latter being A-type stars for which the produ
for coronal temperatures above 1 MK for thin and medium fition process of X-ray emission is supposedly veifjedtent from
ters. For the thick filter, the smallfective area below 350 eV later-type stars with a corona and therefore also any payet-
introduces larger errors in the ECFs already for tempegatoe- fluence on X-ray properties should be determined byffeint
low log T[K] = 6.2. mechanism compared to stars of spectral type F and later.

For the error estimate on our derived luminosities, we use The stars within 30 pc around which planets have been de-
Poissonian errors on the total number of source counts, andiécted are mainly of spectral type G or later. Figdrgives
additional error of 30% to account for uncertainties in tfgF&  the rate of X-ray detections versus spectral type, being 5%
and stellar variability. For stars which were not observéthw F stars>65% for G stars and85% for K and M stars.
XMM-Newton, we use the published X-ray luminosities from
Kashyap et al(2009 and add an extra error of 40% on top o
their Poissonian errors, sin@ashyap et al(2008 used a single
ECF for their flux calculations. For a subsample of our stars excluding giants, we examined

When comparing X-ray luminosities derived fronthe X-ray surface flux. The lowest flux level of XMM-Newton-
XMM-Newton and ROSAT observations, one has to takeetected stars seems to be systematically lower than foAROS
into account the dierent energy bands accessible to the detedetected stars. This is not surprising, since both X-rag-tel
tors (0.2-12 keV for XMM-Newton, 0.1-2.4 keV for ROSAT).scopes have fierent accessible energy bands (0.2-12.0 keV
For coronal temperatures between Tog= 6.2 and 70, the for XMM-Newton, 0.1-2.4 keV for ROSAT) and the integrated
flux in the ROSAT band is larger by a factor of 1.1 compared-ray flux depends strongly on the lower energy d¢tiespe-
to the XMM-Newton band. For lower coronal temperaturegally for cool coronae as in our stars.
between lod = 6.0-62 and logT = 5.8-60, the flux in Gauged to the same energy band (as described in Bect.
the ROSAT band is larger by a factor efl.5 and~4.0, both XMM-Newton- and ROSAT-detected stars show a limit-
respectively, rising steeply towards even lower tempeesatu ing X-ray surface flux level near |dgsu[ergstcm] 2 4.0
since the spectrum shifts to energies which are inaccessifdee Fig.2). For the calculation ofFs,, we use the stel-
to XMM-Newton. With these factors, we can transform thé&r radii given in the exoplanet.eu database. If we compare

f3’.2. X-ray surface flux
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Fig.3. X-ray luminosity of F and G type stars. Planet-bearing stars

Fig. 1. Spectral types of planet-bearing stars within 30 pc (spKdjay squares, stars without planets: crosses.

detections marked as dotted lines.

8 Table 1. Correlation of X-ray luminosity andLy /Ly, with planetary
t 1 parameters; }R: XMM-NewtoryROSAT detections.
| : —
g o é Para_meters Data set Spearman’sProbability p
o 6F P = n Lx with ap X —-0.05 0.81
vt S o e o ° 1 X +R -0.02 0.91
o o Aa o o 1 Lx /Lpol With ag X -0.12 0.54
S oL e beTE o, Y %o 2 ] X +R ~0.11 0.43
EI I S 5 o L" | Lx with My X 0.11 0.55
u T o 1" | X +R 0.22 0.13
g B Lx /Lo With My, X 0.18 0.37
[ 1 X+R -0.02 0.88
. r 1 Ly with a{)‘l X My X 0.21 0.25
: : : : : X +R 0.31 0.03
20 =hs o =0 =8 00 05 10 Lx /Lot with a5 x My X 0.33 0.08
09 o5 [AU] X +R 0.09 0.51

Fig. 2. X-ray surface flux of planet-bearing stars vs. planetartadise.
XMM-Newton fluxes are shown as triangles, ROSAT fluxes assgua

XMM-Newton fluxes scaled to the ROSAT energy band; the fluellevthe fact that stars of low activity are generally chosen fanpt
of a solar coronal hole (IoBsu ~ 4) is indicated by the dotted line.  gearch programs.

the XMM-Newton and ROSAT surface flux sample with thé" Star-planet interactions

Kolmogorov-Smirnov test, we find that both populations arqow we investigate our sample in detail for possible cotietes
Slgnlflcantly diferent. This is due to the selectioffext that of X_ray properties with p|anetary parametersl

we propqsed planet-bearing stars which were previously:eungi One expects that possibl@ects which giant planets might
tected with ROSAT (and therefore have low X-ray luminosiaye on their host stars will strongly increase with dedrpsr-
ties) for detection pointings with XMM-Newton. This leads t pjta] distance. Also, tidal as well as magnetic intercatisnould

a higher concentration of stars near the limiting surfacg flyncrease with the exoplanet’s mass, assuming that larger ex
level of logFsuf[ergstcm?] ~ 4. For the XMM-Newton planets are capable of producing a stronger planetary ntiagne
and ROSAT subsamples of stars with a surface flux abojgid. Note that closer-in planets may rotate more slowlgsin
logFsur[ergs=cm™] > 45, we find that these populationsihey synchronize with their orbit, weakening their abitioygen-
are sta_tlsncally |nd|st|ngws:ha_ble _(probablhty for batamples grate magnetic fieldrieRmeier et al. 20Qdhowever, the de-
stemming from the same distribution 71%). tails of planetary dynamos are not fully understood.

The most interesting quantity with regards to SPI in the
X-ray regime is the activity indicatdry /Ly The X-ray lumi-
nosity alone varies with stellar radius independently &f dc-

To check for systematic flerences, we compare our sample divity level, but Lx /Ly is independent of such radius-induced
planet-bearing stars with a sample of field stars of speiyipal F  effects. Any planet-induced activity changes should theestfer
and G as available frol8chmitt(1997 from ROSAT observa- evidentinLx/Lyol; @ planet-induced variation ink which would
tions. In Fig.3we show the X-ray luminosities of these stars ovdeave the ratio unchanged is rather unphysical, singé.no has

B -V of both the planet-bearing and non-planet-bearing samptgpical values of 1P for our stars. A change iy would there-

A Kolmogorov-Smirnov test yields that the probability thatth ~ fore need 18times more energy than the X-ray variation alone.
samples are drawn from the same parent distribution is 74%. We study both the X-ray luminosityx as well as the
The values of the activity indicatds /Ly yield a probability of activity indicator Lx /Ly for correlations with the inner-
23% to be from the same distribution; this can be explained byost planet’s semimajor axis and mass. In Tablee give

3.3. Comparison with field stars
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Spearman’g rank correlation cofécient for various combina- 10

tions. A value of 1 £1) means a perfect correlation (anticorrela-
tion), 0 means no correlation. The correspondirgalue gives 3
the probability that the observed value@tan be obtained by
statistical fluctuations.

For the correlation analysis dfx/Lpo, we exclude giants
from our sample (HD 27442 and HD 62509), since they have
very low Lx /Lpo Values due to their optical brightness. As well
as for XMM-Newton detections alone as for XMM-Newton and
ROSAT detection combined, we find no correlation of the semi- 2
major axis with the stellar X-ray luminosity.

We find two possible correlations here: one of planetary mass o . . .
with Lx and a stronger one f(agll x My with Lx. Stars with gi- 25 26 27 28 29
ant and close-in planets have higher X-ray luminosities itars log Ly [erg s7']
with small far-out planets. Fdrx /Ly there is a correlation with
a}gll x My present in the sample of XMM-Newton detections, but
not in the larger sample of ROSAT and XMM-Newton detec-
tions, pointing towards the possibility that this correlatmight
be a statistical fluctuation. The probable reason for stoamge-
lations inLy, but weaker or absent onesliR/Lyo is that there is
also a strongx2c-) correlation betweeMy andLy,: stars with 6
larger Ly, are more massive, and around massive stars, giant
planets are detected much more easily compared to small ones
Both correlations of planetary mass with and alsoLpo seem
to cancel out irLx /Lpol.

Another significant correlation worth mentioning exists be 2
tween the planetary mass and the spectral type of the host sta
small planets are prone to be found around stars of latestype 0 . , , .
This is basically the same trend we see betwlgnand Lyol, 25 26 27 28 29
since small planets are more easily detected around lovg-mas log Ly [erg s7']

and therefore late-type stars. Fig. 4. Histograms of X-ray luminosities for X-ray detected staithim
To visualize these (non-)correlations, we perform line@o pc with close-in &, < 0.2 AU, upper panel) and far-out &, >

regressions of logx and loglx/Lpo) with either logay or 0.5 AU, lower panel) planets. Mean logx values are indicated by dot-

log(a,! x Mpi) by using the “linmix_err" routine implementedted lines for both samples.

in IDL. As already seen in the correlation analysis, we abtai

slopes which are compatible with zero at level for all of the o

pictured cases except for lag over log@y,' x My) (see Fig5). 5.1. Individual targets

Independently of any linear trend, we can test if tiheval- Between May 2008 and April 2009 we observed a total
ues of stars with close-in and far-out planets stem fromdhnges of 20 planet-bearing stars in X-rays. One of these stars,
distribution. Figure4 shows the logarithmic X-ray luminosities SCR 1845, turned out to harbor a brown dwarf and not a planet;
of stars with planets withia, < 0.2 AU and stars with planets the X-ray characteristics (3CR 1845 are discussed in a sepa-
beyondap > 0.5 AU. The means of both distributions are veryate publication Robrade et al. 20)0The X-ray properties of
similar and not distinguishable atrllevel: {logLxcosein) = the remaining 19 stars are described briefly now.
2752+ 0.72 erg st and{log Lx far—out) = 27.70+ 0.80 ergst. A GJ 674, GL 86, GL 876, HD 102195, GJ 317, 55 Cnc and
Kolmogorov-Smirnov test yields a probability of 84% for hot HD 99492 yielded stficient signal-to-noise ratio for spectral
samples being from the same distribution. However, the coffitting of the obtained EPIC spectra. They are all charanteri
parison of stars witlelose-in, heavy planets compared far-out by coronae with cool to moderate temperatures (detaiksdist
light ones yields that the probability for both samples to havgect.5.2). GJ 674 shows one large and several smaller flares on
the same parent distribution is very small with%; the average timescales of ca. 5 ks. AlsBL 876 shows several short flares.
X-ray luminosity is higher for stars with close-in, heavyapt The other stars show some variability around 15-25% level. A
ets With (109 Lx ciose-inheavy) = 27.91+ 0.76 ergs! compared an example, we show the EPIC spectrum and the corresponding
10 (log L far—outiighty = 27.41+ 0.73 erg s, but the means are two-temperature fit oGL 86 in Fig. 6.
compatible within ir errors. HD 154345, HD 160691, HD 4308, HD 52265, HD 93083,
51 Peg, HD 27442, HD 114386 andHD 114783 were detected in
our exposures, but did not yield enough photons for spefitral
ting. Where meaningful hardness ratios could be calcufatea

5. Properties of individual targets the numbers of counts, the stars proved to be soft X-ray ssurc
as one expects for nearby stars with low X-ray luminosifies

In the following, we give a short overview on our newly obof these targets show interesting characteristics:

served stars and their spectral properties. The stellanephry HD 99492 is part of a binary system, consisting of a

and X-ray properties of all planet-bearing stars which wayre K2 dwarf, which is the planet-bearing stbdD 99492, and a

served with XMM-Newton are listed in Table KO subgiantHD 99491. PreviouslyHD 99492 was assigned an

W
o

10

W
a
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Fig.5. X-ray luminosity and activity indicator lod /Lyo) as a function of logy, and Iog(a];l1 x Mp), respectively. XMM-Newton detections:
triangles, ROSAT detections: squares.

data and folded model

51 Peg is, despite a moderate X-ray luminosity of
26.8 ergs® which it exhibited in a ROSAT pointing from
1992, barely detected in a deep XMM-Newton observation.
The XMM-Newton source photons are extremely soft, which
explains its better visibility in ROSAT and additional rete
Chandra data, since these instruments have a lafigetige area
at very low X-ray energies. Detailed analystoppenhéger et al.
2009 showed that the star is possibly in a Maunder minimum
state.

The stard6 Cyg B, HD 111232, HD 217107 andHD 164922
could not be detected in X-rays in our exposures. The upmper i
its for these stars were calculated for a confidence leved#6,9
following the lines ofAyres (2004 and point also towards low
activity levels for these targets.

normalized counts s keV-!

. 5.2. Spectral properties
0.5 1 2
Energy (keV)

Seven of the stars we observed yieldeflisient signal to noise
Fig.6. Typical EPIC spectraupper: PN, lower: MOS) of a planet- ratio for spectral fitting of their XMM-Newton EPIC data. The
bearing star; here showGL 86. spectra of six stars can be adequately described by a thermal

plasma with two temperature components and solar abunsiance

the spectral fitting was performed with Xspec v12.5 apdc
X-ray luminosity of 2756 ergs® (Kashyap et al. 2008since models. The derived spectral properties are listed in Table
the double system was unresolved in the corresponding ROSHiey are mostly dominated by very cool plasiia 1 MK)
pointing. Our XMM-Newton pointing shows th&tD 99492 is  with small contributions from hotter plasma, ortiD 102195
actually the X-ray fainter part of the pair with an X-ray lums- andGL 86 have stronger contributions from a hotter component
ity of only 26.93 erg s?. around 4-5 MK.
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Table 2. Spectral modeling results derived from EPIC data; emissieasure given in units of ¥0cm 3.

