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Zusammenfassung

Stellare Aktivitat und extra-solare Planeten sind zwei besonders lebhafte Gebiete der
modernen Astronomie. Beide Themen fithren zu fundamentalen Erkenntnissen tiber die
Natur und ihre physikalischen Ablaufe — sie tragen sogar zu einer der altesten Fragen der
Menschheit bei: Sind wir allein im Universum?

Neue Instrumente mit uniibertroffener Prazision und Langzeit-Beobachtungsprogramme
liefern Lichtkurven und Radialgeschwindigkeitsmessungen von Tausenden von Sternsyste-
men und er6ffnen dadurch neue Moglichkeiten fiir die Forschung. Moderne spektroskopische
Geréte erreichen Genauigkeiten von unter 1 m/s in Radialgeschwindigkeitsmessungen und
entdecken immer kleinere, nur einige Erdmassen grofie Planeten. Neue Satelliten, wie CoRoT
und Kepler, liefern ununterbrochene, hoch-prazise Photometrie um die Bedeckung von Ster-
nen durch Planeten zu beobachten, von denen einige nicht viel grofler sind als unsere eigene
Erde.

Diese Daten sind nicht nur fiir die Entdeckung von Planeten und die Analyse ihrer Eigen-
schaften nutzbar. Die Lichtkurven und Radialgeschwindigkeitsmessungen beinhalten ebenso
die Eigenschaften des Sterns selbst, was eine Vielzahl von neuen Moglichkeiten birgt. Eine
davon ist die Analyse von dunklen Bereichen auf der Oberflache von Sternen, den sogenannten
Sternflecken.

Diese Doktorarbeit beschéftigt sich mit der Analyse von Signaturen stellarer Aktivitat in
Daten die in erster Linie aufgenommen wurden, um Planeten zu entdecken. Die Aktivitit
eines Sterns wird in solchen Daten normalerweise nur als Storung betrachtet und entweder
in der Datenanalyse ignoriert oder das Objekt wird als ungeeignet verworfen. In vielen
Fallen sind diese beiden Vorgehensweisen nicht empfehlenswert, weshalb die grundlegende
Idee dieser Doktorarbeit das Aufzeigen von anderen Herangehensweisen und Mdoglichkeiten
ist.

Zuerst wird der Leser an die Themengebiete Sonnenflecken, Sternflecken und extra-solare
Planeten herangefiithrt. Im zweiten Teil werden die Ergebnisse der Analyse von zwei aktiven
Sternen prasentiert. Dopplerbilder des aktiven Sterns V889 Her werden benutzt, um Ra-
dialgeschwindigkeiten zu berechnen, die sich auf Grund der Fleckenverteilung ergeben. Ein
Vergleich mit beobachteten Radialgeschwindigkeiten zeigt eine gute Ubereinstimmung und
weist auf Lebenszeiten der dominanten Oberflachenstruktur von iiber einen Jahr hin.

Die hoch-prézise Lichtkurve des aktiven Sterns CoRoT-2, welcher von einem bedeck-
enden Planeten umkreist wird, wird verwendet um die Fleckenverteilung zu rekonstruieren.
Unter Anwendung der Technik des planetary eclipse mapping wird die Fleckenverteilung auf
dem Bereich der Sternoberflache der von dem Planeten iiberdeckt wird mit hoher Auflésung
wiedergewonnen. Zum ersten Mal wird eine gleichzeitige Rekonstruktion der Rotationsmod-
ulation und der Bedeckungsprofile durch den Planeten présentiert, und die daraus gewonnen
Helligkeitsverteilungen des iiberdeckten und des nicht iiberdeckten Teils der Sternoberflache
werden gezeigt. Mit Hilfe dieser Helligkeitsverteilungen kann die Veranderungen der Stern-
oberfliache tiber den gesamten Beobachtungszeitraum von fast einem halben Jahr im Detail
verfolgt werden.






Abstract

Stellar activity and extra-solar planets are two especially vivid topics of modern astron-
omy. Both yield fundamental insights into nature and its physical processes — they even
contribute to one of the oldest questions of mankind: Are we alone in the Universe?

New instruments with unprecedented precision and long-term monitoring provide light-
curves and radial velocity measurements of thousands of systems opening up new opportu-
nities for researchers. Modern spectroscopic devices reach radial velocity accuracies of below
1 m/s detecting smaller and smaller planets down to a few Earth masses. New satellites as
CoRoT and Kepler obtain continuous high-precision photometry to detect transiting planets
as small as our own.

This data is not only valuable for the detection of planets and the analysis of their
properties. Lightcurves and radial velocity measurements always contain the properties of
the star itself as well, which offers a whole new range of possibilities. One of these is the
analysis of dark patches on the surface of stars called starspots.

This thesis deals with the analysis of this ‘planetary’ data concerning stellar activity. The
activity of a star is usually merely regarded as additional ‘noise’ in planet finding observations
and is either ignored in the data analysis or the star is not regarded as a suitable target. In
many cases both strategies are not recommendable; to demonstrate different approaches and
the opportunities within these data sets is the basic idea of this PhD thesis.

First, the reader is introduced to the subjects of sunspots, starspots, and extra-solar
planets. Second, the results of the analysis of two active stars are presented. Doppler images
of the active star V889 Her are used to model the expected activity-induced radial velocity
variations; a comparison to high-precision long-term radial velocity measurements shows good
agreement and indicates lifetimes of the dominant surface feature of more than one year.

The spot distribution, and its temporal evolution, is reconstructed from the high-precision
lightcurve of the active, planet-hosting star CoRoT-2. The application of planetary eclipse
mapping, which is the reconstruction of spots from the deformation of planetary transit
profiles, results in a detailed reconstruction of the eclipsed surface section of the star. For
the first time a simultaneous reconstruction of the rotational modulation and the transit
profiles is presented, leading to brightness maps for the eclipsed and the noneclipsed stellar
surface. Using these maps, the evolution of the spot distribution is traced in detail for almost
half a year.
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Sunspots

“Rosa ursina,

oder tiber die Sonne,

Chapter

die sich dank dem wunderbaren

Phanomen ihrer Fackeln und Flecken veranderbar zeigt, und dazu auch im
Verlauf eines Jahres lings einer festen Achse von Westen nach Osten um
thren eigenen Mittelpunkt rotiert sowie eine Umdrehung langs einer durch
thre Pole beweglichen Achse von Osten nach Westen in knapp einem Monat

absolviert.”

Christoph Scheiner, title of the book Rosa Ursina

1.1 Early observations

Our Sun has fascinated mankind since the
dawn of history. Even before it was known
what exactly the Sun is, it was clear that its
light and its behavior in the sky are funda-
mental to Earth and all its living beings

Records of studies concerning the Sun
date back to several thousand years BC, but
comments on the dark structures eventually
covering its surface do not date back more
than about two millenia.

The oldest observations we know of were
carried out by Chinese astronomers in the
Former Han Dynasty several decades before
common era. Most likely they saw a group of
very large sunspots, probably covering up to
a percent of the solar disk. They also might

(Scheiner||1626)

have benefited from their observation posi-
tions: China has plateaus at several thou-
sand meters above sea level with very clear
atmospheric conditions.

European references to sunspots do not
exist before the Middle Ages. The Bene-
dictine monk Adelmus observed a large spot
on the surface of the Sun in the year 807
for eight days, but he misinterpreted it as
a transit of Mercury (Wilson||1917). In the
12" century an English monk as well as an
Arabic polymath reported on sunspots; how-
ever, they did not understand what they
were seeing and misinterpreted the phe-
nomenon.

Sunspots are very hard to observe with
the naked eye. All observed sunspots must
have been extremely large — probably larger

2Nowadays it is known that not all sorts of life depend on light. Some bacteria are capable of
chemosynthesis using energy sources other than light. Primitive extremophile lifeforms can survive
in places completely cut off from light. These organisms probably represent the earliest lifeforms
on Earth and may be the ancestors of all other living beings.
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than 5 %g of the solar disk size. Most of the
large spots on the Sun’s surface do not reach
such dimensions but have sizes of about 1 %o
or smaller. Thus, a more profound knowl-
edge and understanding of sunspots was not
gained before the use of telescopes in astron-
omy.

Johannes Fabricius, and his father David,
were the first to publish an observation and
a description of starspots using a telescope
in the year 1611 (Fabricius |1611). How-
ever, for a long time they were not cred-
ited for it. In the year 1612 Galileo Galilei
and Christoph Scheiner, a German monk, ar-
gued on who detected sunspots first. Three
letters of Scheiner on solar spots were pub-
lished in the beginning of 1612
; Galileo wrote several letters in the
same year, but had shown sunspots to many
people in Rome already in late 1611. His
letters were published in early 1613 (Galilei
1613)). Figures[1.1]and [I.2)show some exam-
ples of the many pictures of sunspots drawn
and published by Christoph Scheiner.

One of Galileo’s most important contri-
butions to this subject was his understand-
ing of the phenomenon. He interpreted it as

spots on the surface of the Sun — which is cor-
rect. However, this was not easily accepted
because most scholars at that time still be-
lieved the Sun had to be a perfect body and
was not allowed to have spots. This insight
into the nature of sunspots enabled observers
to prove that the Sun was indeed rotating,
which was suggested some years before by
Johannes Kepler.

MACVLAE IN SOLE APPARENTES,OBSERVATAE ;
__anno 1611.ad latitudinem qa.d 8, Tm 40, j

L’% mn:m.wé’ !rwfugo{nm)ex rfe a, mwné/zle‘t
o 4

casdem rafione primf mo G, mormal et 6

mn? mufationen mdmméjwhn’u méuc%vdf

+f mnmﬂ fﬁm

mfuimm

Sunspot maps drawn by
Scheiner in his book Tres Epistolae (Scheiner|

Figure 1.1:

1612).

Figure 1.2: Sunspot maps drawn by Scheiner in his book Rosa Ursina (Scheiner||1626)).
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1.2 Observational char-

acteristics

1.2.1 Cyeclic variations

In the first half of the 19*" century the Ger-
man astronomer Samuel H. Schwabe noticed
that the number of sunspots varies period-
ically. This solar cycle or spot cycle shows
clear maxima, with a high number of spots
on the surface, and pronounced minima with
very few spots —sometimes even none during
periods of days or weeks.

A careful analysis of all available records,
which stretch back to the 17'" century, sug-
gests an average length of about 11 years for
one cycle, which is the time between two sub-
sequent maxima or minima. This behavior is
not very stable: the periods of individual cy-
cles can vary by years and also the strengths
of maxima and minima are changing. A pe-
riod at the end of the 17*" century is called
the Maunder Minimum (Eddy et al.||1976)),
which is known for its low number of spots
during more than 50 years.

Another interesting fact associated with
the solar cycle is the change in spot po-
sitions. At solar minimum most of the
spots emerge very close to the Sun’s equa-
tor. When the number of spots increases
again, most of them appear at higher lat-
itudes, which is closer to the poles. This
can be seen nicely in Fig. [1.3] which has

often been referred to as the butterfly dia-
gram of the Sun. It is striking that there
are hardly any spots outside the latitudinal
band of +40° around the equator.

We know now that the total solar irradi-
ance varies along with the cycle of the Sun,
although the amplitude of this variation is
small (~ 1%, see Fig. [1.6). The Sun emits
more energy at solar maximum, when many
spots cover its surface, which is at first glance
unexpected. Why should the Sun emit more
light when it has the most dark spots?

1367

1366

I Strahlungsintensitat Sonneneruptions- 1
1365 | ( /jahrlich) Index n
Sonnenflecken-Beobachtungen 10.7 Radio Flux

1975 1980 1985 1980 1995 2000 _ 2005

Sonnen-Strahlungsintensitat (W/m?

Figure 1.6: Variations of the total irradiance
of the Sun (black curve). The electromag-
netic radiation per unit area W /m? is given
over years. This picture is part of the public
domain.

Along with spots the surface of the Sun is
covered with faculae — small but very bright
regions on the surface. The more sunspots
appear, the more bright regions can be ob-

H>0.0% B>0.1% [O0>1.0%

30N

EQ

308

908

SUNSPOT AREA IN EQUAL AREA LATITUDE STRIPS (% OF STRIP AREA)

1870 1880 1890 1900 1910 1920 1930

DATE

1950 1960 1970 1980 1990 2000 2010

Figure 1.3: Butterfly diagram of the Sun. The vertical axis gives the latitude of the spots.
Larger spots have lighter color. This picture is part of the public domain.
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served on the surface. This is the reason for
the increased total solar flux; the energy out-
put prevented by the existence of spots is
more than compensated by the appearance
of bright structures. Sunspots and bright re-
gions, especially faculae, seem to have a close
connection.

1.2.2 Differential rotation

Sunspots were used to determine the solar
rotation period right after the first obser-
vations with telescopes. Soon it was clear
that the Sun revolved around its axis once
about every month. However, careful obser-
vations showed that the Sun does not rotate
like a rigid body but has a differential ro-
tation. This was detected by R. C. Carring-
ton and published in two papers (Carrington
1858, |1859)).

Spots located at different latitudes have
different rotation periods. Close to the
equator the rotation period is approximately
25 days, at polar regions it can be as large as
36 days (Beck|[2000)). Thus, the solar surface
rotates faster at low latitudes. These peri-
ods change to larger values if the rotation of

the Sun is not measured with spots (tracer
measurements) but with Doppler shifts of
spectral lines (spectroscopic measurements)
instead. The latter yields the rotation of the
plasma at the surface whereas spots are ‘an-
chored’” to lower layers. This is direct evi-
dence for a faster rotation inside of the Sun
than on its surface.

Differential rotation is commonly de-
scribed by the formula

Qrot(¢) = A + Bsin?¢ + Csinto. (1.1)

Quantity A represents the equatorial rota-
tion rate, B and C are the differential ro-
tation rates, and ¢ is the latitude. Equa-
tion [L.1] indicates that the law of differential
rotation is best fitted using even powers of
sin ¢. Some measurements do not require a
sin? ¢ term, which means C' = 0.

Beck (2000) presented an extensive
overview on measurements of the solar dif-
ferential rotation. The different results for
tracer and spectroscopic measurements are
shown in Fig. [1.5] Differential rotation sig-
nificantly depends on factors as size and
age of spots or scattered light corrections.
Therefore it is hard to give precise values for

7000
6000

The Biggest Sunspots —

since 1800

Millionths of the Solar Disk

1900
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1920
1925
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1935
1940
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1915

1945
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1960
1965
1970
1975
1980
1985
1990
1995
2000

Figure 1.4: The biggest sunspots observed in the 20" century. Spot sizes are often measured
by their area compared to the total area of the solar disk, which is the unit of the vertical
axis. The largest spot was observed in the year 1947. This picture was taken from http:
//spaceweather.com/sunspots/history.html.
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A, B, and C. |[Snodgrass & Ulrich| (1990)
determine the values

A=285,B=-034,C = —047

in units of urad/s from Doppler features in
the photosphere, which is equivalent to equa-
torial (e) and polar (p) rotation periods of

P.=25d, P, =3574d.

Zappala & Zuccarello| (1991) derive different
values for young and recurring spots. Av-

eraging their results, they determine values
of

A=29,B=-05

in units of urad/s so that

P.=251d, P, =303d.

Since differential rotation plays an im-
portant role for the dynamo process of stars,
for the outer convection zone, and for evo-
lution of spot distributions, this topic is fur-
ther discussed in Sect. 2.3.5]

1.2.3 Sunspot properties

The exact properties of sunspots — their size,
temperature, migration, evolution, etc. — are
still difficult to observe and to analyze. Ob-
servations of small or dark objects against
the bright solar disk are always difficult. At
the limb of the disk the projected area of
sunspots is small, which makes them even
harder to seef’| Often it is complicated to
discriminate between individual spots when
they appear in close groups, which is the case
quite frequently.

uRad/s  nHz degiday Period (days) wRad/s  nHz  deg/day Period (days)
50 0T 15.01 L o] #0 15.04 o)
14.07 14.07
2.8 28
440 440
27 + 27
13.01 13.04
2.6 26
E 400 E 4001
g '§ ... Carrington (1863)
[ 24 12.01 30 o 24 1200 ______ Newton & Nunn (1951} 30
' _.f.- Ward (1966) (recurrent)
o  Har(1954) .- Ward (1966) (Al
—%— Howard and Harvey (1970) _ _ _ Tang (1981
w0 Scherrer et al (1980) 360 — 31— Howard, Gilman & Gilman (1984) (small)
22 11.07 E Duvall (1982) 33 22 11.04 -..J-.. Howard, Gilman & Gilman (1984) (medium} L33
_ 1 LaBome & Howard (1982} ) _ 3 - Howard, Gilman & Gilman (1984) (large)
—.f.- Howardetal (1983) —3— Snodgrass & Ulrich (1990) (Magneticy
—3— Snodgrass (1984)A — 3 — Zappala & Zuccarelio (1991) (young)
...~ Snodgrass (1984)B —-1-- Zappala & Zuccarello (1991) (recurrent)
204 320 10.07  _ 3 Ulrichet al (1988) 36 204320 10.01 & Duvall (1980} (Supergranulation) 36
—-F.— Snodgrass & Ulrich (1990} : —3—- Snodgrass & Ulrich (1990) (Supergranulation)
0.0 0.2 04 0.6 08 L0 0.0 0.2 04 0.6 0.8 1.0

"Sin(Lay

" in(Lat)

Figure 1.5: Solar differential rotation from (2000). Left panel: Different measurements
using the Doppler shift of photospheric spectral lines. Right panel: Different measurements
using tracers (sunspots, magnetograms, supergranules).

PThis problem is enhanced by the Wilson depression, which is e.g. illustrated in Bray & Loughhead)
(1964). It is a geometric effect caused by the ‘deeper’ location of the spot within the photosphere. For a
spot on the solar limb, the penumbra on the side towards the disk center appears smaller than the penumbra

located closer to the limb.
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The structure of spots is far more com-
plex than just a round, uniformly dark area.
The inner core and darkest part of a sunspot
is called umbra. The umbra is surrounded
by an outer region called penumbra: it is
brighter, can be very irregular, and is some-
times shared between individual spots.

Spots are darker than the regular pho-
tosphere — which is the ‘surface’ of the Sun
emitting the visible light — because they are
cooler. The effective temperature of the Sun
is about 5800 K (Kurucz||1992). Typically,
the umbra is 1000 — 1900 K cooler, the
penumbra only 250 — 400 K (Solanki [2003).
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Figure 1.7: Size distribution of a total num-
ber of 24615 sunspots taken from |Bogdan
et al. (1988). Smaller spots are much more
frequent than larger ones
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The distribution of sizes is complex.
Small spots appear in much higher num-
bers than large ones. Figure shows
the distribution of sizes for a total number
of 24615 spots observed over a period of
75 years (Bogdan et al. |1988)). The num-
ber of larger spots exponentially decreases.
The smallest spots observed on the Sun are
approximately 3500 km in diameter (Bray
& Loughhead||1964), which is equivalent to
an area of about 0.006 %o of the solar disk.
Smaller spots, called pores, do not have
penumbrae anymore and have sizes down to
the resolution limit. The largest sunspot
area of roughly 6 %o of the solar disk was
measured in 1947 and represents the most
extreme case observed so far (see Fig. [1.4)).

As soon as sunspots have formed, which
takes only a few hours, they decay (Solanki
2003). Their lifetimes span from hours to
months and depend on the size of the spot.
A linear decay law, which was first suggested
by (Gnevyshev| (1938), is apparently a good
approximation, although this is still under
debate. The majority of spots is small and,
thus, most spots have short lifetimes. The
measurement of long lifetimes (> 10 d) is
difficult because continuous observations are
hardly possible.

Lifetimes of sunspots can be estimated
using the Gnevyshev-Waldmeier rule

W

first formulated by [Waldmeier (1955); ¢ is
the lifetime, Ay the maximum spot size, and
W = (10.89 + 0.18) (Petrovay & van Driel-
Gesztelyi [1997)) in units of 107¢ solar hemi-
spheres per day.

/ (1.2)

1.2.4 Brightness of sunspots

The brightness of sunspots is of high signifi-
cance for the main topic of this work, namely
starspots. It is important to know how much



— Brightness of sunspots —

energy is emitted by a sunspot compared to
the undisturbed photosphere.
The total sunspot contrast is defined as

Ly’
where I is the sunspot intensity integrated
over all wavelengths and I,, is the same
value for the undisturbed photosphere. |Beck
& Chapman| (1993) rewrite this formula to
account for the effects of umbral A, and
penumbral areas A, (with A, = A, + A4,).

A T! A T}
a=—7|1-=2|+2|1- =

The quantities T, T}, and Ty, are the effec-
tive temperatures of the umbra, penumbra,
and photosphere. The authors find an umbra
to penumbra area ratio of A,/A, = 0.25 re-
sulting in a = 0.3 (also confirmed by Chap-
man et al.|[1994)).

The brightness of the spot is defined as

I T
b= == =1-a.
ph Tph

Using their result for «, the average bright-
ness of sunspots is 0.7[] This means our Sun
would only emit 70 % of its energy if it was
entirely covered with spots. If this value was
true for all spots, a decrease of the total so-
lar flux caused by a sunspot could be used
to immediately calculate its size.

Unfortunately, the quantity « is only an
approximation and depends on the size of the
spot and on the ratio between the umbral
and penumbral area. While « can also be
used to calculate the temperature of a spot,
the resulting values are naturally at least as
uncertain as « itself.

“In this case Ty is neither the umbral nor the penumbral temperature but the average temperature of
the entire spot. Using only the umbral temperature Ty = 4300 K, the brightness decreases significantly to
b = 0.3. The difference in brightness to an average spot results from the much larger fraction of the spot
that is covered by the penumbra; on average only 20 % are covered by the umbra.
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1.3 Magnetic field

The physical reason for the existence of spots
is closely related to the Sun’s magnetic field.

(1908) was the first to detect the strong

magnetization of sunspots and determined
field strengths of 2000 to 3000 G. The
stronger the magnetic field, the cooler the
spot.

1.3.1 The global magnetic field
of the Sun

The Sun has a dipolar magnetic field which
dramatically changes over periods of years.
It is commonly accepted that the Sun’s mag-
netic field is generated by a dynamo effect
(see Sect. , although its exact operation
is still not known. Moving hot, ionized gas
within the Sun generates electric currents,
which then again generate magnetic fields.
The field lines are locked to the gas which is
moving and flowing in various ways. Thus,
the field lines get stretched, bent, twisted,
and folded within the Sun, but get also
dragged out onto the surface and into the
space beyond. Strong magnetic fields pene-
trating the surface cause spots (Fig. , up-
per panel). Above the photosphere the situ-
ation changes: the magnetic field dominates
the gas and ionized particles move along the
field lines (Fig. lower panel).

The configuration of the magnetic field,
although bipolar on a global scale, is very
complex in detail. Lines and loops anchored
to the surface can be seen in many pictures,
like, e.g., from the Solar and Heliospheric
Observatory (SOHO). The two pictures of
Fig. [1.8] vividly illustrate the field complex-
ity; one shows the largest sunspot group ob-
served with SOHO so far, the other shows a
large magnetic loop, where field lines trap
hot plasma. The plasma emits light and,
thus, is well visible.
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Largest group

Upper panel:
yet observed with SOHO

Figure 1.8:
of sunspots
in March 2001. Lower panel:  Huge
loop of plasma caught in magnetic field
lines. This prominence was observed
at 14*" September, 1999. Both pictures
are taken from the SOHO homepage
at http://sohowww.nascom.nasa.gov/
gallery/bestofsoho.html.

The polarity of the magnetic poles
switches with a cyclic behavior connected to
the solar cycle. In approximately 22 years
the poles change from one polarization to
the other and back again. This is exactly
twice the period measured for the sunspot
cycle. Along with it, the polarity of the spots
changes as well. This behavior can be seen
in Fig. [.12

1.3.2 Solar activity

Figure [L.§] gives two examples of phenom-
ena commonly summed up under the expres-
sion activity. Although a general definition
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of this term is not possible, both phenomena
are clearly related to the magnetic field.

Solar activity is the behavior of the Sun
that cannot be explained by ‘classical’ mod-
els — when the Sun ‘misbehaves’ (Linsky:
2007)). It is mostly connected to the mag-
netic field and processes therein, and to non-
radiative heating processes. In analogy the
term stellar activity is used when the as-
sumptions of classical stellar atmospheres
are not valid anymore.

In this work the term activity is mainly
used for surface spots with lower tempera-
ture than the undisturbed photosphere.

1.3.3 Active regions

Sunspots are always associated with active
regions, regions on the surface with high
magnetic activity where spots frequently ap-
pear and decay. These regions are much
larger and more persistent than individual
spots. The entire active region is pierced
with field lines and spots form at their dens-
est concentrations.

Within these active regions a number of
spots can appear at the same time. These
spot groups usually belong together although
often they are clearly separated. An idea to
explain this is that associated magnetic field
lines split up below the surface and form sev-
eral small spots.

However, different spots in the same ac-
tive region can have opposite magnetic po-
larizations. This is caused by loops of field
lines going outwards and inwards through
the surface. These two associated poles can
be very close and are referred to as bipolar
spots. Figure[1.9| gives an example of several
bipolar spots.

Figure 1.9: Magnetogram of the solar sur-
face observed with the Michelson Doppler
Imager on board of the SOHO satellite. The
black and white structures show magnetic
fields with opposite polarization. The
picture is taken from the SOHO homepage
at http://sohowww.nascom.nasa.gov/
gallery/bestofsoho.html.

Joy’s law

Bipolar spots usually have a leading and a
following spot relative to the rotation.
noticed that the line connect-
ing the centers of bipolar spots is on average
tilted with respect to the equator. This be-
havior is called Joy’s law. Measurements of
this tilt are presented in Fig.
1991)). Furthermore, this tilt increases with
latitude, which can be seen in Fig.[I.T1} The
leading spot is usually closer to the equa-
tor than the following spot, and on the two
hemispheres the bipolar spots have opposite
polarities.
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Figure 1.10: Tilt angle of bipolar spots on
the Sun (Howard| [1991)). Shown is the an-
gle between the line connecting the centers
of the bipolar spot and the equator.
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Figure 1.11: Tilt angle of bipolar spots on
the Sun versus latitude (Howard|1991)). Low-
latitude spots have smaller tilts than spots
closer to the poles.

1.3.4 Why are spots cool?

Deep inside the Sun energy is transported by
radiation. In the outer region of the Sun this
transportation mechanism changes to con-
vection: hot cells of plasma are rising to
the surface, cool radiatively, and sink down
again. The photosphere is the top layer of
the Sun’s convection zone. The granulation
we see, when we take a close look at the pho-
tosphere, results from these rising and falling
cells of plasma. Emission from the photo-
sphere is the light we see. Thus, this layer of
the Sun’s atmosphere is commonly defined
as its surface.

Magnetic fields inside the Sun are bound
to the charged particles of the plasma. Thus,
they can retard the movement of plasma
in the convection zone. Strong magnetic
fields, which are found in sunspots, prevent
hot plasma from rising to the surface. Be-
cause the energy transportation mechanism
is blocked, this area of the photosphere cools
down.

The field strength within sunspots
reaches from peak values of 2000 — 3700 G
at the core to 700 — 1000 G at the edge
(Solanki [2003). The field lines are close to
vertical in the umbra but get strongly tilted
in the penumbra. This is the reason for the
temperature difference between umbra and
penumbra: the rising of hot plasma is much
stronger suppressed in the umbra because
the field strength is higher.
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Figure 1.12: The magnetic butterfly diagram of the Sun. The field strength is color coded,
blue and yellow colors indicate the two different polarities of the magnetic field. Every solar
cycle the polarity of the poles switches. The polarity of neighboring spots can be opposite.
This picture was taken from http://solarscience.msfc.nasa.gov/dynamo.shtml.
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1.4 Dynamo theory

The dynamo theory explains how astronom-
ical bodies generate their magnetic field
based on magnetohydrodynamics (MHD).
Thus, this process is often called a hydro-
magnetic dynamo. This section presents the
basic ideas along with some important equa-
tions to introduce the reader to the dynamo
theory. It is primarily based on (Choud-
huri| (2007), |Choudhuri| (1998), and Mestel
(1999). Especially (Choudhuri (2007) man-
ages to reveal the simplicity of the general
ideas of the dynamo theory, which is often
lost in the formalism of MHD. I will try to
follow this example in my overview.

1.4.1 Principles of astrophysi-
cal dynamos

Ordinary dynamos work by Faraday’s law
of electromagnetic induction. A conducting
wire is moving inside a magnetic field gener-
ating an electromotive force (EMF).

There are no wires in a star. Neverthe-
less, stars consist of plasma which is con-
ducting matter, and stars rotate. If a certain
volume of plasma is moving through a mag-
netic field, an EMF can be induced which
can reinforce the magnetic field.

Where does the initial magnetic seed field
come from, in which the plasma is moving?
Stars are made from interstellar clouds con-
taining magnetic fields. When these clouds
gravitationally collapse, the magnetic field is
dragged along with the gas into the forming
star. This initial seed field is sustained — and
changed — by the dynamo process.

1.4.2 Basics of MHD

Magnetohydrodynamics (MHD) combines
Maxwell’s equations

V- E = 4rp (1.3)
V-B=0 (1.4)
- o 10 =

E=--28 1.
V x e (1.5)
> o dm- 1 0 =

B = — ~E 1.

the continuity equation (mass conservation)

B
—p+V (pB) =0,

ot
B2
( +8—>

and the equation
1
p

which is basically the Euler equation of
fluid mechanics including magnetic forces
and gravity. The different variables are:
electric field E, magnetic field ]§, velocity
field 7, (charge) density p, current density .,
pressure p, speed of light ¢, and gravitational
field §[]

Equation clearly shows the addi-
tional effects of the magnetic field for
fluid dynamics: it introduces an additional
pressure B%/87 and a ‘magnetic tension’
(B - V)B/4rp along the field lines.

The key equation in MHD is the induc-
tion equation

(1.7)

<

Qm(ﬁﬁ)ﬁ:—

0+ = (. = )=
EB-VX(UXB)%—)\VB (1.9)

dA distinction between charge density and density is not necessary here because the solar matter consists
of highly ionized plasma. At approximately 1000 km below the photosphere the temperature rises above
10000 K and hydrogen is ionized. Thus, most of the solar matter consists of charged particles and both

densities can be set equal.
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deduced from Maxwell’s equations and
Ohm’s law, which is

J

. L1 .
— F = E+-7xB. (1.10)
C

Q

E' is the electric field in the co-moving
frame. Using the truncated Ampere-
Maxwell law
= “VxB (1.11)

C 4n ’ '

we can re-write the equation VX as
V x <>ﬁ X E) =
d - = /. =
—-B+Vx@x3).an)
ot
This is exactly Eq. [1.9]if the resistivity of

the magnetic diffusion

02

A= — 1.13
Ao ( )

is constant. ¢ is the electrical conductivity.
The term AV2B gives the diffusion of the
magnetic field. Equations and are
the two basic equations of MHD.

1.4.3 Magnetic Reynolds num-
ber

Plasmas in laboratories and on astrophysical
scales are quite different. This can be eas-
ily seen using the magnetic Reynolds num-
ber R,,. The terms on the right-hand side of
Eq. are approximately vB/l and AB/I?,
if [ is a typical length scale of the system.
Their ratio is

vB ?

(%
B =3B =X

1. (1.14)

For R,, > 1 the diffusion term of Eq.
is negligible and magnetic fields are frozen
to the plasma; the field is dragged along
with the moving matter ] [Alfvén| (1943)) first
noticed this phenomenon commonly called
fluz-freezing.

In laboratories R,, is typically much
smaller than one because [ is very small.
However, on astrophysical scales we easily
find values of R,, > 1. This is one rea-
son why bodies like the Sun can have self-
sustaining magnetic fields.

1.4.4 Producing the toroidal
magnetic field

Assume our model dynamo process starts
with plasma moving in an initial magnetic
seed field. This field is poloidal, meaning
the field lines are approximately parallel run-
ning from one magnetic pole to the other.
Because of the Sun’s differential rotation,
plasma is rotating faster at the equator than
at the poles. The magnetic field lines are
attached to the plasma stretching the lines
and shifting their orientation parallel to the
equator. This way the poloidal field is con-
verted into a toroidal field. A sketch illus-
trating this process is presented in Fig. [1.13]
The picture also illustrates why the toroidal
field has opposite polarity in the two hemi-
spheres.

Although there is differential rotation in
the solar photosphere, helioseismology has
shown that its gradient is strongest inside
the Sun. The layer between the radiative
core and the convective outer layer is called

¢This is true for the convection zone. However, in the outer atmospheres the magnetic field dominates
the plasma. Charged particles are forced to follow the field lines, which is well visible in Fig. (lower
panel). The main reason for this is the strong decrease in plasma density between the convection zone and

higher atmospheric layers.
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tachocline. There the toroidal field is ex-
pected to be generated. Figure [I.14] shows
the interior rotation rate of the Sun derived
from helioseismology.

B

Figure 1.13: Sketch of the transformation of
the poloidal magnetic field (panel a) to the
toroidal field (panel b) by differential rota-
tion (Choudhuri 2007). This mechanism is

called the Q-effect in dynamo theory.
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Figure 1.14: Interior rotation rate of the Sun
over radius and latitude (Schou et al.|1998).
Shown are solutions for four different inver-
sion methods of the used helioseismic data.
The dashed line indicates the position of the
tachocline.

