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Abstract

The sun shows a wide variety of magnetic-activity related phenomena. The mag-
netic field responsible for this is generated by a dynamo process which is believed
to operate in the tachocline, which is located at the bottom of the convection zone.
This dynamo is driven in part by differential rotation and in part by magnetic
turbulences in the convection zone. The surface differential rotation, one key in-
gredient of dynamo theory, can be measured by tracing sunspot positions.

To extend the parameter space for dynamo theories, one can extend these mea-
surements to other stars than the sun. The primary obstacle in this endeavor is
the lack of resolved surface images on other stars. This can be overcome by the
Doppler imaging technique, which uses the rotation-induced Doppler-broadening
of spectral lines to compute the surface distribution of a physical parameter like
temperature. To obtain the surface image of a star, high-resolution spectroscopic
observations, evenly distributed over one stellar rotation period are needed. This
turns out to be quite complicated for long period stars. The upcoming robotic ob-
servatory STELLA addresses this problem with a dedicated scheduling routine,
which is tailored for Doppler imaging targets. This will make observations for
Doppler imaging not only easier, but also more efficient.

As a preview of what can be done with STELLA, we present results of a Doppler
imaging study of seven stars, all of which show evidence for differential rotation,
but unfortunately the errors are of the same order of magnitude as the mea-
surements due to unsatisfactory data quality, something that will not happen
on STELLA. Both, cross-correlation analysis and the sheared image technique
where used to double check the results if possible. For four of these stars, weak
anti-solar differential rotation was found in a sense that the pole rotates faster
than the equator (α < 0), for the other three stars weak differential rotation in the
same direction as on the sun was found (α >).

Finally, these new measurements along with other published measurements of
differential rotation using Doppler imaging, were analyzed for correlations with
stellar evolution, binarity, and rotation period. The total sample of stars show
a significant correlation of |α| with rotation period, but if separated into anti-
solar and solar type behavior, only the subsample showing anti-solar differential
rotation shows this correlation. Additionally, there is evidence for binary stars
showing less differential rotation as single stars, as is suggested by theory. All
other parameter combinations fail to deliver any results due to the still small
sample of stars available.



Wissenschaftliche Zusammenfassung

Auf der Sonne sind viele Phänomene zu sehen die mit der solaren magnetischen
Aktivität zusammenhängen. Das dafür zuständige Magnetfeld wird durch einen
Dynamo erzeugt, der sich vermutlich am Boden der Konvektionszone in der so-
genannten “Tachocline” befindet. Angetrieben wird der Dynamo teils von der dif-
ferenziellen Rotation, teils von den magnetischen Turbulenzen in der Konvektion-
szone. Die differentielle Rotation kann an der Sonnenoberfläche durch beobachten
der Sonnenfleckbewegungen gemessen werden.

Um einen größeren Parameterraum zum Testen von Dynamotheorien zu erhal-
ten, kann man diese Messungen auch auf andere Sterne ausdehnen. Das primäre
Problem dabei ist, dass die Oberflächen von Sternen nicht direkt beobachtet wer-
den können. Indirekt kann man dies jedoch mit Hilfe der Doppler-imaging Meth-
ode erreichen, die die Doppler-Verbreitung der Spektrallinien von schnell rotieren-
den Sternen benützt. Um jedoch ein Bild der Sternoberfläche zu erhalten, bedarf
es vieler hochaufgelöster spektroskopischer Beobachtungen, die gleichmäßig über
eine Sternrotation verteilt sein müssen. Für Sterne mit langen Rotationsperio-
den sind diese Beobachtungen nur schwierig durchzuführen. Das neue robotische
Observatorium STELLA adressiert dieses Problem und bietet eine auf Doppler-
imaging abgestimmte Ablaufplanung der Beobachtungen an. Dies wird solche
Beobachtungen nicht nur leichter durchführbar machen, sondern auch effektiver
gestalten.

Als Vorschau welche Ergebnisse mit STELLA erwartet werden können dient
eine Studie an sieben Sternen die allesamt eine lange (zwischen sieben und 25
Tagen) Rotationsperiode haben. Alle Sterne zeigen differentielle Rotation, allerd-
ings sind die Messfehler aufgrund der nicht zufriedenstellenden Datenqualität
von gleicher Größenordnung wie die Ergebnisse, ein Problem das bei STELLA
nicht auftreten wird. Um die Konsistenz der Ergebnisse zu prüfen wurde wenn
möglich sowohl eine Kreuzkorrelationsanalyse als auch die sheared-image Meth-
ode angewandt. Vier von diesen sieben Sternen weisen eine differentielle Rotation
in umgekehrter Richtung auf als auf der Sonne zu sehen ist (α < 0). Die restlichen
drei Sterne weisen schwache, aber in der Richtung sonnenähnliche differentielle
Rotation auf (α > 0).

Abschließend werden diese neuen Messungen mit bereits publizierten Werten
kombiniert, und die so erhaltenen Daten auf Korrelationen zwischen differen-
tieller Rotation, Rotationsperiode, Evolutionsstaus, Spektraltyp und Vorhanden-
sein eines Doppelsterns überprüft. Alle Sterne zusammen zeigen eine signifikante
Korrelation zwischen dem Betrag der differenziellen Rotation und der Rotation-
speriode. Unterscheidet man zwischen den Richtungen der differentiellen Rota-
tion, so bleibt nur eine Korrelation der Sterne mit negativem α. Darüberhinaus
zeigt sich auch, dass Doppelsterne schwächer differentiell rotieren.
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1. Introduction

Since the discovery of variations of the Ca II H&K lines by Wilson (1978) it is
known, that stars exhibit variations of their activity related parameters on many
timescales. This is similar to the solar case, where the numbers of spots vary with
a period of 11±1 years, superposed by a longer, more stochastic cycle which mod-
ulates the sunspot number in the cycle maximum. The original star sample from
Wilson (1978) has been later extended to include stars which are less solar-like.
This (still ongoing) project has shown that many stars show indeed a cyclic varia-
tion with periods similar to the 11 year sunspot cycle, and that some stars exhibit
seemingly stochastic variations, while others exhibit no detectable variations.

These Ca II H&K measurements (Donahue et al. 1996) and photometric mea-
surements (Hall 1991; Henry et al. 1995a) have been used to derive differential
rotation on the stellar surfaces. If one assumes that the stellar rotation is con-
stant in time, variations in the measured photometric periods could be caused by
spots migrating to different latitudes. If the star rotates differentially (i.e. if the
rotation rate is a function of latitude) this can be used to derive a measure for
the differential rotations. Unfortunately, from this the question if the pole rotates
faster than the pole or vice versa can not be answered. Since there is theoretical
and observational evidence that antisolar differential rotation exists (Kitchatinov
& Rüdiger 2004), an additional survey using a method that is capable of recover-
ing the sign of the differential rotation is needed.

Doppler imaging has been used for a number of years to determine the direction
and the magnitude of surface differential rotation of rapidly rotation stars (Donati
& Collier Cameron 1997). Recently, evidence for anti-solar differential rotation
on giant stars has been found (Strassmeier et al. 2003) and theoretical work has
been done that links antisolar differential rotation to strong meridional circulation
caused by large magnetic features.

The robotic observatory STELLA, which is equipped with a high-resolution spec-
trograph that is capable to deliver data for Doppler imaging, will become available
soon. This facility will be the perfect instrument to perform a long term study of
active stars to learn more about the correlation of differential rotation with other
stellar parameters and if differential rotation stays constant with time or varies
like suggested by Donati et al. (2003).

The remainder of this chapter gives a brief introduction into activity related
phenomena on the Sun and on stars, a little more detailed look at differential
rotation on the Sun, and an again brief overview of what theory has to say about
the solar and stellar dynamos and differential rotation.

The second chapter explains the Doppler imaging technique in general and the
specific code used for this work, while the third chapter introduces the robotic
observatory STELLA and explains how it can be used as a Doppler imaging ma-
chine.
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The last chapter presents the results of observations done with a telescope that
was dedicated for Doppler imaging for almost ten weeks. This covers at least
two stellar rotations for each of the stars in the sample, which is long enough to
derive a measure for differential rotation in most cases with a certain reliability,
but naturally too short to cover seasonal variations. Even though the quality of
the data will be considerably better using STELLA, this data set gives a good
impression on what can be achieved with a robotic telescope working as a Doppler
imaging machine.

Finally, the appendix covers a few tests of our Doppler imaging program which
have not been published so far. These have mainly to do with the inclusion of
differential rotation.

1.1. Solar activity

On first sight, the Sun seems to be a very quiet star. It produces the (approx-
imately) same amount of energy throughout the year, which is good for our life
down here. But looking closer one can find many inhomogeneities like spots,
plages, and eruptions which are mostly connected to some cyclic behavior. These
phenomena are usually dubbed solar activity, since they seem to be in contrast
with the usual solar quiescence as they are of non thermal origin. This section
gives a very brief overview about activity-related phenomena seen on the Sun.
See the web page of the NASA’s Marshall Space Flight Center, of the Stanford
Solar Center (solar-center.stanford.edu), the SOHO (sohowww.nascom.nasa.gov)
mission pages or the excellent book by Stix (2004) for more in-depth information.

1.1.1. Sunspots

The most obvious of these activity related phenomena are the sunspots. The first
records of sunspots in Europe have been made in the summer of 1612 by Galileo, a
facsimile of one of his original drawings is shown in figure 1.1. Sunspots are dark
spots appearing in an equatorial band approximately 35–40◦ north and south of
the equator. The number of spots on the surface of the Sun varies considerably on
the timescale of months, and the lifetime of one individual spot is approximately
one solar rotation (26 days) or a little longer.

Since their discovery, sunspots have been studied in great detail. One of the
most well known properties is, that sunspots come and go periodically. The period
is 11 years in average, but the interval varies and can be 8 to 15 years. Sometimes
(as last happened during the Maunder minimum from 1645–1715, no spots can be
seen at all. Figure 1.2 shows the sunspot numbers since the Maunder minimum,
which vary periodically but not quite regularly.

But not only the number of sunspot very throughout the 11 year cycle. At the
beginning of the cycle sunspots emerge at higher latitudes than at the end of the
cycle. Plotting the average sunspot area per latitude over time, one gets the but-
terfly diagram (figure 1.3). One can see, that at the end of each cycle, when there
are still a few spots near the equator, the first spots from the new cycle appear
already (at approximately 35◦ latitudes). Another property is Hale’s polarity law,

http://science.nasa.gov/ssl/pad/solar/
http://solar-center.stanford.edu/
http://solar-center.stanford.edu/
http://sohowww.nascom.nasa.gov/
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Figure 1.1.: This is the June 26 example
of the sunspot drawings Galileo made in
1612 during the summer months, which
were published in Istoria e Dimostrazioni
Intorno Alle Macchie Solari e Loro Acci-
denti Rome (History and Demonstrations
Concerning Sunspots and their Proper-
ties, 1613). Image courtesy of Biblioteca
Nazionale Centrale Firenze.

Figure 1.2.: The monthly sunspot num-
ber since 1750.The data before 1750 repre-
sent yearly averages. Image credit: SIDC,
RWC Belgium, World Data Center for the
Sunspot Index, Royal Observatory of Bel-
gium, 2004.

which states that the polarity of the leading spot in one hemisphere is opposite
that of the leading spots in the other hemisphere. These polarities change sign
from one cycle to the next, extending the real solar cycle to 22 years. And last
but not least there is Joy’s law, which states that the linear extension of sunspot
groups is tilted in respect to the east-west direction.

1.1.2. Plages and filaments

When looking at the Sun through an Hα or Ca II H&K filter one notices bright
features, usually associated with sunspots visible in white-light images of the Sun.
These bright regions, called plages, extend several thousand kilometers and are
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Figure 1.3.: Solar butterfly diagram for the last 120 years. Image courtesy
NASA/NSSTC/HATHAWAY 2004.

approximately 300 K hotter than the Sun. Figure 1.4 shows one white-light image
with only one small sunspot visible to the south-east of the disk center. The solar
cycle is approaching a minimum at the time this image was taken. The Hα image
taken at the same time shows an extended bright region at the same location.

Figure 1.4.: Comparison of a white-light Sun image with a Hα image. Note the sunspot on
the south-east of the center of the disk. Image courtesy US Air Force Research Laboratory and
National Solar Observatory (Sacramento Peak)/AURA/NSF.

Also visible in figure 1.4 are dark string-like structures on the disk (filaments)
and bright structures extending outward over the limb (prominences). These are
condensations of cooler gas which seem dark if seen in front of the solar disk, but
scatter light in our direction if seen above the solar limb. These features can be
long lived and therefore can be seen travel across the solar disk.
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1.1.3. Flares

Flares are huge explosions on the solar surface. They appear close to sunspots,
usually between areas of opposite magnetic polarity. They release their energy in
form of X-rays, gamma rays, particles, and mass flows. When a flare occurs close
to a spot that is interconnected to another part of the solar surface, a flare can be
triggered there simultaneously (see figure 1.5).

Figure 1.5.: A pair of flares that erupted
on opposite sides of the Sun on 31 Oc-
tober 2002. Such events are known as
sympathetic flare events. Image courtesy
US Air Force Research Laboratory and
National Solar Observatory (Sacramento
Peak)/AURA/NSF.

1.1.4. Coronal mass ejections

Coronal mass ejections (CME) are huge bubbles of gas threaded with magnetic
field lines that are ejected from the Sun over the course of several hours (see
figure 1.6). They existence were unrealized before space observatories were avail-
able, because with ground based coronographs, only the innermost corona can be
seen above the brightness of the sky. CMEs are very frequent, about one per week
during quiet phases of the Sun up to two or three per day during solar maximum.
If directed towards Earth, they can cause major electromagnetic disturbances.

1.1.5. Solar irradiance variation

Since solar activity maximum also means spot maximum, one expects the Sun to
be fainter during solar activity maximum and brightest during its quiescent state.
But in practise it is exactly opposite (see figure 1.7). In the visible part of the
spectrum, the contribution of the (bright) plages is exceeding that of the (dark)
spots. Since the optical part of the spectrum is dominant, the total irradiance
follows that trend. If one would look only in e.g. the X-rays the effect would be a
lot more pronounced, since the quiescent Sun does not emit any X-rays.
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Figure 1.6.: A coronal mass ejection seen
over the course of two hours. Image
courtesy Solar & Heliospheric Observa-
tory (SOHO). SOHO is a project of in-
ternational cooperation between ESA and
NASA.

Figure 1.7.: Two different measures of
the solar irradiance (ACRIM and PMOD)
compared to the Greenwich sunspot num-
ber. Note that the Sun is brighter when it
is most spotted. (from Willson & Mordvi-
nov 2003).

1.2. Stellar activity

The term Stellar activity has been keyed in the mid of the last century to describe
phenomena of the the solar-stellar connection. The availability of better observing
technologies made it obvious that features connected to the solar activity (e.g.
light variation due to spots and Ca II H&K emission and its modulation) can also
be seen in stars. The following section gives a short introduction into this field.

1.2.1. Rotational modulation

In the mid of the 20th century it became clear, that there are stars that show
periodic light variations which could best be explained with starspots. The idea
of starspots producing light variations has been spooking around almost since the
discovery of sunspots, but up until RS CVn (Hall 1976) and BY Dra (Bopp & Fekel
1977) systems have been identified, other mechanisms were responsible for the
light variations.

Spots on the surface of rapidly rotating stars modulate the brightness of the
star. An example for the light variation of a RS CVn binary system is shown in
figure 1.8. A simple model of two spots on the stellar surface reproduce the pho-
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respective fits using ∆T = 1200 K

Fig. 5. Our bipolar-cap model of HK Lac at two phases (0.00 and 0.50).
The average spot parameters were taken from Table 3

important is that the number of free parameters is reduced to
three. Finally, these light and color curves were used for the
temperature calculations. Spot temperatures for one-spot and
two-spot solutions are displayed in the histogram in Fig. 3 and
show a strong peak around ∆T = 1200±100 K. The 1988 light
curve is displayed in Fig. 4 as an example.

Previous spot temperature determination of HK Lac by Vogt
(1981) resulted in ∆T = 950 ± 200 K using V and R light
curves and the Barnes-Evans surface brightness relation. This
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Fig. 6. Phase-series of V light curves of HK Lac (dots) and the respec-
tive two-spot fits with the model shown in Fig. 5. Light loss caused
by the northern and southern spots are displayed by dotted and dashed
lines, respectively. The fits to the data are drawn as continuous lines
and, in the case of insufficient data coverage, by a dash-dotted line

value was considered a lower limit, since it refered to a least
spotted hemisphere rather than to an immaculate one. Later,
Poe & Eaton (1985) calculated ∆T = 1200 K from V − IC
observations with a method similar to that of Vogt (1981).

5. Light curve modeling

5.1. Resulting spot parameters

All fits to the V light curves are displayed in Fig. 6. With the
derived unspotted brightness our modeling code could only sat-
isfactorily fit the complete data set when two polar spots, located
near the north and the south rotation poles, are used. As noted
in Sect. 4.1, the derived unspotted brightness should be consid-
ered as minimum value. The polar spot solution breaks when the
unspotted brightness is lower by a few hundredths of magnitude
than given in Table 1. Pre-defined non-polar spot configurations
were tested and found to yield unsatisfactory fits to all the data.
The magnitude range to be fitted is very large because of the
large amplitude variations at low stellar brightness (e.g. a 0 .m25
amplitude at a light curve maximum 0 .m25 below the unspotted
brightness). In Fig. 5 we show the average spot configuration
on HK Lac from 30 years of data (as given in Table 3).

Figure 1.8.: Photometric light variation of
the RS CVn binary system HK Lac. The
lines are the two individual contributions
of a two spot model and its total effect.
(from Oláh et al. 1997).

tometric data very well. Applying such spot models to long term data can be used
to track the variation of spot longitudes and spot sizes.

1.2.2. Stellar activity cycles

The discovery of stellar activity cycles by Wilson (1978) in solar-like stars made
clear that indeed the mechanisms responsible for solar activity are universal. Due
to its big success, the program was continued and expanded to include some stars
that are not as solar-like as the original sample. Besides the before mentioned
cycles in some of the stars (other stars show erratic variations while the rest ap-
pears practically constant), a correlation between the short term variation and the
average activity level was found.

A sample of stars from Wilson’s Ca II H&K survey is also monitored photometri-
cally (Radick et al. 1998). This study shows that most stars become fainter as their
activity level (as defined by the Ca II H&K flux) rises on small timescales (stellar
rotation). This is exactly as is the case for the Sun. But on large timescales (activ-
ity cycles), the sample breaks down into two subgroups. The older stars (like the
Sun) then become brighter as the activity cycle approaches a maximum, and the
young stars which behave just oppositely (see figure 1.9).

1.3. Differential rotation on the sun

Differential rotation of the Sun has been measured since Carrington (1863), and a
wealth of information has been published about this topic since then. Only a small
but hopefully representative selection of this work is presented here. A much more
detailed overview can be found in a review article by Beck (2000).
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ginal short-term variable in was excluded from thePaper I,
Ðt because it is among those found here to have imaginary
corrected variation.

Once again, both distributions are roughly linear on a
log-log scale, and the run of short-term variation appears to
be somewhat tighter, but the slopes of the two trend lines do
not perceptibly di†er. Although the Sun lies within both
distributions, it is clearly below the trend line in both panels
(by factors of 0.33 and 0.52, respectively). Indeed, among the
variable stars, the Sun is at the bottom of the distribution
for long-term variation Correcting the inclination(Fig. 7a).
e†ect bias can move the Sun signiÐcantly toward the trend
line, however. This is illustrated in the asteriskFigure 7a :
above the SunÏs symbol indicates the e†ect of a correction of
30% (typical of our estimates) and the small Ðlled circle at
the end of the trajectory indicates a correction of a factor of
3.1 (SchattenÏs estimate).

5.3. Correlations between Brightness and Chromospheric
Variations

The third pair of diagrams (Figs. and shows the8a 8b)
sense and signiÐcance of the correlations between photo-
metric (b ] y)/2 brightness variations and chromospheric
Ca II emission variations. For the long-term timescale, we
examined residuals for annual mean values, relative to the
overall mean. Thus, the correlation was computed in this
case using seven to 12 pairs of numbers, depending on how
many seasons of contemporaneous observation were avail-
able. For the short-term timescale, we used residuals rela-
tive to the annual means, with the further restriction that
the two observations had to be coincident to within 1 day.
There were 269 such pairs for the Sun and nine to 96 for the
other stars ; the median number was 34. The results are
plotted on axes identical to those of in bothFigure 1a :
panels, the size of the symbol represents the signiÐcance of
the correlation, and the nature of the symbol conveys its
senseÈan open circle means that the star became brighter
as its chromospheric emission increased, and a Ðlled circle
means that we found that the brightness and chromospheric
variations were anticorrelated. There is a fair number of
highly signiÐcant (p \ 0.05) correlations in each diagram.

The long-term behavior shows a very interesting(Fig. 8a)
pattern : for young, active stars with exceeding(log RHK@ )
about [4.65, the correlation is always negative, which
implies that these stars become fainter as their chromo-
spheric emission increases. For older stars, including the
Sun, the pattern is reversed : these stars tend to become
brighter as their chromospheric emission increases. The
only signiÐcant exception to this rule is HD 158614, a case
that may be attributable to the starÏs binarity, if it is not
simply a statistical Ñuke. Thus, there seems to be a clear
distinction between the two groups, and perhaps the term
““ Sun-like ÏÏ should be applied only to those older stars that
have directly correlated variations, like the Sun does.

The short-term behavior shows a simpler(Fig. 8b)
pattern : with only a single exception, the correlation, when-
ever it is highly signiÐcant, is negative. For the Sun, we
know this is a consequence of active regions : the dark sun-
spots and the bright emission plages are spatially co-
located. Accordingly, the essentially invariant correlation
pattern found here may simply indicate that Sun-like stars,
both younger and older, tend to organize their surface mag-
netic activity into active regions broadly similar to those
seen on the Sun.

FIG. 8.ÈCorrelation between photometric brightness and HK emission
variations for long-term (upper panel) and short-term (lower panel) time-
scales, displayed on activity-color axes. The size of each symbol indicates
the signiÐcance of the correlation. Open symbols are used to represent
stars that become brighter as their HK emission increases, and Ðlled
symbols represent stars that become fainter as their HK emission increases.

It is interesting, however, that a group of three fairly
inactive F6 stars (HD 18256, HD 76572, and HD 120136)
all violate the short-term rule with some degree of statistical
signiÐcance. It has been suggested that the earlier F-type
stars, with their shallow convective zones, may harbor mag-
netic activity rather unlike that with which we are familiar
on the Sun. In particular, if these stars tend to create active
regions containing few or small spots, they might show
positively correlated variations on short- as well as long-
term timescales.

5.4. Correlation Slope versus Mean Activity
shows the slope of the regression of long-termFigure 9

photometric variability on chromospheric variability for
each program star as a function of its average chromo-
spheric activity level. The dashed line passing horizontally
through the Ðgure divides the regime of facular-dominated
variability (upper) from the spot-dominated regime (lower).
The Sun, in the facular regime, lies close to, but clearly
above, the line. Several other stars have also been labeled.
For the most part, these are the stars that showed highly
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ginal short-term variable in was excluded from thePaper I,
Ðt because it is among those found here to have imaginary
corrected variation.

Once again, both distributions are roughly linear on a
log-log scale, and the run of short-term variation appears to
be somewhat tighter, but the slopes of the two trend lines do
not perceptibly di†er. Although the Sun lies within both
distributions, it is clearly below the trend line in both panels
(by factors of 0.33 and 0.52, respectively). Indeed, among the
variable stars, the Sun is at the bottom of the distribution
for long-term variation Correcting the inclination(Fig. 7a).
e†ect bias can move the Sun signiÐcantly toward the trend
line, however. This is illustrated in the asteriskFigure 7a :
above the SunÏs symbol indicates the e†ect of a correction of
30% (typical of our estimates) and the small Ðlled circle at
the end of the trajectory indicates a correction of a factor of
3.1 (SchattenÏs estimate).

5.3. Correlations between Brightness and Chromospheric
Variations

The third pair of diagrams (Figs. and shows the8a 8b)
sense and signiÐcance of the correlations between photo-
metric (b ] y)/2 brightness variations and chromospheric
Ca II emission variations. For the long-term timescale, we
examined residuals for annual mean values, relative to the
overall mean. Thus, the correlation was computed in this
case using seven to 12 pairs of numbers, depending on how
many seasons of contemporaneous observation were avail-
able. For the short-term timescale, we used residuals rela-
tive to the annual means, with the further restriction that
the two observations had to be coincident to within 1 day.
There were 269 such pairs for the Sun and nine to 96 for the
other stars ; the median number was 34. The results are
plotted on axes identical to those of in bothFigure 1a :
panels, the size of the symbol represents the signiÐcance of
the correlation, and the nature of the symbol conveys its
senseÈan open circle means that the star became brighter
as its chromospheric emission increased, and a Ðlled circle
means that we found that the brightness and chromospheric
variations were anticorrelated. There is a fair number of
highly signiÐcant (p \ 0.05) correlations in each diagram.

The long-term behavior shows a very interesting(Fig. 8a)
pattern : for young, active stars with exceeding(log RHK@ )
about [4.65, the correlation is always negative, which
implies that these stars become fainter as their chromo-
spheric emission increases. For older stars, including the
Sun, the pattern is reversed : these stars tend to become
brighter as their chromospheric emission increases. The
only signiÐcant exception to this rule is HD 158614, a case
that may be attributable to the starÏs binarity, if it is not
simply a statistical Ñuke. Thus, there seems to be a clear
distinction between the two groups, and perhaps the term
““ Sun-like ÏÏ should be applied only to those older stars that
have directly correlated variations, like the Sun does.

The short-term behavior shows a simpler(Fig. 8b)
pattern : with only a single exception, the correlation, when-
ever it is highly signiÐcant, is negative. For the Sun, we
know this is a consequence of active regions : the dark sun-
spots and the bright emission plages are spatially co-
located. Accordingly, the essentially invariant correlation
pattern found here may simply indicate that Sun-like stars,
both younger and older, tend to organize their surface mag-
netic activity into active regions broadly similar to those
seen on the Sun.

