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Zusammenfassung

Die Erforschung der Sonnenaktivitdt gehort zu den &ltesten Zweigen der Astronomie. Der
Fortschritt der Beobachtungstechnik ermdglichte eine Ausdehnung der Aktivitatsstudien
weit iiber die Sonne hinaus in den Bereich der stellaren Aktivitdt. Die Entwicklung von
satellitengestiitzten Instrumenten erlaubte den Astronomen den Zugriff auf Spektralberei-
che, die von der Erdatmosphére verdeckt werden. Die Erforschung des so erschlossenen
Rontgenhimmels gestattet grundlegende Einsichten in die Natur stellarer magnetischer Ak-
tivitédt, die besonders wertvoll fiir das Studium junger Sterne sind. Mit der Entdeckung des
ersten extrasolaren Planeten vor 15 Jahren begann der rasante Aufstieg des bis dato kleinen,
diesen Objekten gewidmeten, Forschungsbereichs zu einem der grofiten und aktivsten Zweige
der Astronomie.

In der vorliegenden Arbeit werden unterschiedliche Aspekte stellarer Aktivitdt unter-
sucht. Die Themen reichen von dem klassischen Feld der Sternenflecken iiber die Erforschung
zirkumstellaren Materials mittels reprozessierter Rontgenstrahlung bis hin zur magnetischen
Aktivitat substellarer Objekte. Die Daten hierzu stammen von CoRoT im Optischen und
von Chandra im Rontgenbereich.

Zu Beginn wird die optische Lichtkurve des sonnendhnlichen, jedoch jungen Sterns
CoRoT-2a im Hinblick auf den Einfluss von Aktivitdt auf die Transitlichtkurven eines be-
deckenden, jupiterahnlichen Planeten untersucht. Des Weiteren wird eine neue Lichtkurven-
inversionstechnik angewandt, um die Helligkeitsverteilung auf dem Stern zu rekonstruieren.

Stellare Aktivitat hat einen signifikanten Effekt auf die Transitlichtkurven, der bei genau-
er Bestimmung der Planetenparameter nicht vernachlassigt werden sollte. Wir waren in der
Lage, die Oberflachenhelligkeitsverteilung des Sterns iiber ein halbes Jahr hinweg in zwei,
durch die Bedeckung des Planeten definierten, Bereichen zu rekonstruieren. Die zugehorigen
Karten zeigen einen Stern mit zwei aktiven Langen auf gegeniiberliegenden Hemisphéren.

Anschliefend werden Rontgenquellen einer Sternentstehungsregion im Orion untersucht,
die im Rahmen des Chandra Orion Ultradeep Project beobachtet wurden. In den Quellen
wird nach der Fe K, I Fluoreszenzlinie gesucht und gegebenenfalls ihr Zeitverhalten analy-
siert. Die vorherrschende Meinung ist, dass die Fe K, I Linienemission auf Photoionisation
in beleuchteten zirkumstellaren Scheiben zuriickzufithren ist. Dieses Szenario kann mittels
des Zeitverhaltens der Linienemission getestet werden.

Die Analyse liefert 23 Quellen, die signifikante Fe K, I Linienemission zeigen. Die
zeitliche Variabilitat der Fe K, I Linie weist eine grofie Vielfalt auf. Einige Beobachtungen
scheinen der weitverbreiteten These der Anregung durch Photoionisation zu widersprechen,
die trotzdem die plausibelste Erklarung fiir den Ursprung der Linie darstellt, wenn komplexe
Geometrien in Erwagung gezogen werden.

Im letzten Teil der Arbeit wird iiber die Rontgendetektion des ersten bedeckenden Paares
Brauner Zwerge berichtet, die auf der Massenskala den Platz zwischen Planeten und Sternen
einnehmen. Das untersuchte System ist das erste, in dem die Parameter von Braunen
Zwergen genau bestimmt werden konnen, und nimmt somit eine Schliisselstellung in der
Erforschung der frithen Entwicklung und Aktivitdt von massearmen Objekten ein.

Die im Rahmen dieser Arbeit présentierten Studien demonstrieren die enorme Aus-
sagekraft von Lichtkurvenanalysen. Wéhrend die Analyse der Fe K, I Linie in stellaren
Quellen bereits an die Grenzen des momentan verfligharen Instrumentariums fiihrt, birgt
die Analyse von optischen Helligkeitsverlaufen noch groles Potential, da zur Zeit tausende
hochwertiger Lichtkurven von den Weltraumobservatorien CoRoT und Kepler beobachtet
werden.






Abstract

The study of solar activity is among the oldest branches of astronomy. With the invention
of new observation techniques, the scope of activity research was expanded beyond the Sun,
giving rise to the field of stellar activity. An important phase of progress was initiated by
the development of space-based instrumentation, allowing astronomers to access wavelength
regimes obscured by the Earth’s atmosphere. The thus opened spectral window of X-rays
yields fundamental insights into the nature of stellar magnetic activity, particularly valuable
for the study of young stars. No more than 15 years ago, the discovery of the first extrasolar
planet sparked the inflation of a virtually nonexistent area of research, which has now evolved
into one of the largest and most attractive branches of astronomy, namely that of extrasolar
planets.

In this work, stellar activity is investigated from several points of view. The topics
reach from the rather classical field of starspots to the study of circumstellar material via
reprocessed X-ray light and magnetic activity in substellar objects. The studies are carried
out using data from the optical observatory CoRoT and the Chandra X-ray observatory.

The starting point is an analysis of the optical light curve of the young, though otherwise
solar-like, star CoRoT-2a aimed at studying the influence of stellar activity on the profile
of transits caused by an eclipsing Jovian planet. Furthermore, a novel light curve inversion
technique is applied to reconstruct the surface brightness distribution of the host star.

Stellar spots on the host star CoRoT-2a are found to have a significant impact on the
shapes of the transit light curves, which cannot be neglected in an accurate procedure to
determine the planetary parameters. For a continuous span of about half a year, the surface
brightness distribution of the host star is simultaneously reconstructed in two distinct regions
defined by the surface fraction eclipsed and not eclipsed by the planetary disk during a
transit. The corresponding maps show a brightness distribution consistent with the presence
of two active longitudes located on opposing hemispheres.

In the following part of the work, X-ray sources in the Orion star forming region, the
target of the Chandra Orion Ultradeep Project, are searched for fluorescent Fe K, I line
emission, which is believed to originate from photoionization in illuminated circumstellar
disks. A test for the validity of this formation scenario is provided by the temporal behavior
of the line emission. Therefore, the light curve of the fluorescent line is examined in all
sources with a detection.

Our analysis reveals 23 sources with significant emission in the Fe K, I line. The temporal
behavior of the line shows a large variety, which in some cases seems to contradict the
most widely accepted photoexcitation scenario for the formation of the line. Nevertheless,
photoexcitation remains the most plausible explanation, if complex source geometries are
taken into account.

In the last part of the work at hand, the X-ray detection of the first known eclipsing
brown-dwarf binary is reported. Brown dwarfs occupy an intermediate place between planets
and stars on the mass scale, and the system under consideration is the first in which accurate
parameters can be obtained for the constituents. Thus, it represents a potential landmark
system for understanding the early evolution and activity of low mass objects.

The studies presented in this work demonstrate the enormous power of light curve anal-
yses. While the study of the Fe K, I line in stellar sources has probably reached the limits
of currently available X-ray instrumentation, it will be interesting to pursue the analysis of
optical light curves, because currently thousands of high quality, short cadence light curves
are observed by the space-based planet searching missions CoRoT and Kepler.






Contents

1 Introduction - Cornerstones of stellar activity research 1
2 Analyzing photospheric activity in planetary transits 3
2.1 Solar spots . . . . . . 3
2.2 Spotlight on starspots . . . . . . . .. 5
2.2.1 Observations and techniques . . . .. . . ... .. ... ... ....... 5
2.2.2  The most important findings . . . . . ... .. ... L. 6
2.3 Planet hunting and stellar activity . . . . . ... .. ... ... 0L, 7
2.3.1 Hunting planets . . . . . . . . .. 7
2.3.2 The CoRoT mission . . . ... .. ... ... .. .. ..., 7
2.4 Planetary transits and stellar activity . . . .. ... .. ... L. 8
2.5 Publications . . . . . . . .. e e 8
2.5.1 My contributions . . . . . ... Lo 9
How stellar activity affects the size estimates of extrasolar planets . . . . .. .. 10
A planetary eclipse map of CoRoT-2a.
Comprehensive lightcurve modeling combining rotational-modulation and
transits . . ... L L 16
Planetary eclipse mapping of CoRoT-2a.
Evolution, differential rotation, and spot migration . . . . . . .. .. ... 23
3 The X-ray perspective of magnetic activity in young stars and their environ-
ments 33
3.1 A short history of X-ray astronomy . . . . . .. ... L. 33
3.2 X-ray instrumentation . . . . ... Lo Lo 33
3.3 The Chandra X-ray observatory . . . . . . . .. . . ... e 34
3.4 Stars in X-Tays . . . . ... e 35
3.5 How to study cool material in X-rays . . . . . . .. ... ... ... ... 36
3.6 Publications . . . . . . . . L e 39
The nature of the fluorescent iron line in V 1486 Orionis . . . . . . . .. ... .. 39
Puzzling fluorescent emission from Orion . . . . . . .. .. .. ... ... ..., 43
3.7 Towards the substellar regime . . . . . . . ... ... oL 0oL 58
3.8 Publication . . . . . . . . . . . e 59
Discovery of X-ray emission from the eclipsing brown-dwarf binary 2MASS J05352184-
0546085 . . . . .. e 59
4 Summary and conclusion 63
5 Outlook 64

5.1 Projects in progress . . . . . ... ... 65






1 INTRODUCTION - CORNERSTONES OF STELLAR ACTIVITY RESEARCH

1 Introduction - Corner-
stones of stellar activity
research

In ancient times, the Sun, the vital source of life
on Earth, was perceived as an incarnation of
immutable perfection. Nonetheless, thoughtful
observers like Chinese astronomers of the Han
dynasty or European monks have long noticed
impurities on the solar (sur)face, dark spots dis-
turbing the Sun’s perfect symmetry. Yet, it is
not before the early 17th century, that we find
empirical reports on those spots, and another
200 years passed before the 11 years solar cycle
was discovered at the beginning of the 19th cen-
tury by Samuel Heinrich Schwabe. These early
reports mark the first steps into a new branch
of astronomy, namely that of solar and stellar
activity.

It is the marvelous accident that, in our
epoch, the Moon nearly perfectly covers the so-
lar disk during an eclipse to be credited with the
next crucial advances in solar studies. In the
few minutes of a total eclipse, the extended,
filigree outer atmosphere of the Sun becomes
visible, which is otherwise so greatly outshone
by the photosphere. Subsequently, researchers
became increasingly aware of the solar atmo-
sphere, which has remained in scientific focus
since. Figure 1 demonstrates the appearance
of the outer Sun during an eclipse observed with
modern instrumentation.

Curiously, the average temperature of the
outer solar atmosphere does not decline with
increasing height, as one might naively expect,
but it rises. Today, we distinguish between
the chromosphere and the corona, with the
latter being the outermost, hottest, and most
extended layer. The entire outer atmosphere of
the Sun is a highly inhomogeneous region (cf.,
Fig. 1), pervaded by long-lived and evanescent
structures (e.g., Roberts 1945; Bohlin et al.
1975). It has long been noted (Hall 2008)
that the high level of organization and the

11980 eclipse image courtesy Rhodes College, Mem-
phis, Tennessee, and High Altitude Observatory
(HAO), University Corporation for Atmospheric Re-
search (UCAR), Boulder, Colorado. UCAR is spon-
sored by the National Science Foundation.

Figure 1: The solar atmosphere observed dur-
ing an eclipse in 1980 !.

temperature structure in the outer Sun point
to deviations from radiative equilibrium in
these layers, i.e., energy is transported through
other channels than radiation. It was only a
natural consequence of these findings to search
for the processes, collectively referred to as
activity?, responsible for the surplus of energy
in the outer solar atmosphere.

The magnetic field of the Sun was identified
as a major key for understanding the properties
of the solar atmosphere. The Sun possesses
a self-sustaining magnetic field generated via
a dynamo process (e.g., Parker 1955a), which
can be held responsible for the photospheric so-
lar spots (e.g., Parker 1955b) as well as struc-
tures observed in the chromosphere and corona.
The magnetic field is rooted in the photosphere,
where its evolution is governed by the plasma
motion, and it extends into the outer layers of
the atmosphere where it, in turn, dominates
the plasma motion. In this way, the magnetic
field projects plasma motions from the outer
solar convection zone into the upper layers of
the atmosphere. Beyond a “passive” role as
a structural element, the magnetic field also
provides a channel for energy transport. The
energy stored in the magnetic field can be re-
leased via magnetic reconnection (e.g., Priest &
Forbes 2000), and, thus, become available as a
source of additional heating in the outer atmo-
sphere. Although there seems to be agreement

2A rigorous definition of this term does not exist.
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that magnetic reconnection is a major contribu-
tor to the outer solar atmosphere’s energy bud-
get and is also the origin of impulsive, violent
events called flares, many of its facets remain
elusive.

While early studies of activity necessarily
concentrated on the Sun, which remains the
best studied star because it can be resolved in
great detail, the advent of increasingly powerful
observation techniques has extended the hori-
zon of activity research far beyond the limits
of the solar system. One important observable
tracer of the additional heating in the outer
stellar atmosphere is the emission reversal in
the lines of singly ionized metals as for exam-
ple Ca IT and Mg II. Long term monitoring
programs, concentrating on activity indicators,
such as the famous Mount Wilson CaIl H&K
campaign (e.g., Baliunas et al. 1995) demon-
strated that activity comparable to that of our
Sun can also be observed in many other late-
type stars. The detected activity patterns show
a large variety in amplitude and temporal be-
havior, which ranges from cyclic to erratic, but
a general trend indicates a decreasing ampli-
tude of the observed activity in older stars; this
decrease in activity is tightly correlated with
the loss of stellar angular momentum and is
known as the “activity-rotation-age paradigm”
(e.g., Skumanich 1972).

Today, the Ilarge ground-based obser-
vatories are complemented by space-based
telescopes, opening our eyes to wavelength
bands obscured by the Earth’s atmosphere.
One of these spectral windows is the X-ray
regime with photon energies between several
hundred to many thousands of electron Volts.
X-ray light is mostly produced in material
heated to temperatures of millions of Kelvins
or particles accelerated to relativistic ener-
gies. Beginning with their first astronomical
detection in the early 1960s, the ability of
X-ray photons to penetrate large columns of
interstellar and intergalactic material caused
their growing importance in the study of high
energy processes throughout the universe.

In the beginning populated with sparse,
strong sources detected with rocket-borne
instrumentation, the X-ray sky has become a

crowded place, occupied with sources ranging
from galaxy clusters to virtually all kinds of
galactic bodies including our Sun. X-rays from
late-type stars are predominantly produced in
their coronae, so that they serve as a valuable
diagnostic of stellar activity. Again, stellar
youth was found to be a period of particular
activity also in the X-ray regime, making star
forming regions preferred targets for X-ray
observers.

In 1972 Olin Wilson, the initiator and long-
term manager of the Mount Wilson CaII H&K
campaign, noted in a provocative statement: ‘It
is important to realize that a chromosphere is a
completely negligible part of a star. Neither its
mass nor its own radiation makes a significant
contribution to those quantities of the star as
a whole’ (Hall 2008); a statement in which one
could easily replace chromosphere by corona.
While there is a lot of truth in these words,
it is also instructive to reveal its shortcoming
(which Olin Wilson was of course aware of).
While the outer atmospheric layers usually pro-
vide a negligible fraction of the stellar energy
flux, they may, indeed, provide a major fraction
of the energy flux in a specific spectral win-
dow such as the X-ray regime. The presence
of the stellar magnetic field, among others, es-
tablishes an important connection between the
processes in the stellar interior deep below the
surface and the outer stellar atmosphere. More
recently the influence of the stellar magnetic
field, high energy radiation, and, thus, activity
on the star’s surroundings were recognized as a
potential key to a better understanding of the
evolution of protoplanetary disks, and, there-
fore, planet formation.

Consequently, the study of stellar activity
and, hence, these almost negligible outer layers
of the stars, can provide us with a better un-
derstanding of the star and its evolution as a
whole.
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2.1 Solar spots

2 Analyzing photospheric
activity in  planetary
transits

Sunspots were the earliest known activity in-
dicators, although they were not immediately
recognized as such. Much like the lunar eclipse
of the Sun promoted our understanding of its
outer layers, my collaborators and I now use
eclipses by a close-in Jovian planet to better
understand the photospheric appearance and
evolution of the active star CoRoT-2a.

2.1 Solar spots

Sunspots have been known for a long time, yet
their nature remained mysterious for many cen-
turies, and many details are still under debate
today. In 1769 Alexander Wilson observed pro-
jection effects of sunspots approaching the so-
lar limb, leading him to the conclusion that the
spots are, indeed, located on the solar surface
and that they constitute slight depressions in
the solar photosphere. Since then, our knowl-
edge has increased significantly, and the points
most relevant to this work are discussed in the
following.

Sunspots are regions on the solar surface,
which are cooler than the ambient photo-
sphere and, therefore, appear dark. Figure 2
(upper panel) shows a group of spots on
the solar surface observed with SOHO. This
picture demonstrates several typical aspects of
sunspots. First, they rarely appear individu-
ally, but usually occur in spatially associated
groups referred to as “active regions”. Sec-
ond, they show substantial structure: shapes
ranging from circular to irregular and a dark
core, the umbra, surrounded by a brighter
region called the penumbra. The umbra is
the coolest part of the spot with an effective
temperature ~ 2000 K lower than that of the
photosphere, while the effective temperature of
the penumbra is typically only a few hundred
Kelvin below photospheric values.

As soon as sunspots appear on the surface,
they start to decay. Their lifetimes range from
hours to months, with larger spots living longer

on average (e.g., Solanki 2003). The spot distri-
bution on the Sun is not homogeneous, neither
in time nor in space. The average area cov-
ered by spots varies cyclically with a period of
11 years. During one cycle, not only the spot
covered area varies, but also the preferred lo-
cation of spot appearance changes, migrating
from £30° latitude closer to the equator. This
behavior is reflected in the famous butterfly di-
agram shown in the bottom panel of Fig. 2.

908
1950

1960 1970 1980
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1990 2000 2010

Figure 2: Upper panel: Sunspot group ob-
served by SOHO (Credit: NASA/SOHO).
Lower panel: Butterfly diagram showing the
sunspot covered area as a function of time (from
Solanki 2003).

The above mentioned sunspot phenomenol-
ogy could long be observed before the attempts
to understand it converged into a meaningful
physical model of sunspot formation and evolu-
tion. It was already emphasized that the solar
magnetic field is a key for understanding the
structure and heating of the chromosphere and
the corona. Yet, the solar dynamo, by which
the magnetic field is generated, is mainly local-
ized at the tachocline (cf. Sect. 3.7), which is
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located far within the Sun at ~ 70 % of its ra-
dius. Thus, there has to be some process bring-
ing magnetic flux from the tachocline to the ex-
terior, whereby it has to cross the intermediate
layers.

Sunspots or active regions turned out not
only to be distinguished by brightness, but
also by increased magnetic field strength:
The magnetic field in the umbra reaches
1000 — 5000 G and is nearly perpendicular
to the photosphere, while it is weaker and
more inclined in the penumbra. Thus, there is
strong evidence that we are looking at different
incarnations of a common phenomenon no
matter whether we analyze the structure and
heating of the chromosphere and the corona or
we try to understand the origin of sunspots.

A thorough review of the transport
processes bringing magnetic flux from the
tachocline to the surface of the Sun can, for
example, be found in Fan (2009). Although
many details remain elusive, the general
picture is that magnetic flux associated with
the toroidal field of the Sun rises through
the outer convection zone concentrated in
magnetic flux tubes and eventually penetrates
the photosphere. The rise is driven by the
force of buoyancy, which originates from extra
pressure provided by the magnetic field.

In equilibrium, there must be pressure bal-
ance between the ambient gas pressure, p., and
the pressure within a magnetic flux tube so that

2

Pe=pi + — .

- (1)

Here p; is the gas pressure in the flux tube and
the last term describes the magnetic contribu-
tion. In an isothermal ideal gas, this leads to a
reduced density in the flux tube and, thus, to
buoyancy. Although this remains an idealiza-
tion, it demonstrates the basic idea of buoyancy
driven magnetic flux tubes.

Active regions can, thus, be identified with
places where rising magnetic flux from the solar
interior penetrates the photosphere, but why
should this lead to a reduction of the surface
effective temperature? The reason for that can
already be identified in Fig. 2. Disregarding the
spots and concentrating on the ambient pho-

Internal structure:

inner core

radiative zone
convection zone

Subsurface flows

Tachocline Photosphere

Chromosphere

Figure 3: The internal structure of the Sun.
Credit: NASA

tosphere, we notice that it has a small scale
structure, which turns out to be the result of
the energy transport in the outer Sun.

In stars, energy is transported either by con-
vection, radiation, or heat conduction. The
dominating process is determined by the envi-
ronment in different layers of the star. Indeed,
Fig. 3 demonstrates that the Sun itself pos-
sesses zones in which convective energy trans-
port dominates and zones in which radiative en-
ergy transport prevails, while heat conduction
is negligible in the solar interior. In particular,
energy transport in the layer directly below the
photosphere is convective, and the structure ob-
served in the photosphere bears witness to the
rise and fall of convection cells transporting en-
ergy to the surface.

The magnetic field couples to the ionized
plasma in the convection zone and suppresses
the motion of the convection cells, ensuing
a deficit in energy transport in that region,
which we perceive as a solar spot. It should be
emphasized at this point that active regions
are composed not only of spots, but also of
bright structures such as plages and faculae,
which are less prominent to the eye, but, on
the Sun, overcompensate the brightness loss
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2.2 Spotlight on starspots

due to spots, so that the Sun becomes brighter
at spot coverage maximum. This, however,
no longer holds for younger, more active stars
(e.g., Radick et al. 1998). Needless to stress
the connection between observable activity
and solar interior again here.