1.4.5 Rising flux tubes

The toroidal field is produced at the bot-
tom of the convection zone. To understand
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why (bipolar) spots are visible at the photo-
sphere, we need to have a process moving the
field lines upwards to the surface and con-
centrating them in certain regions. This is
realized by the interaction between convec-
tion and the magnetic field.

Magnetic buoyancy

The toroidal magnetic field beneath the con-
vection zone starts to rise because of the
pressure term B?/87 in Eq. The gas
pressure inside p; and outside p, of a flux
tube must be in equilibrium

2

o =DPi + — .
p p St

Consequently, p, > p; leads to a rising
flux tube due to buoyancy, if the pressure
difference results from lower gas densities in-
side than outside of the flux tube. This idea
was first presented in Parker| (1955b)). Fig-
ure [L.15] (panel a) illustrates the rise of the
magnetic field lines due to buoyancy.

()

Figure 1.15:  Sketch from [Parker| (1955b)
showing the toroidal magnetic field lines ris-
ing in the convection zone and penetrat-
ing the surface. Panel a: Magnetic buoy-
ancy. Panel b: Concentration of field lines.
Panel c: Splitting of flux tubes.

Magnetic field strength

To estimate the strength of the mag-
netic field at the tachocline, the magnetic
and the kinetic (convection) energy density
were assumed to be approximately equal.
This suggests a magnetic field strength of
B ~ 10* G. However, numerical models
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show that this is not sufficient for magnetic
flux tubes to rise due to magnetic buoyancy.
Only with fields as strong as B ~ 10° G
buoyancy dominates and flux tubes rise to-
wards low latitudes. Otherwise, the Coriolis
force drives the flux tubes to very high lat-
itudes before they appear at the surface —
which is obviously not observed on the Sun.

Field line concentration

At first it is not intuitively clear why the
magnetic field is not evenly distributed in
the convective zone. When Weiss| (1981)) pre-
sented numerical simulations of magnetocon-
vection, it became clear that convection cells
exclude the magnetic field lines, which had
been suggested before. In this process the
field lines are compressed in specific regions
between the larger cells where they suppress
the convection. Thus, the magnetic field
penetrates the convection zone along densely
packed paths. These flux tubes are seen as
spots on the surface of the convection zone.

An illustration of this process is given in
Fig. (panels b and c¢). In panel (b) a
flux tube emerges from the outer layers and
plunges back into it at two different posi-
tions generating spots with opposite polari-
ties. Panel (c) shows the splitting of the flux
tubes which results in active regions with
several spots of different polarities.

1.4.6 Sustaining the poloidal
field

The poloidal field is constantly converted
into the toroidal field by differential rota-
tion. This is called the Q-effect. But how
is the poloidal field regenerated?

The velocity field ¢ of Egs. and
has to sustain the magnetic field. The ques-
tion ‘Which velocity field sustains a mag-
netic field?’ is known as the kinematic dy-
namo problem. |Cowling (1934) discovered

that there is no axisymmetric solution to this
problem, which was a first important step to
restrict the space of possible solutions.

It was noticed by [Parker| (1955a) that
turbulent velocity fields in the convection
zone — which are non-axisymmetric — can
sustain the magnetic field. Hot matter ris-
ing in the convection zone rotates because of
the Coriolis force. This also twists the rising
field lines frozen to the plasma. Figure|1.16
gives an illustration of the twisting of upris-
ing field lines. This is called the a-effect.

The rising toroidal field lines get twisted
and form magnetic loops along the poloidal
field. In combination with turbulent diffu-
sion, these loops form a large-scale poloidal
magnetic field. This way the toroidal field is
again converted back to poloidal. The entire
circle of magnetic field conversion is called
the af2-dynamo.

Y

Figure 1.16:  Illustration of the a-effect
(Parker|1970). Uprising (toroidal) flux tubes
get twisted by the Coriolis force and build up
the poloidal magnetic field.

1.4.7 The Babcock-Leighton
mechanism

It should be noticed that although the pre-
viously presented model for the dynamo rep-
resents a good explanation it is probably
not absolutely correct. For magnetic field
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strengths of B ~ 10° G the Coriolis force
twisting the rising flux tubes is not strong
enough to produce the required poloidal
field.

Babcock| (1961) and Leighton| (1969) in-
troduced an alternative explanation which
was adopted to explain the generation of a

poloidal field despite the problems of twist-
ing it. A detailed explanation goes beyond
the scope of this work, but the essence of it
is that still a poloidal field can be generated
by the (turbulent) diffusion of slightly tilted
bipolar spots.
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Starspots

Chapter

“The peculiar variation in the accompanying light-curve can be explained on
the hypothesis that the surface of the G5 star has upon it huge light and dark
patches. [...] The patches must be of such size that a projected hemisphere at
times has as much as 20 percent of its area covered, while individual patches
cover as much as 3 to 5 percent of the area. The data not only indicate that
the patches are eclipsed by the KO star, but that they move, and that they form
and dissolve. Furthermore, they appear and disappear around the limb, with
rotation of the binary. Clearly, the phenomena are exceedingly complicated,
and difficult to analyze precisely, particularly in in view of the unfavorable

”

period of rotation of the binary.

Gerald E. Kron

Excerpt from his paper The probable detection of patches
of varying brightness on AR Lacertae B

2.1 Analogy to sunspots

It is evident to extrapolate from the obser-
vations of sunspots to the existence of spots
on other stars, called starspots. The idea
that variable stars could be covered with
darker regions is rather old ] However, Ger-
ald E. Kron was a pioneer in applying this
analogy to lightcurves of stars, and interpret-
ing their variations due to the rotation of the
spotted star and the evolution of the sur-
face distribution (Kron||1947). He analyzed
data of the eclipsing binary system AR Lac-

(Kron||1947)

ertae and noticed that the variations in the
lightcurve can be explained with dark and
light patches on the surface of the G5 star
(see quote at the beginning of this chap-
ter). Furthermore, Kron noticed that the
KO companion eclipses these patches on its
way across the disk of the G5 star and de-
forms the eclipse profile in the lightcurve.
This technique is now referred to as eclipse
mapping, especially for the application to
planets it is sometimes also called transit
mapping or planetary eclipse mapping.

aFor example, already 1783 the British amateur astronomer John Goodricke proposed that brightness
variability in stars, in particular the star Algol, might be cause either by bodies passing in front of the star
or by darker regions periodically turned towards the Earth.
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2.1.1 Are starspots and

sunspots alike?

Already this example of |Kron| (1947)) shows
that starspots can be very different from
sunspots. The author mentioned that occa-
sionally up to 20 % of the stellar disk is cov-
ered with spots and individual spots cover 3
to 5 %.

This is an order of magnitude more than
observed on the Sun, even for the largest
sunspots ever seen. In fact, if these spots had
not been as large, there would have been no
chance to detect them in the first place; the
precisions in photometric measurements to
detect starspots the size of typical sunspots
(< 1 %o) were not developed until the be-
ginning of the 215 century.

What is the reason for this huge differ-
ence between sunspots and starspots? An
honest answer to this question is: we still do
not know exactly. Of course there is no rea-
son to believe that there are no other stars
showing spots similar to the Sun. However,
the variety of starspots and stellar activity
is enormous. Even though a star might be
similar to the Sun in many respects, e.g. its
stellar type, this does not mean it shows the
same activity and spots.

The only thing we really know is that the
properties of spots and their behavior are
dominated by the magnetic field of a star.
Therefore, starspots tell us a lot about stel-
lar magnetic fields. To understand spots,
we have to understand how the formation
of magnetic fields takes place.

2.1.2 Rapid stellar rotation

The vast majority of stars with detected
spots rotate much faster than the Sun. Al-
though this result is heavily biased by our
observation techniques — it is much easier to
detect spots on rapidly rotating stars — it
nonetheless shows that many fast rotators
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have large spots and are very active. This
reflects a relation between the rotation ve-
locity and the magnetic activity of stars that
has long been studied: the activity-rotation
relation.

Qualitatively, this relation states that the
faster a star rotates, the more active it is. A
higher activity means higher magnetic flux
and, therefore, more and larger spots.
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Figure 2.1: Activity-rotation relation from
chromospheric emission (Mamajek & Hillen-
brand 2008). A larger Call H and K emission
index Rygk indicates higher chromospheric
activity. A smaller Rossby Number Ry in-
dicates shorter rotation periods of the star.
The data show the clear increase of activity
with faster rotation.

This relation is usually not studied us-
ing spots but other proxies of stellar activ-
ity such as chromospheric or coronal emis-
sion (Figs. and 2.2). A detailed discus-
sion of the activity-rotation relation is be-
yond the scope of this introduction; some in-
formative publications are e.g. Noyes et al.
(1984)), Hempelmann et al. (1995), and Ma-
majek & Hillenbrand (2008). Its theoretical
basis, however, is the dynamo effect. The
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faster the star spins, the stronger the mag-
netic field, and the more active the star.
Rapid rotators typically have periods of a
few days. Spots usually must have lifetimes
longer than the rotation period to be de-
tected; otherwise they are hard to trace and
confirm. Many lightcurves show fast varia-
tions indicating quickly evolving spot distri-
butions where the existence of spots seems
probable but can hardly be confirmed.
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H95 log-log
| 0.7 < B-V < 0.8

F 0.8 <B-V<09 h fit

Rossby Number (R, = P,../7.)

Coronal Activity (log Ry = log L./L, )

Figure 2.2: Activity-rotation relation from
coronal emission (Mamajek & Hillenbrand
2008). The X-ray emission Ry indicates
coronal activity. Stars with higher Rossby
Numbers also show higher activity.

Very often a photometric rotation period
is difficult to determine. The projected ro-
tation velocity weqsin(i) is a good indica-
tor for rapid rotators as well; it can be ex-
tracted from the Doppler broadening of spec-
tral lines. If this Doppler broadening clearly
dominates the other processes of line broad-
ening, which usually is the case at about
Ve 8in(i) > 20 km/s, the star can be clas-
sified as a rapid rotator. Such stars are po-
tential candidates for Doppler Imaging (DI),
where the spot distribution can be recovered

from the deformation of line profiles in a se-
ries of spectra.

However, even if a star is a rapid rotator,
it does not necessarily show spots. One of
the criteria that are known to be important
is the star’s spectral type: spots are phenom-
ena of late-type stars with outer convection
zones.

2.1.3 Spectral type

Stars with masses of M < 1.5 M, are sup-
posed to show surface convection. This up-
per boundary is the mass region of main-
sequence A type stars. Numerical models in-
dicate a limit of Tog ~ 8300 K (Christensen-
Dalsgaard 2000) for stars with outer convec-
tion zones, and observations seem to con-
firm that boundary line (see e.g. Simon et al.
2002)). This means that all (middle) A type
stars, and later stellar types, potentially
have spots.

The convective shells of A type stars
must be very shallow and it is not clear
whether these stars really show spots. Un-
til now no temperature distribution maps
of a main-sequence A type star have been
presented, and there are no conclusive de-
tections of dark spots in high-precision
lightcurves of this or early stellar types ei-
ther. It seems that cool spots analogous to
sunspots do not show up on stars earlier than
F type. Although this assumption might
be caused by a bias resulting from the de-
tection techniques, there are only very few
Doppler images of F-type stars. One exam-
ple is the late F-type star 0> CrB A which
is a member of a binary system (Strass-
meier & Rice |[2003)). The case is even more
complicated for studies of photometry, be-
cause many lightcurves of early-type stars
show variability which is caused by pulsa-
tions rather than spots. If some of them con-
tain features of spots as well, they are hard
to detect.
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2.2 Observation tech-

niques

This section introduces different techniques
which are successfully used to analyze stellar
surface features and their evolution. Help-
ful overviews and reviews on this topic, as
well as on the properties of starspots, can be
found, e.g., in Berdyugina| (2005)) and Strass-
meier| (2009)).

2.2.1 Lightcurves

In lightcurves spots are visible due to the ro-
tation of the star. This rotational modula-
tion of the brightness, when the spot moves
onto the visible hemisphere on the one side
and disappears on the other side, is used to
study properties of stars and their surface
inhomogeneities. Although this idea was al-
ready applied to lightcurves by [Kron| (1947)),
it took much more time and a lot more
research (e.g. Hoffmeister| 1965} |Chugainov
1966; Hall 1972)) until it was generally ac-
cepted that variability in lightcurves really
indicates starspots.

Numerical techniques trying to recon-
struct the spot distribution from the ob-
served lightcurve are commonly referred to
as lightcurve inversion. Pioneering work was
carried out, e.g., by Bopp & Evans| (1973))
and Torres & Ferraz Mello (1973) who first
used simple one-spot models to fit periodic
brightness variations.

Although the techniques were further im-
proved, the basic problems of lightcurve in-
version do not change. The resolution of sur-
face reconstructions is low, mainly because
latitudinal positions, sizes, and shapes of
spots are poorly constrained. A common ap-

proach is a two-temperature solution, where
spots and photosphere have (pre-)defined
temperatures/brightnesses, which is a neces-
sary simplification because size and bright-
ness of spots are interdependent quantitiesE]
These problems are even increased by other
effects as, e.g., stellar limb darkening and the
existence of faculae.

The problems of lightcurve inversion are
usually summed up by the term wnique-
ness. The two-dimensional information on
the stellar surface needs to be extracted
from one-dimensional data. However, differ-
ent spot distributions can lead to the same
lightcurve. Thus, the surface reconstructions
are not unique solutions to the inverse prob-
lem. Although this is of course a problem
which limits the amount of information con-
tained in a lightcurve, it is still possible to
learn a lot about starspots and active re-
gions. Furthermore, lightcurves are espe-
cially useful to determine the (photometric)
rotation periods of stars.

2.2.2 Eclipse mapping

Although the eclipse mapping technique uses
lightcurves as well, it surpasses the ordinary
lightcurve methods to analyze starspots and,
thus, is of outstanding importance. Already
Kron| (1947) noticed the effect of dark spots
in his lightcurves of eclipsing binaries as de-
formations of the eclipse profile. Numerical
approaches to analyze lightcurves of eclips-
ing binaries and to reconstruct their surface
distributions were presented, e.g., by |Vin-
cent et al.| (1993)) or Rodono et al.| (1995).
Even more powerful, and applicable to
single stars, is the use of planetary eclipse
mapping. Planets crossing the stellar surface
scan the underlying spot distribution which

bLarge and moderately dark spots and small but utterly dark spots have very similar effects on lightcurves.
In both cases the brightness minimum can be equally deep and the effect of the larger spot size on the shape

of the lightcurve minimum is weak.
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is mapped onto the transit profile in the
lightcurve. An especially appealing system is
the active star CoRoT-2, which is transited
by a large planet, where |[Huber et al. (2009a)
and Huber et al.| (2010]) performed planetary
eclipse mapping (see Sect. and .

The deformation of transit profiles due
to spots is illustrated in Fig. for transits
of CoRoT-2 b and two different spot radii
Ry, = 8% and Ry, = 15°. For extremely
high photometric precision and dense sam-
pling rates the radii of the spot Ry, and the
planet Rp can be determined from the oc-
cultation time 7 of the spot{]

Ry, +Rp = ma % )
Quantity P is the orbital period of the planet
and a is its semi-major axis.

If the spot is larger than the planet, theo-
retically even the spot radius R, can be de-
rived directly from the plateau at the center
of occultation (see Fig. . In practice this
is difficult because the spots probably have
complex inner structures and/or the planet
is not crossing one individual spot but spot
groups.

An example for a lightcurve containing
several consecutive transits of the same spot
is presented in Fig. The rotational mod-
ulation of the lightcurve caused by the spot
is clearly visible in the upper panel; the lower
panels show individual transits. From such
a series of transits the longitudinal position
and the size of a spot can be recovered ex-
tremely well. If the exact path of the planet
across the disk is known, the latitudinal posi-
tion of the spot can be determined with high
accuracy as well.

Modeling the deformations of the tran-
sit profiles simultaneously with the rota-
tional modulation caused by the spots yields

tremendous possibilities of high-resolution
surface imaging. For long-term photometry
this is especially appealing because the evo-
lution of the spot pattern —and possibly even
individual spots — can be resolved in detail
over long periods.
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Figure 2.3:  Simulated transit profiles of

CoRoT-2 b deformed by the occultation of
a spot. The red curve shows the signature
of a spot with radius Ry, = 8°, the black
curve presents the calculation for Ry, = 15°.
Both curves are normalized to a continuum
of unity. The dashed vertical lines indi-
cate that the radii of the spot R, and the
planet Rp can be determined from the bump
in the transit profile; this is only illustrated
for the black curve (large spot).

Even though the modeling of spot signa-
tures in individual transits was already pre-
sented for some objects (Pont et al. 2007;
Rabus et al./|2009; Wolter et al.[2009), Huber
et al. (2009a) and Huber et al.| (2010) were
the first to apply a consistent approach re-
constructing the rotational modulation and
the transit deformations simultaneously (see

Sects. and .

°This equation is only exact for a central eclipse of the spot by the planet,i.e., it is not exact if the planet
is only grazing the spot. If this equation results in Ry, + Rp < Rp the spot must have been grazed.
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2.2.3 Radial velocities

Similar to lightcurves, radial velocity (RV)
variations of active stars also contain spot
signatures. Spots deform the spectral line
profiles which causes an apparent shift of
the line center very similar to the Rossiter-
McLaughlin effect for transiting planets
(see Sect. [3.3.2).  Therefore, this effect
is sometimes referred to as activity-induced
RV wvariation or activity-induced Rossiter-
McLaughlin effect.

So far the effect of stellar activity on
high-precision RV measurements is usually
treated as additional ‘noise’ (Saar & Don-
ahue| 1997; Hatzes| 2002). However, since

even small spots have a rather strong impact
on RV curves, this effect can be used to study
stellar activity. Figure [2.5|shows two curves
for activity induced RV variations, one illus-
trating the effect of one spot with a size of
0.5 % of the stellar disk, the other one for a
spot size of 0.1 %. The spot sizes are compa-
rable to large sunspots; their amplitudes are
much larger than the achievable precision of
RV measurements (several m/s). This is not
yet a common practice for activity research,
but the applicability has been shown, e.g.,
in [Huber et al.| (2009b) (see Sect. [p]). There
the authors showed that Doppler images can
be used to calculate RV shifts caused by
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Figure 2.4: Simulated lightcurve of CoRoT-2 with one spot at 180° longitude and a radius
of Ry, = 15°. To illustrate the effect of the different longitudinal positions of the spot during
the stellar rotation on the transit profiles of the planet CoRoT-2 b, transits for an orbital
rotation period of Pp = Psg,,/10 are calculated. The upper panel shows the entire lightcurve,
the lower panels show close-ups of six individual transits. The series of transits visualizes
nicely how the deformation caused by the spot moves through the profile.
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the spot distribution; the reconstructed RV
curve is in good agreement with the varia-
tions found in contemporaneous long-term
RV measurements.

Activity-induced RV variations (one spot)

Radial velocity shift [m/s]
o

0.2 0.4 0.6 08
Stellar rotation phase

Figure 2.5: Activity-induced RV variations
due to spots. The red curve illustrates one
spot the size of 0.5 % of the stellar disk, the
black line is for one spot size of 0.1 %. The
used stellar parameters are that of CoRoT-2
(vsin(i) = 12 km/s).

In Table the effect of spots on
lightcurves and RV measurements for some
stars are presented. The amplitude K
caused by spots in RV measurements can
be comparably large even for slow rotators
as the Sun. A comparison to Table il-
lustrates the problems for planet detection
caused by stellar activity. Solar spots with
sizes of 0.1 % of the disk cause RV shifts
20 times as high as the Earth. However,
spots are emerging and disappearing which
provides a possibility to discern them from
planetary signals.

The values of Table are plotted in
Fig. 2.6 The relation between the RV am-
plitude K and the other parameters can be
approximated by

T AL

*

The coefficient k = 0.0132 £ 0.0004 is deter-
mined by a linear regression also shown in

Fig. 2.6]
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Figure 2.6: Values of Table including
a linear regression. This graph illustrates
the relation between the amplitude K of the
activity-induced RV variations and proper-
ties of the spot and the star; Ty, and T}, are
the temperatures of spot and undisturbed
photosphere, Ay, and Agisx are the areas of
spot and stellar disk, and v sin(7) is the pro-
jected rotation velocity of the star.

In analogy to lightcurve inversion, a
densely sampled curve as shown in Fig. [2.5
could be used for RV curve inversion: the
spot distribution is recovered by modeling
the RV signal. Possible approaches could be
very similar to lightcurve modeling. Spots
are set on a surface and their positions and
sizes are changed until the RV curve is suffi-
ciently reconstructed. Alternatively, a grid-
ded surface could be used as well, where the
brightness of individual surface elements is
changed.

The RV shift caused by the spot distri-
bution has to be calculated. One possibility
is the use of different spectra for surface el-
ements with photospheric temperature and
for those with spot temperatures. The inte-
gration over the visible stellar disk for each
rotation phase results in a series of spectra
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Table 2.1: Illustration of the influence of spots on lightcurves and RV measurements for
some selected stars. The columns give the projected rotation velocity vsin(i), the effective
temperature of the star T, and the spot T,, the ratio between spot and disk area A,/Aqgisk,
the RV amplitude K caused by the spot, and the rotation period of the star P. Note that
Ao/ Agisk = AI/I for spots with low temperature (T2 /T! < 1).

Star vsin(i) | T, (K) | T (K) | As/Agisk | K (m/s) | P (d)
Sun 28015800 | 4300 | 0.1% 2 25
0.5 % 8
CoRoT-2 | 12 %2 | 5625* | 4200 1% 120 4.5
6 %° 700
5200° 1% 35
7 Boo 16 52 | 6360 | 4400 1% 140 3.3
EK Dra | 172 | 5850° | 4600° 1% 130 2.6
LQ Hya | 26 % | 5175 | 3650' 1% 250 1.6
V889 Her | 39 K | 58008 | 42008 1% 300" 1.3
AB Dor | 892 | 5200 | 4000 1% 750 0.5

aBouchy et al.| (2008)). "Spot temperatures are estimated from Fig. . 9Huber et al.| (2010)
estimate the largest observed asymmetric spot distribution of CoRoT-2 from the deepest
lightcurve minimum. However, the calculated K is only true for one individual spot of this
size. dLeigh et al|(2003)). 9Strassmeier & Rice| (1998). {O’Neal et al.| (2001). &Marsden et al.
(2006). "Note that Huber et al.| (2009b) measure an amplitude between 400 and 600 m/s,
which would corresponds to an area of about 1.5 to 2 % for one coherent individual spot of
T, = 4200 K. Donati et al.| (2003); Berdyuginal (2005).
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where the RV variation over stellar rotation
can be determined. A simpler approach is to
determine the barycenter S of a line profile
and to identify the variation of S caused by
a deformation of the line profile with the RV
shift. Although this is not absolutely cor-
rect, S seems to be a feasible approximation
for the true RV shift and was, e.g., used in
Huber et al. (2009b)).

There are indications that this tech-
nique probably recovers more information
on the stellar surface than lightcurve inver-
sion. Some test reconstructions of simu-
lated lightcurves and RV curves performed
during this thesis showed that at least a
combination of simultaneous RV curves and
lightcurves results in better reconstructions
of the surface than using only one type of
data. Especially the latitudinal position of
spots seems to be recovered more precisely
which is indicated by results of simulations
for a surface with two spots presented in
Fig. 2.7 A possible explanation, although
not yet thoroughly examined, could be that
the shape of RV curves is more sensitive on
certain parameters, as e.g. spot latitude,
than lightcurves.
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Figure 2.7: Simulation of the reconstruction
of latitudinal positions of two spots (upper
and lower panel). The black arrows indicate
the correct value. The red bars show the
reconstructed value from only lightcurve in-
version, the green bars from only RV curve
inversion, and the blue bars for a combined
fit.

Starspots also influence the Rossiter-
McLaughlin  effect  of  planets  (see
Sect. . During the planet’s tran-
sit across the disk less light is blocked
if it occults a spot than if it crosses the
undisturbed photosphere.  These bright-
ness inhomogeneities lead to deformations
of the Rossiter-McLaughlin curve. This is
illustrated in Fig. where a transit of
CoRoT-2 b is simulated with and without
spots.
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300 - :
P no spots
\ 2spots -
200t 1
n /i
£ oA
= 100t ; \
% _m/ \
s} \ /
2 \
>
= 100 X /
i \ /
m /
-200 | \/ /
o
-300 : : :
-0.04 -0.02 0 0.02 0.04
Orbital phase
Figure 2.8:  Simulation of the Rossiter-

McLaughlin effect for CoRoT-2 b. The red
curve illustrates the effect if no spots are
on the eclipsed section, the black line shows
what effect spots have on the shape of the
curve. One spot with a size of 0.5 % of the
disk is located at 300° longitude, the other
one with 0.1 % size is placed at 30° longi-
tude. The planet crosses the disk at stellar
phase zero. An asymmetric distribution of
starspots shifts the entire RV curve; thus,
the black curve was corrected by adding a
constant RV value of 35 m/s.

So far this effect was not used to study
starspots. Considering the amplitude of the
Rossiter-McLaughlin effect for CoRoT-2 b,
an application for at least some planets
seems absolutely possible.
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2.2.4 Doppler Imaging (DI)

To this date, the most successful method to
resolve stellar surfaces is the Doppler Imag-
ing technique. The spectral lines of stars
are broadened by various effects. One of
them is the Doppler broadening, which usu-
ally dominates other broadening effects in
stars with projected rotation velocities of
vsin(i) > 20. The spots on the surface
are mapped into the rotation profile of the
spectral lines. Using high-resolution spec-
troscopy, the stellar surface distribution can
be reconstructed from a time-series of spec-
tra.

The first to develop this idea was|[Deutschl
(1958), applying it to the mapping of chemi-
cal peculiarities on the surface of the Ap star
HD 125248. Vogt & Penrod| (1983) were the
first to obtain a Doppler image of a star with
(cool) spots using spectra of the RS CVn-
type star HR 1099. Since then many stars

have been imaged; a list is given in
(2009). An intuitive illustration of the

basic idea of DI is given in Fig. [2.9]

Although DI recovers much more infor-
mation on the stellar surface than lightcurve
inversion, it still is an ill-posed nverse prob-
lem; the reconstructed image is non-unique.
Several different reconstruction algorithms
were developed which try to implement a
priori knowledge of the surface distribution
into the reconstruction: this is called regu-
larization. Using such a constraint, the ill-
posed problem becomes an unique solution.

Mainly three different regularizations are
used. The maximum entropy method maxi-
mizes an entropy-like measure applied to the
solution and, in effect, minimizes the spot
coverage of the resulting surface. Numeri-
cal codes were developed and used, e.g., by
'Vogt et al.| (1987) and Rice et al.|(1989). The
Tikhonov regularization, which was applied
for example by Goncharskii et al.| (1977) and
Piskunov et al.| (1990), minimizes local gra-
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dients of the stellar surface distribution.
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Figure 2.9: Deformation of a spectral line by
a dark spot, as employed by Doppler Imag-
ing (Vogt & Penrod|[1983). The spot appears
as a bump in the line profile. With rotation
this bump moves through the profile.

The CLEAN-like DI (CLDI) approach
was developed by Kiurster (1993), motivated
by a deconvolution algorithm frequently ap-
plied in radio astronomy, and used, e.g.,
in Kiirster et al| (1994) and
(2005). It constantly increases the num-
ber of spotted elements on the reconstructed
surface; additionally, the number of ‘al-
lowed’ brightnesses/temperatures is prede-
fined. This way it is a priori determined how




many different spot temperatures/bright-
nesses are possible for surface structures.
The numerical code of Wolter et al.| (2005)
was also used in Huber et al| (2009b) to
Doppler image the active star V889 Her; the
publication is part of this PhD thesis (see

Sect. [5).

DI has the capability of recovering lat-
itudinal information on starspots, which is
one of its main advantages. The resolution
depends on the phase coverage of the stellar
rotation, the spectral resolution and signal-
to-noise ratio of the spectra, as well as on the
rotation velocity of the star. However, the
observational costs for high-resolution im-
ages and long-term monitoring are high.

A closely related technique is Zeeman-
Doppler Imaging (ZDI) using the magnetic
splitting of spectra lines due to the Zeeman
effect. ZDI requires polarization measure-
ments. Because the signatures of spots are
small, either the quality of the spectra has to
be extremely high (S/N of a few hundred) or
simultaneous fitting of multiple lines needs
to be employed. This powerful technique to
recover spot distributions and magnetic field
vectors was pioneered by Semell (1989) and
Donati et al.| (1989).

2.3 Starspot characteris-
tics

So far the spot distributions of a few hun-
dred stars have been analyzed (Strassmeier
2009). The following section sums up some
of their important characteristics.

Sizes —

2.3.1 Sizes

The determination of spot sizes is a cru-
cial problem for all observation techniques.
Some potential problems are:

1 The resolution of the surface is lim-
ited.  The smallest resolvable spot
must be as big as the surface element.
A smaller spot with the same bright-
ness increases the brightness of the sur-
face element; however, the ‘size’ stays
the same.

2 A small spot with a certain brightness
located at the equator appears very
similar to a larger spot at a higher lat-
itude. A wrong reconstruction of the
latitudinal position affects the size.

3 Different regularization techniques
lead to — at least to some degree —
different surface reconstructions. It
was shown that the Tikhonov reg-
ularization generates smoother spot
distributions than the maximum en-
tropy approach (Piskunov(1991)). This
leads to smaller spots for the latter
regularization. Predefining the spot
brightness, as for example done in two-
temperature maps, of course influences
the sizes as well, because a wrong spot
temperature must be compensated by
the size.

Keeping these uncertainties in mind, the
largest starspot ever reconstructed covered
22 % of a hemisphere (Strassmeier|[1999) [
The minimum sizes of starspots depend
highly on resolution limits; small, isolated
starspots of approximately 1 %o of the

dThis section does not discuss symmetric parts of the spot distribution as for example polar spots (see
Sect. . Polar spots are often the largest structures on Doppler images, but their exact properties are
notoriously uncertain. It is a problem of most observation techniques that they are insensitive on detecting
the symmetric part of the spot distribution. This suggests that the total spot coverage of many stars is even
higher, which is supported by different analysis techniques (e.g. |(O’Neal et al.|[1996; |Jeffers et al.|[2006]).
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surface were found by [Barnes| (2005) and
Wolter et al.|(2005). These detections are
biased because smaller spots are easier to re-
solve on rapidly rotating stars.

A simple indicator for spot sizes is
the modulation amplitude of lightcurves.
The largest amplitude ever observed was
AV = 0.65 mag for the T Tauri star
V410 Tau (Strassmeier et al.||1997) suggest-
ing a starspot size of about 20 % of the en-
tire surface. However, a simple estimation
of spot coverage from lightcurve amplitudes
gives only little information on spot sizes be-
cause no information on the number of indi-
vidual spots is available.

It would be interesting to see how the
spot size distribution of stars compares to
the Sun (see Sect. [[.2.3). Although many
stars have been analyzed for starspots so far,
a conclusive size distribution has never been
presented, mostly because the uncertainties
are too high. [Solanki & Unruhl (2004) as-
sume that starspot areas are distributed sim-
ilar to sunspots and conclude that even for
the most active stars a large fraction of spots
is below the resolution limit.

2.3.2 Temperatures and bright-
nesses

Starspot temperaturd] and size are cor-
related. Using additional information,
the temperature can be determined from
lightcurves or spectra.

Multi-color photometry is one way of de-
termining the temperature of starspots (e.g.
Poe & Eaton||1985). Some DI codes can
determine absolute spot temperatures, al-
though the analysis is complex and includes
many uncertainties. A successful alternative

method is the analysis of line-depth ratios
first presented by Gray & Johanson| (1991).
Combinations of these different approaches
yield the best results for starspot tempera-
tures so far; however, precise absolute tem-
peratures are still rare.

Berdyuginal (2005, Table 5) presents a
list of stars and their temperature differences
between photosphere and spotted regions.
Typically, solar-like stars (G type) have spot
temperatures of about 2000 K lower than
the photosphere; in late-type stars this dif-
ference reduces to about 200 K (mid M-
type). Figure shows the apparent de-
pendence of AT on the photospheric tem-
perature.
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Figure 2.10:  Temperature difference be-

tween starspots and the undisturbed pho-
tosphere (Berdyugina, [2005). Squares sym-
bolize active giants, circles stand for active
dwarfs. Thin lines connect different mea-
surements of the same star. The two dots
within circles roughly indicate umbral and
penumbral values of the Sun.

A comparison of the temperatures
from Berdyuginals table to the solar spot

¢Temperature and brightness are basically equivalent. Physically the temperature is the value of interest,
but in reconstruction techniques often the brightness (or filling factor) is used. The (relative) brightness of
a spot can be converted to a temperature if the photospheric temperature is known (see Sect. . Filling
factors can be converted to temperatures when the spot contrast is known (or estimated).
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contrast a = 0.3 (see Sect. |[1.2.4)
ends up with rather similar values for
solar-like  stars. Some examples for
G dwarfs are « = 0.2 (HD 307938) or
a ~ 0.35 (HD 307938). For M-type stars
the value becomes bigger and is roughly
about 0.5 to 0.6.

Huber et al.| (2010) use planetary eclipse
mapping to determine the brightness of a
spot on the eclipsed section of the G7V star
CoRoT-2 (see Sect. [6.3). Their result in-
dicates a starspot brightness of b =~ 0.76,
which translates into a temperature of
~ 400 K lower than the photosphere. Al-
though this temperature seems to be very
low, it is in good agreement with the Sun
because most of the area should be covered
by the penumbra; thus, this is not the effec-
tive umbra but rather the penumbra temper-
ature.