FIG. 8.ÈCorrelation between photometric brightness and HK emission
variations for long-term (upper panel) and short-term (lower panel) time-
scales, displayed on activity-color axes. The size of each symbol indicates
the signiÐcance of the correlation. Open symbols are used to represent
stars that become brighter as their HK emission increases, and Ðlled
symbols represent stars that become fainter as their HK emission increases.

It is interesting, however, that a group of three fairly
inactive F6 stars (HD 18256, HD 76572, and HD 120136)
all violate the short-term rule with some degree of statistical
signiÐcance. It has been suggested that the earlier F-type
stars, with their shallow convective zones, may harbor mag-
netic activity rather unlike that with which we are familiar
on the Sun. In particular, if these stars tend to create active
regions containing few or small spots, they might show
positively correlated variations on short- as well as long-
term timescales.

5.4. Correlation Slope versus Mean Activity
shows the slope of the regression of long-termFigure 9

photometric variability on chromospheric variability for
each program star as a function of its average chromo-
spheric activity level. The dashed line passing horizontally
through the Ðgure divides the regime of facular-dominated
variability (upper) from the spot-dominated regime (lower).
The Sun, in the facular regime, lies close to, but clearly
above, the line. Several other stars have also been labeled.
For the most part, these are the stars that showed highly

Figure 1.9.: Correlation between photospheric brightness variation and HK emission varia-
tion. Left. Long term variation. Right. Short term variation. Filled circles present anti-
correlation between brightness and HK variation, open circles correlation. (from Radick et al.
1998).

1.3.1. Tracer measurements

The most straight forward way to measure the solar rotation rate is to measure the
rotation of tracers on the solar surface. The earliest measurement, using sunspots
as tracers, goes back to Carrington (1863), who measured the longitude and lati-
tude of sunspots from 1855 to 1861 at Redhill observatory. Newton & Nunn (1951)
used photographic images to measure the time when sunspots cross the meridian
on two successive solar rotations. Recently, the sunspot positions measured off
the white light images from Kodaikanal observatory have been merged with sim-
ilar measurements from Mt. Wilson (Sivaraman et al. 1993, 2003). The dataset
are very complimentary since the observatories are located at almost opposite ge-
ographic longitudes, and both cover solar images since the early 20th century up
into the 1980s. The most surprising effect found, was a correlation between spot
lifetime and first-day spot rotation rate (see figure 1.10). This can be explained by
an evolution of anchor depth with spot lifetime, driven by magnetic buoyancy act-
ing on the fluxtube causing the particular sunspot. This also explains the fact that
recurrent sunspots rotate generally faster than young spots (Zappala & Zuccarello
1991).

Figure 1.10.: First-day spot rotation for
different latitudes and spot lifetimes. I,
II, II and IV designate the latitude bands
1–10◦, 10–20◦, 20–30◦, and 30–40◦, respec-
tively. A, B, C, and D mark the first day
rotation rates for spots with a lifespan of
only one day. The solid lines are spline fits
to the data (Sivaraman et al. 2003).

Besides sunspots, magnetic features can also be used to determine the solar
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rotation rate. They have the main advantage over sunspots that magnetic fea-
tures are visible on the whole solar disk and not restricted to certain latitude
regions, and are visible during active and quiet states of the Sun. Meunier (1999)
used maps from the MDI (Michelson Doppler Imager) instrument on the SOHO
spacecraft and cross-correlates the consecutive images (taken 96 minutes apart)
in longitude and latitude. He reports faster rotation and higher poleward merid-
ional circulation during activity minimum, and also a decrease of the meridional
circulation by a factor of two in active regions compared to the small magnetic
structures outside the active regions.

Supergranulation is another tracer than can be used to detect the rotation rate
of the Sun. Snodgrass & Ulrich (1990) correlated the 32 latitude bins of the
Mt. Wilson magnetograms from 1967 to 1987 after removing the rotational pat-
tern and limbshift effects and contributed the remaining velocity pattern to su-
pergranulation.

1.3.2. Spectroscopic measurements

Spectroscopic measurements are most direct way to detect solar rotation since one
can measure the exact Doppler shift of spectral lines at the corresponding optical
depth all over the solar disc. Ulrich et al. (1988) use Mt. Wilson data to measure
the solar rotation rate, as is done by several other groups. The results agree to a
large extent, and in general the equatorial rotation rate derived is smaller than
is the case for the tracer measurements above, while the differential rotation is
roughly the same.

1.3.3. Helioseismology

The Sun oscillates in a very large number of acoustic oscillations (p modes) which
get altered due to the solar rotation. By inverting the oscillation measurements,
one can reconstruct the rotational behavior of the Sun throughout the convection
zone. To measure the frequencies continuously there are currently two projects go-
ing on. One is the GONG project (Global Oscillations Network Group), which mea-
sures the oscillations on the Sun continuously from six sites distributed around
the globe. The other project is onboard the SOHO spacecraft, the MDI/SOI (the
Michelson Doppler Imager, Solar Oscillations Investigation). Both have in com-
mon that they monitor the Sun continuously, and both are in operation since about
1996.

The big advantage of this method over the others is its ability too look inside the
solar convection zone. Figure 1.11 shows the variation of solar rotation with depth
for several latitudinal bands. Note that after the tachocline (located at the bottom
of the convection zone), the rotation rates are gradually increasing until the reach
a maximum at about 0.95R�. Then the rotation decelerates until it reaches the
solar surface.

Additional to the depth variation, very accurate close-to-surface differential ro-
tation has been measured since the start of these experiments (end of 1995 for
GONG, approximately solar activity minimum). Figure 1.12 shows residual rota-
tion of a layer 7 Mm below the solar surface. Bands of lower and higher rotational
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Figure 1.11.: Variation of the solar rotation
rate with solar radius for five different lon-
gitudes. These are results from the GONG
project (Courtesy of NSF’s National Solar
Observatory).

velocity move towards the equator as the solar activity develops from its near
minimum at the start of the time series towards the solar activity maximum. This
observation is compatible with torsional oscillation which are found when differ-
ential rotation and meridional circulation is subtracted from measured surface
rotation rates (Zhao & Kosovichev 2004).
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Figure 1.12.: Residual rotation rate close
to the solar surface (about 7 Mm below).
Bright colors indicate rotation rates faster
than average, dark colors slower rota-
tion rates. Clearly visible are bands of
higher rotational velocity moving towards
the equator (Image by Rachel Howe, Rudi
Komm, Frank Hill/NSO/AURA/NSF).

1.3.4. Summary

Putting the different measurements together, the picture becomes almost com-
plete. Fluxtubes, which are anchored at a certain depth as their surface, display
the rotation rate of the anchor point. As the spot ages, the flux tube rises due
to buoyancy and therefore accelerate until the reach approximately 0.95 R�, the
radius of the peak of the solar rotation rate. From there, the spot decelerates until
it vanishes. Figure 1.13 shows functions of solar rotation with depth for different
latitudes. The spot rotation rates depending on spot lifetime derived by Sivara-
man et al. (2003) are projected onto these curves. Spots with a small lifetime
appears to anchor very close to the surface, while long-living spot start out closer
to the bottom of the convection zone. The spot rotation rate at the surface varies
according to the rotation rate at the anchor depth. Figure 1.14 illustrates the vari-
ation of the rotation rate with age of the sunspot. When projecting the first-day
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rotation rate of a sunspot onto the subsurface rotation curve, one gets a radius
somewhere in the middle of the convection zone for short lived spots, and a radius
close to the bottom of the convection zone for long lived spots. The evolution of the
rotation rate with sunspot age suggests that the anchor point of the sunspot rises
and therefore the spot rotation rate increases in general.

Figure 1.13.: First-day rotation rates
of sunspots at certain latitudes.
The rate is then projected onto the
GONG data for the corresponding
latitude, and the lifetime of the spot
is noted on the intersecting point
(Sivaraman et al. 2003).

Figure 1.14.: Rotation rates of sunspots with age and lifetime of the spot. The rate is then
projected onto the GONG data for the corresponding latitude. The left panel shows short-
lived spots, the right panel spots with a life span of up to seven days, which is the longest
possible value (Sivaraman et al. 2003).

1.4. Solar dynamo models

A short overview over aspects of current global mean field dynamo models relevant
of this work is given here. A detailed analysis of the solar dynamo can be found
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in the recent review by Ossendrijver (2003), and a very extensive review about
general astrophysical dynamos has been done by Brandenburg & Subramanian
(2004).

1.4.1. Mean-field theory of the solar dynamo

The complex flow fields in the solar convection zone make it impossible to analyt-
ically solve the induction equation, but the main interest of dynamo theory lies in
the large-scale magnetic field. This can be accomplished by averaging, so that only
statistical properties of the large fields need to be known (Steenbeck et al. 1966;
Hoyng 1992). For example the magnetic field is split to a mean (index 0) and a
fluctuating (index 1) part B0 ≡ 〈B〉 and B1 ≡ B−〈B〉. By averaging the induction
equation and subtracting the mean, and with D0B = ∇× (U 0 ×B − η∇×B) and
D1B = ∇× (U 1 ×B), one gets

∂B0

∂t
= D0B0 + ε (1.1)

∂B1

∂t
= D0B1 +D1B0 + G, (1.2)

where ε ≡ 〈U 1 × B1〉 is the turbulent electromagnetic force (EMF) and G ≡
D1B1−〈D1B1〉. To derive a closed equation for B0, G is assumed to vanish. This is
called first-order smoothing approximation (FOSA), or second order correlation ap-
proximation (SOCA) and can be justified if at least one of the following conditions
is satisfied:

• |G| � |D1B0| ⇔ |B1 � B0|

• |G| � |D0B1| ⇔ Rm � 1 or U1 � U0

• |G| � |∂B1/∂t| ⇔ S � 1

In the Sun, the first two conditions are not satisfied, and the last condition may
be marginally satisfied. If S (the ratio of correlation time to turnover time) < 1,
considering higher order approximations may be useful. If S ≥ 1, other methods
need to be used.

For convection in a rotation sphere, one can write the EMF as:

ε = α ◦B0 + β ◦ curlB0 + ... (1.3)

Using FOSA, one obtains

α ≈ −1

3
τc〈u · ω〉 (1.4)

β1 ≈ 1

3
τc〈|u2|〉, (1.5)

where α describes the famous α-effect, while β1 ≡ ηt is the scalar turbulent diffu-
sivity.
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Using a very simple solar model which takes only the differential rotation U 0 =
Ω(r, θ)r sin Θeφ, one α effect α1erez = α1 cos Θ and scalar turbulent diffusion ηt into
account, one gets

∂B0

∂t
= ∇× (U 0 ×B0 + α1 cos ΘB0 − ηt∇×B0). (1.6)

If one decomposes the magnetic field into poloidal and toroidal components (B0 =
B0teφ + ∇ × A0peφ) one sees, that differential rotation converts B0p into B0t, and
the α effect generates B0p from B0t and vice versa. Turbulent diffusion leads to
enhanced decay and diffusive transport on time scales of τd ≡ L2/ηt.

One can define a dynamo number

D = DαDΩ ≡
α1L

ηt

· ∆ΩL2

ηt

. (1.7)

L is the typical length scale of the dynamo, ∆Ω the typical difference in rotation
rate, and also α1 and ηt are understood to be typical values. The numbers Dα and
DΩ represent turbulent magnetic Reynolds numbers, and dynamo action (defined
as exponential growth of B0) occurs if |D| exceeds a geometry dependent critical
value.

On the Sun, α1 is believed to be ≈ 0.1ms−1, ηt is of the order of 2 · 107m2s−1, L ≈
2·108m, and ∆Ω ≈ 2.5·10−7s−1. Using these values, one finds τd to be approximately
100 years, |Dα| ≈ 2, and DΩ ≈ 103. Thus |Dα| � DΩ, which justifies the αΩ-
approximation, which ignores the α effect in the equation of the toroidal mean
magnetic field. If the two dynamo numbers are of the same order of magnitude,
the dynamo is of α2Ω-type, if |Dα| � |DΩ| the dynamo is of α2-type. For an αΩ-
dynamo, |B0p|/|B0t| ≈ |Dα/DΩ|−1/2, which explains why |B0t| � |B0p| in the Sun.
The ratio is of the order of one for an α2-dynamo.

1.4.2. Mean-field theory of rotation

Similar to the technique outlined before, one can make a mean-field theory of stel-
lar convection and rotation (Rüdiger 1989). The azimuthal average of the angular
momentum is:

∂

∂t
ρs2Ω +∇ · (ρs2ΩU 0m + ρs〈uφu〉)− LM = 0, (1.8)

where s ≡ r sin Θ and
LM ≡ 1

µ0

∇ · s(B0φB0 + 〈bφb〉) (1.9)

represents the Lorentz torque. Using FOSA-like assumptions, one can derive an
expansion of the turbulent Reynolds stress tensor Qij ≡ 〈uiuj〉 in terms of the
mean rotation. The most important (azimuthal) coefficients are

Qrφ ≈ −νts
∂Ω

∂r
+ ΛrΩ sin Θ (1.10)

QΘφ ≈ −σνt sin Θ
∂Ω

∂Θ
+ ΛhΩ sin Θ, (1.11)
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with νt being the turbulent kinematic viscosity and σ a scaling factor. The dif-
fusive terms try to establish a uniform rotation, while the terms containing the
Λ-effect are responsible for angular momentum transport. The radial Λ-effect is
responsible for establishing ∂Ω/∂r, while Λh and the meridional circulation both
contribute to ∂Ω/∂Θ.

Applications of the mean-field theory of rotation
L.L. Kitchatinov & G. Rüdiger: Differential rotation models for late–type stars 915

Fig. 1. The rotation inhomogeneities over latitude (left) and radius
(right) for the MS dwarfs G2 and K5, cf. Eqs. (1) and (31). The circles
represent the Sun

3. Results and discussion

3.1. Dwarfs

Fig. 1 shows the simulated equator-to-pole angular velocity
variations (1) on the stellar surface,∆Ω/Ω, and the latitude-
averaged rotation inhomogeneity with depth,

∆Ω
Ω

∣∣∣∣
rad

=
Ωbot − Ω0

Ω0
, (31)

as functions of the rotation period. Remember thatΩ0 is the
latitude-averaged angular velocity at the surface and the averag-
ing is defined by Eq. (25). As expected, the differential rotation
grows withProt and it is smaller for K5–star compared to G2.
For all computed models, the rotation rate increases from poles
to equator and from top to bottom. The radial inhomogeneities
are very small.

With rotation period increasing beyond the range shown in
Fig. 1, the latitudinal differential rotation of G2 initially satu-
rates at the value of about 50% and even starts decreasing with
Prot for Prot

>∼ 150 days. Such long rotation periods are of no
practical interest, however.

Application of the power law∆Ω/Ω ∼ Ω−n′
(1) usually

used to fit observational data, to the results of Fig. 1 shows that
the power index,n′, is not constant but decreases fromn′ = 1.56
for the solar rotation period ton′ = 1 forProt= 1 day. The mean
value for the entire period range isn′ = 1.15, all for G2. The
n′–values for K5 equal 1.21, 0.95, and 1.04 respectively. The
slopen′ '1 for rapid rotators is not far fromn′ = 0.85 found
by Hall (1991). Ourn′–values are, however, considerably larger
thann′ = 0.3 reported by Donahue et al. (1996) and Rüdiger et
al. (1998). The disagreement may be partly due to the sample
by Donahue et al. (1996) combined different spectral types. The
longest rotation periods were represented mainly by K-stars and
the shortest ones – by G-stars. Therefore, the dependence of
the differential rotation onProt derived from that sample may
change from the upper line in the left of Fig. 1 at small periods
to the lower line for largeProt to reduce the slopen′.

Donati & Cameron (1997) found∆Ω/Ω ' 4.6 10−3 for
very rapidly rotating K0 dwarf AB Dor (cf. also Donati et al.

Fig. 2. Meridional flow at 45◦-latitude at the bottom (left) and top
(right) as a function of rotation period. The positive values correspond
to a poleward flow. The circles represent the solar case

Fig. 3.An example of the boundary layers for the G2 star withProt = 5
days. The left panel shows the depth profile of the horizontal velocity
at 45◦-latitude. The positive velocity means a poleward flow. The right
panel shows the stream lines

1999). By extrapolating the plots of Fig. 1 to the rotation period
Prot ' 0.5 day of AB Dor we find about two times smaller
differential rotation. Not a poor agreement, perhaps, for the ex-
treme case.

Apart from the differential rotation, the global meridional
flow may be important for stellar dynamos (Choudhury et al.
1995). Fig. 2 shows the flow amplitudes at the top and bot-
tom of convective envelope. The bottom velocity for the Sun,
um ' 5 m s−1, suffices to influence the latitudinal migration
of the magnetic field over the solar cycle. The equatorward sur-
face flow does not agree with solar observations (Howard 1984).
Note, however, that the surface flow changes to poleward direc-
tion for rotation periods shorter than about 15 days.

A typical example of the meridional flow pattern is shown
in Fig. 3 which illustrates also the boundary layers discussed
in the preceding section. The flow concentrates in the top and
bottom layers with roughly the same velocity amplitudes.

The decrease in differential rotation with angular velocity
may result in a change of the stellar dynamo from theαΩ regime
to theα2Ω or evenα2 mechanism with increasing rotation rate.
Theα2-dynamos normally produce steady but nonaxisymmetric
magnetic fields (R̈udiger & Elstner 1994). This may explain why
the rapidly rotating young stars do not exhibit the activity cycles
(Baliunas et al. 1995).
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change from the upper line in the left of Fig. 1 at small periods
to the lower line for largeProt to reduce the slopen′.
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Fig. 3.An example of the boundary layers for the G2 star withProt = 5
days. The left panel shows the depth profile of the horizontal velocity
at 45◦-latitude. The positive velocity means a poleward flow. The right
panel shows the stream lines

1999). By extrapolating the plots of Fig. 1 to the rotation period
Prot ' 0.5 day of AB Dor we find about two times smaller
differential rotation. Not a poor agreement, perhaps, for the ex-
treme case.

Apart from the differential rotation, the global meridional
flow may be important for stellar dynamos (Choudhury et al.
1995). Fig. 2 shows the flow amplitudes at the top and bot-
tom of convective envelope. The bottom velocity for the Sun,
um ' 5 m s−1, suffices to influence the latitudinal migration
of the magnetic field over the solar cycle. The equatorward sur-
face flow does not agree with solar observations (Howard 1984).
Note, however, that the surface flow changes to poleward direc-
tion for rotation periods shorter than about 15 days.

A typical example of the meridional flow pattern is shown
in Fig. 3 which illustrates also the boundary layers discussed
in the preceding section. The flow concentrates in the top and
bottom layers with roughly the same velocity amplitudes.

The decrease in differential rotation with angular velocity
may result in a change of the stellar dynamo from theαΩ regime
to theα2Ω or evenα2 mechanism with increasing rotation rate.
Theα2-dynamos normally produce steady but nonaxisymmetric
magnetic fields (R̈udiger & Elstner 1994). This may explain why
the rapidly rotating young stars do not exhibit the activity cycles
(Baliunas et al. 1995).

Figure 1.15.: Latitudinal and radial differential rotation (left) and meridional flow (right) for
G2 and K5 MS dwarfs. The circles represent the Sun. (Kitchatinov & Rüdiger 1999).

Kitchatinov & Rüdiger (1999) modeled the dependence of differential rotation
and meridional flow for a model G2 (Sun) and K5 dwarf star from the solar rotation
period down to a rotation period of one day. They find that differential rotation
and meridional flow at the bottom of the convection zone increases with rotation
period, while the surface flow decreases and even changes its sign (see Fig. 1.15).
Fitting a power law ∆P/P = P n′ to these curves, they find a variable slope of n′=1
for the fastest rotator and a slope of 1.56 for the solar rotation rate, the average
being 1.15 for the G2 stars. For the K5 stars, those values are 0.95, 1.21, and 1.04,
respectively.

Küker & Stix (2001) calculate the rotation pattern for the Sun at various evolu-
tionary stages (from PMS to present) and for various rotation rates (see Fig. 1.16).
They find a good agreement between their present day solar model and the ob-
served velocity fields on the Sun, even though details at the surface and the
tachocline are not well reproduced. This also results in a contradictory sign of
the surface meridional circulation. For earlier evolutionary stages they find that
differential rotation plays a smaller role, which is in agreement with the assump-
tion that the magnetic activity of PMS stars comes from a α2-dynamo (Küker &
Rüdiger 1997).

Recently, Kitchatinov & Rüdiger (2004) extended their model (Kitchatinov &
Rüdiger 1999) to include the possibility of antisolar differential rotation due to
deviations from spherical symmetry in the gravity or temperature distribution on
stars. Gravity inhomogeneities could be due to a binary component, while tem-
perature inhomogeneities are common features in active late-type stars. They use
a model of a giant star with a higher than normal rotational velocity. Modeling
for the non-magnetic case results in solar-like differential rotation, but adding
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672 M. Küker and M. Stix: Differential rotation of the present and the pre-main-sequence Sun
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Fig. 1. The rotation and meridional flow patterns for the Sun at an age of 4.62 Gyr with αMLT = 5/3 for rotation periods
Prot = 56 d, 28 d, 14 d, 7 d (from left to right). Top row: the normalized rotation rate at the equator (solid lines), 45◦ latitude
(dotted), and the poles (dashed). Middle row: isocontour plot of the rotation rate. Bottom row: isocontours of the stream
function. Dash-dotted lines denote counterclockwise circulation

equatorward with speeds up to 5.4 m/s. The bottom flow
is equatorward at high and poleward at low latitudes with
speeds up to 0.4 m/s.

For a mixing length parameter as large as 2.5 δΩ̃ still
reaches a value of 20 percent. The flow pattern is dom-
inated by one large cell per hemisphere in the bulk of
the convection zone plus a very shallow surface layer with
clockwise flow in the northern and counter-clockwise flow
in the southern hemisphere (not visible in the plot). The
flow reaches a maximum speed of 3.3 m/s at the surface
and 8.6 m/s at the bottom of the convection zone.

3.3. The young Sun

We now fix the rotation period at 28 d and the mixing-
length parameter at a value of 5/3 and vary the age.
Figure 3 shows the results for the first model of our
sequence, at L ≈ 7 L� on the Hayashi line of the
Hertzsprung–Russell diagram, and for models with ages
of 3, 10, and 31 Myr, relative to that first model, which
we call the t = 0 model.

The first model of the sequence is still fully convective.
(The small core has numerical reasons.) With a value of
only 2.7 percent for δΩ̃ the rotation is almost rigid. The
meridional flow is dominated by one large cell per hemi-
sphere, but in a shallow layer at the top there is a second

Figure 1.16.: Model of the solar differential rotation and meridional circulation at rotation
periods of 56, 28, 14, and 7 days (Küker & Stix 2001).

a poloidal field at first decreases the amount of differential rotation and finally
changes its sign above a magnetic field strength of ≈ 200G. The results confirm
well with HD 31993 (Strassmeier et al. 2003), the only single star observed so
far with undisputed anti-solar differential rotation. The case of gravity inhomo-
geneities has yet to be modeled.
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2. Doppler Imaging

2.1. The principle
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Figure 2.1.: Principle of Doppler imaging: A cool spot on the surface of the star usually emits
less light in a specific line than the surrounding continuum. The result is a bump in the line
profile center if the spot is in the center of the stellar disk, or in the blue or red line wing if the
spot rotates into or out of sight, respectively. The solid, dashed, and dotted belong to the first,
second, and third rotational phase, respectively.

The basic idea of Doppler imaging is simple: If a rapidly rotation star has a
big dark spot on its surface, the flux that would origin at that spot is missing
in the observed spectrum. The sign of such a spot is therefore a bump in the line
profile, since the missing absorption results into a (pseudo-)emission. The position
of the bump in the line profile is determined by the Doppler shift caused by the
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rotational velocity of the spot. This is illustrated in figure 2.1 with a very simple
cartoon-star.

If one observes a star with spots throughout a rotation period, it is possible
to reconstruct the spot configuration on the stellar surface. The spot longitudes
can determined very accurately, but the signatures of the spot latitudes are more
subtle. A low latitude spot moves all the way through the spectral line, while a
high latitude spot can only be seen close to the center of the spectral line. The
extreme case is a symmetrical polar spot which stays constant regardless of the
rotational phase. If the star’s rotational axis is perpendicular to the line of sight,
no distinction between the two hemispheres can be made. If the axis is inclined,
this ambiguity is resolved, but part of the stellar surface remains invisible. The
extreme case being a star seen pole-on, where one half of the star is permanently
invisible. In this case the surface elements do not exhibit Doppler shift because
of the lack of a velocity component in the line-of-sight direction, and therefore
Doppler imaging fails.

2.2. Prerequisites

From the simple view sketched above it is already clear that only a few special
stars can be imaged using this technique.

2.2.1. Projected rotational velocity

The rule of thumb is, that the projected rotational velocity v sin i should be at least
20km s−1. This corresponds to a half-width of the spectral line of 0.4Å, which
again corresponds to a resolution of eight surface elements if a spectral resolution
of 0,1Å (64,000) is available. Of course the surface resolution in this example
is better than 1/8, following a similar argument as is true for resolving double
stars. One can in principle increase the spectral resolution to increase also the
surface resolution, but the practical lower limit is the intrinsic line width of the
star, which is mostly caused by turbulent convection on the star. Thus, a v sin i of
10km s−1 poses a quite rigid lower limit.

Since most stars are seen under an inclination angle i, the true rotational veloc-
ity has to be higher by the factor 1/ sin i. True solar-like stars are therefore out of
reach of this technique, thus for late-type stars one can only observe stars which
are strange in terms of (at least) rotational velocity compared to most such stars.
This imposes a methodological bias one has to be aware of.

2.2.2. Signal strength & phase smearing

To construct a reliable Doppler image, one needs data with a signal/noise ratio
of at least 200. Multiline techniques like least-squares deconvolution (LSD, see
e.g. Donati & Collier Cameron 1997) can be used to boost the signal strength, or
filtering techniques (Savanov 2004) can be applied to loosen the requirements to
a signal/noise ratio of about 30.
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Unfortunately, another restriction plays a role here: Phase smearing. While a
spectrum is taken, the star continues to rotate. Keeping the phase smearing below
1◦ is easy for long period stars. A star with a rotation period of 20 days takes 80
minutes to rotate that far, thus the signal/noise ratio can be improved by exposing
as long as possible. For a star with a rotation period of 3 days, this time shrinks
already to 12 minutes, while for very fast rotators with 0.5 days rotation period it
takes only two minutes to rotate one degree.

