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Abstract. We studied the long-term light behaviour of tervery active systems (see, e.g., Strassmeier|etal] 1997 and refer-
rapidly-rotating active stars (LQ Hya, V833 Tau, El Eri, V71Ences therein), but the cycle periods were either resembling the
Tau, BY Dra, HU Vir, IL Hya, VY Ari, HK Lac, IM Peg) with solar value or were similar to the length of the given database.
Fourier analysis. Using photometric databases of up to 30 yeArsther problem is that, depending on the inclination of the
in length, we search for periodic or quasi-periodic long-ternotational axis, the rotational modulation could dominate over
variations of the overall light levels. Out of the ten stars stuthe long-term changes. In these cases only very precise observa-
ied, nine show cyclic variability and six of those seem to vatyons would show clearly the long-term modulation of the light
on two or multiple time-scales. Using additional data from theariability and, at the same time, would allow a search for even
literature, we found that cycle lengths were generally longer forultiperiodic variations. The existence of several solar activity
stars with longer rotation periods. The inverse Rossby numbeygles amply demonstrates such multiperiodic behaviour for the
of these stars show a correlation with,./Q(= P,o/P.yc) Sun(e.g. Sonettetal. 1991). Our aim in this paper is thus to find
calculated from the shortest cycle length. The cycle lengthssafch multiperiodic behaviour on other stars and establish possi-
several stars agree well with other types of cycles determinglé correlations between cycle lengths and other characteristic
earlier. stellar parameters.

Using artificial test data, we found that the cyclic variation The most well-known attempt to find correlations between
of the average light level is determined by the change in thige lengths of activity cycles and other physical parameters is
spot/plage coverage alone and that spot migration does not pl#ysaMt Wilson Car H&K survey of solar-like stars started by
significantrole in the shape or length of the long-term brightne¥élson back in 1966 (e.g. Wilson 1978). As the chromospheric
changes. H&K database is continuously growing, that program is the

source of more and more results, both observationally and theo-
Key words: stars: activity — stars: binaries: close — stars: lateetically. In the past years it was extended to photometric obser-
type — stars: rotation — stars: starspots —technigues: photometaitons of the stellar photospheres (see Radick étal.|1998 and
references therein). Recent advances from this program include
the establishment of an empirical connection of the observed
H&K cycle lengths to dynamo theory (Baliunas et al. 1996).
1. Introduction Other methods also led to the discovery of possible activity

The long-term photometric variability of spotted binary stafeycles of active stars. Massi et ar{ 1998) used radio observations
was first documented by Phillips & Hartmarin (1978) from theff the RS CVn system UX Ariand derived two short-term cycles
combination of photographic magnitudes from archival plafd 2°-2 and 158 days in the (radio) activity level. Berdyugina
collections and new photoelectric measurements. They foung 4U0mMinen (1998) found active longitudes and cycles in four
50-60 years long variation for BY Draand CC Eri. A similar reR> CVn systems from phase changes of the two minima of the
sult was published shortly thereafter by Hartmann efal. (198& otted light curves. Op the Sun, Pulkkinen etal. ,(1'999) founda
for V833 Tau and was confirmed by Bondar (1095). The accgl Years long cycle using north-south asymmetries of sunspots
racy of the photographic measurements was usually no beffich 1ength is closely resembling the Gleissberg cycle. Note
than-0™1, and sometimes even worse, and created the nee{{{3ugh that the last two approaches found periodicities mainly
long-term photoelectric monitoring of spotted stars. in the spot pattern rather than in the o_veraII activity level. It is
However, because of the relatively short time-base of tﬁgqthergoal of this paper to establish first relations between the
more accurate photoelectric observations, it was not possibl&/'0Us types of stellar cycles. . . .
find well-determined cycles in that measures alone. Neverthe- N this paper, we focus on ten well-studied rapidly-rotating

less, ‘cycles’ were searched for and possibly found for a fe%tive stars. All except one are components of RS CVn-type bi-
nary systems. One of the most comprehensive, and also precise,