Parameter GL 86 GL 876 HD 102195 GJ 317 55Cnc  HD 99492

T, (keV) 0.11 0.07 0.09 0.11 0.09 0.09

EM; 1.63 0.42 8.54 0.19 1.39 1.02

T, (keV) 0.33 0.39 0.45 0.50 0.48 0.39

EM; 1.27 0.06 8.07 0.06 0.19 0.20

X2y (d.0.f) 1.02(120) 1.44(85) 0.95(152) 0.77(22) 1.2(11) 99(@8)

logLy (0.2-2.0 keV) 27.6 26.4 28.3 26.5 27.1 27.0

Table 3. Spectral modeling results f@J 674 derived from EPIC data; 320 1
emission measure given in units off2@m—=. H ]
30
Parameter GJ 674 quiescence  GJ 674 flare T r A /
T: (keV) 0.14 0.32 o0 o o . . a1
EM, 0.71 3.57 5 gl LT o o s i
T, (keV) 0.40 0.81 — 207 B A R A g A 1
EM, 252 161 S0 g Tk e b s O ]
o 0.41+ 0.07 0.38+ 0.05 g [ mregd Aﬁﬁ‘ N\
Ne 0.66+ 0.13 0.38+ 0.18 26 —
Mg 0.34+0.14 0.51+ 0.25 [ ]
Fe 0.29+ 0.05 0.37+0.12 [ 1
5 24 ‘ , , , ,

X2, (d.0.f) 1.12 (204) 1.00 (197) - -
l0g L (0.2-2.0 keV) 275 277 o065 o005 100 15 20

log (My x 1/a,) [My,, xAUT']
Fig. 7. Linear regression of loby over Iog(agllx M) for close-in heavy

The spectrum o6J 674 cannot be fitted satisfactorily Whenplanets (solid) and far-out light planets (dotted). Botressions over-
assuming solar abundances, therefore we fit its EPIC speéﬁpaatklevel'
with two-temperaturgapec models.GJ 674 exhibits a flare dur-
ing our observation, so we conducted the spectral analgsis f ) . )
the time interval of the flare as well as for quiescent timége T, However, there is also the possibility that the trendLip
results are given in Tabl The temperature of both componentl caused by selectiorffects: all but three of the planets in our
rises considerably during the flare, as well as the totalsioris Sample have been detected with the radial velocity (RV) oeth
measure. Coronal abundances of the given elements are beRj@/lar activity can mask the RV signal. Since the RV sigsal i
solar values, consistent with the low photospherical ironra  Strongest for close-in, heavy planets, we have a selectfente
dance [FgH] = —0.28. which favors detection of such planets around active stars.
The X-ray luminosities derived from spectral modelling fik?%' question |s,_do Fhe dat_a showaltiitional trend_ Of!‘x with
the ECF-derived results in Tabfewell, justifying our error es- & and M Wh'Ch is not induced by the selectiorfect and
timate of ~30%, which we assumed in addition to statisticgfould be attributed to SPI? _
errors. To investigate this, we conduct two separate regression ana
yses on logd.x over Iog(agl1 x Mp) for close-in heavy planets
and far-out light planets, respectively. We define closkaavy
6. Discussion planets by Iogﬁgll x Mp)) > 0.5 (corresponding to a Jupiter-like
planet at a maximum orbital distance-®.3 AU, for example)
and far-out light planets by Iog;,lx Mpi) < O (corresponding to

In our data, we do not see any significant trend of the activiZJUP"[er'l”_<e planet at 1 AU or a Saturn-like planet & AU).
indicator Ly /Lpe With the planetary semimajor axis, mass or & shown in Fig.7, both regressions overlap well at-level,
combination of both, in contrast to recent studiéaghyap et al. indicating that there is no additional activity enhancetesiiect
2008. The only significant trend, as shown in Settis seen Measurable in this sample for close-in heavy planets oltzer t
in the X-ray luminosity which is higher for stars with heav}h_e selection trend which also manifests itself in the soipse
close-in planets. Trying to explain this trend lig without an With far-out light planets.

accompanying trend ihy /Lpo by SPI is problematic. The sam-

p!e stars have typicdlx /Lpo values of 1_05. If planets induced 4 5 s there evidence for coronal SPI?

higherLx levels, but constaritx /Ly ratios, the amount of en-

ergy introduced by SPI would have to beSliines higher in There are two dferent scenarios for SPI: tidal and magnetic in-
Lboi than inLx. TheLy excess of stars with close-in heavy planteraction (see for exampléuntz et al. 2000 Tidal interaction

ets compared to stars with far-out light ones is of the order will affect motions in the stellar convection zone as well as the
5x 10" ergs™. Thus, the energy excesslip, would have to be flow of plasma in the outer atmospheric layers. If stellaarot
~10* ergs!. Comparing this to the typical orbital energy of aion and the planetary orbital motion are not synchronddal t
Hot Jupiter £10* erg), this would lead to obviously unpyhsicabulges should rise and subside on the star, causing adalition
timescales for the planet’s orbital decay of only severalitand turbulence at the footpoints of magnetic loops, leadingghiér
years. flaring rates, or causing outer layers of the star to coratéte

6.1. Interaction or selection?
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Table 4. Stellar and planetary parameters of planet-bearing stiéingw80 pc, as observed by XMM-Newton.

Star Type Distt. my B-V P, [FeH] ay My GTI  Net countratg Fx log Lx Iog%
(pc) (d) (AU) (My) (s) (ctgks) (ergsicm?)  0.2-2 keV

eEri K2.0V 32 373 088 112 -0.10 3.39 155 10385 561233 1.38E-11 2&82+0.12 -4.88

GJ674 M2.5 45 938 153 350 -0.28 0.04 0.04 15183 B1O3.6 2.16E-12 2773+0.12 -3.80

GL 876 M4.0 vV 4.7 10.17 1.67 41.0 -0.12 0.02 0.02 23436 94815 1.13E-13 2818+ 0.13 -5.11

VB 10 M8.0 vV 58 9.91 0.00 — 0.00 0.36 6.40 10810 2815 4.91E-14 260+0.14 -1.79

GJ317 M3.5 9.2 12.00 1.53 -0.23 0.95 1.20 11245 3345 3.30E-14 262+014 -4.57

HD 62509 G5.01v-v 10.3 1.15 1.00 130.0 0.19 1.69 290 28759 2211 1.01E-13 2711+013 -6.63
GL 86 K1.0VvV 11.0 740 0.77 310 -0.24 0.11 4.01 13071 .8163.1 2.94E-13 2/3+0.12 -5.04
55 Cnc G8.0Vv 13.0 595 0.87 427 029 0.04 0.03 8505 .618.6 5.77E-14 207+014 -6.36
47 UMa Go.0Vv 140 510 056 740 0.00 211 260 6196 6207 1.07E-14 2610+0.21 -7.34
51 Peg G5.0V 147 549 067 370 020 0.05 0.47 25299 .4+02 1.70E-15 2®8+0.18 -7.37
7 Boo M8.0 V 150 450 048 33 0.28 0.05 3.90 38251 12857 3.21E-12 28®4+012 -6.14
HD 160691 G3.01v-v 153 5.15 0.70 - 0.28 0.09 0.04 7046 .631.2 1.06E-14 2617+0.16 -7.36
HD 190360 G6.0 IV 159 571 0.73 - 024 0.13 0.06 2888 2214 5.23E-15 2@20+021 -7.45
HD 99492 F7.0V 180 757 101 450 036 0.12 0.11 19928 .1+06 2.44E-14 2®8+015 -5.97

14 Her K0.0 V 18.1 6.67 0.90 - 043 277 4.64 5532 .6142.9 3.25E-14 2711+0.14 -6.33
HD 154345 G8.0V 18.1 6.74 0.76 - -0.11 419 095 3845 61824 5.46E-14 28B3+0.16 -6.03
HD 27442 K2.0 11l 18.1 4.44 1.08 - 020 1.18 1.28 4636 7813 1.23E-14 268+0.18 -7.72
B Pic A6.0V 193 386 0.17 0.7 0.00 8.00 8.00 54896 .2€0.1° 6.00E-16 2540+0.15 -9.09
HD 189733 K1.5 19.3 767 093 134 -0.03 0.03 1.13 36271 .3140.8 4.11E-13 286+0.12 -4.84
HD 217107 G8.0 1V 19.7 6.18 0.72 370 037 0.07 1.33 5576 <6.0 <1.55E-14 <26.86 <—6.79
HD 195019 G3.0lv-v 20.0 6.91 0.64 220 0.08 0.14 3.70 8333 .8+0.8 6.44E-15 2619+0.17 -6.86
16CygB G25V 214 620 066 31.0 0.08 1.68 1.68 10768 <1.6  <5.42E-15 <26.47 <-7.22
HD 164922 KO0.0V 219 7.01 0.80 - 017 211 036 6955 <35 <1.21E-14 <26.84 <-6.59
HD 4308 GO0.0V 219 6.54 0.65 - -0.31 0.11 0.05 7837 14207 7.89E-15 266+0.19 -6.02
HD 114783 KO0.0 220 757 0.93 - 033 120 0.99 3583 14215 6.72E-15 269+0.19 -6.66
HD 216437 G4.0Iv-V 26.5 6.06 0.63 - 000 270 210 3329 24819 1.89E-14 220+0.18 -6.73
HD 20367 GO0.0 270 6.41 0.52 - 010 125 1.07 8861 188426 2.76E-12 288+0.12 -4.40
HD 114386 K3.0V 28.0 8.80 0.90 - 0.00 1.62 0.99 3601 7212 7.19E-15 283+021 -6.13
HD 52265 KO.0 llI 28.0 6.30 0.54 0.11 0.49 1.13 6954 6510 1.82E-14 223+017 -6.92

HD 75289 K3.0V 289 6.35 058 160 0.29 0.05 042 6681 .0+30.7 1.21E-14 209+020 -6.75
HD 93083 K2.0V 289 833 094 480 0.15 048 0.37 7789 44713 1.67E-14 222+016 -6.79
HD 102195 KO0.0V 29.0 806 083 120 0.05 0.05 0.45 13043 9434 2.87E-13 2816+0.12 -4.81
HD 111232 G8.0V 29.0 7.61 068 30.7 -0.36 197 6.80 6996 <3.2 <9.72E-15 <26.99 <-6.41
HD 70642 GO0.0V 290 718 0.71 - 016 3.30 2.00 10935 007 6.68E-15 2@B3+0.17 -8.08
HD 130322 KO0.0V 300 805 078 87 -0.02 0.09 1.08 4194 73122 3.87E-14 2K/2+016 -5.66

Notes. Stellar and planetary parameters taken from. exoplanet . eu, bolometric luminosities calculated from, with bolometric corrections
from Flower(1996.

@ PN, 0.2-2 keV!Y MOSL1 countrate given, since PN detectoffeted from pile-up for this observatiof. Data taken fronHempel et al(2009,
combined MOS countrate given, since PN detector was ofticahtaminated.

the planet, which might enhance the stellar dynaniif > P.. several years. However, the peaks changed to a once-flar-ste
Magnetic interaction is thought to be able to enhance the stellaotation cycle in other years, suggesting an fOffi"-behavior
activity in several ways: if planets are close enough tarthest of chromospheric SPI. The fact that those peaks appeargd onl
stars to be located inside the star’'s Alfvén radius, a Jujite once per orbital period points towards magnetic SPI, since i
like interaction can form where the planet is connected with a tidal SPI scenario one would expect two peaks in that time,
star via fluxtubes which heat the stellar atmosphere atftbeir which is not backed up by the Shkolnik data.

points. Alternatively, magnetic reconnection events efstellar
and planetary magnetic field lines might supply additiomal e
ergy to the stellar atmosphere. Also the mere presence of
planetary magnetic field itself mightfact stellar wind forma-
tion and coronal densities, as a recent stu@ghen et al. 2009
suggests.

A first statistical study on possible X-ray flux enhancements
to Hot Jupiters has been conducte&bghyap et al(2008.
ey claim to have found strong evidence that stars with Hot
Jupiters are on average more X-ray active than stars with dis
tant planets. Their study uses main-sequence planetrlgesiars
which were known at the time of writing, but the X-ray deteati
Indications for SPI signatures in stelleiromosphereswere rate among these stars was only approximately one thirdhado t
found by Shkolnik et al.(2005 for two out of 13 stars, namely the authors had to include a large number of upper limitseir th
HD 179949 andv And, both stars with Hot Jupiters. The spectranalysis and used Monte Carlo simulations on the X-ray lumi-
of those stars showed periodic peaks in thaiGhand K line nosities of their sample. Their analysis suggests thas stéih
emissions, common chromospheric activity indicators. dime planets closer than.05 AU have on average four times higher
plitude of the variation was 2.5% f¢4D 179949 and 0.7% for X-ray luminosity than stars with planets at distances latigan
v And in the K line flux compared to a mean spectrum of the rd-5 AU. They try to account for selectiortects by regarding the
spective star and appeared once per orbital period of tinepila trend ofLy /Lpo With a, as selection-induced and the remaining
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Table5. Stellar and planetary parameters of planet-bearing stiéngw80 pc, as observed by ROSAT.