The signal strength also connects to the spectral resolution mentioned above. If
one would have an ideal spectrograph-camera which delivers a continuous spec-
trum, one would have to find a balance between spectral resolution and signal/noise
ratio which depends on the specific implementation of the Doppler imaging tech-
nique used.

2.2.3. Rotation period & phase coverage
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Figure 2.2.: Example phase diagram for
a star with a rotation period of 25 days.
Solely one observation per night has to
be done to obtain a good phase coverage,
but phase gaps take another 25 days to be
filled.

The simplest case from a phase coverage point-of-view are stars with rotation
periods of approximately 10 days and longer. One simply takes one or two spectra
each night until at least one stellar rotation is fully covered (see Fig.2.2). This
requires a very long continuous observing run, and can easily fail if a continuous
block of observing time is clouded out. In the case of a star with a 10 day period,
7 continuous good days are not enough. This makes Doppler imaging an ideal
program for robotic telescopes.

Figure 2.3.: Example phase diagram for
LQ Hya, a star with a rotation period of 1.6
days.

A similar case are stars with rotation periods of less than half of a day. These
stars are usually observed during a whole night, and the individual spectra are
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later combined to obtain a good balance between signal strength and phase smear-
ing.

More tricky are the stars which have such rotation periods, that they can not
be observed within one rotation. To keep the possibility of spot reconfiguration
small, one tries to obtain a good phase distribution in as few nights as possible.
Careful planning of these observations is required, which again calls for a robotic
telescope to do these routine tasks. Fig. 2.3 shows an example of a star where the
rotation period of 1.6 days makes it easy to cover many different phases in a few
nights. The top part of this figure also shows that it is impossible to make up for
bad weather if the observation’s schedule is fixed.
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Figure 2.4.: Example phase diagram for
EI Eri, a star with a rotation period of 1.95
days. The black lines correspond to the
observable phases from the STELLA site,
while the red lines correspond to observa-
tions done in Arizona (T13 is a Tennessee-
state university telescope situated at Fair-
born observatory)

A very special example of a star with an unfriendly rotation period is EI Eri.
It’s 1.95 days period makes it necessary to observe for three weeks to get a full
phase coverage (Fig. 2.4). Since this includes ten stellar rotations, changes on the
stellar surface are quite probable during this time. In this case, observations from
another observatory, preferably far away in a longitudinal sense, greatly improve
the situation (see red part of Fig. 2.4). Shown in this figure are observable phases
from STELLA (black lines) and from T13 or any other telescope in Arizona (red
lines). Again, a robotic observatory can be very helpful, because it can be forced
to observed at the same time as an observing block is granted at a non-robotic
telescope in a different part of the world.

2.3. TEMPMAP

The Doppler imaging program TEMPMAP used here is described in detail by Rice
et al. (1989), and is based on the numerical solution of this inverse problem by
Goncharskii et al. (1977, 1982):

R∗(λ, φ) =

∫ ∫
I(M, θ)R[M, θ, λ + ∆λD(M, φ)] cos θdM∫ ∫

I(M, θ) cos θdM
(2.1)

where
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R∗(λ, φ) observed line profile depth at wavelength λ and phase φ
I continuum intensity
M position on the stellar disk (longitude/latitude pair)
θ angle between normal to the stellar surface and line of sight
∆λD(M, φ) Doppler shift at position M due to the stellar rotation at phase φ
R local line depth at position M

The integrations are over the visible disk of the star. This is a set of coupled in-
tegral equations, where each wavelength bin and each observational phase make
up one equation.

Using a simple model for the intrinsic line profile one can attempt to solve these
equations, but the problem turns out to be ill posed, because there are an infinite
number of solutions consistent with the observations. The problem needs to be
regularized. Two common methods are implemented in TEMPMAP: Maximum
Entropy, where entropy is defined as (again integration is over the surface of the
star)

S(τ) = −
∫ ∫

f(τ(M))dM, (2.2)

f being a suitable defined function and τ(M) the optical depth.
One now has to minimize the functional

Mα(τ) = Φ(τ) + αS(τ) (2.3)

where Φ(τ) is the discrepancy between observed and computed line profiles R∗
O

and R∗
C , respectively

Φ(τ) =
∑
λ

∑
φ

[R∗
C(λ, φ)−R∗

O(λ, φ)]2. (2.4)

Various expressions can be used for the smoothing function f(M), the results
usually don’t differ significantly from each other if the signal/nose ratio is suffi-
ciently high:

f(M) = (
∂τ

∂l
)2 + (

∂τ

∂b
)2 (2.5)

f(M) = τ(M) ln τ(M) (2.6)

If not otherwise noted, the Maximum Entropy Method (MEM, equation 2.6) is
used throughout this work. As noted above, the differences between the two reg-
ularization functions are very small (cf. Rice et al. 1989). MEM tries to minimize
the information content, while the Tikhonov regularization (equation 2.5) tries to
correlate neighboring pixels.

2.3.1. TEMPMAP modifications

Two small modifications were made to the TEMPMAP code as described by Rice
et al. (1989) and Rice & Strassmeier (2000), both are related to the treatment of
differential rotation (i.e. a latitude-dependent rotation rate).
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The first modification is done to the rotational profile of the spectral line. The
rotational velocity for a surface element for a rigid rotator is v = vequ sin i cos b sin l,
b being the latitude and l the longitude. For a star with the differential rotation
parameter α = δΩ/Ω, the additional term (1−α sin2 b) has to be added, which make
the pole lag behind the equator for positive α.
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Figure 2.5.: Influence of differential rota-
tion on the shape of the integrated line
profile. A (approximately solar) value of
α=±0.25 was used for this plot.

The influence of the differential rotation parameter α on the shape of the in-
tegrated line profile is illustrated in figure 2.5. Solar-type differential rotation
creates a line profile that is more pointed than for the rigid rotator case. Antisolar
differential rotation creates a flat line core, which somewhat resembles the effect
of a polar spot.

The second modification takes into account that the differential rotation changes
the location of the spots in time.

Figure 2.6.: Influence of differential rotation on the spot positions. The image at the left is the
initial spot configuration of an artificial test star, the image at the right is the final configuration
after two stellar rotations (cf. appendix A).

The resulting phase shift is illustrated in figure 2.6 for solar-like differential
rotation. The plots present the star in the rest frame of the equator, thus the
spots appear to move to smaller phases, i. e. they lag behind the equator. These
two images are part of the test-case discussed later in appendix A.
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3. STELLA

The STELLA1 observatory is a new robotic observatory dedicated to research in
stellar activity. Similar to the Mt. Wilson Ca II H&K survey2, a sample of stars
will be monitored for an extended period of time. This will be done by produc-
ing resolved surface temperature maps (using the Doppler imaging technique)
periodically to look for variations of surface features like differential rotation on
timescales of months and years.

3.1. Location

The observatory is located at the peak Izaña, close to the volcano Teide on Tener-
ife, Canary islands, Spain. The Teide observatory is located at 2400m altitude,
16◦30’35” eastern longitude and 28◦18’00” northern latitude, and hosts a number
of other solar and stellar observatories like the German Vacuum-tower-telescope
VTT and the new generation German solar telescope GREGOR. Fig. 3.1 shows a
panoramic view of the Teide observatories with the STELLA building marked with
a red arrow. Also visible are (from right to left) the GREGOR solar telescope, the
ESA Optical Ground Station and the infrared telescope Carlos Sánchez in front of
the distant peak of the Teide.

Figure 3.1.: A panoramic
view of the Teide observa-
tory. The STELLA obser-
vatory building is marked
with a red arrow.

1STELLA is an acronym for Stellar Activity
2Mount Wilson Observatory

http://www.iac.es/ot
http://gregor.kis.uni-freiburg.de
http://www.mtwilson.edu/hk/
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3.2. Building automation

3.2.1. Roll-off roofs

The observatory building is equipped with a roll-off roof. Fig. 3.2 shows the build-
ing during construction with both roofs in the open position. The roof is driven
by Demag crane drives, with one motor and gear box per side per roof, thus four
motors in total. The second roof starts moving with a short delay of about five
seconds after the first one to minimize the starting current.

The roof is designed to be closed with the telescopes being in any arbitrary posi-
tion. In case of bad weather or a technical failure, the roof closes in approximately
90 seconds. An UPS supplies power for at least 15 minutes to close the roof and to
orderly shut down the telescopes and close the mirror covers. The roof electronics
is controlled by a RS-485 relay module, and the roof status information like limit
switches and motor failures are read by RS-485 digital input modules. The system
is set up in such a way, that power failure of the control electronics, a failure of the
RS-485 bus line, and failures of the control computers result in immediate closing
of the roof (watchdog function).

In case the roof drive is broken or the electronics damaged, the roof has to be
closed by hand. Since the gear boxes have a very high friction, electrical winches
driven by automotive batteries (which are connected to a charger at all times)
have to be used to force the roof shut. This has to be done by observatory staff on
the site, since a cable has to be attached to the roof by hand for each of the two
roofs.

Figure 3.2.: Outside view of the
STELLA building in construction.
The roofs are fully open, visible are
the blocks at the end of the rails
and the black energy chains used for
power and signal cables to the mov-
ing roof.

3.2.2. Weather stations

The observatory hosts two weather stations, one at the top of each roof. Each
weather station has temperature, humidity, rain, and wind speed sensors for in-
creased reliability, while sensors for brightness, wind direction, and barometric
pressure are available only once. The measured values are collected by RS-485
analog input modules and read out once per second. In addition to those phys-
ical sensors, logical ones can also be used. Examples that are implemented are
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the zenith distance of the Sun (depends only on time) and the dewpoint sensors
(function of humidity and temperature). An advanced feature would be a weather
forecast which could depend on many sensor readings and their trends (smoothed
first derivatives).

In addition to the two outdoor weather stations, additional sensors are put in-
side the building. Temperature and humidity are available in the telescope bay,
the spectrograph room and the electronics room, one additional pressure sensor
is available in the spectrograph room, and temperature sensors are available on
the spectrograph table and on one of the rails to probe for freezing conditions and
possible ice. More sensors will be available to probe the telescope structure and
mirror temperatures.

All weather sensors are recorded continuously to evaluate the current weather
conditions. In order to avoid repeated opening and closing of the roof (“swinging”),
the weather has to stay good for an extended period of time (e.g. for 15 minutes)
before the weather status is considered good again. Five-minute average measure-
ments are stored in a database for later retrieval of current observing conditions
and to perform a more detailed analysis of the weather pattern.

3.2.3. Computers

The computers used for building automation and instrument control are off-the-
shelf industrial computers. The main deviations from standard PCs are that we
use VIA-C3 processors instead of Pentium/Celeron ones to be independent of a
working CPU-cooling fan, and we use the watchdog capabilities of the comput-
ers to detect and solve lock-ups by rebooting. The basic operating system used is
Debian/GNU Linux, which is installed on steady-state Compact-Flash (CF) cards.
These CF-cards are plugged in directly on the mainboard and can be fairly easily
exchanged. This makes a system upgrade which is tested on a physically differ-
ent machine possible by merely replacing the CF-card, and those cards have no
moving parts which makes them less prone to physical damage.

Figure 3.3.: Overview of the STELLA
computer configuration. An attempt
to use as few different parts as pos-
sible was done to minimize mainte-
nance and stock-keeping efforts.

The STELLA computer network is connected directly to the IAC network switch,
which is located in the residence building of the Izaña observatory. All network
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packets go through a firewall, which is made up of the same hardware as the con-
trol computers, but runs a special Linux-based firewall software (Linux Embed-
ded Appliance Firewall). Only encrypted connections from the control center in
Potsdam are allowed to the control computers. As a backup communication link a
GSM-module is available. This allows slow speed Internet connection via the built
in GSM-modem and the possibility of sending and receiving text messages (SMS)
independent of a working Internet connection.

Figure 3.4.: Schematics of the
STELLA computer network config-
uration. A firewall filters all traffic
to the main computers except en-
crypted & trusted access from the
control center in Potsdam.

All of the status data like log files, weather data, error messages are collected
in a PostgreSQL database. This database is physically stored on the main data
archive disks (archive in Fig. 3.3) and replicated to the data archive at the control
center in Potsdam. The current data archive is made up of a RAID-5 system with
six disks plus one spare disk plus one redundant disk, and has space for about 1.5
TBytes worth of scientific data.

The scientific data, which are basically all raw FITS files, also need to be trans-
fered to Potsdam. But since this involves a very large data rate it can not be
done in real time but has to be planned. The different scenarios are outlined in
section 3.4.3

3.3. Instruments

The observatory will be equipped with two telescopes built by Halfmann Teles-
koptechnik, Augsburg, Germany. For first light, one telescope with a diameter of
1.2m diameter, f-number 1/8, Alt/Az mount, Nasmyth focus and ø24’ field of view
will be available. It will be equipped with two instruments, one in each of the
two Nasmyth foci: The STELLA échelle spectrograph (SES) and one wide field
Stella imaging photometer (WIFSIP-I). A second version of the wide-field imaging
camera will be mounted on the second telescope as its first light instrument. A
detailed overview of the current status is given in Strassmeier (2004).

3.3.1. STELLA échelle spectrograph

The STELLA échelle spectrograph is a modern fiber-fed spectrograph based on the
white-pupil design. It is optimized for optimum throughput at red wavelengths
and is lacking any moving parts. The complete optical waveband from 390nm to
860nm is covered with a single exposure at a spectral resolution of 50 000 (see

http://leaf.sourceforge.net/
http://leaf.sourceforge.net/
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Figure 3.5.: The acquisi-
tion and guiding unit for
the STELLA échelle spectro-
graph. The rotary stage is
used to swivel in a flat mir-
ror to feed calibration light
into the fiber.

Figure 3.6.: The STELLA échelle spectrograph in the laboratory, seen from the camera side.

table 3.1). The light from the telescope enters the spectrograph through a 100µm
optical fiber and a beam splitter that boosts the spectral resolution to the desired
value. The main dispersion is done by a 31 lines per mm R2 grating from RGI,
the cross-dispersion is handled by two prisms. The light beam is then picked up
by a mirror and passes into the f/2.7 katadioptic camera with a 20cm corrector
plate. The detector used in the camera is a 2048x2048 pixels, 13.5µm per pixel
E2V 42-40 CCD, which is driven by a second generation Copenhagen University
Observatory controller.

Since the original E2V CCD has slightly worse characteristics as specified, an
otherwise identical replacement CCD was delivered by E2V, which will be driven
by the more modern Magellan controller. This is built into a backup detector sys-
tem, which will eventually replace the existing system once a second instrument
is online. Again, the purpose of this is to keep the number of different parts as
small as possible.
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Table 3.1.: Central wavelengths and free spectral range
of the SES

Order free spectral λcentral Order free spectral λcentral

No. range (nm) (nm) No. range (nm) (nm)
1 13.4062 871.40604 44 4.85608 524.45734
2 13.0030 858.20292 45 4.76739 519.64580
3 12.6178 845.39392 46 4.68110 514.92175
4 12.2494 832.96166 47 4.59714 510.28282
5 11.8969 820.88975 48 4.51541 505.72672
6 11.5594 809.16275 49 4.43585 501.25126
7 11.2361 797.76609 50 4.35837 496.85432
8 10.9261 786.68601 51 4.28290 492.53385
9 10.6288 775.90949 52 4.20937 488.28787

10 10.3435 765.42423 53 4.13773 484.11447
11 10.0695 755.21857 54 4.06789 480.01180
12 9.80633 745.28148 55 3.99981 475.97809
13 9.55327 735.60250 56 3.93343 472.01160
14 9.30989 726.17170 57 3.86868 468.11068
15 9.07569 716.97965 58 3.80552 464.27371
16 8.85021 708.01741 59 3.74389 460.49913
17 8.63304 699.27645 60 3.68375 456.78542
18 8.42376 690.74869 61 3.62504 453.13114
19 8.22200 682.42642 62 3.56773 449.53486
20 8.02740 674.30229 63 3.51177 445.99522
21 7.83963 666.36933 64 3.45711 442.51088
22 7.65838 658.62084 65 3.40372 439.08056
23 7.48333 651.05049 66 3.35156 435.70302
24 7.31422 643.65219 67 3.30058 432.37704
25 7.15078 636.42014 68 3.25076 429.10146
26 6.99276 629.34881 69 3.20206 425.87513
27 6.83992 622.43289 70 3.15445 422.69696
28 6.69203 615.66731 71 3.10789 419.56587
29 6.54889 609.04723 72 3.06235 416.48083
30 6.41029 602.56801 73 3.01781 413.44082
31 6.27605 596.22519 74 2.97423 410.44487
32 6.14598 590.01451 75 2.93159 407.49203
33 6.01991 583.93188 76 2.88986 404.58137
34 5.89768 577.97339 77 2.84902 401.71200
35 5.77914 572.13528 78 2.80903 398.88304
36 5.66413 566.41393 79 2.76988 396.09365
37 5.55253 560.80587 80 2.73154 393.34300
38 5.44419 555.30777 81 2.69400 390.63029
39 5.33899 549.91643 82 2.65722 387.95474
40 5.23681 544.62877 83 2.62119 385.31559
41 5.13754 539.44183 84 2.58589 382.71211
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Table 3.1.: Central wavelengths and free spectral range
of the SES (continued)

Order free spectral λcentral Order free spectral λcentral

No. range (nm) (nm) No. range (nm) (nm)
42 5.04106 534.35276 85 2.55129 380.14357
43 4.94727 529.35881 86 2.51739 377.60928

3.3.2. Wide field STELLA imaging photometer

The Wide field STELLA imaging photometer (WIFSIP) instrument will be avail-
able on the second focus on the STELLA-I telescope and on the first focus of the
STELLA-II telescope. The first version will be specialized in narrow band filters:
Strömgren uvby, Hα and Hβ narrow and wide, Bessel-Johnson UBVRI, and the
Sloan filters will be available. It will allow for a usable field of view of 22’x22’ at a
scale of 0.32"/Pixel. The detector is a single 4096x4096 back-illuminated thinned
CCD with 15µm Pixels and a peak QE> 90% from University of Arizona ITL.

The guiding on this instrument will be off center at the edge of the telescope’s
field of view. To make sure a guiding star is available for the chosen field, at
least one specific guiding star has do be picked during target preparation using a
graphical software tool. Here the target field and the derotator angle can be tuned
to make sure a guide star exists in the guiding field. The guiding system is also
equipped with a focus pyramid to make focusing (and controlled de-focusing) of
the telescope easy, although we expect that the focus positions will be a constant
function of temperature and altitude.

For time-series work, defocusing to approximately 3–5” is foreseen to obtain an
accuracy of 1mmag in Strömgren v. The limiting magnitude will be around 19mag
in V, while the guiding limit will be close to 17th magnitude.

Figure 3.7.: The design for
the wide field STELLA im-
ager and photometer (WIF-
SIP).
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3.4. Operations

All operations of the observatory are controlled from Potsdam. The robotic control
software of the observatory has a pool of possible observations to choose from, and
picks the observation with the highest merit at any given time (dispatch schedul-
ing, see Granzer (2004)).

3.4.1. Target specification

The targets that are to be observed are described in a target definition file. The
file format is xml, and a format definition is available to check if all necessary
information is present and consistent. A unique identifier, a resolvable object
name, the maximum exposure time, and the desired signal-to-noise ratio have to
be specified as parameters. Additional to these, at least one scheduling parameter
has to be supplied, and quality criteria like moon distance, seeing, airmass can be
given.

Observations can be chained together, which is useful for observations that de-
pend on each other. If not all chained observations meet the specified quality like
seeing, signal/noise ratio, all members of the chain will be observed again. If sub-
mitting each of the observations individually, only the observations that fail will
be repeated.

<!DOCTYPE Target SYSTEM "http://www.aip.de/stella/target.dtd">
<Target type="single" access="enabled">
  <TargetName>HD 97334</TargetName>
  <Email>
    <Address>obs−list@sro.aip.de</Address>
    <Notify>
      <Onfirstpick/>
      <Oncomplete/>
    </Notify>
  </Email>
  <Exception for="this">
    <Delay>DROP_TARGET</Delay>
    <Abort>TARGET_NOT_AVAILABLE</Abort>
    <Block>TARGET_AMBIGUOUS</Block>
  </Exception>
  <Select>
    <Requires>
      Roofopen &AND; GuidingAvailable &AND; Goodweather
    </Requires>
    <Constraint>
      <Variable>AltTarget</Variable>
      <Min>2.50000</Min>
    </Constraint>
    <Merit>
      <Timeslot class="stella.xml.OneObservationMerit">
        <Constant class="java.lang.Integer">
          <Constantname>maxobservations</Constantname>
          <Constantvalue>10</Constantvalue>
        </Constant>
      </Timeslot>
      <Gain class="stella.xml.WindowMerit">
      </Gain>
    </Merit>
  </Select>
</Target>

Figure 3.8.: An excerpt of a target def-
inition description. The parts specify-
ing the notifications, abort handling,
and scheduling rules are shown.

3.4.2. Scheduling constraints

Scheduling constraints are mathematical formulas that are evaluated at the time
a new object is selected. A merit function provided can be split up in several
classes (Granzer 2004):

• Related to the target position: In this category fall all merits which depend
on the positions on the sky, like airmass, moon avoidance, and slew-time.
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• Based on previous observations: In this category fall the after-pick merit
(which is useful for follow-up observations), time-out merit (basically the op-
posite of the previous case), number of observations (disables a target when
it has been observed the requested number of times) and phase coherence
(for phase critical observations like Doppler imaging targets).

• Time: This is for targets that should be observed at exactly one given time,
or not before, or not after a specific time. See Fig. 3.9 for an example “not
after” merit function.

• User fairness: This merit function makes sure that the telescope time is
distributed evenly over all institutes and groups.
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Figure 3.9.: Am merit function that
terminates a target after a speci-
fied expiry date. The steepness of
the inflection point can be adjusted
(Granzer 2004).

The merit functions can be combined to achieve the desired result. This is il-
lustrated in the case of a Doppler imaging target in Fig. 3.10. The basic function
is a phase coherent merit which make sure that the observations are distributed
evenly in rotational-phase space. This is combined with a merit-function that rises
after the first observation is done to increase the chance each of the peaks of the
underlying function leads to one observations. Finally the merit function drops to
zero after (in this case three) a certain number of stellar rotations. If not all phases
have been observed by that time, the observation is completed unsuccessfully.
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Figure 3.10.: The merit function for
a Doppler imaging target. A phase-
coherent merit function is combined
with a merit that rises after the first
observation (Granzer 2004).
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3.4.3. Data size & transfer

Data product sizes

The SES is equipped with a 2x2k CCD operated by the Copenhagen Generation-
II controller. The digitized data have a 16bit Integer format, therefore each raw
image is exactly 8 MByte in size. The metadata that are contained in the image file
(FITS header) can be estimated to have at most 25 kByte in the case of 100 header
entries, and can thus be neglected here. Using lossless compression (White &
Percival 1994; Sabbey 1999), the size of the raw images can be cut approximately
in half, thus the average size of one raw image frame is 4 MByte.

If part of the data reduction process is done on site, namely the extraction of
the echelle-orders, a considerable decrease in image size can be obtained. The
number of echelle-orders is 86, thus the size of the reduced image is 86 × 2048 ×
4 ≈700kByte uncompressed. Even for a compression ratio significantly smaller
than 2 for floating point data this amounts to less than 10% of the raw data.

The WIFSIPs (two are planned, one for each of the two STELLA telescopes)
are equipped with a 4kx4k CCD. As above, the data size is a 16bit integer per
pixel, which amounts to a raw image size of 32 MByte. The amount of metadata
contained in these images will be of similar size than for the smaller SES-CCD,
thus it has even less weight in this case. Assuming a similar average lossless
compression rate as for the spectroscopic data, the final average image size is
16 MByte. The actual compression rate varies a lot, mainly due to different levels
of sky background, but tests have shown that an average compression rate of two
can be obtained.

Fully or partly reduced images from this instrument would generally not cre-
ate smaller intermediate data products, with the exception of photometric data.
A partially reduced image consisting of 32 bit floating point pixels is of course
double size uncompressed, but up to three times as big after compression, since
compression is much less effective on floating point data.

Data rate & bandwidth

The bandwidth of the Internet line from Potsdam to the STELLA observatory was
measured in April 2004 (see Fig. 3.11). It is usually above 50 kBytes per second,
with a peak of close to 200 kBytes per second. The bottleneck of the line is the
connection from the IAC headquarters in La Laguna to the observatory at Izaña.
The bandwidth of that line is 2 Mbit per second, which corresponds to the observed
transfer rate of ≈200 kBytes per second.

To estimate the needed bandwidth we assume 100 images per night from the
SES and 300 WIFSIP images per night. Both represent sustained averages, thus
bad weather or nights with longer (and therefore less) observations can compen-
sate for nights with many short exposures. Also, it is not clear when both tele-
scopes will be available to simultaneously operate both instruments at the same
time. Since an upgrade of the current 2 Mbit line to 10 Mbit is being proposed, the
bandwidth problem may get smaller soon.

100 SES images make up 400 Mbyte per night, 300 WIFSIP images add up to
4800 Mbyte. To transfer these data amount during a 24 h time-span, bandwidths
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Figure 3.11.: Measurements
of the bandwidth in April
2004 from the STELLA ob-
servatory to the robotic con-
trol center in Potsdam.

of approximately 5 and 55 kBytes per second are needed. This appears to be pos-
sible with the available infrastructure, but the data can not be transfered in real
time. Therefore to allow for time critical observations a priority scheme for data
transfer is needed. To save bandwidth, reduced data should not be transfered
if not absolutely necessary. In case both WIFSIP instruments operate during a
large fraction of the time, the cumulative data rate rises to 110 kBytes (if no spec-
troscopic observations are carried out).

In case the data rates needed are not achievable, data transfer using magnetic
tapes is foreseen. All data will be archived on magnetic tapes, and a second
copy will be prepared for data transfer. In this case real-time transfer of lossy-
compression images is necessary to allow for quality assessment of the data. These
images are then replaced by the lossless images transfered by air mail when they
have arrived.

3.4.4. Data reduction

Spectroscopic data

The data from the SES is reduced by a data reduction pipeline based on IRAF.
Since the spectrograph is of fixed format, the positions of the apertures have to
be defined only once. Since no SES data are available yet, the pipeline has been
tested on VLT/UVES data.