2.3.3 Polar spots and active
belts

Many Doppler images show large spots on
the pole, as visible, e.g., in the reconstruc-
tions of V889 Her in Sect. [ This ‘prob-
lem’ is known since the early days of DI and
the reality of polar spots has been contro-
versial for a long time. An overview on this
topic can be found in Rice| (2002)). Since po-
lar spots can easily be the results of arti-
facts of the DI process, e.g., due to incor-
rectly adopted line profile parameters (see
e.g. Bruls et al.[[1999), their reality has been
intensively debated during the early history
of DI. Nowadays, these features are accepted
as real, primarily because careful DI also
produces reconstructions of stellar surfaces
without polar spots, and theoretical mod-
els suggest the existence of high-latitude and
polar spots (Schussler & Solanki [1992).

An attractive theory to explain the exis-
tence of polar spots, and their mixture of dif-
ferent polarities, are strong meridional flows

(e.g. Schrijver & Title/|2001; |[Holzwarth et al.
2006). A surface velocity field directed from
the equator to the poles drags low-latitude
spots along. They gather at high latitudes
and build up the polar cap. Observational
evidence for this scenario was, e.g., given by
Vogt et al.| (1999).

Polar spots are a good example for a sym-
metric spot distribution, which is hard to de-
tect with most techniques because it does
not contribute to the rotational modulation
of lightcurve or spectral line profiles. Fur-
thermore, it is difficult to discern between a
polar cap and a dark belt around the star at
a lower latitude. Probably a polar spot is, at
least partially, a compensation for the spots
distributed uniformly over the surface.

The Sun has an active belt close to the
equator (£40° latitude). Other more active
stars might show the same behavior with
more spots located in a rather narrow belt,
which would be hard to detect if a large spot
fraction is ‘uniformly’ distributed. Huber
et al.| (2010) detect indications for such an
active, low-latitude belt similar to the Sun.
The spot coverage on the eclipsed section
is (5 4+ 1) % higher than on the noneclipsed
part of the surface.

2.3.4 Lifetimes

The lifetimes of small, isolated starspots
have not yet been reliably determined. Usu-
ally, large active regions or active longitudes
are analyzed, which most likely consist of
many spots. Some important points to con-
sider are:

1 The emergence and decay of individual
spots in an active region is not resolved
by many observation techniques and
the lifetime of an active region need not
reflect the lifetime of its constituents.

2 Large spots probably do not only decay
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by diffusion but are torn apart by dif-
ferential rotation (Hall & Henry|1994).

3 Polar spots may present an accumula-
tion of many spots constantly replen-
ished by new ones (see Sect. [2.3.3).
Thus, their lifetimes (or evolutionary
state) is dominated by some other,
probably large scale, mechanism.

4 Tidally locked binary systems have
long-lived spots with much higher life-
times than single stars.

Hatzes (1995) analyzed Doppler im-
ages and photometry for the T Tauri star
V410 Tau and finds a lifetime for the domi-
nant active region of about 20 years. Using
15 years of photometry, [Strassmeier et al.
(1994)) observed 20 large spots with lifetimes
between about 1 and 4.5 years. Hall &
Henry| (1994) determined lifetimes of sev-
eral dozen stars from long-term photometry
and arrived at the conclusion that they are
proportional to their sizes. This result sug-
gests that the decay of starspots is analogous
to sunspots. More observations and tech-
niques with better resolution of small and
individual starspots will be required to show
whether this relation is really correct.

2.3.5 Stellar differential rota-
tion

Differential rotation in our Sun’s outer con-
vection zone is a requirement for the func-
tionality of the af2-dynamo. Magnetic fields
and activity are closely related; thus, differ-
ential surface rotation should play an impor-
tant role for all active stars.

The differential rotation rate €2 is defined

Q = Qoq — AQsin®(¢) , (2.2)

following the example of the Sun. This is
similar to Eq. where the equatorial ro-
tation rate is (2. = A, and the difference in
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rotation rate between the pole and the equa-
tor is AQ = Qey — Qpole = —B. The strength
of the differential rotation is given by Af2
which is usually given in units of rad/day.
The time the equator needs to lap the pole
is given by

2T
AQ
Another commonly used value is the relative
differential rotation
o — Qeq - onle _ Ppole - Peq
Ppole '

Qeq

Pbeat =

Mean values for the Sun are AQ) = 0.055 rad/d,
Poeat = 115d, and «a=0.2 (Berdyugina
2005)).

One way to estimate differential rotation
on stars is to observe the change in rotation
period. The difference between the short-
est and the longest period is an indicator
for the average amount of rotational shear.
For example, Messina & Guinan| (2003) per-
formed a study of five GOV to G5V stars and
one KOV star, all showing periodic variations
of the rotation period. Half of their sam-
ple shows solar-like patterns with a slowly
decreasing period and a sudden increase to
higher values at the start of the new cy-
cle; the other half shows anti-solar behavior.
Oléh et al. (2009) study 20 active stars and
find multiple cycles for 15 of them.

Reiners & Schmitt| (2003bja) analyze the
rotationally broadened line profiles of a large
sample of F-; G-, and K-type stars. They
find indications that differential rotation is
more common for slower rotators and indi-
cations against strong differential rotation in
very active stars.

For exact measurements of stellar differ-
ential rotation the latitude of starspots have
to be known. This can be done compar-
ing successive Doppler images of the same
star. Barnes et al.| (2005) presented a study
of 10 stars with spectral types from G2 to
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M2; they find a correlation of differential ro-
tation with temperature, indicating a much
stronger rotational shear for G dwarfs than
for M dwarfs (see Fig. 2.11). A significant
correlation of differential rotation with the
rotation period was not found.
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Figure 2.11: Differential rotation A2 over
surface temperature for a sample of 10 stars
of spectral types G2 to M2 (Barnes et al.
2005). A stronger differential rotation with
increasing temperature is indicated. The
Sun represented by the circle does not obey
this correlation.

Huber et al.| (2009a, 2010) analyze the
lightcurve of CoRoT-2 for differential ro-
tation. The advantage of this system is
that the rotation period of low-latitude
spots is determined extremely accurately be-
cause the planet scans starspots at lati-
tudes between 6° and 26° (see Sects.
and [6.3). Comparing this low-latitude pe-
riod to the different periods recovered from
the lightcurve, the differential rotation can
be estimated. Although the Sun does not
follow the correlation suggested in Fig.
our analysis of the G7V-type star CoRoT-2
indicates AQ > 0.1 (T.g = 5625 K) which

matches the curve nicely.

2.3.6 Active and

flip-flops

longitudes

Long-term photometry indicates that some
stars possess active longitudes: large active
regions with a preferred longitudinal posi-
tion and long lifetimes. Both active longi-
tudes are usually located at opposite hemi-
spheres and differ in their strength of activ-
ity. Active longitudes are observed on bina-
ries (Berdyugina & Tuominen||1998)) as well
as on single stars (Jetsu et al.|[1991} 1993;
Berdyugina et al. 2002) and frequently go
along with so-called ‘flip-flops’, i.e., sudden
changes of the activity level between the two
longitudes. Those flip-flops are found to be
periodically repeated. There are indications
that in single stars the period of the spot cy-
cle is about 3 to 4 times larger than that of
the flip-flop cycle, which are ranging from
about 3 years for LQ Hya to more than
6 years for FK Com (see Table 4 in Berdyug-
ina||2005)).

The surface reconstruction of the
noneclipsed section of CoRoT-2 (Huber et al.
2010, Sect. 4.4) indicates a flip-flop sce-
nario as well. In contrast to the other re-
sults, it happens on much shorter time-scales
of about 40 to 50 days, which is roughly
10 times the stellar rotation period. How-
ever, the spots on the eclipsed section do not
show this behavior.

2.3.7 Butterfly diagrams

The Sun shows a clear change of preferred
spot latitudes during the course of its ac-
tivity cycle (see Sect. and the butter-
fly diagram in Fig. [[.3). It was long sug-
gested that solar-like stars show a similar
behavior, but this is hard to prove consid-
ering the low accuracy of reconstructed spot
latitudes and the need for long-term obser-
vations of the same objects. Observations of
stellar cycles would provide important infor-
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mation on magnetic fields, the dynamo the-
ory, and the plasma flows on the surface.
In recent years some attempts to recover
butterfly diagrams were made; Berdyugina
& Henry| (2007) presents one for the active
RS CVn-type star HR 1099 covering more
than 20 years (see Fig. [2.12)), [Livshits et al.

(2003) analyze the data of the single K dwarf
star LQ Hya, and Katsova et al.| (2003)) give
butterfly diagrams of several G- to K-dwarf
stars. It should be noted that so far the
precision of stellar butterfly diagrams is low
and, therefore, the significance of the results
is hard to evaluate.
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Figure 2.12: Butterfly diagram of HR 1099 (Berdyugina & Henry 2007)). Shown are mean
latitudes reconstructed for two large spots in separate active longitudes (panel a and b).
Different symbols indicate different reconstruction techniques.
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Chapter

Extra-solar planets

“ For then why may not every one of these Stars or Suns have as great a
Retinue as our Sun, of Planets, with their Moons, to wait upon them? Nay
there’s a manifest reason why they should. For let us fancy our selves placed
at an equal distance from the Sun and fixz’d Stars; we should then perceive no
difference between them. For, as for all the Planets that we now see attend
the Sun, we should not have the least glimpse of them, either that their Light
would be too weak to affect us, or that all the Orbs in which they move would
make up one lucid point with the Sun. In this station we should have no
occasion to imagine any difference between the Stars, and should make no
doubt if we had but the sight, and knew the nature of one of them, to make
that the Standard of all the rest. We are then plac’d near one of them,
namely, our Sun, and so near as to discover sixz other Globes moving round
him, some of them having others performing them the same Office. Why then
shall not we make use of the same Judgment that we would in that case; and
conclude, that our Star has no better attendance than the others? So that
what we allow’d the Planets, upon the account of our enjoying it, we must
likewise grant to all those Planets that surround that prodigious number of
Suns. They must have their Plants and Animals, nay and their rational ones
too, and those as great Admirers, and as diligent Observers of the Heavens
as our selves; and must consequently enjoy whatsoever is subservient to, and
requisit for such Knowledge. ”

Christiaan Huygens

Excerpt from his book Cosmotheoros

3.1 Planets around other
stars

That other stars have planets orbiting
around them, just as our own Sun with its
eight planets, has been suggested for a long
time. When interstellar clouds collapse grav-

(Huygens||1698))

itationally they build up disks; at the center
of these disks stars are forming. Such a cir-
cumstellar disk, which is the birthplace of
planets, was detected in 1984 around [ Pic-
toris (Smith & Terrile [1984). Figure
presents a more recent picture of the system.

Observational proof of extra-solar plan-
ets, or exoplanets, was not available un-
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til about 20 years ago. |Latham et al.
(1989) detected a massive companion around
HD 114762, which they categorized as a
brown dwarf due to its high mass of about
11 Jupiter masses. |Wolszczan & Frail
(1992) discovered two planets around the
pulsar PSR 1257412 with masses well be-
low that of Jupiter. Mayor & Queloz
(1995) were the first to use the radial veloc-
ity method to detect an extra-solar planet
of Msin(i) = 0.468 Mjypiter around 51 Peg,
which is a planet with about half the mass

of Jupiter (see Fig. [3.2).

Figure 3.1: Picture of [ Pictoris in near-
infrared taken with the ESO 3.6 m telescope
(outer part) and with the VLT (inner part).
It shows an edge-on view onto the circum-
stellar disk and the inner planet candidate
0 Pic b (Lagrange et al.|2009). The picture is
taken from http://www.eso.org/public/
images/eso0842a/.

Until now (13 May, 2010) 453 extra-solar
planets have been found with a variety of
techniques: RV measurements, transits, tim-
ing variations, astrometry, microlensing, or

even direct imaging. Even multiple planet
systems are not an exception anymore. The
by far most successful detection and confir-
mation technique is the RV method, followed
by the transit method. Both techniques, and
some of their results, are presented in this
chapter.
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Figure 3.2:
of 51 Peg (Mayor & Queloz [1995).
dots are the measurements with errors,
the continuous line is the model for a
Msin(i) = 0.468 Mjypiter companion with a
period of about P = 4.2 days.

3.2 What exactly is an

exoplanet?

A working definition for exoplanets was
given by the International Astronomical

Union (IAU)f]

1 Objects with true masses below the
limiting mass for thermonuclear fusion

2The definition was taken from http://www.dtm.ciw.edu/boss/definition.html.
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of deuterium (currently calculated to
be 13 Jupiter masses for objects of
solar metallicity) that orbit stars or
stellar remnants are ‘planets’ (no mat-
ter how they formed). The minimum
mass/size required for an extra-solar
object to be considered a planet should
be the same as that used in our Solar
System.

2 Substellar objects with true masses
above the limiting mass for thermonu-
clear fusion of deuterium are ‘brown
dwarfs’, no matter how they formed
nor where they are located.

3 Free-floating objects in young star
clusters with masses below the limit-
ing mass for thermonuclear fusion of
deuterium are not ‘planets’, but are
‘sub-brown dwarfs’ (or whatever name
is most appropriate).

In other words: ‘A non-fusor in orbit
around a fusor’ (Hatzes [2010)).

Given in masses of Jupiter, this means:

Star:
M > 80 MJupiter

Brown dwarf:
13 MJupjter < M < 80 MJupiter

Planet:
M < 13 MJupiter

Taking a look at the mass distribution
of exoplanets in Fig. [3.3 reveals the lack of
brown dwarfs, which is commonly referred
to as brown dwarf desert. This is one of the
most puzzling observational results of planet
search programs, since massive objects like
brown dwarfs should be easy to find.

The Brown Dwarf Desert

‘ L I LI ‘ L ‘ T

|
0 10 20 30 40
MyuicerSTN 0

Figure 3.3: Mass distribution of extra-solar
planets and brown dwarfs (Hatzes 2010).
The number of detected exoplanets is much
higher than that of brown dwarfs. The
‘brown dwarf desert’ is marked, indicating
that these objects either are not found or
exist only occasionally.

3.3 Radial velocity method

3.3.1 Detection and confirma-
tion of exoplanets

High-precision radial velocity measurements
are vital for planet detection. They opened
the field of exoplanet search, make the most
discoveries, can be used to determine many
parameters of the system, and are necessary
to confirm planetary candidates, as, e.g.,
found by the transit method.

The physical principle behind the
RV technique is that the star and its com-
panion orbit around the common center of
mass. The movement of the star along the
line of sight, although it probably is very
small, can be detected by the Doppler effect.
This shift of the spectrum can be determined
with high precision; for suitable stars and the
best technical equipment, an accuracy of be-
low 1 m/s is possible. The amplitude of the
observed RV variation (see Fig. [3.2]), which
is usually called K, is directly connected to
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the exoplanet’s mass Mp, the orbital velocity
Vp, and the stellar mass Ms:

. Mp SlIl(Z) . Mpsin(z') g
K=" "= "7A% \/1”)

Because the inclination ¢ of the planetary or-
bit cannot be retrieved from RV measure-
ments alone, usually the planet’s mass is
given as Mpsin(i). Quantity G is the grav-
itational constant and a is the semi-major
axis.

Since parameters of exoplanets are given
in units of Jupiter, and the ones of their
hosting stars in solar units, a conversion of
Eq. to other units is convenient:

Mp sm(z)
vV MS a ‘

Here, a has to be given in AU, Mp in Jupiter-
masses, and Mg in solar masses. The result
of K is in units of m/s. Table[3.1|shows some
values of K for planets of the solar system
and selected exoplanets.

For an overview on the technical descrip-
tion how high-precision RV measurements
can be performed, see e.g. in Marcy & But-
ler (1992)) or Butler et al.| (1996)). The ba-
sic idea is to achieve the best possible wave-
length calibration where even small shifts of
individual spectra can be determined. This
accurate wavelength calibration is mainly re-
alized by using superimposed absorption line
spectra (e.g. Iodine) or by simultaneous cal-
ibration spectra (ThAr).

The properties of the observed star are
also important for the achievable RV preci-
sion. Early-type stars have only few absorp-
tion lines; however, a high number of spec-
tral lines to determine RV shifts is crucial for
high accuracies. Rapidly rotating stars have
shallow line profiles which complicates mea-
surements as well. These two problems are
the basic reason why the detection of plan-
ets around stars earlier than about F5 is dif-
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K = 285- (3.2)

ficult, at least with the RV method. An-
other reason is the high mass of early-type
stars; the more massive a star, the more mas-
sive the companion has to be to sufficiently
‘shake’ the star.

For late-type stars the limiting factors
are brightness and activity.  Especially
M type stars are extremely faint and obser-
vations of spectra with sufficient quality re-
quire the largest telescopes. Late-type stars
are also very active, which introduces RV
scatter limiting the precision necessary to de-
tect planets. Possible solutions to this prob-
lem are part of this PhD thesis (see publica-
tions in Part .

Looking at the number of exoplanets over
the stellar mass in Fig.[3.4] this observational
bias is clearly visible. However, for the study
of stellar activity it is an important fact that
most planets are found around stars with
Mg < 1.5Mg. This increases the possibil-
ity that high-precision data can be used to
learn more about starspots as well, maybe
even about spots on solar twins.

Number of planets by star mass

w
2
b=S

S 261
09 250

*

2]

et 200

Q

=

&

n-iﬁo

o

2100

(]

a

£ =

3

= - IR A R
032 0468 0916 12364 1812 226 2708 3156 3604 4052 45

AT Star Mass (Msun)
Figure 3.4:  The number of extra-solar

planets over stellar mass taken from the
‘Extrasolar Planets Encyclopedia’ (http://
exoplanet.eu). Most planets are found
around late-type stars. This distribution re-
veals a bias introduced by planet detection

techniques (see Sect. [3.3).
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3.3.2 The Rossiter-McLaughlin
effect

Similar to starspots, the transit of a planet
induces deformations of the spectral line pro-
files because parts of the stellar disk are cov-
ered. These deformations result in apparent
RV shifts of the spectrum which is called the
Rossiter-McLaughlin effect (Rossiter| |1924;
McLaughlin|[1924). For a more detailed dis-
cussion, see Ohta et al.| (2005).

Z
normal unit vector
of the planetary orbit
projected on xz plane
o~
Tp
A m, _, ericenter
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Figure 3.5: Definition of the angle A (Ohta
et al.[2005)). It is the projected angle between
the orbital inclination of the planet and the
stellar inclination.

This effect is useful to determine the pro-
jected angle A between the orbital inclination
of the planet and the inclination of the star.
The definition of this angle is illustrated in
Fig.[3.5] It is an indicator whether the incli-
nations of star and orbit are aligned or mis-
aligned. Furthermore, it determines the ex-
act path of the planet across the stellar disk;
an occultation parallel or tilted with respect
to the equator, at higher or lower latitudes,
or even only grazing transits, result in dif-
ferent shapes of the Rossiter-McLaughlin ef-
fect. Although it was expected that plan-
ets should always move around a star in
the same direction than the star is spin-
ning, this effect revealed that some planets
indeed have opposite directions. This con-

figuration is called spin-orbit misalignment
and clearly detected for a small number of
planets (WASP-15b and WASP-17b, Triaud
et al. 2010, in preparation).
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Figure 3.6: Measurement of the Rossiter-

McLaughlin effect for CoRoT-2 (Bouchy
et al.|2008) with the spectrographs SOPHIE
(dots) and HARPS (circles). The continu-
ous dark line is the best model indicating
A= 72445 deg.

An example for the Rossiter-McLaughlin
effect is shown in Fig. for CoRoT-2
(Bouchy et al.|2008]). The best fit to the data
results in A = 7.2 4+ 4.5 deg, which indicates
that the inclinations are essentially parallel.
The shape of the curve also shows that star
and planet rotate in the same direction.

Such measurements are very helpful for
planetary eclipse mapping (see Sect. .
Without the results for CoRoT-2 the exact
path of the planet across the stellar surface
would have been uncertain. Additionally, it
is important for starspot reconstructions in
which direction the planet crosses the disk,
at least if the star is significantly rotating
during the transit.

In Sect. the influence of spots on
the Rossiter-McLaughlin effect is discussed;
dark patches on the eclipsed section of the
star lead to deformations of the shape. Since
planetary parameters are derived from the
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exact shape of the Rossiter-McLaughlin ef-
fect, any analysis not considering starspots
could result in incorrect parameters. For
example, imagine that the eclipsed region
on the stellar disk that is rotating away
from the observer is covered with more spots
than the other side. This would lead to an
asymmetry of the Rossiter-McLaughlin ef-
fect which is interpreted as a tilted transit
path with respect to the stellar equator. To
prevent such errors, it would be helpful to si-
multaneously observe the transit with high-
precision photometry to evaluate the influ-
ence of starspots.

3.4 Transiting planets

The first transit of an extra-solar planet
was observed in 1999 for the 0.685 Jupiter-
mass planet HD 209458 b by |Charbonneau
et al. (2000). The lightcurve is presented in
Fig. 3.7, The planet orbits a GOV star and
was first detected with RV measurements
by Henry et al.| (1999), and afterwards re-
observed by Henry et al| (2000) and Queloz
et al.| (2000)).

Figure illustrates the transit method
nicely. The brightness of a star is monitored
with high-precision. When a planet is mov-
ing into the line of sight, a part of the star’s
light is blocked and the observed brightness
decreases. After crossing the stellar disk the
brightness returns to the original level.

An observation of a transit only indicates
a possible planetary companion. Such planet
candidates, as they are called, have to be
confirmed. Although it is necessary to ob-
serve more than one transit to substantiate
the object as a real periodically transiting
companion, usually the RV method has to
be applied as well. Apparent transit signals
can be mimicked by several other phenom-
ena, e.g., grazing eclipses of binaries, transits
of a main-sequence star in front of a giant
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star, multiple systems, etc.
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Figure 3.T: Transit of the planet

HD 209458 b (Charbonneau et al.2000). It
was the first planet ever observed with the
transit method. The continuous line indi-
cates the best model referring to a planet of
M = 0.685 Mjypiter and an orbital period of
P = 3.5 days.

Although this technique is similar to the
observation of eclipsing stars and, thus, was
known for a long time already, its useful-
ness for planet detection had been doubted.
As can be seen in Fig. [3.7 ground-based
photometry is not very precise and contin-
uous long-term observations are hardly pos-
sible. Furthermore, the planet of course has
to transit the star, which means the systems
has to be observed essentially edge-on.

Table illustrates the expectations for
detecting planets similar to the ones of our
own system with the transit method. The
drop in brightness when the object occults

the star is
AL (BpY’
I \Rs/)

It equals the ratio of radii between planet
and star squared; the effect of limb darken-
ing is neglected. The probability of observ-
ing a transiting system is approximately

p(transit) = Rg/a , (3.3)
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where a is the semi-major axis of the planet.
In the table, quantity N is the number of
stars that has to be observed to find this
planet assuming that all stars have such an
object orbiting around them. The period P
and the transit duration ¢ are given in units
of days and hours, respectively. The transit
duration is calculated using

(Rs + RP)

m™a

t = P. (3.4)

For convenience, this equation is better used
with Rg given in units of the solar mass, Rp
in units of Jupiter-masses, P given in days,
a given in AU, and ¢ resulting in units of
hours:

10R R
t = 0.0036 - m
a

P. (3.5)
Even if the necessary precisions to detect
the brightness drops of planets are reached,
observers would have to monitor thousands
of stars for hundreds of days to detect at
least one transit of a planet similar to Saturn
or Earth. However, when close-in Jupiter-
mass planets were found, which had not been
expected, detections of exoplanets with the
transit method became much more likely.

Light curve

1.31x10°
1.30%10°
1.29x10°

Flux

1.28x10°

1.27%10°

400 420 440 460 480 500 520
Dote (HJD-2454000)

Figure 3.8:

Lightcurve of the active star
Corot-7 (upper panel) and the phase-folded
transit of Corot-7 b (lower panel) with a
drop in brightness of only about 3 - 107*
(Léger et al.|2009).

Precisions of 107* and even 10™° can
be reached by the space-based photometry
missions CoRoT and Kepler. An example
for a CoRoT lightcurve is given in Fig. [3.8
for CoRoT-7b (Léger et al| 2009). The
lightcurve of the host star shows substan-
tial variations due to activity (upper panel);
however, the transit, although only a few
10~* deep, was clearly detected. Another
shallow transit is presented in Fig. [3.9] ob-
served with Kepler (Borucki et al.| 2010).
Especially impressive is the lightcurve of
HAT-P7 observed with Kepler, which is pre-
sented in Fig. [3.10] (Borucki et al.| 2009),
where the reflection of the star’s light from
the planet is resolved, and the secondary
transit (where the planet is behind the star)
is visible.

0.999

4 2000
J

Figure 3.9: Transit of Kepler-4 b illustrating
the high-precision of the Kepler photometry
(Borucki et al.||[2010).

Kepler was built to find an Earth-mass
planet in an one-year orbit around an-
other star; therefore, it monitors more than
100 000 stars for at least 3.5 years. Although
both satellites could easily detect the drop
caused by a Jupiter-like planet at 5 AU, they
would have to observe the same stars for at
least 12 years. However, CoRoT changes its
field of view every half a year.
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Figure 3.10: Lightcurve of the previously de-
tected transiting planet HAT-P7 b observed
with Kepler (Borucki et al.[2009). The high
precision does not only allow to detect the
planet’s transit, but also the secondary tran-
sit and the modulation of the lightcurve due
to the planet’s reflection of starlight can be
seen.

3.5 How many planets
will be found?

An important question for researchers is:
How many planets are expected to be found
with the current techniques and instru-
ments?

RV measurements indicate that roughly
10 % of all stars have giant planets (Hatzes
2010). With increasing precision this num-
ber will rise due to the detection of smaller
planets. Predictions indicate that in the near
future RV measurements will observe several
hundreds of extra-solar planets.

Ground-based photometric observations
are limited due to their comparably poor
precision.  Statistics show that they find
on average one hot-Jupiter around 30000
to 50000 stars (Hatzes 2010). Space-based
missions as CoRoT find about 3 to 4 hot
Jupiters per field, which covers about 10 000
to 12000 stars. On average, only one (giant)
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planet is found around 3 000 observed stars.
Kepler seems to produce similar results, al-
though its precision is higher and the detec-
tion of smaller planets should improve the
statistics.

Until now roughly 20 planets were found
with CoRoT, and about the same number
is expected for the next 3 years of its oper-
ation. Optimistic prognoses expect Kepler
to detect transits of more than a thousand
planets with at least 50 Earth-sized planets.

Number of planets by year of discovery
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Figure 3.11: The number of of extra-solar
planets plotted over the year of discovery
taken from the ‘Extrasolar Planets Encyclo-
pedia’ (http://exoplanet.eu). The detec-
tion rate of planets increases rapidly.

It is safe to say that in the next few years
significantly more than thousand extra-solar
planets will be known (see Fig. [3.11]). Since
most of them will be found around late-type
stars (see Sect. , many lightcurves and
RV curves will contain signatures of activ-
ity. Although probably few systems will be
as advantageous as CoRoT-2 for the study of
starspots, they will help to understand stel-
lar activity better and significantly increase
the statistics. However, to detect smaller
and smaller planets on long-period orbits
the analysis of starspots will be necessary to
discern their signatures from the planetary
signal; otherwise exoplanets will be lost in
stellar activity even for measurements with
paramount precision.
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Table 3.1: Table of detection requirements and probabilities of the transit method for a
selected sample of objects. Quantity A/ is the drop in observed brightness during a tran-
sit, p(transit) is the probability that the orbital plane is viewed edge-on so that a transit
occurs, N is the number of stars that has to be observed to find such a planet if all stars
had one, t is the transit duration, and P is the orbital period. Additionally, the ampli-
tude K of the planet is given that would have to be measured in radial velocities to find
it. The CoRoT mission reaches precisions of about 10~* in AI/I, Kepler of about 107°.
High-precision RV measurements deliver accuracies of below 1 m/s.

Planets AI/T |p(transit) | N |t (h) | P (d) | K (m/s)
Mercury 1.2-107° 0.012 83 8 88 0.008
Venus 7.5-107° 0.0065 155 11 225 0.086
Barth 8.2-107° 0.0047 214 13 365 0.09
Mars 2.3-107° |  0.0031 326 | 16 687 0.008
Jupiter 0.01 0.0009 1100 | 29 4380 12.5
Saturn 0.006 0.00049 | 2057 | 43 | 10770 2.8
Uranus 0.0013 0.00024 | 4110 | 59 | 30660 0.3
Neptune 0.0012 0.00016 | 6430 | 74 | 60225 0.3
Exoplanets AI/T Prob. N [t(th)| P K (m/s)
HD 209458 b 0.013 0.114 9 3.4 3.5 90

51 Peg b 0.01 0.094 11 3 4.2 59
CoRoT-2 b 0.03 0.15 7 2.2 1.74 570
CoRoT-7 b 0.0003 0.24 4 1.6 0.85 3.4
Kepler-4 b 0.0006 0.15 7 3.8 3.21 9.3
Moons Al/I

Moon 6.2-10°°

Ganymede 1.3-107°

Titan 1.2-107°
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Overview

As mentioned in the previous sections,
the publications of Sects. [5] and [6] deal with
the reconstruction of stellar surface infor-
mation based on observations originally in-
tended for planet search. While Sect. [5| con-
centrates on radial velocity (RV) observa-
tions, Sect. [0] demonstrates the use of low-
noise photometry for this purpose.

4.1 Doppler Imaging

and RV curves of
V889 Her

The publication contained in Sect. [f| (Huber
et al.|2009b) presents Doppler images of the
active star V889 Her. Its surface is covered
with a polar spot, one dominant low-latitude
active region, and several smaller features.

Interestingly, V889 Her is also a target
monitored by the Tautenburg observatory
to detect extra-solar planets; the resulting
long-term RV measurements show large vari-
ations due to stellar activity. While these
variations severely complicate the detection
of planets, they enable us to quantitatively
compare them with the expected RV varia-
tions caused by spots.

The RV variations are modulated with
the rotation period of the star. Using the
spot distribution of the Doppler images, the

Chapter

expected activity-induced RV curve is com-
puted and compared to the measurements.
A good agreement is found, indicating that
the spot distribution reconstructed with DI
indeed causes the observed RV variations,
and that the large-scale spot distribution has
a lifetime of more than one year.

4.2 Transit mapping of

CoRoT-2

From the first moment the lightcurve of
CoRoT-2 was published it became clear that
this object is ground-breaking in several
respects because the variations of a mas-
sively active star had been monitored un-
interrupted for months with a data qual-
ity only obtainable from space. Further-
more, it contains transits of a large, close-in
planet clearly showing deformations due to
starspots. These characteristics are ideal to
reconstruct stellar surface features.

As a first approach, the reconstruction of
a spot from a prominent feature in only one
transit was carried out, similar to the work
of |Pont et al. (2007)) and [Rabus et al.| (2009))
who used HST data for the stars HD 189733
and TrES-1, respectively. The results are
presented in [Wolter et al| (2009) F|] This pa-
per was the starting point for many ideas,

2] participated in the development of this paper and its results contributed to my following projects.
Since I am not the main author, it is not included in this PhD thesis.
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new approaches, and techniques, and led the
way to the following publications.

The consistent reconstruction of spots
from transits requires an ‘undisturbed’ tran-
sit profile where no deformations caused by
activity are present. Taking into account the
influence of spots, |Czesla et al. (2009)E] re-
analyzed the transit lightcurves and deter-
mined new planetary parameters from an av-
erage transit profile where the effects of spots
could largely be removed (see Sect. .

To this point, no simultaneous recon-
struction of the rotational modulation and
planetary transit profile deformations had
ever been published. Using the cleaned tran-
sit profile determined in |Czesla et al.| (2009)),
and selecting a lightcurve interval of two stel-
lar rotations showing only moderate changes
due to surface evolution, Huber et al.| (2009a)
were the first to present a simultaneous and
consistent reconstruction of the spot distri-
bution from rotational modulation and tran-
sits (see Sect. [6.2). Further refining this
technique, Huber et al.| (2010) reconstructed
the entire lightcurve of CoRoT-2 stretching
over almost half a year (see Sect. [6.3)). The
brightness distribution and its temporal evo-
lution are presented, and the eclipsed and
noneclipsed section of the surface are com-
pared.

4.3 Spots in RV measure-
ments

Starspots influence the measurements of ra-
dial velocities. To simulate and analyze
these effects, S. Czesla and I wrote the
computer program SSP. It allows to spec-
ify the spot distribution on a stellar surface
and, using different input spectra for sur-
face elements with different temperatures,
calculates the associated lightcurves and
RV curvesf

The studies of [Reiners et al.| (2010)] re-
quired synthetic spectra of stars with dif-
ferent stellar types and temperatures which
I provided, making use of the SSP pro-
gram. PHOENIX spectrdof stars with pho-
tospheric temperature between 1800 K and
5700 K were used. These input spectra
were rotationally broadened to four different
rotation velocities between vsin(i) = 2 and
30 km/s, including the deformation of line
profiles due to a circular, cool spot. Using
the resulting spectra, [Reiners et al.| exam-
ined the influence of spots on high-precision
RV measurements and on the detection of
planets around active stars.

PThis publication was written in close co-operation with Stefan Czesla, and, although I am listed as
second author, both of us have an equal share in its development and writing.