Star Type Dist. my B-V P, [FeH] ay My logLx log %
(po) ) (AU) (M) 0.1-2.4 keV

GJ 832 M1.5 4.9 8.67 1.46 — -0.31 3.40 0.64 .726-0.21 -9.09
GL 581 M3.0 6.3 10.55 1.60 84.0 -0.33 0.04 0.05 <26.89 <-4.57
Fomalhaut A3.0V 7.7 1.16 0.09 - 0.00 115.00 3.00 <2590 <-8.88
GJ 849 M3.5 8.8 10.42 1.52 - 0.00 2.35 0.82 .25# 0.26 —-6.73
HD 285968 M2.5V 9.4 9.97 151 38.9 -0.10 0.07 0.03 .48%0.28 —-6.13
GJ 436 M2.5 10.2 10.68 152 45.0 -0.32 0.03 0.07 .1@#0.34 —6.36
HD 3651 K0.0 vV 11.0 5.80 0.92 - 0.05 0.28 0.20 .Z5+0.23 -5.66
HD 69830 K0.0V 12.6 5.95 0.79 - -0.05 0.08 0.03 .47/ 0.30 -4.84
HD 40307 K2.5V 12.8 7.17 0.93 - -0.31 0.05 0.01 .9%6+0.28 -7.36
HD 147513 G3.0V 12.9 5.37 0.60 - -0.03 1.26 1.00 .029-0.16 -3.80
v And F8.0V 13.5 4.09 0.54 120 0.09 0.06 0.69 .128+ 0.22 —6.86
vy Cep K2.0V 13.8 3.22 1.03 - 0.00 2.04 1.60 9%+ 0.20 -7.34
HR 810 GOo.0Vv 15.5 5.40 0.57 7.0 0.25 0.91 1.94 .728-0.21 —7.45
HD 128311 KO0.0 16.6 7.51 099 115 0.08 1.10 2.18 .52& 0.21 —-4.57
HD 7924 K0.0V 16.8 7.19 0.82 - -0.15 0.06 0.03 .45+ 0.29 —-6.75
HD 10647 F8.0V 17.3 5.52 0.53 - -0.03 2.10 0.91 .228-0.17 —4.88
pCrB G0o.0vV 17.4 5.40 0.61 19.0 -0.24 0.22 1.04 <27.69 <-6.13
GJ 3021 G6.0V 17.6 6.59 0.75 - 0.20 0.49 3.32 .02%:0.21 -7.00
HD 87833 K0.0V 18.1 7.56 0.97 - 0.09 3.60 1.78 .58+ 0.20 -6.79
HD 192263 K2.0V 19.9 7.79 0.94 27.0 -0.20 0.15 0.72 .038 0.35 —-4.81
HD 39091 G101V 20.5 5.67 0.58 - 0.09 3.29 10.35 .33% 0.20 —6.03
HD 142 G1.0lVv 20.6 5.70 0.52 - 0.04 0.98 1.00 <28.20 <-5.63
HD 33564 F6.0 V 21.0 5.08 0.45 - -0.12 1.10 9.10 .82% 0.30 —6.66
HD 210277 GO0.0V 21.3 6.63 0.71 - 0.19 1.10 1.23 <27.85 <-5.68
70 Vir G4.0V 22.0 5.00 0.69 31.0 -0.03 0.48 7.44 4271+ 0.28 —6.33
HD 19994 F8.0V 22.4 5.07 0.57 - 0.23 1.30 2.00 .18+ 0.28 —6.41
HD 134987 G5.0V 25.0 6.45 0.70 - 0.23 0.78 1.58 <27.99 <-5.75
HD 16417 Gl.0V 25.5 5.78 0.67 - 0.19 0.14 0.07 <28.28 <-5.73
HD 60532 F6.0IV-V 25.7 4.45 0.48 - -0.42 0.76 3.15 <26.98 <-7.53
HD 181433 K3.0 IV 26.1 8.38 1.04 — 0.33 0.08 0.02 <27.08 <-6.05
HD 30562 F8.0V 26.5 5.77 0.63 - 0.24 2.30 1.29 <26.97 <-7.07
HD 179949 F8.0V 27.0 6.25 0.50 9.0 0.22 0.05 0.95 .628 0.25 -4.40
HD 150706 GO0.0 27.2 7.03 0.57 - -0.13 0.82 1.00 .8828 0.19 -5.04
HD 82943 G0o.0vV 275 6.54 0.62 - 0.27 0.75 2.01 <28.01 <-5.75

Notes. Stellar and planetary parameters taken fram. exoplanet . eu, bolometric luminosities calculated from, with bolometric corrections
from Flower (1996. X-ray luminosities taken froniKashyap et al(2008, except for upper limits foHD 16417, HD 30562, HD 181433 and
HD 60532, which were calculated from original data.

trend inLx with ay as planet-induced, which leads to remainingbove 0.3 keV vary by-15%, a typical level also for intrinsic
Lx-ratio of stars with close-in and far-out planets«d®, with an  stellar X-ray variability. When folded with the orbital ped,
overlap of the (simulated)x-distributions at ar level. the profile of X-ray variability does not match the one seen in
We do not see a significantftBrence ofLy-distributions in chromospheric data very well; interpretations of vari&pilith
dependence o, in our sample as shown in Fig. Thereis also the stellar rotation period are also possible. To see how-chr
no significant trend ofx /Lyo With ay evident in our data. We mospheric and coronal variability compare with each otoer f
do not try to correct artificially for selectiorffects, since these this star, we can do a rough estimate: a variation.6%2in the
are various and interdependent: since stellar activitykséise Cair K line compared to the mean stellar spectrum should trans-
planet-induced radial-velocity signal, small far-outnmés are late into something of the same relative order of magnitede f
more easily detected around very inactive stars. Simijlgniyse the Mount Wilson S index. The S index variation should even be
planets are also easier to detect around low-mass anddhereé bit smaller than %%, since the S index averages over the H
late-type stars, but very late-type stars have again highAr,, and K line, and the H line is less sensitive to activifieets. If we
values than earlier-type and therefore heavier stars. Atifaa compare this to stars with known activity cycles sucl6h€yg,
tive estimate of activity-related selectioffexts is therefore ex- one finds thereHempelmann et al. 2006hat the S index dur-
tremely dificult. But as shown in Sed.1, there is no significant ing one stellar activity cycle varies byl15%, while the X-ray
additional effect on activity visible in our data which can be atflux in the 0.2—2.0 keV band varies B40%. A similar ratio of
tributed to the influence of massive close-in planets. X-ray to Cai fluxes yields forHD 179949 an expected X-ray
There has also been aff@t to measure coronal SPI forvariation of ~7%, less than a typical intrinsic variability level
an individual target: the stddD 179949 by Saar et al(2008, for late-type main-sequence stars. However, this ratioéen
which showed the largest SPI signatures in chromosphetic dX-ray and Cai fluxes should only apply if activity enhancement
so far. The star’s X-ray flux was measured several times durivia SPI works via similar mechanisms as normal stellar égtiv
May 2005; in September 2005, the star was in an “On’-state @des, which is not necessarily the case given the posgibilit
SPI as seen in the chromosphere. The measured X-ray flutgpiter-lo-like interaction scenarios.
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A basic quantitative scenario for coronal magnetic SPI hése planetary parameters mass and semimajor axis. Our main
been proposed bgohen et al(2009, suggesting that the pres-results are summarized as follows:
ence of a close-in planetary magnetosphere hinders thenexpa o
sion of the stellar magnetic field and the acceleration ostae 1 In our sample of 72 stars, there are no significant correla-
lar wind, causing a higher plasma density in a coronal *hot'sp ~ tions of the activity indicatok.x /Lpo With planetary mass or
In their model, the hot spot leads to variations of the X-raxfl _ Sémimajoraxis. . o
of ~30% when rotating in and out of view, and compared to §- However, we do find a correlation of the X-ray luminosity
setting without a planet, the overall X-ray flux is enhancgeéb ~ With the product of planetary mass and reciprocal semimajor
factor of~1.5 for a stellar dipole field and a factor #i.5 for a axis. Massive close-in planets are often found around X-ray
stellar magnetic field like the Sun’s in an activity maximuif. brighter stars. )
we compare this to our sample, we can conclude that an act®- This dependence can be ascribed to selectigets: the ra-
ity enhancement of more than one order of magnitude is not a dial velocity method for planet detections favors small and
common @ect in stars with Hot Jupiters, since such an activity far-out planets to be detected around low-activity, X-ray d
overshoot for stars with Hot Jupiters would yield signifitan ~ Stars. Additionally, if SPI induced an excesslip without
different results in our sample’s trendlof with Iog(aﬁlx Mp). changing thelx /Lo ratio, SPI would need to cause ex-

In summary, we can conclude from our analysis that there tremely high energy input .o, Ieadlng to unrealistically
is no major average activity enhancement in the corona of sta, sk;}ort decay times for the planetary Iorblt. hich coul
which is induced by their planets. Any trends seen in our $amp4' There is nadditional effect detectable it which could be
seem to be dominated by selectidfeets. attributed to coronal manifestations of SPI. o
5. Coronal SPI might still be observable for some individual
promising targets, preferably in coordinated observatioh
6.3. Promising individual targets the targets’ coronae and chromospheres.

SPI has been claimed for a handful of targets in chromospheri
emissions at selected times. Even If there has been nomngAcknowIed ements. K.P. and J.R. acknowledge financial support from DLR
detection of correspo_ndln_g coronaI‘SPI yet for these. SE-(S‘, grants SOg)RO?OS and 50QR0803. This Workgis based on obgrsralbtained
multaneous observations in the optical and X-ray regim&lyi€ith xMM-Newton and makes use of tHROSAT Data Archive.
precious insight into the interplay of stellar and plangtaag-
netic fields. The most promising candidates for such coordi-
nated searches are stars with close-in and massive plahiets wReferences
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ABSTRACT

A correction for some wrongly sorted data entries in twoeali$ given.

Key words. Planet-star interactions — Stars: activity — Stars: cogon8tars: statistics — X-rays: stars — errata, addenda

In Table 4 and 5 of our previous publication (Poppenhaeger
et al. 2010), the columns containing the log/Lyy values for
our sample stars and the spectral types in Table 4 were sorted
incorrectly.

For all figures and other analyses in the paper, the correct
data was used. The corrected tables are given below.

References
Poppenhaeger, K., Robrade, J., & Schmitt, J. H. M. M. 2010AAB15, A98+
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Star Type Dist. my B-V P, [FeH] ap Mpi GTI  net countrat Fx logLx log LLT.);
(pc) (d) (AU)  (Mjup) (s) (ctgks) (ergstcm?) 0.2-2 keV

€eEri K2.0V 32 373 088 112 -0.10 3.39 155 10385 561123.3 1.38E-11 28.220.12 -4.88
GJ 674 M2.5 4.5 9.38 1.53 35.0 -0.28 0.04 0.04 15183 11%08.6 2.16E-12 27.780.12 -3.80
GL 876 M4.0V 4.7 10.17 1.67 41.0 -0.12 0.02 0.02 23436 48% 1.13E-13 26.480.13 -5.11
VB 10 M8.0 V 58 991 0.00 - 0.00 0.36 6.40 10810 2815 4.91E-14 26.300.14 -3.94
GJ 317 M3.5 9.2 12.00 153 - -0.23 0.95 1.20 11245 143 3.30E-14 26.520.14 -4.57
HD 62509  KO0.0lll 103 115 1.00 130.0 0.19 1.69 2.90 28759 23811 1.01E-13 27.140.13 -8.08
GL 86 K10V 11.0 7.40 0.77 31.0 -0.24 0.11 4.01 13071 11@8 2.94E-13 27.680.12 -5.04
55 Cnc G8.oVv 13.0 595 087 427 0.29 0.04 0.03 8505 48.6 5.77E-14 27.0¢0.14 -6.36
47 UMa G0.0VvV 14.0 5.10 0.56 74.0 0.00 211 2.60 6196 +DF 1.07E-14 26.400.21 -7.34
51 Peg G5.0V 147 549 067 370 0.20 0.05 0.47 25299 +0.2 1.70E-15 26.280.18 -7.37
7 Boo F7.0V 15.0 4.50 0.48 3.3 0.28 0.05 3.90 38251 12637 3.21E-12 28.940.12 -5.09
HD 160691 G3.0Iv-Vv 153 515 0.70 - 0.28 0.09 0.04 7046 +3162 1.06E-14 26.470.16 -7.36
HD 190360 G6.0 IV 15.9 5.71 0.73 - 0.24 0.13 0.06 2888 22 5.23E-15 26.260.21 -7.45
HD 99492  K2.0V 180 757 1.01 450 0.36 0.12 0.11 19928 +0B 2.44E-14 26.980.15 -6.14
14 Her K0.0V 18.1 6.67 0.90 - 0.43 277 4.64 5532 269 3.25E-14 27.140.14 -6.33
HD 154345 G8.0V 181 6.74 0.76 - 011 419 0.95 3845 1286 5.46E-14 27.380.16 -6.03
HD 27442 K2.0 11l 18.1 4.44 1.08 - 0.20 1.18 1.28 4636 3173 1.23E-14 26.680.18 -7.72
B Pic A6.0V 193 386 017 0.7 0.00 8.00 8.00 54896 +021° 6.00E-16 25.48 0.15 -9.09
HD 189733 K1.5 19.3 7.67 0.93 13.4 -0.03 0.03 113 36271 ¥0.8 4.11E-13 28.260.12 -4.84
HD 217107 G8.0IV 197 618 072 370 0.37 0.07 1.33 5576 <6.0 < 1.55E-14 <26.86 <-6.79
HD 195019 G3.01V-v 200 6.91 064 220 0.08 0.14 3.70 8333 +D8 6.44E-15 26.490.17 -6.86
16 Cyg B G25V 21.4 6.20 0.66 31.0 0.08 1.68 1.68 10768 <16 <5.42E-15 <26.47 <-7.22
HD 164922 KO0.0V 219 7.01 0.80 - 0.17 211 0.36 6955 <35 <1.21E-14 <26.84 <-6.59
HD 4308 G5.0V 219 654 0.65 - -031 o011 0.05 7837 +2017 7.89E-15 26.660.19 -6.92
HD 114783 KO0.0 220 757 093 - 0.33 1.20 0.99 3583 +25 6.72E-15 26.590.19 -6.66
HD 216437 G4.0I1v-V 265 6.06 0.63 - 0.00 270 2.10 3329 +8129 1.89E-14 27.200.18 -6.73
HD 20367 G0.0 27.0 6.41 0.52 - 0.10 1.25 1.07 8861 140436 2.76E-12 29.380.12 -4.40
HD 114386 K3.0V 28.0 8.80 0.90 - 0.00 1.62 0.99 3601 2172 7.19E-15 26.880.21 -6.13
HD 52265 GO0.0V 280 630 054 - 0.11 0.49 1.13 6954 +516 1.82E-14 27.280.17 -6.63
HD 75289  GO0.0V 289 635 058 16.0 0.29 0.05 0.42 6681 +8.0 1.21E-14 27.090.20 -6.79
HD 93083 K3.0V 289 833 094 480 0.15 0.48 0.37 7789 +18 1.67E-14 27.220.16 -5.97
HD 102195 KO0.0V 29.0 8.06 0.83 12.0 0.05 0.05 0.45 13043 143.9 2.87E-13 28.460.12 -4.81
HD 111232 G8.0V 29.0 7.61 0.68 30.7 -0.36  1.97 6.80 6996 <3.2 <9.72E-15 <26.99 <-6.41
HD 70642 G5.01V-v 29.0 7.18 0.71 - 0.16 3.30 2.00 10935 +3007 6.68E-15 26.880.17 -6.75
HD 130322 K0.0V 300 805 0.78 8.7 -0.02 0.09 1.08 4194 12 3.87E-14 27.620.16 -5.66