Data reduction includes bad pixel correction, bias subtraction, scattered-light
subtraction, cosmic-ray correction, flatfielding, optimal aperture extraction, emis-
sion-line identification in the reference images, and wavelength calibration. Au-
tomatic normalizing of the spectra is not yet implemented and has to be done by
hand, the same holds true for radial velocity measurements and telluric line sub-
traction. A more in depth description of the data reduction pipeline is available at
the STELLA homepage.

In case the bandwidth is not sufficient to transfer the raw images from the

http://www.aip.de/stella
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spectrograph (see section 3.4.3), automatic data reduction can take place on site
in Tenerife. Otherwise only raw images will be transfered to lighten the load of
the line as much as possible.

Imaging data

This data pipeline is currently in the design phase. It is planned to use the
EIS/MVM (Vandame 2002; da Costa 2004) software for as many reduction steps as
possible. For photometry either MOMF (Kjeldsen & Frandsen 1992) or doPHOT
(Schechter et al. 1993) will be used, but detailed tests have to be done to decide
between those two or possibly other software packages are chosen. Detailed docu-
ments will be also published at the STELLA homepage when available.

Data post procession

The possibility to do automated analysis of the reduced data will be implemented.
Every time new reduced data are available, a post procession script can be called.
Examples for the spectroscopic data are abundance analysis and rotational veloc-
ity measurements using pre-calculated grids of model spectra as described in Al-
lende Prieto (2004). For previously observed Doppler imaging targets, a first-order
Doppler image can be computed once the requested observation set is successfully
completed. In the case of imaging data, photometric magnitudes can be extracted
and added to a variability database.

3.4.5. STELLA, a Doppler imaging machine

Of course the time spent on Doppler imaging targets will only cover a small frac-
tion of the STELLA observing time. Not only because it is a shared instrument
and most users have other interests, but also because scheduling Doppler imaging
observations puts many restrictions onto the other observations. If too many pro-
grams try to restrict each other the results will not be as expected. The scheduler
decides on what target to pick next in real time, no optimization is done before-
hand. This should work well if only a few restrictive programs (say at most 30%)
swim in a pool of not time-critical observations.

As described in the next chapter, reliable high-quality observations are needed
for Doppler imaging. This will be the main advantage of STELLA over other
instruments. As a dedicated instrument, data quality will be monitored constantly
and many possible sources of problems like liquid nitrogen cooling, wavelength
setup, and spectrograph camera focus are eliminated due to design decisions.

STELLA will obtain spectroscopic observations of constant quality whenever
the conditions allow. During conventional observing runs, phase gaps can some-
times not be filled, because a different observer and/or instrument is scheduled
at that telescope exactly when the missing phases are observable again. Avoiding
this should drastically decrease the amount of “wasted” telescope time. But it also
means that the requirements have to be specified in more detail before observa-
tions start. During a conventional observing run one tries to fill the time that is
granted, while in the case of STELLA an observation block for Doppler imaging

http://www.aip.de
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is aborted if the requested phase coverage is unreachable in the (also specified)
amount of time left. This opens many niches for programs with non time-critical
observations, that would be too small or too long-term for a traditional semester
based time allocation committee.
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4. Differential rotation on long period stars

This chapter demonstrates how to obtain reliable differential rotation measure-
ments for stars with long rotational periods. The data used here originates mostly
from one more than two months long observing run dedicated to Doppler imaging.
Some additional data for the same stars from shorter observing runs at different
observatories is added where available.

The first section describes the observations, subsequent sections deal with one
star. Then two more stars are presented which have been published before, but
additional work has been done concerning differential rotation. Finally, the re-
sults are summarized and compared to other differential-rotation measurements
using Doppler imaging.

4.1. Observations

4.1.1. Spectroscopic Observations

Figure 4.1.: Left. The McMath–Pierce telescope at Kitt Peak, Arizona, where most of the ob-
servations were done. In the background the NSO vacuum telescope, which now hosts the
SOLIS instrument. Right. Lightpath in the tunnel of the McMath–Pierce telescope. The star-
(or sun-) light is reflected by the ceolostat (mirror 1) at the top of the building into the tunnel.
At the bottom of the tunnel (buried into the ground) the light is reflected back up to mirror
3 (the one shown in the picture), which can be adjusted to reflect the light to the appropriate
instrument. Images courtesy of NOAO/AURA/NSF.

Most of the spectroscopic observations presented here were obtained at the Na-
tional Solar Observatory (NSO) with the McMath–Pierce telescope from October
31, 1996 to January 8, 1997. The stellar spectrograph together with the 800×800-
pixel TI CCD (TI-4 chip, 15µ pixels) allowed for a resolution of ≈40,000 and a
useful wavelength range of about 45 Å around 6430 Å. The mean FWHM of th-ar
spectra taken each night was between 1.7 and 2.2 pixels, corresponding to a spec-
tral resolution of 30 000 to 40 000. Fig. 4.3 shows the cross section of an example
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object spectrum (300 sec. exposure of HK Lac from November 21, 1996). The frame
corresponds to the wavelength region 6395–6480Å, and the vignetting of the field
lens and the rows of bad pixels are marked. We adjusted the center wavelength
to make sure the main mapping lines Fe I 6430 and Ca I 6439 are between the
bad pixels at columns 277 and 484. Unfortunately, this moved all other mapping
lines except Fe I 6421 and sometimes Fe I 6411 (depending on the radial velocity
of the target: it is usable in HK Lac as shown in the example image above, but not
for e. g. HD 218153) off the usable range of the chip. Thus the usable wavelength
region of our images is reduced from 85Å to 45Å.

Figure 4.2.: The KPNO 2.1m telescope
(left) with the ceolostat with its little
garage (center) and the coudé feed tower
(right). The starlight goes from the ceolo-
stat (mirror 1) to the tower (mirror 2) into
the observing room, where mirror 3 re-
flects it into the coudé spectrograph. Im-
age courtesy of NOAO/AURA/NSF.

Additional observations spanning one rotation of the stars HK Lac and IL Hya
were taken by Washuettl (1998) in Dec. 1997/Jan. 1998 with the coudé feed tele-
scope at Kitt Peak National Observatory (KPNO). A very similar 800×800 TI CCD
(TI-5 chip, 15µ pixels) was used in combination with grating A, camera 5, and the
long collimator, resulting in a resolving power of 38,000 in the 6420Å-region. Two
more spectra from HD 218153 and single spectra from HD 208472 and HK Lac in
the 6500-Å region included Hα and were obtained with the same instrumental
set-up at the coudé feed telescope in April 1998 but utilized the 3096×1024 CCD
(F3KB chip, 15µ pixels). The resolving power was 28,000, and the useful wave-
length range was 300 Å. Exactly the same setup was used for the acquisition of
two additional datasets of IL Hya spanning one stellar rotation each and taken
one rotation apart in March/April/May 2000.
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Figure 4.3.: Example of a spectrum taken
at NSO/McMath. The TI-4 CCD has
800 pixels in dispersion direction, but vi-
gnetting cuts off approximately 150 pixels
on the left (blue) edge, and a series of bad
columns make the space above 600 pixels
basically unusable. Two additional bad
columns in the middle of the remaining
space made careful centering of the two
mapping lines necessary.

All data were reduced using IRAF1, which included bias subtraction, flat field-
1Image Reduction and Analysis Facility distributed by NOAO/KPNO.)
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ing, cosmic-ray removal, and an optimal aperture extraction. Usually twenty flat-
field exposures with a Tungsten reference lamp were taken at the beginning of
the night and again at the end of the night. These forty flat fields were co-added
and used to remove the pixel-to-pixel variations in the stellar spectra. Spectra
of bright radial-velocity standards were obtained several times throughout the
night to ensure an accurate wavelength calibration. The following IAU velocity
standard stars were used: α Ari (K2III, vr = −14.3 km s−1), β Gem (K0III, vr = 3.3
km s−1), and 16 Vir (K0.5III, vr = 35.7 km s−1).

Data peculiarities

Besides the fact that only a fraction of the nominal wavelength range could be used
due to the combination of vignetting effects and bad pixels (see fig. 4.3), several
other effects had to be taken care of.
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Figure 4.4.: Example spectra of HK Lac to
illustrate the effect of two bad pixels af-
fecting some of the data. The vertical lines
mark the range covered by those two pix-
els. The effect of the interpolation can be
easily seen, adding additional uncertain-
ties to this data set.

• The dynamic range of the TI-4 CCD was very low. Nonlinearity started below
10 000 ADUs. This made it necessary to make several subexposures for high
signal/noise observations.

• Depending on the position of the star in the sky, the position of the spec-
trum on the chip changed. We attempted to correct for this by using guiding
offsets, but the position nevertheless changed by ±1 pixel.

• On days with bad seeing and/or high winds, the width of the star spectrum
could slightly exceed the width of the corresponding flat field.

• Two pixels which are usually outside of the aperture were non-linear. In
the HK Lac spectra the position of these two pixels often were within the
Ca I 6439 line. Therefore a correction using interpolation was attempted in
that case (see fig. 4.4). Unfortunately the spectral resolution and the pixel
sampling are too low to effectively correct for this effect (also see section 4.6).

4.1.2. Photometric Observations

The photometric data in this paper were obtained with the Amadeus 0.75-m au-
tomatic photoelectric telescope (APT), part of the University of Vienna twin APT
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Figure 4.5.: The Fairborn observa-
tory; the telescopes Wolfgang and
Amadeus are the middle ones of
the four visible telescopes. The tele-
scope in front is the TSU-T8 tele-
scope, the one in the back the T5.

at Washington Camp (Strassmeier et al. 1997). Fairborn observatory is located in
Southern Arizona close to the Mexican border town Nogales. It hosts a total of
fourteen telescopes (as of Mid-2004), all of them operated robotically.

The telescope is equipped with Johnson/Cousins (Bessell 1979) V (RI)C filters,
but usually only V and IC are used here. The measurements are carried out dif-
ferentially in respect to a comparision and a check star. The order of observations
is as follows: N-CK-S-C-V-C-V-C-V-C-S-CK, where N is a bright navigation star,
CK the check star, S the sky background, C the comparison star, and V the main
target (variable star).

In order to obtain standardized magnitudes, a number of standard stars is ob-
served every night. For Doppler imaging we use magnitudes relative to the com-
parison star. The standardized magnitudes of the comparison star in the different
bandpasses were derived by averaging long term data, and that value was used to
shift the relative magnitudes of the Doppler imaging targets for plotting purposes.

http://www.fairobs.org/
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4.2. HD 208472

4.2.1. Introduction

Interest in HD 208472 (V2075 Cyg) was awakened after its strong Ca II H&K
emission was detected in 1991. Very little was known about this star before.
Henry et al. (1995b) discovered periodic light variability of HD 208472 (V2075
Cyg) with an amplitude of 0.m36. They measured a photometric period of 22.54±0.05
days and a projected rotational velocity v sin i of 21±2km s−1. They also found the
orbital period to be 22.6 days, determined the spectral type to be G8, and noticed
large Hα-emission. A later photometric study by Strassmeier et al. (1999) showed
a constant decrease in lightcurve amplitude to 0.m12 in late 1996 and 0.m07 in early
1997. The photometric period they found was 22.42±0.12 days. A detailed reanal-
ysis of the orbital parameters was done by Fekel et al. (1999), who refined the
orbital period to be Porb=22.62293.

4.2.2. Observations

All observations presented here are from the NSO 1996 observing run. The period
of approximately 22 days allows for a coverage of three rotations of HD 209472,
but due to bad weather at the end of the run the third data sub-set suffers from
big gaps. It is still treated the same as the other two subsets, but one should
keep this in mind when examining the results from that sub-set. The main de-
tails of the spectroscopic observations are listed in table 4.1. Porb=22.62293 and
T0=2449252.391 (Fekel et al. 1999) were used to calculate the orbital phases, the
column map assigns the observation to one of the three blocks, which correspond to
the three stellar rotations covered here. The distribution of spectroscopic observa-
tions over time are also shown graphically in figure 4.6. Photometric observations
in Johnson V and Cousins I have been conducted with the University of Vienna
twin APTs at Washington Camp (see section 4.1.2). A total number of 56 photo-
metric datapoints have been observed simultaneous to the spectroscopic data, a
detailed description thereof (including additional data taken up to June 1997) is
given in Strassmeier et al. (1999).

Table 4.1.: Spectroscopic log and radial velocity data (vrad

of HD 208472).

HJD Phase vrad σrad S/N Rotational cycle Telescope
(24+) (◦) (km s−1)
50388.756 83.0 12.9 1.2 90 map 1 NSO
50390.612 112.6 3.0 1.8 30 - NSO
50391.580 128.0 3.2 1.2 90 map 1 NSO
50392.574 143.8 -2.3 1.5 90 - NSO
50393.571 159.7 -2.7 1.1 80 map 1 NSO
50394.571 175.6 -5.7 1.0 110 map 1 NSO
50395.657 192.9 -3.8 1.0 110 map 1 NSO
50396.589 207.7 -1.3 0.9 120 map 1 NSO
50398.574 239.3 -0.4 0.9 100 - NSO
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Table 4.1.: Spectroscopic log of HD 208472 (continued)

HJD Phase vrad σrad S/N Rotational cycle Telescope
(24+) (◦) (km s−1)
50399.577 255.2 5.9 1.1 120 map 1 NSO
50400.570 271.0 10.3 0.8 110 map 1 NSO
50401.570 287.0 15.1 0.8 110 map 1 NSO
50402.576 303.0 19.1 1.2 100 map 1 NSO
50404.571 334.7 21.4 1.0 120 map 1 NSO
50405.562 350.5 25.5 0.8 110 map 1 NSO
50406.566 6.4 25.7 1.1 120 map 1 NSO
50407.564 22.3 23.2 0.9 130 map 1 NSO
50408.579 38.5 27.6 1.1 130 map 1 NSO
50409.562 54.1 18.1 1.0 110 map 1 NSO
50410.587 70.4 17.2 1.1 110 map 1 NSO
50411.560 85.9 11.5 1.1 120 map 2 NSO
50412.557 101.8 5.8 1.1 120 map 2 NSO
50413.555 117.7 1.4 0.9 110 map 2 NSO
50414.558 133.6 -2.1 0.7 110 map 2 NSO
50415.556 149.5 -3.5 1.0 110 map 2 NSO
50416.568 165.6 -5.8 0.7 110 map 2 NSO
50417.583 181.8 -4.5 1.1 110 map 2 NSO
50418.595 197.9 -4.1 1.0 120 map 2 NSO
50419.547 213.0 -4.4 0.9 110 map 2 NSO
50421.558 245.0 3.6 1.2 110 map 2 NSO
50422.553 260.9 7.3 0.8 120 map 2 NSO
50423.569 277.0 12.9 1.1 110 map 2 NSO
50424.565 292.9 19.6 1.2 110 map 2 NSO
50425.554 308.6 20.5 1.2 120 map 2 NSO
50427.555 340.5 26.0 1.0 120 map 2 NSO
50429.554 12.3 26.1 0.9 110 map 2 NSO
50430.553 28.2 25.8 0.9 120 map 2 NSO
50431.545 43.9 21.6 0.8 130 map 2 NSO
50432.548 59.9 17.3 0.9 120 map 2 NSO
50434.549 91.8 9.0 1.1 110 map 3 NSO
50435.553 107.7 4.1 1.1 100 map 3 NSO
50436.582 124.1 2.2 1.1 120 map 3 NSO
50437.541 139.4 -1.1 1.8 90 - NSO
50438.552 155.4 -5.5 1.0 110 map 3 NSO
50440.563 187.5 -4.4 0.9 70 map 3 NSO
50441.553 203.2 -5.0 1.3 100 map 3 NSO
50446.547 282.7 13.0 1.4 90 - NSO
50447.554 298.7 16.0 0.9 100 map 3 NSO
50450.559 346.5 24.3 1.5 100 map 3 NSO
50451.555 2.4 25.7 1.3 90 map 3 NSO
50454.568 50.3 19.7 1.1 80 map 3 NSO
50457.564 98.0 7.4 0.9 100 map 3 NSO
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Figure 4.6.: Distribution
of the rotational phases of
HD 208472 versus date. The
sizes of the circles are pro-
portional to the S/N ratio of
the spectra, where the aver-
age value is about 100:1.

Physical parameters

A collection of physical parameters of HD 208472 is listed in table 4.2. The orbital
period has been very accurately determined by Fekel et al. (1999), the photomet-
ric period, which is almost the same as the orbital period which puts this star
into the group of RS CVn systems, is taken from Strassmeier et al. (1999). The
spectral type is taken from Henry et al. (1995b), the effective temperature is from
Bell & Gustafsson (1989), distance from Hipparcos (ESA 1997), the radius is a
derivative of v sin i, Prot and the stellar inclination angle, the latter being also the
source for the high uncertainty. An initial guess of 20km s−1 for the projected ro-
tational velocity (v sin i) has been taken from Fekel (1997) and 45◦ was assumed
for the inclination of the stellar rotation axis. The optimized values for these two
parameters listed here are derived in the next section.

Fine tuning v sin i and inclination

Measuring the projected rotational velocity by cross-correlation with a template
star usually leads to a slight underestimation of v sin i due to the unknown rota-
tional velocity of the template star. Since Doppler imaging is very sensitive to
wrong rotational velocities, one can find a more accurate value by variation of
v sin i while keeping all other parameters constant. The v sin i value that produces
the Doppler image with the smallest corresponding χ2 is the most probable one
(see figure 4.7).

The most direct method to determine the inclination of the stellar rotation axis
is to calculate the minimum radius Rsin i from v sin i and Prot on the one hand,
and to estimate the real radius from the spectral type on the other hand. This
fails in the case of giant stars, since the radii for the respective spectral types are
too uncertain. A more reliable procedure is to use the inclination-sensitivity of
Doppler imaging to find a better estimate for the inclination angle. A test of this
procedure on artificial data is described in appendix A The fine-tuning results for
the inclination of HD 208472 is shown in figures 4.8.
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Table 4.2.: Stellar parame-
ters of HD 208472

Parameter Value
Spectral type G8 III
log g 2.5 ± 0.5
Teff 4900 ± 100 K
V 7.49 mag
(B − V ) 1.066 ± 0.009mag
(V − I) 1.03 ± 0.01 mag
v sin i 22.0 ± 1.0 km s−1

Inclination i 35◦ ± 15◦

Distance d 157 ± 18 pc
Radius R 17.1±4.5 R�
Orbital period Porb 22.62293 ± 0.00097 days
Rotation period Prot 22.42 ± 0.12 days
Equatorial velocity vequ 32.364.3

28.7 km s−1

Microturbulence ξ 2.0 km s−1

Macroturbulence ζR = ζT 4.0 km s−1

log[Ca] abundance 0.9 dex below solar
log[Fe] abundance 0.9 dex below solar
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Figure 4.7.: Parameter
variation to determine the
most probable projected
rotational velocity v sin i.
All spectra were combined
and all other parameters
were fixed. A value of
22km s−1(as indicated by a
vertical dashed line) was
adopted.

4.2.3. Time-series Doppler imaging

As in almost all objects observed during the NSO 1996 run, only two spectral lines
could be used. The other lines in the observed wavelength range where not usable
due to vignetting and bad columns on the CCD chip. The two spectral lines are
Fe I 6430 with a log gf value of −2.0 and Ca I 6439 with a log gf value of +0.47. A
total of 52 spectra (see table 4.1) were taken, of which 5 were too noisy to be used
for Doppler imaging. The data are spanning exactly three stellar rotations and is
therefore divided into three subsets labeled map 1, map 2 and map 3 in table 4.1,
respectively.

Using the physical parameters from table 4.2 we computed one Doppler image
for each stellar rotation and spectral line, thus altogether six images. Fig.4.9 and
4.10 show the resulting Doppler images in two pseudo-projections, the line profile
data and fits, and the photometric data points with the synthetic lightcurve from
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Fe1 6430 Figure 4.8.: Parameter

variation to determine the
most probably inclination
value for HD 208472. All
spectra were combined
and all other parameters
were fixed. Plotted is the
resulting χ2 for the two
spectral line regions for
inclination angles of 10◦ to
80◦. An inclination angle of
35◦ was adopted.

the Doppler image. The maps from all three data blocks seem very similar. The
third map has very scarce phase coverage at the end and is therefore based on
far less phases than the other two maps (17 & 19 for the first two maps, 11 for
the third). One has to also keep in mind, that the observations have a spectral
resolution of approximately 0.19Å, which results in only 5 resolution elements
across the stellar disk (or 70◦ per resolution element). Notable is the absence of
spot features above 50◦. Most of the recovered spot area is lined up along the
sub-observer latitude (which corresponds to the inclination angle of 35◦), with
the exception of the feature at `=210◦ which appears to be closer to the equator.
The almost even distribution of spots along all longitudes is also the reason for
the low lightcurve amplitude of 0.m12, compared to 0.m36 reported by Henry et al.
(1995b). Obviously, the spots were concentrated much more at the time of their
observations (end of 1993).

Cross-correlations

To determine the temporal variations of the stellar surface structure during the
observed time range, the three images of each spectral region were cross corre-
lated with each other. The result, three cross-correlation images for each of the
two spectral lines, is shown in figure 4.11 and 4.12. The first image (figure 4.11a)
is computed by cross-correlation of the first and the second map (see figure 4.9 and
4.9 for the input maps), the second (figure 4.11b) using the second and third, and
the last one (figure 4.11c) using the first and last Doppler map. All figures show
the respective cross-correlation map where darker colors mean a better agree-
ment. Additionally a dotted line marks the rotation rate for a rigid rotator match-
ing the orbital period. The solid line represents a rotation rate corresponding to
an average differential rotation law derived later.

An examination of the individual cross-correlation images shows large differ-
ences between them. The difference between the cross-correlations representing
different time-spans can easily be explained with spot reconfigurations, or more
probable with the lower quality of the third data block. But the discrepancy be-
tween the two spectral-line regions can only be explained with the comparably low
signal-noise ratio of the data (see Tab. 4.1 for a list of signal-noise ratios). Never-
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Figure 4.9.: Doppler images reconstructed
using the Ca I 6439 line for all three stellar
rotations observed. The top panel shows the
surface temperature maps in pole-on and
pseudo-Mercator views, the center panel
shows the spectral line profile data for all
phases along with the fits, and the bottom
panel shows the photometric data with the
synthetic lightcurve.

theless, the two cross-correlation images for the first and second block look very
much alike. One has to keep in mind, that the spots are concentrated at a latitude
of 35◦, with the exception of one small feature at 25◦. The dotted line corresponds
to the orbital period. If the star would rotate rigidly with this period, a sharp
vertical feature should be visible along this line. But this feature is only visible
at ±20◦ north and south of the equator. Its width is compatible with the surface
resolution expected from the spectral data (70◦ corresponds to about 3◦/day in that
cross-correlation image). The circular isolated features (at about 12◦/day, 25◦ in
the first map of figure 4.11) have a distance to the center that corresponds to the
expected surface resolution. This makes them probable aliases which come from
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Figure 4.10.: As in Fig. 4.9 but for the
Fe I 6430 line.

latitudinal elongations of spots due to the higher uncertainties in longitudinal
spot positions. The solid line shown in all cross-correlation maps in figures 4.11
and 4.12 correspond to a probable differential rotation function derived further
down in this section. Not only because of the poor match of this line, all these
cross-correlation images appear to be noise dominated. Another possible explana-
tion, that the spot distribution changes on timescales smaller than the rotation
period thus rendering the cross-correlation technique useless, is improbable due
to the stability of the lightcurve shape over several rotation periods.

To enhance the differential-rotation signal in the cross-correlation images, the
data set was divided into 23 subsections, each spanning 23 days (approximately
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Figure 4.11.: Cross correlation of the in-
dividual Fe I 6430 Doppler images. The
dashed line represents the rotation rate cor-
responding to the orbital Period, the solid
line is the average differential rotation law
derived later in this section.

the rotation period) but with a incrementally increased starting date. From these
23 images, 18 cross-correlation images were produced. The mean time difference
between two cross-correlated images is about half of the rotation period. All these
cross-correlation images were then corrected for variations in time-difference (see
also Kővári et al. (2004)). The resulting images were averaged with three different
high & low rejection values, namely 0 (all images were averaged), 15% (the three
highest and lowest values were rejected), and 30% (the five highest and lowest
values were rejected). All further analysis is done on all three versions of the
average cross-correlation image. This allows a rough error estimate by calculating
average and standard deviation values.

To determine the differential rotation value, Gaussian profiles have been fit
to the peaks in the average cross-correlation image for each latitude. A solar-
like differential rotation law was then derived, restricting the values for latitudes
from−15◦ to 55◦ since the features on the Doppler images are concentrated in that
area. The resulting parameters Ω0 (= 360/Pequ), Ω1, and α (= Ω1/Ω0) are listed in
table 4.3. The error values listed are three standard deviations from the three
different methods computing the average maps.

The resulting cross-correlation images are shown in figure 4.13. The solid line
shown in all three images is the fit of the data measured off the average cross
correlation map (row average in table 4.3).

Differential rotation measurement using TEMPMAP

As shown in appendix A.2, differential rotation can also be detected using the
TEMPMAP code directly. A static parameter is introduced to allow latitude de-
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Figure 4.12.: As in figure 4.11, but for the
Ca II 6430 Doppler images.

pendent rotational velocity. This parameter along with the rotation period (which
represents the equatorial rotation rate now) can be varied. The goodness of the
fits to the data is plotted in a 2-D diagram in respect to the equatorial rotation
rate and the differential rotation parameter α (which denotes the strength and
direction of the differential rotation).

Unfortunately, the quality of the spectra used here is not quite sufficient do do
a reliable analysis. As shown in figure A.8 the differential-rotation signal of a star
with α ≈0.1 (half of the solar rate) is in average about 1% of the line profile signal.
For spectra with a signal-noise ratio of slightly above 100 (as the data used here)
the amplitude of the noise is comparable to the differential-rotation signal.

The analysis was nevertheless done since an estimate of the magnitude of the
differential rotation from the previous section can be used as a starting point. The
data spanning all three stellar rotations was combined to increase the information
content. The downside of combining all data is that it is probable that significant
spot reconfigurations take place during that times pan. Figure 4.14 shows the
resulting χ2 map for both spectral regions: The Fe I 6430 map shows a smooth
slope towards higher α with a rather shallow minimum at α=0.1–0.2, while the
Ca I 6439 map shows a remarkably pronounced minimum at α=−0.04. The latter
value being in agreement with the cross-correlation analysis which suggests a
small negative α parameter (meaning the rotation at the pole is a few percent
faster than at the equator).