The surface of the Sun is in a state of con-
tinuous change. Our present day knowledge
reaches far beyond what is discussed above, yet
it is not of immediate importance for the work
at hand, and I refer the reader to the overview
given by Solanki (2003) and references therein
for a more complete collection.

2.2 Spotlight on starspots!

Given the principles of sunspot formation, it
is a small step to suggest that also other stars
with a structure similar to that of the Sun, in
particular, those with an outer convection zone
and a magnetic field, should have spots. Today,
this idea is commonly accepted, and the study
of starspots has evolved into a major tool for
understanding stellar structure, activity, and
evolution.

In the following, the most important results
of starspot studies are summarized, but as
this remains an active topic of research there
are many details and nuances, which cannot
be mentioned, and I refer the reader for
example to the reviews by Berdyugina (2005)
or Strassmeier (2009) for a more complete
overview.

2.2.1 Observations and techniques

In 1947 Kron analyzed the light curve of
the eclipsing binary AR Lacertae, in which
he noticed asymmetries in the profile of the
secondary minimum. Kron (1947) stated the
hypothesis ‘that the surface of the G5 star has
upon it huge light and dark patches’, and he
concluded that a thorough analysis of more
data ‘may lead to a better understanding of the
sizes, latitudes, and motions of the patches’.
Although the hypothesis of starspots had been

I note that the term starspot is used here to refer to
individual starspots as well as to active regions, where
spots emerge and decay, because both can usually not
be distinguished on other stars than the Sun.

around for hundreds of years already (see Hall
1994, for an overview of the history of starspot
discovery), the work of Kron is now considered
the first to have reported on the discovery of
starspots, and many more were to come.

In a search for continuum variability
among solar-like stars, Radick et al. (1983)
found positive results for stars with spectral
type K2—F7 within their limits of accuracy.
Although Radick et al. (1983) claim physical
reality neither for the K2 nor the F7 limit,
their outcomes fit well into the picture of stars
with outer convection zones having spots, if we
attribute the variability to starspots.

For an in-depth analysis of starspots, it is
necessary to resolve stellar surfaces in some de-
tail. As direct imaging of stellar surfaces is to-
day only possible in exceptional cases such as
Betelgeuse (Young et al. 2000), several indirect
techniques are applied to achieve this goal.

One of those is “Doppler Imaging” (e.g.,
Deutsch 1958; Vogt et al. 1987; Piskunov et al.
1990), in which the distortion of spectral-line
profiles is used to reconstruct the brightness
distribution on the stellar surface. Doppler
Imaging requires high cadence, high resolution
spectra with good phase coverage, and its
application is, thus, limited to bright, fast
rotating stars. Figure 4 shows an example of a
Doppler Image derived for the star V889 Her
by Huber et al. (2009b).

Figure 4: Doppler Images of V889 Her from
Huber et al. (2009Db).

Another technique is that of “light curve in-
version” (e.g., Vogt 1981; Rodono et al. 1986),
exploiting the influence of starspots on the stel-
lar continuum emission to reconstruct its sur-
face. Obtaining light curves is observationally
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less challenging than obtaining the high resolu-
tion spectra needed to carry out Doppler Imag-
ing, yet, they also contain less information. The
reason for this is that a distortion of a spectral-
line profile contains information on the radial
velocity of the disturbing pattern, encoded in
its position within the profile, whereas light
curves lack this information. In a recent study
of Huber et al. (2009b), it was, however, demon-
strated that radial velocity measurements, car-
ried out simultaneously with the photometric
observations, can partly replace the informa-
tion not contained in the light curve alone.

No matter whether Doppler Imaging or
light curve inversion are used, the problem
usually remains ill-posed, and a regularization
is applied to limit the size of the solution
space. Common approaches are the Tikhonov
regularization (e.g., Piskunov et al. 1990) or a
maximum entropy approach (e.g., Vogt et al.
1987).

Other techniques to study starspots com-
prise Zeeman Doppler-Imaging, combining the
analysis of Doppler shifts and Zeeman splitting
of spectral lines to recover the distribution of
the stellar magnetic field (Semel et al. 1993;
Donati et al. 1989), the modeling of molecular
bands, which is based on the fact that certain
molecular lines can only be formed in the cool
spot region of a surface and not in the ambi-
ent photosphere (Vogt 1979), and the method
of line depth ratios (Gray 1996; Catalano et al.
2002), being also based on the formation con-
ditions for spectral lines in environments of dif-
ferent temperature.

All of these techniques have contributed to
the picture of starspots, we have today.

2.2.2 The most important findings

While sunspots typically cover far less than 1 %
of the solar surface, it was found that many
stars show much larger spot coverages, reach-
ing considerable fractions of the surface. Enor-
mous photometric amplitudes of 0.63 mag were
observed for the RS CVn stars IT Peg (Tas &
Evren 2000) and HD 12454 (Strassmeier 1999).
In the latter case, the authors also report on
strong color changes accompanying the pho-

tometric variability, indicating that cool spots
cover approximately 20 % of the stellar surface
or 40 % of the visible disk.

In their analysis of spot coverage and tem-
perature among 5 active, evolved stars, O’Neal
et al. (1996) find spot coverage factors between
virtually zero and ‘just under 60 %’, with some
of their filling factors considerably exceeding
previously published values. However, the
method of O’Neal et al. (1996) is sensitive not
only to the asymmetric? spot coverage, but also
to the symmetric part, which usually cannot
be recovered with methods such as light curve
inversion® or Doppler Imaging. Thus, the
authors conclude that some stars are spotted
also during brightness maximum. Symmetric
spot contributions may be present in the form
of a homogeneously distributed population of
smaller spots, or a large, persistent polar spot
as for example in the case of V889 Her (see
Fig. 4).

Analyses of the starspot lifetime are im-
peded by our (current) inability to distinguish
between individual starspots evolving as units
and active regions, where individual spots
emerge and decay continuously. Hall (1994)
studied 112 starspots on 26 stars and found
lifetimes of the order of several days consistent
with sunspot values. He concluded that the
spot lifetime is determined by maximum spot
area for small spots and limited by shear due
to differential rotation for large spots. In
contrast to this, other starspots seem to be
much more persistent lasting for hundreds of
days (e.g., Huber et al. 2009b) or years (e.g.,
Hatzes 1995).

One prominent starspot configuration,
found in many active stars, is that of “active
longitudes”, i.e., longitudes at which starspots
preferentially appear. In RS CVn stars active
longitudes were for instance reported on by
Zeilik et al. (1988) and Henry et al. (1995),
in FK Com stars by Jetsu et al. (1993), and
in young, active solar analogs by Berdyugina

2The terms asymmetric and symmetric refer to the
longitudinal distribution of spots on the stellar surface.
The symmetric fraction of the spot distribution causes
no variations in the stellar continuum light curve.

3See Huber et al. (2009a) for an example where it
can be done.



2 PHOTOSPHERIC ACTIVITY

2.3 Planet hunting and stellar activity

et al. (2002). Active longitudes seem to be
preferentially separated by = 180°, i.e., located
on opposing hemispheres, and a periodic
switching of the amplitude of spot emergence
from one hemisphere to the other was also
observed in several stars; FK Com is the
prototype for this so called “flip-flop” effect
(Jetsu et al. 1993).

Today, starspots are believed to be common
on active stars, and coverage fractions may ex-
ceed that of the Sun by orders of magnitude in
the most active stars. Prominent starspot char-
acteristics such as the presence of polar spots,
the existence of active longitudes, and the flip-
flop effect have been established for many stars,
while the physical origin of these features re-
mains debated.

2.3 Planet hunting and stellar ac-
tivity

Within the last 15 years planetary science has
grown into a major branch of astronomy. Many
current and upcoming space missions are de-
voted to finding and studying extrasolar plan-
ets and planetary systems, and the attraction
of the field is still increasing. While it remains
the clearly stated goal of this effort, and one
of the most natural desires of mankind, to find
a second Earth, the giant wake of this science
driver provides data en masse, allowing for ex-
tensive research on many other topics.

2.3.1 Hunting planets

Planets usually only produce negligible
amounts of optical light, so that they can more
easily be detected via their influence on other
bodies, most notably their host stars.

One of the techniques exploiting this con-
cept is the “radial velocity method”. Though
the host star is, by definition, much more
massive than a planet orbiting it, the planet
nonetheless exerts a force of gravitational
attraction on the host star, and, given a two
body system, both will orbit the common
barycenter. The radial velocity method is used
to detect the planet-induced, periodic motion
of the host star by the analysis of Doppler

shifts of spectral lines.

As signals with larger amplitude are usu-
ally easier to detect than weak signals, also the
radial velocity method is most effective in find-
ing those planets causing the most substantial
host-star motions; in particular, this favors the
discovery of close-in planets with a large mass.

Indeed, the first extrasolar planet reported
on was such an object, 51 Pegasi b (Mayor &
Queloz 1995), a Jovian mass planet orbiting
the host star in a 4.2 d orbit at a distance of
0.05 AU. 51 Peg b was the first in the new class
of “hot Jupiters”, a type of planet (fortunately)
not existing in the solar system and, with few
exceptions (e.g., Struve 1952), not widely fore-
seen by the scientific community. Today more
than 400 such planets are known, and their
number increases virtually every day.

The discovery of 51 Pegasi b and, thus, the
class of hot Jupiters, provided substantial sup-
port for the rise of another technique of planet
search, which is the “transit method”. Plane-
tary transits are a well known phenomenon in
the solar system, as both Mercury and Venus
have often been observed to cross the solar disk.
As the planets are much cooler than the solar
photosphere, the apparent solar disk diminishes
in brightness for the time of transit. Yet, the
probability of finding any planet resembling one
in our solar system via a transit was regarded
as too low for the transit method to be of any
practical relevance; this changed radically when
astronomers became aware of hot Jupiters.

Ironically, a more than a thousand years old
misinterpretation of a crossing solar spot as an-
other transiting planet, is still a serious compli-
cation in detecting transits of extrasolar planets
today. Signals resembling those caused by plan-
ets, whether in the photometry or the radial
velocity, may be feigned by stellar activity, and
as the planets under scrutiny approach Earth
size, it becomes more and more complicated to
uniquely identify planets.

2.3.2 The CoRoT mission

In order to detect Earth sized planets via the
transit method, relative photometric accuracies
of 107° need to be reached, which is hardly
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possible from the ground mainly because at-
mospheric disturbances interfere with the mea-
surements. Therefore, the space-based observa-
tory CoRoT (COnvection ROtation and plan-
etary Transits) was launched and successfully
put in operation on December 27th, 2006 (Au-
vergne et al. 2009).

CoRoT basically consists of an optical tele-
scope with a diameter of 27 cm. Its mission is to
simultaneously monitor the brightness of sev-
eral thousand stars and provide approximately
half year long, continuous photometry of sev-
eral fields in the sky with unprecedented time
coverage, accuracy, and temporal cadence. The
scientific goals of CoRoT are the search for ex-
trasolar planets, of which it has discovered at
least seven so far, and asteroseismological stud-
ies.

2.4 Planetary transits and stellar
activity

Usually stellar activity is considered not much
more than an annoying source of noise during
the search for extrasolar planets, however, ‘one
astronomer’s noise, is the other astronomer’s
signal’ 4.

The profile of a planetary transit light-curve
is determined by the properties of the planet
as well as by the properties of the star. The
brightness distribution on the stellar disk gives
rise to a characteristic transit profile. Even
when a star is perfectly inactive without any
spots or faculae, the visible stellar disk is not
homogeneously bright, because of limb darken-
ing (Mandel & Agol 2002). The upper panel of
Fig. 5 shows an image of the Sun, demonstrat-
ing the effect of limb darkening on the bright-
ness distribution of the stellar disk, and the
lower panel shows transit light-curves for three
different cases of linear limb darkening, indi-
cating the response of the transit light curve to
changes of the disk brightness distribution.

If the star is active and has starspots, they
influence the surface brightness distribution
and, therefore, the transit profile (Silva 2003;
Wolter et al. 2009). When a planet crosses

4A. Hatzes during a lecture on planetary transit on
May 11th, 2010 in Hamburg.

2003/10/28 06:24 UT

— No limb darkening
-- a=03
- a=06

Relative Flux

Figure 5: Upper panel: SOHO picture of the
Sun; Credit: NASA/ESA. Lower panel: Tran-
sit profiles for different coefficients of linear
limb darkening.

the stellar disk, it occults different parts of
it at different times. As the transit profile is
proportional to the amount of light blocked by
the planet during its disk passage, the disk’s
brightness distribution along the planetary
path is encoded in the transit profile and can
potentially be recovered.

The following publications represent a con-
fluence of planetary science and stellar activity
research and demonstrate the wealth of infor-
mation, which can be extracted from photom-
etry obtained during transit searches.

2.5 Publications

In the following pages I reproduce three works
(Czesla et al. 2009; Huber et al. 2009a, 2010) on
CoRoT-2, which were published in Astronomy
& Astrophysics.
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2.5.1 My contributions

In each paper included in this thesis, at least
two authors are listed. In this section, I give
an overview of my contributions to the works
on CoRoT-2, especially for those works where
I am not listed as the first author. The works
on CoRoT-2 are the result of a collective effort,
and it would neither be fair nor correct to at-
tribute individual sections exclusively to me (or
another collaborator). I will, therefore, rather
outline where I provided major contributions,
and where not.

All works on CoRoT-2 can be traced back
to an idea promoted by my college and friend
Klaus F. Huber, who is also (co)author of all of
the papers. From the beginning he wanted to
model the light curve and the transits simulta-
neously. During the early phase of this effort,
we noticed that the previously published plan-
etary parameters for CoRoT-2b are not appro-
priate for our purpose, which was the starting
point of Czesla et al. (2009); I provided major
contributions to all parts of this work.

Sometime during the work, an accident hap-
pened to me, which forced me to stay at home
for a few weeks. In this time Klaus Huber fre-
quently visited me at home, where we set up
the computer code, which was later used to
carry out the light curve modeling. It is due
to my larger experience in programming and
the programming language c++ in particular,
that I can claim a major role in setting up the
code. I think that Klaus and I provided ap-
proximately equal contributions to Huber et al.
(2009a). The major part of Huber et al. (2010)
was contributed by Klaus Huber, yet, I also
have a share in every part of the work.

I shall not forget to note that also the other
coauthors provided contributions to the works,
which I, however, will not name in detail here.



2.5 Publications

2 PHOTOSPHERIC ACTIVITY

A&A 505, 1277-1282 (2009)
DOI: 10.1051/0004-6361/200912454
© ESO 2009

Astronomy
Astrophysics

How stellar activity affects the size estimates of extrasolar planets

S. Czesla, K. F. Huber, U. Wolter, S. Schroter, and J. H. M. M. Schmitt

Hamburger Sternwarte, Universitdt Hamburg, Gojenbergsweg 112, 21029 Hamburg, Germany

e-mail: stefan.czesla@hs.uni-hamburg.de

Received 8 May 2009 / Accepted 1 July 2009

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. [BID] (2454237.53362 £ 0.00014) d  A08
i (87.84 £ 0.10)° A08
R, /R (0.1667 + 0.0006) A08
a/Ry (6.70 £ 0.03) A08
Uy, Uy (0.41 £0.03), (0.06 = 0.03) A08

@ P, — stellar rotation period; ? taken from Lanza et al. (2009) [L09],
Alonso et al. (2008) [A08], or Bouchy et al. (2008) [B08]; © P, — orbital
period, T, — central time of first transit, i — orbital inclination, Ry, Ry —
planetary and stellar radii, @ — semi major axis of planetary orbit, u,, uy
— linear and quadratic limb darkening coeficients.

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. CoORoT-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

; €]

c
Ceorr,i = Co,i * -

1
where ¢, is the ith observed data point, g; is the associated value
of the best-fit second order polynomial, ¢ represents the mean
of all observed count rates in the band, and ccq; 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 = filni (@)

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, 7;, 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

=i, 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 Egs. (2) and (3). To evaluate the
differences between the approaches, we consider the expression
a_Uizmlip+l @)
Yi Silni
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.
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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 T, at some index value j = T. At this po-
sition, the normalization obtained from Eq. (3) is given by
zr = (fr —np)/p+1 = =To/p + 1, whereas Eq. (2) yields
yr = fr/nr = (np — Tp)/ny. 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 zp = yr if ny = p. If, however, the local continuum
estimate is given by ny = ap (a < 1), the results differ by

ar—yr=Top™ (a7 = 1) . )

Using the extreme values observed for CoRoT-2a (a = 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, Rq, 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,ii) . (6)

qi
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 g;,
however, appropriately represents the shape of Ry ;, 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 pypie =
703000, preq = 489 000, pgreen = 88 500, and pyjye = 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

TEW, = f " (1 - z,,(t))dt ~ (1= 2,08, O

where #; and t;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 TEWs 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 107* s/(e 32 5).

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 1070, 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
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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 o3,

We estimate the variance to be

N
1
o~ D LCr ;- ), ®)
J

where u; 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 LCr. The distribution of data
points in s is now approximated by a “local model”, Im(y), with
a free normalization y; Im can for instance be a constant or a gra-
dient. Given /m, we adapt the normalization to solve the equation

(ZS<LCS —Im(y))* - H(m(y) - LCy) (rz)
> H(Im(y) = LCy) 0

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 vy,
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 a'g, 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 a'g = 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.

=0, (C))

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 (Pal 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 coeflicients 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 Pél (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 R,/R; = 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 Rp/Ry = 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 T = 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-7’ band.
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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

max(n; — fi) _ (&)z L

= 2

(10)
where L4 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, py,, 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, fi,, then becomes

= 11
m o R (1D

and another scaling factor must be applied to the radius ratio.
While p,, 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/ +/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) 2 20 kms~! (compared
0 veq =~ 2 km s! 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.
Py (1.7429964 + 0.0000017) d A08
T. [BID] (2454237.53362 + 0.00014)d  AO08
i (87.7 = 0.2)° C09
R, /R (0.172 + 0.001) C09
a/Ry (6.70 + 0.03) A08
Ug, 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
(4 = 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 km s~! derived with the theoretically ob-
tained value Ry = 0.9- R, (Alonso et al. 2008) also favors
sin(i) = 1.

As a result, 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.

17

K. F. Huber et al.: A planetary eclipse map of CoRoT-2a

Stellar rotation

@

Orbital

240° 360° 0° 60° motion
_:-'_‘—,-o—._'_.———-—.'——'-?

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 fiq; at time ¢; is then given by the expression

Niot

Jmodi = Z Viibj.
=

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

D

Mc 2
(fmod,i - ﬁ)bs,i)
Xh=> T @)
i=1 i

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 Niy = N+ N, dimensions, and the as-
sociated parameters are the brightnesses, bj-;._y,,. 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=i_n,, Zk=1..~,) for our reconstructions, where z
is defined by

S<q0+q
= b + — by. 3
% = b+ — Z (€))

$=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 qo < § < 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 bj—;_, and zx=1._, 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

Neot

> Vji=1forall;,
j=1

which yields fuoa; = 1 for b; = 1, i.e., 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 s7!), 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 10~ 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

L (£ = fpi+ 1L0))
(AXZ):NZ(— ~ 14.2. 4)

= 200

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 x> at phase point p; is given by (f(p;) + f(pi +1.0))/2,
so that the sum in Eq. (4) estimates the )(2 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 x> ~ 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 10™* 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

19

K. F. Huber et al.: A planetary eclipse map of CoRoT-2a

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 x* value, v, to decrease rapidly until 8 strips
are used. From this point, )(é only responds weakly to an in-
crease in the strip number, but still decreases. Using 12 strips,
we find Xﬁ = 16. With an estimated “socket” contribution of
~14.4 provided by surface evolution, we attribute a fraction of
Xﬁ ~ 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 Xﬁ 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 100, 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 (7'4—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 7'1-3 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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the entire reconstruction strip because of their unknown latitude result-
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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-
Iution. 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, 5} (Tjff oc gPt with the effective surface
temperature Ter 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
Proy = (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 Rp/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
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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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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.
Py (1.7429964 + 0.0000017) d A08
T. [BID] (2454 237.53562 + 0.00014)d  A08
i (87.7 £ 0.2)° C09
R, /R (0.172 + 0.001) C09
a/Ry (6.70 + 0.03) A08
Ug, 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) [BO8], 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, @ — semi major axis of planetary orbit, u,, u;, — linear and quadratic
limb darkening coefficients.

rate of 1/512 s7! 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 ¢, = 1.0, respectively. We use units of stellar
rotation phase in our analysis, the last point of our data interval
corresponds to ¢ = 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 0,
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 x? 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 bypo, = 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.

25

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

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 10 ¢, 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 = 4.4 x 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 oo, = 1.161, and another broader
component is coming from the residuals of the global lightcurve,
which is significantly wider with oy = 1.742. The addition of
both Gaussians reproduces the overall distribution of residuals
accurately. We calculate )(fc 4 = 2.18 from all residuals of the
entire lightcurve.

The interpretation of szed as an actual goodness-of-fit indi-
cator is not straightforward in this case. An increase of the strip
number should lead towards X?e 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 sze 4 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 (o7 > 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 ¢s; 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
Broa = (1 = A) - Bel. + A - Bpon—ect. With A = 0.79. The associ-
ated spot coverage fraction is calculated using (1 — B)/(1 — ¢s).

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 (B..) 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 B / Bpon—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 Bryy,; 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 Ps = (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, Ps = 4.522 days (Lanza
et al. 2009), is close to P;.

centered at P; = 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 BS 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 — B5, 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:
P; =4.53d,P, =4.95d,and P3 = 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 byon—ec1. > 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—cct. < 0.95. Here the contour lines indicate a transit map
brightness of b, = 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 Bry of the star. This is presented
in Fig. 4 (bottom panel). With a maximum of B, = 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
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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 Py = 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.
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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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results for comparison. K.H. is a member of the DFG Graduiertenkolleg 1351
Extrasolar Planets and their Host Stars and acknowledges its support. S.C. and
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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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3 X-RAY ASTRONOMY

3.2 X-ray instrumentation

The X-ray perspective
of magnetic activity in
young stars and their
environments

In this section I outline the development of X-
ray astronomy and describe the most important
characteristics of X-ray instrumentation. I give
an overview of those aspects putting my work
into context, and, finally, present my own con-
tributions.