°SSP can perform several tasks. It is capable of modeling the spot distribution and its temporal evolu-
tion when certain parameters such as spot emergence and disappearance frequencies, differential rotation, or
latitudinal migration are specified. It simulates planetary transits and effects caused by the underlying spot
distribution. Finally, it is capable of inverting lightcurves and RV curves, reconstructing the spot distribution
of the associated stellar surface.

T participated in the development of this paper and give a short overview of my contributions. Since I
am not the main author, it is not included in this PhD thesis.

°The PHOENIX stellar atmosphere code was developed by P. Hauschildt and collaborators. The used
spectra were provided by A. Schweitzer. For further information, please see http://www.hs.uni-hamburg.
de/EN/For/ThA/phoenix/index.html.
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ABSTRACT

Context. The young active G-dwarf star V889 Herculis (HD 171488) shows pronounced spots in Doppler images as well as large
variations in photometry and radial velocity (RV) measurements. However, the lifetime and evolution of its active regions are not well
known.

Aims. We study the existence and stability of active regions on the star’s surface using complementary data and methods. Furthermore,
we analyze the correlation of spot-induced RV variations and Doppler images.

Methods. Photometry and high-resolution spectroscopy are used to examine stellar activity. A CLEAN-like Doppler imaging (DI)
algorithm is used to derive surface reconstructions. We study high-precision RV curves to determine their modulation due to stellar
activity in analogy to the Rossiter-McLaughlin effect. To this end we develop a measure for the shift of a line’s center and compare it
to RV measurements.

Results. We show that large spotted regions are present on V889 Her for more than one year, remaining similar in their large scale
structure and position. This applies to several time periods of our observations, which cover more than a decade. We use DI line
profile reconstructions to identify the influence of long-lasting starspots on RV measurements. In this way we verify the RV curve’s
agreement with our Doppler images. Based on long-term RV data we confirm V889 Her’s rotation period of 1.3371 + 0.0002 days.

Key words. techniques: radial velocities — techniques: photometric — stars: activity — stars: starspots — stars: individual: HD 171488

1. Introduction

The Sun is the only star which is sufficiently close to the Earth
to resolve surface inhomogeneities in detail. Most prominent
among them are sunspots. At solar maximum they cover approx-
imately 0.3-0.4% of the total solar surface (Solanki & Unruh
2004) and individual sunspots reach diameters of roughly 2 de-
grees (Schrijver 2002) on average. Two examples of exception-
ally large spots on the Sun were observed in March 1947 (Willis
& Tulunay 1979), covering about 0.6% of the solar disk, and
on March 29, 2001 (Kosovichev et al. 2001), with a size of
more than 0.35% of the visible surface. The appearance and
movement of sunspots is often displayed in “butterfly diagrams”
which show that their positions are confined to a band of +30—
40 degrees above and below the equator (e.g. Li et al. 2001).
Their lifetimes vary from a few days to several weeks (< month)
and appear to be related to the spot-size, larger spots persisting
longer (Petrovay & van Driel-Gesztelyi 1997).

This picture seems to be different in several respects from
other stars of similar spectral type, although these observations
are biased towards stars with small rotation periods, which is a
basic requirement of the currently available techniques to study
stellar surface inhomogeneities. Contrary to the slowly rotating
Sun we observe that many rapid rotators (vsin(i) * 25 km s7h
possess large areas covered with features of significantly lower
temperatures. One of the most extreme examples was found in

the binary system VW Cep with a surface coverage of ~70%
(Hendry & Mochnacki 2000). Starspots or spot groups with sizes
of several dozens of degrees have been detected not only at low
and intermediate latitudes, but also covering the polar regions.
These polar spots form long-lasting features, sometimes persist-
ing over years or possibly even decades (Vogt et al. 1999; Jeffers
et al. 2007). The limits of current techniques often prevent us
from discerning large monolithic spots from groups of individ-
ual spots within an active region. Whatever their detailed na-
ture, these structures have much longer lifetimes than sunspots.
Large spotted regions have been monitored on some stars for
years showing only small changes (e.g. Korhonen et al. 2007;
and Lanza et al. 2006), although individual starspots appear to
evolve on timescales of several weeks (Barnes et al. 1998; Wolter
et al. 2005).

Such observations gave rise to the idea of “active longi-
tudes”; regions on the stellar surface that persist in their large
scale structure (Korhonen et al. 2001). The term “active longi-
tudes” may partially reflect a weakness of surface reconstruc-
tion methods: their ability to resolve the latitudinal position of
surface features is poor, while the longitude can be determined
accurately. Active longitudes show a high spot coverage stretch-
ing over a large area of the star, persisting for many months or
years, which translates into several hundreds of stellar rotations.
It is largely unknown whether their internal structure is vari-
able, i.e., to what degree spots move, disappear, or form inside of

Article published by EDP Sciences
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Table 1. Stellar parameters of V889 Her.

Parameter Value
Spectral type” GOV
Distance (Hipparcos)” 372+ 12pc
Mhipp, mean© 70523 + 07004
Mhipp, max” 7048 + 0701
Mhipp, min® 757 + 0701
Vinax” 7034
vsin(i)’ 39.0+0.5kms™
Rotation period” 1.3371 £ 0.0002 d
Inclination i / ~55°

¢ SIMBAD Astronomical database; ” Hipparcos Catalogue, Perryman
et al. (1997); ¢ mean Hipparcos magnitude and standard error;
¢ maximum Hipparcos magnitude; ¢ minimum Hipparcos magnitude;
/ Strassmeier et al. (2003).

them. However, in some cases their global structure remains sta-
ble over large time periods (e.g. Berdyugina & Jirvinen 2005).

In this paper we show that large spotted regions on V889’s
surface persist on time scales of hundreds of days. To this end
we use photometric data, Doppler images, and radial velocity
(RV) measurements. Section 2 summarizes characteristics of the
star and its surface features. In Sect. 3 we present observational
characteristics of the Hipparcos data, the Doppler imaging (DI)
data, and the RV measurements. Section 4 explains the process
of the lightcurve analysis, while Sects. 5 and 6 contain the analy-
sis of the RV measurements and the DI process. Section 7 gives
a discussion on all data sets and their correlation, followed by
a summary of the main results in Sect. 8. Finally, the appendix
covers mathematical aspects of the equation used to calculate
RV shifts from line profiles, and contains all DI line profile re-
constructions.

2. Object

The fast-rotating solar analog V889 Herculis (HD 171488) has
been a subject of astrophysical studies for many years. Its good
visibility from the northern hemisphere, large brightness, pro-
nounced photometric variability, and high rotation velocity make
it an interesting target. Its rotation period of 1.3 days is especially
convenient to study the lifetimes of atmospheric structures, since
observations covering four consecutive nights offer a complete
coverage of all rotation phases. Therefore, it is a well-suited can-
didate for DI and other studies of stellar activity. Doppler images
of V889 Her were published by Strassmeier et al. (2003) and
Marsden et al. (2006). Some of its basic properties are summa-
rized in Table 1.

Surface reconstructions of V889 Her from these authors re-
veal a large polar spot that changes in size and structure but
that has always been present. Additionally, all published Doppler
images show some medium- and low-latitude spots which may
stretch over a few dozens of degrees and, thus, cover a signif-
icant fraction of the stellar surface. Strassmeier et al. (2003)
present surface maps dominated by an asymmetric polar spot
with a temperature difference of AT ~ 1600 K to the unspot-
ted surface at 5900 K. Several low-latitude spots are resolved
as well with AT =~ 500-800 K. Strassmeier et al. determined
a rotation period of P = 1.3371 + 0.0002 days using long-
term photometry. Marsden et al. (2006) reconstructed a po-
lar spot of similar size down to almost +60° in latitude and
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dulian date {(JD—-2440000.0) [days]

Fig. 1. Time coverage of observations used in this paper. HIPP repre-
sents the Hipparcos, DI the Doppler imaging, and RV the radial velocity
data sets.

two pronounced low-latitude spots at +30°. Additionally, re-
constructions for the magnetic field topology were possible by
Zeeman Doppler imaging (ZDI), which yielded only weak signs
of a polar spot (in agreement with ZDI images of other ob-
jects, see e.g. Donati et al. 2003) and confirm the low-latitude
features. Marsden et al. (2006) found a different rotation pe-
riod of P = 1.313 + 0.004 days and a differential rotation of
a = AP/P = 0.08, while for the Sun a value of @ ~ 0.2-0.3 was
measured. AP denotes the difference between the equatorial and
the polar rotation period.

Up to now it has not been known on what time scales spot-
ted regions on the surface of V889 Her form and dissolve and
how heavily the effects of differential rotation and meridional
flows influence their development in shape and position. All sur-
face features are presumably in constant evolution, but there are
indications in previous Doppler images and reconstructions in
this paper that especially large active regions besides the polar
spot may have fixed positions and high stability. Evidence of
such preferred longitudes was detected before in other stars (e.g.
Berdyugina 2007), while Barnes et al. (1998) did not find long-
lived spots on rapidly rotating G dwarfs, indicating that this is
not a general characteristic for this type of star.

3. Observations

We use three different kinds of data sets to determine the stability
of spotted regions on V889 Her: long-term photometric observa-
tions from the Hipparcos mission, and two different time series
of high-resolution spectra used for radial velocity (RV) measure-
ments and Doppler imaging. The short-term time series suitable
for DI yield snapshots of the spot distribution, which we cor-
relate with our long-term RV measurements covering the same
time period. Figure 1 shows the time coverage of the three data
sets used in this work.

3.1. Hipparcos data

The Hipparcos satellite obtained a lightcurve of V889 Her dur-
ing its 3.3 year mission. The available data cover the time be-
tween March 1990 and March 1993 with about 150 unevenly
sampled photometric data points (Perryman et al. 1997).

3.2. RV measurements

The RV observations were carried out at the 2 m Alfred Jensch
Telescope at the Thiiringer Landessternwarte in Tautenburg,
Germany. It is equipped with a Coudé Echelle spectrograph,
which provides a resolving power of R = 67000 and a wave-
length range of 4700-7400 A. In total, 62 radial velocity shifts
were analyzed in this paper. For the purpose of a stable wave-
length calibration, an iodine cell was used (Marcy & Butler
1992); for more information about the spectrograph see Hatzes
et al. (2005).
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Table 2. Nordic Optical Telescope data.

N¢ Observation dates  Julian date®  Total®  Used?

14 June 09, 2003 3799.54 40 39
June 12, 2003 3802.75

9_12 June 16, 2003 3807.47 19 19
June 20, 2003 3810.69

@ Number of nights; * JD — JDy with JDy = 2449 000.0 days;  total
number of spectra available; ¢ number of spectra used for DI; ¢ three
spectra were dismissed due to poor SNR, see Sect. 6.1.

The exposure times vary between 15 and 20 min, the typical
signal-to-noise ratio is 70. The data was reduced with the Image
Reduction and Analysis Facility (IRAF, Tody 1993). For the RV
measurements the spectral range between 5000 A and 6300 A
is split up into about 130 pieces (“chunks”). RV shifts are de-
termined independently for each wavelength piece, the mean of
all pieces yields the radial velocity with its error given as the
standard deviation.

For the analysis, the RV curves are split into shorter subinter-
vals. Their exact definitions and an overview of full observation
are given in Fig. 6.

3.3. Doppler imaging spectra

The time series of high-resolution spectra used for Doppler
imaging was observed in June 2003 at the Nordic Optical
Telescope (NOT) on La Palma. A total of 61 spectra of V889 Her
were obtained with the SOFIN Echelle spectrograph mounted at
the Cassegrain focus of the 2.56 m telescope, covering several
preselected spectral regions between 3750 A and 11300 A with
a width of e.g. 60 A per region around 6000 A. The average
signal-to-noise ratio of these spectra is above 150. The chosen
slit width of 65 y provides a nominal resolving power of 76 000.
The data cover 8 nights (2 blocks of 4 consecutive nights), i.e.,
two full rotations of the star, with a homogeneous phase cover-
age. Approximately 3 rotations of the star lie between the two
obtained Doppler images. The average exposure time for these
observations was 20 min. A short summary of the observation
dates and the number of spectra is given in Table 2.

The Echelle spectra were reduced with the software pack-
age described in Ilyin (2000), performing bias subtraction, mas-
ter flat field correction, scattered light modeling with bi-cubic
splines, and optimum extraction of spectra including cosmic
spike rejection. Blaze correction and CCD fringe removal was
accomplished using flat field exposures that were reduced in a
similar way. The wavelength calibration is based on two Th-Ar
spectra taken before and after each object exposure.

4. Lightcurve analysis
4.1. Our modeling approach

Lightcurve modeling has a long-standing history in astronomy.
An overview on its history as well as on different approaches
towards a solution of this problem can for instance be found in
Eker (1994).

The Hipparcos data are of limited accuracy and rather inho-
mogeneously sampled in time. Therefore, we revert to a simple
but robust modeling approach. We subdivide the star into ho-
mogeneously spaced longitude intervals, and assume that these
areas are homogeneously covered by spots. In the fitting process
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Fig. 2. Time vs. phase diagram (period = 1.3371 days) for the Hipparcos
measurements (represented by points). Periods covering 100 rotations
are indicated by vertical, dotted lines. Time and phase intervals of spe-
cial interest are marked by arrows and boxes; see text for more details.

the relative brightness (spot coverage) of these strips is then var-
ied until the observed lightcurve is matched optimally. We apply
two different fit procedures: either we allow fits restricted by a
specific assumption about the number of active regions on the
stellar surface; in this case each active region is modeled by a
longitudinal Gaussian brightness distribution. Or, alternatively,
a “free” fit can be carried out, where all surface elements are
varied independently.

Note that each individual longitude interval produces the
same lightcurve profile (normalized by its intensity, i.e. spot cov-
erage), phase shifted according to its position on the surface. The
resulting lightcurve is a linear superposition of the individual
contributions. When we use a relatively low number of longitude
intervals (say 10), it is obvious that the contributions are linearly
independent (given a non pole-on view), and the superposition
is uniquely defined. Working with real data, measurement er-
rors and phase coverage limit the uniqueness of the reconstruc-
tion; nevertheless, with a low number of longitude intervals, only
neighboring intervals show considerable dependence.

In either case latitudinal information is not recovered, which
— given the data quality and sampling — would have been an am-
bitious task.

4.2. Lifetime analysis of structures imprinted
on the Hipparcos lightcurve

As demonstrated in Fig. 2, the sampling of the Hipparcos
lightcurve is inhomogeneous so that the data contain a number of
isolated measurements. Fortunately, there are some observation
epochs with much better phase coverage. The first one (A) can be
found at JDy' ~ 8050 where we find 12 data points observed dur-
ing about a day, and the second one (B) is found about 50 days
later containing 22 measurements distributed over 5 days

! JDy = JD — 2440000 days.
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Fig.3. Upper panel: the data and models for observation epoch (A)
(squares) and (B) (circles). The dotted and dashed lines indicate model
fits obtained for epoch (A) and (B) assuming a surface dominated by
one active region. The solid line constitutes a model based on the com-
bined data of epoch (A) and (B). Middle panel: the “combined” model
from the upper panel as a solid line as well as additional data points ob-
served before and after epochs (A) and (B). Lower panel: the spot filling
factor obtained from longitude reconstruction. The spot-photosphere
contrast was assumed to be 50%. (Note that the error bars do not take
into account mutual dependencies of the bins.)

(cf. Fig. 2). The corresponding data points are shown in the
upper panel of Fig. 3, where we also present lightcurve recon-
structions obtained under the assumption of a single active re-
gion on the stellar surface. The measurements originating from
epoch (A) cover only phases 0.3-0.9, whereas epoch (B) pro-
vides nearly full phase coverage. Clearly, the minimum in in-
terval (A) is sharper than in (B) and also displaced in phase
by about 0.1 corresponding to a longitude shift of ~36° for the
activity center. While this shows that there is significant evolu-
tion of the lightcurve within 50 days, the lightcurve also main-
tains its overall appearance showing a pronounced minimum at
about 120° longitude as the most distinct feature. The differ-
ences between the two epochs can be caused by evolution of
the stellar surface and/or by an inappropriate lightcurve fold-
ing due to an incorrect rotation period. According to Marsden
et al. (2006), V889 Her shows strong differential rotation mak-
ing its period a function of latitude; folding the data with a pe-
riod inconsistent with the location of the active regions could
mimic surface evolution. Note that adopting a rotation period
of 1.3371 + 0.0002 days, as given by Strassmeier et al. (2003),
the relative phase error between two data points separated by
100 rotations is only ~1.5% so that we can neglect this as an
error source here.

In an effort to check how the locations of other, more dis-
tant data points compare to the lightcurves obtained during
epochs (A) and (B), we combine the two data sets and fit the
result using the “free” fit approach with 9 (independent) sur-
face elements (Fig. 3, lower panel). Considering the evolution
between epochs (A) and (B), the thus obtained results are time
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averages rather than snapshots. The fit provides evidence for a
pronounced active region at a longitude of about 120° and an-
other less pronounced structure at about 240°.

Now we check statistically whether it is justified to assume
that the time averaged model at hand remains an appropriate ap-
proximation of the lightcurve over a longer time span (given a
period of 1.3371 d). Within about one hundred days (=75 rota-
tions) before epoch (A) (measurements in JDy = 7950-8010)
there are 3 other observation periods providing 8 additional data
points and within about the same time span after epoch (B) (mea-
surements in JDy = 8145-8200) another 7 measurements are
distributed over two observation epochs (see Fig. 2). In the mid-
dle panel of Fig. 3 we show the same model lightcurve as before
as well as the 15 additional data points (triangles and filled cir-
cles). Apparently, the model provides an acceptable description
of the observations. Formally, we expect a y? value of 15 + 5.5
for 15 data points® drawn from the same model; the shown model
yields 21.2 with about one third of it contributed by a single data
point.

If the lightcurve evolves fast with respect to the time span un-
der consideration, we expect the data points to be distributed ran-
domly, and in the following we assume that the lightcurve am-
plitude observed in epochs (A) and (B) remains representative.
From a Monte Carlo simulation we then estimate that the prob-
ability of obtaining a value of 21.2 or less for y? from the same
number of data points uniformly distributed over the lightcurve
amplitude is #2.5%. During the simulation we do not vary the
data points in phase and all data points enclosed by a single ob-
servation epoch are regarded as dependent and, therefore, are
varied as a single unit.

We conclude that the Hipparcos lightcurve is compatible
with a rotation period of 1.3371 d and a surface configuration
dominated by an active region at a longitude of about 120° for at
least 50 days and probably up to about 200 days. However, we
caution that the data do not allow us to exclude other scenarios.

The middle panel of Fig. 3 includes measurements carried
out during the JDy =~ 8300-8325 time interval (open circles
in Fig. 3, also marked in Fig. 2) about 210 days after those of
epoch (B). The associated data points confirm the presence of
a minimum at about the same position during this period, al-
though their phase coverage is poor. Unfortunately, phase cover-
age remains a problem throughout the analysis of the rest of the
Hipparcos data set. Even if we combine the data obtained dur-
ing the following ~450 days (JDy = 8300-8750), a (connected)
phase interval covering about 30% of the lightcurve remains un-
observed (see Fig. 2). Furthermore, the measurements are dis-
tributed very inhomogeneously in time providing no further well
covered individual epochs, forcing us to consider longer time
spans.

In the upper panel of Fig. 4 we show the data pertaining to
the JDy = 8300-8550 time interval as well as a “free” model
fit obtained from them; note that this covers some data points
already shown in the middle panel of Fig. 3. Additionally, we
show the lightcurve obtained from combining epochs (A) and
(B) (dashed line). As indicated earlier, both lightcurves bear con-
siderable resemblance at phases >0.5. This no longer holds for
phases <0.5, where the data clearly indicate the presence of a
second pronounced minimum caused by an active region at a
longitude of about 280°. While this stellar region considerably
increased its impact on the lightcurve compared to the previous

2 The y? distribution with n degrees of freedom has expectation value n
and variance 2n.
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epochs (A) and (B), the solid lines show the lightcurve obtained from
the given intervals. Lower panel: data of the JDy = 8490-8750 time
interval and 5 additional points from JDy = 9055.

data, the one at a longitude of ~120° — although it still exists —
is less significant and may be in the process of disintegration.

During the next 160 days (see Fig. 4, lower panel), there is a
clear evolution in the shape of the lightcurve, potentially indicat-
ing evolution of the newly emerged active region. Unfortunately,
the phase interval sampling of the lower longitude active re-
gion is very poor, so we can no longer trace its evolution.
The measurements presented in this panel show a trend indi-
cating an ~0.05 mag brightening of V889 Her, which may be
related to a periodic sinusoidal long-term trend with approxi-
mately the correct amplitude and a period of 2600 days de-
tected by Strassmeier et al. (2003).

Even though a stellar surface with two dominating active re-
gions evolving in time as indicated by the panels of Fig. 4 seems
physically reasonable, we caution that the time span covered
here is 450 days, which is twice as long as the time span con-
sidered in Fig. 3 and, in particular, 9 times longer than the sepa-
ration between epochs (A) and (B). Therefore, a variation of the
rotation period in the percent regime already has a considerable
impact on the lightcurves.

Throughout the above analysis our models yield a spot cov-
erage fraction of #10% assuming a spot-photosphere bright-
ness contrast of 1/2. Only during the last observation epochs
(JDg > 8550) does the model provide a lower fraction of ~6%,
which may, however, also be related to the poor phase coverage
obtained in this time span.

5. Radial velocity measurements
5.1. Activity-related radial velocity measurements

Stellar activity influences the strength and profiles of spectral
lines and can, therefore, affect RV measurements, whose preci-
sion hinges on symmetric and narrow lines. For example, a spot
located on the hemisphere of the star rotating towards the ob-
server diminishes the amount of light contributing to the blue-
shifted line wing, leading to an asymmetric line shape. This
is not crucial for slowly rotating stars as long as their spectral
lines are predominantly broadened by thermal and other mech-
anisms instead of rotation. Locally restricted surface features
only become detectable in very broad lines where the spectra are
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Fig. 5. Periodogram of the RV data on the interval relevant for V889
Her’s rotation period. The period determined from the highest peak is
given in the figure; Marsden et al.’s value of 1.313 d is marked by the
dash-dotted line. See Sect. 5.2 for details.

sufficiently oversampled. In general, slow rotators should be less
active, showing fewer and smaller spots, and rotational broad-
ening is less important for their line profiles. For fast rotators
with vsin(i) 2 25 kms~!, where all spectral lines are dominantly
broadened by the Doppler effect, such surface features become
resolvable in the stellar spectrum.

This is one reason why high accuracy RV measurements are
difficult for rapidly rotating stars. Stellar activity can deform
their line profiles and, using standard RV detection methods,
these deformations lead to RV shifts due to asymmetric and vari-
able line shapes. RV shifts induced by stellar activity can be of
the order of several 100 m/s for stars with vsin(i) = 5 kms™!
(Saar & Donahue 1997; and Saar et al. 1998), and even higher for
larger rotation velocities, i.e., up to a factor of a thousand higher
than the state-of-the-art RV precision. While this is a problem for
companion detections around highly active stars, it can be used
as an additional source of information regarding the localiza-
tion of atmospheric features. RV modulations due to activity can
be seen as an activity-induced Rossiter-McLaughlin effect (Ohta
et al. 2005) otherwise used for planet detection and characteriza-
tion: an isolated spot on a stellar surface causes a variation of the
RV curve very similar to the one caused by a transiting planet.

Nevertheless, it is a different situation with spots when using
the Rossiter-McLaughlin effect. On the one hand it is simpler,
if the spot distribution does not change too rapidly, because one
usually knows the rotation period of a spotted star and has a
chance to observe many spot transits on small time scales for
low rotation periods. On the other hand it is more complicated
because stellar spot distributions can change on short time scales
and, generally, surfaces of active stars are populated by more
than only one spot, which means that one measures a superpo-
sition of Rossiter-McLaughlin effects for all visible spots. As
a result, RV curves modulated by stellar activity generally do
not look like the curves derived from planetary transits. They
may have complicated structures instead, which cannot be iden-
tified as obvious superpositions of Rossiter-McLaughlin effects.
However, it is possible to detect an activity-induced effect for
simple configurations of spot distributions, as demonstrated in
this paper.

5.2. Rotation period

The interpretation of long-term observations requires a pre-
cise stellar rotation period. Data sets stretching over periods of
months or years must be folded back at a well-known phase scale
to be able to detect any long-term stability. In the case of V889
Her this is possible on the basis of extensive photometric obser-
vations yielding a rotation period of P = 1.3371 + 0.0002 days
(Strassmeier et al. 2003). Note that we obtain the same value
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Fig. 6. Radial velocity measurements of V889 Her. The data set was separated into several parts to visualize the stability of structures in the RV
curve. Each interval of a few hundred days shows characteristic influences of the star’s activity on the spectra causing RV shifts. Large spotted
regions are visible in the RV curves for more than a hundred days before they finally dissolve or significantly change position. Panel f) shows

phase coverage of the entire data set.

from a periodogram of our RV measurements, presented in
Fig. 5, where the most significant peak in the relevant period
interval is located at P = 1.3372 + 0.0004 days.

The position of Marsden et al.’s rotation period is marked
as well in Fig. 5; clearly, our RV data support the period deter-
mined by Strassmeier et al., which we use in the following. This
rotation period applies to the case of rigid rotation; since no sig-
nificant evidence for differential rotation was found in our data
sets, we retain the simple model (see Sect. 7).

Given Strassmeier et al.’s error of the rotation period AP =
0.0002 days and considering an acceptable phase error of A¢ =
0.05 (translating into ~20°), we can calculate the time span AJD
that can be phase-folded with the required accuracy. The selected
maximum phase error is consistent with longitude accuracies of
<+10° achieved during the modeling of large active regions in
the Hipparcos photometry. We use equation

-1
) e

derived from ¢ + A¢ = AID/(P + AP), to determine a maximum
duration of AJD ~ 450 days for which we can trace a structure
in the lightcurve with a phase accuracy better than 0.05.

AID = , (1)

1
P+AP P

We use JDg = 2449 000.0 to calculate the phases ¢ from
_ID - Dy
Pl’Ot

Stellar surface coordinates are defined consistently for all sur-
face maps (see e.g. Fig. 7). Rotation phases are calculated for
surfaces rotating towards decreasing longitudes, which means
that a phase ¢ can be translated into a longitude / using the equa-
tion ¢ = (360° — 1)/360°.

2

5.3. Detection of stable active regions in the RV curves

The RV measurements of V889 Her cover a time period of al-
most 2000 days, which translates into approximately 1500 stel-
lar rotations. The distribution of data points over the entire set of
observations is given in Fig. 6 panel (f); in panels (a) to (e) we
subdivide the data into shorter intervals. The lower panel illus-
trates the time coverage of each panel.

The modulation of the RV curve does not reveal any stel-
lar companion or extrasolar planet within the limits of its ac-
curacy. There are large quasi-periodic variations in the curve
changing on large time scales of several months, which is not
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Fig.7. Doppler images of V889 Her, each observed during three stellar rotations. The images in the left column are separated from the right
ones by three rotations. Each row contains images reconstructed from the indicated spectral line. Ticks in the southern hemispheres indicate the
observed phases used for the reconstruction. Letters A—D annotate spot regions that can be commonly identified in several reconstructions. See

Sects. 6.1 and 6.2 for discussion.

consistent with a low-mass companion. The average accuracy
per data point is about 150 m/s.

Nevertheless, we do detect periodicity in the RV curve of
Fig. 6. The periodogram of the data shows a high peak at the
star’s rotation period (cf. Sect. 5.2), which suggests that the mod-
ulation of the curve is related to its activity. In Fig. 6 subintervals
of the RV data are presented, where the global shape of the curve
does not change significantly; however, between the panels sub-
stantial changes of the RV curve take place. Panel (c) contains a
large fraction of all data points (almost 50%) and clearly shows a
stable modulation of the RV curve with rotation for a duration of
at least 2150 days (JD = 3750-3900); this time span may even
be longer since neighboring points from JD = 3950 and ~4250
support the curve as well.

The RV modulation visible in panel (¢) dominates the RV
curve over the entire time interval, as visible in panel (e) where
the phase-folded RV curve of all data points is presented. This
is the reason why the periodogram returns the star’s exact rota-
tion period, although the spot distribution changes on long time
scales. It may not be possible to obtain the rotation period from
periodograms of RV curves for a faster changing spot distribu-
tion. Its effects on the RV curve will shift in phase and change in
amplitude, which is not compensated by regular periodogram al-
gorithms. If the rotation period is known and a sufficiently high
phase coverage is available, the data can be subdivided into in-
tervals with stable RV modulations associated with stable global
spot distributions.

It is difficult to detect activity-induced Rossiter-McLaughlin
effects (see Sect. 5.1) in the other panels of Fig. 6 due to the
poorer data sampling. Panel (a) possibly contains some evidence
for such a structure but further complementary data, i.e., Doppler
images or lightcurves, are necessary to confirm this assumption.
Panel (b) does not show any modulation implying that the spot
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distribution of panel (c) must have formed (or strongly intensi-
fied) after JD =~ 3500. There are possibly some signatures of
this modulation left in panel (d); the rather poor phase coverage
makes it hard to determine to what degree the spot distribution
changed.

6. Doppler imaging

Surface inhomogeneities cause deformations of spectral line
profiles which can be used to reconstruct the spot distribution.
This is achieved by Doppler imaging (DI, Vogt & Penrod 1983).
DI is limited to fast rotating stars where the broadening of the
spectral lines is dominated by rotational broadening. Given the
rotation velocity and period of V889 Her, surface reconstruc-
tions of this star can be achieved (cf. Strassmeier et al. 2003;
Marsden et al. 2006).

6.1. CLEAN-like Doppler imaging algorithm

For Doppler imaging we use the CLEAN-like algorithm “CLDI”
(Wolter 2004; Wolter et al. 2005). Starting with a “standard” line
profile adopted for the unspotted star, the program deforms the
line profiles using an iteratively constructed stellar surface in
order to match the shape of the spectral lines for all observed
phases. This is done using “probability maps” that show regions
of tentative spot locations (Kiirster 1993). These maps do not
give a probability in a strict statistical sense, instead they are
“backprojections” of the derivations between the observed and
reconstructed line profiles onto the stellar surface. Spots are set
at the most intense surface element of these backprojections as
long as the deviations between the observed and reconstructed
line profiles keep decreasing.
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Table 3. Absorption lines used for Doppler imaging.

Name Rest wavelength® (A)  Chemical element
6122 6122.22 Cal
6439 6439.08 Cal

¢ From VALD (Vienna Atomic Line Database).

Table 4. Reconstruction parameters adopted for DI.
Parameter Value
Differential rotation 0.
Limb darkening e 0.6-0.8
Macro-turbulence? 2/12 kms™!
Contrast photosphere/spot 0.5

b
nr 4

“ Probably unphysical since mainly used for line profile adjustments.
® Number of intensity levels between darkest and brightest surface ele-
ments (“surface temperatures”).

Several parameters must be supplied a priori to the DI
process: the rotation period P, the projected rotation velocity
vsin(i), the stellar inclination 7, and the linear limb darkening
parameter € (with IC/Ig = 1 - €+ e€cos® where cos O is the pro-
jected distance from the center of the stellar disk in units of the
stellar radius, Gray 1992). Table 4 contains the values of these
parameters adopted for our DI, additional stellar properties are
given in Table 1, while Table 3 lists the lines used for the surface
reconstructions.

The Doppler maps are reconstructed in terms of a spot fill-
ing factor between 0 (no spot) and 1 (completely spotted) where
the number of possible graduations ny > 2 must be preselected.
Spotted surface elements are areas with lower continuum inten-
sity than the unspotted stellar surface; CLDI does not explic-
itly determine spot temperatures. We find no differential rotation
within our detection limits; reliable small-scale structures close
to the pole are barely resolved, preventing the determination of
a polar rotation period (see Fig. 7). Reconstructions of the star
taken several rotation periods apart do not yield significant iden-
tifications of systematically shifted features (see Appendix B,
Fig. B.1, for cross-correlation maps). Doppler images calculated
using Marsden et al.’s differential rotation law do not improve
the y? value. Therefore, we refrain from modifying the rigid ro-
tation law used in our reconstructions. The limb darkening pa-
rameter was adjusted for each line to obtain an optimal fit of
the standard line profile to the observed lines, resulting in values
between € = 0.6 and 0.8.

Based on a comparison of our reconstructions from different
spectral lines (Fig. 7), we estimate their surface resolution as
approximately 10° corresponding to 2 X 2 surface elements; a
few features are more poorly localized in latitude (e.g. feature C
in the left column maps of Fig. 7). Isolated surface elements are
not reliably localized; they are an artifact of the CLDI algorithm
due to noise and/or short-term spot evolution on small spatial
scales.

The estimated reduced y? values of our reconstructions, av-
eraged over all phases, are between 0.3 and 1.5. It is not possible
to provide a strictly reduced 2, since the number of parameters
is not known in the CLEAN-like approach; however, the values
are close to 1 and the reconstruction show good agreement with
the line profiles (see Appendix C.1).
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6.2. Doppler imaging of V889 Her

Figure 7 shows four reconstructed Doppler images of V889 Her.
The left column contains the images of the first full rotation,
based on spectra of four consecutive nights (“nights 1-4”), i.e.
three stellar rotations. The right column shows images of the
second full rotation (“nights 9-12”), also taken during three con-
secutive stellar rotations. Three stellar rotations remained unob-
served between the images of the two columns. Table 3 contains
details of the lines used for DI.