Table 1. Stellar and planetary parameters of planet-bearing sti#igw80 pc, as observed by XMM-Newton.

aPN, 0.2-2 keV

b MOS1 countrate given, since PN detectoffered from pile-up for this observation
¢ combined MOS countrate given, since PN detector was olyticahtaminated
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Star Type Dist. my B-V P. [FeH] apl Mp log Lx log £
(pc) (d) (AU) (Mjup) 0.1-2.4 keV

GJ 832 M1.5 4.9 8.67 1.46 - -0.31 3.40 0.64 26121 -5.04
GL 581 M3.0 6.3 10.55 1.60 84.0 -0.33 0.04 0.05 < 26.89 <-4.57
Fomalhaut A3.0V 7.7 1.16 0.09 - 0.00 115.00 3.00 < 25.90 <-8.88
GJ 849 M3.5 8.8 10.42 1.52 - 0.00 2.35 0.82 2£2526 -4.43
HD 285968 M2.5V 9.4 9.97 1.51 38.9 -0.10 0.07 0.03 27088 -4.42
GJ 436 M2.5 10.2 10.68 1.52 45.0 -0.32 0.03 0.07 2¥ 084 -4.54
HD 3651 K0.0V 11.0 5.80 0.92 - 0.05 0.28 0.20 272523 -6.11
HD 69830 K0.0V 12.6 5.95 0.79 - -0.05 0.08 0.03 2%:4730 -5.90
HD 40307 K2.5V 12.8 7.17 0.93 - -0.31 0.05 0.01 26:9928 -5.95
HD 147513 G3.0V 12.9 5.37 0.60 - -0.03 1.26 1.00 29.0116 -4.56
v And F8.0V 13.5 4.09 0.54 12.0 0.09 0.06 0.69 28122 -6.00
y Cep K2.0V 13.8 3.22 1.03 - 0.00 2.04 1.60 26:9520 -7.67
HR 810 G0.0V 155 5.40 0.57 7.0 0.25 0.91 1.94 28. 021 -4.97
HD 128311 K0.0 16.6 7.51 0.99 115 0.08 1.10 2.18 28621 -4.54
HD 7924 K0.0V 16.8 7.19 0.82 - -0.15 0.06 0.03 24529 -5.69
HD 10647 F8.0V 17.3 5.52 0.53 - -0.03 2.10 0.91 282117 -5.54
p CrB Go.0V 17.4 5.40 0.61 19.0 -0.24 0.22 1.04 < 27.69 <-6.13
GJ 3021 G6.0V 17.6 6.59 0.75 - 0.20 0.49 3.32 29.021 -4.37
HD 87833 K0.0V 18.1 7.56 0.97 - 0.09 3.60 1.78 275820 -5.52
HD 192263 K2.0V 19.9 7.79 0.94 27.0 -0.20 0.15 0.72 28.085 -5.05
HD 39091 G101V 20.5 5.67 0.58 - 0.09 3.29 10.35 2%8320 -6.52
HD 142 G1.0IvV 20.6 5.70 0.52 - 0.04 0.98 1.00 <28.20 <-5.63
HD 33564 F6.0V 21.0 5.08 0.45 - -0.12 1.10 9.10 2#8430 -6.24
HD 210277 Go.0V 21.3 6.63 0.71 - 0.19 1.10 1.23 <27.85 <-5.68
70 Vir G4.0V 22.0 5.00 0.69 31.0 -0.03 0.48 7.44 274028 -6.79
HD 19994 F8.0V 22.4 5.07 0.57 - 0.23 1.30 2.00 28.0628 -6.00
HD 134987 G5.0V 25.0 6.45 0.70 - 0.23 0.78 1.58 <27.99 <-5.75
HD 16417 Gl.0V 25.5 5.78 0.67 - 0.19 0.14 0.07 <28.28 <-5.73
HD 60532 F6.0 IV-V 25.7 4.45 0.48 - -0.42 0.76 3.15 < 26.98 <-7.53

HD 181433 K3.0 IV 26.1 8.38 1.04 - 0.33 0.08 0.02 <27.08 <-6.05
HD 30562 F8.0Vv 26.5 5.77 0.63 - 0.24 2.30 1.29 < 26.97 <-7.07

HD 179949 F8.0V 27.0 6.25 0.50 9.0 0.22 0.05 0.95 28.6125 -5.23
HD 150706 G0.0 27.2 7.03 0.57 - -0.13 0.82 1.00 28.8819 -4.67
HD 82943 G0.0V 27.5 6.54 0.62 - 0.27 0.75 2.01 <28.01 <-5.75

Table 2. Stellar and planetary parameters of planet-bearing sti#ingw80 pc, as observed by ROSAT.
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ABSTRACT

Context. Close-in, giant planets are expected to influence their $tas$ via tidal or magnetic interaction. But are thefeats in
X-rays strong enough in suitable targets known so far to Iseied with today’s instrumentation?

Aims. Thev And system, an F8V star with a Hot Jupiter, was observed tergudcyclic changes in chromospheric activity indicators
with its innermost planet's period. We aim to investigate stellar chromospheric and coronal activity over seveuaitims.

Methods. We therefore monitored the star in X-rays as well as at optieavelengths to test coronal and chromospheric activity
indicators for planet-induced variability, making use lo¢ Chandra X-ray Observatory as well as the echelle spectrogr&SES
andHRSat Calar Alto (Spain) and the Hobby-Eberly Telescope (Tek&.

Results. The stellar activity level is low, as seen both in X-rays a€a line fluxes; the chromospheric data show variability with
the stellar rotation period. We do not find activity variaisan X-rays or in the optical that can be traced back to theqila
Conclusions. Gaining observational evidence of star-planet interastia X-rays remains challenging.

Key words. Planet-star interactions — Stars: activity — Stars: cogondtars: chromospheres — X-rays: stars — Stars: individual
upsilon Andromedae — X-rays: individuals: upsilon Andratae

1. Introduction ior of SPI; theoretical considerations also show that [sSPI

) o . signatures can be variable in time given the changing magnet
Interaé:uorésl be;[;Ne?n sgars an::]thlelrtgmnt plzgr_]ets ?m configurations in stellar atmospheres (Cranmer & Saar 2007)
consicerable attention curing the ‘ast years. since y Other studies extended the search for SPI signatures into

of 51 Peg b, a Jupiter-like planet in a four-day orbit aroundtﬁe X-ray regime to test for coronal activity changes in &ddi

solar-like star, the influence of stellar irradiation onrtary at- Y 2
- ’ ) to the chromospheric hints found before. A statistical gty
mospheres has been investigated by various authors (cmieam Kashyap et al. (2008) claimed that stars with close-in fiiaaee

etal. 2003; Lecavelier Des Etangs 2007; Erkaev et al. 2G37) Quer-active by a factor of four in X-rays, but these authad to

use a large number of upper limits. Poppenhaeger et al. {2010
investigated a complete sample of all planet-bearing stdhsn

30 pc distance and found no correlation between stellavigcti
and planetary distance or mass that could not be traced back t
selection &ects. Scharf (2010) investigated a smaller sample of
planet-hosting stars at distances of up to 60 pc and found-a co
relation of stellar X-ray luminosity and planetary massvery

star’s activity. These star-planet interactions (SPItaoeight to
happen via one of two major scenarios (Cuntz et al. 200Geeit
tidal or magnetic interaction. In the tidal interaction pess, the
planet induces tidal bulges on the surface of the star, wtach
cause enhanced stellar activity through increased tumnbalen
the photosphere. Magnetic interactions can increaseustsdt
tivity via magnetic reconnection of planetary and stellaagn . :
netic field lines (Lanza 2008), or via Jupiter-lo-like irdetion, close planets; however, selectloﬂie@t_s could not be ruled out
i.e. flux tubes that connect star and planet and heat thcis\rsteﬁ)r the low-mass planet3f, < 0.1M,) in the sample.
atmosphere at their footpoints (Goldreich & Lynden-Bel6@9 We here investigate the And (HD 9826) system for SPI
Schmitt 2009). signatures in chromospheric as well as coronal data. The sys
There have been dedicated searches for observationat sigRg! is one of the star-planet systems with available obsens
tures of SPI in stellar chromospheres. Shkolnik et al. (3005 Of time-variable (in terms of goff behavior) SPI signatures as
vestigated 13 stars and found for two stars variations iiCéae  Published in Shkolnik et al. (2005, 2008)And is an F8V star,
K line core fluxes, a common chromospheric activity indicatorbited by a massive planet.68M,) in a 46 d (a = 0.059 AU)
which were in phase with the planetary orbit. That flux exegss2rbit, as well as by two other planets at much larger distance
appeared once per orbit and not twice suggests that magn@_ﬁ'bs makesy And a very suitable candidate to search for SPI
and not tidal interaction might have been at work. A follop-uSignatures.
study (Shkolnik et al. 2008) found variability with the p&tary To look for signatures of SPI, we observed thénd sys-
orbit only for one of the targets during 2005; for other obsetem for the first time nearly simultaneously at optical andaX-
vation times and other targets, only a variability with thellar wavelengths, thus testing for chromospheric as well asnadro
rotation period was found. This was interpreted g®filbehav- variability. Because stellar activity in general and expdcSPI
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Table 1. Optical and X-ray observations ofAnd, sorted by observation

date. Integrated GaK line residuals are given for optical data, but the 4
absolute scales of FOCES and HRS data are not comparablexsge
extrapolated SPI state according to Shkolnik et al. (200®ngfor X-

ray data (see text). 3

Instrument MJD CaKresidual exp. SPI state
FOCES (1p) 55014.12 -0.05:+014 -
FOCES (15) 55015.12  -0.03+019 -
FOCES (1f) 55016.12  -0.05+0.11 -
FOCES (15) 55017.12  -0.01+011 -

normalized flux
N

FOCES (15) 55018.12 0+0.14 - b

FOCES (1p) 55020.13 ®B6+0.14 - £

FOCES (1p) 55021.13 ®M7+011 - F RS RYS

FOCES (15) 55022.13  -0.03+013 - g A Y

FOCES (15) 55023.13 -0.39+020 - of e Lt

FOCES (1m) 55024.14 -024+014 - 3920 3940 3960 3980
FOCES (1&) 55025.13 -0.13+0.14 - wavelength (A)

FOCES (1k) 55027.13 B6+0.09 -

FOCES (1h) 55028.13 B7+009 - Fig. 1. Typical spectrum ofr And recorded with FOCES. The reversals
FOCES (1f) 55029.12 @®7+014 - in the Car H and K line cores (dashed boxes) are weak.

HET/HRS 55049.37 B0+054 -

HET/HRS 55083.27 -0.05+049 -

HET/HRS 55090.25  -0.76+0.53 - posure time of 900s. The covered wavelength range was 3900—
FOCES (24) 55096.19 ®M3+0.17 - 9500 A.