3.1 A short history of X-ray as-
tronomy

The dawn of X-ray astronomy came in the
wake of a new technology; namely that of
rocketry. As the mean free path of X-ray
photons in air (at sea level) is of the order of
meters, the Earth’s atmosphere must be left
behind to observe an extraterrestrial source.
The first X-ray observations were carried out
using rocket-borne instrumentation. During
one of the flights, the first extrasolar X-ray
source, Scorpius X-1, was discovered (Giacconi
et al. 1962).  Although subsequent rocket
experiments were carried out, the total X-ray
exposure time available in 1970 was no more
than about one hour.

This changed dramatically after Decem-
ber 12, 1970, when the first X-ray satellite,
UHURU, was launched. UHURU carried out
both an all-sky survey and pointed observa-
tions. It discovered 300 new X-ray sources
and achieved an angular resolution of a few
arcminutes, which allowed to identify the
sources with various kinds of celestial objects.
Among the most notable results of the mission
are the discovery of enormous amounts of hot
gas in galaxy clusters, which in one fell swoop
doubled the mass of known baryonic matter
in the local universe, and the realization that
accretion can serve as a highly efficient energy
source (for a summary see, e.g., Giacconi
2003).

The success of UHURU provided substan-
tial momentum for the realization of successor
missions, of which the first was Skylab, a
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manned American space laboratory. It was,
among others, equipped with instruments
providing the first spatially resolved X-ray
images of the Sun (e.g., Zombeck et al. 1978).
The next extrasolar X-ray mission followed
in 1978 when the FINSTEIN satellite was
launched into orbit. Compared to UHURU,
the FEINSTEIN observatory provided en-
hanced resolution, sensitivity, and, for the first
time, allowed for spectroscopy in the X-ray
regime. With FINSTEIN, the number of X-ray
sources and the detail in which they could
be studied increased significantly. The data
provided by FEINSTEIN not only deepened
our understanding of the extragalactic sources,
but also revealed X-ray emission associated
with virtually all kinds of main sequence stars.
About two decades after UHURU, the ROSAT
observatory was launched to carry out the the
next, much more efficient survey of the X-ray
sky during which more than 100000 sources
were discovered. Besides the survey, many
pointed observations were carried out until
the mission ended in 1999. Although, more
sensitive X-ray observatories are operated
today, the ROSAT data remain the most
recent all-sky survey.

Today, important X-ray telescopes for
extrasolar observations are Chandra, XMM-
Newton, Suzaku, and Swift, of which Chandra
is the most relevant for the work at hand.

3.2 X-ray instrumentation

A major challenge in observational high energy
astronomy is focusing the radiation. In the X-
ray regime conventional mirrors as used in op-
tical telescopes proved to be inappropriate for
collecting light, so that an alternative approach
was needed. A possible solution was proposed
by Wolter (1952), and it was named after him.

The basic physical concept behind the work-
ing of a Wolter telescope is total reflection of X-
ray photons after grazing incidence on metallic
surfaces. Because of the required grazing pho-
ton incidence, the appearance of Wolter tele-
scopes differs substantially from optical mir-
rors. As an example, Fig. 6 shows the telescope
build for the Chandra X-ray observatory, which



3.3 The Chandra X-ray observatory

3 X-RAY ASTRONOMY

4 Nested Paraboloids
4 Nested Hyperboloids

Doubly
Reflected
X-rays

-
= =

=~ s

Field of View
+5 Deg

Focal
Surface

Mirror elements are 0.8 m long and from 0.6 m to 1.2 m diameter

The Wolter telescope build for
Credit:

Figure 6:
the Chandra X-ray observatory.
NASA/CXC/D.Berry

consists of several nested shells of hyperbolic
and parabolic metallic mirrors.

Although already proposed in 1952, it
needed about three decades to realize the first
Wolter telescope as a part of the FINSTEIN
observatory. The typical wavelength scale of
X-rays is 1 A, and this also defines the level
of accuracy to be achieved in the production
and placement of the reflecting surfaces. The
mirror quality, which can be achieved, largely
defines the angular resolving power of the
telescope. Currently, the best resolution is
about =~ 0.5 arcsec reached only by Chandra.

For an X-ray telescope to be of any use, the
collected photons have to be recorded. Several
kinds of detectors have been used for this,
whereof the most important are photographic
plates applied in early experiments on board
Skylab as well as proportional counters and
microchannel plates for example build for
UHURU and ROSAT. Today, the most widely
used technique is the Charged-Coupled Device
(CCD) detector, which provides both spatial
and spectral resolution. It is, thus, possible
to obtain imaging and spectroscopy simulta-
neously. For bright sources, a higher spectral
resolution can be achieved using dispersion
gratings, which are for example available for
XMM-Newton or Chandra.

3.3 The Chandra X-ray observa-
tory

The Chandra observatory is the third in the
NASA series of “Great Observatories”, four
major space-based observing facilities. It was
proposed in 1976 and funding began soon
after in 1977. First termed AXAF (Advanced
X-ray Astrophysics Facility) the satellite was
later renamed in honor of the Indian physicist
Subrahmanyan Chandrasekhar.

After a long period of development, design,
and building, the observatory was successfully
launched on July 23, 1999. The Chandra orbit
is highly eccentric (e = 0.8), placing it mostly
above the Earth’s radiation belts. This leads to
very advantageous background characteristics
with a low level of contamination. A sketch in-
dicating the major components of the observa-
tory is given in Fig. 7. The spacecraft is 13.8 m
long and harbors a mirror setup with an aper-
ture of 1.2 m, illustrated in Fig. 6.

Chandra is equipped with four science in-
struments:

e HRC - High Resolution Camera,

e ACIS - Advanced CCD Imaging Spec-

trometer,

e HETG - High Energy Transmission Grat-
ing, and the

e LETG - Low Energy Transmission Grat-
ing.

Although the HRC and ACIS instruments can
both be used for imaging, they are designed
quite differently. The ACIS instrument is a
CCD detector, and the HRC is basically a mi-
crochannel plate, which amplifies and records
the electron cascades initiated by the ionizing
X-ray photons. While the HRC provides the
best spatial resolution, ACIS yields a better
spectral resolution. This work mainly relies
on ACIS data, which provide a spatial resolu-
tion of ~ 0.5 arcsec and a spectral resolution of
=~ 100 eV at 6 keV.

Both the HETG and LETG are diffraction
gratings, which can be inserted into the path of
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Figure 7: Major components of the Chandra X-
ray observatory. Credit: NASA/CXC/NGST

light to obtain high resolution spectra of indi-
vidual sources, which are recorded using ACIS.

Due to the great success of Chandra the ini-
tial 5 year mission schedule has been extended,
and Chandra has currently been in operation
for more than 10 years.

3.4 Stars in X-rays

The first direct detection of X-ray emission
from the solar corona was made during a rocket
flight in 1949 (Burnight 1949). About two
decades later, Catura et al. (1975) reported
the first discovery of X-ray emission from a
stellar system, Capella, and their result was
soon corroborated by Mewe et al. (1975), who
were the first to explain the observed X-ray
emission with the presence of a corona.

With the exception of extraordinarily hot
sources such as white dwarfs, coronal X-ray
emission of stars does not interfere with photo-
spheric contributions, as is the case for optical
or ultraviolet light. Therefore, X-ray emission
provides an excellent means to study stellar
coronae and stellar activity. Fortunately, we
find a perfect example of a corona on our Sun,
where it can be spatially resolved and studied
in great detail. Rosner et al. (1978) formulated
a model of the quiet solar corona, in which the
magnetic field was a main ingredient, and the
corona was made up of magnetic loops. The
authors derived scaling laws for the coronal
loops, which allowed to interpret the structure
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Figure &: X-ray sources across the
Hertzsprung-Russel diagram.  Source sam-
ple compiled from Berghoefer et al. (1996),
Hiinsch et al. (1998a), Hiinsch et al. (1998b),
and Hiinsch et al. (1999).

in the coronae of other stars as scaled versions
of solar structures, without being able to
actually resolve them.

Although stars have also been observed
with other X-ray observatories, the progress
achieved by the FINSTFEIN and, in particular,
the ROSAT observatory were outstanding.
Before FEINSTEIN only the most extreme
stellar sources were known, but as FINSTEIN
was observing the sky, stars all across the
Hertzsprung-Russel diagram showed up as
X-ray sources (Vaiana et al. 1981), and so
were identified as a class of abundant X-ray
emitters. The enhanced sensitivity of ROSAT
allowed to study stellar populations in much
more detail, in particular, it was possible to
analyze volume limited samples of stars.

Schmitt et al. (1995) report an X-ray detec-
tion rate of ~ 90 % among M and K type stars
in the solar neighborhood (7 pc), and as the
study was extended (Schmitt 1997) the authors
found similar detection rates for G and F type
stars within 13 pc from the Sun. Yet, Schmitt
(1997) failed to detect a single A type star ear-
lier than A7 from their sample; an outcome,
consistent with X-ray emission originating in
magnetically heated coronae, which should, in-
deed, not be present in such stars, because they
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posses no outer convection zones. It should be
noted that early A stars may actually be intrin-
sically X-ray bright in some cases, due to other
mechanisms (Czesla & Schmitt 2007a, and ref-
erences).

Massive B and O type stars were also found
to be X-ray bright (Berghoefer et al. 1996), and
their emission is believed to originate in shocks
driven by their massive winds (e.g., Lucy &
White 1980). Figure 8 shows the distribution
of a ROSAT sample of X-ray sources in the
Hertzsprung-Russel diagram. Clearly, the main
sequence and the giant branch can be identified,
and there is no type of star not showing up as
an X-ray source.

Studies of activity indicators in the visual
such as CaII H&K (e.g., Baliunas et al. 1995)
had already revealed that the stellar youth
is a particularly active phase, a conclusion
soon confirmed by X-ray observations. Star
forming regions arise from the collapse of a
large molecular cloud, in which dozens or
thousands of stars are formed (see, e.g., McKee
& Ostriker 2007, for an extensive review). The
evolution of the newly born stars is divided into
four categories, class O-III. This classification
mainly describes steps in the stellar evolution
ranging from deeply embedded cores still in
the process of collapse (class 0), over evolved
protostars with envelopes and disks (class I),
which evolve into pre main-sequence stars with
disks from which they still accrete significant
amounts of matter (class II, classical T-Tauri
stars), and, finally, reach the weak-line T Tauri
stage (class III) when accretion has virtually
ceased.

It was EINSTEIN to discover the first X-
rays from T Tauri stars. Feigelson & Decampli
(1981) report the detection of X-ray emission
from 8 T Tauri stars in Taurus and Orion, of
which one, DG Tauri, was found to be highly
variable; all were found to be quite X-ray
bright with X-ray luminosities in the range of
1039731 erg/s. The number of X-ray detected
young stellar objects (YSO) was greatly in-
creased by ROSAT. Yet, star forming regions
are locations with a high source density, which
are often deeply embedded in circumstellar
material located in disks and envelopes as well
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as in the remains of the cloud from which they
emanated. This combination interfered with
both the spatial resolution provided by the
early X-ray observatories and the relatively
soft bands (< 3 keV) which were covered.

The advent of XMM-Newton and Chan-
dra revolutionized the study of star forming
regions, because the available resolution and
effective area increased by about an order
of magnitude, and also the accessible band
was extended mainly into the harder regime
(= 0.2 — 10 keV). Using these observatories,
several studies of star forming regions have
been carried out; most notably the Taurus
region was extensively observed with XMM-
Newton in the frame of the “XMM-Newton
extended survey of the Taurus molecular
cloud” (Giidel et al. 2007) and Orion was tar-
geted with Chandra. The observation of Orion
is the deepest Chandra observation dedicated
to a single star forming region and was carried
out in the frame of the “Chandra Ultra-Deep
Project” (COUP), which comprises about 1 Ms
of exposure time distributed over ~ 13 days.
COUP revealed 1616 X-ray sources in Orion
(Getman et al. 2005b), and the sources were
then studied in many respects. For example,
Getman et al. (2005a) investigated the Orion
membership of the sources, Feigelson et al.
(2005) analyzed the X-ray properties of the
Orion region, and Preibisch et al. (2005)
focused their effort on the origin of X-ray
emission in T Tauri stars, to name but a few®.

The space-based X-ray observatories have
demonstrated that virtually all stars are X-ray
emitters, and the study of this emission has be-
come a major tool in understanding the stellar
activity and evolution.

3.5 How to study cool material in
X-rays

X-rays can only be produced in environments,
which allow the transfer of sufficiently large
energy portions to photons. Appropriate
conditions can for example be found in plas-
mas heated to millions of Kelvins or when

5see http://www.astro.psu.edu/coup/ for a more

complete listing of related works.
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Figure 9: Sketch of a fluorescent event. Credit:
NASA/CXC/M.Weiss

particles are accelerated to relativistic ener-
gies. Nonetheless, it is possible, under certain
conditions, to study cold material in the X-ray
regime.

Cold material can be studied by its effect
on already produced X-rays. One possibility is
to study the absorption characteristics of cold
material. For example absorption edges, i.e.,
sudden changes in the absorption cross section
originating in the structure of the atomic elec-
tron shells, can be used to draw conclusions on
cold material, which, of course, must be located
in the line of sight to do so. This restriction can
be overcome by studying the radiation originat-
ing from reprocessing of X-rays in cold mate-
rial. One such reprocessing channel is fluores-
cence.

The term “fluorescence” was coined by
Stokes (1852) and derives from the mineral
“fluorite”. A sketch of a fluorescent process
is given in Fig. 9. A photon of energy ¢; is
absorbed by an atom or ion (panel a) being left
in an excited state with an electron vacancy
on an inner shell (panel b). The ion possibly
releases its excess energy in form of a photon
with well defined energy, ¢,, i.e., a fluorescent
photon (panel ¢), and the result of many such
deexcitations is a narrow emission line at that
energy. As already noted by Stokes, the energy
of the reemitted photon is generally lower
than that of the absorbed one (¢, < ¢;). In
the process, any charged particle, for example
an electron, may take the role of the photon
exciting the ion.

Fluorescent lines may in principle be ob-
served from all elements contained in an illumi-
nated cold plasma, yet, not all are of the same

Fluorescent photons [Arbitrary units]
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Figure 10: Estimate for the strength of the flu-
orescent Ko line of several elements.

importance in astrophysics today. The fluores-
cent line gaining the most attention is that orig-
inating in neutral or lowly ionized iron (hence-
forth “Fe K, I line”) for several reasons. There
is a strong fourth power dependence of the flu-
orescence yield, i.e., the probability for fluores-
cent deexcitation, on atomic number, making
heavier elements stronger fluorescent sources,
and iron is by an order of magnitude the most
abundant element heavier than Neon. Assum-
ing similar cross sections for photoelectric ab-
sorption, a rough estimate for the number of
fluorescent photons contributed by a specific el-
ement, X, can be derived from

Leentge (2)

strength ~ Z% x Ab(X) x /
€

Here, Z is the atomic number of the element,
K, is its K edge energy, and kT = 3 keV was
assumed. Figure 10 shows the estimate for all
elements with atomic numbers between 18 and
30, demonstrating the dominance of the iron
contribution.

The Fe K, I line energy of ~ 6.4 keV lies
in a spectral region where the continuum con-
tribution of typical thermal X-ray spectra with
temperatures of a few keV is small, the density
of other spectral features is low, and, finally,
the energy band can be observed with today’s
X-ray observatories.

The study of the Fe K,I line has not
only become a major tool to analyze the
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innermost portions of the engines operating in
active galactic nuclei, where the gravitational
attraction of the black hole dominates its envi-
ronment, but is also a valuable instrument to
study the less extreme environments of stars.
In our Sun the Fe K,I line has long been
detected and used to study the composition
of the solar photosphere. Promising sources
beyond the solar system are young stars, which
are still surrounded by the remains of the cloud
they emanated from. In the two following
publications, fluorescent X-ray emission from
young stars in Orion is analyzed with a special
emphasis on its temporal evolution.

The major contribution to these works
was provided by myself, however, not without
support and ideas provided by my supervisor
J.H.M.M. Schmitt.
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ABSTRACT

The fluorescent 6.4 keV iron line provides information on cool material in the vicinity of hard X-ray sources as well as on the
characteristics of the X-ray sources themselves. First discovered in the X-ray spectra of the flaring Sun, X-ray binaries and active
galactic nuclei (AGN), the fluorescent line was also observed in a number of stellar X-ray sources. The young stellar object (YSO)
V1486 Ori was observed in the framework of the Chandra Ultra Deep Project (COUP) as the source COUP 331. We investigate its
spectrum, with emphasis on the strength and time variability of the fluorescent iron K, line, derive and analyze the light curve of
COUP 331 and proceed with a time-resolved spectral analysis of the observation. The light curve of V 1486 Ori shows two major
flares, the first one lasting for ~20 ks with a peak X-ray luminosity of 2.6 x 10°? erg/s (dereddened in the 1-10 keV band) and the
second one — only partially observed — for >60 ks with an average X-ray luminosity of 2.4 x 103! erg/s (dereddened). The spectrum of
the first flare is very well described by an absorbed thermal model at high temperature, with a pronounced 6.7 keV iron line complex,
but without any fluorescent K, line. The X-ray spectrum of the second flare is characterized by even higher temperatures (210 keV)
without any detectable 6.7 keV Fe XXV feature, but with a very strong fluorescent iron K, line appearing predominantly in the 20 ks
rise phase of the flare. Preliminary model calculations indicate that photoionization is unlikely to account for the entire fluorescent

emission during the rise phase.

Key words. stars: early-type — stars: activity — X-ray: stars

1. Introduction

The COUP data set provides a nearly continuous 13 day long
X-ray observation of the Orion nebula star forming region and
is currently one of the best suited data sets for the exploration
of the X-ray properties of large and homogeneous samples of
young stars. Substantial analysis of this data set has already
been performed (e.g. by Getman et al. 2005). In particular,
Tsujimoto et al. (2005) carried out a systematic search for the
occurrence of the fluorescent iron K, line at 6.4 keV, iden-
tifying 7 COUP sources with detectable fluorescent emission.
This emission line is particularly interesting since it can provide
a wealth of information on the emitting source(s). Fluorescent
6.4 keV photons — hereafter referred to as Fe I K, photons — re-
sult from a de-excitation of neutral or lowly ionized iron atoms,
following an excitation leaving the iron ion with a K-shell va-
cancy. When the latter is filled by another (mostly L-shell) elec-
tron, the excess energy can be carried by a fluorescent photon.
Highly ionized iron can also show this behavior, but the transi-
tion energy rises because of the reduced screening of the inner
electrons from the nuclear charge. Several processes lead to the
ejection of a K-shell electron and, thus, to the creation of the
Fe I K, line. During the process of photoionization a K-shell
electron is ejected from iron after the absorption of a photon with
an energy exceeding 7.11 keV. Alternatively, high energy parti-
cles can eject K-shell electrons with the same threshold energy.

The first detection of the fluorescent Fe I K, line was
reported in the context of solar physics (e.g. Neupert et al.
1967). A model succeeding in explaining most of the so-
lar Fe I K, emission with photoionization only was proposed and

evaluated by Bai (1979), yet, e.g., Zarro et al. (1992) argue that
photoionization alone is not sufficient to account for all of the
solar Fe I K, emission. Fluorescent K, line emission has also
been reported from other celestial X-ray sources. It is typically
encountered in the high-energy emission from AGN and X-ray
binaries, which are characterized by high X-ray luminosities and
rather hard X-ray spectra, thus providing large photon numbers
above the 7.11 keV threshold for photoionization. Fabian et al.
(1989) detect the fluorescent iron line in the spectrum of the
X-ray binary Cyg-X1, and Tanaka et al. (1995) were the first to
report the relativistically broadened line in the spectrum of the
AGN MCG-6-30-15. Recent observations with XMM-Newton
and Chandra extended the class of Fe I K, line emitters to
a number of stellar sources, such as the class I YSO Elias 2-29
(Favata et al. 2005), the above seven COUP sources discussed
by Tsujimoto et al. (2005), and the YSO YLW 16A for which
Imanishi et al. (2001) carried out time-resolved spectroscopy.

In this letter we present a detailed analysis of the X-ray prop-
erties of the YSO V 1486 Ori (=COUP 331) with emphasis on
its Fe I K, emission, which was already reported by Tsujimoto
et al. (2005), who measured a normalization of 2.6(0.1-4.6) x
1077 ph/(cm? s) with an equivalent width of 126 eV for the
fluorescent line. Unfortunately, the YSO V 1486 Ori has so
far not received much attention at other energy bands. From
the 2MASS-all-sky survey we infer its infrared magnitudes as
12.5 mag, 10.6 mag, and 9.4 mag, in the J, H, and K; bands,
respectively. Tsujimoto et al. (2005) show that the infrared col-
ors of V 1486 Ori do not match the regions of reddened dwarfs
or giants and argue for the presence of a NIR-emitting inner
disk. Moreover a rotation period of (6.09 + 0.3) d is known for

Article published by EDP Sciences and available at http://www.aanda.org or http://dx.doi.org/10.1051/0004-6361:20077741
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Fig. 1. Background-subtracted light curve of COUP 331 with 2 ks bin-
ning. Inserted panels show close-up views of the flares I and II.

V 1486 Ori (Herbst et al. 2002; Stassun et al. 1999). Following
Tsujimoto et al. (2005) we adopt a distance of 450 pc for Orion.

2. Observations and data analysis

The COUP data was obtained during 13 consecutive days
in Jan. 2003 with the Advanced CCD Imaging Spectrometer
(ACIS) on board the Chandra X-ray observatory. The total ex-
posure time is ~840 ks, separated into 6 observation segments
extending over a total time of ~1140 ks. All observations have
the same aimpoint (& = 5"35™17° and § = —5°23'40") and the
field of view covers an area of 17’ x 17’; the source COUP 331
is located at @ = 5"35M9.2% and 6 = —5°30'58” (cf. Getman
et al. 2005). Our analysis is based on the pre-processed pho-
ton data provided by the Chandra pipeline; for further analysis
we applied the CIAO-software in version 3.4. We first screened
the photon data for events in the 0.3-13 keV energy band to
suppress background. Thereafter, we defined source and back-
ground regions as a circle with an 8 arcsec radius and an annulus
extending from ~14-32 arcsec, both centered on the nominal
source position.