To investigate the region around the suspected α/period region closer, figure 4.15
shows the χ2 distribution for a constant value for the rotation period of 22.6 days.
The slope of the Fe I 6430 can be easily seen, which suggests that a systematic mis-
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a. Fe I 6430 b.,Ca I 6439

c. Average Figure 4.13.: Average cross correlations for
Fe I 6430 (a), Ca I 6439 (b), and all of them
(c). The dots are measured positions us-
ing a Gaussian fit, the error estimates come
from the FWHM of the Gaussians. The solid
line represents the differential rotation value
from table 4.3, which is a fit to the data
shown (c). Each map is an average of 18 dif-
ferent cross-correlation maps (36 in total for
panel c), during averaging the 15% highest
and lowest values for each pixel have been
discarded.

fit of the line profiles is being compensated with a more pointed line profile (which
corresponds to a positive differential rotation coefficient). This shows that the
model parameters are less accurate for the Fe I 6430 line, which is also reflected
in the higher χ2 values of that line.

Summary

Table 4.3.: Differential ro-
tation derived from cross-
correlation and from the
sheared-image method. The
values for each spectral line
an average from three im-
ages with 0, 15%, and 30%
high/low rejection value.

Ω0 Ω1 α
Ca I 6439 16.30±0.03 0.33±0.3 −0.02±0.02
Fe I 6430 16.28±0.12 0.74±0.3 −0.05±0.02
Sheared image 16.07±0.14 0.64±0.32 −0.04±0.02
Average 16.29±0.08 0.54±0.72 −0.03±0.04

As seen in many active binary systems, the photometric period is close to the
orbital period, but not exactly the same. Since the photometric period reflects the
rotation rate at the spot latitude, variations in the photometric periods can be
viewed as changing spot latitudes (due to either newly forming or moving spots)
combined with differential rotation. If one assumes that the stellar equator is
really in synchronization, one can estimate the sign and the magnitude of the
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Figure 4.14.: χ2 maps derived of all
available spectra of the Fe I 6430 line, the
Ca I 6439 line, and the combination of those
two. The Fe I 6430 map is very smooth,
therefore the combined map is almost iden-
tical to the Ca I 6439 map (see text).

differential rotation. In this case,

α =
Pphot − Porb

Pphot

× 3 = −0.027. (4.1)

The numerical factor corrects the results for the main spot longitude, in this case
35◦ was used. This is only a rough estimate since it is based on the assumption
that the equator rotates with the orbital rotation period. A better method for the
determination is the “sheared image” method described in section 4.2.3. There
we find an anti-solar differential rotation with a differential rotation parame-
ter α=−0.04±0.02 and an equatorial rotation period of 22.4 days. Unfortunately,
the second spectral line, which has higher uncertainties and a smaller equivalent
with, does not confirm the result.

The other method applicable here, because of the coverage of at least two succes-
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Figure 4.15.: A cut through
figure 4.14 for an equatorial
rotation period of 22.6 days.
The Fe I 6430 line displays a
very shallow minimum (a),
while the Ca I 6439 line ex-
hibits a pronounced mini-
mum at α ≈ −0.04.

sive stellar rotations, is the cross-correlation technique. As shown in section 4.2.3,
simple cross correlations of two successive maps did not show any systematic
changes either. But when many cross-correlation images were computed from
subdividing the data set into as many one rotation period long sub-blocks as pos-
sible, the average image of those does reveal some systematic changes, but the
uncertainties are higher than the detected differential rotation. The results are
summarized in table 4.3, and even though the value found for the differential ro-
tation parameter is consistent with the values derived above, it is formally not
significant and needs to be confirmed, preferably with data of better signal-to-
noise ratio and higher spectral resolution.
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4.3. IM Peg

4.3.1. Introduction

IM Peg (= HD 216489 = HR 8703 = HIP 112997) has been long known to be a spec-
troscopic binary star (Harper 1920), and is one of the best studied RS CVn systems
(Hall 1976). Recently, the orbit has been re-determined by Fekel et al. (1999) and
Berdyugina et al. (1999b). The latter performed a detailed spectrum synthesis
and parameter determination, most of which are listed in table 4.5. First Doppler
images for IM Peg have been obtained by Berdyugina et al. (2000), who found re-
distribution of spot surface between two active longitudes and suspected a cyclic
behavior with a period of 6.5 years.

The photometric history of IM Peg is as well studied as the spectroscopic one.
The long-term photometric period has been found by Strassmeier et al. (1999) to be
24.45 days, while the lightcurve amplitude decreased from 0.m4 in 1996 (the time
the data presented here was observed) to 0.m22 by mid 1997. A more detailed study
of the lightcurve behavior has been conducted by Ribarik et al. (2003). They find
two possible cycle periods (29.8 and 10.4 years) using photometric spot modeling.

Physical parameters

Many of the stellar parameters are taken from Berdyugina et al. (1999b). They
did a very detailed spectral line analysis to derive Teff , log g and the abundances
of IM Peg. They also re-determined the orbital parameters, which are listed in
in table 4.4 along with the values from Fekel et al. (1999). We use the latter
for calculating the rotational phases of our observations since the values for the
orbital period agrees very well between the two studies. The discrepancy in γ is
probably due to the different treatment of zero-point shifts: While Berdyugina
et al. (1999b) optimizes γ for the individual observers, Fekel et al. (1999) notices
an evolution of γ over time which could be due to another companion star. For this
result to be significant, data more evenly distributed of over a longer range of time
would be needed.

The inclination of the rotational axis (i) and the projected rotational velocity
(v sin i) can be determined by Doppler imaging. The parameter v sin i or i is var-
ied in a given range while all other parameters are kept fixes. The goodness of
the fit of the spectral line-profiles (χ2) can then be used to determine the correct
value of the parameter (see appendix A). The values derived here (see figure 4.16)
agree well with the results from Berdyugina et al. (1999b). We therefore adopt
v sin i=26.5km s−1 and i=70◦.

With the unspotted brightness of V =5.m55 and the unspotted color V − I=1.m14
(Ribarik et al. 2003), one gets an effective temperature of 4500±100 K using the
tables from Bell & Gustafsson (1989). This agrees well with the value of 4450±50
given in Berdyugina et al. (1999b). The latter authors also determine the abun-
dances to be of solar value. The Doppler images presented here are calculated
with the abundances listed in table 4.5, which are considerably below the solar
value. Due to the small number of spectral lines available here, distinguishing
between the influences of the abundance and the log gf values is not possible. The
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code used here does also not include molecules, which could also contribute con-
siderable to the discrepancy.

Table 4.4.:
Orbital pa-
rameters of
IM Peg.

Orbital element Fekel et al. (1999) Berdyugina et al. (1999b)
P (days) 24.648944 ±0.000075 24.64880±0.00005
T0 (HJD) 2449227.690 ±0.022a 2450342.883±0.007
γ (km s−1) −15.47 ±0.13 −14.09±0.04
K1 (km s−1) 34.30 ±0.17 34.42±0.06
e 0.0 0.006±0.007
a1 sin i (106 km) 11.625 ±0.058 11.665±0.028
f(M) (M�) 0.1033 ±0.0015 0.1042±0.0006

Table 4.5.: Stellar parame-
ters of IM Peg.

Parameter Value
Spectral type K2 III
log g 2.5 ± 0.1
Teff 4500 ± 100 K
V 5.55 mag
(B − V ) 1.15 ± 0.006 mag
(V − I) 1.14 ± 0.01 mag
v sin i 26.5±0.5 km s−1

Inclination i 70◦±15◦

Distance d 96.8±6.6 pc
Radius R 1713

28 R�
Rotation period Porb 24.648944±0.000075 days
Equatorial velocity vequ 28.226

33 km s−1

Microturbulence ξ 1.5 km s−1

Macroturbulence ζR = ζT 4.0 km s−1

log[Ca] abundance 0.8 dex below solar
log[Fe] abundance 0.5 dex below solar

4.3.2. Observations

All spectroscopic observations of IM Peg were made during the 1996 NSO observ-
ing run. The spectroscopic log along with the radial velocities, and the signal-
to-noise ratio is listed in table 4.6. The phases are calculated using the orbital
solution from Fekel et al. (1999), and the Rotational cycle column shows which of
the two Doppler imaging blocks the respective spectrum is assigned to. A dash
in that column means either a bad-quality spectrum or that the spectrum was
taken after the second block, where the time sampling was not good enough to
construct a third image block. This is illustrated in figure 4.17, where rotational
phase versus date is plotted.
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Figure 4.16.: Parameter variation to determine the correct inclination of the rotational axis (left)
and the projected rotational velocity (right). Doppler images for a range of possible values in
v sin i and i have been calculated, and the error in the line-profile fits (χ2) is recorded. The
region with the lowest χ2 correspond to the correct parameter. The adapted values in both
graphs are marked with a dotted line.

Table 4.6.: Spectroscopic log and radial velocity data.

HJD Phase vrad σrad S/N Rotational cycle Telescope
(24+) (◦) (km s−1)
2450391.631 79.5 -6.5 1.6 110 map 1 NSO
2450392.618 93.9 -29.5 1.4 125 - NSO
2450393.622 108.5 -25.9 1.7 110 map 1 NSO
2450394.624 123.2 -34.1 1.2 125 map 1 NSO
2450395.614 137.6 -40.5 1.4 125 map 1 NSO
2450396.628 152.4 -43.9 2.0 110 map 1 NSO
2450398.683 182.5 -51.6 2.2 100 - NSO
2450399.711 197.5 -49.3 1.9 110 map 1 NSO
2450400.608 210.6 -45.2 1.6 100 map 1 NSO
2450401.607 225.2 -39.8 2.1 110 map 1 NSO
2450404.621 269.2 -17.6 1.5 100 map 1 NSO
2450405.600 283.5 -8.0 2.2 90 map 1 NSO
2450406.603 298.1 1.5 1.8 110 map 1 NSO
2450407.605 312.8 6.3 2.0 100 map 1 NSO
2450408.607 327.4 16.1 1.9 110 map 1 NSO
2450409.595 341.8 15.9 1.8 100 map 1 NSO
2450411.598 11.1 18.4 1.6 100 map 1 NSO
2450412.592 25.6 14.4 1.4 100 map 1 NSO
2450413.590 40.2 11.1 1.9 100 map 1 NSO
2450414.594 54.8 4.2 1.5 100 map 1 NSO
2450415.591 69.4 -3.3 1.6 100 map 2 NSO
2450416.603 84.2 -12.8 2.0 110 map 2 NSO
2450417.679 99.9 -20.2 1.4 100 map 2 NSO
2450418.649 114.1 -29.7 2.3 100 map 2 NSO
2450419.581 127.7 -36.7 1.7 100 map 2 NSO
2450421.594 157.1 -45.7 2.6 100 map 2 NSO
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Table 4.6.: Spectroscopic log of IM Peg (continued)

HJD Phase vrad σrad S/N Rotational cycle Telescope
(24+) (◦) (km s−1)
2450422.585 171.5 -48.6 1.9 100 map 2 NSO
2450423.591 186.2 -50.6 2.2 100 map 2 NSO
2450424.598 200.9 -47.4 2.1 100 map 2 NSO
2450425.585 215.4 -44.0 2.0 100 map 2 NSO
2450426.608 230.3 -37.0 2.0 100 map 2 NSO
2450427.586 244.6 -29.2 1.5 100 map 2 NSO
2450429.586 273.8 -11.7 1.2 100 map 2 NSO
2450430.589 288.4 -2.5 2.1 100 map 2 NSO
2450432.588 317.6 10.6 1.8 100 map 2 NSO
2450433.571 332.0 14.9 1.8 100 map 2 NSO
2450434.583 346.8 17.6 1.5 100 map 2 NSO
2450435.591 1.5 17.8 1.2 100 map 2 NSO
2450436.618 16.5 17.0 1.7 100 map 2 NSO
2450437.567 30.4 13.4 1.5 100 map 2 NSO
2450438.572 45.0 16.4 2.1 110 map 2 NSO
2450440.598 74.6 -5.7 1.7 100 - NSO
2450441.584 89.0 -14.9 2.6 100 - NSO
2450446.577 162.0 -47.6 2.8 100 - NSO
2450450.590 220.6 -41.6 1.6 100 - NSO
2450451.581 235.0 -35.2 1.5 100 - NSO
2450453.621 264.8 -15.3 2.6 75 - NSO
2450457.607 323.0 12.4 2.1 100 - NSO

Figure 4.17.: Distribution
of the rotational phases of
IM Peg versus date. The
sizes of the circles are pro-
portional to the S/N ratio of
the spectra, where the aver-
age value is about 100:1.

4.3.3. Time-series Doppler imaging

The Doppler images for the two different sets defined in table 4.6 have, together
with the combined map, a very similar appearance (see figure 4.18). The agree-
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Figure 4.18.: Combined Ca and Fe maps for
rotation 1 (a) and rotation 2 (b). The bottom
map (c) is computed from a combinations of
all spectra and represents the average map
for the two rotations. The arrows below each
map indicate the phases of the spectra.

ment with the images computed by Berdyugina et al. (2000) for the second half
of 1996 is very good. All images are dominated by one huge spot at a longitude
of ≈180◦ and a latitude of ≈50◦. There is another smaller spot at ` ≈100◦, and
one at the opposite side from the first one at 0◦, which is difficult to see in the
pseudo-Mercator view used here. The individual maps, including line-profile an
light-curve fits, are show in figure 4.19 and 4.20 for the first and second rotation,
respectively.

The lightcurve shown in the bottom of the figures with the individual Doppler
images, reveal a large amplitude of approximately 0.m4 with a very symmetrical si-
nusoidal shape. This is because the dominant feature on the surface is one single
big spot. Looking at the photometric history of the star in Ribarik et al. (2003) one
notices that about five years earlier or later, the lightcurve was very flat with an
amplitude of less than 0.m1. This is a sign that the spots were distributed stochas-
tically over the stellar surface. This behavior is similar to the star HD 208472
(discussed in the previous chapter), with the noteworthy difference that IM Peg
was caught in the opposite state than HD 208472. This is already a sign for an
activity cycle, which redistributes the spots on the stellar surface, but leaves the
fraction of surface covered roughly constant. This is in contrast to the solar case,
where the activity cycle goes hand in hand with a variation of the total spot area.

Cross-correlation analysis

Average images for each of the two stellar rotations were constructed using the
individual images from the respective spectral line region. These two resulting
images were then cross-correlated with each other. The resulting image is shown
in figure 4.21 (left). It is obvious that a fit to this cross-correlation could not pro-
duce a significant result. Therefore the number of spectral phases making up the
original Doppler imaging was decreased randomly by at most five. For each of the
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Figure 4.19.: Individual Doppler images for rotation 1. a Fe I 6430, and b Ca I 6439. Tempera-
ture maps from the individual lines are plotted in a pole-on view and a pseudo-Mercator (top
row) projection where the arrows indicate the spectroscopic phase coverage. The observed
and computed line profiles are shown in the middle row, and observed and computed V and
IC-lightcurves in the bottom row. The pluses and the bars are the observations and the full
lines are the fits. The size of the bars correspond to a ±1 σ error per data point.

four original data sets (two rotations, two spectral regions) 50 permutations were
randomly picked. Again, 100 average images were formed from the resulting 200
Doppler maps, which in turn lead to 50 cross-correlation images.

In a first attempt to measure the differential rotation more accurately, to each
latitudinal bin in these images a Gaussian was fit. The average of the resulting
50 differential rotation functions is plotted on top of the left image in figure 4.21.
The coefficients for the corresponding solar-like differential rotation law are listed
in the first row (labeled Average) of table 4.7. The standard deviation of Ω1 is very
close to the actual value, marking this measurement not very reliable.

The second attempt to measure the differential rotation function was done by
averaging the 50 cross-correlation images derived through the Monte-Carlo tech-
nique described above. The averaging was performed three times, once for high/low
rejection values of 0, 15%, and 30%, respectively. To each of these three images
a differential rotation function was fitted, the average result of these three mea-
surements and its standard deviation is listed in the second row (marked “Single”)
of table 4.7. Since this measurement is by far more accurate than the others, it is
used throughout this section as a comparison.

And finally as done with the other stars in this study, the available spectra were
split up into subgroups, each 24.65 days (one stellar rotation period) of length and
3 days separated fro each other. For each of these subgroups, a Doppler image for
both spectral regions was computed. From this time-series of images, pairs being
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Figure 4.20.: As Fig. 4.19 but for the second rotation.

Figure 4.21.: Differential rotation of IM Peg. left. The cross-correlation image of the two av-
erage images is shown along with the average measurement of every latitudinal bin with its
corresponding errors. The dashed line shows a anti-solar differential rotation law fitted to the-
ses data points (see text). right. The average of 50 cross-correlation images derived through
Monte-Carlo variations of the number of spectral data points used in the computation of the
Doppler images. Again, the points are Gaussian fits for each latitude bin, the solid line a fit
using a solar-like differential rotation law.

separated by about one half of a stellar rotation (18 days = 6 time intervals) were
cross correlated with each other. The average cross-correlation images are shown
in figure 4.22, the average fit to the measured cross-correlation function (again
average from 0, 15%, and 30% rejection values) is listed in the third row (marked
“Time-series”) of table 4.7
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Figure 4.22.: Differential rotation of IM Peg. The average of 15 cross-correlations derived by
making a time-series of Doppler images and cross correlation all pairs with a time separation
of about 1/2Prot. Fe I 6430 is shown left, Ca I 6439 right. The points are measured fitting Gaus-
sians to the image shown, the solid line the fit derived from the “Monte-Carlo”–technique (see
text).

Differential rotation measurement using TEMPMAP

As in other stars in this work, the signal-to-noise ratio of the spectra are approxi-
mately 100 to 120. This is the lower limit for using the Doppler-imaging technique
and certainly a bit too low to detect signals as small as the differential rotation.
This is said as a caution to not over-interpret the following results.

A two dimensional parameter search in α and Pequ was performed on the com-
bined data set. For each combination of α and Pequ one Doppler image was obtained
and the quality of the line-profile fits (χ2) computed. A minimum in the resulting
χ2-landscape would then correspond to the most probable parameter combination.

Figure 4.23 shows the two χ2-landscapes for the respective line profile region
plus their average. Both images show weak minima around α=−0.02 and −0.1
and Pequ=24.2 and 24.6 days. This agrees roughly with the results obtained with
the cross-correlation technique. Looking at the individual results from the cross-
correlation technique, one finds that for Fe I 6430 Pequ is 24.5 days and for Ca I 6439
Pequ is 24.0 days, while the α values are approximately −0.02 in both cases. In the
average χ2-landscapes the two local minima in the individual maps merge to one
larger area. The tilt in the contour lines (from bottom-left to top-right) is accor-
dance with the expected slope produced by a single spot at high latitudes (see
sect A.2.2). Estimating the location for the smallest χ2 from this map one gets
Pequ=24.25±0.25 days, and α=−0.05±0.05.

Results for the second subset

Since later during the NSO 1996 observing run the quality of the data increased,
the same analysis was done using only the data set from the second rotation. The
result should be about the same, since the increase in signal of the spectra should
be at least outweighed (if not over-weighted) by the loss of half of the data. Also,
since the rotation period is as long as the length of this data set, varying the ro-
tation period should not have a large impact on the result. This adds a larger
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Figure 4.23.: χ2 maps using the combined
data set. Fe I 6430, Ca I 6439, and the combi-
nation of those two.

ambiguity to the equatorial rotation period (see section A.2.2 for an illustration).
Figure 4.24 shows the result for the two spectral line regions and their average.
Besides the fact that the χ2-valleys are now more elongated in direction of the pe-
riod, the results are similar, but as expected no improvement can be seen. Again,
the best fit in Pequ tends to be at bigger periods for Fe I 6430, and α is smaller for
Ca I 6439 (in this case practically zero).
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Figure 4.24.: χ2 maps using only the data
set from the second rotation. Fe I 6430,
Ca I 6439, and the average of the two.

Summary

The results for the different techniques to derive the differential rotation value
are summarized in table 4.7. The values agree to a large extent, but the uncer-
tainties are too large to draw firm conclusions. There is good evidence that this
star rotates differentially in the sense that the pole rotates faster than the equa-
tor. The hardest evidence being the cross-correlation results based on averaging
many images. We therefore use this value (labeled Average in table 4.7) for further
analysis, since it is the only significant result.

Table 4.7.: Differential rotation
parameters derived from cross-
correlation.

Ω0 Ω1 α
Average 14.40±0.19 0.58±0.42 −0.04±0.03
Single 14.33±0.33 0.60±0.73 −0.04±0.05
Time-series 14.83±0.55 0.33±0.35 −0.02±0.02
χ2 14.85±0.15 0.74±0.74 −0.05±0.05

But even the χ2-landscape technique applied here is in good agreement with the
former results, although by itself it would not be significant. It can also be noted,
that the results from the χ2-landscape technique benefit from datasets which over-
lap, since the information concerning the rotation period and the extent of shear
lies mainly in these overlaps. Cross-correlation of just two consecutive images ap-
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pears to be the worst method to reconstruct differential rotation. If this is due to
small changes on the stellar surface that are mixed up with the large scale evolu-
tion, or if it is merely a question of higher signal to noise for the averaged images,
or a combination of both cannot be safely concluded here.
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4.4. IL Hya

IL Hydrae (= HD 81410, α = 9h24m49s, δ = −23◦49′33”, 2000.0, V = 7.25-7.9 mag)
is an evolved double-lined spectroscopic binary with very strong Ca II H & K emis-
sion. This and the fact that the photometric period (Eggen 1973) is very close
to the orbital period of 12.9 days makes IL Hydrae a typical RS CVn star (Fekel
et al. 1986). Randich et al. (1993) performed a spectrum synthesis in the 6700-
Å region and found an iron abundance of 0.5 dex below solar and a moderate
Lithium abundance of log n(Li) = 1.35. The secondary star can not be seen in near-
ultraviolet spectra (La Dous & Giménez 1994) but from the difference of the mea-
sured UBV (RI)C colors of IL Hya to standard values Cutispoto (1995) estimated
the secondary to be a G8V star. Shortly thereafter, the secondary component was
detected by Donati et al. (1997) in two spectra at optical wavelengths. Fekel et al.
(1999) calculated a SB2 orbit with a larger number of radial velocities from the
secondary star (most of them based on observations used here). IL Hydrae is also
represented in the long-term photometric studies by Oláh et al. (2000), who find
a photometric cycle period of 13 years, and by Strassmeier et al. (1999), who find
the average photometric period to be 12.674 days.

4.4.1. Observations

Figure 4.25.: Distribution of the rotational phases of IL Hya versus date for the 1996/97 NSO
run (left) and for the 2000 KPNO run (right). The sizes of the circles are proportional to the
S/N ratio of the spectra, where the average value is about 150:1.

The spectroscopic observations marked with NSO in column Telescope of Ta-
ble 4.8 were obtained at the National Solar Observatory (NSO) with the McMath–
Pierce main telescope between October 31, 1996 and January 8, 1997. The record
of the rotational phases (period=12.904982 days and ephemeris= 2447093.4936
from Fekel et al. (1999)) versus the day of observation is shown in Fig. 4.25. Ad-
ditional spectra in the 6430-Å region along with corresponding reference spectra,
were obtained at Kitt Peak National Observatory (KPNO) with the coudé feed
telescope and the TI-5 CCD in December 1997/January 1998 (marked KP5 in Ta-
ble 4.8). Furthermore, 23 spectra in the 6500-Å region including Hα were obtained
with the same instrumental set-up but using the F3KB CCD at the coudé feed tele-
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scope in March, April, and May 2000 (marked KPKB in Table 4.8). Detailed in-
strument setup and the respective spectral resolution is discussed in section 4.1.1.
The radial velocity measurements (see column vrad in Table 4.8) were obtained us-
ing the following velocity standards: β Gem (K0III, vr = 3.3 km s−1) of the KPNO
spectrum from JD 2 450 821, 16 Vir (K0.5III, vr = 35.7 km s−1) for the KPNO spec-
tra from JD 2 450 918, and JD 2 450 921, and α Ari (K2III, vr = −14.3 km s−1) for
the KPNO spectra from JD 2 450 826 and JD 2 450 828 and all NSO spectra.

Figure 4.26.: Six years of photometry of IL Hya. a. The 1995/96 APT data versus Julian
date and versus phase calculated with the orbital period (12.904982 days) and ephemeris
(2447093.4936) from Fekel et al. (1999), b, c., d., e. and f. like panel a but for the 1996/97,
1997/98, 1998/99, 1999/2000 and 2000/01 seasons, respectively.

The photometric data were obtained with the Amadeus 0.75-m automatic photo-
electric telescope (APT), part of the University of Vienna twin APT at Washington
Camp in southern Arizona (Strassmeier et al. 1997). The observations were made
differentially with respect to HD 218610 as the comparison star (V = 7.m64, V −RC

= 0.m69, V − IC = 1.m30) and SAO 91066 as the check star. The data cover the
time interval JD 2,450,395–568 (163 data points, season 1996/97), JD 2,450,736–
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963 (316 data points, season 1997/98), JD 2,451,100–325 (291 data points, season
1998/99), JD 2,451,494–669 (67 data points, season 1999/2000), and JD 2,451,875–
2,039 (23 data points, season 2000/01). All photometry was transformed to match
the Johnson-Cousins V (RI)C system.

Details about the observing runs, the telescopes used, the instrument setup, the
data reduction software used and the reduction procedure applied can be found in
section 4.1.1 and 4.1.2 for the spectroscopic and photometric observations, respec-
tively.

Table 4.8.: Spectroscopic log and radial velocity data
(vrad).