The left column maps are based on 39 observed rotation
phases, quite evenly distributed apart from a gap ranging from
about 130° to 180° in surface longitude, while the right column
maps are based on 19 phases. The left 6439 A-map labels the
spot regions A-D, that can be commonly identified in several
reconstructions. In agreement with previous reconstructions of
V889 Her, all our maps show a large polar spot. Causing almost
no rotational modulation, the reconstructed size of a polar spot
depends sensitively on the adopted line parameters. However,
keeping these uncertainties in mind, two properties of the polar
spot are reliably found in our reconstructions: it extends down
to a latitude of approximately +60° and it apparently exhibits a
weak asymmetry, being slightly more pronounced on the 0—180°
hemisphere (right half of each map in Fig. 7).

Both the dominant low-latitude feature B and its much
smaller companion C persist through all 9 rotations covered by
our Doppler maps. They show little distinct evolution apart from
a slightly more pronounced gap in the middle of feature B dur-
ing nights 9-12. The other low-latitude feature (D) disappears
between the two observed sequences.

When interpreting Doppler images, one must keep in mind
that spots located on the southern hemisphere are largely pro-
jected onto the northern hemisphere. Therefore, all given spot
latitudes have an unspecified sign. Additionally, surface features
based on poor phase coverage have a higher uncertainty and
must be judged with care. The latter aspect does not apply to
any of the features discussed above.

We conclude that all maps show large spotted regions on
poles and low latitudes. Although these features (A-D) seem to
be subject to evolution, their change in fine structure is signif-
icantly affected by reconstruction uncertainties. However, some
spot groups are similar in their large scale structure, especially
region B which keeps its character as the “dominant feature”
during the observations; this is also visible in the lightcurves
and RV-curves of Fig. 8. Within our accuracy limits we do not
find evidence of differential rotation: the identified low-latitude
surface features do not show a systematic shift in longitude
during the observed 9 rotations. Nor does the polar spot or
its lower-latitude appendices exhibit well-defined asymmetries,
which would be required to measure a differing rotation period
for higher latitudes. This justifies our choice of a rigid rota-
tion for the surface reconstruction in agreement with Strassmeier
et al. (2003). To obtain significant measurements of V889 Her’s
differential rotation, we would need considerably less noisy line
profiles to produce Doppler images of better quality.

6.3. RV shifts and lightcurves obtained by Doppler imaging

For our Doppler images we found ourselves in the unusual sit-
uation that we had contemporaneous precise and time-resolved
RV measurements. In the following we describe how these can
be used to obtain activity information and how they can be com-
pared to Doppler maps.
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Fig. 8. Line barycenters and lightcurves of V889 Her around JD, + 4000. On top the observed RV curve is presented (interval (c) of Fig. 6). Left
column: line barycenters computed from our DI line profile reconstructions (see Sect. 6.3); they all show an activity-induced Rossiter-McLaughlin
effect matching the observations well. Right column: lightcurves computed from our Doppler images showing a characteristic correlation with the
barycenter modulations. The defined phase intervals 14 are used in the discussion of Sect. 6.3.2, see also Fig. 9.

6.3.1. Approach

Asymmetric deformations of a line profile lead to an apparent
radial velocity shift of the line. To quantify such profile asym-
metries, we define the center of a line profile as its “barycenter”:
if x is the radial velocity measured in units of vsin(i) and y(x)
is the corresponding (normalized) flux, we can write down the
equation

N

S :_iny(xi)Ax _
=1 Weq

2 Xmax

N
¥ W > iy,

i=1

3

S denotes the barycenter of a line profile in analogy to the
barycenter of a system of masses, Wgq is the spectral line’s
equivalent width, and Ax is the interval between x; and x;,;.
Applying Eq. (3) to our reconstructed line profiles computed
from our DI, we obtain a measure for the asymmetry-induced
shift of the line center as a function of rotation phase. Note that
this is not necessarily the same value as derived in standard RV
measurements. Nevertheless, as shown in Fig. 8, in our case
both approaches yield similar RV curves for the same object.
This similarity encompasses the amplitude and shape of the RV
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curves. Equation (3) is discussed in detail in Appendix A, see
also Ohta et al. (2005).

Although we do not have contemporaneous photometry, we
compute lightcurves from our images for two reasons. First,
as Fig. 8 illustrates, they facilitate the interpretation of the
RV curves. Second, they can be compared qualitatively to the
Hipparcos lightcurves of Figs. 3 and 4, regarding both amplitude
and shape. Using the pre-defined spot continuum flux and limb
darkening law, it is straightforward to compute a lightcurve from
our Doppler maps. For each rotation phase, a disk-integrated
flux f; is calculated and transformed to magnitudes using m =
—2.5log(fi/ fo) with fo = 1. This results in a magnitude differ-
ence Am = m — my, where myg is the integrated flux over the
unspotted surface. This procedure has been shown to yield accu-
rate lightcurve fits (Wolter et al. 2008).

6.3.2. Results

We present the lightcurves and line barycenters computed from
our Doppler images in Fig. 8. Here, we introduce phase intervals
labeled 1 to 4. Each interval represents a characteristic position
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Phase 0.8 (Interval 1, end) Phase 0.95 (Interval 2, center)
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Phase 0.45 (Interval 4, center)

Phase 0.1 (Interval 3, start)

Fig. 9. Doppler image of V889 Her (nights 1—4, 6439 A line, see Fig. 7) shown at selected phases that serve the discussion of RV curves of Fig. 8.
The phase intervals 1 to 4 annotated on top of each panel are defined there. The sequence illustrates the movement of the dominant spot group
(region B) across the visible disk: full visibility at the left limb (1), centered on the stellar disk (2), and movement to the right limb (3). In panel (4)
the spot group is located at the back side of the star. Qualitatively, the same sequence can be followed in all our Doppler images.

of the dominant spot group on the visible stellar disk. The ap-
pearance of the visible disk during these phase intervals is illus-
trated in Fig. 9.

The RV curve of V889 Her, whose observation time interval
encompasses that of our Doppler images, is placed at the top
of Fig. 8. It was observed for approximately 500 days, although
most data points come from a limited interval of about 150 days
(interval (c) of Fig. 6). It shows variations of the measured RV
that appear largely stable over the selected time interval with a
peak-to-peak amplitude of about 1000 m/s.

All RV curves on the left side of Fig. 8 have a similar shape.
Their structure is similar to the one expected from an activity-
induced Rossiter-McLaughlin effect (see Sects. 5.1 and 5.3).

Interval 1, starting at about phase 0.6, marks the main in-
crease in S. During this interval the spot region B (containing
the dominant feature) appears at the limb of the visible stellar
disk. This leads to a decreased absorption in the blue line wing,
causing an apparent RV shift towards longer wavelengths. This
shift increases while the entire spotted region rotates on the disk,
which is illustrated in panel (1) of Fig. 9, then decreases again
and finally drops to zero in interval 2, when the spot region B is
centered on the stellar disk (panel (2)).

After interval 2, the spot region B moves towards the other
edge of the stellar disk and influences the star’s redshifted light.
The normalized absorption at higher wavelengths is reduced,
leading to an apparent RV shift towards lower wavelengths. This
shift reaches its maximum when region B is located at the “red”
edge of the stellar disk. When spot region B finally moves off the
visible disk, the line barycenter returns to zero.

The previous discussion only covered the influence of the
large spot feature located at B, which dominates the shape of
the RV curves. However, other spotted regions influence the RV
curve as well, as can be seen in interval 4; the associated disk
appearance is found in panel (4) of Fig. 9. During this phase
interval, the dominant feature B is on the back side of the star and
does not influence our RV curve. Here, spot group D (cf. Fig. 7)
dominates the behavior of the line barycenter as its influence is
not masked by the much stronger contribution of spot group B.

Thus, the observed radial velocities (RV curve) and the line
barycenters (S curve) show a far-reaching agreement in shape.
There is an apparent phase shift of about 0.1 in which the
RV curve lags behind the S curves, most pronounced in the
position of the maximum. This apparent shift could be due to
small-scale variations of the spot pattern during the roughly
100-200 rotations covered by this interval of the RV curve.

Alternatively, this shift could be caused by small or low-contrast
spot groups not reliably reconstructed in our Doppler maps.
Apart from this, the RV and § curves have comparable ampli-
tudes.

In addition to the line barycenters, the right column of Fig. 8
contains the lightcurves computed from our Doppler maps. The
rotational evolution discussed above for the RV curves can be
followed in the lightcurves; zero passages of the former coin-
cide with extrema of the latter. A more symmetric lightcurve is
associated with a spot distribution in longitude that is also more
symmetric. Such a spot distribution, in turn, leads to a more sym-
metric RV curve. This can, for example, be seen when compar-
ing the 6122 A RV and lightcurves of nights 1-4 and 9-12, re-
spectively.

7. Discussion

Lightcurves, Doppler images and RV measurements represent
complementary data sets for the analysis of large-scale surface
structures and their temporal evolution. Signatures of activity
can be compared and confirmed between them. In accordance
with previous authors, our observations show a significant frac-
tion of V889 Her’s surface covered with spots. These are primar-
ily concentrated in large regions near the poles and within two
active regions at lower latitudes.

The analysis of the Hipparcos photometry (taken between
1990 and 1993) indicates that these active regions were con-
fined to longitudes between 200° to 300° and 80° to 150° for
more than two years. Compared to our Doppler images and RV
measurements, which show the spot distribution almost 10 years
later, we find a qualitatively similar distribution shifted by at
least several dozens of degrees in longitude. The center of the
dominant feature is located at about 20° longitude. The second
active region apparently had much less influence on the RV data;
in the Doppler images, where only small signatures of other large
spotted regions can be seen, it is located between 150° and 250°
longitude. From a global point of view, this is similar to the pho-
tometric results.

Concerning the inner structure and shape of active re-
gions, which have a maximum diameter of about 30° to 60°,
Doppler images yield information that our lightcurve models
cannot contain. The DI surface maps show asymmetrical and
inhomogeneous active regions. These should not be confused
with the active regions reconstructed in the lightcurve models
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where primarily information on longitudinal position, and no
structure, is obtained. Additionally the latter contain only in-
formation averaged over dozens of rotations. This means that
the size of an active region represents the temporally averaged
area of the star with high activity; its “center” indicates the po-
sition with highest activity on average. The quality of our fit
clearly indicates that the temporal changes are only minor com-
pared to the depths of the minima, and we show that our models
present statistically credible reconstructions of the photometry,
even though the poor phase sampling and the long time base of
the Hipparcos observations complicate the interpretation of this
data set.

Surface reconstructions of V889 Her have been derived by
Strassmeier et al. (2003) and Marsden et al. (2006). Their main
characteristics do not significantly differ from our Doppler im-
ages, showing large polar spots down to almost 60° latitude and
a few smaller spots at about 30° latitude. The sizes are compa-
rable as well and lie between about 20° and 30°; the dominant
feature of our reconstructions may have a size of almost 60° in
diameter (at least in the longitudinal direction), although a pos-
sible multi-component structure cannot be ruled out. A closer
look reveals some similarity to our lightcurve models. The re-
constructions of both authors show dominant surface features at
about 300° longitude which roughly agrees with the location of
one of our active regions. Unfortunately this is very likely only
a coincidence since the long time between the different observa-
tions leads to phase errors of about 0.1 to 0.3 due to the rotation
period error (see Sect. 5.2). This makes it hard to directly com-
pare the spot positions in different surface maps.

While Marsden et al. (2006) observe differential rotation on
this star, in our data sets we do not find any evidence in favor
of or against it. The quality of our Doppler imaging data and
reconstructions does not allow us to significantly constrain dif-
ferential rotation, mostly because of their lack of well-defined
and asymmetric high-latitude spots. The interpretation of the
lightcurves does not require the introduction of differential rota-
tion, although it does not exclude it as well; statistically, a rigid
rotation model is sufficient. However, if the strong differential
rotation measured by Marsden et al. (2006) also applies to the
time span of our RV and photometric data sets, this implies that
the dominant spots are confined to a rather narrow latitude band
close to about 30° latitude.

To compare the modulation of high-precision RV measure-
ments to spot distributions, we present a method to determine
RV shifts from DI line profile reconstructions. In this process
the shifted line center of an asymmetric profile is compared to
the RV shift derived in standard RV measurement techniques,
in our case from iodine cell spectra. Our results show a strik-
ing agreement of this method with the conventional RV mea-
surements, not only qualitatively but quantitatively as well. This
provides strong empirical evidence that both methods produce
equal results. Their differences primarily derive from reconstruc-
tion errors of the DI line profiles. An example of a complicated
spot distribution causing the superposition of activity-induced
Rossiter-McLaughlin effects is presented in this paper. This is
only possible due to the availability of Doppler images and con-
temporaneous high-precision RV measurements.

8. Summary

Using the example of the solar-type, fast rotating star V889 Her,
we show that high-accuracy RV measurements can be used to
study stellar activity, in particular large-scale spot distributions.
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The modulation of V889 Her’s RV curve with a period of
P =1.3372 + 0.0004 days confirms Strassmeier et al.’s rotation
period of P = 1.3371+0.0002 days. Our data are consistent with
no differential rotation; if present, the spots must be confined to
a limited range of latitudes. A large subinterval of the data yields
a stable and characteristic RV curve due to an activity-induced
Rossiter-McLaughlin effect.

This curve is compared to contemporaneous Doppler im-
ages. RV shifts derived from different surface reconstruc-
tions match the RV observations, confirming that the observed
RV modulation is caused by large-scale and long-term stable
spotted regions. This also shows that RV shifts can reliably be
determined from line profiles reconstructed in the DI process.

Furthermore we confirm the long-term stability of large-
scale surface structures on V889 Her by means of the Hipparcos
photometry. Pronounced lightcurve minima preserve their posi-
tion almost unchanged throughout most of the Hipparcos obser-
vations. They are associated with two large active regions lo-
cated at approximately constant longitude but slowly changing
size and latitude.

From our analysis we derive different time scales for struc-
tures of different sizes. The evolution of ‘small scale’ structures
inside active regions is not resolved in our data, although the
Doppler images indicate that spots of smaller sizes down to ap-
proximately 15° occur. In some cases, the size and longitude of
active regions remain unchanged for up to 300 days. The global
configuration of a polar spot and two large, clearly separated
spot groups apparently existed for more than two years; these
two spot groups even remained at largely constant longitudes.

Judging from the Doppler images of this paper and those
of other authors (Strassmeier et al. 2003, Marsden et al. 2000),
the polar spot is likely to be the most persistent surface feature
with a lifetime of at least several years. This is also confirmed
by the practically constant maximum brightness observed in the
Hipparcos photometry.
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Appendix A: Analytic proof of Eq. ( 3)

In Sect. 6.3 we introduce Eq. (3) for the barycenter of a spectral
line, in analogy to the barycenter determination of a system of
masses xs = (3; x; m;)/M, where M = };m;. We start with the
continuous representation of Eq. (3), which reads

+Xmax

S = x[l —y(x—xc)] dx = x, (A.1)

Weq

o
with x denoting the radial velocity axis and y(x) representing the
normalized intensity (0 < y < 1). x is the center position of
the line, which we show is equal to the barycenter S. Note that
the equivalent width, Wgq = f (1 = y(x;)) dx, appears by analogy
to the total mass, M, here, and we presume it to be constant.
The line shape described by y(x) can be arbitrary as long as the
integral f (1 = y(x;)) dx exists; however, the radial velocity axis
must be chosen so that fx (1-y(x)dx=0.

Now we aim at proving the correctness of the last equality in
Eq. (A.1). Note that with this definition (1 — y(x))/Wgq becomes
a distribution function; from the mathematical point of view the
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integration boundaries may easily be extended to cover an arbi-
trarily large range, however, in the analysis of real data we usu-
ally favor tight boundaries to avoid contamination. Therefore,
we explicitly consider them here and, further, restrict ourselves
to small shifts, x. < Xpax.

Recasting Eq. (A.1) we obtain

+Xmax

S = xy(x — xo) dx

_W_Eq

~Xmax

with the substitution a = x — x,

+Xmax—Xe
(a+ x.) y(a) da
—Xmax—Xc
+ Xy~ Xe

= ! [a y(a) + xc y(a)|da.

-—— A2
Wea (A.2)

~Xmax —Xc

Above, x. represents an arbitrarily signed shift of the line’s cen-
ter, which in the following we define as positive without loss of
generality.

We discuss the two terms of Eq. (A.2) separately. The first
can be treated as follows:

+Ximax — e
- — ay(a)da =
Weq
—Xmax—Xe
—Xmax tXc +Xmax —Xc¢
1
- ay(a) da+ ay(a)dal.
Weq
—Xmax —Xc —Xmax +Xc
~ —2Xe Xmax =0

In the approximation of the first integral we applied the rela-
tion y(a) ~ 1, which is valid within the integration interval (xXpax
must be chosen accordingly), and the second integral is zero by
definition.

We resume with the second term of Eq. (A.2):

+Xmax —Xc
X
- Xxc y(a)da = — 2Xmax — WEq
e e )
—Xmax—Xc
_ _zxmax Xc + X
Weq
For the last calculations we use
+Xmax—Xe +Xmax—Xe
Wgq = (1 - y(a)) da = 2xpax — y(a) da.
—Xmax—Xe —Xmax—Xe

Inserting the result into Eq. (A.2), the equation

2 Xe Xmax
Weq

2 Xe Xmax

S =
Weq

(A.3)

Xe = x. q.ed.

emerges, which is exactly the equality we strove to prove.
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Fig. B.1. Cross-correlation maps comparing the Doppler images of
Fig. 7 (upper panel) and reconstructions using Marsden et al.’s differ-
ential rotation law (lower panel). See text for detailed information.

Appendix B: Cross-correlation of Doppler images

Figure B.1 (upper panel) shows the cross-correlation map com-
paring the Doppler images of Fig. 7, i.e. the reconstructions for
nights 1-4 and 9-12 using line 6122 and rigid rotation. For each
co-latitude the map shows the cross-correlation, normalized to
the overall maximum, obtained when shifting the spots of map
9-12 by the given longitude angle. Darker orange shades indi-
cate larger correlation values. Crosses mark the correlation max-
imum for each co-latitude; their values are shown in the right-
hand graph, also illustrating the assignment of orange hues. For
comparison, the smooth, sine-like curve shows the surface shear
resulting from Marsden et al.’s differential rotation law.

Figure B.1 (lower panel) shows the same for Doppler images
reconstructed adopting Marsden et al.’s differential rotation law.
The correlation maps do not support or disprove any specific
rotation law.

Appendix C: DI line profile reconstructions

We give the DI line profile reconstructions of all Doppler im-
ages presented in Sect. 6.2. Figure C.1 contains the profiles of
the 6439 A (top panels) and the 6122 A(bottom panels) Ca I
lines, 39 phases for nights 1-4 (left column) and 19 phases for
nights 9-2 (right column). All lines are continuum normalized
but shifted in flux by 0.05 (stacked plot). Rotation phases in-
crease from top to bottom; they are given at the right border. The
observed line profiles are shown as vertical lines indicating their
observation errors; the DI reconstructions (blue) are overplotted
with a straight line. Both are plotted over rotation velocity vy,q in
units of v sin(i).
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ABSTRACT

Light curves have long been used to study stellar activity and have more recently become a major tool in the field of exoplanet research.
We discuss the various ways in which stellar activity can influence transit light curves, and study the effects using the outstanding
photometric data of the CoRoT-2 exoplanet system. We report a relation between the “global” light curve and the transit profiles,
which turn out to be shallower during high spot coverage on the stellar surface. Furthermore, our analysis reveals a color dependence
of the transit light curve compatible with a wavelength-dependent limb darkening law as observed on the Sun. Taking into account
activity-related effects, we redetermine the orbit inclination and planetary radius and find the planet to be 3% larger than reported
previously. Our findings also show that exoplanet research cannot generally ignore the effects of stellar activity.

Key words. techniques: photometric — stars: activity — starspots — stars: individual: CoRoT-2a — planetary systems

1. Introduction

The brightness distribution on the surface of active stars is both
spatially inhomogeneous and temporally variable. The state and
evolution of the stellar surface structures can be traced by the
rotational and secular modulation of the observed photometric
light curve. In the field of planet research, light curves includ-
ing planetary transits are of particular interest, since they hold a
wealth of information about both the planet and its host star.

The outstanding quality of the space-based photometry pro-
vided by the CoRoT mission (e.g., Auvergne et al. 2009) pro-
vides stellar light curves of unprecedented precision, temporal
cadence and coverage. While primarily designed as a planet
finder, the CoRoT data are also extremely interesting in the con-
text of stellar activity. Lanza et al. (2009) demonstrated the infor-
mation content to be extracted from these light curves in the spe-
cific case of CoRoT-2a. This star is solar-like in mass and radius,
but rotates faster at a speed of vsin(i) = 11.85 + 0.50 kms™!
(Bouchy et al. 2008). Its rotation period of ~4.52 days was de-
duced from slowly evolving active regions, which dominate the
photometric variations. Thus, CoRoT-2a is a very active star by
all standards. Even more remarkably, CoRoT-2a is orbited by
a giant planet (Alonso et al. 2008), which basically acts as a
shutter scanning the surface of CoRoT-2a along a well defined
latitudinal band.

The transiting planetary companion provides a key to un-
derstanding the surface structure of its host star. While previ-
ous analyses have either ignored the transits (Lanza et al. 2009)
or the “global” light curve (Wolter et al. 2009), we show that
there is a relation between the transit shape and the global light
curve, which cannot generally be neglected in extrasolar planet
research.

2. Observations and data reduction

Alonso et al. (2008) discovered the planet CoRoT-2b using the
photometric CoRoT data (see Table 1). Its host star has a spec-
tral type of G7V with an optical (stellar) companion too close

Table 1. Stellar/planetary parameters of CoRoT-2a/b.

Star® Value + Error Ref.?
Py (4.522 £0.024)d L09
Spectral type G7V BO8
Planet® Value + Error Ref.
P, (1.7429964 + 0.0000017) d A08
T. [BJD] (2454237.53362 + 0.00014)d  A08
i (87.84 +0.10)° A08
Ry /R (0.1667 + 0.0006) A08
a/Ry (6.70 £ 0.03) A08
Uy, Uy (0.41 +£0.03), (0.06 + 0.03) A08

@ Py — stellar rotation period; ® taken from Lanza et al. (2009) [L09],
Alonso et al. (2008) [A08], or Bouchy et al. (2008) [BO8]; ¢ P, — orbital
period, T — central time of first transit, i — orbital inclination, Ry, R, —
planetary and stellar radii, ¢ — semi major axis of planetary orbit, u,, uy,
— linear and quadratic limb darkening coefficients.

to be resolved by CoRoT. According to Alonso et al. (2008),
this secondary contributes a constant (5.6 = 0.3)% of the total
CoRoT-measured flux. CoRoT-2b’s orbital period of ~1.74 days
is about one third of CoRoT-2a’s rotation period, and the almost
continuous CoRoT data span 142 days, sampling about 30 stel-
lar rotations and more than 80 transits. The light curve shows
clear evidence of strong activity: there is substantial modulation
of the shape on timescales of several days, and the transit profiles
are considerably deformed as a consequence of surface inhomo-
geneities (Wolter et al. 2009).

Our data reduction starts with the results provided by the
CoRoT N2 pipeline (N2_VER 1.2). CoRoT provides three-band
photometry (nominally red, green, and blue), which we extend
by a virtual fourth band resulting from the combination (ad-
dition) of the other bands. This “white” band is, henceforth,
treated as an independent channel, and our analysis will mainly
refer to this band. It provides the highest count rates and, more

Article published by EDP Sciences
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importantly, is less susceptible to instrumental effects such as
long-term trends and “jumps” present in the individual color
channels.

In all bands, we reject those data points flagged as “bad”
by the standard CoRoT pipeline (mostly related to the South
Atlantic anomaly). The last step leaves obvious outliers in the
light curves. To remove them, we estimate the standard deviation
of the data point distribution in short (3000 s) slices and reject
the points more than 30 off a (local) linear model. Inevitably,
we also remove a fraction of physical data (statistical outliers)
in this step, but we estimate that loss to be less than a percent of
the total number of data points, which we consider acceptable.

In all bands apart from the white, we find photometric dis-
continuities (jumps), which are caused by particle impact on the
CoRoT detector. In the case of CoRoT-2a, the jumps are of mi-
nor amplitude compared to the overall count rate level, and we
correct them by adjusting the part of the light curve following
the jump to the preceding level.

Finally, we correct the CoRoT photometry for systematic,
instrumental trends visible in all bands apart from white. To ap-
proximate the instrumental trend, we fit the (entire) light curve
with a second order polynomial, ¢, and apply the equation

; ey

where ¢, ; is the ith observed data point, ¢; is the associated value
of the best-fit second order polynomial, ¢ represents the mean
of all observed count rates in the band, and c.; the corrected
photometry.

The resulting light curve still shows a periodic signal clearly
related to the orbital motion of the CoRoT satellite. This is again
a minor effect in the white band, and we neglect this in the con-
text of the following analysis.

In a last step, we subtract 5.6% of the median light curve
level to account for the companion contribution. We use the
same rule for all bands, which is only an approximation be-
cause, as Alonso et al. (2008) point out, the companion has a
later type (probably K or M) and, therefore, a different spectrum
from CoRoT-2a.

3. Analysis
3.1. Transit profiles and stellar activity

A planet crossing the stellar disk imprints a characteristic transit
feature on the light curve of the star (e.g., Pont et al. 2007; Wolter
et al. 2009). The exact profile is determined by planetary param-
eters as well as the structure of the stellar surface. A model that
describes the transit profile must account for both. One of the key
parameters of the surface model is the limb darkening law. The
presence of limb darkening seriously complicates transit model-
ing, because it can considerably affect the transit profile, while it
is difficult to recover its characteristics from light curve analyses
(e.g., Winn 2009).

Stellar activity adds yet another dimension of complexity to
the problem, because a (potentially evolving) surface brightness
distribution also affects the transit profiles. The local bright-
ness on the surface can either be decreased by dark spots or
increased by bright faculae compared to the undisturbed pho-
tosphere. Spots (or faculae) located within the eclipsed section
of the stellar surface lead to a decrease (increase) in the transit
depth, and the true profile depends on the distribution of those
structures across the planetary path. Spots and faculae located on
the non-eclipsed section of the surface do not directly affect the
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transit profile but change the overall level of the light curve. As
transit light curves are, however, usually normalized with respect
to the count rate level immediately before and after the transit,
the non-eclipsed spot contribution enters (or can enter) the re-
sulting curve as a time-dependent modulation of the normalized
transit depth.

3.2. Transit light-curve normalization

As mentioned above, the normalization may affect the shape
of the transit profiles. We now discuss two normalization ap-
proaches and compare their effect on the transit profiles. We de-
fine f; to be the measured flux in time bin i, n; an estimate of
the count rate level without the transit (henceforth referred to as
the “local continuum”), and p a measure of the unspotted pho-
tospheric level in the light curve, i.e., the count rate obtained in
the respective band, when the star shows a purely photospheric
surface. Usually, the quantity

yi = filn; 2)

is referred to as the “normalized flux”.

If we normalize the flux according to Eq. (2), we may pro-
duce variations in the transit light-curve depth in response to
non-uniform surface flux distributions as encountered on active
stars. To demonstrate this, we assume that a planet transits its
host star twice. During the first transit, the stellar surface remains
free of spots, but during the second transit there is a large active
region on any part of the star not covered by the planetary disk
(but visible). Consequently, the local continuum estimate, n;, for
the second transit is lower, and the normalized transit appears
deeper, although it is exactly the same transit in absolute (non-
normalized) numbers.

To overcome this shortcoming, we define the alternative nor-
malization to be

ALY 3)

In both cases, the transit light curve is normalized with respect to
the local continuum either by division or subtraction. The con-
ceptual difference lies in the treatment of the local continuum
level and how it enters the normalized transit light curve. Using
Eq. (3), the observed transit is shifted, normalized by a constant,
and shifted again. While the scaling in this case remains the same
for all transits, the scaling applied in Eq. (2) is a function of the
local continuum.

Following the above example, we assume that the same tran-
sit can be normalized by using Eqgs. (2) and (3). To evaluate the
differences between the approaches, we consider the expression

Z _ Uimm)/p+1
Yi filni -
For n; = p, Eq. (4) holds as a strict equality, i.e., both normal-
izations yield identical results. The inequality equates to true, if
p > n;and n; > f;. The first condition reflects that the local con-
tinuum estimate should not exceed the photospheric light-curve
level, and the second one says that the light-curve level is below
the local continuum. The second condition is naturally fulfilled
during a transit, and the first is also met as long as faculae do
not dominate over the dark spots during the transit. In the case
of CoRoT-2a, Lanza et al. (2009) find no evidence of a signif-
icant flux contribution due to faculae, so that we conclude that
the normalized transit obtained using Eq. (3) is always shallower
than that resulting from Eq. (2), unless n; = p, in which case the
outcomes are equal.

1. 4)
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3.2.1. Quantifying the normalization induced difference
in transit depth

We now study a single transit and consider data points cov-
ered by index set j, for which the term n; — f; reaches a max-
imal value of Ty at some index value j = 7. At this po-
sition, the normalization obtained from Eq. (3) is given by
zr = (fr —np)/p+1 = =Ty/p + 1, whereas Eq. (2) yields
yr = fr/nr = (ny — Ty)/nr. These values are now used to com-
pare the transit depths provided by the two normalizations. We
note that we assume that the normalized depth is maximal at
index T'; this is always true for Eq. (3), but not necessarily for
Eq. (2), a point that we assume to be a minor issue. We again
find that zr = yr if ny = p. If, however, the local continuum
estimate is given by nr = ap (a < 1), the results differ by

zr—yr=Top™ (a7 = 1) . 5)

Using the extreme values observed for CoRoT-2a (@ ~ 0.96 and
Ty ~ 0.03 x p), the right-hand side of Eq. (5) yields ~ 1.3 x 1073
for the difference in transit depth, caused exclusively by applying
two different normalization prescriptions.

3.2.2. Which normalization should be used?

For planetary research it is important to “clean” the transit light
curves of stellar activity before deriving the “undisturbed” pro-
file associated with the planet only. Since transit light curves nor-
malized using Eq. (3) are all scaled using the same factor, they
preserve their shape and depth (at least relative to each other)
and can, therefore, be combined consistently, which is not nec-
essarily the case when Eq. (2) is used. This does not mean that
the obtained transit depth is necessarily the “true” depth, because
Eq. (3) includes the photospheric brightness level, p, as a time-
independent scaling factor. At least in the context of the light-
curve analysis, p cannot be determined with certainty since the
star may not show an undisturbed surface during the observation,
which may actually never be shown.

A problem evident in CoRoT light-curve analyses is the exis-
tence of long-term instrumental gradients in the data (cf. Sect. 2).
By modeling these trends with a “sliding” response, Ry, of the
detector, so that the relation between “true” photometry, c;, and
observation, ¢, ;, is given by ¢;, = ¢; - Rq,, we find that Eq. (1)
yields

Ceorr,i = Ci * (Rd,iil) . (6)
Obviously, the true photometry is recovered when the embraced
term equates to one. However, the scaling of ¢ in Eq. (1) is ar-
bitrary, so that this is not necessarily the case. As long as ¢;,
however, appropriately represents the shape of Rg4;, the term pro-
vides a global scaling, which cancels out in both of the Egs. (2)
and (3).

For our transit analysis, we argue in favor of the normal-
ization along Eq. (3). We estimate the photospheric level from
the highest count rate during the most prominent global maxi-
mum (at JD ~ 2454 373.3) in each individual band. These es-
timates are based on the reduced light curves; in particular, we
have accounted for both the instrumental trend and the stellar
companion. Throughout our analysis, we use the values pyhiee =
703000, prea = 489 000, pgreen = 88 500, and ppue = 124 500 (in
units of e7/32s). Since even at that time, spots are likely to have
been present on the stellar disk, these estimates might represent
lower limits to the true value of p.
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Fig. 1. Transit equivalent width (TEW) versus transit continuum level
as well as the best-fit linear model.

3.3. Transit profiles in CoRoT-2a

The global light curve of CoRoT-2a shows pronounced maxima
and minima and a temporally variable amplitude of the global
modulation (Alonso et al. 2008). It is natural to expect the spot
coverage on the eclipsed section of the stellar surface to be
smallest where the global light curve is found at a high level,
and transit events occurring during those phases should, thus, be
least contaminated with the effects of stellar activity. The oppo-
site should be true for transits during low light-curve levels.

To quantify the impact of activity on the transit profile, we
define the transit equivalent width (TEW) of transit n

rew, = [ (1= s Y0 -z )

where #; and #;y must be chosen so that they enclose the en-
tire transit. Extending the integration boundaries beyond the true
extent of the transit does not change the expectation value of
Eq. (7), but only introduces an extra amount of error. The nomi-
nal unit of the TEW is time.

3.3.1. The relation between transit equivalent width
and global light-curve modulation

As outlined above, we expect activity to have greater impact
when the overall light-curve level is low. When this is true, it
should be reflected by a relation between the transit equivalent
width and the transit continuum level (the overall light-curve
level at transit time).

In Fig. 1, we show the distribution of TEWs as a function
of the local continuum level for all 79 transits observed with a
32 s sampling. There is a clear tendency for larger TEWSs to be
associated with higher continuum levels, thus, providing obvi-
ous evidence of activity-shaped transit light curves. In the same
figure, we also show the best-fit linear model relation, which has
a gradient of d(TEW)/d(CL) = (5 + 1.5) x 10™* s/(e"32 s).