2.1. The light curve

We generated the background-subtracted 2—9 keV band light
curve of COUP 331 shown in Fig. 1. The 6 observation seg-
ments can be clearly identified. For most of the COUP observa-
tions COUP 331 was recorded at a count rate of 3.3 x 1073 cts/s,
except for two periods. A strong flare (termed “flare I””) oc-
curred ~90 ks after the beginning of the observation. The flare
rapidly rises to its peak within ~4 ks, the decay is again quite
rapid with an e-folding time of Tgecay = 5.2 ks, but, unfortu-
nately, is only partially observed. A second, less prominent but
very significant count rate enhancement (termed “flare II”’) oc-
curred 1080 ks after the start of the COUP campaign. This sec-
ond flare was also not fully covered. Flare II has a much slower
rise phase lasting for ~20 ks, and thereafter, the 2—9 keV band
count rate remains more or less constant for at least 40 ks when
the COUP observations were terminated. For the rest of the ob-
servations COUP 331 was found in quiescence.
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Fig. 2. Spectrum of COUP 331 during flare I (upper curve) and the qui-
escent phase (lower curve), both fitted with an absorbed VAPEC model.

2.2. Spectral analysis

In the following section we carry out temporally resolved spec-
tral analysis of the flare I, flare II, and quiescent phases of
COUP 331; note that all quoted errors refer to 90% confidence
intervals unless stated otherwise. COUP 331 is located about
7 arcmin off-axis, hence it does not appear as a perfectly sym-
metric point-source. However, we regard its image distortion as
weak and apply the CIAO standard tools for the extraction of
point-source spectra (i.e. psextract). The spectra were ana-
lyzed using the XSPEC environment in version 11.3.1.

2.2.1. The quiescent phase

The quiescent phase spans the 0—1050 ks time interval with the
exception of the first flare event, and is the longest lasting phase,
covering ~90% of the total observation time. Note that we disre-
gard a ~20 ks contribution preceding flare II. During quiescence
COUP 331 is detected with a net count-rate of 3.3 x 1073 cts/s
corresponding to an (unabsorbed) X-ray luminosity of 1.6 X
10% erg/s. We checked for temporal changes in the quiescent
spectrum, but did not find evidence for any significant variations.
The quiescent X-ray spectrum is well described by an absorbed
thin-thermal plasma model (we used the VAPEC models) with
all metal abundances — apart from Fe, which is left as a free pa-
rameter — fixed to 0.3 times the solar values. In Fig. 2 we show
the data and the fit; the best fit model parameters are presented in
Table 1, where we list the derived absorbing hydrogen column-
density, the temperature, the iron abundance and the fit quality.

2.3. Flare |

For an analysis of flare I we considered all data recorded in
the time interval from 87.5 to 102 ks; the spectrum of flare I is
shown in Fig. 2. The flare spectrum is very well described by the
same model as applied for the quiescent phase (cf. Sect. 2.2.1)
with somewhat different spectral parameters listed in Table 1.
We find — as expected for a flare — an enhanced temperature of
6.8 keV, leading to a spectrum with a clearly detected Fe line fea-
ture at 6.7 keV, but with no detected excess emission at 6.4 keV.
From the spectrum we derive an (unabsorbed) peak X-ray lu-
minosity of Ly = 2.6 x 1032 erg/s (in the 1-10 keV band)
reached directly after the rise phase, and — with an e-folding
time of 5.2 ks for the decay phase — a total energy output of
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Table 1. Fit parameters for the absorbed VAPEC model.

Phase Ny Temp.  Abg, x*d.o.f.
[102 H/cm?] [keV] [Abs]

Quiescent | 1.09}2! 3.03% 03203 131.6/134

Flare T 1.28}:% 6.82? 0.73(1):% 94.2/99

Flare 1T 1.55}¢ 213 ~0.88  102/95

@ This value is ill-constrained since temperature-dependent.

AE =~ 1.4 x 10%® erg in the same band. With these numbers,
flare I observed on COUP 331 is among the largest stellar flares
ever observed.

2.4. Flare Il

For the analysis of flare II we considered all data recorded after
1080 ks (cf. Fig. 1). The X-ray spectrum was generated and an-
alyzed in the same fashion as those of the quiescent and flare I
phases. From the spectrum of the entire observed flare II phase
(see Fig. 3) we calculate an 1-10 keV band X-ray luminosity
of 2.4 x 103! erg/s. Considering a duration of at least 60 ks, the
total energy output in this energy band is AE > 1.4 x 10°° erg.

In the fit process of the flare II data we encountered two prob-
lems. First, the absence of temperature-sensitive features in the
spectrum — especially the hot Fe XXV feature at 6.7 keV and
its Fe XXVI counterpart near 7 keV — prevents us from tightly
constraining the plasma temperature. We find that any choice
of the temperature beyond 10 keV leads to acceptable fits, and
thus decided to apply a value of 13 keV. Second, the spec-
trum shows definite excess emission above the thermal con-
tinuum at 6.4 keV, which we attribute to the Fe I K, line.
We therefore included an additional instrumentally broadened
Gaussian component centered at 6.4 keV into our model and
refitted, leaving only the normalization of the Gaussian com-
ponent free to vary. The thus obtained fit is shown in Fig. 3,
which shows the obvious presence of the 6.4 keV line and vir-
tual absence of the 6.7 keV Fe XXV feature. The resulting fit
parameters for the thermal model are again listed in Table 1,
and for the Gaussian component we arrive at a normalization
of 5(3.3-6.7) x 1075 ph/(cm? s), corresponding to an equiva-
lent width of 685(452-918)eV. As is obvious from Fig. 3, the
inclusion of a Gaussian component at 6.4 keV into the model
significantly increases the fit quality.

As a first result we thus note that the 6.4 keV emission fea-
ture is present — at best — only during 60 ks during flare II. In
order to further temporally constrain the presence of the 6.4 keV
iron line we constructed a background-subtracted 6.1-6.7 keV
narrow-band light curve of COUP 331 with a 4 ks binning in
addition to the 2 ks binned 2-9 keV band light curve; both light
curves are shown in Fig. 4. As is clear from Fig. 4 the 2-9 keV
band light curve stays more or less constant after the rise to
peak, while the 6.1-6.7 keV narrow-band light curve decays
quite rapidly. We therefore subdivided the the flare II phase data
into three consecutive 20 ks time intervals, denoted by ‘rise-
phase”, “phase II”, and “phase III” as indicated in Fig. 4. The
X-ray spectra in the 5-8 keV region corresponding to these time
intervals are shown in Fig. 5. In these plots the solid line in-
dicates the thermal model described earlier. For all spectra the
same model was applied, but we allowed the normalizations
of the VAPEC and Gaussian component to be fitted indepen-
dently for all time intervals; all other parameters were regarded
globally. Figure 5 clearly demonstrates an evolution of the
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of COUP 331 during the last 80 ks of the COUP observation. The light
curve peaks in the rise-phase of flare II. For clarity the 2—9 keV light
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Fe I K, line strength. Interestingly the line normalization de-
creases as time proceeds, while the underlying thermal spectrum
remains almost unaffected. We thus interpret the variations in the
narrow-band light curve shown in Fig. 4 as arising from varia-
tions in the Fe I K,, feature’s strength. Note that the constancy of
the thermal spectrum does not imply the same for the tempera-
ture, since the latter exceeds 10 keV, producing a flat spectrum
in the “low energy” band we are observing. The K, feature is
strongest during the flare II rise phase where our fits yield a line
flux of 9.1(5.8—13.4) x 107 ph/(cm? s) (an EW of 1400 eV)
while in phase II and III it is reduced to 3.04(0.8-7.6) and
0.9(0-4.8) x 107® ph/(cm? s), respectively. This is also reflected
by the narrow-band light curve around 6.4 keV (cf. Fig. 4).

3. Interpretation and conclusions

Our time resolved analysis of the COUP X-ray data of the
YSO COUP 331 shows that for x90% of the entire observation
time the object is found in a quiescent state characterized by
an X-ray temperature of 30—40 MK. Two major flares are cov-
ered by the COUP observation. In the first data segment a rel-
atively short duration event with a peak X-ray luminosity of



3.6 Publications

3 X-RAY ASTRONOMY

L16

Time evolution of the Ky line
Rise—phase hase |l Phase |lI
10-2 T T T T T T T T T T

Normalized counts/(s keV)
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:
—f

I I I I I I I I I I I I
55 6.0 65 7.0 7.5 6.0 65 7.0 75 6.0 65 7.0 7.5 8.0
Energy [keV] Energy [keV] Energy [keV]

Fig.5. Time-resolved 5.5-8 keV section of the COUP 331 spectrum
(cf. Fig. 4). Note the decrease of the Fe I K, line’s strength.

2.6 x 10?2 erg/s occurred, which clearly shows the 6.7 keV iron
feature, but no Fe I K, emission.

In the last COUP data segment a long duration flare event
occurred; starting with a 20 ks rise phase it lasted >60 ks. The
decay of this flare cannot be constrained because the COUP ob-
servations were stopped. The total amount of energy released in
the 1-10 keV energy band is >1.4 x 10% erg; the X-ray temper-
ature of this flare is extremely large (210 keV) and can in fact not
be well constrained with the Chandra data. A clear and highly
significant detection of the fluorescent K, line is obtained only
during the 20 ks rise time of this flare; at later times the line may
still be present albeit at a lower level. This event on COUP 331
resembles a huge flare observed on Algol, observed by Favata &
Schmitt (1999) with BeppoSAX, which also shows a slow rise
phase, followed by a nearly constant phase — lasting for ~80 ks —
in its 1.6—10 keV band light curve. However, the corresponding
15-100 keV band light curve clearly shows the characteristics of
a decay phase (cf., Favata & Schmitt 1999, Figs. 1 and 2). The
energy output of 1.4 x 10%7 erg derived by Favata & Schmitt
(1999) in the 0.1-10 keV band compares well to the numbers
estimated for COUP 331, note however that no Fe I K,, line was
detected.

The precise temporal association between Fe I K, line
emission and high energy continuum is necessary in order to
quantitatively assess the origin of the Fe I K,, emission observed
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in COUP 331; we find that the actual photon flux in the flu-
orescent K, line during the flare II rise phase is 35 times
larger than reported by Tsujimoto et al. (2005). This discrep-
ancy arises because Tsujimoto et al. (2005) give time-averaged
values, whereas our values refer to several limited time inter-
vals. The X-ray temperature during the flare event was extremely
large; the total luminosity in the Fe I K, line alone is 2.3 X
10% erg/s. While these circumstances appear to favor the ex-
citation of the Fe I K, line through photoionization, prelimi-
nary model calculations challenge such a scenario. We repeated
the calculations carried out by Bai (1979) applying a reflector
with cosmic abundances. We used the same branching ratios and
cross sections for iron, but slightly different cross section for ab-
sorption by other elements composed according to cosmic abun-
dances. Furthermore, we located the source directly on the re-
flector to make it subtend half the sky, thus providing an upper
limit for the fluorescent iron line flux. The illuminating input
spectrum was modeled as a thermal X-ray spectrum with a tem-
perature of 13 keV, normalized to the measured fluxes. Our pre-
liminary calculations show that an already optimally assumed
fluorescence geometry significantly underpredicts the observed
Fe I K, flux, making an interpretation of the Fe I K, line through
photoionization difficult to accept. However, these calculations
will be extensively discussed in a larger and systematic context
in a forthcoming paper, where we will also address its impact on
the characteristics of COUP 331 and other sources with fluores-
cent K, emission.
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ABSTRACT

Fluorescent X-ray emissiortters one of the rare possibilities to study cool material in the X-ray regimthd beginning used to
analyze the composition of the solar photosphere, the availabili8handra and XMM-Newton has made the study of fluorescent
emission a major tool for investigating cool material surrounding acyiwang stars and the inner parts of galactic nuclei. Yet, the
question whether photoionization alone is the excitation mechanism of fagoreX-ray emission or electron collisional excitation
also contributes is not completely settled. In this work, we develop a newitpehto search for fluorescent emission and analyze its
temporal behavior, which we apply to a sample of 106 young, active ist®rion. Our analysis yields a sample of 23 X-ray sources
with fluorescent emission, including 6 objects already reported on inréiarestiudy. The fluorescent sources show a large variety in
their temporal behavior. While the fluorescent emission is associatedafiti-say flares in some cases, it sometimes appears as a
quasi persistent feature, or is seen during bona-fide quiescentipeWWe conclude that fluorescent X-ray emission can be observed
in a much larger fraction of young, active stars then previously belieMeel temporal variability is often hard to reconcile with the
photoionization model, which remains, however, plausible if we allow fideble geometries. It prevails over electron collisional
excitation, mainly because the energetics of the latter are physically chiatieng

Key words. Stars: activity; Stars: flare; X-rays: stars

1. Introduction Spin-orbit interaction and thefects of photon scattering create

. . a characteristic line profile (e.g., Sunyaev & Churazov 3996
Fluorescent emission pushes the horizon of X-ray astror®ny \nich can, however, hardly be resolved with today’s instam
yond the observation of high energy material, carrying the i (54ion in astronomy.
print of cold matter into the X-ray regime. The origin of flesr . )
cent photons is cool, neutral matter pervaded by ionizirgn __Astronomical detections of the fluorescent Kne of neu-
or particle radiation originating in a nearby high energyrse. tral or lowly ionized iron (in the following “Fe K| line”),
Following an inner shell ionization in the cold matter, egdi Were first obtained from solar observations (e.g., Neugeat.e
ions potentially release their energy in form of fluoresqema- 1967; Doschek etal. 1971), in particular, during solar 8aiite
tons, which convey information on the existence, structanel question how much photoionization and collisional exttaby
composition of their creation site. Geometries appropriat  €lectrons contributes to the observed solar fluorescerstsioni,
producing a detectable amount of fluorescent emission ane cdvas addressed by several authors. Parmar et al. (1984)zanaly
mon in a variety of celestial X-ray sources, and fluorescent @ Sample of solar flares and conclude that ‘most, if not afl,’ o

ray emission has been reported in many targets includingeactthe fluorescent X-rays are due to photoionization, and tret t
galactic nuclei and young stellar objects. results agree well with associated simulations provideday

The interaction of an ion with high energy radiation can rd1979). Even though Zarro et al. (1992) and Emslie et al. §1.98
sultin the removal of one of the ion’s inner shell electrdnghe  do find evidence for a contribution of fluorescent photonsesu
context of fluorescent emission, two conceivable mechaniim by electron collisional excitation during the impulsiveasle of

K-shell electron removal are at issue: Photoionizationdfyx- individual flares, they also agree that the bulk of the flucees
rays and collisional excitation by electrons with kinetieegy €Mission must be attributed to photoionization. The arqurfoe

in excess of the K-shell ionization edge. Independent ofrthe Photoionization as the dominant process is based on thegsire
teracting particle, an excited ion returns to a lower enestgye ©7 equwalent width of the fluorescent line as well as its terap
through a rearrangement of its electron configuration, amaes  élation to the observed hard and soft X-ray flux.

quence of which the excess energy of the excited state esede About thirty years after the reports of fluorescent emisgion
by one of two competing processes. Either it is depositedhin solar X-ray spectra, Tanaka et al. (1995) published thetai-
“Auger electron”, being expelled from the ion, or itis reded in  ery of the Fe K | line in the spectrum of the active galactic nu-
the form of a fluorescent photon. The probability of photorisem cleus (AGN) MGC-6-30-15. In excess of an imprint of cold ma-
sion rises strongly with increasing atomic number (BamByneerial, this line also carries information on the relatiispace-

et al. 1972) and is termed the “fluorescence yield”. Consgilti time structure at its origin, providing a deep insight irtte tnner
typical solar system or cosmic abundance patterns (e.gleisn parts of an AGN. Ballantyne & Fabian (2003) argue that also in
& Grevesse 1989), iron becomes the most promising candid&@N sources photoionization largely dominates over etectr
to search for fluorescent emission. The K-shell ionization eor proton collisional excitation. The discovery of Tanakak
ergy of neutral iron is 112 keV, and the energy of itsKline sparked an intensification of the search for the Bé Hine in

lies in the X-ray regime at about&bkeV; both numbers changeX-ray sources, in the wake of which fluorescent emission was
slowly with increasing ionization (e.g., Kaastra & Mewe B39 also discovered in several stellar sources other than the Su
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Stellar sources with reported fluorescent emission includpectrum, i.e., it already accounts for our instrumento®eive
YLWA 16 (Imanishi et al. 2001) with a Fed line detec- assume a thermal modél,, with an additional emission line,
tion during a flare, HR 9024 for which Testa et al. (2008)hich is, however, not a necessary precondition.
present evidence for the Fe, K line in aChandra High Energy Let the emission line have a central energyegfand we
Transmission Grating spectrum, and Elias 29, which shows a fare interested in its temporal behavior. The line, which ray
orescent line of variable strength (Giardino et al. 2007jh\We broadened by whateveffects, shall be fully comprised by the
exception of HR 9024, the above stars are young stellar tshjetemission band'le = [ee— d€1, €+ de2]. The numberNe, of pho-
(YSOs). While photoionization remains the most common eens expected within this band is given by the sum of the tiaérm
planation for the origin of the fluorescent photons, Giasdihal. contribution,Ny, e, given by My, and the line contributionyjine,
(2007) argue that the characteristics of the fluorescerdsan  so that
observed from Elias 29 are hard to reconcile with the preatist

of the photoionization scenario and suggest a nontherreat elNe = Niine + Nine - )
tron po_pqlat!on invisible in soft X-rays as a possible erglgon Now we choose a “comparison band,= [ex, ec], Which
for their findings. comprises only continuum emission. lathe thermal compo-

As young stellar sources are known to possess large amouy{dst provides\i, . photons, again determined i,. Defining
of cold circumstellar material in the form of disks or enV@#8,  the “continuum ratio”s., such that

it seems reasonable to search for the ;& Kne in star forming
regions. The Orion Nebula is a center of recent and still engbinc = I'c - Nine 2
ing star formation, harboring a wealth of young stellar otgén . .
various evolutionary states. Orion was also the target ohg | We obtain the number of expected line photons by
Chandra observation known as theChandra Orion Ultradeep Nen.c
Project” (COUP) (e.g, Getman et al. 2005). Tsujimoto et aNine = Ne — —
(2005) carried out a search for the FglKline in the COUP
data and presented a sample of seven COUP sources with a flufor a given energy interval and model, the continuum ratio,
orescent Fe Kl line detection. One of their sources was further, is uniquely defined. Narrow-band light curves correspond-
analyzed by Czesla & Schmitt (2007), who reported the tempiag to the emission and comparison bands provide both photon
ral concentration of the observed FgKline flux in the rise numbers on the right hand side of Eq.N& @ndNih ¢), and, con-
phase of one of two flares. sequently, the left hand side of Eq. 3 equates to the linagtne

In this study we reanalyze the X-ray data of 106 COURs a function of time.
sources, including the sample presented by Tsujimoto et al. Accordingly, we define the “line light curve (LLC)" as a se-
(2005). We systematically search for fluorescent Eé Kine quence of pairsit;, llc;}, wherellc; denotes the quantity
emission and present an analysis emphasizing its temparal e Ner
lution. Therefore, we first introduce a method for obtainihg Ilic; = Ng; - thei (4)
light curve of the Fe K1 line feature and discuss its significance Fe,j

as obtained from spectral fitting. We then proceed with afrana , . , . . . .
ysis of the Fe K1 line behavior in the Tsujimoto et al. (2005)wh|ch is basically the number of excess photons in theirne-

sources and some additional sources with fluorescent missp'qrgcghggé '3)aa;tnacghreedp;?rse:ctchzﬁt:?‘i??ggg 22159(3 sSt\il/?gr'eA;
Finally, we discuss the impact of our findings on the common ) c

accepted photoionization model of fluorescent emissionitand ingle \_/alue of_the continuum ratio is infigient.
An integration of the LLC over a time span yields a mea-

®)

lc

alternatives. sure of excess emission observed within this span. Forpvedly
define the “cumulative LLC” (CLLC) as
2. On the detection and analysis of transient jo+n
spectral features clc, = Z Ilc;. (5)

Longer integration times lead to the accumulation of sigahl =l
lowing for better constrained results unless transierttfea are With no excess emission the expectation valuelaf, is zero by
under consideration, which are flattened out during longeeri definition; but what is its distribution? As the values of then-
grations. mands are statistically determined, the problem of findhmegy t

Inspired by the problem of analyzing the behavior of the fl@istribution ofcllc, compares to finding the end-point distribu-
orescent Fe Kl line (Czesla & Schmitt 2007), we present dion of a random walk. By definition the quantilg; (see Eq.4)
systematic method to detect transient spectral featurésann obeys a Poisson distribution with an expectation valug; off
alyze their temporal variability, often with a higher ragidn Wwe assume that the quantitigci/rc; can be measured very ac-
than allowed for by pure spectral analysis. In the followwng curately, so that its distribution is adequately approxedeby
apply the relations between several narrow-band lightesite ad-peak,dP(Ninci/rc) = 6(Ninc,i/re — pi)d(Nenci/re) (a justified
derive the “light curve” of a particular spectral feature. simplification whenr. is suficiently large), the distribution in
the individual bins|lc;, of the LLC becomes

2.1. The “line light curve (LLC)” method P(llci) = Poissong = i, llci + 1) , (6)

Assume we are given a spectrum with an overall shape well dehich is dfectively a shifted Poisson distribution with a variance
scribed by some modeM, and, further, that the overall spec-of y;, but a mean of zero due to the shift, whéie may take
tral shape (but not necessarily its normalization) varialy o values in the intervaH;, o).

slowly with respect to the temporal resolution of the featun- Equation 6 indicates that the cumulated LldB¢,, is a sum
der scrutiny. Our model is supposed to describe the obsenadPoisson distributed quantities and, hence, Poissoritiigtd
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(but shifted) itself. Consequently, the standard dewmtibcllc, 18
becomes ﬁ : Continuum ratio, r. (without EA) —— :
12 b Continuum ratio (with EA) ----- B
n o 10F R
o(cllcn) = [ D mi- @ ol ]
i=1 4r
Ml )
This quantity yields an approximation to the expected witfth 0 1 2 3 4 5 6 7
the end-point distribution of the random walk defined by the Temperature [keV]

numbers obtained from Eq. 5 increasing the upper summatigg 1. The continuum ratior, as a function of temperature.
boundaryn, step by step.
Combining the estimate of the line strength with that of the
underlying continuum, we can also derive an estimate ofiNe E  Clearly, r. varies quickly for temperatures below 2 keV
which is given by and then approaches an almost constant value. Wherffée e
Ne = N/ N tive area €ect is taken into account, the ratio increases as more
o . e~ Nin/Te _ Ne photons are detected where thEeetive area is larger, but the
EW [emission band widthi Nin/fe fe Nih L. ®) overall behavior remains uffacted. We conclude that is ro-
bust against small (and even large) temperature variafimns
2.2. The choice of the energy intervals temperatures beyond 2 keV.
For any application of the above method, appropriate eomssi
and comparison energy bands must be found. In the speciéic ¢
of the fluorescent Fe Kl line centered at @ keV, we argue in We are concerned with an individual feature at a well known
favor of the following intervals. energy. Therefore, we can adapt our binning approach to meet
For the emission interval it is convenient to apply = our purpose best. In particular, we are interested in theowar
[6.2 keV, 6.5 keV], which, at the spectral resolution provided b¥e K, | emission line at 8 keV. In view of that, we use a fixed
the Chandra ACIS and XMM-Newton EPIC instruments, con- pin-size of~ 100 eV (actually 7Chandra channels which is a
tains~ 80% of all Fe K, I line photons. Unfortunately, the “iron Jittle more than 100 eV) chosen so that one bin is centereti@n t
line complex”, a number of lines pertaining to Fe XXV and athere K, | line energy. For spectral fitting we use the C-statistics
high ionization stages of iron, is located close to the higbrgy (Cash 1979), which can handle low photon numbers per bin, but
boundary of the emission band at about keV. To avoid con- provides no goodness of fit indicator such,(égoes_
tamination, an asymmetric band with respect to the & Kne
center was chosen. o o
For the comparison intervale, we use an energy band ex-3-1- The significance of a spectral emission line

tending from & keV to lower energy. Compared to an interThe test for the existence of a spectral line belongs to ajoage
val beyond & keV, typical stellar X-ray spectra provide morey statistical problems frequently encountered in X-rayrcas
photons at lower energies, the detectors on-b@ahdra and o my: hypothesis testing in the case of nested models. Foeagi
XMM- Newton are more sensitive here, and, finally, no promigata setD, we define two alternative modetsy (61) andmy(6>),
nentlines are located the.re. Ir! practice we ug&BV as a lower specified by their parameter vect@¥sandé, with n, andn, free
boundary for the comparison interval. parameters. Lat, > n, andm, be a subset af,, so thatm, is
nested withinm,. The problem consists in deciding which of the
models is to be preferred.

