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Spot activity of 11 Peg*
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We have studied the long-term spot activity of the RS CVn star 11 Peg by means of Doppler imaging based on spectroscopy
and time series analysis of photometry. We present 28 Doppler imaging temperature maps spanning the years 1994-2010,
of which 14 were calculated for the present study. The longitudinal spot distribution, derived from the surface temperature
maps, is compared with epochs of the light curve minima, derived from photometric observations. We detect a longitudinal
drift in the major spot structure during 1995-2003. After this there is a clear decrease in the activity level and no clear drift
can be seen. We conclude that the variations could be caused by a cyclic behaviour of the underlying magnetic dynamo.

1 Introduction

Il Peg is a very active rapidly rotating RS CVn binary,
which has been extensively studied with a wide range of
instruments, wavelengths and methods. Il Peg exhibits sev-
eral signs of magnetic activity. It is the brightest X-ray
source within 50 pc (Makarov 2003) and has displayed one
of the highest spot-related photometric amplitudes of late-
type stars (Doyle et al. 1989). The star was classified as
an RS CVn binary by Rucinski (1977), Vogt (1979), and
Bopp & Noah (1980). Several subsequent studies on the
stellar parameters of the object have been conducted (e.g.
Berdyugina et al. 1998a). We can conclude that |1 Peg is a
one-line spectroscopic binary of spectral class K2 IV with
a rotation period of P, ~ 6172 and a rotation velocity of
vsini ~ 22.6kms™1,

The high projected rotation velocity of 11 Peg makes it a
suitable target for Doppler imaging, a technique where the
surface is mapped using high-resolution spectroscopic ob-
servations. The technique is based on the fact that spots on
the surface will introduce distortions in the spectral lines.
The surface temperature (or element abundance) distribu-
tion can thus be reconstructed by using a series of spectra
from different rotational phases (cf. Piskunov 1991).

* Based on observations made with the Nordic Optical Telescope, oper-
ated on the island of La Palma jointly by Denmark, Finland, Iceland, Nor-
way, and Sweden, in the Spanish Observatorio del Roque de los Mucha-
chos of the Instituto de Astrofisica de Canarias.
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I1Peg has been the focus of several long-term studies
based on photometry or spectroscopy. These studies include
the detection of activity cycles from photometry (e.g. Henry
et al. 1995; Rodond et al. 2000) and regular switching be-
tween two active longitudes, i.e. “flip-flops” (Berdyugina &
Tuominen 1998; Berdyugina et al. 1999).

I1Peg is included in the long-term observational pro-
grammes carried out with the SOFIN high-resolution
échelle spectrograph at the 2.56 m Nordic Optical Telescope
since 1994. Based on these observations, an extensive time
series of Doppler images has been published (Berdyugina
et al. 1998b, 1999; Lindborg et al. 2011, hereafter Paper I;
Hackman et al. 2011, hereafter Paper I1). Since 2004 spec-
tropolarimetric Stokes I and V' observations have been col-
lected with SOFIN at NOT. These observations have been
used for Zeeman-Doppler imaging by Carroll et al. (2009)
and Kochukhov et al. (2009).

Our aim is to study the long-term magnetic activity of
11 Peg, in particular changes related to a possible stellar cy-
cle. This is done by combining the results from two dif-
ferent techniques. We use the epochs and rotation phases
of the photometric minima derived by time series analysis.
The high-resolution spectroscopic observations are used for
calculating seasonal Doppler imaging temperature maps. In
order to study the long-term spot activity more accurately
we compile a set of 28 Doppler images derived with consis-
tent parameters.
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Table 1  Summary of observations with NOT: data set, HID of
first (tmin) and last (tmax) Observation, mean signal-to-noise ratio
(S/N), number of observed phases (n,), and deviation (d) of the
Doppler imaging solution.