FOCES (24) 55099.20 -008+013 -

FOCES (24) 5510020  —0054017 - The data were reduced with Calar Alto’s standard echelle ex-

FOCES (24) 5510521  -0.02+014 - traction routine d2.pro written in IDL (available from thealar
FOCES (24) 55107.20 -0.01+0.18 - Alto data server ftp.caha.es). Mean dark frames were sitbtta
FOCES (24) 55108.17 ~0.01+016 - from the nightly spectra, which were then normalized using
FOCES (24) 55109.17 -0.08+0.16 - mean flat fields taken prior to the observations. Wavelengjth c
FOCES (24) 55110.19 -017+016 - ibration was done with Thorium-Argon frames taken during th
HET/HRS 55110.44  -110+053 - same night. The spectral resolution as inferred from the FVH
Chandra ACIS-S  55124.72 - maximum of ThAr lines isR ~ 30000. Since not all of our spectra have
Chandra ACIS-S  55126.56 - minimum ThAr frames taken directly before or after the observatioa,
Chandra ACIS-S  55131.29 - minimum

cross-correlated the spectra around therGhand K lines and

ﬁ*E‘i”/d;ﬁ‘?’gc'S‘S i o4y | UM shifted the wavelength axis correspondingly. This depriseof
HET/HRS 55139.34 -043+049 - the po$S|b|I|ty to study RV_shlfts, but does not interfer¢hwour
HET/HRS 55141.33 J2+047 - analysis of flux excesses in the €& and K line cores.
HET/HRS 55142.35 D0+049 - A typical spectrum of the CaH and K lines ofv And is
HET/HRS 55146.33 35+048 - shown in Fig. 1. The reversals in the two line cores are weatk, b
FOCES (24) 55169.00 @3+020 - clearly visible. Because of the very small emission peald an

since activity &ects the K line profile more strongly than the H
line profile (see for example Hall et al. (2007)), we concatetr
signatures in particular do not have to be constant in time,OIn the K line here. _Thelslgnal-to-Plol_se ratigN c_)f the_flnal
is important to observe the stellar chromosphere and casonaPeCtra is at 150 pixer™ (~ 860 A ) in the quasi-continuum
close time epochs. between the H and K line and at40 pixel* (~ 230 A) in the
line cores, summing up t8/N ~ 150 in the complete line cores,
which stretch over ca. 33 pixels each.

The spectra were normalized by setting the flux of one tem-
plate spectrum at 3929.5 A to unity, giving a comparable nor-
Our optical data were obtained with the FOCES echelle spemnalization to the one used by Shkolnik et al. (2005). The re-
trograph (Pfefer et al. 1998) at Calar Alto, Spain, and wittmaining spectra were normalized by minimizing the scatfer o
HRS (Tull 1998), the echelle spectrograph mounted at HET the flux in two areas to the left and right of the @& line re-
Texas, US. The X-ray data were collected with the Chandra ¥ersal, specifically in the 3930-3932A and 3934-3936A range
ray Observatory. A complete list of our observations is giire  |ater on, a mean spectrum was subtracted from the individual
Table 1. spectra to determine the flux variations in the line cores ¢se-
tion 3.1). We tested that shifting the normalization argas-8A
; outward from the line cores does not significantly change our
2.1. Optical data from FOCES results. To further test if our normalization method migttta-

We obtained 23 spectra ofAnd with the FOCES echelle spec-duce false variability signals, we also applied our proceda
trograph installed at the 2.2m telescope at Calar Alto fraty J the Al1 line near 3944A, a photospheric line that should show no
to December 2009, when one spectrum per night was taken. Huotivity-related variations. In that part of the specthe multi-

14 spectra obtained during July were recorded with the LAR#Xude of lines present makes the normalization less exacsjrog
detector with 1am pixel size, the other 9 spectra were recordeal higher overall scatter between the normalized spectegifsp
with the Site#1d detector with 24in pixel size, all with an ex- ically a noise level of & ~ 0.03 in the chosen normalization.

2. Observations and data analysis
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However, the magnitude of the residuals of the individualcsp

tra compared with the mean spectrum does not change near the 1.0

Allline, although it has a comparable depth to thai@iaes, in-
dicating that the method itself does not produce false liditia
signals between the two normalization areas.

For the subsequent analysis, the residuals at thelCkne
core were integrated over a central range of 1A. The correspo
ing error bars were calculated by estimating the statisticar
in each bin to be the standard deviation of the residualsen th-
normalization ranges, and then calculating theetror in the
integrated area under the € line center by Monte-Carlo sim-
ulations.

residual flux  normolized fl

sigmo

2.2. Optical data from HRS

Nine spectra were taken with the HRS instrument at the HET
with a resolution oR ~ 60000. The data reduction was similar

0.5

0
0.04

-0.04

3930

3932 3934 3936
wavelength (A)

to the FOCES data reduction except for the use of flatfields. Thig. 2. Variability in Cau K line cores of the FOCES 15data.upper
HRS flatfields are taken with a separate, wider calibratioerfibpanel: normalized mean spectrummddie panel: residual flux with the
to allow 2D-flatfielding. However, the orders of the calilivat Same normalizatioripwer panel: flux variation in standard deviations.

fiber overlap in the Ca K region of the flatfields and thus could

not be used. We tried to use standard star data as a surrogate

for a flatfield, but this added a lot of noise because of théir re 3
atively low data quality. To preserve the signal-to-noistor of
the spectrag/N ~ 90 pixel! ~ 520 A1 in the Cau K core) we
reduced the data without flatfielding.

A consequence of the lacking flatfields is that a direct com-
parison between the data from FOCES and HRS is not possiblé.
We experimented with artificial, polynomial fits to the conta
to obtain comparable line shapes in thenGéline, but did not
achieve an acceptable solution. As a result the two datdaets
to be analyzed individually.

The HRS spectra were normalized by first setting their fluxo
at 3929.5 A to unity. Then a reference spectrum was choseg
and a polynomial was fitted to the quotient of each spectruin an
the reference spectrum that represents the missing flaffiekl
Caun K line was omitted from the fitting to avoid removing any
variability in the line core. Each spectrum was divided Isyfiit
to receive the normalized spectra.

normalized fl

residual

2.3. X-ray data

1.0

0.5

0
0.04

-0.04

2.0

=

-2.0

3930

3932 3934 3936
wavelength (A)

Fig. 3. Same as Fig. 2, but for HRS data.

least 15 counts per bin for decent statistics. The specttialfi

We observed thes And system with theChandra X-ray tele- Was performed with Xspec v12.5.

scope in four pointings of 15 ksx(4 h) each. These observa-

Becauses And is an optically rather bright stam(, = 4.09),

tions were scheduled in a way that two of them cover the prthe data were collected with a reduced frame time G#®.
jected maximum and two the projected minimum SPI-activijdditionally, we only use data at energies above 400 eV to ex-
times, as inferred from optical observations done by Stikolrclude possible optical contaminations at the low-energgisie-

etal. (2005) (see Table 1). Because SPI can depend on nusnefdtend of the detector.

factors such as the stellar magnetic field configuration,sRRI
natures are expected to be time-variable (Cranmer & Saat;200

Shkolnik et al. 2008). It is unlikely, consequently, that wii ~ 3- Results

find SPI in exactly the same configuration as the system exhipy Chromospheric activity

ited in the chromospheric data from 2005; however, our abser

vational schedule of two observations each that are spgaetl aFollowing Shkolnik et al. (2005), we computed separate me-

one half of an orbital period is suited to uncover signatufes dian spectra for the FOCES and the HRS data and computed

planet-induced coronal hot spots. the residual fluxes of each spectrum compared with the respec
The data were reduced using standard procedures of tive median spectrum by subtracting the median spectra bin-

CIAO v.4.2 software package. And emits soft X-ray radia- wise from the individual spectra. We also computed the varia

tion with practically all photons having energies below 2/ke tion measured in standard deviations by dividing the red&lu

its mean X-ray count rate is 0.025 ctgs in the 0.4-2 keV en- by the poissonian flux error of each bin of the individual spec

ergy band. We produced light curves with 1 ks binning to abtaira, neglecting the error in the median spectra. The refarltbe

acceptable error bars as well agigient time resolution to iden- 15¢ data, smoothed by 15 bins (0.45A), are shown in Fig. 2.

tify possible flares. For the spectra we used energy binsatithFor the 1% data, which were recorded in July 2009 under very
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favorable weather conditions, we find variations in then®a
line core at~ 20 levels; the HRS data show similar variation
(Fig. 3), while for the 24 data, the overall noise level is so high
that no additional variability in the line core can be idéad by
naked-eye inspection.

The HRS residuals show variations over a region broader
than the Ca K line core. To the sides of the cores, the resid-
uals also exhibit some broad, wave-like structure. Thitepais
probably caused by our normalization; we had to use a polyno-

o

o
o

o
o

A

residual Ca Il K line flux (FOCES)
s
o

e b DR L

-1.0

Lo I e e

50 100 150 200

mial fit to substitute the missing flatfields that apparentesl 070

not entirely capture the region around the K line. Nevedbs| ! )

the residuals at the K line core exceed the variations ceitsie JOEIL LA A % TN % Nt
core, and therefore we believe that at least some of the eore v %000 3 ! : % » %% SRR R
ation is real. Varying the footpoints chosen for the polyimam —0.35}% IR % % I ‘ .
fit does not significantly change the residuals. Thus, theasig 070

of the K residuals is stable against normalization, but dial t 0 0 e since dunList 2000 10 200

uncertainty in the Ca K line core residuals may contain quite

large errors. To estimate the magnitude of these errors ol nrig 4, Time series of Ca residuals with the highest probability period
that the variation outside the K line core is at a flux level qB.5 d) indicated by the dotted line; red triangles and orangendinds
+0.01; integrated over the 33 pixels line core, this yields an adre 1% and 24 data from FOCES, green boxes are scaled-down HRS
ditional uncertainty of 0.33, which we add to our nominabesr data with the same periodicity indicateghandra observation dates are
of the integrated residuals. indicated by vertical solid lines.

The magnitude of the K line fluctuations, measured in rela-
tive flux deviations, is at @0.02 level in our chosen normaliza-
tion, with an overall noise level af0.01. Shkolnik et al. (2005) 8l
found forv And a variation at &0.01 level and an overall noise
level of £0.002. Our noise level is much higher wi#0.01, and
so we interpret oug0.02 variation in the core to be consistent 6
with the previously found level 0£0.01; however, given the
time-dependence of activity features in stellar chromesps,
one could also expect aftiring level of variability.

The Caui K line core fits into an interval ok 1A width,
see for example Hall et al. (2007) and our data in Fig. 2. We
therefore integrate the K line residuals from 3932.5-39830
obtain a measure for the total variation per spectrum. Theiar
guestion now is whether there is a periodicity in this sigaab
if there is, which period can be associated with it.

The timeseries of our integrated residuals is shown in Fig. 4 ° 15 20
The FOCES 1p data show already by naked-eye inspection a period (days)
variability that tracks slightly more than one cycle of agurm-
ably sinusoidal variation with a periodicity of about eigtihine  Fig. 5. Lomb-Scargle periodogram of @eK line residuals (weighted
days. As discussed in section 2.2, the spectra from FOCES &dheir respective errors) with nominal false-alarm ptuliges given
HET cannot be absolutely calibrated with respect to eackrpthPy the horizontal lines (see text).
and therefore the calculated residuals are not comparabde o
absolute scale either. Thus we proceeded as follows: Fiest,
calculated a Lomb-Scargle periodogram (Lomb 1976; Scargle o ) o
1982) of the collected optical data from FOCES, weighting trabove. The result of our periodicity test is shown in Fig. be T
data points with their respective errors (see Gilliland &ideas Periodogram of the combined data exhibits the strongedt pea
1987). This yields three significant peaks with false-alarob- P = 9.5 d with a nominal FAP of ®% (keeping in mind that
abilities (FAP) below 5%, corresponding to period$of 9.3d, the FAPs may be unreliable for the combined data set). The im-
8.7d, and & d, sorted by descending significance. Then, we cdlortant point here is that we see a single, isolated main geak
culated a weighted Lomb-Scargle periodogram for the HR& d#€riod that is also found in the FOCES data alone. In contiast
alone. This yields no significant periods with FAP below 2094his, near the planetary orbital period aB4, or half its value,
which could be expected because there are only nine datespofiP significant peak appears in any of the periodograms. Tie pe
from HRS, distributed over more than three months. Finally, odicities are also clearly reflected in Fig. 6 and 7, wheretvoss
tried to combine the HRS and FOCES residwmi$ioc by scal-  the variability of the residuals over the stellar rotati@mipd and
ing down the HRS residuals by a factor oo that the highest the planetary orbital period.
and lowest values approximately match in both datasets.ihi For testing purposes, we subtracted thg @ periodicity
crude approximation at best; in the Lomb-Scargle periodiogr from our data to see if the remaining residuals exhibit other
a possibly wrong scaling will lead to incorrect FAPs, butmio periodicities (such as with the orbital period). Howevepe
nent peaks should still be reproduced reliably. We note tierte riodogram of these residuals does not yield other signifipan
this scaling also roughly fits with the additional variatiewel riods. Given the expected variability of SPI signatureswiine
outside the line core that is present in the HRS data merdion&hkolnik et al. 2008), we also tried searching for periditis

scargle power
~
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in subgroups of our data, but the number of data points is not
high enough to allow for significant period detection then. L i

If one chooses to interpret these findings as signatures-of pe L ]
riodic activity variations, they are probably associatdthwhe 05F J[

stellar rotation period. The star’s rotational velocitgini was
measured to be.9 + 0.4 knys by Gonzalez et al. (2010), its
radius is computed by Henry et al. (2000) from stellar parame
ters as IB6Rp, yielding a rotation period of 8.5 d, with rather
large, but dificult to quantify errors, since the stellar radius was
not determined observationally. Wright et al. (2004) giveia-
tional period of 12 d from spectroscopic monitoring; Herrgle
(2000) find only weak signatures of rotational modulatiothwi

residual Ca Il K line flux

periods of 11 d and 19 d respectively in twdfdrent data sets. 0 i ,
They also state that theftirence of the spectroscopically de- L i
rived periods to the estimate derived frarsini measurements : : :

0.0 0.5 1.0 1.5 2.0

might be caused by fferential rotation. Still, this stellar rotation

phose (P = 9.5 d); FOCES 15/24: red/orange, HRS: green

period fits the possible periodic signal in our data bettanttine
0rb|t§| perlfod ofdthe Hot .]L_Jp!ter O]E 4.'6hd|' Additionally, Wa\I)te JFig. 6. Cau K line residuals phase-folded with a period 05, pre-
a subset of our data consisting of nightly measurementsiyn gumably the stellar rotation period. Red triangles andgeatiamonds

2010, which closely tracks one complete sinusoidal vanietif 56 FOCES 15244 data, green squares are HRS data.