In our particular casayy is a thermal model andy, is the
same thermal model extended by a narrow Gaussian line at a
At the heart of the LLC approach is the subtraction of the cofixed energy of & keV. As a measure of the “quality” with
tinuum contribution underlying a spectral feature. Thetten which a given parameter vectdt; », reproduces the data, we
uum has to be extrapolated (or maybe interpolated) from amse the likelihood statistics.
other part of the spectrum, and the “predictor” of its cdmiri The maximum likelihood achieved witly is .#7, and the
tion is the continuum ratior,.. As we are concerned with ther-fit with the additional narrow spectral line ai6keV provides
mal spectra, a major issue to be addressed is the temperaturether likelihood%s. As m; is nested withinm, the introduc-
dependence af;. Source temperatures do not remain perfectjon of the additional component cannot worsen the fit regult
constant, and we are not able to determine them with arpitrgsopular tool for finding the preferred model is the likelilleo
accuracy. Therefore, it is essential to show that smalktiarns ratio-test (LRT). Protassov et al. (2002), however, poirttthat
in temperature do not have a serious impact on the continutinis test, while being applicable in a variety of other casgits
ratio. in this particular situation, basically because the togyplof the

In Fig. 1 we show the continuum ratio for a wide range afinderlying parameter space does not fulfill the requiremdat
temperatures. The solid and dashed lines indicate theasitith- manded by the test.
tained with and without considering th&ect of a varying fec- In the case of a narrow emission line thé&elience in the di-
tive area. In the example we us26 6.5 keV and 22— 6.2 keV mensions of the parameter spaces n;) before and after the
as the boundaries of the emission and comparison bandy@ndritroduction of the line is one, and with an appropriateif)gba-
effective area is modeled with a linear dependence on energgmeter space, the LRT test statistielog (£1/.%), follows a
we useAes s [cm?] = 1000 cn? — 100 cnf/keV - e [keV], which  y? distribution with a single degree of freedom. Thisia the
in the energy range under consideration, is quite repraseat case here. A deficit that cannot be cured by more signal cerbett
of numbers obtained fa€Zhandra and XMM-Newton. instruments, but is inherent in the mathematical struatfitbe

3 Spectral binning and the fit statistics

2.3. The dependences of the continuum ratio on spectral
parameters
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test. Protassov et al. (2002) carried out Monte-Carlo ¢aficuns

(c.f. their Sect. 3.2) and found that in the case of a narrovgem
sion line the false-positive rate is considerably ovenested by

they? distribution. At the nominal 5% cutfbof the y? distribu-
tion the “true” (simulated) value is only.@%.

To “calibrate” (cf., Protassov et al. 2002) the LRT statis

0.8

CDF

0.4

o6
4

— Simulated distribution

xi

o)

tics for this particular case, we consider the followingarg
ment: Assume we are given a continuum model and a narr
line at fixed energy, which may either appear as an emissi
or an absorption line. In this case, the quanti®log (£1/-%) 0
should, indeed, follow thq/f distribution. If we now only al-

low for one of the possibilities, i.e. either emission or aips Fig. 2. Distribution of the LRT statistics obtained from Monte Carlo

tion, the introduction of the line will not result in any emtt- iy yjations (solid line), the nomina# distribution (dotted), and the
ment in the fit statistics where the other possibility is resdn  gjstribution given in Eq. 9 (dashed).

those cases we obtai? log (£1/%%) = 0. How often this oc-
curs, depends on the form of the distribution underlyingothiz,
which, in our case, is the Poisson distribution. As thisriiat COTARIEH.
tion is approximately symmetrical around its expectatiahug, hatno emission line is present. ) _ N
4, at least forx > 1, about half of the line fits should result in _ This set-up can be interpreted as a “Bernoulli experiment
~2log (#1/-%) = 0. In spite of this, the distribution of the like- With its probability of success given by the probability tospu-

lihood ratio for the emission components remainsfiewed if "10US detection, I pe. Therefore, the chances, to obtain one
(or more) such emission line(s) from the analysis of any ef th

1 4

2 3
Likelihood ratio test statistics

N ~ T/t — contained in our observation under the assumption

it is present. X
Following this argument the probability of obtaining a valu N Subintervals by pure chance amounts to
of the LRT statistics|rt = -2log(£1/.%3), in the interval p =1 - Y, (10)

[Irt, Irt + d(Irt)] is given by . . L
which must be interpreted as the “true” significance of our de
tection.

The main restriction above is that the source may only be
slightly variable. While this assumption is essential far ithter-
whered(Irt) denotes thé-distribution. As described above halfpretation as a Bernoulli experiment, it is known to be iryddir
of the distribution “is glued to 0” and the other half followsg? many X-ray sources. For example a strong flare may provide the
distribution. majority of the source photons and also FglKline photons,

To corroborate the validity of our reasoning, we carried owthile being short. In such a case, Eq. 10 does no longer povid
Monte Carlo simulations similar to those of Protassov et @.meaningful estimate of the significance. To obtain a meganin
(2002). We simulate a number of observations using a constéul number in these cases, we propose to Nse N /Nint in
continuum model and Poisson statistics. First, we fit thenadr Eq. 10, whereNyy is the total number of observed source pho-
ization yielding a likelihood of#1, and, second, we fit both thetons in an appropriate band ahg is the number of photons in
continuum normalization and the line normalization sirao#- the interval under consideration.
ously to the same observation. For every simulated obsernvat I the source is constant both approaches are equivalent and
we record the value of the LRT statisties? log (£1/.%%). mathematically correct. In the case of a variable sourcagno

The results of the Monte Carlo simulations with a continef the above approaches is strictly correct. Nonetheless, w
uum expectation value of 2 photons per bin are shown in Fig.@se Eqg. 10 to obtain significance estimators, accountinghior
Clearly, the nominay? distribution with a single degree of free-choice of a particular fraction of the data.
dom fails to reproduce the simulated findings, whereas the di
tribution given in Eq. 9 provides a considerably better agpr
mation.

Therefore, when testing for the presence of a narrow emishe Orion Nebular Cloud is among the best studied star fagmin
sion line, we can interpret the numbers obtained for the LR&gions. In particular, it was the target of a la@eandra pro-
statistics using Eq. 9 as a reference distribution. In wacthis gram aimed at uncovering the X-ray properties of young stars
means that our sensitivity is approximately twice as higlaas- the Chandra Orion Ultra Deep Project (COUP). The COUP
blind application of the LRT implies. campaign consists of six consecutive observations of Quion
viding a total observation time of 840 ks distributed over
nearly 13 days, which corresponds to a time coverage fractio
of ~ 75%.

Let us assume an observation of lengtho be at our disposal, In Table 1 we summarize the basic information on the COUP
and in the data we detect a source, which is only slightlyaldei  observations and refer the reader to Getman et al. (2005 for
on the time scal@. Further, we choose an arbitrary time intervanore detailed discussion. Note that the last column in Table
of lengtht so thatt << T and carry out a spectral analysis, usingives the identifier we use throughout this work to refer ® th
only the data pertaining to that sub-interval. Our analiases Individual observations.

us with an emission line, to which we can assign a high proba-

bility, pe, for being set apart from the noise along the lines of thg
LRT presented in the previous section. Now we ask for theprob
ability to find an emission line with the same significancerg a The entire COUP source sample comprises 1616 X-ray sources
of the time intervals of length— let there be an integer number{Getman et al. 2005). From these sources, we extract a subsam

dP(Irt) = % (60rt) + ¥3(Irt)) d(irt), (9)

4. Data analysis

3.2. Significance estimates in time-resolved spectroscopy

1. Defining the search sample
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Table 1. The COUP observations. COUP campaign. Although the continuum ratio is relatively r

bust against temperature variations (see Sec. 2.3), ivisalle

Obs.ID  Start[ks] Length[ks] Identifier to distinguish between periods offidirent count rate regimes,

4395 0 100 o1 possibly indicating dferent source spectra and continuum ra-

3744 156 164 02 tios. Of course a transition betweerffdrent spectra may not

4373 384 172 03 always be accompanied by a count rate change, but we neglect

4374 616 169 o4 hi ibility h

4396 841 165 05 this possibility here.

3498 1070 69 06 ~ Ourcountrate analysis is based on the broad-bar@ kBV)
light curve. To separate the entire campaign data of indalid

2 Counted from MJD 52647.9. sources into intervals with comparable count rate, we aiygy

concept of “Bayesian blocks” elaborated by Scargle (1998¢.
method of Bayesian blocks ‘converts raw photon counts imo t

ple used in our search for the fluorescent Ed Kine. Since the MOst probable piecewise constant representation of miegistas
line has a fixed energy of&keV, it is advisable to include only & function of time’ (Scargle 1998).
those sources, which show aflicient number of counts in an ~ We apply an iterative algorithm to find individual change
appropriate energy interval aroundt@eV. points in the light curves. This, according to Scargle ()9688es

In our analysis we use only sources with more than 30 coumgt represent the exact mathematical treatment of the amabl
in the “emission-band” (& — 6.5 keV). In particular, we iterated but, nonetheless, yields comparable results. As was gboue
through the sources presented by Getman et al. (2005)ctedra by Scargle, an appropriate condition must be found to step th
the source counts in the emission band, corrected them éor tteration before segmenting the data set excessivelyeddsof
PSF coverage of our extraction region, and included theceoupplying the Bayes factor (Eq. 48 in Scargle 1998) and a prior
when our search criterion was matched. we use the likelihood ratio, which can be easily calculated,

For the weakest source included in the sample of Tsujimo#gcide whether to introduce a change point or not.
et al. (2005) (COUP 649), we find 31 emission band photons, As the continuum ratio depends only weakly on the spectral
making our sample include the Tsujimoto et al. sources ab-a stemperature, we aim at a coarse segmentation of the lighesur
sample. in order to separate periods between which the spectrunmeof th

Our final sample comprises a total of 108 COUP sourcedssociated source may significantlyfei and with it the contin-
which provide the the most promising candidates for ourckearuum ratio. To introduce a change point, we demand no less than
for fluorescent emission. For our purpose, COUP 123 aA@0 counts per block, a minimum block length of 20 ks, and a
COUP 124 collapse into a single source, because they arev@lue of the LRT statistics larger than 100.

ther too close to be resolved.4larcsecy 5 arcmin df-axis), or With this method we separate the 106 source light curves
a single source. Their spectrum is appropriately descrifyed into 419 intervals of comparable count rate, and proceedcehy g
single temperature thermal model. erating spectra for every individual source and block, Wwitan

Additionally, we had to exclude COUP 90 and COUP 82Be used to determine the corresponding continuum ratio.
from our sample, because they are located on chip edgeshwhic
prevented us from obtaining appropriate spectra (CIAD,40

that the sample size reduces to 106 COUP sources. 4.3.2. Automated model fits

For our analysis we use both thermal as well as power law mod-

4.2. Extraction regions and pile-up els, for which we set up automated fit procedures using XSPEC.
The fits of the thermal model are based on tt#-09 keV

For most of our sources we use circular extraction regiomsreo energy band. As a basis for our fits, we use an absorbed two-
ing the entire source. Our search sample necessarily csitte& temperature APEC (e.g. Smith et al. 2001) model extended by
most X-ray luminous sources in the COUP field, which may sufn emission line representing the fluorescent Fé Kine at
fer from severe pile-up. To avoid a strong pile-ufeet, we use 64 kev. Additionally, we allow for emission lines at various
annulus shaped extraction regions in 29 cases. Whetheuppileother energies, which are later used to substantiate oultses
becomes severe depends not only on the source count rate i nominal intrinsic width of all lines is 0 eV. All elemertian-
also on its temporal behavior and positioning on the detédfe  dances but that of iron are treated as a single fit parametteshw
chose the annulus parameters in accordance with theseleongi also shared among the two thermal components. In contrast
erations, and note whenever an annulus shaped region wéis 4gg iron abundance represents an independent fit parameter i

for extraction. both thermal components.
Starting a fit process with unfavorable initial conditiorac
4.3. A standard analysis easily lead to unphysical results, even if the fit converggsa

priately. Therefore, the process must be set up carefubysid
Our search sample consists of 106 sources. To achieve a hogunverging to unrealistic solutions.
geneous scan for the fluorescent RelKline, they should be  Qur approach is the following: We start using only one of
treated using standard criteria, eliminating biasesragi$iom  the two available thermal components and than add in the sec-
individual, subjective choices during the analysis. ond. If the enhancement in C-statistics exceeds§ introduc-
ing the the later component, this solution is kept, othesvtise
one temperature solution is used. The value.dfd@rresponds
to the 90% cut-f in a likelihood ratio test comparing models
A key ingredient in the LLC method is the determination of thevhich differ by 3 degrees of freedom, which are temperature,
correct continuum ratio. The observed count rate for imdivi iron abundance, and normalization here. We note that thenum
ual X-ray sources can vary by orders of magnitude during thwal equality with the fluorescent line energy is purely decital.

4.3.1. Bayesian block analysis of the broad-band light curves
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Furthermore, we apply a number of restrictions to the tem¢heren is the number of intervals for whicN,. is determined
peratures and abundances to avoid unphysical solutiotise If andNormalg; denotes the standard normal distribution. If, as in
temperature of any thermal component exceeds 8 keV, we fiiir casen is ~ 4000 and we demang(max(N,) > L) = 0.2, we
at 8 keV and reiterate the fit, because temperatures beyend tbtainL ~ 3.9, which is considered a reasonable limit fdy.
limit can hardly be resolved i€handra ACIS | spectra. If one The preceding approximation does not take into account, tha
of the iron abundances exceeds 10 times the solar value, itviest intervals overlap and are, therefore, not independeick
fixed to the value of the global abundance pattern, because iit also neglects, that some may not contain enough photons to
usually not well constrained in this case. Similarly, thelgll be relevant. To overcome these shortcoming, we obtain a more
abundances are fixed at solar values, if the fit result is faandappropriate limit by a Monte Carlo simulation. For each seur
exceed 10 times the solar value. we simulate a number of light curves based on Poisson statist

After an acceptable solution is found, we obtain fluxes andth the observation as our expectation value. From thegfe ar
equivalent widths for the fluorescent line and the comparisaial light curves a distribution ahax(N,) can be derived, which
line on the basis of these fits. Finally, the fits are used tevéler takes into account all constraints. We note, however, tetttus
the continuum ratio for the Bayesian block under considenat obtained results are in good agreement with the approxamati

In this vein, efective area and absorption are automatically ac- Following the above stated approach, we find candidate in-
counted for in its derivation. tervals in 25 of our sample sources, and we proceed by ex-
To complement the results of the thermal model, we al$gcting the associated spectra. We then apply the same auto
adapt an absorbed power law model using only the high eneggyted thermal fits as above to find a spectral model. On the ba-
tail (3 — 9 keV band) of the spectra. This model is extended hys of this model, we calculate the significance of the fluores
narrow emission _Ilnes accounting for the FelKline at 64 keV  cent Fe K | line in the interval using Eq. 9 and apply Eq. 10 to
and the hot iron line complex at@keV. _ _ account for our interval choice. We evaluate Eq. 10 usindp bot
~ The results of these fits are particularly interesting ag th@efinitions of the number of repetitions in the Bernoulli exp
yield the EW of the hot iron line complex, and they providenent, i.e., interval length and the number of enclosed pi®to
means to check whether the adaption of the thermal mode{e maximum of both results is used as a significance estima-
failed. tor. We prefer the maximum to the more conservative minimum
here, because latter would necessarily underestimateghié-s
icance during a flare, which is typically short but intensee W
also note that the application of Eq. 10 is no longer fully- jus
As soon as the continuum ratios are determined, the LLC and tified here, because the “experiments” are not fully indeleen
CLLC can be calculated. According to our reasoning, peradds when a distinguished interval is chosen in advance. Notethe
bona fide fluorescent emission are characterized by an se&regne number is used as an estimate.
in the CLLC. Taking an impartial position, the morphology of | Tapje 2 we list those sources with a line detection at a sig-
the increase is unknown. Neither can we say on what timescglg&icance level ot 95%. Our sample comprises 23 sources in-
the CLLC typically evolves, nor can we say whether the rise §,qing 6 sources already reported on by Tsujimoto et aD§20
con:!nuous or not, or whether itis correlated with the sofe¥  Note that we excluded COUP 554 from the list, because a cor-
continuum. i i : : -

In our se_arch for candidate intervals, we first exclude thoéggtgag:’}aol)l/izl]?tlo\fv;h:3553%1;?: t\t/]v:ts —iggggggig% g:{,%# ﬁ)n ?I'gtr)'%l I2t
sources, which do not show a CLLC excess larger than the st e attributed to noise. Taking into account thdilties in
pected one (cf. Eq. 7). For each remaining source, we selrch@ining the true significance of the Fe K line in this tempo-
conceivable connected intervals longer than 20 ks for el o1y resolved analysis, we note that also accepting 8purious

relative excess in fluorescent photons. About 4000 of such Wtections, does not seriously alter the outcome of theysisal
tervals can be constructed considering that we have 89 Ilbins o

~ 10 ks length each. For each of these conceivable intervals, w
calculate the quantitil,- defined by

4.3.3. Line light curve analysis

N, = _2iLLGi a1 5. Discussion
Vi —N“‘r(At)‘ This section starts with a presentation of individual sesrgro-

ceeds with an analysis of several sample properties, ardlyfin
wherei is an index running over all light curve bins in the intercloses with a discussion dedicated to the physical scemdrio
val, N; is the observed rate of comparison band photonthe Fe K. | line creation in the light of our results.
continuum ratio, andit is the duration of the individual bins.
As an additional constraint, we demand that each intervakto
considered must at least comprise 5 CLLC excess photons
> 50 comparison band photons to be relevant.

The most promising candidate interval is that with the higheg ;a1 et al. (2005) present a sample of 7 COUP sources
estN, value. Yet, as every source Wlll_co_ntaln one such 'nte(COUP sequen.ce nos. 331, 561, 621, 647, 649, 1030, and 1040)
val, we have to choose a reasonable limit iy, only beyond | un ™ Getection of fluorescent emission. The authors, how-
this limit intervals shall be considered valid candidatiemsals. o .. did not carry out time-resolved spectroscopy, butiuse-

Replacing the Poisson distr'ibutions by normal distritnaioit veraged spectra. Below we present the outcomes obtained fo
may be shown thalll, approximately follows a standard normaky, o v imoto et al. sources to demonstrate the technigees d
distribution. Therefore, the probability thatax(N,) exceeds a veloped so far '

limit, L, becomes ) . .
In the following values given in parentheses refer to the 90%
p(max(N,) > L) = 1 — Normalg1(N, < L)", (12) confidence range for the given parameter.

Skt Previously known COUP sources with fluorescent
emission
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Table 2. Most promising intervals for fluorescent emission and basic fit results.