To corroborate the reality of the above stated correlation, we
calculated the correlation coefficient, R. Its value of R = 0.642
confirms the visual impression of a large scatter in the distribu-
tion of data points (cf., Fig. 1). We estimate the statistical error
for a single data point to be ~0.1%, so that the scatter cannot be
explained by measurement errors. To check whether the contin-
uum level and the TEW are independent variables, we employ
a t-test and find the null hypothesis (independent quantities) to
be rejected with an error probability of 1.8 x 10717, so that the
correlation between the TEWs and the continuum level must be
regarded as highly significant.

As a cross-check of the interpretation of this finding, we also
investigated the distribution of TEWs against time, which shows
no such linear relation (R = 0.110). Therefore, we argue that the



1280

1.005

0.995 -
0.99 -

0985 - 3 ;

0.98 - \ -

Normalized flux

0.975

097

0.965

0.96 I I I

-0.06 0.06

Time [d]

Fig. 2. Average transit light curves obtained by combining the ten pro-
files exhibiting the highest (thick dashes) and lowest (thin dashes) con-
tinuum levels. The crosses indicate our lower envelope estimate and
the color gradient (red) illustrates the distribution of data points for all
available transits.

effect is not instrumental or caused by our data reduction, but
physical.

3.4. Comparing high and low continuum level transits

Since activity is evident in the profiles of the transit light curves,
we further investigate its effect by comparing the most and least
affected transit light curves. Therefore, we average the ten tran-
sits with the highest continuum levels (No. 3, 16, 42, 47, 50, 55,
68, 73, 76, and 81) and compare the result to an average of the
ten transits with the lowest continuum level (No. 15, 23, 35, 40,
43,69, 72,75, 77, and 80). In Fig. 2, we show the two averages
as well as our computed lower envelope (see Sect. 3.5) super-
imposed on the entire set of folded photometry data points. The
distribution of the entire set is denoted by a color gradient (red)
with stronger color indicating a stronger concentration of data
points. The curve obtained from the transits at a “low continuum
state” is clearly shallower, as was already indicated by the TEW
distribution presented in Fig. 1.

The difference in TEW amounts to ~15.5 s in this extreme
case. We checked the significance of this number with a Monte
Carlo approach. On the basis of 20 randomly chosen transits, we
constructed two averaged light curves using 10 transits for each
and calculated the difference in TEW. Among 1000 trials, we did
not find a single pair with a difference beyond 12 s, so that the
result is not likely to be caused by an accidental coincidence.

3.5. Obtaining a lower envelope to the transit profiles

As was demonstrated in the preceding section, activity shapes
the transit light curves, and we cannot exclude that every transit
is affected so that a priori no individual profile can be used as a
template representing the “undisturbed” light curve. The distor-
tion of the individual profiles is, however, not completely ran-
dom, but the sign of the induced deviation is known as long as
we assume that the dark structures dominate over bright faculae,
which seems justified for CoRoT-2a (Lanza et al. 2009). In this
case, activity always tends to raise the light-curve level and, thus,
decreases the transit depth. Therefore, the most suitable model of
the undisturbed profile can be estimated to be a lower envelope
to the observed transit profiles.
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We take a set of Ny transit observations and fold the asso-
ciated photometry at a single transit interval, providing us with
the set LCr,; of transit data points. If the lower envelope were
already among the set of observed transits, it would in principle
look like every other light curve. In particular, it shows the same
amount of intrinsic scattering (not including activity), character-
ized by the variance 0'(2).

We estimate the variance to be

1 N
Ry DLCr; -, ®)
J

where 1 is the (unknown) expectation value and N is the number
of data points. The aim of the following effort is to identify the
lowest conceivable curve sharing the same variance. To achieve
this, we divide the transit span into a number of subintervals,
each containing a subsample, s, of LC7. The distribution of data
points in s is now approximated by a “local model”, Im(y), with
a free normalization y; /m can for instance be a constant or a gra-
dient. Given /m, we adapt the normalization to solve the equation

'(zs@cs — Im(y))> - H(lm(y) - LCy) az)

> H(m(y) — LCs) of =0

(C))

where H denotes the Heaviside function (H(x) = 1 for x > 0, and
H(x) = 0 otherwise). In this way, we search for the local model
compatible with the known variance of the lower envelope. The
ratio on the left-hand side of Eq. (9) represents a variance esti-
mator exclusively based on data points below the local model.
It increases (strictly) monotonically except for the values of v,
where the local model “crosses” a data point and the denomi-
nator increases by one instantaneously. Therefore, there may be
more than one solution to Eq. (9). From the mathematical point
of view, all solutions are equivalent, but for a conservative esti-
mate of the lower envelope the largest one should be used.

In Fig. 2, we show the lower envelope, which is in far closer
agreement with the average of the high continuum transit pro-
files than with its low continuum counterpart. The derivation
of the lower envelope is based on Eq. (9). To obtain an esti-
mate of 0'3, we fitted a 500 s long span within the transit flanks
(3500 = 250 s from the transit center), where activity has little
effect, with a straight line and calculated the variance with re-
spect to this model. The resulting value (using normalized flux)
of 0'3 = 1.6 x 107® was adopted in the calculation. Furthermore,
we chose a bin width of 150 s, and the “local model” was defined
as aregression line within a =100 s time span around the bin cen-
ter. Additionally, we postulated that at least 8 (out of ~350) data
points per bin should be located below the envelope, which im-
proved the stability of the method to the effect of outliers but has
otherwise little impact.

3.6. Transit profiles in different color channels

CoRoT observes in three different bands termed “red”, “green”,
and “blue”. In the following, we present a qualitative analy-
sis of the transit profiles in the separate bands. In the case of
CoRoT-2a, approximately 70% of the flux is observed in the red
band, and the remaining 30% is more or less equally distributed
among the green and blue channels. To compare the profiles, we
average all available transits in each band individually and nor-
malize the results with respect to their TEW, i.e., after this step
they all have the same TEW. The resulting profiles represent the
curves that would be obtained if the stellar flux integrated along
the planetary path was the same in all bands.
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Fig. 3. Left panel: normalized transit in the three CoRoT bands red,
green, and blue obtained by averaging all available data. Upper right:
close-up of the transit center. Lower right: close-up of the ingress flank
of the transit.

In Fig. 3, we show the transit light curves normalized in this
way (TEW=1) obtained in the three bands.

The normalized transits show a difference in both their flank
profile and their depth. The blue and green transit profiles are
both narrower than the red one, and deeper at the center. This
behavior is most pronounced in the blue band, so that the green
transit light curve virtually always lies in-between the curves ob-
tained in red and blue.

The behavior described above can be explained by a color-
dependent limb darkening law, with stronger limb darkening at
shorter wavelengths as predicted by atmospheric models (Claret
2004) and observed on the Sun (Pierce & Slaughter 1977). We
checked that analytical transit models (P4l 2008) generated for
a set of limb darkening coefficients, indeed, reproduce the ob-
served behavior when normalized with respect to their TEW.

Normalizing the averaged transits not with respect to TEW
but using Eq. (3) yields approximately the same depth in all
bands, while the difference in the flanks becomes more pro-
nounced. The reason for this could be an incorrect relative nor-
malization, which can e.g., occur if the eclipsed section of the
star is (on average) redder than the remainder of the surface be-
cause of pronounced activity or gravity darkening, or it may be a
relic of an inappropriate treatment of the companion’s flux con-
tribution. Whatever the explanation, it is clear from Fig. 3 that
the flanks and centers in the individual bands cannot be recon-
ciled simultaneously by a renormalization. Therefore, our anal-
ysis shows that the transit light curves are color dependent.

4. Stellar activity and planetary parameters

The preceding discussion shows that stellar activity has a consid-
erable influence on the profile of the transit light curves, and the
derivation of the planetary parameters will therefore also be af-
fected. We now determine the radius and the orbit inclination of
CoRoT-2b taking activity into account, and discuss the remain-
ing uncertainties in the modeling.

4.1. Deriving the planetary radius and inclination
from the lower envelope profile

In the analysis presented by Alonso et al. (2008), the fit to the
planetary parameters is based on the average of 78 transit light
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Fig. 4. Lower envelope of all normalized transit light curves (already
shown in Fig. 2) and our model fit.

curves (see Table 1 for an excerpt of their results). While this
yields a good approximation, the results still include a contri-
bution of stellar activity, and an undisturbed transit is needed to
calculate “clean” planetary parameters.

We follow a simplified approach to estimate the impact of
activity on the planetary parameters. In particular, we use the
lower envelope derived in Sect. 3.4 as the most suitable avail-
able model for the undisturbed transit. Starting from the results
reported by Alonso et al. (2008), we reiterate the fit of the plane-
tary parameters. In our approach, we fix the parameters of transit
timing, i.e., the semi-major axis and stellar radius, and the limb
darkening coefficients at the values given by Alonso et al. (2008)
(cf. Table 1). The two free parameters are the planetary radius
and its inclination.

We note that limb darkening coefficients recovered by light
curve analyses are not reliable, especially when more than one
coefficient is fitted (e.g., Winn 2009). However, since an accu-
rate calibration of the CoRoT color bands is not yet available
and the coefficients determined by Alonso et al. (2008) roughly
correspond to numbers predicted by stellar atmosphere models',
we decided to use the Alonso et al. values, which also simplifies
the comparison of the results.

For the fit, we use the analytical models given by Pl (2008)
in combination with a Nelder-Mead simplex algorithm (e.g.,
Press et al. 1992).

The result of our modeling is illustrated in Fig. 4. The most
probable radius ratio is Ry/Rs = 0.172 + 0.001 at an inclina-
tion of 87.7° = 0.2°. The quoted errors are statistical errors and
only valid in the context of the model. These numbers should
be compared with the values R,/R; = 0.1667 + 0.0006 and
87.84° £ 0.1° (cf., Table 1) derived without taking activity ef-
fects into account. The best-fit model inclination is compatible
with the value determined by Alonso et al. (2008), but “our”
planet is larger by ~3%. The planet’s size depends mainly on
the transit depth, which is, indeed, affected at about this level by
both normalization (Sect. 3.2.1) and stellar activity (Sect. 3.4).

Clearly, the derived change in R, /R, of 0.005 is much larger
than the statistical error obtained from light-curve fitting, and,
therefore, the neglect of activity leads to systematic errors in ex-
cess of statistical errors. While the overall effect in planet radius
is 3%, the error in density becomes ~10%. These errors are
certainly tolerable for modeling planetary mass-radius relation-
ships, but they are unacceptable for precision measurements of
possible orbit changes in these systems.

! For Ter = 5600 K and log(g) = 4.5, the PHOENIX models given by
Claret (2004) yield quadratic limb darkening coefficients of u, = 0.46
and u, = 0.25 in the Sloan-r" band.



1282

4.1.1. Planetary parameters and photospheric level

As already indicated the normalization according to Eq. (3) re-
lies on a “photospheric light-curve level”, p, which enters as a
global scaling factor and, therefore, also impedes the constraint
of the planet’s properties.

In a simple case, the star appears as a sphere with a purely
photospheric surface, and the observed transit depth, fy, can be
identified with the square of the ratio of the planetary to the stel-
lar radius

2
fe max(n; — fi) _ (&) L. (10)
P R,
where Lq is a correction factor that accounts for limb darkening.
However, when the observed star is active and the light curve
is variable, there is no guarantee that the maximum point in the
observed photometry is an appropriate representation of the pho-
tospheric stellar luminosity. Persistent inhomogeneities, such as
polar spots and long-lived spot contributions, modulate the light
curve, so that the pure photosphere might only be visible any-

time the star is not observed or possibly never.

Assume our estimate, p, of the photospheric level under-
estimates the true value, p, by a factor of 0 < ¢ < 1 so that
Pm = p-cand f.; denotes the lower envelope transit light curve.
The measured transit depth, f,, then becomes

M_(&)ZE

fm = P R. c

(1)
and another scaling factor must be applied to the radius ratio.
While pp, is a measured quantity, ¢ is unknown, and if we ne-
glect it in the physical interpretation, i.e., the right-hand side of
Eq. (11), the ratio of planetary to stellar radius will be overesti-
mated by a factor of 1/ 4/c.

The value of ¢ cannot be quantified in the context of this
work; only an estimate can be provided. Doppler imaging stud-
ies have found that polar spots are common and persistent struc-
tures in young, active stars (e.g., Huber et al. 2009). Assuming
that polar spots also exist on Corot-2a and that they reach to a lat-
itude of 70°, they occupy roughly 2% of the visible stellar disk.
Adopting a spot contrast of 50%, ¢ becomes 0.99 in this case,
and the planet size would be overestimated by 0.5%. Since the
poles of CoRoT-2a are seen under a large viewing angle, their
impact would, thus, be appreciably smaller than the amplitude
of the global brightness modulation (ca. 4%). Nonetheless, in
terms of sign, this effect counteracts the transit depth decrease
caused by activity, and if the polar spots are larger or symmetric
structures at lower latitudes contribute, it may even balance it.

5. Discussion and conclusion

Stellar activity is clearly seen in the CoRoT measured transit
light curves of CoRoT-2a, and an appropriate normalization is
necessary to derive the true transit light curve profile accurately.

The transit profiles observed in CoRoT-2a are affected by
activity, as is obvious in many transits where active regions
cause distinct “bumps” in the light curve (e.g., Wolter et al.
2009). Furthermore, our analysis indicates that not only profiles
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with bumps but presumably all transit profiles are influenced by
stellar activity. This is evident in the relationship between the
transit equivalent width and the level of the global light curve:
transits observed during periods where the star appears relatively
bright are deeper than those observed during faint phases. We
demonstrated that this correlation is extremely significant, but
also that the data points show a large scatter around an assumed
linear model relation. If the star were to modulate its surface
brightness globally and homogeneously, this relation would be
perfectly linear except for measurement errors. Therefore, we
interpret the observed scatter as a consequence of surface evolu-
tion. When the global light curve is minimal, we also find more
spots on the eclipsed portion of the surface, but only on average,
and for an individual transit, this may not be the case. Thus, the
surface configuration is clearly not the same for every minimum
observed.

In addition, we demonstrated that the transit profiles exhibit a
color dependence compatible with a color-dependent limb dark-
ening law as expected from stellar atmospheric models and the
analogy with the solar case.

All these influences can potentially interfere with the deter-
mination of the planetary parameters. Using our lower (white
light) transit envelope, we determined new values for the planet-
to-star radius ratio and the orbital inclination. While the latter
remains compatible with previously reported results, the planet
radius turns out to be larger (compared to the star) by about 3%.
Although our approach takes into account many activity-related
effects, a number of uncertainties remain. For example, the pho-
tospheric light curve level needed for transit normalization can-
not be determined with certainty from our analysis and the same
applies to the limb darkening law. We are therefore more certain
than for the planetary parameters themselves, in our conclusion
that the errors in their determination are much larger than the
statistical ones.

While CoRoT-2a is certainly an extreme example of an ac-
tive star, stellar activity is a common phenomenon especially on
young stars. Therefore, in general, stellar activity cannot be ne-
glected in planetary research, if the accuracy of the results should
exceed the percent level.
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ABSTRACT

We analyze the surface structure of the planet host star CoRoT-2a using a consistent model for both the “global” (i.e., rotationally
modulated) lightcurve and the transit lightcurves, using data provided by the CoRoT mission. After selecting a time interval covering
two stellar rotations and six transits of the planetary companion CoRoT-2b, we have adopted a “strip” model of the surface to reproduce
the photometric modulation inside and outside the transits simultaneously. Our reconstructions show that it is possible to achieve
appropriate fits for the entire subinterval using a low-resolution surface model with 36 strips. The surface reconstructions indicate that
the brightness on the eclipsed section of the stellar surface is (6 + 1)% lower than the average brightness of the remaining surface.
This result suggests a concentration of stellar activity in a band around the stellar equator similar to the behavior observed on the Sun.

Key words. techniques: photometric — stars: activity — planetary systems — starspots — stars: individual: CoRoT-2a

1. Introduction

Astronomers have long been interested in the surface structure
of active stars and their evolution; yet, the surfaces of stars
other than the Sun can hardly be resolved directly, so that in-
direct techniques must be used to obtain an image of the sur-
face. One such technique is Doppler imaging (Vogt & Penrod
1983), which requires a dense series of high-resolution spectra
and stellar rotation velocities of vsin (i) = 20 kms™! (compared
to veq ~ 2 kms™! for the Sun). Alternatively, lightcurves also
yield information on stellar surface structures and can usually be
obtained at low observational cost. However, photometry pro-
vides less information and the problem of lightcurve inversion is
known to be notoriously ill-posed.

Since the launch of CoRoT in 2006, an increasing amount
of high-quality space-based photometry has become available.
Without the limitations the atmosphere and the day-night cycle
impose on ground-based observatories, CoRoT is able to provide
photometry with unprecedented temporal coverage and cadence,
which is enormously interesting in the context of stellar activity
and surface reconstruction.

In the course of the CoRoT planet-hunting project, the giant
planet CoRoT-2b (Alonso et al. 2008) was detected. The host
star of this planet, CoRoT-2a, is solar-like in mass and radius,
but rotates approximately four times faster than the Sun and is
considerably more active. The planet orbits its host star approx-
imately three times per stellar rotation and, during its passage
across the stellar disk, acts as a shutter scanning the surface of
the star along a well-defined latitudinal band. Because the “lo-
cal” surface structure is imprinted on the transit profiles (Wolter
et al. 2009; Czesla et al. 2009), they can be used to partially re-
solve the ambiguity of the lightcurve inversion problem.

While Lanza et al. (2009) used the “global” lightcurve of
the host star to reconstruct its surface inhomogeneities, without

considering the transits, Wolter et al. (2009) concentrated on a
single transit lightcurve to reconstruct a fraction of the surface,
neglecting the “global” lightcurve. In this work, we combine and
refine these approaches to present a reconstruction that simul-
taneously describes both the overall lightcurve and the transits
during two stellar rotations.

2. Observations and data reduction

Alonso et al. (2008) discovered the planet CoRoT-2b using pho-
tometric data provided by the CoRoT mission (for a detailed de-
scription, see Auvergne et al. 2009). The planet was detected
in the field observed during the first long run carried out be-
tween May 16 and Oct. 15, 2007. The default sampling rate of
CoRoT photometry is 1/512 s~'. The CoRoT-2 lightcurve was
observed at this rate only for the first five days, after which the
transits were detected and the satellite switched to alarm mode,
continuing to take data every 32 s. The light collected by the
CoRoT telescope is dispersed using a prism and recorded by a
CCD chip. Individual sources are separated by a photometric
mask, which also defines three broadband channels (nominally
red, green, and blue). Currently, there is no appropriate calibra-
tion available for these channels, so that it is unfeasible to use the
color information in this work. The signal obtained by summing
up the individual channels, often referred to as “white light”,
corresponds to an optical measurement with a filter transmis-
sion maximum in the red wavelength region (Auvergne et al.
2009). Accordingly, Lanza et al. (2009) assume an isophotal
wavelength of 700 nm for their passband. The CoRoT data un-
dergo a standard pipeline processing, during which data points
are flagged that are significantly affected by known events, as for
example the South Atlantic Anomaly (SAA), so that they can be
removed from the lightcurve.

Article published by EDP Sciences
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Table 1. Stellar/planetary parameters of CoRoT-2a/b.

Star? Value + Error Ref.?
Py (4.522 + 0.024)d L09
P 4.57d

Spectral type G7V BO8
Planet® Value + Error Ref.
P, (1.7429964 + 0.0000017) d A08
T. [BJD] (2454 237.53362 + 0.00014)d  A08
i (87.7 £ 0.2)° C09
R, /R (0.172 + 0.001) C09
a/Ry (6.70 + 0.03) A08
Uy, Up (0.41 £0.03), (0.06 +0.03) A08

¢ Py — stellar rotation period, P; — stellar rotation period used for the
observation interval analyzed in this paper (see Sect. 3.4). ” Taken from
Lanza et al. (2009) [L09], Alonso et al. (2008) [A08], Bouchy et al.
(2008) [BO8], or Czesla et al. (2009) [C09]. © P, — orbital period, T, —
central time of first transit, i — orbital inclination, R, R, — planetary and
stellar radii, a — semi major axis of planetary orbit, u,, u, — linear and
quadratic limb darkening coefficients.

The host star CoRoT-2 has a spectral type of G7V with an
optical companion at a distance of approximately 4.3 (2MASS,
Skrutskie et al. 2006), too close to be resolved by CoRoT.
According to Alonso et al. (2008) the secondary contributes a
constant fraction of (5.6 + 0.3)% to the total CoRoT-measured
flux. In Table 1 we list the system parameters of CoRoT-2a/b,
which are used throughout our analysis. CoRoT-2b’s orbital
period of ~1.74 days is about a third of CoRoT-2a’s rotation
period; hence, the almost continuous CoRoT data sample of
142 days covers about 30 stellar rotations and more than 80 tran-
sits. The lightcurve shows signatures of strong stellar activity
and substantial rotational modulation (Lanza et al. 2009). We
use the same CoRoT raw data reduction procedures as described
in Czesla et al. (2009, Sect. 2).

3. Analysis
3.1. Modeling approach

The measurements of the Rossiter-McLaughlin effect by Bouchy
et al. (2008) suggest that the rotation axis of the host star
and the planet’s orbit normal are approximately co-aligned
(A4 = 7.4 + 4.5°). The sign A represents the misalignment an-
gle projected on the plane of the sky, and its value strongly
favors aligned orbital and rotational axes, even though it
does not prove it. More support for a co-aligned geometry
comes from the following argument. Comparing the measured
vsin(i) = 11.85kms™! with a calculated equatorial velocity of
Veq = 27Rs/Ps ~ 10 kms™! derived with the theoretically ob-
tained value Ry = 0.9 - Ry (Alonso et al. 2008) also favors
sin(i) ~ 1.

As aresult, the planet always eclipses the same low-latitude
band between 6 and 26 degrees. The transits separate the stellar
surface into two observationally distinct regions, i.e., a region
eclipsed by CoRoT-2b and another region that is not. In the case
of CoRoT-2a, the eclipsed section covers ~21% of the stellar
disk corresponding to ~17.3% of its surface. The time-resolved
planet migration across the visible stellar disk sequentially cov-
ers and uncovers surface fractions, so that the brightness pro-
file of the underlying stellar surface is imprinted on the transit
lightcurve.
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Fig.1. Our model geometry using 12 longitudinal strips for the
noneclipsed and 24 strips for the eclipsed section, respectively.

For our modeling, we separate the surface into the eclipsed
and the noneclipsed section, which are both further subdivided
into equally sized, longitudinal bins or “strips” as demonstrated
in Fig. 1. Let N, be the number of bins in the eclipsed section
and N, be the number of noneclipsed strips. As is apparent from
Fig. 1, N. and N, need not be the same. Altogether, we have
Nt = Ne + N, bins enumerated by some index j. A bright-
ness b; is assigned to each of these surface bins, with which it
contributes to the total (surface) flux of the star. Then let V;;
denote the visibility of the jth bin at time ;. The visibility is
modified in response to both a change in the viewing geome-
try caused by the stellar rotation and a transit of the planet. The
modeled flux fioq, at time #; is then given by the expression

Niot

Smod,i = Z Viib;. (1)
Jj=1

We determine the unknown brightnesses, b, by comparing finod,i
to a set of Mc CoRoT flux measurements using a specifically
weighted version of the y?-statistics:

2 icl (fmod,i _2fobs,i)2 .

Xm =
o

Wi, (€5

i=1

where y2, differs from y? by a weighting factor, w;, which we
choose to be 10 for lightcurve points in transits and 1 otherwise.
In this way, the global lightcurve and the transits are given about
the same priority in the minimization process. Error bars for the
individual photometric measurements were estimated from the
datapoint distribution in the lightcurve, and the same value of
o =1000e7/32s (= 1.4 x 1073 after lightcurve normalization)
was used for all points.

In our modeling we currently exclude surface structures
with a limb-angle dependent contrast. This particularly refers
to solar-like faculae, for which Lanza et al. (2009) find no ev-
idence in their analysis. The planet CoRoT-2b is modeled as a
dark sphere without any thermal or reflected emission. This ap-
proximation is justified by the findings of Alonso et al. (2009),
who report a detection of the secondary transit with a depth of
(0.006 + 0.002)%, which is negligible in our analysis.

The actual fit is carried out using a (nongradient)
Nelder-Mead simplex algorithm (e.g. Press et al. 1992). All
strips are mutually independent, and as we define only a rather
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coarse strip subdivision for the noneclipsed section of the sur-
face and since the eclipsed section is thoroughly covered by the
transits, no further regularization is necessary.

3.2. Fit parameter space — parametrization, restrictions,
and interpretation

Our fit space has a total of Ny = N+ N, dimensions, and the as-
sociated parameters are the brightnesses, b - x,,. The most ob-
vious choice of fit parameters are the brightnesses themselves.
Nevertheless, using a slightly different definition in our algo-
rithm provides some advantages. Instead of using the brightness
of the global strips in our fits, we replace them with a weighted
sum of the brightnesses of the eclipsed and the noneclipsed
strips covering the same longitudes. This quantity z is a mea-
sure of the total flux emitted from all strips enclosed within a
certain longitude range and, therefore, represents the level of
the global lightcurve independent of how the brightness is dis-
tributed among the individual strips contributing to the sum.
Without any transit observations, the distribution of flux among
the individual contributors could hardly be restricted further, be-
cause latitudinal information could not be recovered. Thus, we
use the tuple (bj=1. n,, 2=1..n,) for our reconstructions, where z
is defined by

§<qo+q
=b + — by. 3
2 = byw + — Z 3)

$=qo

In Eq. (3), by, .+ denotes the brightness of the kth global strip,
q is defined by N./N, (the factor by which the eclipsed section
is oversampled compared to the noneclipsed section), the index
range go < § < qo + g enumerates all eclipsed strips covering
the same longitudes as the global strip referred to by by, .k, and
¢ is a scaling factor accounting for the size difference between
the eclipsed and the noneclipsed sections.

The practical advantage of using z instead of the brightness
values themselves lies in the parameter interdependence. If we
assume a fit algorithm adjusts the structure of a transit lightcurve
using the eclipsed strips, every modification of their brightness
causes a modification of the global lightcurve level, which might
possibly be compensated by an appropriate adjustment of the
global strip’s brightness. Such an adjustment is inherent in the
definition of z, so that b;—;_y, and z;=;._n, become largely inde-
pendent quantities. In our fits we use ¢ = 5, which roughly cor-
responds to the ratio of disk area covered by global and eclipsed
Strips.

To normalize the observed CoRoT-2a lightcurve, we divided
all measurements by the highest flux value in our lightcurve so
that 0 < (normalizedflux) < 1. The matrix Vj; in Eq. (1) is nor-
malized according to

Nl()l
Z V; = 1forall i,
=1

which yields funo; = 1 for b; = 1, ie., a constant model
lightcurve at level 1. In a first, tentative interpretation, a surface
element with the brightness 1 corresponds to a photospheric el-
ement free of any spots. Nonetheless, this is only correct as long
as we assume that the largest observed flux in the lightcurve in-
deed represents the “spot-cleaned” photospheric luminosity. As
CoRoT-2a is, however, a very active star, it seems probable that
polar spots persist on its surface. Moreover, it seems likely that
lower latitude structures cover a fraction of the stellar surface
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even if the lightcurve is at maximum. For this reason, individ-
ual surface elements (strips) may be brighter than the “average
surface” during the maximum observed flux. While such infor-
mation could not be recovered if no transits were observed, in-
dividual surface regions eclipsed by the planet can conceivably
be brighter than the “global” photosphere seen during lightcurve
maximum. Therefore, we do not exclude strips with brightness
values above 1 in our fits; i.e., we do not fix the photospheric
brightness. This results in brightnesses above 1 for individual
strips (e.g. Fig. 5). The only parameter space restriction applied
during our fits is that the brightness must be positive.

3.3. Which part of the lightcurve should be used?

To derive a meaningful model, we need to select a time span,
which is both long enough to provide an appropriate cov-
erage of the surface, and short enough to minimize the ef-
fects of surface evolution. The latter, while doubtlessly present,
appears slow compared to the stellar rotation period. Lanza
et al. (2009) give typical lifetimes of 55 d (=12 rotations)
for active regions and 20-30 d for some individual spots. In
our analysis, we use the time span ranging from phase 1.85
through 3.85 (BJD =2454245.988 to BJD =2454255.128,
BJD = Barycentric Julian Date), which covers 6 transits and
shows only small variations in the global lightcurve. The data
are re-binned using a binsize of 128 s for the transit covered
periods and 2016 s for the remaining lightcurve.

Our binning approach has to take into account interruptions
of the lightcurve due to data drop outs (for instance caused by
the South Atlantic Anomaly) and, of course, has to account for
the change in bin size when a transit period begins or ends.
Moreover, the CoRoT-2 lightcurve is sampled at two different
rates (1/512 s7! and 1/32 s1), which does not, however, cause
any problem during the time span under consideration here. To
obtain the binned curve, we averaged all flux values comprised
of a bin and place the resulting value at the barycenter of the
contributing time stamps. To compute the error, we divided the
standard deviation for individual points by the square root of the
number of averaged points. With this approach we (typically)
obtain an error of 7 x 107 for in-transit points and 1.8 x 10 for
out-of-transit points.

In Fig. 2 we demonstrate the coverage of the eclipsed surface
section by these 6 transits within the selected phase interval. A
single rotation phase including three transits only provides a very
inhomogeneous “scan” of the eclipsed surface because of limb
darkening, projection geometry, and the distribution of transit
intervals (cf. Fig. 2). As a transit occurs every ~0.4 stellar rota-
tions, a homogeneous coverage of one full rotation is achieved
using five transits. Nonetheless, we decided to use an integer
number of stellar rotations and used six transits with the last one
showing virtually the same part of the eclipsed surface as the
first.

3.4. Surface evolution, rotation period, and model limits

Although the lightcurve of CoRoT-2a shows remarkably peri-
odic minima and maxima, the rotation period of the star is not
known exactly. Using a Lomb-Scargle periodogram, Lanza et al.
(2009) find a rotation period of (4.52 + 0.14) d for the star,
which is further refined in the course of their surface model-
ing. Assuming that the longitudinal migration of the active lon-
gitudes should be minimal, Lanza et al. pin down the stellar rota-
tion period to 4.5221 d. While this rotation period minimizes the
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Fig. 2. Visibility of the eclipsed stellar surface during the transits in the
selected observation interval. Low visibility means that a stellar feature
at the corresponding longitude has a low impact on the transit profiles.

migration of the active longitudes, it results in individual spots
showing a retrograde migration with an apparent angular veloc-
ity =1.3% lower than the stellar rotation.

For our modeling we determine an “effective” period, repre-
senting the rotation period of the dominating surface features
we are mainly interested in. We use the selected part of the
lightcurve, remove the transits, and fold the remaining lightcurve
back at a number of periods between 4.4 d and 4.7 d. The best
match is obtained using a period of 4.57 d, which also results in
the best fits of our models, so we use it throughout our analy-
sis. This period also agrees with the values given by Lanza et al.
(2009) assuming a rotation period of 4.5221 d and a mean retro-
grade migration “slowing down” the spots by 1.06%; however,
changes in the rotation period on this scale do not result in sig-
nificantly different surface reconstructions.

Even though we identified a lightcurve interval with rela-
tively weak surface evolution, and refined the rotation period to
account for some evolutionary effects, there is still a remaining
modulation. This modulation imposes a fundamental limit on the
fit quality that can be achieved by adopting a static model to the
lightcurve, because both stellar rotations have to be described
by the same model. To estimate this limit, again for the global
lightcurve alone, we estimated the quantity

“

1 s (f(p) = f(pi + 1L.O)\
2\ ~
&= N Z( 20 ~14.2.

i=1

Here, f(p;) is the normalized flux in the ith phase bin, f(p;+1.0)
is the flux measured at the same phase during the next stellar ro-
tation, and the sum stretches over all phases pertaining to the
first rotation. The flux f(p; + 1.0) was obtained by interpolation,
because the phase sampling is not exactly the same in both ro-
tations. Since o; ~ o, the best conceivable common model with
respect to y? at phase point p; is given by (f(p;) + f(pi +1.0))/2,
so that the sum in Eq. (4) estimates the y? contributions in-
duced by surface evolution for each point. If there was no sur-
face evolution, the expression in Eq. (4) would equate to 0.5,
because statistical errors are, of course, still present. Therefore,
a limit of y?> ~ 14.2 per (global) lightcurve point will not be
overcome by any static model. Equivalently, the expectation
value, (Af/2), for the flux deviation from the best model equals
(AF12) = {(f(pi) — f(pi + 1.0))/2) = 5.6 x 107 and cannot be
surpassed.

3.5. Model resolution

The parameters N, and N, specify the model resolution of the
eclipsed and noneclipsed sections. An appropriate choice of
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these parameters balances fit quality and model ambiguity; this
way the largest possible amount of information can be extracted.