~ 9 d period, making it rather unlikely that we see an alias of
the planetary period here, but not the period & d itself. This
suggests that we see typical low-level stellar activityiations
with the stellar rotation period that are not induced by SPI. L i

3.2. Coronal activity

We extracted X-ray lightcurves ofAnd with 1 ks binning in the
0.4-2.0 keV energy band. The lightcurves (see Fig. 8) shaiv va
ability at 50% level, but no large flares. The mean count ste i
constantin observations 1, 2, and 4; the third observatime'an
count rate is somewhat lower by 25%. Applying the concept of
mean average deviation (MAD) that was used in Shkolnik et al.
(2008), we find that the MADs of all but the third observatioe a 05
similar (00063, 00060 and @M070), whereas the third observa- L
tion has a MAD that is also lower by 25% compared with the t E
rest (000.46)' . PR 0.0 0‘5 w‘o 1‘5 2.0
A typlcal X'ray spectrum oty And is shown in Flg- 9; these A phase (P = 9‘.5 d); FOCES 15/24: red/orung’e, HRS: green »
spectra have a total amountf450 source counts, binned by
15 counts as a minimum to alloyf statistics. The spectra of all Fig 7. same as Fig. 6, but folded with the planetary orbital peribd o
four pointings cannot be satisfactorily fitted with thermplsma 4.6 d.
models with solar abundances and one or two temperature com-
ponents, while a one-temperature model with variable eftahe
abundances yields acceptable fits. The results of the spéttr
ting performed in Xspec v.12.5 are given in Table 2; the abun- = = ) . )
dances are given with regard to Grevesse & Sauval (1998). Tifeactivity indicator islx/Lpo = —6.5, markingw And as a fairly
modeled elemental abundances are interdependent withethe'gactive star.
rived emission measure, andférent combinations of both pa-  If the chromospheric data really track the stellar rotation
rameters lead to very similar results. For example, theflisstf one might expect to see variability with that period in Xsay
the first and last observation give lower abundances andehighs well. This is diferent from the expected minima and maxima
emission measures than the fits of the other two pointings, lmentioned in Table 1, since we are now dealing with the chro-
fixing the abundances to the values of the other observationespheric variability from our nearly-simultaneous oatidata
yields comparable emission measures and almost the sameviih a period of % d. We indicated the times of tHéhandra
quality. pointings as solid vertical lines in Fig. 4; they correspomdo-
Within errors, the spectral properties of all four obseio/ad  tational phases of.64, 083, 033, and (67 as given in Fig. 6.
are similar. The plasma temperature is fairly low wittB MK.  This means that the first, third, and last observation toakepl
The elemental abundances show a Hile&, because elementsat times where the chromospheric activity was (by compajiso
with high first ionization potentials such as oxygen and nedngh, while the second observation was conducted at maaerat
are underabundant compared with iron with a low FIP. This @éhromospheric activity. The mean count rate and mean Xeray |
typical for stars with low to moderate coronal activity, whiis minosity is lower in observation three, but observation ywedds
determined by the activity indicator ldg /Ly < —4.v And’s  values comparable with the first and last observation. We con
mean X-ray luminosity in these observations is®&rgs?, its clude that the coronal activity seems to be dominated bytshor
bolometric luminosity is calculated according to Flowe®96) term statistical variations and not by the periodicity segethe
frommy = 4.09 andB - V = 0.54 to be 33 L, and therefore chromospheric data.

residual Ca Il K line flux
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Table 2. Spectral modeling results withrlerrors; emission measure given in units of%l@m—=.

Parameter obs. 1 obs. 2 obs. 3 obs.4 all
T1 (MK) 27+01 31+01 30+02 28+0.1 29+01
EM; 81+16 44+07 41+09 62+10 52+05
O 0.15+0.06 034+010 024+009 016+005 023+004
Ne 0.22+0.08 026+0.10 025+0.10 018+0.09 023+0.05
X (d.of) 0.81(21)  0.79 (20) 0.78 (14) 1.47 (19) 1.19 (86)
expected SPI state maximum minimum minimum maximum -
logLy (0.25-2.0 keV) 27.80 27.62 27.56 27.69 27.65
sible SPI signatures in X-rays yielded detections of sortieibc
0.0 mox min in rhox features such as flares or elevated mean countrates, tia@ttr
0.0063 0.0060 0.0046 0.0070 ing these fects unambiguously to SPI isficult (Pillitteri et al.
0.04 2010; Saar et al. 2008).
Q Thewv And system was one of the prime suspects for observ-
Z 003 ing SPI at work in individual star-planet systems based upon
% chromospheric observations (Shkolnik et al. 2005). Howeve
T our observations of the system do not show any significaidvar
€ 0.02 tions that could be attributed to planetaffeets. The variations
3 + + + + + »’1 in the chromospheric GeK line cores are small and are consis-
tent with the stellar rotation period. The magnitude of thei-v
o.01 JF J{ + ations is~ 0.6% of the flux in the pseudo-continuum between
the Car H and K line. From optical and X-ray monitoring of
0.00 : : : ! ! ‘ ‘ stars such as 61 Cyg (Hempelmann et al. 2006) we know that

10 160 170 570 580

time (ks), starting ot MUD=55124.72

760 770

Fig. 8. Background-subtracted X-ray lightcurveswfnd, taken with

Chandra ACIS-S in the 0.4-2.0 keV energy band, with expected Slﬂ

states according to Shkolnik et al. (2005) and MAD valuescated.

data

" Riln
J(
T m

ﬂ»

1 —

0.1

0.02 0.05

normalized counts s keV*
0.01

5x107?

0.5
Energy (keV)
Fig.9. Chandra ACIS-S spectrum of» And extracted from a single
15 ks exposure. Strong emission in the iron line complexesiraf
800 eV is visible.

4, Discussion

Searching for signatures of SPI in stellar coronae has prtve
be a subtle task. Initial chromospheric measurementsatetic
that HD 179949's and And’s chromospheric Cafluxes varied
with the respective planetary period, but follow-up obs¢ions
detected dominant variability with the stellar rotatiomipd for
several observational epochs. Previous attempts to abpesr

changes in the S-index (counts in €8 and K lines normalized
by counts in continuum stretches)£15% translate to changes
in the Q2 — 2.0 keV X-ray band 0t:40%. Accordingly, the ex-
tremely small chromospheric variationsiofnd should, if ruled

y the same activityféects, cause coronal variations of less than
two percent over one stellar rotation period. This is muetelo
than the typical intrinsic variation level of a late-typarstOne
would only expect strong SPI signatures in X-rays here if the
SPI mechanism is fundamentallyfidirent from normal activity
processes, for example, if SPI happened via Jupiter-oitik
teractions where the star and its close planet are connbgted
flux tubes (which cannot be the case for thAnd system since
the stellar rotation period is longer than the planetarytakpe-
riod). If therefore SPI signatures are ruled by similar psses
as general stellar activity, it is expected that for lowhatt stars
possible X-ray SPIfects can hide in the intrinsic stellar vari-
ability level. For the corona and the chromosphere 8ind we
see that the star does not show any signs of planet-indutied ac
ity at the epoch of our observations; it is instead a lowwatgti
star with some indication for rotational modulation in cim@-
spheric emissions.

From this data and other searches for SPI signatures, itsseem
that stars with low to moderate activity do only exhibit véow
levels of SPI &ects. To unambiguously detect SPI signatures
in the future, stars with extremely close-in planets2 d) will
be the most promising candidates. According to recent nsodel
(Lanza 2009), magnetic SPI can occur not only through recon-
nection between the stellar and planetary magnetic fiels|in
but also by the planetary field that disturbs stellar maghetips
that have stored energy by normal stellar activity proceasel
triggers the release of energy. The analysis of obsendtdata
(Shkolnik et al. 2008) has also shown that signatures of S m
be detectable only at certain time epochs, presumably depen
ing on the changing configuration of stellar and planetarg-ma
netic fields. Stars with higher activity levels and largeraral
loops could be rewarding targets for SPI searches if obderve
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with good phase coverage and higB¢N to enable a dferenti- Tull, R. G. 1998, in Society of Photo-Optical InstrumeraatEngineers (SPIE)

ation between intrinsic stellar variability and SPieets. Conference Series, Vol. 3355, Society of Photo-Opticalrimsentation
Engineers (SPIE) Conference Series, ed. S. D'Odorico, 387 —

Wright, J. T., Marcy, G. W., Butler, R. P., & Vogt, S. S. 200478, 152, 261

5. Conclusions
Our main results are summarized as follows:

1. v And is a star of low chromospheric activity, with the coro-
nal activity consistently being at a low level as well, indi-
cated by the coronal activity indicator lag /Lyy = —6.5.

2. Our data show variations of the €& line core emission
compared to the mean spectrum. These variations have a pe-
riod of ~ 9.5 d, close to the stellar rotation period28.5 d.

3. The X-ray data do not show significant changes between ex-
pected SPI maximum and minimum states, neither in the
lightcurves nor in the spectra. The spectra show a Bdtg
with iron being overabundant by a factore# compared to
neon, typical for stars with low to moderate X-ray activity.

4. In our observations, the And system does not show sig-
natures of star-planet interactions. The periodicity ol
in chromospheric activity indicators is very close to the ca
culated stellar rotation period and is therefore probafy i
duced by non-SPI-related active regions on the star. Gginin
observational evidence for star-planet interactions irays
remains a challenge.
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ABSTRACT

The activity levels of stars are influenced by several stellar properties, such as stellar rotation, spectral
type and the presence of stellar companions. In analogy to binaries, planetary companions are also
thought to be able to cause higher activity levels in their host stars, although at lower levels. Especially
in X-rays, such influences are hard to detect because coronae of cool stars exhibit a considerable amount
of intrinsic variability. Recently, a correlation between the mass of close-in exoplanets and their host
star’s X-ray luminosity has been detected, based on archival X-ray data from the ROSAT All-Sky Survey.
This finding has been interpreted as evidence for Star-Planet Interactions. We show in our analysis that
this correlation is caused by selection effects due to the flux limit of the X-ray data used and due to
the intrinsic planet detectability of the radial velocity method, and thus does not trace possible planet-
induced effects. We also show that the correlation is not present in a corresponding complete sample
derived from combined XMM-Newton and ROSAT data.

Subject headings: stars: planet-star interactions

1. INTRODUCTION

The possibility of interactions between stars and their
planets, causing an activity enhancement of the host star,
is currently a debated issue. Possible mechanisms for such
Star-Planet Interaction (SPI) are tidal and magnetic in-
teraction scenarios (Cuntz et al. 2000); also, planets trig-
gering the release of energy, which has been built up in
tangled coronal loops by normal stellar activity processes,
is possible (Lanza 2009). While chromospheric and photo-
spheric observations have yielded some hints for such in-
teractions (Shkolnik et al. 2005, 2008; Lanza et al. 2010),
the analysis of possible coronal signatures of SPI has led to
differing results (Kashyap et al. 2008; Poppenhaeger et al.
2010b; Scharf 2010; Poppenhaeger et al. 2010a).

In a recent study, Scharf (2010) analyzes a stellar sam-
ple derived from archival ROSAT X-ray data and derives
a correlation of exoplanetary mass My, with the host star’s
X-ray luminosity for planets closer to their host star than
0.15 AU, which is interpreted as a lower floor of possible
stellar X-ray luminosity caused by the presence of mas-
sive, close planets. We replot the data from that sample
in Fig. 1; it indeed shows an amazing correlation of plane-
tary mass and stellar X-ray luminosity. This would be an
extremely interesting finding if the correlation was really
caused by SPI. We therefore conduct an in-depth analysis
of possible factors able to cause such a correlation, using
both the sample from Scharf (2010) as well as a complete
sample of planet-hosting stars within 30 pc distance, which
we presented in Poppenhaeger et al. (2010b). We specif-
ically investigate possible sample selection effects, deter-
mine suitable variables which should be tested for correla-
tions with each other, and compare the results derived for
the two samples mentioned above.