COUP2? N, Interval Sign. FeKIl EW N6 4xkev Ny T, T,

seg. no. [ks] [%] [eV] [167 phy(cn? s)]  [10P2 H/cn?] [keV] [keV]

7 3.95 60-961 99.99 446(216-667) 2.48(1.20-3.71) 0.02¢0.03) 2.08(1.97-2.34) 0.83(0.81-0.85)
9 3.86 514-851  99.35 366(123-628)  7.95(2.67-13.63)  0.15(0.22) 3.72(3.12-5.14)  1.00(0.89-1.07)
245 5.32 80-891 99.98 482(261-906) 1.90(1.03-3.57) 0.16¢0.20) 4.51(3.60-8.23) 0.84(0.77-1.00)
267 4.81 30-196 99.88 400(176-672) 13.02(5.73-21.88) (2.43-2.61) 8.00 -

331° 6.92 1080-1110 100 1437(959-1927) 78.9(52.7-105.8) 1.806¢2.00) 8.00 -

449 367 296-961  98.69 212(60-391) 1.62(0.46-2.98) 1.89¢1.76) 2.87(2.41-3.47) 0.98(0.76-1.13)
561° 464 100-414  99.98 569(279-914)  4.60(2.25-7.38)  0.98(1.97) 2.40(2.20-2.64) -

599 4.65 10-1080 99.99 448(216-663) 2.07(1.00-3.06) %.658(8.75) 3.67(2.86-4.89) -

621° 6.21 10-296 99.97 602(307-973)  4.84(2.47-7.83)  4.54(5.29) 3.25(2.64-4.98)  0.08(0.00-0.09)
647 422 50-626 99.85 440(194-767)  3.42(1.51-5.96)  25.23@61.63) 5.87(3.69-9.32) -

662 4.09 246-394 98.35 206(93-434) 12.61(5.70-26.57) 6164040-17.88) 8.00 0.08(0.00-0.11)
669 4.39 384-776 99.88 384(160-616) 2.73(1.14-4.38) 0.39¢0.36) 8.00 1.02(0.95-1.06)

680 421 80-716 99.94 410(190-689) 2.25(1.04-3.77) 19.68¢13.41)  8.00 0.08(0.00-0.09)

682 353 851-1130 98.62 312(108-591)  3.01(1.04-5.71)  (1.82-1.76) 3.05(2.71-3.71)  0.09(0.00-0.11)
797 3.26 20-951 96.85 82(11-151) 3.28(0.45-6.08) 29.04(2328%2) 8.00 -

801 479 166-636  99.54 456(163-785) 5.91(2.11-10.20)  (0.34-0.48) 3.08(2.40-4.25)  1.04(0.89-1.23)
942 3.90 286-716 99.99 308(173-506) 4.68(2.62-7.69) 0.08¢1.15) 3.44(3.16-3.87) -

1030° 3.17 206-716 99.68 143(56-231) 6.35(2.50-10.25) 16.186:28.68) 8.00 0.28(0.22-0.33)

1035 4.09 394-686 98.26 410(153-851) 2.78(1.04-5.77)  (1.38-2.02) 2.24(1.92-2.53) -

1040 3.80 266-544 98.62 307(110-664) 3.14(1.12-6.78) 1.48¢1.80) 2.95(2.58-3.46) -

1080 435 766-961  98.58 332(107-578) 6.99(2.26-12.19) 5(2.95-2.86) 3.28(2.68-3.86)  0.63(0.00-0.88)
1380 3.95 554-786 96.37 187(49-336) 5.68(1.49-10.21) (0.8%-0.59) 8.00 1.15(0.93-1.47)

1499 450 384-524 99.69 372(145-631) 7.25(2.83-12.30) 3(0.37-0.49) 4.56(3.88-5.40) -

2 Annulus shaped source region.

b Sources present in the sample of Tsujimoto et al. (2005).

5.1.1. COUP 331 - V 1486 Ori

This source was already discussed in detail in a previoukgaub
tion by Czesla & Schmitt (2007). V 1486 Ori shows two majors
flare events during the COUP campaign. The first, rather shoifgt
one, takes place towards the end of O1 (“Flare I” in Czesla &
Schmitt 2007); no significant fluorescent Fg Kline emission
was detected here.

violent flare ignited during O6, which is in line with previ__campaign, COUP 561 is encountered in a quiescent state to
ous findings (Czesla & Schmitt 2007). The automated seaﬂ}fﬁge from the BBLC. Nonetheless, the
for intervals with fluorescent Fed emission returned the

T

ounts

Lo RN GG e

LLC —+—
2-9keV LC I

180
160
140
120
100
80
60
40
20

Counts/keV

1080- 1110 ks period (cf. Table 2) as the most promising can-
didate interval. In Fig. 4 we present the LLC and the spectrum

for the corresponding part of the observation. The LLC dfear
shows the concentration of Fe K line emission in the rise
phase of the flare, and the spectral analysis yields an EW

1440(960- 1930) eV for the line.
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h In Fig. 3 gpan:el A) (\;Vg S?hOWBthe blfoad-balnd_llght gutglg thlgig. 4. Left: LLC and (scaled) broad-band light curve§Xs binning)
change points retumed Dy the Bayesian analysis, an "€Sor cCOUP 331 (O6). Right: Excerpt of the spectrum (corresponding to

ing CLLC. The first flare is not accompanied by a considerablfe gray shaded time span in the left panel). Both a model with and
excess in the CLLC. The spectrum is well fitted by an absorb@gthout extra line emission are indicated.

thermal model with a strong (hot) iron line complexa.7 keV.
The CLLC clearly indicates that the fluorescent FelKine
emission is present during the rise-phase of a second, more

excess photons in the emission band.

CLLC indicates about
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Counts/keV
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f 2
1
0
1
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The measured EW of this Fe,K line exceeds typical model = .
predictions (see Sect. 6) by an order of magnitude, and it is, - . .
thus, particularly interesting. A more detailed discussaout e Zﬁﬁne[é‘]}o ”
the origin of this Fe K | line is given later in Sect. 6.3.

600 6 6.4 6.8
Energy [keV]

Fig. 5. Left panel: The LLC and the broad-band light curve (both 10 ks
binning) of COUP 561. Latter scaled to show the same maximal count
rate as the LLC. The gray shaded area denotes the time span for which
an excerpt of the spectrum is shown in the right panel. There we
Figure 3 (B) shows the results of our light curve analysis fahow the X-ray spectrum around4ékeV and indicate both a thermal
COUP 561. The CLLC shows two phases of increase. During timedel with and without excess emission at the energy of the fluorescent
second COUP observation, as in the longest part of the COB®K, | line.

5.1.2. COUP 561
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Fig. 3. Panel A to G: Light curves for the objects reported on by Tsujimoto eR8D%). The time axis refers to the begin of the COUP campaign
(MJD 52647.87). Upper panel: Broad-band«(® keV) light curve (BBLC). Lower panel: The cumulated LLC (CLLC)daan estimate of its
width (gray shaded, see Eq. 7). Vertical separators mark changes pssociated with a shift of the activity level (determined by the Bayesian
block analysis of the BBLC).

In Fig. 5 (left panel) we show the LLC pertaining the firsber is confirmed by a spectral analysis of the associated span
half of the COUP campaign, and the most promising candiddf04 — 544 ks), where we find a Fe, K line with an EW of
interval (100- 414 ks) for fluorescent emission is gray shaded.32(12- 270) eV. Because of the larger flare continuum the line
In the right panel we plot the spectrum obtained for thisrivee  is much less prominent here, and with 96% it is also much less
which shows a fluorescent line with an EW of 570(280) eV. significant.

The hot iron-line complex is virtually absent.

During the flare in the following observation, the CLLC
indicates another increase by about 10 photons. This num-
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5.1.3. COUP 621 5.1.5. COUP 649

The outcome of the light curve analysis for COUP 621 is showkmong the sources of fluorescent emission reported on by
in Fig. 3 (C). COUP 621 shows two flares with the first one fullfrsujimoto et al. (2005), COUP 649 is the one with the weak-
covered by the observation (except for a probably smaltifvac est Fe K I line.
of the rise-phase) and the second one remaining unobseawed f Figure 3 (E) shows the BBLC and the associated CLLC. The
~ 60 ks of its central phase. None of these flares is accompanigdirce signal is dominated by a single flare, beyond which the
by a CLLC excess. The CLLC shows an increase, which is ngdurce is virtually invisible. This source was rejected by au-
associated with one of the flares, but rather emerges duringogated analysis, because the determined excess isffiotes
period of quiescence to judge from the BBLC. to fulfill our criteria. The light curve of COUP 649 shows repi
variability where the source is visible, and we speculase tihis
impedes an appropriate light curve analysis.

? porae —— In a spectral analysis of the flare, however, we find a fluores-
£ o p ] > cent emission with an EW of 260(80- 450) eV, compatible
24 \ A ] E] with the results given by Tsujimoto et al. (2005). We note,tha
:2p i 1 g in this case, the EW is notfected by time averaging, because
2, ?W‘i?i; only the flare contributes signal.

2 0 100 200 32)0 4:]0 52)0 6 6.4 6.8

Time [ks] Energy [keV] 5.1.6. COUP 1030

Fig. 6. COUP 621; as in Fig. 5 Figure 3 (F) shows the light curves pertaining to COUP 1030.

A flare occurs in O4, and we find that the source is piled-up in

In Fig. 6 we show the LLC corresponding to O2 and O3 ifhis state. In the following analysis we, therefore, rederan
the left panel where we also indicate the most promisingvate annulus-shaped source region neglecting the innermésro-

(cf. Table 2). In the right panel we show the associated spect S€C-

Excess emission at the location of the fluorescent line impro
nent with a line EW of 600(316 970) eV, and the hot iron line
complex is weak compared to it.

This case is special because two flares detected in softX-ra§
are not accompanied by fluorescent Fel Kine emission, while
there is a line detection during a period preceding the fiaséfl
The line emission may be attributed to a hidden flare locatet] -
at a geometrically quite favorable position. At least it e e 0

. . . 640 660 680 700 720 740 760 780 800 6 6.4 6.8
attributed to an event, which does not show up in soft X-rays. Time [ks] Energy [keV]

Fig.8. COUP 1030; as in Fig. 5

Counts/keV

caled) c
A b o N s oo

5.1.4. COUP 647

Among the sources analyzed by Tsujimoto et al. COUP 647 is
by far the most deeply embedded one with a hydrogen colu
density of~ 31 x 107 cm™2.

The CLLC shows two phases of increase. One associa

The automated CLLC analysis yields the 20816 ks inter-
V4 to be the most promising to detect fluorescent Eé KKmis-
%Qn. This interval covers the flare, which, according to the

. . LC, provides the largest contribution of fluorescent pimst
with a flare towards the end of the COUP campaign, and anoth ; ;
one earlier in a presumably quiescent phase of the souree dﬁﬁe he right panel of Fig. 8 we show the spectrum of COUP 1030

- . - uring the most promising interval, and our spectral anslys
Fig. 3 D). Our automated CLLC analysis returns the first phas . 4
in particular the 56- 626 ks interval, as the most promising cané?‘]OWS a fluorescent line with an EW of 143(5@31) eV. The

. h . . result is compatible with the values given by Tsujimoto et al
didate interval, for which we show the spectrum in the lefigla . . . - .
of Fig. 7. The EW of the line in this phase is 440(19467) eV. (2005); ime averaging has ndfect on the EW if the signal is

L 8 ._strongly concentrated in a single flare. This source appeach
theﬁ\gsIgﬁg\;a\/léyl’JWSviStEO;\rI]tE(\al\lsg?itSrg?]lgg(t)r(])()a (fel{a}re during Whlcﬁke a “text book” example of fluorescent emission origingti
P ’ from photoionization both with respect to temporal behasiud

EW.

5.1.7. COUP 1040

COUP 1040 remains virtually invisible in the 6.2 keV band,
except for a flare period during O2.
Figure 3 (G) shows the light curves. The LLC indicates fluo-

rescent emission accompanying a flare. There is a steeprése i

0 short & 10 ks) interval in the central flare, and the CLLC contin-
ues to rise during the decay phase. Our automated analysis de
termines an interval containing the decay phase (2684 ks)

Fig.7. Left panel: excerpt of the spectrum during the bona fide quiesf the flare to be the most promising candidate interval to be

cent phase of COUP 647. Right panel: The same part of the spectrsgarched for fluorescent Fe K emission. In Fig. 9 (left panel)

during the flare. we show the spectrum pertaining to this interval. Indeeereth
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may be excess emission att&eV, however, the continuum in

the 52 - 6.2 keV range is not well fitted by the model, so that »—-—; =
the CLLC may be misleading in this case. 2 opF
S :
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Fig.9. Left panel: The spectrum during the automatically determine
most promising fluorescent interval of COUP 1040. Right panel: Tt
spectrum during the second COUP observation (02).
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The right panel of Fig. 9 shows the spectrum during the ok
which covers the flare and its decay phase. The signal is mt
stronger here, and the fluorescent line is detectable. Wde
line flux of 11(6— 20) x 107 phy(cn? s) is considerably higher
than the value reported by Tsujimoto et al. (2005), our EW «
178(90- 310) eV is compatible with their result, as it remain:
unchanged by time averaging if no further signal is accutedla .

100

4
Energy (keV)
5.2. Three individual sources with distinct behavior Fig. 10. Upper panel: The 2 9 keV band light curve and the CLLC of
In the following section we present three additional indiCOUP 267. Lower panel: The spectrum during the-306 ks interval
vidual sources with a detection of fluorescent emission. TM&h a close-up of the Fe Kl line region.

sources show three fiierent types of temporal behavior of the

Fe K, | line, and further demonstrate the variety of FglKline 522 COUP 599

emitters.
The strength of the X-ray source COUP 599 remains constant
5.2.1. COUP 267 through the entire COUP campaign as demonstrated by the ligh
o curve shown in Fig. 11. The CLLC rises almost without intprru
The X-ray spectrum of COUP 267 shows the characteristicstigin. Accordingly, the most promising fluorescent interfealnd
a “two absorber X-ray source” (TAX source, e.giidl et al. in our automated search comprises virtually the entire.data
2007), with a mildly absorbed soft component dominating be- In the lower panel of Fig. 11, we show the spectrum of the
low about 1 keV and a hard component hidden behind a signéeurce in the 10- 1080 ks interval. There is excess emission
icantly higher column of material. During the leading 1000ks at 64 keV, which we attribute to the fluorescent line, and we
COUP campaign data, COUP 267 shows a flare (see Fig. 10, dptermine an EW of 450(220660) eV for it.
per panel). A comparison of the soft83- 1.2 keV) light curve The position of COUP 599 is about 1 arcsec northwest of the
and its hard counterpart.@—- 9.0 keV) uncovers that the flare Becklin-Neugebauer object (Becklin & Neugebauer 1967, an
exclusively dfects the hard band. as already noted by Garmire et al. (2000) in a pre-COUP study,
In Fig. 10 we show the light curves and the spectrum dfmay be related to it, although an independent origin cabeo
COUP 267 during the 30196 ks time span selected by our autoexcluded.
matic search for fluorescence, which basically covers teayde ~ The X-ray luminosity of this source is constant and so is its
phase of the flare. The EW of the fluorescent line amountsfe K. | line flux. Again, the EW is high compared to values
400(180- 670) eV here. The two ierently absorbed thermalrarely exceeding 100 eV as derived by Drake et al. (2008), but
components can clearly be distinguished in the spectrakimodhe strong absorption with a column densityMyf = 7.6(6.6 —
and excess emission at the energy of the fluorescent lins-is \.7) x 10?2 H/ci?, points towards the presence of circumstellar
ible. The upper right box in Fig. 10 shows a close-up of thigaterial, which could yield a quite favorable geometry.
region, where the best-fit line is also indicated.
) The TAX nature of _this source implie_s the presence of COB-> 3. COUP 1499, V NX Ori
siderable amounts of circumstellar material surroundiegen-
tral star, where fluorescent emission may well have its origiwhile V NX Ori is found in quiescence for the longest part of
Although the measured EW appears high compared to the motted COUP campaign, it also shows a period of remarkable ac-
predictions (see Sect. 6), the fluorescent emission is @gsedc tivity. This begins with a very short flare taking place todsr
with the flare, and we conclude that photoionization proside the end of the second observation. Here, the count ratecyro
reasonable explanation for the observation. ets to about 40/ks (2—- 9 keV band) within 2 ks and then de-
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Fig. 11. Upper panel: The 2 9 keV band light curve and the CLLC of Fig. 12. Upper panel: The 2 9 keV band light curve and the CLLC of
COUP 599. Lower panel: The spectrum in the-1ID8O0 ks interval and cOUP 1499. Lower panel: The spectrum in the 38824 ks interval
a close-up of the Fe K line region. and a close-up of the Fe,K line region.

: . The measured EW will be too low, if the quiescent phases,
Eailg E;"Ckly’ so that the entire event does not last for i t which are usually much longer than active periods, or sévera
- : . . . flares contribute a significant amount of flux, as for instaince
After the interruption due to th€handra orbit, the next ob- coyp 331 and COUP 621. In these cases, continuum signal is
servation starts with another short flare which shades itd0@  ,.cumulated. which. afterwards. is compared to the Fk liae
lasting, possibly related flare event. In Fig. 12 we show S gjona| heing collected during a shorter period. Here, bhih t
trum during the 384- 524 ks time span found by our aummate‘iweasured average Fe K line flux and the associated EW will
analysis (see Table 2), which approximately covers thergkcopg |gyer than values determined for appropriate time spans.

long Ia§t|ng flare. o o As it is not possible to accumulate negative signal in the
While the CLLC does not indicate fluorescent emission duge K, | line or the underlying continuum, maybe with the

ing the first, short and more violent event, it does during th8eption of background and statistical fluctuations, fheet

longer flare. The associated spectrum demonstrates line emgieraged values can be regarded a lower limit on both the
sion for which we measure an EW of 370(14530) eV. Fe K, line flux and EW.

5.3. Consequences of temporal resolution on the 5.4. Combined excess emission

Fe K, I line equivalent widths ) ] ]
In the previous sections, we presented a sample of sourties wi

In the preceding passages we demonstrated the temporat-bebacess emission atékeV, which we attribute to the fluorescent
ior of the Fe K, | line for a number of sources including thoseFe K, | line. In this section we combine a larger amount of data,
presented by Tsujimoto et al. (2005). The EW of the ¢ Kne  to further corroborate this statement.
is often used to check whether the observations can be ré&dnc  |n Fig. 13 we show the summed residuals corresponding to
with predictions from theory or not. Therefore, it is worttigfly  all intervals listed in Table 2 in the upper panel and, in thedr
discussing theféects of the time resolution on this quantity.  panel, the summed residuals for all sources showing no 8uore
In sources where one major flare provides the majority oEnt emission according to our analysis. For each spectrem w
all source photons, including Fe,K line photons, such as determined the residuals by subtracting the best-fit modeh f
COUP 649 and COUP 1030, time averaging over a larger spihe observed data and added up the individual results. V¥erpre
has no &ect on the calculated EW, because line and continuutms approach to adding up the individual spectra themseha
emission are both scaled by the same factor. It, howeveamascause these fier significantly from each other both in flux level
effect on the measured fluxes, which are then too low. and spectral shape. The residuals already account for the di
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ferences in spectral shape, and the contribution of spadtha negative residuals here as would be expected, if we onlydwad r
more photons grows with the square root of the photon numberved sources showing a positive noise excess from the sampl
and not linearly as would be the case otherwise.

An emission Iine_feature, which is not accounted for in thg 5 Comparison features at different energies
models but present in some or all of the spectra, should ead t
an accumulation of residual photons at the respective gnierg For the following analysis we revert to the Bayesian bloctada
Fig. 13 we show the result using the residuals with respetigto i.e., a subdivision made without paying special attentmthe
thermal model (cf. Sec.4.3) and a power law model extended p§esence or absence of the FglKline, even though this might
a Gaussian line of variable width (but0.1 keV) and normal- be the case due to physical reasons. Starting from the best-fi
ization at a fixed energy of. B keV to account for the hot iron thermal model, we add a narrow emission line at various ener-
lines. gies between 5 keV and 67 keV. For each Bayesian block, we

In both cases, an excess a BeV can clearly be identified. "€c0rd the best-fit line fluxes and EWs.
We find that this excess is well represented by a Gaussian cen-
tered at 64 keV. The best-fit width of the Gaussian is 100 e\
which is consistent with an intrinsically narrow, instrumtaly 35
broadened line at the location of the fluorescent E¢ Kne. We
note that leaving the central energy as a free fit parametss d 3.0f |*—* Mean flux
not alter this result. Depending on the considered enenggera « -« Median flux
for the adaption of the Gaussian, and on whether we allow
offset for the Gaussian line, we find amplitudes of 3@00 pho-
tons. Therefore, we argue for the presence 8650 excess pho-
tons, which can be attributed to the fluorescent Eé Kine in
these spectra. This number can be converted into an avénage
EW of roughly 250 eV, which we find in good agreement witl
previous results.
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Fig. 14. Mean (solid line) and median (dashed line) flux for narrow
emission line at various energies.

Counts

— In Fig. 14 we show the mean and median line flux deter-

1 mined for the emission line, shifting it from%keV to 67 keV

1 in steps of 100 eV. This set-up includes the actual ¢ Kne

1 at64keV as a special case. Both mean and median line flux are

1 > 0 everywhere, since we demand an emission line. We do not

expect any strong features betweeh eV and 63 keV, so that

e the results can be attributed to the photon noise.

o0y 36 4 a4 48 52 55 6 64 68 72 76 8 The mean line flux shown in Fig. 14 remains constant until
Energy [keV] the line energy exceedslékeV, after which the mean flux rises,

J aches a maximum at®bkeV, and falls again. We note that the

Fig. 13. The summed residuals from all bona-fide fluorescent interval dsBkeV h b he th | del
(panel a) and the same for all sources not showing intervals with ftior ecrease towards bkeV happens because the thermal models

cent emission (panel b). Solid (black) line: The residuals with respectifFlude the hot iron lines. To assure that not a few largeaglu
thermal models, dashed (red) line: The residuals with respect to a pol@minate the plot, which is conceivable if the mean line flsix i
law model with additional hot iron line at BkeV. considered, we also give the median line flux, which is more
stable against outliers. At a lower level, the median fluxveho
the same basic pattern with a maximum at BeV. The level
Instead of collecting the residuals only from the periodshows that many values are close to zero, reflecting the aases
of bona-fide fluorescent emission, the collection can also tich an absorption line would formally yield a better fit.
inverted to comprise only data of those sources in which no At each line energy the statistic for the comparison line is
Fe K, | line emission was detected. Neither of the resultindifferent, because it isfected by the spectral shape and the ef-
curves, whether calculated with respect to the thermal er tfective area. Under the hypothesis that there is nothingiape
power law models, shows a distinct feature &t eV (Fig. 13, about the Fe KI line energy, so that the majority of our detec-
lower panel). The residuals collected from the thermal neddions should actually be attributed to noise, the derivesdiltes
show a substructure indicating that the average spectipéss implausible. If this hypothesis was to be accepted, theoelsh
too steep. Such arffect is not present in the power-law modbe a gradual evolution of the mean and median line fluxes over
els, which, however, cover a much smaller fraction of thecspethe entire range, which is, indeed, the case until the lirerggn
trum. Consulting the power law fit residuals, a small excdss exceeds 4 keV, but not beyond.
~ 100 photons at.@ keV may still be present, butitis notclearly  The findings summarized in Fig. 14 are compatible with an
set apart from the noise. We note that we also find no surplusi$trumentally broadened emission line a eV, and we ad-
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duce this as a corroboration of our interpretation of theeolesd  X-ray continuum, but reverberationffects may be present.
excess emission as fluorescent Fd Kine emission, which is Assuming a typical scale of 20 AU for the extent of a stellar
distinct from photon noise. source, delays, if present, would be of the order df0 ks.