To find the optimal value for the number of noneclipsed
strips, we carry out fits to only the global lightcurve using an in-
creasing number of global strips. Starting with only 4 strips, we
find the reduced y* value, y&, to decrease rapidly until 8 strips
are used. From this point, X}Z{ only responds weakly to an in-
crease in the strip number, but still decreases. Using 12 strips,
we find )(ZR = 16. With an estimated “socket” contribution of
~14.4 provided by surface evolution, we attribute a fraction of
,\(ZR ~ 1.6 to statistical noise. This fraction decreases to ~1 if we
use 30 strips, in which case we obtain a longitudinal resolution
of 12°, comparable to what is achieved by Lanza et al. (2009).
According to our test runs, we obtain reasonably stable results
using 12 strips. As the stability of the solutions decreases for
larger strip numbers, while X2R only slightly improves, we argue
in favor of using 12 global strips in our modeling, to extract the
largest possible amount of physically relevant results.

The resolution used on the eclipsed surface band is de-
termined according to the following considerations. The ex-
tent of the planetary disk at the center of the stellar disk is
about 20°x20°. All stellar surface elements simultaneously
(un)covered by the planet’s disk are equivalent in our lightcurve
modeling. Individual features can, thus, be located (or smeared
out) along the edge of the planetary disk to provide the same
effect in the lightcurve. This edge stretches across 10° in lon-
gitude (only the “forward” part) and 20° in latitude, which de-
fines a fundamental limit for the resolution. Assuming a partic-
ular shape for the features, decreases the degree of ambiguity as
was for example shown by Wolter et al. (2009).

A meaningful structure in the transit profile should comprise
at least 3 consecutive lightcurve bins corresponding to about
360 s or ~6° of planet movement across the center of the stel-
lar disk. The extent of individual strips should, therefore, not fall
below this limit, but be even larger.

Combining these arguments with the results of our test runs,
we decided to use 24 strips on the eclipsed section, so that a
longitudinal resolution of 15° is achieved. With this choice, a
single strip on the eclipsed band appears about the same size
(face-on) as the planetary disk. Additionally, we note that this
approximately corresponds to the resolution used by Lanza et al.
(2009) in their maximum entropy reconstructions.

3.6. Results of the modeling

In our analysis, we achieve a longitudinal resolution of #15° on
the eclipsed section making up ~17% of the stellar surface and
30° for the rest.

In Figs. 3 and 4 we present the results of our modeling.
Figure 3 shows the entire subsample of CoRoT data points used
in our modeling, along with our lightcurve model in the up-
per panel. In the lower panel we show the model residuals (see
Sect. 3 for the definition of the error). Obviously, the data are
matched well; however, there are systematic offsets between the
observation and the model. In particular, the model tends to over-
estimate the observations during the first half of the time span,
whereas it underpredicts it in the second half. This effect is re-
lated to surface evolution already detectable on timescales below
the rotation period (Lanza et al. 2009, also see Sect. 3.4). Within
the transits the residuals remain small compared to the rest of
the lightcurve. This must be regarded a consequence of both the
smaller bin size of 128 s used here and the twice better reso-
lution of the model on the eclipsed section. During the fit the
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Fig.3. Upper panel: CoRoT data for rotational phases 1.85 to 3.85
(2016 s binning for the global lightcurve and 128 s for the transits, red
symbols) and our model lightcurve (dashed blue curve). Lower panel:
residuals of our model.

transit residuals are “overweighted” by a factor of ten to avoid
them to be prevailed by the much larger global residuals.
Although, the deviations can be as large as 10c-, the mean de-
viation of the global lightcurve from the model amounts to
620 x 107 not far from the theoretical limit of 560 x 107 (cf.
Sect. 3.4).

The lightcurve presented in Fig. 3 contains six transits (la-
beled “T1 — 6”). The associated transit lightcurves are shown in
detail with our models in Fig. 4. Each individual panel shows
the same transit twice: the lower curve represents a transit recon-
struction from the full data sample (phases 1.85-3.85), and the
upper curve denotes a reconstruction from only the first (7'1-3)
or second (74—6) half of the sample data (shifted up by 0.03).
The dotted lines show the transits as we would observe them
without any activity on the eclipsed section of the surface, where
we assume a brightness of 1 for the underlying photosphere.

The transit reconstructions obtained from half of the sam-
ple data reproduce the transit substructure very accurately. The
resulting surface reconstructions are, however, unreliable where
the surface is insufficiently covered (cf. Fig. 2, around longitudes
of 180° and 320°). Interestingly, those reconstructions based on
data from two rotation phases also recover most of the transit
substructure and are by no means off the mark. When both rota-
tion periods are used, y? typically increases by 10-20%, a dif-
ference hardly visible in Fig. 4. As an exception, the fit quality
of the third transit (T3) decreases dramatically, with y? increas-
ing by a factor of ~2.5. This is, however, mainly a consequence
of the observed surface evolution shifting the continuum level.
The overall stability of the fit quality indicates that lifetimes of
surface features are a few stellar rotations, which agrees with the
results of Lanza et al. (2009).

In Fig. 5 (lower and middle panels) we present the strip
brightness distribution pertaining to the lightcurve model shown
in Figs. 3 and 4, i.e., a 1D-reconstruction of the surface. We
estimated mean and errors by recording the distribution of the
parameter values obtained from 50 reconstructions with ran-
domized starting points, and the respective distributions are in-
dicated by the color gradients in Fig. 5. The error bars corre-
spond to the associated standard deviations. They reflect the abil-
ity of the fitting algorithm to converge to a unique extremum,
which is determined by both the characteristics of the algorithm
and the structure of the fit statistics. Investigating the brightness
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Fig.4. Close-up of the six individual transits (128 s binning).
Observations are drawn as red points (including 1o errors). The up-
per curve (black) in each panel shows the fit obtained from 1 rotation
(phases 1.85 to 2.85 for 71-3 and 2.85 to 3.85 for 74-6); the lower
curve (blue) gives the fit obtained by modeling both rotations (as seen
in Fig. 3). The dashed lines show the undisturbed transit profile for
comparison.

distribution of the noneclipsed strips, we notice a slight degen-
eracy in some of the 12 noneclipsed strips; i.e., a fraction of the
brightness may be redistributed without considerable loss of fit
quality. The averaging of the 50 reconstructions flattens out such
features, thus acting like a regularization of the brightness distri-
bution. No such effect is observed for the eclipsed strips.

We compared our results to the reconstructions given by
Lanza et al. (2009, their Fig. 4) and find our longitude scale to
be shifted by ~70° with respect to the Lanza et al. scale. Our re-
constructions show the same bright band at a longitude of ~260°
(330° in our work). Tentatively averaging over an appropriate
“time band” in their Fig. 4, we also find qualitative agreement
for the remaining spot distribution.

Clearly, the flux fraction contributed by the eclipsed strips
is less than that of the noneclipsed strips, because the area they
cover is smaller by a factor of five. In the upper panel of Fig. 5
we show the lightcurve model contributions provided by the
eclipsed and the noneclipsed section with their sum making up
the model for the CoRoT data, which is also shown. The median
flux level was subtracted from all curves to emphasize the mod-
ulation amplitude in favor of flux level. Obviously, the modula-
tion amplitudes induced by the eclipsed and noneclipsed section
balance approximately. This indicates that their influence on the
stellar variability is about the same despite their large difference
in size.
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Fig. 5. Upper panel: the CoRoT data (red symbols) and the flux mod-
ulation contributed in our model by the eclipsed (blue curve) and
noneclipsed section (dotted gray curve) individually. All curves are
median-subtracted. Middle and lower panels: Brightness distribution of
the strips located on the eclipsed and noneclipsed sections of the sur-
face. The color gradient renders the distribution obtained from 50 re-
constructions with randomized starting points.

A visualization of our best-fit surface reconstruction is pre-
sented in Fig. 6, showing a Hammer projection of the associated
distribution of surface brightnesses. The planet-defined low-
latitude band shows especially dark features, e.g. in the range
of 200° to 300° in longitude, and is clearly visible. Also the
noneclipsed sections of the star show significant variations. Note
that our map only shows the average brightness of these regions;
since the noneclipsed regions are larger by area, they contribute
more flux; however, the “missing” flux in these regions is likely
to also be concentrated in spots. In the following section we ad-
dress the issue of the flux contribution from the eclipsed and
noneclipsed sections.

3.6.1. Brightness distribution and spot coverage

Without a very precise absolute flux calibration (as e.g. in Jeffers
et al. 2006), lightcurve analyses can usually only investigate the
inhomogeneous part of the entire spot coverage. This statement
is, however, partially invalidated by a transiting planet because
it breaks the symmetry of the problem. Spots eclipsed by the
planetary disk distort the transit profiles regardless of whether
they belong to a structure that appears symmetric on a global
scale or not.

As an example, assume that half the eclipsed section of
CoRoT-2a, say longitudes 0—180°, is spotted, while the other
half is covered by an undisturbed photosphere. Clearly, the tran-
sits will be shallower when the planet eclipses the dark portion
of the star, and they will be deeper when the bright section is
eclipsed. Also, the lightcurve will be distorted. Assume as well
that a comparable section between longitudes 180—-360° is dark
on the opposite hemisphere of the star outside the eclipsed band.
In this case the global spot configuration is perfectly symmet-
ric with respect to longitude and the global lightcurve does not
show any trace of activity. Nevertheless, the transits will still be
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Fig. 6. Surface map of CoRoT-2a showing the reconstructed brightness
distribution. Spots located on the noneclipsed surface are blurred over
the entire reconstruction strip because of their unknown latitude result-
ing in the lower contrast compared to the eclipsed section.
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Fig.7. Ratio of the surface brightness in the eclipsed (B, ) and
noneclipsed (Bpon-ccl.) S€ctions.

shallower when the planet eclipses the dark band, and they will
still be deeper when the bright surface is eclipsed.

If the spots were distributed symmetrically across the stel-
lar surface, we would expect the stellar surface to be homoge-
neously bright. In Fig. 7 we show the brightness ratio of eclipsed
and noneclipsed sections as a function of longitude. Since there
are more eclipsed than noneclipsed strips, we always compare
strips covering the same longitude. Only in two cases is the
eclipsed section brighter than its noneclipsed counterpart, while
in 22 cases it is not.

The mean ratio is 0.94 + 0.01 so that the part of the star
passingly covered by the planet is found to be 6% darker than
the rest of the surface. The remaining (nontransited) surface is
brighter on average, but locally it may even be darker.

4. Discussion and conclusions

We present a surface reconstruction for the planet host star
CoRoT-2a. Our modeling is based on a CoRoT data interval cov-
ering two full stellar rotations, and it treats the entire lightcurve —
including the planetary transits — in a consistent way.

We show that a consistent modeling of the lightcurve is
possible using a static model, i.e., not including any spot evo-
lution. Although surface evolution on scales of the stellar ro-
tation period is seen in both the reconstruction of the global
lightcurve (as already reported by Lanza et al. 2009) and the
transit lightcurves, this effect is weak in the context of our anal-
ysis. The static model provides reasonable fits to six consecutive
transit lightcurves. The associated surface configuration changes
little during this period, so the surface evolution must be rela-
tively slow compared to the timescale of ~9 d under considera-
tion. This timescale is also valid for the lifetimes of spots on the
eclipsed surface section.

Our results indicate that the planet-eclipsed band on the stel-
lar surface is — on average — about 6% darker than the remaining
part of the surface. Lanza et al. (2009) note that the strength
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of differential rotation derived from their lightcurve fits seems
much lower than the expected values derived from measure-
ments in other systems (Barnes et al. 2005). They speculate that
this may indicate a spot distribution limited to a narrow latitude
band. If this is true, the latitude band is possibly located at low
latitudes, i.e., within +30° around the equator as observed on the
Sun. In this case it covers the eclipsed section where we find a
darker surface, i.e., higher spot coverage. We caution that this
result may also be influenced by the adopted planetary param-
eters (mainly the size), which are hard to determine accurately
(Czesla et al. 2009).

We checked whether the effect of gravitational darkening
could significantly contribute to a darker surface in the vicinity
of the equator. For the stellar parameters of CoRoT-2a, we find
that the (effective) gravitational accelerations at the poles and
at the equator are equal to within 0.07%, so that gravitational
darkening does not significantly contribute to the brightness gra-
dient found in our modeling. This result is nearly independent of
the assumed coefficient, B (T4, o< ¢* with the effective surface
temperature T and the surface gravity g), which is approxi-
mately 0.3—0.4 for CoRoT-2a (Claret 2000).

The “narrow-band hypothesis”, i.e., a higher spot coverage
in the planet-eclipsed section compared to the noneclipsed sur-
face, also provides a natural explanation for the fact that both the
eclipsed and noneclipsed surface regions account for about the
same amplitude of variation in the lightcurve. Using the Sun as
an analogy again, we would qualitatively expect the same struc-
ture, as seen under the planet path, on the opposite hemisphere
as well: two “active belts” that are symmetric with respect to
the equator. The noneclipsed activity belt, which would be only
observable in the global lightcurve, would then be primarily re-
sponsible for the variability of the lightcurve contributed by the
noneclipsed surface section.
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We conclude that our results support a surface model con-
sisting of active regions north and south of the equator, possi-
bly even bands of spots at low latitudes analogous to the Sun.
Further investigations of this system using more sophisticated
models (first of all surface evolution) and using the entire obser-
vation interval of approximately 140 days have the potential of
revealing more information on the constantly changing surface
distribution of spots on CoRoT-2a.
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ABSTRACT

The lightcurve of CoRoT-2 shows substantial rotational modulation and deformations of the planet’s transit profiles caused by
starspots. We consistently model the entire lightcurve, including both rotational modulation and transits, stretching over approxi-
mately 30 stellar rotations and 79 transits. The spot distribution and its evolution on the noneclipsed and eclipsed surface sections are
presented and analyzed, making use of the high resolution achievable under the transit path.

We measure the average surface brightness on the eclipsed section to be (5 + 1)% lower than on the noneclipsed section. Adopting a
solar spot contrast, the spot coverage on the entire surface reaches up to 19% and a maximum of almost 40% on the eclipsed section.
Features under the transit path, i.e. close to the equator, rotate with a period close to 4.55 days. Significantly higher rotation periods
are found for features on the noneclipsed section indicating a differential rotation of AQ > 0.1. Spotted and unspotted regions in both
surface sections concentrate on preferred longitudes separated by roughly 180°.

Key words. planetary systems — techniques: photometric — stars: activity — starspots — stars: individual: CoRoT-2a

1. Introduction

The space-based CoRoT mission (e.g. Auvergne et al. 2009),
launched in late 2006, provides stellar photometry of unprece-
dented quality. One of CoRoT’s primary tasks is the search for
extra-solar planets using the transit method. So far several sys-
tems with eclipsing exoplanets were found, one of them CoRoT-
2 harboring a giant close-in “hot-jupiter”.

The planet CoRoT-2b was discovered by Alonso et al.
(2008), who determined the system parameters from transits
and follow-up radial velocity (RV) measurements. Bouchy et al.
(2008) observed the Rossiter-McLaughlin effect using addi-
tional RV measurements and determined the projected angle
A = (7.2 £ 4.5)° between the stellar spin and the planetary
orbital axis. Lanza et al. (2009) used the strong rotational
modulation of the lightcurve to study the spot distribution
and its evolution; they detect a stellar rotation period of
Py = (4522 + 0.024) d and two active longitudes on oppo-
site hemispheres. The secondary eclipse of the planet was first
detected by Alonso et al. (2009) in white light. Later the analy-
sis was refined and extended by Snellen et al. (2010), detecting
significant thermal emission of the planet; Gillon et al. (2009)
repeated this work using additional infrared data. They also find
an offset of the secondary transit timing indicating a noncircular
orbit.

The determination of the planetary parameters by Alonso
et al. (2008) did not account for effects of stellar activity, which
is in general not negligible for active stars. Czesla et al. (2009)
re-analyze the transits and derive new parameters for the planet
radius R,/R; and the orbital inclination i considering the defor-
mation of transit profiles due to spot occultation. This is espe-
cially important for attempts to reconstruct active surface regions
from transit profiles. An analysis of a single transit by Wolter
et al. (2009) shows the potential of eclipse-mapping and yielded
constraints on the properties of the detected starspot. Similar

Article published by EDP Sciences

approaches to analyze signatures of starspots in transit profiles
were also carried out by Pont et al. (2007) (HD 189733) and
Rabus et al. (2009) (TrES-1) primarily using data obtained with
the Hubble Space Telescope. In a more comprehensive approach,
Huber et al. (2009) reconstructed an interval of the CoRoT-2
lightcurve over two stellar rotations including the transits.

This work is based on the paper of Huber et al. (2009). We
now analyze the entire data set of CoRoT-2, modeling both the
rotational modulation of the global lightcurve and transits simul-
taneously. In this way we derive stellar surface maps for both the
noneclipsed and the eclipsed section of the star.

2. Observations and data reduction

The data were obtained in the first long run of the CoRoT satel-
lite (May 16 to Oct. 15,2007). The planetary system CoRoT-2
(Star CorotID 0101206560) consists of an active solar-like G7V
star and a large planetary companion on a close orbit. Due to its
edge-on view and an orbit period of only about 1.7 days, this
lightcurve contains about 80 transits, roughly 3 during each stel-
lar rotation.

The large surface inhomogeneities of this very active star
are clearly visible in the rotational modulation of the CoRoT
lightcurve taken over approximately 140 days. Although there
is surface evolution even on timescales of one stellar rotation,
these changes are small compared to the modulation amplitude.
Significant deformations of the transit profiles due to spots are
also visible throughout the whole time series.

The stellar and planetary parameters used throughout this
analysis are given in Table 1. The extensive raw data analysis
and reduction follows the descriptions in Czesla et al. (2009)
and Huber et al. (2009).

In this paper we only analyze the alarm mode data
of CoRoT-2, when the satellite switched from a sampling
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91 /124



Section 6.3

A&A 514, A39 (2010)

Table 1. Stellar/planetary parameters of CoRoT-2a/b.

Star® Value + Error Ref.
Py (4.522 + 0.024)d L09
Spectral type G7V BO8
Planet” Value + Error Ref.
P, (1.7429964 + 0.0000017) d A08
T. [BID] (2454 237.53562 + 0.00014)d  A08
i (87.7 £ 0.2)° C09
Ry /R (0.172 + 0.001) C09
a/Ry (6.70 + 0.03) A08
Uy, Up (0.41 £0.03), (0.06 + 0.03) A08

References. taken from Lanza et al. (2009) [L09], Alonso et al. (2008)
[A08], Bouchy et al. (2008) [B0S8], or Czesla et al. (2009) [C09].
Notes.  P; - stellar rotation period; *’ P, — orbital period, T — central
time of first transit, i — orbital inclination, R;,, R, — planetary and stellar
radii, a — semi major axis of planetary orbit, u,, u;, — linear and quadratic
limb darkening coefficients.

rate of 1/512 s™! to 1/32 s™! (which started after 3 tran-
sits), and use the combination of the three color channels
(“white” light). Our analysis starts after one stellar rotation at
JID= T, + Py = 2454242.05562 (see Table 1) or a stellar ro-
tation phase of ¢s = 1.0, respectively. We use units of stellar
rotation phase in our analysis, the last point of our data interval
corresponds to ¢s = 31.24. This leaves us with an observation
span of more than 30 stellar rotations containing 79 transits. In
the following the first transit inside our data interval is labeled O,
the last 78.

3. Analysis
3.1. The model

The projected axes of the planetary orbit and the stellar rotation
are co-aligned (Bouchy et al. 2008), which strongly suggests a
3-dimensional alignment. Hence, the rotation axis of CoRoT-2a
is inclined by approximately 88°. While this impedes the recon-
struction of latitudinal information of surface features, the exis-
tence of a planet crossing the stellar disk allows to access latitu-
dinal information on spots beneath its path. During a planetary
passage the surface brightness distribution is mapped onto the
lightcurve as deformations of the transit profiles. As a conse-
quence of the co-aligned orientation of the planetary orbit and
the stellar spin, the surface band scanned by the planetary disk
remains the same: the planet constantly crosses the latitudinal
band between 6° and 26°. Accordingly, the stellar surface can
be subdivided into two sections: the eclipsed section and the
noneclipsed section (cf., Huber et al. 2009).

Our surface model subdivides the two individual sections
into a number of “strips”; N. is the number of strips in the
eclipsed and N, in the noneclipsed section, respectively. Each
strip represents a longitudinal interval inside the latitudinal
boundaries of the corresponding section. The layout of our sur-
face model is shown in Fig. 1 of Huber et al. (2009).

3.1.1. Model resolution and error estimation

The problem of lightcurve inversion is well known to be ill-
posed, so that the parameter space is usually further constraint
by a regularization. One such regularization is the maximum
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Fig. 1. Observations and best fit model for CoRoT-2. The transit num-
bers are plotted below the lightcurve; for a detailed presentation of the
transits see Fig. 9. See Sect. 3.4 for discussion.

entropy approach, applied, for example, by Lanza et al. (2009)
in their analysis of CoRoT-2a.

We use a Nelder-Mead (NM) Simplex algorithm for mini-
mization (Press et al. 1992). Our model does not require any
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regularization because of its relatively small number of
parameters. As discussed by Huber et al. (2009), we choose a
number of strips balancing the improvement in y? and the dete-
rioration in uniqueness. For higher strip numbers, adjacent strips
increasingly influence each other because brightness can be re-
distributed without significant loss of fit quality. In our error
analysis we assume that there is a unique best-fit solution to our
problem and that the NM algorithm approaches it to within the
limits of its ability to converge. Starting from the yet unknown
best-fit solution, brightness can be redistributed among the strips
at the expense of fit quality. A set of Nelder-Mead fit runs will,
therefore, provide a sequence of solutions with different realiza-
tions of this brightness redistribution.

We calculate 50 reconstructions with randomized starting
points and adopt the average of all reconstructions as our most
appropriate model. As an estimate for the error of the strip
brightness, we use the standard deviation of the parameter val-
ues, obtained from the set of reconstructions.

We do point out that the averaged solution appears smoother
than most individual reconstructions in the sense that the differ-
ence between adjacent strip brightnesses is smaller. This can be
understood in the picture of brightness redistribution, because
the brightening of one strip may preferably be compensated by
darkening an adjacent one, which increases their contrast. This
effect is largely canceled out by the averaging, which makes it
appear much like a regularization of the solutions.

It may be criticized that the brightness error we use is largely
determined by the ability of the NM algorithm to converge to a
unique solution. We emphasize, however, that the y? range cov-
ered by the 50 reconstructions exceeds that required for ‘classi-
cal’ error analysis, and the estimate will, therefore, remain rather
conservative from that point of view.

Our test runs indicate that for our purpose the most appro-
priate number of strips to choose for the noneclipsed section is
N, = 12, which will be used in our analysis. Larger numbers of
N, appear to already oversample the surface significantly. The
strip number for the eclipsed section is chosen to be N. = 24
which approximately reflects the size of features that are resolv-
able inside of transits (Huber et al. 2009).

3.2. Normalization

The observations are normalized with respect to the ab initio un-
known spot-free photospheric flux of the star, which is defined
as maximum brightness bpnoe = 1. Unfortunately, it is not trivial
to obtain this photospheric flux level because spots are likely to
be located on the visible disk at all times.

A possible solution for this problem is to adopt the maxi-
mum observed flux as photospheric. However, this presumably
introduces an error because the brightest part of the lightcurve
shows only the flux level of the stellar disk during the minimum
observed spot coverage, which needs not be zero. Lanza et al.
(2009) determine an average minimum of flux deficit of approx-
imately 2.5%. Tests with slightly varying maximum brightness
values in our reconstructions show no qualitative difference in
the brightness distribution except for a change in the average fo-
tal spot coverage; however, they show a significant decrease in
x? of the lightcurve reconstructions for a maximum brightness
1% to 2% larger than the highest observed flux. As a result we
choose a photospheric flux level of 2% higher than the maximum
observed flux. The entire lightcurve is normalized with respect
to this value.

3.3. Lightcurve modeling

For analysis, the lightcurve is split into equally sized intervals,
each covering one stellar rotation and three transits. Due to sur-
face evolution detectable on timescales smaller than one stellar
rotation, we choose to define a new interval after each transit.
Thus, the resulting intervals overlap. Interval O contains the tran-
sits number O to 2, interval 1 contains the transits number 1 to
3, and so on. This way we end up with 76 lightcurve intervals
which are individually reconstructed by our modeling algorithm.

Using fit intervals smaller than one stellar rotation could fur-
ther reduce the influence of surface evolution. However, we need
at least three transits in each interval to sufficiently cover the
eclipsed section. Therefore, we always use a complete rotation
for each reconstruction interval.

We use the fitting method presented in Huber et al. (2009).
Each fit interval is rebinned to 94 x 32 = 3 008 seconds for the
global lightcurve and to 128 seconds inside of transits. Transit
points are weighted with a factor of 10 higher than global points
to give them approximately the same weight in the minimization
process. We assume the planet to be a dark sphere without any
emission; this seems to be a good approximation considering
a secondary transit depth of about (0.006 = 0.002)% (Alonso
et al. 2009). All other necessary parameters can be found in
Table 1.

We introduce a penalty function to suppress reconstructed
brightnesses above the photospheric value of one. Without this
boundary the brightness of individual strips exceeds this limit in
some reconstructions. Strips with values above unity must be in-
terpreted as regions with a brightness greater than the (defined)
photosphere; however, in this approach we want to consider only
cool surface features, which was found to be a good approxima-
tion by Lanza et al. (2009). Several tests showed that this penalty
function does not significantly alter the outcome of our recon-
structions; it primarily prevents the minimization process from
getting stuck in (local) minima outside the relevant parameter
range.

To analyze the transits accurately, we require an “undis-
turbed transit profile”, which means a profile corrected for the
effects of stellar activity. This “standard transit profile” was
determined by Czesla et al. (2009), where a planet size of
Rp/Rs = 0.172 was found. With the planetary parameters derived
by Alonso et al. (2008) no satisfactory fits to the transits and
global lightcurve can be produced.

3.4. Results of the modeling

We present our lightcurve reconstruction in Fig. 1. It shows
the observed CoRoT-2 lightcurve (red triangles), including the
transits, and our reconstruction (blue solid line). The shown re-
constructed lightcurve is a combination of all models for the
76 fit intervals; their overlaps were combined using a Gaussian
weighting. Each transit is labeled with its number on the lower
edge of the graph; a more detailed picture of their fits is given in
Fig. 9, where we present all transits in a stacked plot.

Below the lightcurve the residuals o = (O — C)/oo (O-
observed lightcurve, C-reconstructed lightcurve, o-p-error of ob-
servation) are given. The mean values for o are 1.8 X 10~ out-
side and 6.9 x 107* inside of transits. Maximum values of the
residuals are approximately 100, which corresponds to a de-
viation of about 0.2% between the observed and reconstructed
lightcurves. On average, the absolute values of residuals are
1.1200r O — C = 4.4x 107*, respectively.
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Fig. 2. Distribution of residuals o~ between the observations and the
best fit model (see Fig. 1). The overall distribution is the sum of two
Gaussians, one coming from inside the transits (mean g, and width o)
and the other coming from outside of them (global, mean u, and
width o). For details see Sect. 3.4.

Figure 2 shows the distribution of residuals from Fig. 1. It
is approximately Gaussian, although the underlying distribution
is twofold: one component is a Gaussian distribution of residu-
als from inside the transits with o, = 1.161, and another broader
component is coming from the residuals of the global lightcurve,
which is significantly wider with o, = 1.742. The addition of
both Gaussians reproduces the overall distribution of residuals
accurately. We calculate szed = 2.18 from all residuals of the
entire lightcurve.

The interpretation of ,\(fed as an actual goodness-of-fit indi-
cator is not straightforward in this case. An increase of the strip
number should lead towards sze 4 values of 1. Test calculations
show that our fit quality cannot be substantially improved be-
yond a certain level when the number of strips is increased. This
level of )(fc o primarily reflects the evolution of the lightcurve
within one stellar rotation, which cannot be improved within
our static model, and which is especially visible in the global
lightcurve (og > o). Unfortunately, it is very hard to quantify
this effect.

3.5. Construction of brightness maps

In Fig. 3 we present maps of the temporal evolution of the bright-
ness distributions. The left panel gives the brightness map for
the noneclipsed, the right panel for the eclipsed surface section.
The rows show the reconstructed brightness distributions for all
76 lightcurve intervals; each interval is labeled by the number of
the first transit it contains. Due to the different resolutions in the
two surface sections, we linearly interpolate the brightness val-
ues in each individual row; there is no interpolation applied be-
tween different rows. To generate the combined brightness map
shown in Fig. 8 (left panel), the maps of the two separated sec-
tions are weighted, corresponding to their disk fraction of 0.79
for the noneclipsed and 0.21 for the eclipsed section, and added.
The errors are combined the same way. Adjacent rows in our
maps are not independent because the fit interval is only shifted
by one transit (~1/3 stellar rotation) when moving from one row
to the next.

The errors are displayed directly below each map. For the
brightness values of the global lightcurve fit (Fig. 3, left panel),
the mean error is about 1%, for the transits (Fig. 3, right panel) it
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is approximately 3%. The errors in the latter map are larger (on
average) and more inhomogeneously distributed because they
also reflect the coverage of the eclipsed section by the transits;
areas only marginally visible in transits cannot be reconstructed
with high accuracy.

The stellar longitude scale of our maps runs backwards from
360° to 0°. This is due to our retrograde definition of the stellar
longitude / compared to stellar phases ¢; their relation is / =
(N — ¢s) - 360° (with an integer stellar rotation number ¢n =
[¢s] + D).

The identification of significant structures in these maps de-
serves some attention. The brightness information is color coded
using black color for the darkest structures and white for photo-
spheric brightness. Considering the approximate mean error of
each map, we indicate areas with a brightness significantly be-
low unity with yellow color. Hence, not only black areas of these
maps are spots but yellow structures represent a significant de-
crease in brightness as well.

4. Discussion

In this section we discuss and interpret the spot distributions of
our brightness maps and their evolution. This involves quite a
few different aspects, which are often difficult to disentangle, and
on which we focus on individually in the following subsections.

4.1. Identifying physical processes and detection limits

Our brightness maps allow us to witness the evolution of the
stellar surface and, to some degree, to discriminate between
individual processes causing changes of the spot distribution:
Emergence/dissociation, differential rotation, or migration of
surface features leave potentially distinguishable signatures.
Unfortunately, the high diversity of CoRoT-2a’s surface and a
limited resolution complicate the interpretation of these signa-
tures.

On the eclipsed section the position of a feature is fairly
well known and it is likely to be physically coherent. On the
noneclipsed section it is not clear whether a feature is actually a
single connected active region or a superposition of two (or even
several) different regions.

Features on the eclipsed section provide a valuable reference
point for the detection of differential rotation. Systematic lon-
gitudinal movements of spots in the transit map do not indicate
differential rotation but rather a difference to the input rotation
period. However, a comparison of transit and global maps could
reveal different rotation periods on different surface sections.

Systematic longitudinal movements of structures in the
global map do not necessarily indicate differential rotation ei-
ther. A simultaneous decay and growth of two distinct active
regions at different longitudes might leave a signature similar
to a single differentially rotating active region. Therefore, the
processes of differential rotation and spot evolution are hard to
discern.

A very interesting scenario is the possibility to find spot mi-
gration due to the planet. If a spot moves from the noneclipsed
to the eclipsed section, its signature also moves from the global
to the transit brightness map. If present, such signatures are de-
tectable in high quality brightness maps.

In the following discussion we attempt to attribute signatures
in the brightness maps to the specific processes discussed above.
Depending on the number of longitudinal strips used, map struc-
tures have an estimated error in longitude of about half the strip
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Fig.3. Left panel: brightness map reconstructed from the global lightcurve (noneclipsed surface). Right panel: brightness map for the recon-
structions of the transits (eclipsed surface). The combination of both maps is presented in Fig. 8. Each row presents the reconstructed brightness
distribution of one fit interval; the transit number indicates the number of this interval’s first transit. Each step in transit number equals a temporal
step of 1.74 days. The brightness is color-coded, the maximum photospheric brightness is unity. The error maps at the bottom of each panel show

the estimated reconstruction error. See Sects. 3.3 and 3.5 for details.

width, which is about +7.5° for the transit and +15° for the
global map, respectively.

4.2. Spot coverage

The brightness maps of Fig. 3 show clear evidence of (a) a cover-
age of a large fraction of the surface with dark features and (b) a
substantial evolution of this spot distribution within the roughly
140 days of observations. Considering the pronounced rota-
tional modulation of the lightcurve, and the persistently chang-
ing shape between individual rotations, this result is hardly sur-
prising. The lowest flux of the rotationally-modulated lightcurve
is about 0.92 (modulo the uncertainty in lightcurve normaliza-
tion, see Sect. 3.2); if the starspots were absolutely dark, they
would still cover 8% of the disk. The largest peak-to-peak vari-
ation during one rotation spans from 0.98 to 0.92 indicating
roughly 6% more spots on the darker hemisphere.

Using a spot contrast of ¢, = 0.7, which is about the aver-
age bolometric contrast of sunspots (Beck & Chapman 1993;
Chapman et al. 1994), we determine a maximum spot coverage
of 37% on the eclipsed and 16% on the noneclipsed section. For
the entire stellar surface a maximum and minimum spot cover-
age of 19% and 16% are derived.

Details on brightness values and spot coverage can be
found in Fig. 4. The average brightness B is the mean bright-
ness of each reconstruction interval. The top panel gives
the ratio between the mean brightness of the eclipsed and
noneclipsed sections, the second and third panel (from top)
the eclipsed and noneclipsed brightnesses separately, and the
bottom panel shows the variation of the total brightness
Brotal = (1 = A) - Beel, + A - Bpon—ect. With A = 0.79. The associ-
ated spot coverage fraction is calculated using (1 — B)/(1 — c¢y).