Send offprint requests to: K. Olah photoelectric datasets to date was recently published by Strass-
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meier et al.[(1997, hereafter SBCR) for 23 active stars. One of
their intentions was to build up a database for studying Ioné—,m;
term variabilities of the program stars. They compiled all thg o= |-
data from the literature and added 9,250 new UBVRI data frofn o
seven years of monitoring with automated telescopes in Arizona® 2 -
and Sicily. Using this dataset, & & Kollath [1999) conducted ~ °# =t
a preliminary Fourier analysis for nine of the ten active stars in"*¢ ! !
this paper, and already suggested that cycle lengths were longet*
for stars with longer rotational periods. In the present work, v@'éﬁo‘z; ]
carry out a much more detailed analysis of these nine (plus Gne, ,; et cauwtor-on (1288 dee) 4
additional) stars and supplement the dataset of SBCR by threg £, ., . .. .. . . . ]
additional years (1997-1999) of continuous photoelectric pho-; 4 smnthetic, pote=on (-2 deg) 1
tometry from the two Vienna automatic photoelectric telescop§30_4 7 ]
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2. Description and test of the method oEF YU
o4t v v Ty 1S L i f
2.1. Low-frequency Fourier analysis 10008 o 200 ° fremueney

Throughout this paper, we applied the multifrequency analysigy. 1. Observed and artificial datasets (left column) of HK Lac and
program MUFRAN (Kolath[1990), which is a collection of their respective amplitude spectra (right column). The synthetic data
methods for analysing multiperiodic, unevenly sampled dagie generated for very high=88°) and very low {=2°) inclinations
Standard discrete Fourier transforms (DFT) of the light-curv@gd are displayed on the same magnitude scale. The inserts show an
were calculated, followed by a non-linear least-square fit of tRglargement of the low-frequency part of the Fourier spectrum. For
frequencies found. comparison, the rotational frequency is at 0.041 c/d.

We prefer to use standard Fourier transformation together
with consecutive prewhitening by a least-square Fourier fit to
the light-curve data. Thorough application of this method guar-
antees that no suspicious periodicities are introduced during théhe light curve, i.e. the inclination of the rotational axis, the
analysis if we use only a few (2-3) Fourier components. Autoverall spot area, and the spot pattern as a function of time. The
matic methods for frequency search (like the CLEAN algorithraytificial datasets were created from the original Julian dates
Roberts et al. 1984) could force non-existing periodicities to loé the observations, thus keeping the time distribution of the
included in the fit. We also note that for multiperiodic signalartificial data the same as for the observations.
with no strong harmonic structure the standard Fourier trans- The detectability of the long-term changes depends on
form performs better than phase-dispersion methods. the inclination of the stellar rotation axis. This is shown in

We only searched for periods or quasi-periods that wereFig.[1. The inclination for the artificial data was set t¢ &#d
least an order of magnitude longer than the rotational perio@sresulting in two long-term light curves as if the star was seen
Years or decades long variations are seen in the datasets old-on or equator-on, respectively (Fify. 1, left column). As ex-
some of them were modulated with an even longer-term vapiected, long-term changes are more visible at low inclinations.
ability. We consecutively removed the lower frequencies froithe resulting amplitude spectra for the artificial HK Lac data are
the datasets until a white-noise spectrum remained. In extredigplayed in FiglIL, right column, which shows that for low incli-
cases the longest variations detectable seemed to be longer tr@ions the amplitude of the long-term variation becomes larger
the length of the datasets themselves and then we adopted tremdithe amplitude of the rotational modulation becomes smaller.
to remove them from the data. These long periods were ugedite the opposite behaviour is found for the high-inclination
only as tools; fits with two closely spaced periods could equaltase.
well remove the long-term trend from the data. The resulting Next, we generated synthetic datasets keeping either lati-
periods after removal of the trend were identified as true cyclesles, longitudes, or size of the spots fixed at the average values
when they repeated more than twice. When the periods repeatde the other two of the three parameters were varied accord-
just more than once within the dataset, we considered themrggto the individual light-curve fits. The period analysis of the
possible cycles. synthetic data with fixed coordinates (longitudes or latitudes)
showed that the low-frequency peaks in the amplitude spec-
tra were very similar to that obtained from the original dataset
(Fig.[2a—c). But when the sizes of the spots were fixed at the
For the long-period RS CVn system HK Lac we have a nearyerage values the low-frequency peaks basically disappeared
30 years long photoelectric database&®Okt al. 1997). We (Fig.[2d). The amplitude spectrum from the total spot coverage
used these data and the two-spot modelling results fromh Okhowed a similar low-frequency pattern as the original dataset
et al. (1997) to separate the individual parameters contributitigg.2e).