High Fe K, | line EWSs and a virtually unpredictable tempo-
ral behavior may be obtained, if totally or partially hidd¢may
sources are considered as proposed by Drake et al. (2008). Th

In Table 2 we list the sources and time spans, which show sifntinuum emission by those sources can contribute to flree
nificant Fe K, | line emission according to our analysis. Th&essed photon field, but their direct continuum radiationaies
table comprises 23 sources, with a total observation time ig¥isible, so that the measured Fg Kline flux may be signif-
23x 838 ks~ 19000 ks. Summing up the interval lengths, wécant providing a large EW, which appears to be uncorrelated
find that fluorescent emission is detected durin§0% of this With the measured continuum.
time.

Using th_e (_entir_e sample of 106_ sources as a reference, flyo>  Ejectron collisional excitation
rescent emission is detectable during about 10% of the wdser
tion time, and it is distributed among 20% of the sample sesirc The subject of electron collisional excitation of the flupre
This consideration does only take into account those setince cent Fe K 1 line was for example investigated by Emslie et al.
which fluorescent emission can be claimed with reasonalle cd986). These authors calculate the Fgl Kine photon flux,®,
tainty. Based on the creation scenario of fluorescent eomissidue to electron excitation; the result is given in their E. [h
it seems likely that the number of fluorescent sources is-acg@@mbination with their Eq. 7, the relation can be recast aritd w
ally larger, yet a detection cannot be claimed where theasigiien as

5.6. Duty cycle of Fe K, | line emission

remains insfficient. The duty cycle derived here should, there- 1R 1E7L e
fore, be regarded a minimum, limited by the sensitivity af th__ """, _ wﬂ(AbFe)y - 1_f EXQ(E)IE, (13)
instrument and, of course, our method. AF(> Ey) y Kv J,

whereAbg, is the iron abundance, + 1 is the spectral index of

the incident electron power law spectrul,is the lower cut-&
energy of the electron spectrumd, = 2.61 x 1078 keV?/cn?,

The reality of the fluorescent Fe,K line has so far been es-v = 1.6 x 107 is the conversion factor from keV to erg, =
tablished in quite a number of stellar sources. While all axsth 7.112 keV is the K-shell ionization energy of neutral iranjs
agree that neutral or lowly ionized iron gives rise to thetphe the iron fluorescence yiel@ is the branching between,kand
making up this spectral component, there is still some @ebdsy.., Qi is the cross section for K-shell ionization by iron (see
whether nonthermal electrons contribute to the excitatiime €.g., Hombourger 1998R is the distance to the sourde(> E;)

iron ions. In the following, we briefly juxtapose photoioation i the total injected electron energy flux in g(gn¥), andA s

and electron collisional excitation regarding the expedigvs the area of the flare. We note that in Eq. 13 we already assumed

6. On the origin of the Fe K , | line emission

and temporal behavior. that there is no hydrogen column between the electron inject
site and the neutral iron, which correspond$ito= 0 in Emslie
o o et al. (1986).
6.1. Implications of photoionization Assumingy = 2.1, Abge = 4 x 1075, E; = 20 keV, and a

The fluorescent emission caused by photoionized neutral B5tance of 450 pc, Eq.13 can be partially evaluated

lowly ionized iron was investigated theoretically by a num- cn? erg
ber of authors. Bai (1979) and Drake et al. (2008) carried off (> E1) ~ 4.5 x 10" ———=x
Monte Carlo calculations, simulating solar and stellareiar
George & Fabian (1991) simulated an accretion disk illut@da where AF(> E;) is the incident energy flux in the form of
with a power law spectrum, approaching the situation in AGBlectrons in ergs. Using Eq.14 we derive that, for the typical
sources. George & Fabian (1991) obtain typical EWs betweEr K, | line fluxes of several times 1®phy/(cn? s) measured for
100- 200 eV for a centrally illuminated disk using power lanthe COUP sources (Tsujimoto et al. 2005), the injected flux of
photon-indices betwedn= 1.3—-2.3. The EWSs obtained by Bai electrons in excess of 20 keV should be of the order &7 &fiys.
(1979) and Drake et al. (2008) for thermal input spectra temd  This number is enormous compared to solar values, where
smaller, rarely exceeding 100 eV. thetotal energy deposited in nonthermal electrons during a flare
While the above results refer to solar iron abundances isfof the order of 18 erg. Even though flares in Orion YSOs
~ 4x 1075 FgH, the Fe K, | line EW caused by photoionizedmay be ‘several orders of magnitude more powerful than any
iron can be increased, when larger iron abundances are adsusolar flare’ (Getman et al. 2008), the energetics remainienab
(Drake et al. 2008). In an analysis of the correlation betweatic. Using Eq. 17 from Saint-Hilaire & Benz (2005), we esti-
iron abundance and Fe,K line EW, however, Ballantyne et al. mate the amount of thermal energy,, contained in the plasma
(2002) find that the EW cannot be increased beyond any limif. a large flare to be
As already indicated by Bai (1979) (Fig. 4) or Matt et al. (I89
the EW rises linearly for iron abundances of the order of @&, = 3k, T \/EM2/n2. f ~ 10® erg, (15)
lower than the solar value beyond which the relation flattens
According to Ballantyne et al. (2002), the maximal obtaleabassuming an emission measure of?16m 3, a density ofn =
Fe K, ! line EW is around 800 eV. 102 cm3, a temperature ok, T = 10 keV, and a filling fac-
The Fe K, | line EWs expected from photoionized iron istor, f, of unity. In their analysis of RHESSI data of medium
thus, of the order o& 100 eV and may reach 800 eV under sized solar flares, Saint-Hilaire & Benz (2005) concludeat th
very favorable conditions. The light curve of the FgKline Ey, is of the order of the energy contained in nonthermal parti-
should be correlated with the light curve of the incidentt so€les. Extrapolating this result to the Orion flares, we codel

photon e, (14)
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that currents dficient to provide significant Fe 0 line fluxes dances, disk flaring, a contribution of electron collisicexecita-
cannot be sustained for longer than a few seconds. tion, and line-of-sight obscuration of the central flarirgisce.

As pointed out by Emslie et al. (1986), a contribution of eledAccording to Drake et al. disk flaring, which increases thiedso
tron induced fluorescent emission may be observed during tiregle coverage of the reflector, can increase the expecteoyEW
impulsive phase of a flare. The Fg Kline flux due to electron factors< 2, and increasing the iron abundance ensues a roughly
collisional excitation should be temporally correlatedhnthe linear response of the line EW. EWs of the order of 400 eV as in
hard X-ray flux, which was, indeed observed by Emslie et ahe majority of our detections, are, therefore, within teadth-
(1986). Such data are, however, not available for Orionhab t out reverting to extreme physical conditions. Additiogailve
we cannot revert to this line of argumentation. note that obscuration of the X-ray source does not only asze

Recently, Peterson et al. (2010) presented high resoltaionthe Fe K, | line EW when the absorber is impenetrable, but also
dio images of the Algol binary system resolving a large cordfit has only small optical thickness. The reason is thatriige
nal loop reaching from one to the other pole of the K giargent photons at.8 keV can be created as the X-rays are passing
secondary, being orientated towards the primary B star. Ttiee absorber, while continuum photons can only be destroyed
authors modeled the radio emission observed from this lo¥pqoob et al. (2010) show, in aftkrent context, that the op-
by assuming synchrotron emission from an electron pomuatitically thin approximation for the fluorescence problemak®
with a homogeneous density of = 1073 electrongcm™ and  down for column densities as low as2 x 10?2 H/cn?, which
a power law spectrum so tha(E) = ne(E/Enin)~>? where should also be the scale on which thiteet may become notice-
Emin = 80 keV. Assuming that the electrons are moving able. The &ect may well be responsible for a fraction of the ob-
the speed of light, we estimate an electron flux of roughlerved EW in sources with ficiently large absorbing columns,
3% 10%° cm- 1000 cnt® = 3 x 103 electrongcm2. Further as- i.e., in about half of our sources (see Table 2).
suming a loop length of #8cm and a radius to loop length ratio  The most extreme FeX line is observed during the rise
of 0.1 (Favata et al. 2005), the electron flux over the entire logghase of a flare in V 1486 Ori, where we determine a line EW
cross section becomes 10% electrongen?. If we attribute an of ~ 1400 eV (see Sect. 5.1.1) exceeding typical model predic-
energy of 100 keV to all of these electrons, the resultinggne tions by an order of magnitude. To explain this measurenrent i
flux in form of energetic electrons becomesg®érgs. Although the frame of photoionization, Drake et al. (2008) suggesittte
this number is still far below the needed value, we note theg K, | line is due to photoionization by a partially hidden X-
Favata et al. (2005) find evidence for large magnetic loops wiray source. While this is an appealing idea, the LLC shown in
half lengths ofv 1012 cm in their analysis of large COUP flaresFig. 4 is also suggestive of an impulsive peak, as presented b
which may connect the stellar photosphere with a disk. WithoEmslie et al. (1986) (Fig. 3) for the case of the Sun. Accardin
being able to give a detailed physical modeling, we do not exs Emslie et al. (1986) this peak, which, however, lastechfor
clude that under certain conditionsfiscient fluxes of energetic longer than~ 20 s there, is associated with Fg Kline emis-
electrons may be sustained in large magnetic structures. sion due to electron collisional excitation. Assuming tins is

When a population of high energy electrons hits a thick tagiso true for the case of V 1486 Ori, we can calculate themact
get such as a stellar photosphere, the electrons thernialize flux needed to excite the observed line. Applying Eq. 14 subst
plasma and heat it. This gives rise to the evaporation of safiting the line flux of~ 8x 1078 pty(cn? s) during the time span
X-ray emitting loops observed during solar and stellar #aregiven in Table 2, yields an energy input of about 320°¢ erggs
Inspired by their findings, Giardino et al. (2007) elaboratea that would be required to sustain this line by electron sihal
mechanism, which can prevent a population of acceleraged elexcitation. Whether or not the observed FglKline emission
trons from causing a soft X-ray flare. Basically, the auttsug- of V 1486 Ori contains a contribution originating from elest
gest that, if the plasma density in the flux tube into which theollisional excitation cannot ultimately be decided frdme tata
electrons are injected, is high enough, the electrons dtheot at hand, but if is does, the energy released into electross ineu
malize in the photosphere, but are decelerated in situ.nQurienormous.
this process, energy is deposited in nonthermal hard X-aags Even though EWs o& 400 eV may be explained by pho-
collisional excitation of heavier ions such as iron, pahtre-  tojonization, some sources still show a puzzling tempogal b
sulting in Fe K, 1 line photons. Appropriate conditions for thishavior. For example COUP 621, one of the Tsujimoto et al.
mechanism to work may, indeed, be found in young stars with005) sources, shows two flares, which seem not to be accom-
ongoing accretion. panied by fluorescent emission, whereas E& Kine emission
is observed during a bona-fide quiescent period precedimg th
first flare. This observation may be attributed to a “hidderefla
somewhere behind the star or the disk, which is only visible i
As outlined in Sec. 6, model calculations of the FelKline its reprocessed light. It may also be associated with anteven
strength based on photoionization rarely predict line E¥s preceding and maybe preparing the first flare such as magnetic
100 eV. Yet, the EWs listed in Table 2 tend to be significantlyeconnection releasing high energy electrons. Feigelsal. e
larger than 100 eV, even though some may be smaller considd998) show that there are large scale magnetic structnras i
ing the errors. The values reported in Table 2 are qualihtiv X-ray protostar in Corona Australis and that the observddrpo
compatible with the numbers published for Elias 29, for ahicized radio emission arises from a nonthermal electron gepul
Giardino et al. (2007) derive EWs of up40800 eV during their tion spiraling along the field lines. Giardino et al. (2007gwe
second time segment. that magnetic reconnection could be sustained for sevesa,d

If photoionization is to be held responsible for the line &mi but they do not give a physical model for it. As, however, the
sion, it must explainall of these observations; both the obenergetics of collisional electron excitation is very ddadjing
served EW and the temporal behavior. As the observed EWs t€aee Eq.14), this explanation seems physically problexetid,
to be higher than typical predictions, this issue should d¢be an light of current knowledge, photoionization by a hiddeardl
dressed first. Drake et al. (2008) discuss four ways in whieh tappears a more straight forward answer. Similar to COUP 621,
Fe K, I line EW may be raised. These are supersolar Fe abwther sources like V 1486 Ori and V NX Ori show both, flares

6.3. Putting our analysis into the context
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Nonetheless, we argue that photoionization remains the
most promising explanation for the observations. The rdter
tive mechanism of electron collisional excitation is agijmegin
some cases, because it provides an explanation for,Felike
emission not accompanied by a change in the level of soft X-
ray emission, but the energetics are challenging. In oaexi
plain the observed Fe M line fluxes, enormous fluxes of ener-
getic electrons, which remain invisible otherwise, musshs-
tained sometimes for days. Electron collisional excitatioay
certainly provide a fraction of the fluorescent line photdng it
can hardly serve as an explanation for their majority.

The observations can be reconciled with predictions based
on photoionization, if we assume more complicated environ-
ments. This includes partially or completely hidden X-ray
sources as well as a modification of the iron abundance. Also
fluorescence occurring in the circumstellar absorbing riadte
currently not accounted for in the models, possibly accotot
a fraction of the observed EWs.

Our current understanding of the fluorescent Eé Kine is
certainly not satisfactory. The great diagnostic powehefline
for a variety of celestial sources makes further obsermaticov-
ering the line in even more detail, clearly desirable.
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The Hertzsprung-Russel diagram of ROSAT
sources (see Fig. 8) impressively demonstrated
that X-ray emitters are distributed all over the
main sequence. While the upper limit of the
main sequence is clearly marked by the massive
O type stars, which are powerful sources of
X-ray emission, the situation is more uncertain
for objects with low mass, especially as the
substellar regime is approached.

In the stellar population with subsolar
masses, an important border is crossed at a
mass of = 0.3 Mg, below which stars become
fully convective. Solar like af) dynamos are
thought to be located at the “tachocline”, the
interface shear layer connecting the rigidly
rotating radiative core and the differentially ro-
tating outer convection zone. As a tachocline
does not exist in fully convective stars, a
change of dynamo type from a solar like af to
a distributed o? dynamo is expected at this
border, suggesting a change in the structure of
the magnetic field. This, in turn, might lead
to a sudden change in the X-ray properties at
that point, which, however, seems not to be
confirmed by observations (e.g., Fleming et al.
1995), maybe indicating a smooth transition
from af2 to a? dynamos. Whatever the actual
reason for this might be, it is another example
of the already emphasized connection between
the stellar interior and stellar activity.

Whether the gravitational collapse of
fragments of a molecular cloud gives rise to the
formation of a star or not depends on the mass
involved, or, more precisely, on the ability of
the resulting bodies to sustain hydrogen burn-
ing. Objects with a mass below about 0.07 Mg
cannot fuse hydrogen into helium and become
brown dwarfs or maybe Jupiters. Although,
brown dwarfs are believed to be among the
most numerous objects in the Galaxy, their
faintness complicates direct observations, and,
while a number of candidates were already
known, the first confirmed discovery of a brown
dwarf had to await the year 1995 (e.g., Rebolo
et al. 1995).

In late M type stars and evolved brown
dwarfs the photospheres become virtually

58

neutral, which ensues potential magnetic field
configurations above the photosphere. As this
is already a minimum energy configuration,
energy transport via magnetic reconnection,
i.e., a topological reconfiguration to a lower
energy state, can hardly contribute to the
energy budget of the outer atmosphere (Flem-
ing et al. 2000). Nonetheless, flare events are
often observed to take place on these late M
type stars and also on evolved brown dwarfs
(Fleming et al. 2000; Schmitt & Liefke 2002;
Rutledge et al. 2000), and Fleming et al. (2000)
argue that these must arise from topologically
more complex magnetic configurations without
a footpoint in the photosphere. The question
whether there is a quiescent contribution and,
hence, a corona has not yet been completely
settled, although observational evidence has
been assembled, which points into that direc-
tion (Fleming et al. 2003; Schmitt & Liefke
2002; Robrade & Schmitt 2008, 2009; Berger
et al. 2008; Robrade et al. 2010) .

The faintness of brown dwarfs makes a
determination of parameters such as mass
and radius particularly difficult. Yet, there
is one system in which these quantities can
be determined with high accuracy, namely
2MASS J05352184-0546085, the first known
eclipsing binary system consisting of two brown
dwarfs discovered by Stassun et al. (2006).
Although the constituents of that system are
young and, therefore, have not yet reached an
evolved state in which they spend the longest
time of their lives, 2MASS J05352184-0546085
represents an exceptional system, which may
greatly contribute to our understanding of
low-mass objects and their activity. In the
following work, my coworkers and I present the
X-ray detection of 2MASS J05352184-0546085
as well as a careful analysis of its properties.

For this work, I provided the major part of
the Chandra data analysis, while P. Christian
Schneider did the XMM- Newton data analysis.
The interpretation was reached in collabora-
tion with equal contributions by me and P.C.
Schneider.
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ABSTRACT

The eclipsing brown-dwarf binary system 2MASS J05352184-0546085 is a case sui generis. For the first time, it allows a detailed
analysis of the individual properties of young brown dwarfs, in particular, masses, and radii, and the temperature ratio of the system
components can be determined accurately. The system shows a “temperature reversal" with the more massive component being the
cooler one, and both components are found to be active. We analyze X-ray images obtained by Chandra and XMM-Newton con-
taining 2MASS J05352184-0546085 in their respective field of view. The Chandra observatory data show a clear X-ray source at the
position of 2MASS J05352184-0546085, whereas the XMM-Newton data suffer from contamination from other nearby sources, but
are consistent with the Chandra detection. No indications of flaring activity are found in either of the observations (together ~70 ks),
and we thus attribute the observed flux to quiescent emission. With an X-ray luminosity of 3 x 10%® erg/s we find an Ly /Ly -ratio
close to the saturation limit of 10~ and an Ly /Ly,-ratio consistent with values obtained from low-mass stars. The X-ray detection of
2MASS J05352184-0546085 reported here provides additional support for the interpretation of the temperature reversal in terms of
magnetically suppressed convection, and suggests that the activity phenomena of young brown dwarfs resemble those of their more

massive counterparts.

Key words. stars: low-mass, brown dwarfs — stars: binaries: eclipsing — stars: activity —

X-rays: individuals: 2MASS J05352184-0546085

1. Introduction

Magnetic activity is extremely common among late-type stars
with outer convection zones (e.g., Schmitt 1997). The cause of
that activity as diagnosed by chromospheric and coronal emis-
sions is ultimately thought to be a magnetic dynamo operating
near the base of the convection zones of these stars. Near the
spectral type ~M3, stars are thought to become fully convec-
tive, thereby preventing the emergence of a solar like dynamo in
their interiors, and yet the activity properties seem to remain un-
changed across this borderline (e.g. Fleming et al. 1993). A satu-
ration level of Ly /Lyo ~ 1073 is observed also for fully convec-
tive stars, although with substantial dispersion. Ultra cool dwarfs
(spectral type M7 and later) show a drop in activity as measured
through their H, emission, and among L-type dwarfs H, emis-
sion is rarely found (Gizis et al. 2000). For the majority of ac-
tive M dwarfs the ratio between H, and bolometric luminosity is
log(Lya/Lvo) ~ —3.8, while for most objects of spectral class L
this ratio drops below —5. Mohanty et al. (2002) argue that the
high degree of neutrality in the outer atmospheres of very low-
mass stars effectively diminishes the activity level with effective
temperature.

X-ray detections from ultra cool dwarfs are quite sparse, and
only a few objects have been identified as X-ray sources dur-
ing flaring and quiescent periods. Examples comprise the bi-
nary system GJ 569 B consisting of two evolved (age ~500 Myr)
substellar objects of late-M spectral type detected by Stelzer
(2004) and the latest (with respect to spectral type) object be-
ing the M9 dwarf LHS 2065 (e.g., Schmitt & Liefke 2002;
Robrade & Schmitt 2008). Hence, the behavior of X-ray

emission is unclear as one approaches the boundary towards the
substellar brown dwarfs and also the role played by the differ-
ent stellar parameters for the activity evolution of these objects
remains unclear (Stelzer & Micela 2007). It is particularly sur-
prising that some of the very rapidly rotating substellar objects
show little or no signs of activity. During the very early phases
of their evolution, however, when the optical characteristics of
brown dwarfs resemble those of stars with spectral type M6 or
so0, they are often found to be quite active. Starting with the first
X-ray detection of Cha He 1 in the Chamaeleon I star forming
region (Neuhauser & Comeron 1998), quite a number of brown
dwarfs settled in star forming regions and (young) clusters have
been detected in X-rays. The detection rate is higher for young
brown dwarf compared to evolved ones, which might be related
to a higher intrinsic X-ray luminosity, hotter outer atmospheres,
or both.