Instead of converting brightness into spot coverage, we can
also reverse the process. Assuming the darkest element of the
transit map is entirely covered by one spot, the reconstructed
brightness represents the spot contrast. One strip on the eclipsed
section has a size of about 1% of the entire surface. We obtain a
value of 0.76 for the darkest surface element of the transit map,
which is not far from the solar spot contrast of 0.7. The minimum
brightness of 0.76 can be translated into a temperature contrast
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Fig. 4. Average brightness values of the eclipsed (Be.) and noneclipsed
(Bron-ecl.) sections for each reconstruction interval. The y-axes on the
right show the corresponding spot coverage for a spot contrast of 0.7.
Top panel: ratio Be./Bnon-cc1. Of the mean brightnesses. Second panel
from top: mean brightness and spot coverage for the eclipsed sec-
tion. Third panel from top: mean brightness and spot coverage for the
noneclipsed section. Bottom panel: total brightness Broy; the black
curve shows the results of Lanza et al. (2009) shifted by +9% (see
Sect. 4.2).

of ~400 K between the spot and the photosphere, which is at
T, = 5625 K (Bouchy et al. 2008).

4.3. Rotation period

For CoRoT-2a Lanza et al. (2009) determine a rotation period
of (4.52 +£0.14) d by means of the Lomb-Scargle periodogram,
which the authors later refine to be Pg = (4.522 + 0.024) days
by minimizing the longitudinal migration of their active longi-
tudes. We adopted P for our reconstructions. It is almost identi-
cal to the largest peak in the Lomb-Scargle periodogram (Fig. 5)
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Fig.5. Section of the Lomb-Scargle periodogram of the CoRoT-2
lightcurve containing the highest peak. The three peaks are labeled P, =
4.53, P, = 4.95, and P; = 4.72 days according to decreasing power. The
adopted rotation period of our reconstructions, Py = 4.522 days (Lanza
et al. 2009), is close to P;.

centered at Py = 4.53 d. P, is accompanied by two other distin-
guishable peaks at P, =4.95d and P; = 4.72 d, which are re-
lated to structures in our surface maps as discussed in Sect. 4.4.

Since the planet crosses the stellar disk in a latitudinal band
between 6° and 26°, spots on the eclipsed section must be lo-
cated close to the equator. The approximate vertical alignment
of the darkest features in the transit map indicates that low-
latitude features rotate close to the adopted rotation period of
4.522 days used in our reconstructions. In contrast, features on
the noneclipsed section do show longitudinal migration, which
may be attributed to differential rotation of spot groups at lati-
tudes 230°. This finding suggests that active regions close to the
equator dominate the modulation of the lightcurve.

A closer inspection of the transit map shows a small but con-
stant longitudinal shift of about 60° over the entire 30 rotations.
It is not only visible in the dark structures located at ~200° and
~60° longitude, but for the bright region at ~300° as well. As
a consequence, these low-latitude features do not rotate exactly
with a rotation period of 4.522 days but about 2° per rotation
more slowly, which translates into a rotation period of approxi-
mately 4.55 days. Lanza et al. (2009) state a retrograde migration
of their second active longitude corresponding to this rotation
period.

We recalculated the surface reconstructions adopting a rota-
tion period of 4.55 days. As expected the longitudinal shift previ-
ously detected in the transit map disappeared, but some features
now seem to migrate in the other direction. Therefore, the exact
rotation period of features on the eclipsed section is probably
slightly smaller than 4.55 days. The global map changes accord-
ingly when using a rotation period of 4.55 days; the brightness
distribution reconstructed at larger transit numbers is shifted to-
wards larger longitudes, but remains qualitatively the same, so
that these maps are not presented separately.

4.4. Longitudinal movement/ differential rotation

Some attributes of the global map suggest a longitudinal move-
ment of surface structures; a labeling of particularly interesting
regions is given in Fig. 6. Especially considering the inactive re-
gions, the bright structure B1 at the bottom left appears to move
from ~300° to ~100° (B2) within about 4 stellar rotations. It
continues moving in the direction of decreasing longitude reach-
ing roughly 240° near transit number 50 (B3). Regions B4 and
B5 do not seem to fit well into the line drawn by B1, B2, and B3.
However, a line connecting B4 and B5 roughly matches with the
previously detected rotation period between 4.8 and 5.0 days.
The tilted shape of the dark structure D1 roughly agrees with
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Fig. 6. The global surface map (left panel of Fig. 3) with pronounced
dark and bright features marked and labeled D1 — D3 and B1 — BS, re-
spectively. The dash-dotted line and the arrows indicate the tentative
movement of bright regions (see Sect. 4.4).

this range of periods as well. D2 indicates a smaller rotation pe-
riod consistent with P3.

Although such surface map characteristics do not necessar-
ily prove differential rotation, they are certainly suggestive of
differential rotation. Assuming now this to be correct, we will
elaborate on its consequences. The largest rotation periods we
obtain from structures of the global map lie between about 4.8
and 5.0 days. We studied the longitudinal movements of these
structures on surface maps obtained from lightcurve reconstruc-
tions applying different rotation periods and always end up with
similar results. An examination of CoRoT-2’s periodogram re-
veals a splitting up of the highest peak into three components:
Py =453d,P, =495d,and P; = 4.72 d (see Fig. 5). It is strik-
ing that P; is close to the rotation period determined from tilted
structures in our global map.

If these rotation periods do arise from differential rotation,
we can estimate a lower limit of its strength. The rotation pe-
riod of eclipsed spots close to the equator is consistent with the
highest peak P = 4.53 days of the periodogram, the largest peri-
ods detected in the global map are around P, = 4.95 days; there-
fore, we adopt this period for the most slowly rotating active re-
gions. This way we determine a lower limit of AQ > 0.1 rad/d or
a > 0.08. This is consistent with values expected for stars with
temperatures and rotation periods similar to that of CoRoT-2
(Barnes et al. 2005). Using a 3-spot model approach, Frohlich
et al. (2009) derive an estimate of AQ > 0.11 rad/d, which is in
good agreement with our result.

Although the peaks in the periodogram fit nicely in with our
brightness maps, attributing them to three active regions with
associated rotation periods may not be fully adequate. We sim-
ulated several lightcurves with differentially rotating spots and
examined their periodograms. Although the main peak splits up
into different components, the periodogram does not necessar-
ily map the exact rotation periods of the differentially rotating
spots to the peak barycenters. An exhaustive analysis of the pe-
riodogram is beyond this work’s scope, but the above approach
may serve as an approximation, and it shows that the character-
istics of the periodogram can be aligned with surface map at-
tributes.

As an alternative, or maybe extension, to the interpretation in
terms of differential rotation, an evolution of the global activity
pattern should be considered, which does not invoke longitudi-
nal movement of individual surface features, but a redistribu-
tion of strength between active regions. The spot distribution
on the global map suggests sudden longitudinal relocations of
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the most active feature. For the first ~25 transits the dominant
spotted region D1 keeps its position at ~30° showing an ap-
parent movement towards smaller longitudes at the end of this
interval. Afterwards the dominant active region is found approx-
imately 180° apart from the previous position in region D2. Such
180°-jumps, or rather “hemisphere-jumps”, as the value of 180°
should not be taken too seriously here, are found for inactive
(bright) regions as well.

An appealing explanation for this apparent shift is a change
of the relative strength of two active regions, which does not
involve movement of any of the structures themselves. These
jumps are possibly a sign for some flip-flop scenario as al-
ready claimed for other stars (Jetsu et al. 1993; Korhonen et al.
2001), where the relative strength between two active longi-
tudes is changing suddenly and periodically. The timescale of
these “jump periods” derived from our global brightness map
is roughly 10 stellar rotations; however, this is not seen in the
transit map.

4.5. Lifetimes of features

Both the global and the transit map provide the possibility to
measure lifetimes of spotted regions. For the noneclipsed sec-
tion it is not clear whether a dark structure actually is a single
connected active region or a superposition of several individual
ones at roughly the same longitude but completely different lati-
tudes.

The transit map shows a high stability of the spot positions.
One group of spots is located between 200° and 240°, which is
stable up to transit number 35; then the spot coverage seems to
decrease for about one stellar rotation. Afterwards the spot dis-
tribution becomes more complicated and spreads over a larger
area. The left part of this more complex region, at about 210°
longitude, is probably a continuation of the preceding active re-
gion; however, at about 160° longitude a new, clearly separated
group of spots appears. This latter structure appears to have a
lifetime of approximately 10 stellar rotations, which would be in
good agreement with timescales observed on the global map.

Another group of spots is located between 0° and 100°. At
the beginning of the observation these spots are spread over this
larger interval of about 100° on the eclipsed section; later, ap-
proximately after transit number ~50, they seem to concentrate
in a smaller interval. This active region seems to have a signif-
icant fine structure in time, which might indicate smaller life-
times of individual spot groups; however, those structures could
also be artifacts of the reconstruction algorithm. We prefer the
interpretation that this active region, and the left side of the other
active region, are persistent over all 30 rotations, although they
probably contain smaller spots undergoing significant evolution
on much shorter timescales.

The left side of both maps (around 300° in longitude) shows
bright regions which are least covered by spots during all obser-
vations, indicating a lifetime of half a year for this “inactive lon-
gitude”. For the darkest structures of the global map, maximum
lifetimes of about 10 to 15 stellar rotations can be estimated.
This is in agreement with the results of Lanza et al. (2009), who
determine a lifetime of ~55 days (=12 stellar rotations) for ac-
tive regions, and identify this time span with the “beat period”
visible in the lightcurve.

Although there are some structures in the transit map that
suggest smaller lifetimes than half a year for individual spot
groups, the lifetimes of features on the two different surface sec-
tions seem to be different. A direct comparison of the global
and the transit map is shown in Fig. 7. The active regions on
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Fig.7. Direct comparison of the two brightness maps of Fig. 3. The
global map is drawn in color, structures of the transit map are shown
with contour lines. Upper panel: map of bright structures in the global
map with byo_eq. > 0.95. The contour line delimits brightness values
of the transit map above b = 0.94. Lower panel: map of dark struc-
tures with byon_ec1. < 0.95. Here the contour lines indicate a transit map
brightness of be. = 0.87.

the eclipsed section remain active all the time despite their pos-
sibly significant fine structure. In contrast, active regions on
the noneclipsed section evolve faster showing more pronounced
changes and a longitudinal movement compared to the spots on
the eclipsed section. The reason for the apparent lifetime differ-
ence is not clear. Possibly the darkest structures represent only
a superposition of several spotted groups at about the same lati-
tude. If these groups change their mutual longitudinal positions,
or a fraction of the spot groups dissolves, the dark structures
in our maps would brighten. In this case the darkest structures
would only represent special configurations of the spot distribu-
tion and their “lifetimes” in our maps would not be directly con-
nected to the lifetimes of individual active regions on the surface.

The stable vertical alignment of features in our transit map
cannot be caused by a systematically incorrect transit profile
used in our reconstructions. The transits do not always cover ex-
actly the same part of the eclipsed section, which is also visible
in the error distribution of the transit map; dark structures indi-
cate where the coverage is best, bright where it is worst. Thus, an
error introduced by the transit profile would be distributed over
the entire map.

4.6. Comparing global and transit maps: spot migration?

Finally, there is the possibility of detecting signatures of spot
migration — the movement of spots from the equator to the poles
or vice-versa — in our brightness maps. Figure 7 presents the
direct comparison of the brightest structures (upper panel) and
the darkest structures (lower panel) of the global and the transit
map. Especially the dark structure D2 (see Fig. 6) in the middle
of the lower panel’s map suggests that features on the eclipsed
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Fig. 8. Left panel: brightness distribution of the entire surface for all reconstructed intervals; it represents a combination of both the global and the
transit map. The error for each bin of the brightness map is shown below. Right panel: comparison of our brightness distribution (contours) to the
reconstruction of Lanza et al. (2009), which are shown in color coding. See Sect. 4.7 for details.

and noneclipsed sections are related. For the first 30 transits
there is a dark feature of the transit map at this longitude, then
it starts to disappear when D2 becomes darker. This reflects a
scenario where a spot group moves from the eclipsed section
to the noneclipsed. After transit number 40, D2 starts to disap-
pear while other structures appear on the eclipsed section. If this
really represents a case of spot migration, the spot group either
moves back onto the eclipsed section, or it stays outside and new
spots emerge under the transit path.

A similar observation can be made concerning the bright
structures in the upper panel of Fig. 7. The bright structures in
the transit map between 60° and 120° alternate with the bright
regions B2 and B4. First there is a bright structure on the eclipsed
map below region B2, then there is a little bit of both between
B2 and B4, and after region B4 a bright structure is emerging in
the transit map.

It is impossible to prove whether these signatures really
represent spot migration; probably some of them are due to
other processes, e.g. short-term evolution of spotted regions.
Nevertheless, there is a similarity to what one would expect
to see in brightness maps from surfaces showing spot migra-
tion. A behavior supporting a shift of spots from the eclipsed
to the noneclipsed sections (and vice-versa) can be observed in
Fig. 4 (second and third panel). It suggests a correlation between
the mean brightnesses of the two sections; when the average
brightness of the eclipsed section decreases, it increases on the
noneclipsed part. However, this correlation does not necessarily
prove a steady motion between the two sections and might as
well indicate that vanishing spots just reappear somewhere else.

4.7. Comparison to previous results

Figure 8 (left panel) displays the combined brightness map de-
rived from both the eclipsed (transit map) and noneclipsed sec-
tions (global map) of Fig. 3: the single maps are multiplied by
their corresponding surface fractions (0.21 for the eclipsed and
0.79 for the noneclipsed) and added.

Lanza et al. (2009) present a map of the surface evolution
derived from a fit to the global lightcurve (their Fig. 4) not in-
cluding the transits. In the right panel of Fig. 8§ we present a
comparison of their results to ours. Since we do not use filling
factors, we translated their map into brightnesses using their spot
contrast of 0.665. We take the resulting map (color coding) and
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superimpose it on our combined map from both the eclipsed and
noneclipsed sections (contours). In the left panel of Fig. 8 the
same contour lines are drawn to provide a better comparison.
Lanza et al.’s and our results show good agreement, although
a perfect match in fine-structure is neither found nor expected.
Dark and bright structures are located at very similar positions
and the shapes are consistent.

Adding up the brightness values of each reconstruction inter-
val of the map in Fig. 8 (left panel), we can study the variations
of the mean total brightness Bro Of the star. This is presented
in Fig. 4 (bottom panel). With a maximum of By, = 0.951 and
a minimum value of 0.942, the maximum difference between
the highest and lowest average total brightness is only about
1%, which is much less than the maximum brightness differ-
ences within the brightness maps. This implies that the star as a
whole does not change its overall spot coverage as dramatically
as it redistributes it; when spots disappear, other spots show up.
The solid line in the panel gives the comparison to the results of
Lanza et al. (2009). We translated their values to our spot con-
trast of 0.7 and shifted it by a constant spot coverage of +9% to
match our points. Our average spot coverage of 17.5% is roughly
twice as high. Although, a 9% shift seems to be enormous, about
80% of it (+7%) can be attributed to a different normalization of
the lightcurve and, thus, photosphere. While Lanza et al. (2009)
define the maximum flux in the lightcurve as their photospheric
level, our photosphere is 2% brighter (cf. Sect. 3.2), which has to
be compensated by spots. We attribute the remaining 2% to the
differences in the adopted models. In particular, we use longi-
tudinal strips and spots can only be distributed homogeneously
across a strips, while Lanza et al. (2009) localize the spots in
200 bins on the surface.

Previously, we detected an average brightness under the
eclipsed section (6 = 1)% higher than on the noneclipsed sec-
tion (Huber et al. 2009). This value is redetermined from the
reconstruction of the entire lightcurve presented in this paper. It
decreases to (5.4 = 0.9)% (see top panel of Fig. 4).

4.8. Brightness maps and lightcurve modulation

It is striking that the rotational variations of the star are addition-
ally modulated with a beat period about a factor 10 to 15 larger.
During the maxima of this large-scale modulation (at about tran-
sit numbers 15, 45, and at the end of the lightcurve), the minima
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Fig. 9. Observation (blue triangles) and reconstruction (red solid line) of 79 transits from the CoRoT-2 lightcurve. The first transit of each column
is shifted to a continuum of zero, each subsequent transit is shifted by —0.025. The number of each transit is annotated inside the plot. See Fig. 1

for the entire lightcurve.

of the stellar rotation are deep and regular, i.e., the lightcurve
has only one distinct minimum per rotation. During the minima
of this beat period (at about transit numbers 30 and 60), the ro-
tational modulation is flatter and more complex; the minima are
split up in two. The beat period maxima indicate the existence of
one large active region or longitude dominating the stellar sur-
face. The minima indicate that two smaller active regions at sig-
nificantly different longitudes imprint their signatures onto the
lightcurve leaving double-peaked structures during one stellar
rotation. This means dark regions are redistributed on timescales
of 10 to 15 stellar rotations from essentially one large feature to
at least two smaller, longitudinally separated ones, and then back
to a large one.

This is also observable in our brightness maps. Figure 8
shows a change of the dominant surface feature from ~60° to
~220° at about transit number 20. Earlier the lightcurve was
dominated by one large active longitude leading to one broad
minimum during each rotation. During the transition phase, es-
pecially around transit number 25, the lightcurve minima be-
come double-peaked. After transit number 30 the activity center

of the active longitude at 220° moves to about 180° and, thus,
closer to the other active longitude at about 60°, which has not
entirely disappeared and starts to grow stronger again. Because
the active longitudes are closer now, the minima grow deeper;
additionally, the bright region at 300° becomes larger and the
maxima rise.

Again there are double-peak structures between transit num-
bers 55 and 60 for the same reasons. The decrease of the strong
maxima is primarily due to the temporary change of the bright
longitude at 300°. Interestingly, the amplitude and width of the
minima become even larger at the end of the lightcurve, where
the active longitudes first move closer together. In the end, the
feature at ~20° becomes dominant spreading over almost 60° in
longitude and leading to very low lightcurve minima.

The main reason why the rotation period of the star is so
nicely indicated by almost constantly separated maxima of the
lightcurve — despite the pronounced surface evolution — is that
the on average brightest part of the surface, located on the inac-
tive longitude at 300°, remains stable at its position.

Page 9 of 10
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5. Conclusions

We present a reconstruction of the complete CoRoT-2 lightcurve
— including transits — covering about 140 days or 30 stellar rota-
tions. In contrast to previous work, both the transit profiles and
the rotationally-modulated global lightcurve are fitted simulta-
neously leading to a consistent solution for the entire lightcurve.
From the transits the brightness distribution on the eclipsed sur-
face section is recovered, which is the part of the surface be-
tween 6° and 26° latitude constantly eclipsed by the planet. The
noneclipsed section is reconstructed from the rotational modula-
tion.

The evolution of the spot distributions on both surface sec-
tions is presented in two maps showing the surface brightness
distribution as a function of time. The composite map, which
shows the evolution of the entire surface, is juxtapositioned with
previously published results. The results are found to be in agree-
ment taking into account different modeling approaches and as-
sumptions.

The transit map shows two preferred longitudes densely cov-
ered with spots and separated by approximately 180°. Both ac-
tive regions persist for the entire observing time of ~140 days,
although they undergo significant evolution in size, structure,
and brightness. In the transit map they show a constant retro-
grade movement indicating that the adopted stellar rotation pe-
riod of P; = 4.522 days does not exactly describe their rotation.
We determine that these low-latitude features rotate at a period
of approximately 4.55 days, which is also true for the long-lived
inactive longitude at ~300°.

The global map is more complex than the transit map pre-
sumably because the structures it describes represent a super-
position of features at similar longitudes but different latitudes.
Usually it shows only one dominant dark feature at a time, which
changes position after approximately 10 to 15 stellar rotations.
Again these dominant features are separated by about 180° in
longitude. A persistent inactive longitude exists at about 300°
similar to the one in the transit map and at about the same po-
sition. The global map indicates that there are features located
on the noneclipsed section with significantly larger rotation pe-
riods than 4.522 days. This suggests the presence of differential
rotation with spots moving more slowly at high latitudes than at
low latitudes. We estimate a differential rotation of AQ > 0.1 or
a > 0.08, respectively.

Page 10 of 10
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Assuming a spot contrast of 0.7, the spot coverage of the
eclipsed section reaches a maximum of 37%, which is more
than twice as large as the maximum on the noneclipsed sec-
tion. On average the eclipsed section is (5 = 1)% darker than
its noneclipsed counterpart. Sunspots are located within +30°
around the solar equator. Similarly, our results indicate that spot
groups on CoRoT-2 are also concentrated in a low-latitude “ac-
tive belt”.
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Note added in proof: Late in the review process, we became
aware of a paper by Silva (2003, ApJ, 585, L147) where plan-
etary eclipse mapping is modeled using images of the Sun.
Contemporaneously to our work, Silva-Valio et al. (2010, A&A,
510, A25) used a very different approach to examine the transits
of the CoRoT-2 lightcurve for properties of starspots.
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Chapter

Summary and outlook

“Und dann folgte ein Durcheinander von Hypothesen, man frischte die al-
ten auf, fuhrte unwesentliche Anderungen ein, prazisierte oder verallgemein-
erte sie, so dass die bis dahin trotz thres Umfangs ubersichtliche Solaristik
immer verworrener wurde und sich in ein Labyrinth voller Sackgassen ver-
wandelte. In einer Atmosphdre allgemeiner Gleichgiiltigkeit, Stagnation und
Lustlosigkeit schien ein zweiter Ozean aus nutzlosem Papier den auf der So-

laris durch die Zeit zu begleiten.”

Kris Kelvin
Excerpt from the book Solaris
written by Stansilaw Lem (1961)

(Deutsche Ubersetzung von Kurt Kelm, 3. Auflage 1986, Verlag Volk und Welt, Berlin 1983)

“In light of the lingering uncertainties with a map determined by any one
technique and the deficiencies inherent in any one technique, it would help
enormously to compare and/or combine information derived from Doppler
mmaging and light curves and eclipsing binaries, using the same star and

data taken contemporaneously.”

Douglas S. Hall

Excerpt from his paper What we don’t know about starspots

7.1 A

surements

new era of mea-

Compared to the detection and analysis of
extra-solar planets, the analysis of solar and
stellar activity is an old discipline. Data of
solar activity have been collected for hun-
dreds of years, the numbers of records are
still rising enormously, and the quality con-

(Hall [1996)

tinues to increase constantly. However, the
understanding of these observations is diffi-
cult because the related physical processes
are very complex.

Few developments in astrophysics had —
or rather will have — as much impact on the
study of starspots as the new space-based
photometry missions CoRoT and Kepler.
They assist to identify hundreds, probably
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even thousands of active stars with a wide
range of properties and monitor their bright-
nesses with high precision for months or even
years. Possibly, these instruments will even
detect small spots the size of sunspots on so-
lar twins and enable researchers to study the
surface features of another Sun.

Until now the details of our models con-
cerning surface inhomogeneities, especially
on small scales, are mostly based on data
from the Sun. Uninterrupted observations
of stars for many consecutive rotations are
hardly possible from ground-based observa-
tories. Long-term observations of large sam-
ples of stars concerning stellar activity exist,
as, e.g., presented in [Baliunas et al.| (1995))
for chromospheric variations in 111 stars,
but have been rather rare for starspots so far.
These new high-precision data sets will show
whether our recent models and ideas about
stellar activity — especially about starspots
— are supported by a high number and a
broad range of stars. They will help us to
further understand the bigger concept of ac-
tivity and, hopefully, reveal the connection
between the Sun and the stars.

7.2 Synergetic effects of
combining data

In his review ‘What we don’t know about
starspots’ (Hall| [1996]), Hall wrote that a
combination of different techniques and con-
temporaneous data would help enormously
to precisely analyze starspots (see quote at
the beginning of this chapter). One ba-
sic idea of my thesis was to take this one
step further using the exceptionally accurate
data of space-based photometry and ground-
based radial velocity measurements. Our un-
derstanding of starspots will greatly improve
when we combine DI, lightcurve analysis,
planetary eclipses, and RV measurements of
the same star — with at least some of them
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taken stmultaneously.

Especially landmark objects as CoRoT-2
provide the best opportunities to obtain
high-resolution surface images of stars.
Planetary eclipse mapping is a powerful tool,
which will be available more frequently in
the near future for several (active) stars.
It will give us access to the fine structure
of starspots and reveal the distribution and
evolution of spots in specific regions on the
stellar surface with unprecedented precision.
A combination with high-resolution spectra
would further boost the amount and accu-
racy of information retrieved.

Another important aspect of my thesis
was the question how much yet unused in-
formation lies in already collected data, and
data that will be collected for a different pur-
pose in the near future. High-precision pho-
tometry of hundreds of thousands of stars is
obtained but mainly used for the detection of
transiting planets. All transit-based planet
detections must be confirmed using the RV
technique; there are many high-precision
RV measurements of stars primarily used to
find or confirm a planet. Lightcurves and
RV curves of many stars are already taken
and researchers should use them for activity
studies as well.

Clearly, our analysis of starspots would
even more benefit from these data sets if
certain requirements were fulfilled. RV mea-
surements naturally are scheduled to densely
cover the planetary orbit and/or the tran-
sit (Rossiter-McLaughlin effect). For activ-
ity studies, a sufficient coverage of the stel-
lar rotation would be required as well. Si-
multaneous observations of lightcurves and
RV curves allow us to identify spots in both
data sets and increase our accuracy.

Such observations are not only important
for the study of stellar activity itself, but are
also important for the detection of planets
and the precise determination of planetary
parameters — at least around active stars.
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When the accuracy is limited by signatures
of activity in the data, which is already the
case for many stars that are excluded from
planetary search programs for exactly that
reason, the activity must be modeled and re-
moved from the data. Then planets around
very active stars — and, probably even more

important, small Earth-like planets around
moderately active stars like our own Sun —
can be found. A co-operation between these
scientific communities will not only result in
interesting collateral discoveries, but it will
be indispensable for planet searches around
active stars.

7.3 Summary

The results of my PhD thesis are summarized in the following paragraphs.

1 The example of V889 Her shows that solar-type, fast rotating stars can have extremely

large and long-lasting active regions. Doppler images, which are snap-shots of the spot
distribution, are used to compute the expected activity-induced RV signal, which is
compared to long-term high-accuracy RV measurements. The active regions are clearly
identified in the RV measurements, which significantly improves their understanding.
This showed that the combination of different data sets — in this case Doppler Imaging,
photometry, and RV measurements — indeed yields synergetic effects.

Effects of stellar activity should generally not be neglected in the analysis of planetary
transits for stars showing pronounced activity signatures. In the case of CoRoT-2,
spots significantly influence the determination of planetary parameters as, e.g., the
size of the planet R,. Furthermore, the correct treatment of activity improves the
understanding of the true errors of derived planetary parameters, which are much higher
than suggested by the statistical errors. Finally, an undisturbed transit profile — where
the stellar activity is mainly removed — is essential for the reconstruction of spots from
the lightcurve.

A consistent simultaneous reconstruction of rotational modulation and transit defor-
mations of a complex lightcurve as that of CoRoT-2 is possible. This novel technique,
which had not been applied before, considers the effects of spots both under the eclipsed
section of the star and outside of it. The reconstructed spot distribution and its tem-
poral evolution on the noneclipsed (global map) and the eclipsed section (transit map)

is presented in Fig. [7.]]

The resolution of the eclipsed section of CoRoT-2, which is scanned by the planet, is
much higher than on the noneclipsed section. Because the planet crosses the stellar
disk close to the equator, and its exact path is known accurately, low-latitude spots are
localized with high precision. Individual spots are detected, their exact positions are
determined, and their evolution is traced for almost half a year. From two persistent
active longitudes, and one inactive longitude, a rotation period for low-latitude spots
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of P = 4.55 d is determined. A periodogram of the lightcurve suggests a significantly
smaller value of P = 4.53 d.

5 The temporal evolution of spots on the noneclipsed section of CoRoT-2 is reconstructed
as well, showing a behavior different from the eclipsed section. Active regions located
there seem to have shorter lifetimes. Additionally, the relative strengths of active
regions switches periodically from one active longitude to the other; this is sometimes
referred to as flip-flop scenario. The active regions show larger rotation periods than
on the eclipsed section indicating the presence of differential rotation with a strength
of AQ > 0.1 rad/d or @ = 0.08, respectively.

6 On average, the spot density on the eclipsed section of CoRoT-2 is (54 1) % higher
than on the noneclipsed section. This indicates the existence of an ‘active belt’ close to
the equator similar to the active region around +40° latitude on the Sun. At maximum,
37 % of the eclipsed section is covered by spots. Compared to the solar spot brightness
b = 0.7, we determined a similar spot brightness of b = 0.76 on CoRoT-2.

7.4 Outlook

Many new ideas came to my mind during the course of this thesis, and some tasks were left
unfinished. This section summarizes a few of these ideas and tasks, and shows how this work
could be continued in the near future.

7.4.1 Starspots

1 The lightcurves obtained by the CoRoT satellite show many CoRoT-2-like stars with
similar brightness variations. This is certainly also true for many objects in the Ke-
pler field of view. A detailed analysis of individual stars of this ‘type’ or a statistical
approach on a high number of these stars will give important insights into their char-
acteristics. Possibly, it even turns out that they indeed form a special class of stars.

2 The analysis of RV variations for signatures of activity is still neglected. Primarily, this
is seen as a nuisance when other interests are pursued, but the potential for activity
studies — maybe even reconstructions of surfaces maps from high-precision RV mea-
surements — is high.

3 A combination of RV curves and lightcurves leads to significantly better surface recon-
structions than using only one of them. Some tests showed that we can recover the
latitude of spots from simultaneous RV and lightcurve data set whereas this was not
possible for the lightcurve alone. RV measurements simultaneous to CoRoT lightcurves
are difficult, because CoRoT changes its field of view every half a year; however, this
is possible for targets of the Kepler mission.

4 Using RV measurements to study starspots is certainly not the best way to recover
information, although it is simple and practicable. To retrieve the maximum of infor-
mation from the spectral lines, their exact deformation — and not just their apparent
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line shift — must be modeled using Doppler Imaging. However, DI on data taken for
RV measurements is virtually impossible because either the S/N is too low, the spectral
resolution is not high enough, the spectrum is contaminated by, e.g., a superimposed
Iodine spectrum, etc. Furthermore, most targets of RV measurements are slow rotators,
because in these cases the precision is high, whereas DI requires fast rotators.

To use Todine spectra of stars with vsin(i) > 20 km/s for DI, it is necessary to develop
a DI code that can handle the superimposed Iodine spectrum.

5 Because DI requires rapidly rotating stars, high-resolution surface images of slow ro-
tators are extremely rare. In the case of CoRoT-2, the low rotation velocity seems
to prevent the reconstruction of high-resolution surface maps with DI. Techniques to
recover spots of slow rotators are required. Possible methods are planetary eclipse
mapping and the combination of lightcurves and RV curves. Kepler and CoRoT should
provide at least a few candidates where this is feasible.

6 DI of targets can be significantly improved when combining it with additional simul-
taneous information, e.g., (multi-band) lightcurves. CoRoT and Kepler will certainly
identify many objects worth imaging and obtain long-term photometry; therefore, con-
temporaneous DI of such objects would be advantageous.

7 DI of a transiting system — planetary eclipse Doppler Imaging — would be a novel tech-
nique. The line deformations caused by the planet during the transit could provide an
extremely high resolution of spots on the eclipsed section and their precise localization.

8 The CoRoT mission offers the possibility to use multi-band photometry, which is of high
interest for starspot analysis. It would provide additional temperature information on
a star’s surface. Although there seem to be significant technical problems with the
three color channels, the applicability of using this multi-band information should be
explored and its advantages taken.

7.4.2 Extra-solar planets

1 The Rossiter-McLaughlin effect of transiting planets uses the apparent shift of spectral
lines due to their deformed profiles. This approach would be improved when the line
profile deformations are modeled similar to the DI technique. However, it requires stars
rotating fast enough to be Doppler imaged.

2 The detection of planets around active stars requires to understand and to remove spot
signatures in lightcurves and RV measurements. This is important for highly active
stars where even the detection of close-in Jupiter-mass planets is difficult, as well as for
moderately active stars where the detection of small planets is complicated. Starspots
should be modeled in lightcurves and RV curves with the goal of substantially reducing
their signal. A promising approach is to use simultaneous high-precision lightcurves,
reconstruct the surface distribution, use it to calculate the expected RV variations,
and subtract this model from the high-precision RV measurements. A success would
immensely increase the chance to detect planets that never would have been found
before.
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3 A precise determination of planetary parameters around active stars requires the con-
sideration of starspots. Ignoring them likely leads to wrong planetary parameters, e.g.,
the radius. Although a significant removal of starspot signatures might not be possible
in some cases, the consideration of activity will result in a much higher — and more
realistic — error estimate for planetary parameters than just the regular statistical error
of standard fitting routines. Some planets found by the CoRoT mission orbit around
active stars and in most cases the influence of starspots has been ignored. In RV mea-
surements of active stars, especially when the Rossiter-McLaughlin effect is observed,
activity is usually not modeled or corrected for. However, a successful modeling and
removal of starspots in RV measurements would certainly improve the precision of de-
termined planetary parameters. This approach should be tried out with some of the
many available high-precision radial velocity curves.
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