Data Set tmin tmax SIN  ng d

Aug 94  2449578.7 2449587.7 325 10 0.00529
Jul 95 2449910.7 24499216 303 11 0.00517
Jul 96 2450293.7 2450299.7 251 6 0.00470
Oct 96 2450381.4  2450388.4 238 9 0.00544
Jun 97 2450617.7 2450627.7 265 11 0.00476
Aug 97  2450676.7 2450683.8 191 8 0.00580
Dec 97  2450794.4 2450807.4 162 12 0.00746
Jul 98 2450997.7 2451010.7 209 13 0.00670
Oct 98 2451088.4 24510945 240 7 0.00492
Nov 98 24511215 24511275 177 7 0.00615
Jul 99 2451383.7 2451394.7 212 12 0.00591
Sep 99 24514435 24514496 186 7 0.00532
Oct 99 24514716 2451505.3 218 5 0.00452
Aug 01  2452120.6 2452130.6 192 10 0.00539
Aug 02  2452507.6 24525186 189 10 0.00582
Nov 02  2452588.4 2452600.5 230 7 0.00568
Aug 04  2453216.6 2453228.6 244 8 0.00570
Dec 04 2453370.4 24533724 196 3 0.00619
Jul 05 2453567.7 2453575.6 218 7 0.00594
Nov 05 24536855 24536955 197 5 0.00673
Sep 06 24539785 2453992.7 259 11 0.00610
Dec 06  2454071.5 2454078.4 166 7 0.00666
Jul 07 2454300.7 2454309.7 264 10 0.00584
Nov 07 24544274 24544374 238 7 0.00619
Sep 08 24547176 24547235 304 4 0.00537
Dec 08  2454809.4 24548155 263 6 0.00719
Aug 09  2455069.7 2455081.7 291 12 0.00682
Dec 09  2455193.4 24552014 283 8 0.00602

2 Observations

The data for our long-term analysis of 11 Peg consist of high
resolution spectroscopy and a contemporary sequence of V-
band photometry. The spectroscopic observations were col-
lected with the SOFIN high-resolution échelle spectrograph
mounted on the 2.56 m Nordic Optical Telescope. The spec-
tral resolution was R =~ 70000 and the signal-to-noise ra-
tio usually S/N ~ 200-300. The data were collected dur-
ing 1994-2010 and each set usually contained ~10 spectra.
The spectra were reduced using the the 4A software system
(Ilyin 2000). A summary of the data is displayed in Table 1.
More detailed descriptions and plots of the data are avail-
able in our previous papers (Paper I; Paper I1). The observed
spectral regions were different for the years 1994-2002 and
2004-2010. The ephemeris used to calculate the rotation
phases was that of the orbital period derived by Berdyug-
ina et al. (1998a):

Teonj = 2449582.9268 + 6.724333 % E. 1)

The data used for time series analysis were collected
with the T3 0.4 APT at Fairborn Observatory (Arizona,
USA). These data are described in the study by Jetsu et al.
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(2011). Most of the same data were also used by Roetten-
bacher et al. (2011).

3 Analysis

Our analysis is based on two methods: The Continuous
Period Search method and Doppler imaging. As our re-
sults show, it is very important to combine these methods.
Doppler imaging will only provide very short snapshots of
the target, while, on the other hand, photometry enables a
more continuous monitoring but provides much less infor-
mation than Doppler imaging.

3.1 The Continuous Period Search method

The Continuous Period Search method (hereafter CPS) is
a newly developed time series analysis code especially in-
tended for analysing stellar spot activity. CPS is based on
the Three Stage Period Analysis (TSPA) formulated by
Jetsu & Pelt (1999), with three important new features:

1. The time series analysis is applied on the data with a
sliding window, thus increasing the time resolution.

2. The Bayesian information criterion is used for selecting
the correct order for the model.

3. An estimate of the time scale for significant changes in
the light curve is retrieved.

The CPS model consists of a K'th order Fourier series
K
§(t:;) = M+ [By cos (k2m ft;) + Cy sin (k27 f1;)], (2)
k=1
where the 2K +2 free parameters are the mean M, the in-
dividual amplitudes By, and C%, and the frequency f. The
search for the best parameter values is done in two steps.
In the grid search a dense grid of frequencies is tested one
by one. The best frequency with its corresponding ampli-
tudes By and Cj are then used as a starting point for the
refined search, which is a standard nonlinear Marquardt it-
eration. The optimal order K for the model is chosen using
the Bayesian information criterion (Stoica & Selén 2004).

The model is applied to the data using a window of
length AT Instead of dividing the data into separate sets,
the CPS is based on a sliding window. This means that for
each new data point, a new model can be applied. The tested
data sets are thereby overlapping, and instead of discrete
snapshots of the data, we can study continuous changes of
all model parameters. A more complete description of the
CPS method is presented by Lehtinen et al. (2011).

With the CPS method one can retrieve the light curve
mean (M), amplitude (A), photometric period (Ppnot) and
epochs of the primary and secondary minima (¢min,1 and
tmin,2) as functions of time. For this study we focused on the
photometric minima, which could indicate the existence of
persistent active longitudes. The photometric minima, mean
magnitudes and light curve amplitudes for 11 Peg during the
years 1994-2010 were retrieved using the CPS method with
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Table 2 Adopted stellar parameters: gravity, inclination angle,
rotation velocity, rotation period, metallicity, macroturbulence,
and microturbulence.