A crucial advance in the observational endeavor to unravel
the nature of low-mass objects was the discovery of an eclips-
ing brown-dwarf binary (“2MASS J05352184-0546085" — in the
following 2MASS 0535-0546, Stassun et al. 2006), which al-
lowed to directly measure masses, radii, and a temperature ratio
for brown dwarfs for the first time. The 2MASS 0535-0546 sys-
tem is thought to be a member of the Orion Nebular Cluster
(ONC) and, hence, very young (age ~10° years). It consists of
two M 6.5 + 0.5 dwarfs in an eccentric (e = 0.31) 9.78 day or-
bit, such that the two eclipses are separated by a phase differ-
ence of 0.67. In their analysis of 2MASS 0535-0546 Stassun
et al. (2006) determine masses of M; =56 +4 My,, and
My =36 =3 My, as well as radii of Ry = 0.67 £ 0.03 Ry and

Article published by EDP Sciences
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Table 1. X-ray data of 2MASS 0535-0546.

Instr. 1D Obs. time  Obs. date
[ks] [MJD]
Chandra 2548 48.5 52523.54
XMM-Newton ~ 0112660101  22.1 52167.08
45:30.0 T
= ' =
5:46:00.0 (ZMASSS" ;éract!fous) L ] ]
D .h
©
£ 30.0
9 -
e i
47:00.0 F ]
-
1 L} 1 1 a1 1
26.0 24.0 220 5:35:200 18.0 16.0
Right ascension
Fig.1. X-ray image (2 arcsec/bin) of the surrounding of

2MASS 0535-0546. A circular (5 arcsec radius) region centered
on the nominal target position is superimposed on the image.

R, = 0.49 + 0.02 R;, for the primary and secondary component,
respectively. Astonishingly, a “temperature reversal" is observed
in this system, i.e., the higher-mass primary component was
found to be cooler than its lower-mass companion (7 ~ 2700 K
and T, =~ 2800 K, Stassun et al. 2007; Reiners et al. 2007).

From the activity point of view 2MASS 0535-0546 is par-
ticularly interesting since both components appear to be sub-
stantially active, and according to Reiners et al. (2007) the
H,-emission of the primary exceeds that of the secondary by
a factor of 7. The same authors find a rotational velocity of
about vsin(i) = 10 kms™! for the primary, while they give
only an upper limit of 5 kms™! for the secondary. Assuming
a magnetic origin of this activity and the same scaling between
H,-emission and magnetic field strength as found for earlier type
stars, Reiners et al. (2007) argue for the presence of magnetic
fields of Bf =~ 4 kG for the primary and Bf ~ 2 kG for the
secondary.

In this letter we report the discovery of X-ray emission of the
eclipsing brown-dwarf binary 2MASS 0535-0546, which pro-
vides further support for the presence of magnetic activity in this
system.

2. Observations and data analysis

2MASS 0535-0546 was serendipitously covered by observa-
tions with both the Chandra and XMM-Newton observato-
ries; the basic properties of these observations are provided in
Table 1.

2.1. The Chandra data

The “flanking field south" of the ONC containing
2MASS 0535-0546 was observed with the “ACIS I" instrument
onboard Chandra. In the associated image 2MASS 0535-0546is
located relatively far off-axis (6.7 arcmin), but is still well ex-
posed, so that a sensitive search for X-ray emission is feasible.
The Chandra image in the vicinity of 2MASS 0535-0546 is
shown in Fig. 1.
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In an effort to suppress background and with the knowledge,
that young brown dwarfs have X-ray spectra with median ener-
gies of the order of or higher than 1 keV (e.g. Preibisch et al.
2005), we limited the energy range of the image to the 0.5—
2.5 keV band; a circle of radius 5 arcsec is drawn around the
nominal position of 2MASS 0535-0546. According to our point-
spread-function (PSF) modeling the encircled region contains
~95% of the 1 keV photons from a point source at the respective
off-axis position of the target. Within this circle we find a to-
tal of 8 photons. Extrapolating the photon numbers measured in
the same energy band from nearby source-free regions yields an
expectation value of 0.8 background counts. The Poisson proba-
bility of obtaining 8 or more counts with an expectation value of
0.8 is only 2 x 10~". Therefore, we attribute the recorded signal
to an X-ray source with a count level of 7.2 + 2.8 photons. What
about out-of-band photons? In the considered source region not a
single photon with an energy below 500 eV was detected, while
two photons are contained in the 2.5-10 keV band. This num-
ber is, however, in good agreement with the expectation value
derived from the close-by comparison region, and we, thus, at-
tribute these photons to background.

The median energy of the source photons is 1.4 keV, a value
going well with those obtained by Preibisch et al. (2005) for
8 other brown dwarf members of the ONC detected in a qui-
escent state. For the depth of the absorbing column towards
2MASS 0535-0546 we estimated a value of ny = 10! cm™2
combining the visual extinction of Ay =~ 0.75 mag given by
Stassun et al. (2006) with the relation

ny [cm’Z] =1.79 x 10* mag’I -Avy

derived by Predehl & Schmitt (1995); a result consistent with
the lower values derived from brighter, close-by X-ray sources.
Assuming an absorbed one-component thermal spectrum with
subsolar (0.3) abundances, a plasma temperature of ~2 keV, and
a distance of 450 pc (e.g. Stassun et al. 2006) we compute an
X-ray luminosity of (3.0 + 1.2) x 10%® erg/s in the 0.5-2.5 keV
band, which — again — is well covered by the range determined
by Preibisch et al. (2005).

To check the uniqueness of our identification we searched for
other potential emitters close (30 arcsec) to 2MASS 0535-0546,
but neither Simbad!, NED?, nor the 2MASS-survey pro-
vided any candidates in the environment under considera-
tion. Therefore, we attribute the detected X-ray emission to
2MASS 0535-0546.

2.1.1. Timing

Do the source photons arrive homogeneously distributed in time
or not? In Fig. 2 we present the background-subtracted 0.5—
2.5 keV band light-curve of 2MASS 0535-0546 in the upper
panel and the individual photons (registered by their energies)
plotted against arrival time in the lower panel. While no photons
arrived during the first quarter of the observation, the assumption
of a constant arrival rate is still consistent with the observations.
More importantly, the light curve (cf., Fig. 2) suggests the pres-
ence of persistent X-ray emission more or less homogeneously
distributed in arrival time and not flaring emission as — for ex-
ample — observed in a number of brown dwarf ONC members
(Preibisch et al. 2005) or the ultra cool dwarf LHS 2065 (Schmitt
& Liefke 2002).

! http://simbad.u-strasbg.fr/simbad/
2 http://nedwww.ipac.caltech.edu/
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Fig.2. Upper panel: background-subtracted 0.5-2.5 keV band light
curve (13 ks binning). Lower panel: photon energy against arrival time.

2.2. The XMM-Newton data

As 2MASS 0535-0546 is clearly detected in the Chandra data,
we searched for further evidence in other serendipitous X-ray
observations. In an XMM-Newton observation of ¢ Orionis
2MASS 0535-0546 is located roughly 9 arcmin off-axis and
we perform a similar analysis as for the Chandra data, i.e.,
we define a source-free background region in the vicinity of
2MASS 0535-0546 and concentrate on the energy range 0.5—
2.5 keV. We calculate the excess counts in a circular region with
a radius of 15 arcsec (to take into account the larger XMM-
Newton PSF) around the nominal source position.

While in the Chandra image 2MASS 0535-0546 is clearly
separated from all neighboring sources (see Fig. 1), we can
unfortunately not exclude some contamination from close-by
sources in the XMM-Newron data. Furthermore, in the image
constructed from the pn data (i.e., the most sensitive instrument
onboard XMM-Newton) the readout strip generated by the out
of time events from the central bright source (¢ Orionis) is lo-
cated less than one arcmin from 2MASS 0535-0546 providing
yet an additional source of possible contamination. Momentarily
neglecting these problems, we find 8 + 4,7 + 4 and 13 + 6 excess
photons above the background for the MOS 1, MOS 2, and pn,
data respectively. Converting into count rates and fluxes using
the same model as for the Chandra photons (cf. Sect. 2.1) and
a vignetting factor of 0.6 (see XMM-Newton-Users Handbook
Sect. 3.2.2.2), we find a value of (14.0 +4.0) x 10?8 erg/s for
the averaged X-ray luminosity in the MOS 1, MOS 2, and pn
data using WebPIMMS?. This is a factor of five higher than the
X-ray flux from 2MASS 0535-0546 observed with Chandra.
If we now estimate the contamination level of the source re-
gion by placing a similarly sized region at a comparable position
with respect to the neighboring, contaminating sources, the ob-
served flux level decreases to values roughly consistent with the
Chandra measured flux. Although the XMM-Newfon data alone
are insufficient to claim a detection, we conclude that they are
at least consistent with the assumption of X-ray emission from
2MASS 0535-0546 at the same level as observed with Chandra,
and from an inspection of the arrival times of individual photons
we can also exclude the presence of (stronger) flares.

2.3. Phase coverage of X-ray observations

In Fig. 3 we show the phase folded optical light curve
of 2MASS 0535-0546 as given by Stassun et al. (20006),
where we indicate those phase intervals covered either by
XMM-Newton or Chandra. The XMM-Newton observation

3 http://heasarc.nasa.gov/Tools/w3pimms.html
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Fig.3. Phase folded photometric data from Stassun et al. (2006).
Observation phases of Chandra and XMM-Newton are indicated by
black bars at the bottom and a gray column.

takes place shortly after the eclipse of the secondary, but unfortu-
nately, none of the eclipses is covered by the presently available
X-ray data. Therefore, we are unable to unambiguously attribute
the detected X-ray emission to any of the individual components
of 2MASS 0535-0546, which is clearly a task for follow-up ob-
servations.

2.4. Chromospheric and coronal activity

The bolometric luminosity, Ly, of the individual components
can be calculated from

Lyoy = 4nr?oT?, (D

with r denoting the radius of the brown dwarf, o the Stefan-
Boltzmann constant, and 7 the effective temperature. Using the
values given by Stassun et al. (2007) for the radii and temper-
atures of 2700 K and 2800 K, we find bolometric luminosities
of 8 x 103! erg/s and 5.1 x 103! erg/s for the primary and sec-
ondary component.

As the primary shows strong magnetic activity (Reiners et al.
2007), we naturally blame it to be also responsible for the X-ray
emission. Comparing the X-ray luminosity of 3 x 10?® erg/s to
its bolometric luminosity leads to a ratio of log Lx/Lyo = —3.4,
and similar results of —3.2 and —3.6 are obtained if not the pri-
mary but the secondary or both were the X-ray bright compo-
nent(s).

Preibisch et al. (2005) detected quiescent emission from
8 young brown dwarfs in the ONC. We find that both the X-ray
luminosity of 2MASS 0535-0546 and the log Lx /Lyo-ratio (no
matter whether the primary or the secondary is held responsi-
ble for the X-ray emission) point to a rather active, however, not
unprecedented object. From the activity point of view, it appears
similar to the late M dwarf 2MASS J05350705-0525005 (COUP
280), which is the most active brown dwarf in the (quiescent)
Preibisch et al. (2005) sample showing an log Lx /Lyoi-ratio of
—3.3; with an X-ray luminosity of 5 x 10?3 erg/s it is also among
the most luminous. This provides further support for our attribu-
tion of the recorded X-ray flux to the 2MASS 0535-0546 system.

What do these outcomes imply for the relation between chro-
mospheric and coronal activity in 2MASS 0535-0546? Reiners
et al. (2007) derive values of log(Lyy/Lvo) = —3.5 for the pri-
mary and log(Lya/Lvo) = —4.3 for the secondary. Substituting
our results we obtain log(Lx/Ly,) = 0.1 if the primary were the
X-ray bright constituent and log(Lx/Ly,) = 0.7 if it is the sec-
ondary.
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These values compare well to those given by Dahm et al.
(2007) for similarly young low-mass (M < 0.5 M) classical
and weak-line T-Tauri stars in NGC 2264, and are also within the
range of log(Lx /Ly, )-ratios obtained by Hawley et al. (1996) for
active cluster and field M-dwarfs in a more advanced evolution-
ary state.

3. Summary and conclusions

In summary, we find an unambiguous X-ray detection of the
eclipsing brown-dwarf binary 2MASS 0535-0546. An X-ray
source at the nominal position of 2MASS 0535-0546 is clearly
seen with the Chandra observatory, and the results are also com-
patible with an XMM-Newton image observed about one year
earlier. The X-ray luminosity of 2MASS 0535-0546 is of the
order of 3x 10?® erg/s, and even though the Chandra light curve
might indicate some moderate increase in luminosity, no flaring
activity is seen in either of the observations. Therefore, we at-
tribute the flux to quiescent X-ray emission.

An inspection of the source photons recorded by
Chandra shows that the observed plasma emits at a tem-
perature of at least 1 keV and probably more. The relative
hardness of the spectrum is compatible with the results obtained
by Stelzer & Micela (2007) for a wide and similarly young
brown-dwarf binary system. From the bolometric luminosity
of the primary component we compute a value of —3.4 for the
log(Lx/Lyo1)-ratio, which is close to the saturation limit of ~—3
and within the range of values determined by Preibisch et al.
(2005) for other brown dwarf members of the ONC detected
in quiescence as well as compatible with values computed by
Stelzer et al. (2006) for other young brown dwarfs. Invoking
the findings of Reiners et al. (2007) we find log(Lx/Lu.)
values well consistent with previously published results for
low-mass stars. Unfortunately, none of the optical eclipses is
covered by the available X-ray data, so we have no way at the
moment to assign the X-ray flux to the individual components
of 2MASS 0535-0546.
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What can our results tell us about the origin of the tem-
perature reversal? The effect may be caused either by a non-
coeval formation of the brown dwarfs or by the impact of mag-
netic fields, which hamper energy transport by convection. The
X-ray detection of 2MASS 0535-0546 alone supports the pres-
ence of magnetic fields causing the X-ray emission; further ev-
idence is the hardness of the source photons indicating that
magnetic processes are the source of the activity. Our results
are, therefore, fully in line with those of Reiners et al. (2007),
pointing towards the presence of strong magnetic activity in
2MASS 0535-0546 near the saturation limit and hence a mag-
netic origin of the observed temperature reversal.
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4 SUMMARY AND CONCLUSION

4 Summary and conclusion

In this thesis, stellar activity was investigated
from several points of view, making use of dif-
ferent observation techniques and facilities.

In the first part, it was demonstrated what
amount of information can be extracted from
light curves of planetary eclipses. While the
main target of the ongoing transit surveys is
finding unknown planets, we developed a new
technique to use the same data to investigate
the host stars of transiting planets. The tech-
nique was demonstrated using the data of the
milestone system CoRoT-2, a particularly ac-
tive star orbited by a close-in Jovian planet.

In a first step, my coworkers and I revisited
the planetary parameters derived by transit
modeling taking stellar activity into account.
We came to the conclusion that the activity
of the host star leaves detectable traces in the
transit light curves, and that these cannot
generally be neglected when the planetary
parameters are determined; at least, if the
values are to be accurate to more than a few
percent.

In a second step, we applied a novel
light-curve inversion technique to reconstruct
the surface brightness distribution and its
evolution on the host star in two observation-
ally separate regions; the first is given by the
surface fraction recurrently eclipsed by the
planet and the second covers the entire rest.
The map of the noneclipsed section shows that
the centers of spot coverage alternate between
opposing hemispheres of CoRoT-2a, which
may be explained by differential rotation, the
flip-flop phenomenon, or a combination of
both. The map corresponds well to previously
published results, which were obtained using
maximum entropy regularizations. The map of
the eclipsed section shows a relatively stable
configuration with two active regions about
180° apart, fitting well into the picture of a star
with two active longitudes already suggested
by the map of the noneclipsed section.

While our analysis clearly shows the intrica-
cies for the determination of planetary param-
eters introduced by activity, it also reveals that
a lot of valuable information can be extracted

from the photometry of active stars and, in par-
ticular, those active stars with transiting plan-
ets.

In the second part of the thesis, I left the
field of planet research and concentrated on X-
ray emission of young stars, which may, right
now, be in the process of forming planets.

Many young stars are known to be power-
ful X-ray emitters and are surrounded by sub-
stantial amounts of circumstellar material in
the form of accretion disks and envelopes. The
disks are believed to be the birthplace of plan-
ets, and a good understanding of planet forma-
tion, therefore, requires knowledge of the disks.

The fluorescent Fe K, I line represents one
of the few possibilities to study cool material
in the X-ray regime, and the geometry of
circumstellar disks makes them a particularly
promising target for Fe K,I line studies.
However, before definite conclusions on the
disk geometry and state can be drawn from
such analyses, the creation mechanism of the
Fe K, I line has to be understood precisely. In
this thesis, fluorescent Fe K, I line emission
of young stars in Orion was investigated with
a special emphasis on its temporal evolution.
The most widely accepted creation scenario
attributes the Fe K, I line emission to photo-
electric excitation of neutral or lowly ionized
iron by X-rays and, thus, suggests a temporal
correlation of high energy X-ray continuum
and Fe K,I line emission. While this was
found to be true in many cases, some examples
were presented, which seem to contradict this
scenario.  The results indicate that either
another excitation mechanism, such as electron
excitation, is responsible for these observa-
tions, or more complicated geometries must be
taken into account to explain the observations.
A decisive answer cannot be given using the
data at hand, and will probably have to await
the next generation of X-ray observatories.

On the mass scale, brown dwarfs lie between
planets and stars. Their low luminosity im-
pedes detailed studies so that many facets of
their formation and evolution remain elusive.
We reported on the X-ray detection of the first
eclipsing brown dwarf binary. As has become
clear, eclipses are a powerful tool, which, in
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this case, allowed the determination of accu-
rate brown dwarf radii and temperatures for
the first time. Surprisingly, the structure of
the system, most notably the observed temper-
ature reversal, is not compatible with conven-
tional evolutionary tracks, which is probably
related to the presence of the magnetic field,
also believed to be responsible for the X-ray
emission. Unfortunately, it is hardly possible
to assign the X-ray emission to one of the con-
stituents (or both) by observing an eclipse with
the currently available X-ray instrumentation,
because the flux is too low. Nonetheless, this
X-ray detection underlines the importance of
magnetic phenomena during the early phases
of (sub)stellar evolution.

5 Outlook

A major part of this thesis focuses on the
Fe K, I line observed in young stars in Orion.
The work concentrated first on a detection
of the line and second on its temporal be-
havior. Already the analysis of these basic
line properties is complicated, because usually
only a low number of line photons is detected.
The Fe K, I line lies at an energy not favored
by the effective area and resolving power of
today’s X-ray observatories. The enormous
power of an analysis of its profile can today
only be exploited in the case of active galactic
nuclei, where the distortion is extreme due to
relativistic effects and much more distinct than
in stars.

A higher sensitivity and about an order of
magnitude enhancement in resolution at the
Fe K, I line energy is envisaged by using a new
kind of astronomical X-ray detector, namely a
bolometer. A bolometric detector was already
part of the Suzaku mission launched in 2005,
where it, unfortunately, failed. While the cur-
rent detectors on board Chandra and XMM-
Newton will still allow for some progress in stel-
lar Fe K, I line research, the next big step, in
my opinion, will have to await the advent of an
observatory equipped with a bolometric detec-
tor or some instrument with similar capabili-
ties. This will allow to study the line strength
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and temporal behavior as well as the line profile
in much more detail.

The line profile will provide us with new in-
sights into the nature of the reprocessing mate-
rial such as its ionization fraction, velocity dis-
persion, and composition. A larger signal will
also allow a more detailed study of the tempo-
ral association of Fe K, I line flux and contin-
uum flux, yielding a more decisive answer on
the question whether photoelectric excitation
is the only creation mechanism responsible for
Fe K, I line emission.

Far from stagnation, the field of planetary
science has recently been boosted by the suc-
cessful launch of Kepler and CoRoT, two space-
based observatories providing photometric data
of unparalleled quality. Doubtlessly targeted
at finding a second Earth, the data gathered
by these instruments is also very interesting in
the context of stellar activity as the brightness
of thousands of stars is continuously monitored
for months. The work carried out in the frame
of this thesis concentrated on a single, even
though outstanding, target. In future analyses
it will be possible to study further single tar-
gets as well as large samples of objects, using
high accuracy, short cadence data extending for
years.

These analyses will significantly contribute
to answering key questions of starspot research;
to name but a few: Which stars show spots
and what is the coverage fraction? What are
the spot temperatures and lifetimes? The long-
time, short cadence monitoring provided by the
space-based missions offers a great opportunity
to study the surface evolution of active stars in
great detail, and it will help to gain more in-
sight into the distribution and nature of active
longitudes and the flip-flop effect. This, in turn,
allows to refine theories of the stellar dynamo.

A question also particularly interesting dur-
ing the search for extrasolar planets of low mass
is how stellar activity influences the observed
radial velocity signals, and whether the activity
signature can be modeled so that more accurate
radial velocity curves can be derived.

Beyond all those excellent scientific oppor-
tunities, I will not forget to mention that the
discovery of a second Earth, may elevate the
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public attention and acceptance gained by as-
tronomy to a level perhaps last reached by as-
trology.

5.1 Projects in progress

The space of further work is vast, but a num-
ber of projects have already been started by my
coworkers and me personally.

In response to the results of the Fe K, I line
searches, I started modeling the influence of ab-
sorbing material on the X-ray Fe K, I line and
search for possibilities to increase the observed
equivalent width using photoexcitation.

A numerical code is being build up to study
the influence of starspots on the apparent ra-
dial velocity shifts of stars. Spectroscopic ob-
servation are envisaged, which are to be car-
ried out simultaneously with the Kepler photo-
metric measurements, so that the information
contained in high resolution spectra and high
accuracy photometry can be combined.

A number of spectroscopic follow-up obser-
vations of stars showing a similar light curve
as that of CoRoT-2, however, without transits,
were successfully proposed to gain further in-
sight into the nature of these objects. In par-
ticular, these observations will allow us to de-
rive the spectral type, luminosity class, and the
strength and variability of several activity indi-
cators, providing us with valuable information
on the class of stars showing these characteris-
tic light curves.

Finally, a series of VLT UVES spectra
of CoRoT-2, proposed by U. Wolter and
observed by K.F. Huber, was obtained, which
is currently analyzed to investigate the transit
in even more detail.
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