HJD Phase vrad σrad vrad σrad S/N Rotational Telescope
(24+) (◦) prim. (km s−1) sec. (km s−1) cycle
50391.041 189.0 -54.9 4.2 10 - NSO
50392.024 216.5 -44.7 2.4 70 map 1 NSO
50393.020 244.3 -33.0 2.9 70 - NSO
50393.946 270.1 -4.7 1.8 80 map 1 NSO
50394.921 297.3 8.8 1.5 110 map 1 NSO
50396.006 327.5 27.5 1.8 110 map 1 NSO
50399.032 52.0 16.5 1.4 110 map 1 NSO
50400.016 79.4 -2.1 1.6 110 map 1 NSO
50401.006 107.0 -20.1 1.9 110 map 1 NSO
50402.021 135.4 -36.6 2.5 70 - NSO
50405.024 219.1 -42.0 2.0 110 map 1 NSO
50405.959 245.2 -26.6 1.9 100 map 1 NSO
50406.953 272.9 -6.9 1.5 110 - NSO
50409.016 330.5 32.5 1.3 100 map 1 NSO
50411.975 53.0 18.9 1.7 100 map 1 NSO
50412.963 80.6 -2.6 1.6 100 - NSO
50416.012 165.6 -49.4 1.8 100 map 1 NSO
50417.976 220.4 -39.8 1.5 100 map 2 NSO
50418.970 248.2 -24.4 1.8 100 map 2 NSO
50419.904 274.2 -6.0 2.2 90 - NSO
50420.944 303.2 14.1 1.4 110 map 2 NSO
50421.938 331.0 28.0 1.2 110 map 2 NSO
50422.926 358.5 34.5 1.5 110 map 2 NSO
50423.937 26.7 28.9 1.5 90 map 2 NSO
50425.010 56.7 13.7 1.8 100 - NSO
50425.991 84.0 -3.8 1.7 110 map 2 NSO
50426.995 112.0 -24.3 2.2 110 map 2 NSO
50428.978 167.3 -50.7 2.5 100 map 2 NSO
50429.984 195.4 -49.2 1.9 120 map 2 NSO
50430.986 223.4 -37.7 1.8 110 map 2 NSO
50431.859 247.7 -26.6 1.7 110 map 2 NSO
50432.975 278.9 -3.8 1.4 110 map 2 NSO
50433.882 304.2 15.4 1.8 110 map 2 NSO
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Table 4.8.: Spectroscopic log of IL Hya (continued)

HJD Phase vrad σrad vrad σrad S/N Rotational Telescope
(24+) (◦) prim. (km s−1) sec. (km s−1) cycle
50435.973 2.5 34.9 1.3 110 map 3 NSO
50436.938 29.4 27.3 1.6 100 map 3 NSO
50437.925 56.9 15.8 1.9 90 map 3 NSO
50438.915 84.6 -3.2 1.8 90 - NSO
50440.931 140.8 -42.3 1.9 100 map 3 NSO
50441.954 169.3 -49.2 2.1 110 map 3 NSO
50444.923 252.2 -22.7 1.8 100 - NSO
50446.913 307.7 16.8 1.9 100 map 3 NSO
50447.976 337.3 29.9 1.5 110 map 3 NSO
50450.026 34.5 25.8 1.7 90 map 3 NSO
50450.946 60.2 12.7 1.7 100 - NSO
50451.983 89.1 -8.3 2.0 90 - NSO
50457.914 254.6 -18.9 2.0 110 map 3 NSO
50809.815 351.3 34.6 0.6 -77.7 4.9 130 map 6 KP5
50811.863 48.4 20.4 0.5 -49.7 15.2 130 map 6 KP5
50812.974 79.4 -0.4 0.6 130 map 6 KP5
50813.936 106.2 -17.5 0.9 140 map 6 KP5
50814.856 131.9 -37.8 0.9 33.8 20.1 140 map 6 KP5
50819.922 273.2 -7.2 0.8 140 map 6 KP5
50820.922 301.1 13.2 0.5 -42.4 12.5 130 map 6 KP5
50821.931 329.2 27.9 0.6 -67.5 11.9 130 map 6 KP5
50822.914 356.7 34.4 0.8 -79.2 6.8 140 map 6 KP5
50825.972 82.0 -3.5 0.8 140 map 6 KP5
50826.921 108.4 -20.9 0.8 130 map 6 KP5
50828.018 139.1 -41.7 0.9 42.1 18.6 130 map 6 KP5
50828.914 164.0 -50.3 0.9 52.9 6.3 140 map 6 KP5
51632.686 266.2 -10.7 0.3 190 map 7 KPKB
51633.622 292.3 7.4 0.3 184 map 7 KPKB
51636.628 16.2 33.4 0.3 150 map 7 KPKB
51637.667 45.2 22.6 0.2 250 map 7 KPKB
51638.616 71.7 5.0 0.4 171 map 7 KPKB
51639.615 99.5 -13.8 0.4 177 map 7 KPKB
51640.616 127.4 -33.1 0.4 166 map 7 KPKB
51641.617 155.4 -46.7 0.4 167 map 7 KPKB
51642.631 183.7 -50.6 0.3 146 map 7 KPKB
51644.646 239.9 -29.1 0.4 187 map 7 KPKB
51660.653 326.4 26.8 0.3 176 map 8 KPKB
51661.638 353.9 34.2 0.3 185 map 8 KPKB
51662.621 21.3 32.4 0.4 184 map 8 KPKB
51663.624 49.3 20.4 0.3 185 map 8 KPKB
51664.637 77.5 1.4 0.4 142 map 8 KPKB
51665.622 105.0 -17.1 0.5 174 map 8 KPKB
51666.630 133.1 -37.2 0.4 173 map 8 KPKB
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Table 4.8.: Spectroscopic log of IL Hya (continued)

HJD Phase vrad σrad vrad σrad S/N Rotational Telescope
(24+) (◦) prim. (km s−1) sec. (km s−1) cycle
51667.634 161.2 -49.0 0.4 174 map 8 KPKB
51668.639 189.2 -51.0 0.7 183 map 8 KPKB
51669.650 217.4 -42.6 0.5 180 map 8 KPKB
51670.668 245.8 -25.6 0.4 218 map 8 KPKB
51671.624 272.4 -7.0 0.3 205 map 8 KPKB
51672.625 300.4 12.4 0.3 200 map 8 KPKB

4.4.2. Time-series Doppler imaging

As indicated in table 4.8, the observations from the NSO run are divided into
three blocks. Although five stellar roatations are covered, decent phase-coverage
is only obtained by decreasing the number of blocks. This can be seen in the phase-
diagram in figure 4.25. The observations from the KPNO run 1997/98 span exactly
one rotation and are the set with the best signal/noise ratio and with the best
spectral resolution. The observations from spring 2000 cover two stellar rotations
exactly with one stellar rotation separation, and are thus subdivided into two sets.
This results in six independent data sets spanning almost four years. Together
with the previously published images (Weber & Strassmeier 1998), the Doppler
imaging history of IL Hya spans six years.

Due to contaminations from the secondary star’s Fe I 6409 line, the Fe I 6411 line
could not be used here. The usable spectral lines are therefore the Fe I 6393 line
(KPNO only) and the usual Fe I 6430 and Ca I 6439 lines.

Cross-correlations

Analogous to the other stars observed at NSO in Fall 1996, the long data set was
subdivided into independent subsets, each approximately one stellar rotation pe-
riod long. Here a time window of fifteen days was used instead of the rotation
period to improve the phase coverage, and the median time-difference between to
adjacent subdivisions is three days. This results in 17 different Doppler images
for each of the two mapping lines. Each Doppler image is computed using seven to
twelve observations, depending on the weather-dependent density of the observa-
tions. Doppler-images with a time separation of about one stellar rotation period
(12.9 days) were cross-correlated, producing fourteen cross-correlation maps for
each spectral line region. These cross-correlation maps were corrected to match
exactly the 12.9 days, since the exact time difference between to maps is slightly
random due to varying phase coverage.

For each mapping line, three versions of the average cross-correlation image was
produced. One using all values, one rejecting the highest and lowest two values
(15%) for each pixel, and one rejecting the highest and lowest four values (30%).
The cross-correlation was measured for all three maps fitting a Gaussian profile to
the cross-correlation peak for each longitudinal strip. The difference between the
three measurements represents the errors contained in single line-profiles (3σ).
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Figure 4.27.: Individual Doppler images for the first subset of the NSO 1996 data. The map
from the Fe I 6430 line is shown at the left, the map from Ca I 6439 at the right. Temperature
maps from the individual lines are plotted in a pole-on view and a pseudo-Mercator (top row)
projection where the arrows indicate the spectroscopic phase coverage. The observed and
computed line profiles are shown in the middle row, and observed and computed V and IC-
lightcurves in the bottom row. The pluses and the bars are the observations and the full lines
are the fits. The size of the bars correspond to a ±1 σ error per data point.

The results are listed in row Average cc 1996 of table 4.9. For comparison, all
cross-correlation maps from both spectral line regions are averaged (rejecting the
highest and lowest 15%), the peaks of the cross-correlation functions measured,
and a differential rotation law was fitted to this data (figure 4.34). This result is
listed in row Combined cc 1996 of table 4.9 along with the formal error from fitting
the differential rotation law to the cross-correlation peaks.

We also cross-correlated the images from the KPNO 2000 observing run. The
results for the three usable spectral line regions is shown in figure 4.35. The
three images do not agree well with each other, so it is not a big surprise that the
differential rotation function derived in the next section does not fit the average
cross-correlation image from that data. One reason for this disagreement could be
the far from perfect phase coverage, especially in the first observing block (dubbed
“s7” in section 4.4.2). Another problem arises due to the light from the secondary
star. Most of the time the lines are not influenced by the light from the secondary,
but in time of conjunction the signal size of the secondary is comparable to a spot
signature. This dataset is probably more susceptible to this effect than the 1996
data, since the surface contrast was obviously smaller in 2000 than it was in 1996
(as seen by the decrease of the lightcurve amplitude by a factor of two). Also,
the averaging performed with the 1996 data minimizes this effect. This could be
verified by including a model of the secondary in the Doppler imaging procedure,
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Figure 4.28.: As in figure 4.27 but for the second (middle) subset of the NSO 1996 data.

Figure 4.29.: As in figure 4.27 but for the third (and last) subset of the NSO 1996 data.

but this task is outside of the scope of this work.
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Figure 4.30.: As in figure 4.27 but for the
KPNO 1997/98 data.

Differential rotation measurement using TEMPMAP

Since evidence for differential rotation was found in Weber & Strassmeier (1998)
and in the section above using the NSO 1996 data, an attempt to recover the
differential rotation using the “sheared-image” technique was done. Due to the
availability of a data set with good signal/noise ratio (about 200) and good spectral
resolution (38 000), this star is the only one in this sample except HK Lac where
the differential rotation measurement for the time-series Doppler imaging using
the NSO 1996 data can be confirmed by a second independent data set.

The data set, marked KP5 in table 4.8, was taken during an observing run
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Figure 4.31.: As in figure 4.27 but for the first
part of the KPNO 2000 data.

around New Years day 1998 (Washuettl 1998) and spans 20 days. The phase
coverage is good besides a gap between 180◦ and 250◦ (due to a four day long
bad weather period). Since this data is taken with the old camera at the Coude-
feed telescope, no vignetting is present and therefore the Fe I 6393 line can also
be used. As mentioned earlier, the Fe I 6411 suffers from pollution from the sec-
ondary’s Fe I 6409 line additionally to the secondary’s Fe I 6411 line, since the half-
amplitude of the secondary’s orbit corresponds to approximately the wavelength
separation of these two lines. Thus only the Fe I 6393 line was taken in addition
to the two mapping lines from the NSO run (Fe I 6430 & Ca I 6439).
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Figure 4.32.: As in figure 4.27 but for the sec-
ond part of the KPNO 2000 data.

As described in appendix A.2, we calculated the χ2 of Doppler images for a num-
ber of combinations of Ω0 and Ω1. The χ2-maps resulting from these calculations
are plotted in figure 4.36 for the three different spectral line regions and their av-
erage. Along with the maps, contour lines are shown to make it easier to identify
the structure in the plots. The numerical values, which were measured off these
χ2-maps, are listed in the lower part of table 4.9.

We also reexamined the old data from 1994 (Weber & Strassmeier 1998) to
confirm the original findings using the techniques presented here. It should be
noted however, that the differential rotation measurement in Weber & Strass-
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Figure 4.33.: Cross correlation images of IL Hya using the 1996 NSO data. The data were
splitted into subsections with a length of about ten days and a time separation of three days.
All pairs of images with 12 days (approximately one rotation period) time separation were
cross correlated and averaged. Show at the left is the average cross correlation image for the
Fe I 6430 line, at the right the average cross correlation image for the 6439 (right) line. The
points are the measured cross-correlation peaks with their corresponding error, the solid line
is an average fit. See text for details.

Figure 4.34.: Average cross correlation im-
age of IL Hya. As in figure 4.33, but the cor-
relation images from both spectral line re-
gions. Again, the highest and lowest 15%
pixels were rejected.

meier (1998) was based on two images with about one year time separation, while
here we try to recover it during almost exactly one rotation period (the data span
14 days). This is also in contrast to the previous section about the KPNO 1997
data, which covers an about 50% longer timespan. Remarkably, as seen in fig-
ure 4.37, the results appears to be similar to the one for the 1997 data, but the
signal is weaker. Since the instrument setup was the same and the signal of the
data is comparable, the difference in time-coverage of the data set and therefore
in image shear could have contributed to the degradation of this result. Sum-
marizing, there is some evidence for solar-like differential rotation of the order
of α=0.05. The center of gravity in the average image in figure 4.37 lies approx-
imately at Pequ=12.8 and α=0.05, although the uncertainties are too high for a
conclusive result.

Application of this technique to the combined NSO 1996 data set (figure 4.38)
proved not to be successful. But since this dataset combines the low-resolution
and the low-signal-to-noise handicap, this had to be expected.

The last available dataset for this technique is from the KPNO 2000 observing
run. That consisted of two blocks with each 14 days, separated by another 14 days.
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Figure 4.35.: Cross correlation images of IL Hya using the KPNO 2000 data. From left to right:
the cross correlation image for the Fe I 6393, Fe I 6430 line, Ca I 6439 and the average of those
three maps. The solid line in the average image is the differential rotation function derived in
section 4.4.2. See text for details.

The main motivation for scheduling the observing run like this, was the ability to
perform differential rotation measurement with the cross-correlation technique.
The gap in the data increases the chance that some of the spots on the stellar
surface are rearranged, but spot lifetimes of three stellar rotations are realistic,
since the differential rotation signal in Weber & Strassmeier (1998) was derived
from cross correlating two images about 30 rotations apart. The result is shown
in figure 4.39, and as in the previous paragraphs, there is evidence for a peak in
the χ2 landscape at similar values as found in the 1997/98 data. However, the
uncertainties are much higher, and the main conclusion to be drawn from this
data is that α appears to be roughly between 0 and 0.1. Again, the reasons for the
weakness of the detection can be either the difference in data quality (this data
has a considerably lower spectral resolution) or real changes on the stellar surface
during the observations.

Summary

The results of the differential rotation measurements derived in sections 4.4.2,
section 4.4.2, and Weber & Strassmeier (1998) are listed in table 4.9. All mea-
surements agree in a differential rotation in a solar-type direction (the pole lags
behind the equator). The magnitude of the differential rotation parameter α in-



74 CHAPTER 4. DIFFERENTIAL ROTATION ON LONG PERIOD STARS

−0.1 0 0.1 0.2

12.8

13

13.2

Alpha

Period (days)

Fe1 6393

−0.1 0 0.1 0.2

12.8

13

13.2

Alpha

Period (days)

Fe1 6430

−0.1 0 0.1 0.2

12.8

13

13.2

Alpha

Period (days)

Ca1 6439

−0.1 0 0.1 0.2

12.8

13

13.2

Alpha

Period (days)

Average

Figure 4.36.: χ2 maps for IL Hya using the KPNO 1997 data set and the spectral lines Fe I 6393,
Fe I 6430, Ca I 6439, and the average of those three. Darker values stand for better correlation,
the solid white lines are contours of constant χ2.

Table 4.9.: Differential rotation parameters for IL Hya: Values listed are for the cross-
correlation (cc) analysis done by Weber & Strassmeier (1998), the average for the time series
cross-correlations and for the combined data (see sect 4.4.2) and the result from the sheared-
image analysis (see sect 4.4.2).

Ω0 Ω1 α
cc 1994 28.149 −0.103 0.004
Average cc 1996 28.30±0.11 −0.70±0.77 0.025±0.027
Combined cc 1996 28.43±0.32 −0.69±0.80 0.024±0.028
Sheared 1997/98 28.02±0.11 −0.84±0.84 0.03±0.03

creases gradually from 1994 to 1998. But since all new detections are technically
insignificant (just outside the 3σ limit), and the 1994 measurement is based on
the comparison of two maps with a time separation of 30 stellar rotations, this
can be seen as at most weak evidence towards variable differential rotation.

Concluding, the average differential rotation measurement from the various
data sets and techniques presented here is
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Figure 4.37.: As in figure 4.36, but using the KPNO 1994 data set.

Ω(b) = 28.2± 0.12− 0.74± 0.46 sin2 b

α = 0.026± 0.016. (4.2)

This about a factor of seven less than the sun in terms of α, or a factor of four in
terms of laptime, since 1/Ω1 = Pequ/α.

Comparing the data quality of the various data sets with the quality of the re-
sults, it is becomes clear that for detection of differential rotation both, a high
spectral resolution and a good signal to noise ratio are needed, along with a phase
coverage that either spans two stellar rotations, or at least includes a phase over-
lap of approximately 50%.
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Figure 4.38.: As in figure 4.36, but using the
NSO 1996 data set.
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Figure 4.39.: As in figure 4.36, but using the KPNO 2000 data set.
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4.5. II Peg

4.5.1. Introduction

II Peg (HD 224085, BD+27 4642), like most stars in the sample presented before, is
a very active RS CVn binary star. It shows periodic lightcurve and color variations
which are almost synchronized with the orbital rotation. These variations are
interpreted as starspots rotating in and out of view. An extensive study about the
photometric variability and its history is given in Rodonò et al. (2000).

Owing to its brightness (V=5.m5, see table 4.10) and its fairly convenient rota-
tion period, the star has been Doppler imaged several times already. Hatzes (1993)
presented the first image, while Berdyugina et al. (1998a) presented nine Doppler
images from 1992 to 1996. Six more images were presented in a later publication
(Berdyugina et al. 1999a), where a period of switches between two active longi-
tudes of about 9 years is derived from spot areas and positions measured from the
Doppler images.

Huenemoerder et al. (1989) and Vogt (1981) made quantitative studies of TiO
absorption bands and found that a large fraction of the surface (35-40%) must be
covered with spots. O’Neal et al. (1998), also from TiO studies, conclude, that the
spot filling factor on the surface is almost constant during 3/4 of a stellar rotation
in late 1996, but that the spot temperature changes by about 200 K. A similar
study, but using the OH 1.563µ line by O’Neal et al. (2001) comes to similar results,
deriving starspot filling factors of 0.35 to 0.5 during part of one stellar rotation in
1998.

Table 4.10.: Stellar parame-
ters of II Peg.

Parameter Value
Spectral type K2-3 IV
log g 3.0 ± 0.2
Teff 4600 ± 100 K
V 7.51 mag
(B − V ) 1.007 mag
(V − I) 0.98 mag
v sin i 23.5±1 km s−1

Inclination i 60◦ ±15◦

Distance d 42.3±1.6 pc
Radius R 3.63.23

4.41 R�
Rotation period Porb 6.724333±0.000010 days
Equatorial velocity vequ 27.1±4.3 km s−1

Microturbulence ξ 2.0 km s−1

Macroturbulence ζR = ζT 3.5 km s−1

log[Ca] abundance 0.9 dex below solar
log[Fe] abundance 0.8 dex below solar
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4.5.2. Observations

All observations presented her are from the NSO 1996 observing run. The obser-
vations cover about 10 stellar rotations. To achieve a minimum amount of phase
coverage per Doppler image, the observations were subdivided into 5 blocks (see
table 4.11) with 8–10 observations per block. Due to vignetting and CCD char-
acteristics, only two spectral lines were usable, namely Fe I 6430 and Ca I 6439,
as is the case for most of the stars observed at that observing run. The aver-
age signal to noise ratio achieved was 100, which is barely enough for Doppler
imaging at these low resolutions. The observations were phased with the orbital
period Porb = 6.724333±0.00001 and Tconj = 2449582.9268±0.0055 (Berdyugina et al.
1998b). The distribution of observed phases with the date observed is plotted in
figure 4.40.

Table 4.11.: Spectroscopic log and radial velocity data
(vrad).

HJD Phase vrad σrad S/N Rotational cycle Telescope
(24+) (◦) (km s−1)
2450391.806 104.9 -56.9 1.9 80 map 1 NSO
2450392.700 152.7 -38.7 2.7 100 map 1 NSO
2450393.772 210.1 1.3 2.1 110 map 1 NSO
2450394.799 265.1 16.9 1.8 120 map 1 NSO
2450395.585 307.2 5.5 2.1 120 map 1 NSO
2450396.671 5.4 -25.4 1.9 110 map 1 NSO
2450398.613 109.3 -62.5 1.8 100 - NSO
2450399.816 173.7 -26.5 1.8 120 map 1 NSO
2450400.654 218.6 1.4 1.8 110 map 1 NSO
2450401.655 272.2 17.8 4.7 40 - NSO
2450404.668 73.5 -60.5 2.0 120 map 1 NSO
2450405.641 125.6 -52.8 2.0 120 map 2 NSO
2450406.648 179.5 -21.6 1.9 110 map 2 NSO
2450408.647 286.5 16.4 1.8 110 map 2 NSO
2450409.640 339.7 -11.5 1.7 110 map 2 NSO
2450410.635 32.9 -42.9 2.1 110 map 2 NSO
2450411.643 86.9 -59.9 1.7 110 map 2 NSO
2450412.635 140.0 -46.1 1.6 120 map 2 NSO
2450413.633 193.4 -13.0 1.8 110 map 2 NSO
2450414.614 246.0 12.1 1.5 120 map 3 NSO
2450415.638 300.8 10.8 1.6 110 map 3 NSO
2450416.647 354.8 -20.7 1.6 110 map 3 NSO
2450417.747 53.7 -51.4 1.7 110 map 3 NSO
2450418.792 109.7 -58.8 1.9 110 map 3 NSO
2450419.621 154.0 -37.1 1.8 110 map 3 NSO
2450421.718 266.3 17.3 1.6 110 map 3 NSO
2450422.629 315.0 5.0 1.8 110 map 3 NSO
2450423.636 9.0 -29.2 2.2 100 map 3 NSO
2450424.727 67.4 -58.5 2.0 120 map 3 NSO
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Table 4.11.: Spectroscopic log of II Peg (continued)

HJD Phase vrad σrad S/N Rotational cycle Telescope
(24+) (◦) (km s−1)
2450425.696 119.2 -53.9 2.1 130 map 4 NSO
2450426.714 173.7 -24.4 2.2 120 map 4 NSO
2450429.685 332.8 -4.9 1.8 110 map 4 NSO
2450430.705 27.4 -38.8 1.9 120 map 4 NSO
2450431.590 74.8 -59.7 2.0 110 map 4 NSO
2450432.625 130.2 -50.7 1.9 110 map 4 NSO
2450433.618 183.4 -19.4 2.0 100 map 4 NSO
2450434.626 237.3 8.9 1.6 80 - NSO
2450435.616 290.3 13.1 1.9 100 map 4 NSO
2450436.675 347.1 -15.6 2.0 110 map 5 NSO
2450437.583 35.6 -44.1 1.9 100 map 5 NSO
2450438.683 94.5 -59.2 2.0 110 map 5 NSO
2450439.722 150.2 -44.2 2.1 100 map 5 NSO
2450441.692 255.7 15.0 1.8 120 map 5 NSO
2450445.621 106.0 -58.0 2.0 110 map 5 NSO
2450446.619 159.4 -33.3 2.0 110 map 5 NSO
2450450.708 18.3 -34.8 2.0 110 map 5 NSO
2450451.651 68.8 -57.1 2.4 110 map 5 NSO
2450457.725 34.0 -44.8 1.9 100 map 5 NSO

Figure 4.40.: Distribution
of the rotational phases of
II Peg versus date. The sizes
of the circles are propor-
tional to the S/N ratio of the
spectra, where the average
value is about 100:1.

4.5.3. Time-series Doppler imaging

The most important input parameters used for Doppler imaging are listed in ta-
ble 4.10. Most of them are taken from the very detailed analysis of the physical
parameters by Berdyugina et al. (1998b). The individual Doppler images for each
of the two spectral line regions Fe I 6430 and Ca I 6439 are displayed in figures 4.41
to 4.45. Since the number of phases used for each individual Doppler image is very
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Figure 4.41.: Individual Doppler images from the first data subset of II Peg. The map from the
Fe I 6430 line is shown at the left, the map from Ca I 6439 at the right. Temperature maps from
the individual lines are plotted in a pole-on view and a pseudo-Mercator (top row) projection
where the arrows indicate the spectroscopic phase coverage. The observed and computed line
profiles are shown in the middle row, and observed and computed V and IC-lightcurves in
the bottom row. The pluses and the bars are the observations and the full lines are the fits. The
size of the bars correspond to a ±1 σ error per data point.

low, many features of the resulting maps are dominated by deformations visible
in one single spectrum only. We nevertheless used this subdivision to take advan-
tage of the time resolution of our observations. The shortcomings of this approach
are overcome by averaging many subsets in section 4.5.3.

Comparing these images with the results from Berdyugina et al. (1998a) show
a high degree of agreement. The maps are dominated by two high latitude active
regions at a latitude of approximately 55◦ and longitudes of 20◦ and 250◦, respec-
tively. Comparing the five average maps for the respective data blocks (figure 4.46)
with the total average map (figure 4.47) one finds a lot of similarities. The domi-
nating feature is always a big spot at about ` ≈250◦, one spot is at lower latitudes
a little right of that ( ` ≈320◦, b ≈30◦), and a series of weaker feature (sometimes
merged to one) extends from 0◦ to ` ≈120◦. But it is obvious that the small differ-
ences between these maps are dominated by noise and not by real changes on the
stellar surface. In the following chapter, the spot evolution is described in more
detail. It becomes clear that there is good evidence for systematic changes on the
stellar surface, but that the comparison of two consecutive images does not reveal
its true nature.
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Figure 4.42.: As in figure 4.41 but for the second subset.

Figure 4.43.: As in figure 4.41 but for the third subset.

Cross-correlation analysis

Variation of the stellar surface that happen on timescale of approximately one
stellar rotation (i.e. differential rotation, see appendix A.2) can be analyzed us-
ing the cross-correlation technique. Two Doppler images are compared by cross-
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Figure 4.44.: As in figure 4.41 but for the fourth subset.