Stellar Parameter Value
log g 35

7 60°
vsing 22.6 kms™!
Prot 69724333
log[M/H] —0.25
G 3.5kms™!
& 1.8 kms™?

a window of AT = 30 d (approx. 4 rotations). The full
analysis as well as the numerical results are given in the
paper by Jetsu et al. (2011).

3.2 Doppler imaging

We used the Doppler imaging technique developed by
Piskunov and collaborators to calculate temperature maps
for 11 Peg. The inversion technique uses a pre-calculated ta-
ble of local line profiles and is based on Tikhonov regular-
ization (Piskunov 1991; Hackman et al. 2001; Paper I).

The line profiles were calculated using MARCS model
atmospheres (Gustafsson et al. 2008) with gravity logg =
3.5, metallicity log[M/H] = —0.25 and effective tempera-
tures T.g ranging from 3200 K to 6000 K.

It should be pointed out that an exact determination of
the stellar parameters was not the aim of the analysis. For
example, the choice of microturbulence or element abun-
dances will affect the mean effective temperature of the so-
lution. We used the stellar parameters suggested by Ottmann
et al. (1998) as a starting point, meaning that the parameters
were optimized for a solution with a mean effective temper-
ature of Tog ~ 4700 K. This means that the stellar parame-
ters differ from the ones used in Paper I. The adopted stellar
parameters are listed Table 2. More details on the the choice
of stellar and spectral parameters are given in Paper II.

All Doppler images were calculated with a regulariza-
tion parameter of A = 1x107? and a grid of 80x40 sur-
face elements. For a perfect solution the deviation between
the observations and the calculated line profiles should cor-
respond to the inverse of the observational S/N-value. In
practice, systematic errors in the model and observations
will make this level hard to achieve. The deviations for each
Doppler image are listed in Table 1.

The Doppler imaging maps from 1994-2002 (Fig. 1)
were calculated using the spectral regions 6172.5-6174.1A,
6174.7-6177.9A, and 6179.5-6181A. These regions con-
tain the lines Fe 16173.34 A, Ni16175.36 A, Ni 16176.81A,
Ni1 6177.26 A, and Fe1 6180.20A. For the years 2004-
2010 the observations were made in different spec-
tral regions. We then used the regions 5392.3-5395.1A,
5524.7-5527.3A, and 5633.2-5634.6A, containing the
lines Fer 5393.17A, Mn1 5394.68A, Feu 5525.12A,
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Fel 5525.48A, Fe1 5525.54 A, Sci1 5526.79A, and Fe
5633.95A.

The Doppler imaging maps are displayed in Fig. 1. The
images of 2002-2010 are the same as presented in Paper
I1. In order to be able to make a more reliable comparison
for the whole span of the observations, we recalculated the
images of 1994-2001 using the same stellar parameters as
in Paper II.

4 Results

The main difference between the recalculated images for
1994-2002 and the old ones (Paper 1) is a systematic shiftin
the mean effective temperature. The older images were gen-
erally ~100 K cooler. This is a natural result of the fact that
different stellar parameters were used. Comparing the recal-
culated images from 1994-2002 with the ones from 2004—
2010 we again note a systematic difference of ~50 K in the
level of the mean temperatures (Fig. 4). This could be an ar-
tifact caused by the use of different wavelength regions, but
may also reflect changes in the activity level.

To study the evolution of the spot activity we calculated
the mean temperature along both longitudes (or phases) and
latitudes. The longitudinal averages can be used to study
the spot distribution over rotational phase (Fig. 2). In this
plot we also include the photometric minima folded by the
orbital period (Eg. (1)). The latitudinal averages (Fig. 3) can
be regarded as an analogue to the solar butterfly diagram.

All images contain features which may be artifacts typ-
ical for Doppler imaging, e.g. alternating cool and hot re-
gions (Hackman et al. 2001). Particular caution should be
applied when interpreting images based on only 3-6 ob-
served phases i.e. the images from July 1996, October 1999,
December 2004, November 2005, September 2008 and De-
cember 2008. A criterion for the reliability of a Doppler im-
age is that the main cool spot concentration is centered on
the same rotation phase as the photometric minimum. Here
one should, of course, take into account that the minimum
may be a result of the combined effect of several spots. Nev-
ertheless, the comparison of the spot distribution and pho-
tometric minima in Fig. 2 shows that the main spot region
may have been missed in the Doppler images from Decem-
ber 2004 and November 2005 because of insufficient phase
coverage.