2. SAMPLE PROPERTIES

Scharf (2010) selected a stellar sample consisting exclu-
sively of X-ray detections (and upper limits) derived from
ROSAT All-Sky Survey (RASS) data. This sample has two

stars: activity

stars: coronae X-rays: stars

shortcomings when compared to the wealth of data avail-
able from today’s X-ray missions XMM-Newton and Chan-
dra: First, Scharf (2010) uses no pointed observations, ar-
guing that in RASS a given star was scanned several times,
yielding a time-averaged X-ray luminosity. However, this
is only true for stars close to the ecliptic poles, as Scharf
(2010) points out correctly. Stars near the ecliptic equator
are nominally scanned several times only over a two-day
period, and most of the given stars with close-in planets
are located at latitudes of &~ +45° or lower. Additionally,
the orbital periods of planets in the given close-in sub-
sample range from 2.2 — 8.7 d, yielding phase coverage of
substantially less than one orbit for almost all cases. Thus
there is no specific advantage of the RASS data compared
to XMM-Newton or Chandra data, especially given the
higher sensitivity and spatial accuracy of these two X-ray
telescopes (Jansen et al. 2001; Weisskopf et al. 2000) and
the short total observation time of RASS sources which
is usually well below 1 ks, compared to typical exposure
times in pointings which are in the 10 — 100 ks domain,
depending on the target.

Second, the two stars in the close-in sample with
the highest X-ray luminosities, i.e., HD 41004B and
HD 162020, are not comparable to the rest of the sample.
HD 41004AB is a binary system consisting of a K star and
an M star in a close orbit with a projected distance of
0.5”, the M star being the component with the substellar
companion which is at the boundary of planet and brown
dwarf. The RASS data does not allow to determine the
X-ray luminosity of each of the two stars individually be-
cause of ROSAT’s rather broad FWHM; however, M stars
usually have lower average X-ray luminosities than K stars
(Schmitt & Liefke 2004), so that the complete X-ray lu-
minosity of the system should not be attributed soleley to
the M star with the planetary companion. Scharf (2010)
notes that unresolved binarity contributes to the errors
in his sample, however in this case the binary nature of
HD 41004 is known and can be accounted for. The other
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FiG. 1.— Left: Lx vs. planetary mass for stars with close-in planets, data from Scharf (2010). The two incomparable data points form
the original sample are shown as red solid squares. For comparison, X-ray data for 51 Peg is inserted as blue open triangles. Right: Activity
indicator Lx /Lpo; vs. planetary mass for stars with close-in planets, data from Scharf (2010).

star, HD 162020, might be a young star as is discussed in
Udry et al. (2002); however, the age determination for this
star is not entirely clear. If it is a pre-main sequence star,
it would not be comparable to the rest of the sample, since
such stars are known to have much higher X-ray luminosi-
ties than their main-sequence counterparts (Feigelson &
Montmerle 1999).

3. METHODOLOGICAL CAVEATS

When testing for correlations of stellar activity with
other quantities, an appropriate proxy for stellar activ-
ity has to be chosen. Choosing X-ray luminosity as this
proxy has two disadvantages: First, there is a correla-
tion between stellar radii and stellar X-ray luminosities, at
least for stars with outer convection zones (Schmitt 1997;
Raassen & Kaastra 2006). This is why one usually normal-
izes the X-ray luminosity with the bolometric luminosity
of the star to make the activity levels of stars with different
spectral types comparable. As a rule of thumb, stars with
Lx/Lyoy < —5 are dubbed ”inactive”, while stars with
Lx/Lpoi > —4 are dubbed ”active”, regardless of spectral
type. So, an analysis of X-ray activity for a sample with
a variety of stellar masses should also test for correlations
of planetary parameters with Lx /Lo to check whether
some stellar mass distribution causes a fake signal in cor-
relations with L x.

Second, in flux-limited survey data there is usually a cor-
relation between detected luminosities (and upper limits)
and the distance d of the targets. This is a consequence of
the approximately constant exposure time in a survey and
the strength of the source signal of targets which scales
as 1/d?. So, when dealing with survey data, one should
carefully check for dependencies on distance.

4. RESULTS

The considerations above lead to two complementary
analyses of the results presented in Scharf (2010): re-
analyzing the original ROSAT sample as given in Ta-
ble 1 in Scharf (2010) for dependencies on distance d and
Lx/Lyoi, and testing for such dependencies in the much

larger complete sample used in our previous SPI study
(Poppenhaeger et al. 2010b).

4.1. The RASS data revisited

In Fig. 1, we show the X-ray luminosities of planet-
hosting stars with a, < 0.15 AU from the ROSAT sample
as a function of the innermost planet’s mass. The data
points for HD 41004B and HD 162020 are plotted in red
for comparison. We would like emphasize the special case
of 51 Peg, a star not included in the original sample: this
star has been observed in several pointed X-ray observa-
tions with ROSAT, XMM-Newton and Chandra, covering
different phases of the planetary orbit; it remained unde-
tected in the RASS data and was therefore included by
Scharf (2010) only as an upper limit. A detailed anal-
ysis of these data has shown (Poppenhéger et al. 2009)
the star’s X-ray flux to be constant and at a very low level
over 16 years, indicating that the star might be in a Maun-
der minimum state despite its close-in heavy planet. This
system is a significant outlier of the Lx vs. My relation
presented in Scharf (2010) (see Fig. 1), although it fulfills
the criterion of having a determined phase-averaged X-ray
luminosity.

To test for dependencies on the distance d of the stars,
we conduct a Principal Component Analysis (PCA) (Pear-
son 1901) on the three logarithmic variables log L x, log M,
and logd from the full Scharf (2010) sample. We use the
two eigenvectors with the largest eigenvalues as the feature
vectors; the third eigenvalue is very small by comparison
(0.05 vs. 0.95 and 0.14), meaning that one looses only very
little data variance in this analysis. After reprojecting the
data, all three variables show a strong linear trend with
respect to each other (see Fig. 2). This is a clear indica-
tion that the stellar distance is a crucial parameter in this
sample which cannot be ignored. It is important to note
that in an unbiased sample, Lx and M, must not depend
on stellar distance; if they do as in this sample, a selec-
tion effect is present. This provides an explanation for the
apparent dependence of Lx on Mp: the detection limit of
Lx increases with increasing distance. The detectability
of planets is somewhat intricate, and we investiagte depen-
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Fic. 2.— Principal Component Analysis results for the Scharf (2010) sample, stars with close-in planets given as filled symbols. All three
parameters (d, Mp, Lx) show linear trends with respect to each other, indicating that the stellar distance has a crucial influence in this

sample.

dencies in detail in section 4.3. In short, a dependency of
planetary mass on stellar distance is present. So, at larger
distances, the radial velocity method favours the detection
of heavier planets, and low X-ray luminosities cannot be
detected any more in the ROSAT All-Sky Survey, which
yields the observed trend of Lx with M, without having
to invoke effects from supposed Star-Planet Interactions.

Also without performing a PCA on this sample, the de-
pendencies of Lx and M, on d are revealed by rank corre-
lation tests. We calculate Spearman’s p, a rank correlation
coefficient which displays a perfect correlation by a value
of 1, perfect anticorrelation by —1 and no correlation by
0. For the full Scharf (2010) sample, we find strong cor-
relations of both Ly and M), with d, indicated by p val-
ues of 0.49/0.54 respectively, translating to probabilities of
0.6/0.2% that such a correlation can be reached by pure
chance. This correlation analysis yields the same result as
the PCA; the stellar distance is the crucial parameter in
this sample which causes the Ly /M), correlation.

This is also reflected in the behavior of Lx /Ly, where
there is no significant correlation with planetary mass for
stars with close-in planets, see Fig. 1. We also checked
this visual result with a Spearman’s p test while exclud-

ing the data from the two incomparable stars. This yields
p = 0.05, i.e. a very weak positive correlation; the prob-
ability that such a p value is reached by chance is 87%.
This is not surprising: if the trend in Lx is a distance
selection effect and not related to the stellar activity level,
then the quantity Lpoi/Lpor, which measures the intrin-
sic stellar activity level, should be independent from the
planetary mass.

4.2. The correlation as seen with XMM-Newton

In our further analysis, we use the data presented in
Poppenhaeger et al. (2010b), which consists of all known
planet-hosting stars within a distance of 30 pc from the
Sun, with X-ray properties derived from XMM-Newton
and ROSAT data. The errors given are Poissonian er-
rors plus an additional uncertainty of 30% on the X-ray
luminosity to account for short-time variations, since a
large part of our sample consists of pointed XMM-Newton
obervations. We use the same sample selection criterion
on these data as was used in Scharf (2010) (planets at
a < 0.15 AU). We show the relation between Lx and My,
in Fig. 3; data from stars which are also present in the sam-
ple from Scharf (2010) are plotted as green filled symbols.
These stars lie close to a straight line, similar to Fig. 1,
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XMM-Newton yields many additional X-ray detections in the lower right corner of the diagram, compared to Fig. 1. Stars which are also
present in the sample from Scharf (2010) are plotted as green filled symbols. Right: Activity indicator Lx /Ly, vs. planetary mass for stars
with close-in planets, data from Poppenhaeger et al. (2010b). No significant correlation is present.
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FiGc. 4.— Same as Fig. 3, but for stars with planets at semimajor axes > 0.15 AU.

although the data was collected in single pointings and
not averaged over larger portions of the planetary orbit.
This shows that the averaging process is not crucial for
this kind of analysis; the Lx values derived from XMM-
Newton pointings are very similar to the ones from the
RASS data. The main difference to Fig. 1 is that there
are many additional X-ray detections in the lower right
corner of the diagram. This is contrary to the assumption
that massive, close-in planets cause a lower floor for the
X-ray luminosity of their host stars.

Additionally, in this sample there is no significant corre-
lation in the relation between the X-ray activity indicator
Lx/Lpoi vs. planetary mass (see Fig. 3); testing for rank
correlation yields p = 0.003, i.e. practically no correla-
tion at all. This is also true for stars with far-out plan-
ets, for which no SPI-related effects are expected (Fig. 4).
The only significant correlation present in the whole sam-
ple is one between X-ray luminosity and the product of
planetary mass and inverse semimajor axis. For the in-
trinsic X-ray activity measured by Lx /Ly no such cor-

relation is present. As discussed in Poppenhaeger et al.
(2010Db), the Lx correlation is equally strong in a subsam-
ple of stars with small, far-out planets as well as in stars
with heavy, close-in planets. Poppenhaeger et al. (2010b)
conclude that the correlation is caused by selection effects
from planet detection; if it was caused by SPI, it should
be strong in the second subsample and weak in the first
subsample.

For the sake of completeness, we also conducted a PCA
for this sample. Here we find for the reprojected data that
there is a strong linear trend of M, with d, but no appar-
ent trends of Lx with d or M),. This is due to the fact that
we also use data from pointed observations in our sample,
where observations of more distant targets usually have
longer exposure times. This prevents the correlation of
Lx with d which is present in the sample of Scharf (2010),
and therefore also no correlation between Lx and M, is
present here.
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4.3. The nature of the correlation between distance and
planetary mass

In the above section, we used a volume-limited sample of
planet-hosting stars in which most of the stars have been
detected in X-rays. In that sense, the sample is complete
with regard to X-ray flux. However, the sample is most
probably not complete regarding the detection of planets.
The portion of planets which are detected by transits is
quickly growing since the start of the CoRoT and Kepler
observations, but for stars in the solar neighborhood, the
dominant detection mechanism still is the radial velocity
method. Selection effects in RV studies need to be iden-
tified carefully (O’Toole et al. 2009; Hartman 2010). We
now provide an investigation of trends in the basic plan-
etary and stellar parameters that are present the sample
used here.

The RV-detectability of a planet depends on several
properties: first, on the brightness of the star itself and
therefore the quality of the signal in which one searches
for RV variations; and second, on the stellar mass M., the
planetary mass M, and the planetary period P. Other
influences such as eccentricity of the planetary orbit are
ignored here. Specifically, the RV semi-amplitude is pro-
portional to P~'/3 x M, x M3 Thus it should be
easier to detect low-mass planets around low-mass stars
for a given (fixed) sensitivity.

Our hypothesis is that the detectability decreases as the
stellar distance d increases, since the apparent brightness
of the star decreases. This means that at larger distances,
planets should be found around intrinsically brighter stars.
On the main sequence, this implies earlier and therefore
more massive stars. To obtain a large enough RV variation

for a detection, one would expect that the planets around
these stars are more massive compared to the ones around
low-mass stars. We test this with Spearman’s p for the
sample from Poppenhaeger et al. (2010b) and find that
both stellar mass and distance as well as planetary mass
and stellar mass are strongly positively correlated with
Praise < 0.5% for both cases; the correlation between stel-
lar mass and the quantity P~'/3 x M, is even stronger with
Praise = 0.1% (p = 0.44). This confirms our detectabil-
ity considerations given above. The correlation between
stellar distance and planetary mass which we have found
in our PCA is therefore caused by the detectability of the
radial velocity signal.

As a consequence, the correlation of Lx and M, is
then a combined selection effect of X-ray flux limits in
the ROSAT All-Sky Survey and planet detectability. In
the sample that is not X-ray flux limited, the correlation
of planetary mass and X-ray activity is consequently not
present, as demonstrated in Fig. 3.

5. CONCLUSIONS

We conclude that there is no detectable influence of
planets on their host stars, causing a lower floor for X-
ray activity of these stars. Rather, possible planet-star
interactions seem to induce only small effects on the host
stars, which will however provide valuable information on
stellar and planetary magnetic fields if measured in X-rays.

K. P. acknowledges financial support from DLR grant
500R0703.
Facilities: XMM, ROSAT.
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Chapter 8

A short activity cycle of 7 Bootis?