Figure 4.45.: As in figure 4.41 but for the fifth subset.

correlating the longitudinal temperature distribution for each latitude strip (5◦
in our case). The result is one cross correlation function for each latitude, which
is usually displayed as a two-dimensional map. Figure 4.48 shows two example
cross correlation images for II Peg. The cross-correlation derived from two consec-
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Figure 4.46.: Average Doppler images from both spectral lines for each of the five subsets.

Figure 4.47.: Average Doppler image of II Peg. This is the average from both spectral regions
for all of the five subsets.

Figure 4.48.: Example cross correlation images of II Peg: Left. Cross-correlation of the average
Doppler images for the first two sets. Right. Cross-correlation of the combination of the first
two sets with a combination of sets three and four. The solid line marks the differential rotation
curve derived from the average cross-correlation images.

utive Doppler images (figure 4.48, left) shows very little systematic changes. The
solid line plotted on top of the cross-correlation maps corresponds to a differential
rotation law derived later. The other plot (figure 4.48, right) is derived by merging
the first and second two data blocks to again consecutive, but now larger datasets
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with a larger average time separation. Here, systematic effects start to appear in
the cross-correlation image. The overplotted line seems to be in agreement with
the image now. But it is clear from these to examples, that it is difficult to de-
rive a reliable differential rotation law by cross-correlating the available Doppler
images.

a. Fe I 6430 b. Ca I 6439

c. Average

Figure 4.49.: Average cross correlation im-
ages for Fe I 6430 (left), and Ca I 6439 (right)
spectral line regions. All data was divided
up into ten days long sections, each in av-
erage two days apart from the last. Each
pair of these 27 images that has a time dif-
ference of about one period was cross corre-
lated, and the 25 cross-correlations obtained
that way averaged (see text).

To overcome these problems, the data are subdivided into 26 subsets which span
ten days each and are separated from each other by two days. We then select
those subsets which are separated from each other by approximately one stellar
rotation (namely subset one & subset four, subset two & subset five, etc.) and
compute their cross-correlation image. Each of these images is corrected for small
differences in time separation. Finally all resulting cross-correlation images are
averaged using a routine that reject the highest and lowest three values (≈15%)
for each pixel. The resulting average cross-correlation images for each of the two
spectral regions and for the combination of both are shown in figure 4.49.

The results for the two individual lines and for the combination these are en-
couragingly similar. The numerical results of the fit of a solar like differential
rotation law to the cross-correlation images from figure 4.49 are summarized in
table 4.12. In all cross-correlation plots the average cross-correlation fit from
that table is shown along with the measurements of the cross-correlation peaks
per latitude bin. Although the fit matches the measurements well, it seems to
oversimplify the spot evolution scheme. If the cross-correlation images have this
horizontal-“W”-shaped form because of the crosstalk between the neighboring lat-
itudes (a shortcoming of the Doppler imaging technique which results in root-of-
the-tooth shaped spots), or because there really are two different surface shear
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mechanism at work is not clear. But it could be possible that a surface differential
rotation is superimposed by migrating active longitudes.

Differential rotation measurement using TEMPMAP

As demonstrated in the previous chapters, it is also possible to use differential
rotation inside of TEMPMAP instead of the standard rigid rotation model. This
influences both, the shape of the integrated line profiles and the positions of the
spots with time. Since all the data available for II Peg is the NSO 1996 data, no
significant results are expected here due to the shortcomings of the data. A good
reference for the influence of data quality is IL Hya (chapter 4.4), because of the
wealth of different instruments used for collecting its spectroscopic observations.
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Figure 4.50.: χ2 maps using the the individ-
ual Fe I 6430 and Ca I 6439 line regions, as
well as the combined data set.

All spectra were combined into one dataset and a global parameter search was
done for each of the two spectral line regions. The results together with the com-
bined image are shown in figure 4.50. Due to the limited spectral resolution and
signal to noise ratio, no minimum could be detected. The image just reveals the
fact, that there is a linear relation between α and Pequ in case of a pronounced
spot-latitude. Surprisingly, the slope of that relation is very small, compatible to
a single spot at about 30◦ which is a lot smaller than the actual latitude at which
most spots are visible.
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As outlined in the previous section, it is possible that the pattern of the surface
shear is more complicated than a simple sin2-law. Unfortunately, the quality of the
data does not really allow us to rule out the simple solar-like differential rotation
law.

Summary

Table 4.12.: Differential rotation parameters derived from cross-correlation. Rows Fe I 6430
and Ca I 6439 list the average results for the respective spectral line regions with 3σ errors,
Average values are the average results from both of these regions, and Combination is a fit to
the combination of all cross-correlation images with the formal error of the fit.

Ω0 Ω1 α
Fe I 6430 55.65±0.11 −3.40±0.62 0.061±0.011
Ca I 6439 54.81±0.13 −1.02±1.64 0.019±0.030
Average 55.23±1.37 −2.21±4.06 0.040±0.074
Combination 54.86±0.32 −1.14±0.80 0.021±0.015

Even though the exact quantity of the differential rotation determined here is
not very accurate, the direction and the order of magnitude is well established.
The direction is in the same as in the solar case, everything else would have been
a big surprise, since no anti-solar differential rotation has been found yet for a
star with a roughly similar evolutionary stage as the sun. Rodonò et al. (2000)
finds a (relative) differential rotation of α=0.015 compatible with their photomet-
ric results. Just using the information from the active longitudes however, the
differential rotation would decrease to 0.00023. The value α=0.0045 derived by
Henry et al. (1995b), again using photometric data to track long-lived features,
lies in the middle between the former two measurements. All of these measure-
ments are compatible with the value of α=0.020 to 0.06 we derive from applying
the cross-correlation technique to our NSO 1996 data.
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4.6. HK Lac

4.6.1. Introduction

HK Lac (HD 209813, BD+46 3572) is a well observed star that has been photomet-
rically monitored since the detection of its lightcurve variability. It’s long term
photometric variability is examined in (Oláh et al. 2000), were two possible cy-
cle periods (6.8 and 13 years) are detected. A more thorough description of the
photometric history of HK Lac can be found in (Oláh et al. 1997) and (Olah et al.
1985).

Physical parameters

Table 4.13.: Stellar parame-
ters of HK Lac.

Parameter Value
Spectral type K0 III
log g 2.5 ± 0.5
Teff 4800 ± 100 K
Vmax 6.65 mag
(B − V ) 0.936 ± 0.03 mag
(V − I)C 1.006 ± 0.03 mag
v sin i 24 ± 1km s−1

Inclination i 75◦ 10± ◦

Distance d 151±14 pc
Radius R 12±1 R�
Rotation period Porb 24.42868 ± 0.00023 days
Microturbulence ξ 2.0 km s−1

Macroturbulence ζR = ζT 4.0 km s−1

log[Ca] abundance 1.1 dex below solar
log[Fe] abundance 1.0 dex below solar

Differential photometric properties are taken from (Oláh et al. 1997), absolute
photometric magnitudes of the reference star HD 210731 from (Hauck & Mermil-
liod 1990). We adopted 4800 K Oláh et al. (1997) as effective temperature of the
unspotted photosphere. An inclination of 75◦, somewhat larger than the value es-
timated by (Stawikowski 1994), is chosen. Comparing the minimal radius derived
from the rotation period and the equatorial rotational velocity with the radius de-
rived from the Hipparcos distance and the photometric data, one gets disagreeing
results. To keep the disagreement as small as possible, we chose to use an incli-
nation of 75◦, which is just small enough not to be form an eclipsing binary. Also,
the results from Doppler imaging (see section 4.6.3) suggest a value above 70◦ for
the inclination angle. The stellar parameters are collected in table 4.13.

4.6.2. Observations

Most of the spectroscopic observations (marked NSO in column Telescope of ta-
ble 4.14) were obtained at the National Solar Observatory (NSO) with the Mc-
Math-Pierce main telescope between October 31, 1996 and January 8, 1997. The
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Figure 4.51.: Distribution
of the rotational phases of
HK Lac versus date. The
sizes of the circles are pro-
portional to the S/N ratio of
the spectra, where the aver-
age value is about 100:1.

record of the rotational phases (period= days and ephemeris= see sect...) versus
the day of observation is shown in Fig. 4.51. Additional spectra in the 6430-Å
region along with corresponding reference spectra, were obtained at Kitt Peak
National Observatory (KPNO) with the coudé feed telescope and the TI-5 CCD in
December 1997/January 1998 (marked KPNO/TI-5 in table 4.8). The radial veloc-
ity measurements (see column vrad in table 4.14) were obtained using the following
velocity standards: β Gem (K0III, vr = 3.3 km s−1) for the KPNO spectrum from
JD 2450820 and 2450821, 16 Vir (K0.5III, vr = 35.7 km s−1) for the KPNO spectra
from JD 2 450 918, and α Ari (K2III, vr = −14.3 km s−1) for all remaining KPNO
and all NSO spectra.

Due to the low average radial velocity of this system, the Fe I 6411 is not vi-
gnetted on any of our observations. We therefore have three usable lines here for
the NSO 1996 dataset. Unfortunately, the bad column in the Ca I 6439 region is
inside the line on most exposures. Results from this regions are therefore to be
taken with care, since the removal of the bad pixels (attempted only here due to
the high number of affected exposures) produced small pseudo-absorption bumps
similar to those of starspots.

Table 4.14.: Spectroscopic log and radial velocity data
(vrad).

HJD Phase vrad σrad S/N Rotational cycle Telescope
(24+) (◦) (km s−1)
2450390.818 323.1 0.0 1.4 50 - NSO
2450391.609 334.7 10.8 1.1 90 map 1 NSO
2450392.601 349.3 6.2 1.2 100 - NSO
2450393.601 4.1 15.2 1.0 100 - NSO
2450394.601 18.8 10.8 1.1 100 map 1 NSO
2450395.632 34.0 7.6 1.3 110 map 1 NSO
2450396.609 48.4 3.1 1.3 110 map 1 NSO
2450398.651 78.5 -14.9 1.2 100 map 1 NSO
2450399.599 92.5 -24.3 1.3 120 map 1 NSO
2450400.591 107.1 -32.1 0.9 110 map 1 NSO
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Table 4.14.: Spectroscopic log of HK Lac (continued)

HJD Phase vrad σrad S/N Rotational cycle Telescope
(24+) (◦) (km s−1)
2450401.591 121.8 -40.0 1.3 100 map 1 NSO
2450402.613 136.9 -47.1 1.4 100 map 1 NSO
2450404.602 166.2 -58.5 1.6 100 map 1 NSO
2450405.587 180.7 -58.6 1.6 100 - NSO
2450406.592 195.5 -55.2 1.5 100 map 1 NSO
2450407.591 210.2 -53.7 1.4 110 map 1 NSO
2450408.597 225.1 -42.8 1.7 110 map 1 NSO
2450409.583 239.6 -40.3 1.1 100 map 1 NSO
2450410.609 254.7 -29.3 1.2 110 map 1 NSO
2450411.581 269.0 -22.9 1.0 110 map 1 NSO
2450412.577 283.7 -16.0 1.0 120 map 1 NSO
2450413.574 298.4 -7.0 0.7 100 map 1 NSO
2450414.579 313.2 0.1 0.8 100 map 1 NSO
2450415.576 327.9 6.5 0.9 100 map 2 NSO
2450416.587 342.8 9.2 1.0 110 map 2 NSO
2450417.644 358.4 13.0 1.0 100 map 2 NSO
2450418.626 12.9 11.3 1.0 120 map 2 NSO
2450419.568 26.7 8.2 1.2 100 map 2 NSO
2450420.571 41.5 3.5 1.1 110 map 2 NSO
2450421.579 56.4 -2.6 0.9 100 map 2 NSO
2450422.572 71.0 -10.6 1.1 110 map 2 NSO
2450424.585 100.7 -26.1 1.3 110 map 2 NSO
2450425.573 115.2 -35.6 1.2 110 map 2 NSO
2450426.596 130.3 -42.3 1.4 110 map 2 NSO
2450427.575 144.7 -48.7 1.4 110 map 2 NSO
2450429.574 174.2 -55.5 1.2 110 map 2 NSO
2450430.575 189.0 -55.0 1.1 110 map 2 NSO
2450432.572 218.4 -49.8 1.2 120 map 2 NSO
2450433.552 232.8 -43.1 1.1 110 map 2 NSO
2450434.571 247.8 -35.0 1.5 120 map 2 NSO
2450435.575 262.6 -26.9 1.1 120 map 2 NSO
2450436.604 277.8 -17.4 1.3 120 map 2 NSO
2450437.555 291.8 -9.5 1.0 100 - NSO
2450440.584 336.4 9.6 1.1 100 - NSO
2450441.573 351.0 11.6 1.3 100 - NSO
2450446.567 64.6 -8.2 1.1 110 - NSO
2450447.596 79.8 -19.6 1.6 80 - NSO
2450450.579 123.7 -41.9 1.4 100 - NSO
2450451.571 138.4 -47.4 1.5 100 - NSO
2450453.588 168.1 -50.8 2.3 50 - NSO
2450457.590 227.1 -46.7 1.4 100 - NSO
2450809.663 15.5 8.6 1.7 140 map 4 KPNO/TI-5
2450810.626 29.7 7.3 1.3 140 map 4 KPNO/TI-5
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Table 4.14.: Spectroscopic log of HK Lac (continued)

HJD Phase vrad σrad S/N Rotational cycle Telescope
(24+) (◦) (km s−1)
2450812.621 59.1 -4.9 1.9 80 map 4 KPNO/TI-5
2450813.621 73.8 -13.4 0.8 140 map 4 KPNO/TI-5
2450814.626 88.7 -20.8 0.5 140 map 4 KPNO/TI-5
2450816.617 118.0 -38.4 0.8 150 map 4 KPNO/TI-5
2450819.687 163.2 -56.1 1.2 100 map 4 KPNO/TI-5
2450820.638 177.3 -57.2 0.7 150 map 4 KPNO/TI-5
2450821.617 191.7 -56.5 0.6 140 map 4 KPNO/TI-5
2450825.668 251.4 -32.2 0.5 150 map 4 KPNO/TI-5
2450826.650 265.8 -24.4 0.8 140 map 4 KPNO/TI-5
2450829.620 309.6 -0.1 0.5 130 map 4 KPNO/TI-5
2450832.592 353.4 11.2 0.6 130 map 4 KPNO/TI-5
2450832.592 353.4 11.2 0.6 130 map 4 KPNO/TI-5
2450917.998 172.0 -57.4 0.5 - - KPNO/F3KB

4.6.3. Time-series Doppler imaging

Due to the long rotation period, only two independent Doppler images can be con-
structed with the NSO 1996 data set, see column Rotational cycle in table 4.14.
A few observations with an acceptable quality are left out here, but will be used
in section 4.6.3 to lengthen the baseline of the observations. Unfortunately, a
cosmetic defect on the CCD-chip affects the Ca I 6439 region of most of the spec-
tra. We therefore don’t use this line for average Doppler images displayed in
figures 4.56 and 4.57.

The distribution of the spots in the average maps of the two rotations covered by
the NSO 1996 data is similar, but a phase shift is noticeable. We used the orbital
period to compute this map, and it is obvious that the photosphere does not rotate
with that exact period. From looking on those maps it appears to be impossible to
extract differential rotation information, since the spots are located at a narrow
latitude band around 50–60◦. The image from the dataset taken one year later
also has most of the spots at approximately 60◦, but they are more concentrated
longitudinally at ` ≈ 150◦. There are also some spots at the equator, something
that is totally absent in the 1996 maps.

Comparing the average maps from the two seasons, it can be noted that the
variation of the lightcurve amplitude form about 0.m1 in 1996 to 0.m2 in 1997/98 is
due to a higher spot concentration in the latter case. The longitudinal separations
of the spots are compatible with the approximately 120◦ reported by Oláh et al.
(1997) using photometric two-spot modeling. But the picture seems to be more
complicated, and there is no polar cap visible in our Doppler images. The majority
of the observed spots is at higher latitudes than on the sun, but they are isolated
and do not quite reach the pole.
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Figure 4.52.: The Doppler images for the
first part of the NSO 1996 dataset. The dis-
crepancy in between the Ca I 6439 and the
other two maps is due to a cosmetic defect
of the chip, which, unfortunately, affects al-
most all spectra of HK Lac in that region. We
therefore did not use this line for the aver-
age maps used in the cross-correlation sec-
tion.

Cross-correlations

The cross-correlation images of the individual Doppler images are not very con-
clusive, and are therefore omitted here. We try to use the recipe of adding cross-
correlation images of subframes as described earlier. 21 subsets of the NSO 1996
data sets were formed, each spanning approximately one stellar rotation period.
A total of 15 cross-correlation images were derived from these subsets for each of
the three spectral regions by correlating the first with the seventh subset-image,
the second with the eighth subset-image and so on. The (all together 45) images
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Figure 4.53.: Same as figure 4.52, but for the
second part of the NSO 1996 dataset.

we obtained this way were then averaged, where the lowest and highest 15% (=2)
of the pixels were rejected.

Figure 4.58 shows the average cross-correlation images for each spectral region
and for the grand-average of those three. The positions of the peaks of the cross-
correlation functions are marked with a dot and an error bar proportional to the
FWHM of the Gaussian fit used to obtain that value. The thick solid line also
shown in these graphs is the differential rotation function for α=−0.05, a value
that is derived as plausible in the next section.

All four cross-correlation images show a trend for anti-solar differential rota-
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Figure 4.54.: The Doppler images for the KPNO 1996/97 dataset.

tion, but no simple sin2 function can be seen in the images. The smoothest trend is
seen in the average image, which suggests that the signal is either buried in the
noise of the data or masked by spot variations happening at timescales below two
rotations. The Ca I 6439 image should not be taken too seriously, since it suffers
from a CCD-chip defect that produces spurious spots in some cases. Along with
the Gaussian-fits to the cross-correlation functions, a differential rotation law cor-
responding to α=−0.05 is plotted in figure 4.58 to demonstrate that it would fit the
data. The only conclusions that can be drawn from these images are, that there
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Figure 4.55.: Parameter variation of the
inclination angle using the KPNO 1997/98
data set. The minimum appears to be some-
what bigger than 70◦, we adopted 75◦ (see
text).

Figure 4.56.: The average Doppler images for the NSO 1996 data set. Each of the two images
is the average of two Doppler images from the Fe I 6411 and Fe I 6430 spectral regions, respec-
tively. The images from the Ca I 6439 regions were not used due to the CCD-chip defect that
influences almost all of the spectra in that region.

Figure 4.57.: The average Doppler image
for the KPNO 97/98 data set. The image
was averaged from the Fe I 6393, Fe I 6411,
Fe I 6430, and the Ca I 6439 line regions.

seems to be spot-variations on very short time scales, since the technique used
here recovered differential rotation on other stars with comparable data quality.
But the fact that the average cross-correlation image appears to be more system-
atic than the individual ones suggests that besides these short-term spot varia-
tions there is latitude-dependent differential rotation in a anti-solar sense.

Differential rotation measurement using TEMPMAP

In order to detect surface evolution or differential rotation with the cross corre-
lation method, one needs two consecutive images. In the case of HK Lac this
means almost two months of daily observations. The dataset of HK Lac collected in
1997/98 spans exactly one rotation period, thus it can not be used this way. Since
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Figure 4.58.: Cross correlation images of HK Lac using the NSO 1996 data set and the spectral
lines Fe I 6411, Fe I 6430, Ca I 6439, and the average of the first two. Each image is the average of
15 individual cross correlation that were computed from 21 subsets of the data, each spanning
approximately one rotation period. The thick solid line represents a differential rotation law
with α=−0.05. See text for details.

it has a slightly higher spectral resolution and significantly higher signal/noise
ration, we attempted to find the correct differential rotation value by introduction
of the differential rotation parameter α as an external parameter for our Doppler
imaging code TEMPMAP.

We constructed a two-dimensional parameter space with α and Pequ, and varied
α from −0.25 to 0.1, and Pequ from 23.8 to 24.8 days. For each parameter pair one
Doppler image was computed and the quality of the fit to the spectral data (χ2)
was chosen as a quality measure. The results are shown in figure 4.59 for the four
individual spectral line regions available for this data set. The results are compa-
rable, but it is hard to draw a firm conclusion out of these four images. All of them
prefer negative values for α, but the equatorial period is not very well constrained.
This can be explained by the dominance of the Doppler image (see figure 4.56 and
4.57) by one large spot at approximately 60◦ latitude. Such a single spot would
create an almost vertical line (slightly tilted forward) in a χ 2 map (see figure A.7
as an illustration). Averaging these four images (figure 4.60) brings this effect out
more clearly. There seems to be evidence for a minimum at Pequ=24.2±0.2 and
α=−0.05±0.05, but this result needs to be confirmed using more suitable data. As
noted in section A.2.3, the signal expected from the differential rotation is compa-
rable or less than the signal/noise ratio in our spectra. Averaging the four regions
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increases the signal a little, but spectra with a signal/noise ratio of at least 300
should be obtained for verifying these results.
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Figure 4.59.: χ2 maps using the KPNO 1997/98 data set. From top left to bottom right:
Fe I 6393, Fe I 6411, Fe I 6430, and the Ca I 6439 line.

4.6.4. Summary

The cross correlation analysis of the NSO 1996 results for HK Lac are not very
conclusive. A small anti-solar differential rotation is detected in the two more
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Figure 4.60.: Average χ2 map of
HK Lac. The solid lines are con-
tours of equal χ2. The landscape
resembles that of a star with a
single spot at about 60◦ (see sec-
tion A.2.2), but it is slightly con-
centrated at α ≈ −0.05.

reliable lines (as mentioned above the Ca I 6439 results are unreliable and listed
only as a comparison), but the errors are almost one order of magnitude bigger
than the differential rotation (see table 4.15).

Table 4.15.: Derived differential rotation parameters from cross correlation analysis for HK Lac

Ω0 Ω1 α
Ca I 6439 14.969 −1.084 0.0724
Fe I 6430 15.094 0.399 −0.0264
Fe I 6411 15.070 0.098 −0.0065
Average map 15.071 0.019 −0.0012
χ2 14.88 ± 0.25 0.74 ± 0.74 −0.05 ±0.05

The results from the KPNO 1997 data are more significant, but still not fully
conclusive. The most likely rotation period is 24.2±0.1 days with a differential
rotation parameter α of −0.05±0.05 (see table 4.15 and figures 4.59 and 4.60).
Unfortunately, this data set is not long enough to provide a sufficient overlap to
fully restrict the rotation period. This limitation causes the image in figure 4.60 to
be more vertically elongated (cf. appendix A.2.2). Together with the results from
the cross correlation analysis, this can be seen as strong evidence for anti-solar dif-
ferential rotation, but to derive conclusive results, data spanning approximately
two stellar rotation with better signal-to-noise ratio and with higher spectral res-
olution are needed.
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4.7. More stars from NSO 1996

Only a subset of the stars that were observed at NSO in 1996 are presented in
this work. Some of them have more complex physical properties (e.g. double-lined
binaries or stars showing an ellipticity effect) and are therefore still being worked
on. Another sample of stars have been published already and the important phys-
ical parameters are summarized in this chapter. All of them share the same long
observational baseline, but also share the same instrumental peculiarities. The
techniques and computer programs used are essentially the same as for the stars
presented in the preceding chapters, therefore I refer the reader to the descrip-
tions that are written there.

4.7.1. KU Peg

Introduction

KU Peg (HD 218153) has been covered in a fairly recent paper by (Weber & Strass-
meier 2001). Since there is no new data available to present, I restrict myself to
repeat the basic stellar parameters in table 4.16. An image of the star showing the
direction and magnitude estimates of surface flows is given in figure 4.61. In sec-
tion 4.7.1, the cross-correlation analysis is repeated using the technique described
in the previous chapters since averaging several cross correlation functions helps
to reduce noise and thus should lead to a more precise measurement.

Figure 4.61.: The average
Doppler image from the
first rotation of KU Peg in
orthographic projection at
phase zero. The size and the
direction of the arrows indi-
cate the surface flows result-
ing from cross correlations.
The basis for the cross cor-
relations are the average im-
ages from the first and sec-
ond rotation, respectively.
The longitudes and lati-
tudes at which the arrows
are drawn are arbitrary be-
cause the net shifts were
computed from all longi-
tudes and latitudes (Weber
& Strassmeier 2001).

Time-series Doppler imaging

(Weber & Strassmeier 2001) performed a cross-correlation analysis of two con-
secutive images of KU Peg. Evidence for poleward flows and for anti-solar differ-
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Table 4.16.: Stellar parame-
ters of KU Peg.

Parameter Value
Spectral type G9–K0 II-III
log g 2.5 ± 0.5
Teff 4700 ± 150 K
Vmax 7.m61
(B − V ) 1.m13 ± 0.m02
(V − I) 1.m17 ± 0.m01
v sin i 28.2 ± 0.7km s−1

Inclination i 50◦ ± 10◦

Distance d 188+38
−28 pc

Radius R 18+4
−3 R�

Rotation period Porb 24.96±0.04 days
Microturbulence ξ 2.0 km s−1

Macroturbulence ζR = ζT 4.0 km s−1

log[Ca] abundance 1.0 dex below solar
log[Fe] abundance 0.6 dex below solar

ential rotation was found. Using the same dataset, I applied the average cross-
correlation technique as in the other stars presented here. The dataset spanning
more than two stellar rotations was divided into 21 subsets of approximately one
rotation period in length and with a time distance between neighboring sets of
three days in average. Image pairs with a similar time difference were then cross-
correlated, and the cross-correlation function normalized to a time difference of
one rotation period. A total number of 15 cross correlation images was obtained
for each of the two available spectral lines, namely Fe I 6430, and Ca I 6439.

For each of the spectral lines and for the combined sample, the cross-correlation
images were averaged. The 15% highest and lowest pixels (2 for the individual
lines, 5 for the combined set) were rejected in the averaging process. For the
three cross-correlation functions obtained that way, the peak of the correlation
function for each latitude was measured using a Gaussian function. The resulting
images with the cross-correlation peaks and their corresponding error are shown
in figure 4.62. The parameters obtained by fitting a solar-type differential rotation
pattern (see equ. A.1) are listed in table 4.17, and the function corresponding to
the combined images in overplotted in figure 4.62.