The longitudinal averages, combined with the photo-
metric minima, reveal a drift of the main active region oc-
curring during the years 1995-2003 (Fig. 2). This driftis not
present anymore during 2004-2010. Instead the spot distri-
bution is more random, although there is a clear tendency
of the main spots to be centered in the phase range 0.7-1.0.
This tendency is again supported by the distribution of the
phases of the photometric minima. We do not see any signs
of flip-flops occurring during 1994-2010. The same result
was also obtained in our earlier studies (Papers I and II).

The latitudinal distribution (Fig. 3) does not reveal any
clear trends. In general, the main spot regions are centered
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Fig.1 (online colour at: www.an-journal.org) Doppler images of 11 Peg from the years 1994-2010. The dashed vertical lines mark the
phases of the observations. The images from 2002-2010 are from Hackman et al. (2011).
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at latitudes 40-70°, i.e. higher than in the case of the Sun.
However, a clear tendency for both the Doppler images,
and the latitudinal and longitudinal means, is the generally
higher level of spot activity during 1994-2002 than 2004—
2010. To quantify the activity level we estimated the amount
of stellar surface covered by spots. As noted before, the use
of different wavelength regions might have introduced some
systematic bias into the mean effective temperature Ti,can
of the Doppler imaging solutions. Therefore we define the
spot coverage as the percentage of the surface with an ef-

www.an-journal.org

fective temperature below T,c.n — 300 K. As should be, we
can see that there is a negative correlation between the mean
temperature and the spot coverage (Fig. 4). As an indepen-
dent check, we also plot the results from the CPS analysis
of photometry carried out by Jetsu et al. (2011). The mean
differential magnitude of 11 Peg is in fact generally higher
and the photometric amplitude lower after the year 2002.

(© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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magnitude (upper right), and light curve amplitude (lower right).

5 Conclusions

We have monitored the spot activity of |1 Peg during 1994—
2010 utilizing high-resolution spectroscopy and photome-
try. We see no evidence of a regular flip-flop behaviour.
Instead of two active longitudes changing strength periodi-
cally, we see one dominant active longitude, which during
1995-2003 is rotating faster (i.e. with a shorter period) than
the stellar surface, presumably synchronized with the or-
bital period of the binary. This could be explained by an
azimuthal dynamo wave. During the years 2004—-2010 there
is, however, no clear trace of such a wave. This could be
connected to the low activity level during this period.

A problem in our analysis is that the spectroscopic setup
was changed between the 2002 and 2004 observations, i.e.
during the same period as there were significant changes in
the activity level. This raises the question whether the dif-
ference in the observed mean temperature and spot cover-
age could be caused by the usage of different spectral re-
gions. However, the photometric observations also support
the changes in the activity level.

Cool spots on late-type stars are generally interpreted as
a result of magnetic fields penetrating the surface and in-
hibiting convection, i.e. the analogue to the solar case. In a
recent study Képylé et al. (2011) showed that both cool and
hot spots can be generated without magnetic fields. In the
case of Il Peg the presence of large magnetic structures on
the surface have been confirmed by Zeeman-Doppler imag-
ing (Carroll et al. 2009; Kochukhov et al. 2009). Although
the relation between the magnetic fields and the cool spots
is not yet clear, we still interpret the spot activity as a result
of a magnetic dynamo operating in the convective zone.

The observed drift of the spot structure in 11 Peg is best
explained by an azimuthal dynamo wave. Such waves are
expected to occur in rapidly rotating late-type stars (e.g.
Krause & Radler 1980; Tuominen et al. 2002). The fact that
the wave disappears can be explained by evolution con-
nected to a stellar cycle. Another explanation for the drift
could be provided by a not yet completely synchronized

(© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

rotation profile of the star to the orbital period of the bi-
nary. However, the fact that the drift is observed to disap-
pear proves this scenario very unlikely. Yet an alternative
explanation for the spot drift would be surface differential
rotation, which would mean that spots at different latitudes
would follow different rotation velocities.

Roettenbacher et al. (2011) and Siwak et al. (2010)
found proof of differential rotation by tracing the move-
ments of individual spots using ground based and satellite
based photometry. However, we do not see any tendency
in the spot latitude which should be present, if surface dif-
ferential rotation would cause the drift. Furthermore, from
the Doppler images it is clear that the spot configuration
changes on a time scale of weeks or months rather than
years. Thus the drifting active region does not represent ex-
actly the same spot structure, but rather a region which is
fed by an underlying magnetic structure.
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