8.1 Introduction

In this chapter, I present an analysis of recently
recorded X-ray and optical data on 7 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 prelimi-
nary interpretation, I will present my analysis
of the data on 7 Boo already here in this thesis.

7 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, es-
timated from isochrones, lithium abundances
and chromospheric Calrl activity. For this age,
the star rotates rather fast with a mean rota-
tion period of P, = 3.23 d; it also displays quite
strong differential rotation with P, = 3 d and
Ppoie = 3.9 d at the equator and the poles, re-
spectively (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 under-
stood well enough to predict durations and
strengths of activity cycles from fundamen-
tal stellar parameters, a short activity cycle
might be expected for 7 Boo as stellar rota-
tion and magnetic activity are related in late-
type stars. In the Mount Wilson program
(Baliunas et al. 1995), the star did not ex-

Table 8.1:

XMM-Newton and optical obser-

vations of 7 Boo with expected activity state
as extrapolated from magnetic field reconstruc-
tions.

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 7 Boo was re-
constructed from spectropolaric measurements
using Zeeman Doppler Imaging (Catala et al.
2007; Donati et al. 2008; Fares et al. 2009).
These reconstructions suggested that the po-
larity 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 7 Boo is in a state of minimum activity
during the phases of a stable, poloidal field con-
figuration. 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
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Figure 8.1: Background-subtracted X-ray lightcurves of 7 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 7 Boo’s X-ray emission with
the XMM-Newton telescope in four observa-
tions. The observation dates were scheduled
so that two of them cover the expected ac-
tivity maximum of the magnetic cycle and
two the expected minimum, as extrapolated
from the magneto-spectropolarimetric observa-
tions 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 7 Boo is an
optically bright target with my = 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 proce-
dures of the SAS10.0 software package. 7 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 ener-

gies were collected. We produced light curves
with 100 s binning to obtain acceptable error
bars as well as enough time resolution to iden-
tify 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 an-
alyzing this exposure we used good time inter-
vals with low background signal to extract the
source spectra. The spectral fitting was per-
formed with Xspec v12.5.

7 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 main-
sequence star of spectral type M2. The major-
ity of early M dwarfs (= 80%) have luminosi-
ties below log Lx = 27.5 (Schmitt et al. 1995).
This amounts to a fraction of only 5% of the de-
tected X-ray flux of both 7 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
~ 20000—40000 (depending on the used fiber)
in a bandpass covering 3900 — 9100A. For our
observations the medium fiber was used, yield-
ing a spectral resolution of ~ 30000. The raw
spectra were flatfielded and the wavelength cal-
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ibration 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 7 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 obser-
vation was higher than in any of the later obser-
vations with ca. 1.0 cps. The 2010/11 observa-
tions 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 devi-
ation from the median in each lightcurve. The
MAD values for the observations are, in chrono-
logical 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 ra-
tio of X-ray and bolometric luminosity. Inactive
stars typically display values of log Lx /Ly, <
—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
7 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 com-
ponents and variable abundances for the most
prominent elements; the fitting process is de-
scribed in detail in section 8.3.3. We calculate
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Figure 8.2: Ca II K line of 7 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 Lx /Ly, during the five ob-
servations of 7 Boo.

Date Lx log LL;; state
(ergs™' ecm™2)

June 2003 7.6 x 1028 -5.22  min.

June 2010 6.5 x 1028 -5.29  min.

July 2010 5.1 x 1028 -5.39 min.

Dec. 2010 5.6 x 1028 -5.35  max.

Jan. 2011 6.1 x 10%8 -5.32  max.

the X-ray luminosity in the 0.2 — 10 keV energy
band and the activity indicator from the spec-
tral model, the results are given in Table 8.2. In
cool stars, the activity indicator typically spans
values of —7 to —3, placing 7 Boo at a moder-
ate level of activity which is higher than the
solar activity level at the maximum of the so-
lar cycle. The highest X-ray activity level was
detected in summer 2003, where the X-ray lu-
minosity was higher by 50% compared to the
lowest activity level detected in July 2010.
The chromospheric activity level can be de-
termined 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 ob-
servations. The core of the Cartr K line, lo-
cated at wavelengths around 3933 A, is depicted
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Table 8.3: Spectral properties of 7 Boo’s corona during the five observations given with 1o errors

obtained from the fits. Emission measure given in units of 107°° cm~3.
observation 06/2003 06/2010 07/2010 12/2010 01/2011
EM, (kT; =0.2keV) 94 +0.9 79 +£1.8 6.7 £1.2 6.0 £2.3 9.7 +1.4
EM, (kT =0.35 keV) 343 £1.8 38.7 £26 33.6 £6.0 36.0 £4.3 27.0 £2.9
EMs; (kT35 =0.6 keV)  10.3 £0.7 4.9 +1.2 2.7 +£1.5 4.0 +1.3 54 +0.9
EMy (kKTy = 2 keV) 1.73 £0.17 0.13 £0.28 0.0 £0.07 0.0 £0.24 0.14 +0.28
0 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
x? 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 emis-

sion in the line core, typical for a low to mod-

erate level of activity. To quantify this emis-

sion, we calculate the equivalence width of the

Ca1r K line core, contained in a 1A part of

the spectrum centered around the minimum of

the core, with respect to the pseudo-continuum p e

present between 3945 and 3955 A. The values ] TR — ',,}, Mp “ .

are very similar for the optical observations in WW W‘W W i 'w‘\ ‘

June and July 2010 with EW e = 0.938 and WM‘ ]

EWjuy = 0.925. Further observations to be > i
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the variability of 7 Boo’s chromospheric activ- § = } i E

. . 3

ity (see also section 8.5). . $ 7 |

8.3.3 Spectral properties - ‘

We extracted X-ray spectra from each obser- g o5 L s Th 2

Energy (ks)

vation of 7 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 Xspecl2.5, using
a thermal plasma model with variable elemen-
tal abundances (VAPEC) and four tempera-
ture components. To make the different ob-
servations 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, magne-
sium and silicon to be equal in each tempera-

Figure 8.3: X-ray CCD (PN) spectra of 7 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.
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Figure 8.4: X-ray grating spectrum of 7 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 Fexvil near 15 and 17 A, the O v line
near 19 A and the O vII triplet near 22 A (vis-
ible 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 remain-
ing 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
7 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 pho-
tospheric abundance of 7 Boo is not necessary
given the magnitude of the errors in our spec-
tral fits.

In fitting coronal spectra, especially ones of
only moderate spectral resolution such as the
MOS and PN spectra, there is an interdepen-
dence of elemental abundances and emission
measure. Fits with high emission measure of-
ten produce lower elemental abundances and
vice versa, while the fit quality essentially stays
the same. When we compare the emission mea-
sures or abundances of the individual observa-
tions of 7 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 deal-
ing 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 dif-
fer systematically from the photospheric abun-
dances (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 ef-
fect often depends on the activity level (Audard
et al. 2003). For rather inactive stars with
log Lx /Lpy < —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 7 Boo are slightly
different in the five observations, we analyze the
coronal abundances of elements which are well-
determined from the EPIC and RGS spectra
for each observation. The silicon abundance de-
rived form our spectral fits has larger error bars
than the abundances of oxygen, neon, magne-
sium and iron, due to the fact that no promi-
nent silicon lines are accessible in the energy
band covered by RGS, while in EPIC, the gen-
erally soft spectra do not yield a large number
of counts at energies around 2 keV where Si XI11-
XV lines are located.

In the case of 7 Boo, we find that all spec-
tra of 7 Boo show a FIP effect in the elemen-
tal 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 magne-
sium abundance is systematically lower than
the abundances of the other low-FIP elements,
iron and silicon. As the photospheric abun-
dance of magnesium has not been measured for
7 Boo, it might be that the star is generally
magnesium-poor; in any case, the magnesium
abundance is still higher than the correspond-
ing oxygen and neon abundances in each ob-
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Figure 8.5: Coronal elemental abundances of
7 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 individ-
ual observations are not present on a significant
level.

Emission measure and coronal tempera-
ture

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 tem-
perature of ~ 4 MK. For the four observa-
tions with lower activity (2010/11), the emis-
sion measure becomes small already at a tem-
perature of 7 MK, and it negligible at > 10 MK.
Only the observation form 2003 displays signifi-
cant emission measure at these higher tempera-
tures, which fits with the overall higher activity
state of 7 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 ob-
servation with 5.9 x 10°' ecm™3, and becomes
smaller with decreasing activity, with the low-
est activity observation in July 2010 having a

total emission measure of 3.9 x 10°1 em—3.

Figure 8.6: Emission measure distribution of
the five observations of 7 Boo, derived from the
4-T model. Emission measures are scaled by
the summed abundances of oxygen, neon and
iron for each observation.

As T have chosen to fit the X-ray data to
a grid of fixed temperatures for better compa-
rability, 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 x 10 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 differ-
ent sizes, this is not surprising. In the stan-
dard 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 7 Boo as determined by
log Lx /Lpy correlating with the mean coro-
nal temperature and emission measure confirms
this picture completely.
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8.4 Discussion of preliminary
results

Our observations have shown that 7 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 stel-
lar 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 quasi-
quiescent 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 7 Boo.

This leaves two main reasons why the coro-
nal emission does not show the expected long-
term 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 7 Boo
in short phases of low activity during winter
2010/11, while the general activity level dur-
ing that period was significantly higher. For
the observations from 2003, a low activity state
was extrapolated from the spectropolarimetric
data. If truly a l-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 ob-
servations, 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 be-
tween global net fields and a locally differing
field strength of opposite polarity.

In the case of 7 Boo, a net radial magnetic
field with a strength of up to 10 G has been re-
constructed (Fares et al. 2009). In the Sun, the
magnetic field strength in sunspots is of the or-
der 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 7 Boo contains local mag-
netic 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 7 Boo
will allow more insight into the question of this
star’s activity cycle.

For 2011/12, several observations of 7 Boo’s
coronal and chromospheric emission are sched-
uled. The coronal X-ray emission will be mon-
itored 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 7 Boo’s chromospheric ac-
tivity 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 obser-
vations covering the period to April 2012 are
proposed for.

This closer data sampling will allow us to
determine if the low coronal activity in win-
ter 2010/11 is an outlier or just represents the
overall activity state of 7 Boo. This would
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strengthen our second interpretation of the
data, indicating that no one-year activity cy-
cle is present in this star.
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Chapter 9

Summary and future work

Here I summarize the scientific results of my
thesis and comment on future research possibil-
ities.

9.1 Summary of scientific re-
sults

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 partici-
pate in my results as early as possible. All of
these publications deal with the magnetic ac-
tivity of planet-hosting stars, and several new
and original results have been derived.

Maunder minimum states: The planet-
hosting 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 obser-
vational evidence for a stellar Maunder
minimum state has been presented, by
using both chromospheric and coronal
data.

7 Boo’s activity cycle: 7 Boo, a fast rotat-
ing star with a Hot Jupiter in a syn-
chronous orbit, does not show modula-
tions of its X-ray activity with a pe-

riod of ~ 1 yr, as had been antici-
pated from Zeeman Doppler Imaging. The
star exhibits low to moderate activity dur-
ing 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 pre-
liminary in the sense that more monitor-
ing observations in the optical and in X-
rays will be carried out in 2011/12, which
will allow to search for activity modula-
tions with longer periods.

Chromospheric SPI: The planet-hosting
star v And, which has been claimed to
undergo chromospheric activity changes
with the orbital period of its planet,
does not exhibit such modulations dur-
ing my observations in 2009. Instead,
v 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 de-
tectable SPI-related effects present in the
stellar X-ray emission. The only significant
correlation which is present is between stel-
lar X-ray luminosity and the product of
planetary mass and reciprocal semimajor

axis. This correlation can be traced back
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to a selection effect from planet detection,
since it is present both for massive, close-in
planets where one expects to see SPI sig-
natures 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. T 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 star-
planet interactions do not produce a major con-
tribution to stellar activity. Any hypothetically
induced effects are small compared to intrin-
sic stellar variability, judging from the observa-
tional 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 sig-
nificant. Suitable targets for further inves-
tigations 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 in-
teractions".

Also single stars are suited to gain more
insight into magnetic activity processes. Two
main-sequence stars of intermediate mass,
namely 7 Boo and ¢ Hor, recently showed in-
dications of very short activity cycles (1 yr and
1.6 yr, respectively). In the case of 7 Boo,
I have already shown that its activity cycle
as indicated in X-ray emission is most proba-
bly longer than the 1 yr duration derived from
Zeeman Doppler Imaging. Additional observa-
tions in X-rays and in the optical regime will be
performed in 2011/12 with closer time sampling
to investigate the nature of 7 Boo’s activity in
more detail. For the star ¢ Hor, the evidence for
the short cycle is stronger than for 7 Boo since
chromospheric activity measurements are avail-
able from more than one cycle, thus one does
not need to rely on spectropolarimetric recon-
strcutions of magnetic fields. For ¢ 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 eva-
poration takes place. There are different mod-
els 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 plan-
ets, 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
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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 plan-
etary transit will cause outliers from this rela-
tionship, since the transit lowers the X-ray flux
by occultation without lowering the detected ef-
fective 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 appar-
ently 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 A 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 activ-
ity and its influence on the planetary atmo-
sphere. 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 [ have done for 51 Peg in this thesis.
If HD 209458 really is in a Maunder minimum
state, this can indicate that the planetary evap-
oration might be dominantly driven by stellar
wind instead of irradiation for this system.

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