The results from the time-series cross-correlation analysis confirms the result
obtained by Weber & Strassmeier (2001). The average differential rotation law
found is Ω(b) = 15.14−0.47 sin2 b (see table 4.17) and thus even a little smaller than
the lower boundary established there. The absolute number has to be taken with
caution, since the magnitudes of differential rotation are easily underestimated,
mainly due to the equator-ward elongation of the reconstructed spots. The double-
peaked shape of the cross-correlation function is clearly visible in both spectral
lines and indicates that the surface motion pattern is more complex than a simple
sin2 pattern. But to make firm conclusions, observations with higher signal level
and higher spectral resolution are necessary. The same holds true for application
of the “sheared image” technique.
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Figure 4.62.: Average cross-correlation im-
ages for the individual lines Fe I 6430 and
Ca I 6439, and for the combination of the
two. The data points shown are Gaussian
fits measured from the cross-correlation
functions shown, the solid line is a fit to
the data of the combined cross-correlation
measurements.

Table 4.17.: Summary of the dif-
ferential rotation measurements
for KU Peg

Ω0 Ω1 α
Ca I 6439 15.1476 −0.5633 0.037
Fe I 6430 15.1446 −0.3828 0.025
Combined 15.1279 −0.4594 0.030
Average 15.14±0.03 −0.47±0.3 0.03±0.03

4.7.2. HD 31993

As for KU Peg, Doppler imaging results using the data presented here have been
published recently (Strassmeier et al. 2003). The basic stellar parameters are
listed in table 4.18, while the average surface map is shown in figure 4.63. This
section therefore focuses on the different techniques used to derive a reliable dif-
ferential rotation law.

Figure 4.63.: The average
Doppler image for both
spectral regions and both
rotations of HD 31993.
(Strassmeier et al. 2003).
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Table 4.18.: Stellar parame-
ters of HD 31993.

Parameter Value
Classification K2III, single star
Distance (Hipparcos) 238+83

−49 pc
Luminosity, L 97+94

−36 L�
log g 2.5+0.23

−0.42

Teff 4500±25 K
(B − V )Hipparcos 1.254±0.015 mag
(V − I)Hipparcos 1.21±0.02 mag
v sin i 33.2±0.5 km s−1

Inclination, i 65±10◦

Period, Prot 25.3±0.3 days
Radius, R 166

−4R�
Microturbulence, ξ 2.0 km s−1

Macroturbulence, ζR = ζT 3.0 km s−1

Chemical abundances solar (adopted)

Differential rotation

As for most stars observed at NSO in 1996, the two spectral line regions Fe I 6430
and the Ca I 6439 were used to compute Doppler images. Due to the very long
rotation period of more than 25 days, exactly two independent data sets could be
constructed, each covering about one stellar rotation. The overall spot distribution
can be seen in figure 4.63, where all four Doppler images were averaged. The
image shows very little temperature variations compared to the other stars in our
sample. Since the lightcurve amplitude of this star was only about 0.01 mag at the
time of the spectral observations, very low surface activity was expected. Most of
the spots seem to be concentrated belt-like in an intermediate latitude range

By cross-correlation of the consecutive images, changes in the spot pattern on
timescales of one stellar rotation can be tracked. For each latitude, the longitu-
dinal band of one image is cross correlated with the corresponding band of the
subsequent image. Plotting the cross-correlation functions over latitude again
form an image (see figure 4.64). The peak of each cross-correlation function is
then fitted with a Gaussian, and if one assumes a solar-type differential rotation
law, the differential rotation parameter α and the equatorial rotation rate can be
measured by a least-squares fit to that data points.

Estimating the errors in the differential rotation measurement

Since only two stellar rotations are available, the result can not be verified. We
therefore chose to test the magnitude of the differential rotation by using a Monte-
Carlo approach. This has the additional effect of obtaining an error estimate.

We chose to leave out one to four spectroscopic phases for each of the two spec-
tral line regions for each of the two stellar rotations. Randomly, 50 combinations
of phases were chosen for each of the four available images. Then cross-correlated
corresponding pairs of images (again randomly chosen) for the first rotation with
images from the second stellar rotation. We then end up with 50 cross correla-
tion images and for each of those images we measured the positions of the peak of
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Figure 4.64.: Cross corre-
lation image of HD 31993.
The grey scale image is an
average image of 100 Cross-
correlations derived from
Monte-Carlo variations of
the maps for the two stel-
lar rotations. The dots are
the cross-correlation peaks
averaged over all cross-
correlations, the shaded are
the corresponding uncer-
tainty. The solid line is
a least-squares fit of a so-
lar differential rotation law
(Ω(b) = 13.87 + 1.73 sin2 b).
See text for details.

the cross-correlation function for each latitude. The average of those 50 measure-
ments gives the average longitudinal shifts per latitude bin, while the standard
deviation is a measure of the uncertainties of those shifts. The result is plotted
in figure 4.64 along with the corresponding (anti-)solar differential rotation law
Ω(b) = 13.87± 0.22 + (1.73± 0.67) sin2 b. This corresponds to a differential rotation
parameter α=−0.125±0.050.
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4.8. Discussion

Differential rotation has been measured for a number of stars in the past using
various techniques. One early attempt to study the possible dependence of dif-
ferential rotation with rotational period and Rossby number was done by Hall
(1991). They track the periodic lightcurve variations of a sample of more than 80
stars over several decades. Changes of the period are attributed to the fact that
due to differential rotation, spots located on different latitudes rotate with a dif-
ferent period. To convert the so obtained δP and Prot to the differential rotation
parameter α, one only needs to apply a correction about the latitudinal distribu-
tion of the spots (Hall & Henry 1994). If the spots were distributed evenly over the
whole star no correction needs to be applied, but if only two spots are assumed a
correction factor of two would have to be applied. Intermediate cases would be cor-
rected with intermediate factors. The result is an exponential correlation between
α and Prot where the exponent is 0.79±0.06 (with an additional term involving the
Roche filling factor). Henry et al. (1995a) updated that sample and extended it
with four more stars and get a very similar result (see figure 4.65):

log α = −2.12(±0.12) + 0.76(±0.06) log Prot − 0.57(±0.16)F (4.3)

F is a Roche filling factor which anti-correlates with the differential rotation pa-
rameter. Close binaries are thus expected to rotate almost rigidly, as do very fast
rotators.

Figure 4.65.: The correlation between the dif-
ferential rotation parameter α (=k′) and the
rotation period from Henry et al. (1995a).
The slope of the regression curve is 0.76±0.06
(see text).

Figure 4.66.: The correlation between the dif-
ferential rotation parameter (δP is a lower
limit for α×Prot) and the rotation period from
Donahue et al. (1996). The slope of the regres-
sion curve is 1.3±0.1, transforming to 0.3±0.1
in the α - Prot parameter space (see text).
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Donahue et al. (1996) used the Ca II H&K fluxes from the Mount Wilson study to
look for variations in the rotation periods between the seasons. Many of the stars
observed in this study show cyclic activity variations on short and long time scales,
which are interpreted as rotation period and activity cycle period, respectively.
They argue that the variation of the rotation period δP is a lower limit for the
differential rotation parameter α, similar to the photometric study above. The
main difference is, that the stars in that sample are selected being solar-type, and
are therefore mostly main sequence stars. The result (reproduced in figure 4.66)
shows a similar behavior as found above, but with a significantly smaller slope.
This could be due to the systematic distributions of G stars being mostly short
period, and K stars being mostly long period stars. Models for main sequence stars
shown (Kitchatinov & Rüdiger 1999) that the slope is smaller for later spectral
types, which could (at least qualitatively) explain the discrepancy.

Table 4.19.: A summary of differential rotation measurements and basic stellar parameters.
The values are from 1: Donati et al. (2000), 2: Wolter (2004), 3: Donati & Collier Cameron
(1997), 4: Barnes et al. (2000), 5: Donati et al. (2003), 6: Korhonen et al. (2004), 7: Petit et al.
(2004), 8: Oláh et al. (2003), 9: Vogt & Hatzes (1991), 10: Strassmeier (1994), 11: Newton &
Nunn (1951). A dash (–) marks stars discussed in the previous chapters. See text.

Star Prot α Teff B − V R0 bin ref
LQ Lup 0.3100 ± 0.0002 0.0064 ± 0.001 5750 0.690 0.01517 n 1
HD 197890 0.380 ± 0.004 0.004 ± 0.002 5200 0.920 0.01765 n 2
AB Dor 0.5130 0.0046 5000 0.830 0.02334 n 3
PZ Tel 0.9450 0.0113 ± 0.002 5240 0.780 0.04407 n 4
LQ Hya 1.570 ± 0.004 0.048 ± 0.050 5070 0.933 0.07196 n 5
FK Com 2.376 ± 0.002 0.018 ± 0.003 5000 0.880 0.07653 n 6
HR 1099 2.825 ± 0.005 0.010 ± 0.005 4800 0.920 0.06304 y 5
HD 199178 3.25 ± 0.06 0.04 ± 0.01 5400 0.790 0.11192 n 7
UZ Lib 4.7683 ± 0.0007 -0.0026 4800 1.025 0.15031 y 8
UX Ari 6.40 -0.020 ± 0.002 4875 0.900 0.14400 y 9
II Peg 6.52 ± 0.16 0.04 ± 0.07 4600 1.030 0.14225 y -
HU Vir 10.52 ± 0.02 -0.022 ± 0.006 4800 1.010 0.32744 y 10
IL Hya 12.76 ± 0.05 0.026 ± 0.016 4700 1.020 0.20075 y -
HD 208472 22.09 ± 0.10 -0.03 ± 0.04 4900 1.066 0.70428 y -
KU Peg 23.77 ± 0.04 0.03 ± 0.03 4700 1.130 0.18620 n -
HK Lac 24.19 ± 0.40 -0.05 ± 0.05 4800 0.936 0.46904 y -
IM Peg 25.0 ± 0.33 -0.04 ± 0.03 4500 1.150 0.73958 y -
Sun 25.03 0.206 5750 0.660 1.30811 n 11
HD 31993 25.95 ± 0.41 -0.125 ± 0.05 4500 1.250 0.78869 n -

Since these studies has been published, differential rotation has been detected
on a fair number of stars using Doppler imaging. Even though the number of
stars that have such measurements is still too low for a reliable statistical study,
it seems still rewarding to see if trends are visible and see what parts of the pa-
rameter space are poorly covered. Table 4.19 (which is certainly not complete) lists
the stars for which such measurements exist to date. The Rossby number was de-
rived as follows: R0=Prot/τc, where τc is the convective turnover time from Gilliland
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(1985). A correction of the Rossby numbers for stars above the main sequence has
been applied as prescribed by Hall (1991). The values for the sun in this table
are from Newton & Nunn (1951), since they measure the rotational velocities of
recurring sunspots, which is close to what can be done on stars by comparing two
consecutive surface images. The measurement for UZ Lib (Oláh et al. 2003) was
done photometrically, but the result is backed up by Doppler images which restrict
the possible values and therefore the sign is unambiguous. For UX Ari, spot posi-
tions of three spots were compared between two Doppler images taken about half
a year apart, which implies spot lifetimes on that timescale, which is backed by
the long term stability of the lightcurves of many spotted stars. The differential
rotation values for the other stars in the table are either measured with the cross-
correlation technique or with the differential rotation included in the inversion
process (“sheared image”) or both. For more than one measurement for a specific
star, the more significant result was used, or, if still in doubt, the higher absolute
value was used.

Figure 4.67 shows the distribution of the available measurements in the Prot-|α|
space. The lack of main sequence stars with long rotation periods strikes most
at first. This is of course a selection effect, since the Doppler imaging method re-
quires a minimum projected rotational velocity of approximately 15km s−1, which
translates to a maximum rotation period of about 3–4 days for a star with 1 R�.
The other outstanding feature is the lack of differential rotation of the same mag-
nitude and direction like on the sun. The stars with comparable rotation periods
as the sun exhibit anti-solar differential rotation, but this might be also a selection
effect since only very luminous stars can be detected in that period regime.
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Figure 4.67.: Graphical representation of the
sample in table 4.19 with error bars where
available. The line is an exponential fit to
all stars in the dataset with an exponent of
1.14±0.67.

To detect systematic differences between stars with a solar-like differential ro-
tation and those with the opposite behavior, these two subsamples are analyzed
separately (figure 4.68). We made an exponential fit similar to equation 4.3 to the
data points and get an exponent of 0.87±0.46 for the solar case, and 5.1±4.0 for
the anti-solar case. The difference of the slope is formally not significant and fur-
thermore, the measurement of one of the low period points on the anti-solar side
(UZ Lib) is based on photometry and therefore not directly comparable to the other
data points (but backed up by Doppler imaging, that is why it is included here).
We conclude that from our data no significant differences in the observed trends
dependent on the sign of α can be detected. The overall behavior is compatible
with the results in figure 4.65 (Hall 1991).
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Figure 4.68.: Left: The correlation of the differential rotation parameter α = δΩ/Ω with ro-
tation period for the stars which show solar-like differential rotation. The solid line is an
exponential fit with an exponent of 0.87 ±0.46. Right: The same for anti-solar rotation. The
solid line is the exponential function with an exponent of 5.1±4.0.

Besides the correlation of α with Prot, Henry et al. (1995a) also find correlation
between α and the Roche filling factor. It has been discussed (see e.g. Moss &
Tuominen 1997) that the tidal interactions in close binaries can reduce differential
rotation on the surfaces of the involved stars. Again, our sample is too small
to do a very detailed analysis, but one can subdivide the data set into binary
and effectively single systems (the latter are real single stars and binaries where
the rotation period is not locked to the orbital period). Figure 4.69 shows the
binary and single stars separately, and for each of the two subsets an exponential
is attempted. For the single stars the exponent is 0.62±0.32, for the binaries it
is 0.63±0.26. Thus the slopes are effectively identical and also compatible to the
result for the combined sample.
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Figure 4.69.: The correlation of absolute
value of the differential rotation parameter
α = δΩ/Ω with rotation period for bina-
ries (filled circles) and for (effectively) single
stars. The exponent is 0.63±0.26 for the bina-
ries and 0.62±0.32 for the single stars.

An attempt was made in figure 4.70 to distinguish additionally between more
evolved (luminosity II and III) stars and main sequence stars and stars close to the
main sequence (luminosity classes IV and V). For the single stars, the results for
both subsets are compatible with the total sample of stars (Fig. 4.67 and 4.69). For
the binary stars, there is no significant correlation in case of the main sequence
and sub-giant stars, but a significant correlation for the giant stars. The main
sequence stars thus show less differential rotation in binary systems, which can be
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Figure 4.70.: Differential rotation parameter α with rotation period, differentiated for binarity
and luminosity. For the main sequence and sub-giant stars (luminosity classes IV and V), the
exponents of the fits are 0.17±0.92 for the binaries and 0.70±0.09 for the single stars. In the
case of the giants (luminosity classes II and III) the exponents are 1.10±0.47 for the binaries
and 0.51±0.61 for the single stars.

explained by tidal forces that inhibit the differential rotation (Moss & Tuominen
1997). In case of the giant stars, this can not be concluded from the present data
set. Since many of the giant stars show anti-solar differential rotation, which is
likely produced by a different mechanism than the solar-like differential rotation,
this could be a selection effect. An analysis separating anti-solar and solar-like
differential rotation needs to be done to clarify this, but the present data set is not
big enough for this endeavor.

At last it can be noted, that all significant correlations that were found are
compatible with an exponent of one, which would mean that the absolute value of
the differential rotation (∆P ) is constant.

Outlook

Clearly, more complete and systematic observations (like the Mt. Wilson Ca II
H&K study) of differential rotation are needed to get results that are really useful
to compare them to theoretical predictions. Luckily several observing capabilities
will become available that can address this issues. Space experiments that look
for extraterrestrial planets and astroseismology mission both will provide high
precision photometric data of many targets in their respective field of view. These
data will be of very high quality and therefore ideally suited to look for photomet-
ric signatures differential rotation (Strassmeier & Oláh 2004). Even before these
space based missions will launch, several robotic telescopes will go into routine
operations. While photometric robotic telescopes have been around for a while
(Granzer et al. 2001), spectroscopic facilities are a recent development. One new
telescope that will be available soon is the STELLA robotic observatory, which is
partly dedicated to stellar activity work (Strassmeier et al. 2002).
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A. Tests

A.1. Inclination

Figure A.1.: The two ar-
tificial stars used to test
this method for finding the
right inclination. Star num-
ber one has a inclination of
30◦ and v sin i of 28km s−1,
star number two 65◦ and
41km s−1.

The inclination of a star can usually only be derived indirectly. In double stars,
one can use the mass function and the fact that it is not eclipsing (otherwise the
inclination of the stellar rotation value is obvious) to get a range of possible values
if one assumes that the orbital rotation axis is parallel to the stellar inclination
axis.(see e. g. Weber & Strassmeier 1998). Using the rotation period in combina-
tion with the projected rotational velocity v sin i, one can calculate the projected
stellar radius Rsini and can derive the inclination by using a radius from tables
for the right spectral type or derived from distance and brightness. Since giant
stars can have a very wide range of radii, this is not a practical approach to derive
the inclination value, but if the inclination can be determined independently, Rsini
can be used to get a good estimate for the stellar radius.

Another possibility is to use a realistic value (for example one derived by the
above methods) for the inclination as a starting point for Doppler imaging, then,
after having a satisfying Doppler image and line profile fits, vary the inclination
while fixing all other mapping parameters and look for the inclination value which
yields the minimal χ2 (Kürster et al. 1994).

I used the two artificial stars from Rice & Strassmeier (2000) to test this ap-
proach. Fig. A.1 shows the Doppler images of those two stars along with the fits
to the line profiles and the photometric data obtained with the correct inclination
values of 30◦ and 65◦, respectively. One can see clearly, that the bottom of the line
profiles are flatter for the higher inclination value. The results of the variation of
the inclination from 5◦ to 85◦ in steps of 5◦ are shown in Fig. A.2. In the case of
the star with 30◦ inclination, the χ2 minimum is very pronounced and at exactly
30◦. For the 65◦ star, the minimum is at 60◦ and is very shallow toward higher
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Figure A.2.: The variation of χ2 as function of the inclination of the stellar rotation axis. Left:
Test star one, with a real inclination of 30◦, right: Test star two with an inclination of 65◦.

inclination values. Nevertheless, this method proofs to be reliable to determine
the inclination of the stellar rotation axis with an accuracy of 10◦ to 15◦.

A.2. Differential rotation

A.2.1. Cross correlation

Figure A.3.: Left. The map used for the tests in this section. Artificial spectra have been
computed at intervals representing two stellar rotations. A differential rotation with α=0.05
was assumed. Right. The image reconstructed using the artificial spectra. Note that the
differential rotation in comparison to the original image is most noticeable at the near-to-polar
spot.

Recently, differential rotation has been measured for several stars using cross-
correlation techniques on Doppler images taken at different times. The first star
for which differential rotation has been measured using this technique was AB Dor
(Donati & Collier Cameron 1997). Other stars include IL Hya (Weber & Strass-
meier 1998) and HD 218153 (Weber & Strassmeier 2001), PZ Tel (Barnes et al.
2000), Speedy Mic (Barnes et al. 2001), and σ Gem (Kővári et al. 2001).
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I want to test the ability of this technique using our Doppler imaging code
TEMPMAP to reconstruct a differential rotation law of the form

Ω(b) = Ω0 − Ω1 sin2 b. (A.1)

The differential rotation parameter α is then define (with a positive sign for a
solar-type behavior of the equator rotating faster than the pole)

α = Ω1/Ω0 (A.2)

Figure A.4.: The images with the corresponding artificial spectra used to test the reconstruc-
tion of the differential rotation law. The first stellar rotation is shown at the left, the second at
the right hand side.

Figure A.5.: Result of the
cross-correlation of the arti-
ficial images. The black line
is the relation used for cre-
ating the artificial data. The
dots represent the cross cor-
relation results along with
error estimates from mea-
suring the width of the
cross-correlation peak. The
white line represents a east-
square fit assuming the dif-
ferential rotation law from
Equ. A.1.

The first technique used to detect Doppler imaging was cross-correlation. Two
independent images, which should be close in time since changes in the spot pat-
tern would wash out the differential-rotation pattern quite fast, are computed.
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Table A.1.: Comparison of the differential-rotation parameters derived using the above meth-
ods.

Ω0 Ω1 α
(◦/day) (◦/day)

Original 53.537 2.677 0.05
Cross-correlation 53.295±0.303 1.865±0.660 0.035±0.012
Sheared-image 53.41±0.31 2.67±1.06 0.05±0.02

Then each longitudinal band with a certain latitude from the first image is cross-
correlated with the same latitude’s band of the second image. The obtained cross-
correlation functions for each latitude are assembled into a cross-correlation im-
age, and the correlation peak is fitted with a Gaussian. The FWHM of this Gaus-
sian fit is used to estimate the error of this cross-correlation.

Using the artificial star from Rice & Strassmeier (2000), we rotated it differ-
entially according to a differential rotation law of Ω(b) = 53.537 − 2.677 sin2 b ◦/day
(α=0.05). With one calculated spectral line (Ca I 6439) for each half–day for two
stellar rotations (the artificial star was modeled after II Peg with a rotation period
of 6.72 days), two data sets with 13 phases each were constructed. The images
reconstructed from these to data sets are shown in figure A.4. Note that the fea-
tures close to the pole are distorted most, since the phases were calculated using
the equatorial rotation period,

Now the cross-correlation technique is applied to these two images. The re-
sulting cross-correlation image (figure A.5 shows the overall differential-rotation
pattern, but the scarce phase-coverage combined with the limited spectral reso-
lution and signal/noise ratio (realistic conditions corresponding to our KPNO/CF
observations were used) produce very elongated spots in the reconstructed images.
These elongations affect especially the equatorial regions, an thus the equatorial
rotation rate is underestimated (see table A.1).

A.2.2. Sheared-image method

Another possibility to reconstruct the differential rotation using Doppler imaging
is to include the latitude-dependent rotation pattern in the inversion code. Due to
the already large number of free parameters in Doppler imaging, the image shear
is kept fixed. Calculations are done for a wide range of possible equatorial-rotation
rates and α-values. Each of the resulting Doppler images have a χ2-value associ-
ated to it which describes the goodness-of-fit to the spectral line profiles. Plotting
these χ2-values in a Period/α diagram, the best combination of these two values
can be determined (see figure A.6). Since a longer timespan increases the abso-
lute value of the shear, all 26 phases from the artificial dataset described above
where used here. Using real data one would have to find a compromise between
the positive effect of a larger shear and the negative effect of spot evolution.

This method performs better for our simulated data than the cross-correlation
method. The results in table A.1 show an almost perfect reconstruction of the
original differential rotation law. The better performance of this method is at
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least in part due to the added hard restriction of a sin2 b differential rotation law.
To find a more complex pattern, the cross-correlation method can not avoided, but
it would take a better, more densely spaced data set than the one simulated here
to really detect significant deviations from a sin2 b behavior.

-0.1 0 0.1 0.2

6.4

6.6

6.8

Alpha

Period (days)

Figure A.6.: χ2 map from
the variation of the equato-
rial rotation period and the
differential rotation param-
eter α. The rotation law
from Equ. A.1 is assumed
and the goodness of fit for
each value-pair is plotted.
Darker pixels represent a
better fit. The contours are
lines of equal goodness-of-
fit with a separation of ≈
3σ.

Differential rotation with only one spot?

Imagine a star with only one spot. The only rotational parameter that can be
measured using the Doppler imaging technique is the rotation rate of this spot.
One can assume a equatorial rotation rate and then the differential rotation can be
calculated from the difference of the spot rotation rate and the equatorial rotation
rate.

Figure A.7 shows a test star with one high latitude spot, and the results obtain
by applying the “sheared image” technique described above. The outcome should
be a landscape centered on the thick line, which is simply the differential rotation
law (see equation A.1) for a fixed latitude and the corresponding rotation rate. The
slight concentration towards the (true) value α=0 is due to the elongation of the
spot (e.g., Petit et al. 2002).

A.2.3. Strength of the differential rotation signal

To be better able to judge the quality of data needed to reconstruct differential
rotation, a comparison between the simulated data from above with data for the
same star but rigidly rotating was done. The difference of the spectral lines be-
longing to the same rotational phase is plotted in figure A.8 to demonstrate the
order of magnitude of this effect. The maximum deviation is about 2%, but in
average the signal contribution from the differential rotation alone is about 1%.
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Figure A.7.: Variation of the differential rotation parameter α and the equatorial rotation pe-
riod. The thick line shows the linear correlation of alpha and Pequ for a spot at 70◦. The
deviation from that line and the slight concentration towards α=0 stems from the spot-extent.

This shows that the signal/noise ratio of the data should probably be at least 300
to reliably detect differential rotation of the strength assumed here (α=0.05, the
solar value is about 0.2).
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ity Figure A.8.: Difference of
the artificial line profiles for
a star with differential ro-
tation with α=0.05 and a
star which rotates rigidly.
This shows the typical sig-
nal strength due to differen-
tial rotation to be approxi-
mately 1% for the simulated
data presented here.
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Kővári, Z., Strassmeier, K. G., Bartus, J., et al. 2001, A&A, 373, 199



Bibliography 117

Kővári, Z., Strassmeier, K. G., Granzer, T., et al. 2004, A&A, 417, 1047

Kitchatinov, L. L. & Rüdiger, G. 1999, A&A, 344, 911

Kitchatinov, L. L. & Rüdiger, G. 2004, AN, (in press)

Kjeldsen, H. & Frandsen, S. 1992, PASP, 104, 413

Korhonen, H., Berdyugina, S. V., Hackman, T., et al. 2004, A&A, ?, ?, submitted

Küker, M. & Rüdiger, G. 1997, A&A, 328, 253

Kürster, M., Schmitt, J. H. M. M., & Cutispoto, G. 1994, A&A, 289, 899

La Dous, C. & Giménez, A. 1994, International Ultraviolet Explorer - Uniform low
dispersion archive. Chromospherically active binary stars (ESA SP-1181)

Meunier, N. 1999, ApJ, 527, 967

Moss, D. & Tuominen, I. 1997, A&A, 321, 151

Newton, H. W. & Nunn, M. L. 1951, MNRAS, 111, 413

Oláh, K., Jurcsik, J., & Strassmeier, K. G. 2003, A&A, 410, 685

Olah, K., Eaton, J. A., Hall, D. S., et al. 1985, ApJS, 108, 137
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