2.2. On the origin of the long-term changes
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Fig. 3. LQ Hya. Top panels: the original observations and the fit with
two periods (left) and the amplitude spectrum (right). Bars mark the
periods. Middle panels: pre-whitened data with the two periods (left)

“002 001 0 001 002 and its new amplitude spectrum (right). A bar marks the third possible
frequency period. Lower panels: the pre-whitened magnitudes folded with the

Fig. 2a — f. Test recovery of low-frequency light variations from arthird period of 2.8 years (left), and the amplitude spectrum of the data

tificial data for HK Lac. The top panel shows again the amplitude further whitened with this third period (right). The continuous line

spectrum from the original observations. Pariels, andd show the represent the@level of the last spectrum.

amplitude spectra of the synthetic data with fixed spot longitudes, spot

latitudes, and spot sizes, respectively. Panshows the amplitude

spectrum from the total spot coverage. The inserts again emphasize the

low-frequency part of the spectra. Parfak the window function. the average3 — V' observed. The calculated Rossby numbers
(P.ot/7c) are tabulated as well. The results from our Fourier
analysis are listed in three columns, (:=1,2,3), which de-

We should note that for the test star HK La@®kt al.[(1997) note the most significant resulting periods in decreasing lengths,
presumed high latitude spots to fit the observed light curves. Thed their respective light amplitudes. Colons mark those cy-
high latitude (polar) spot scenario for HK Lac, and also for marye lengths whose amplitude did not reach tiel@vel of the
other stars, is supported using Dopplerimaging results (Webeggtresponding amplitude spectrum. Generally, the longest term
al.[1999). Further support for the existence of polar spots comggiabilities are marked as , whereasr; means the shortest
from theoretical considerations (e.g. 8ehler 1996). On the possible cycle length found in the data. Note, however, that if
other hand, from photometric spot modelling the informatiosnly one cycle is found in the data that does not necessarily
on spot latitudes remains limited (seéwari & Bartus[1997), mean it is the shortest one. In these cases we decide whether
and latitude migration of spots cannot be determined. they are the shortests+) or the medium-long) cycles on

Fig[2 thus suggests that the shape and length of the obsenyrobasis of other considerations, see Sect. 4. The longest-term
long-term variability originates dominantly from the Variabi”tycycles 1) are usually longer than our database, and we see
of the spot coverage amwt from spot migrations. only a long-term trend in the data beside the shorter variations.
Finally, the length of the database studied is given in years.

The pre-whitened data from all the significant frequencies
listed in TabléJl were again subjected to a Fourier analysis and
Table[1 summarizes the stars studied, their spectral types, angr line was calculated from the resulting spectra for each
the orbital and rotational periods from the CABS Il catalogtar. This line is shown in the amplitude spectra in Fijs.B—12.
(Strassmeier et dl. 19P3) if not stated otherwise in the text. Adl-cycle length was considered real when the amplitude of the
ditionally listed are the non-empirical (NE) convective turnovesycle frequency was above or close to thel@vel.
time-scalesA.(/V E)) from Gunn et al.[(1998) whenever avail-  The Fourier results for each star are discussed individually
able from their Table 2 (marked with an asterisk in our Tableih the following subsections. No specific stellar details for our
Otherwise, it was interpolated using the empirical time scalpsogram stars are given, but some of the most comprehensive
7.(E) from Noyes et al.'9(1984)B — V') — 7. relationship and studies are cited. The interested reader may consult them for

3. Individual results
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Fig. 4. V833 Tau. Top panels: the original observations fitted with Big. 5. El Eri. Top panels: the original observations fitted with a trend
trend (dashed line) and one long period (left), and its amplitude spédashed line) and a 16-year period (left), and the amplitude spectrum
trum (right). A bar marks the long period. Middle panels: pre-whitengdght). Middle panels: pre-whitened data (left) and the amplitude spec-
data (left), and the amplitude spectrum from the pre-whitened datam of the pre-whitened data (right). A bar marks the second possible
(right). A bar marks the second possible period. Lower panels: theriod. Lower panels: the pre-whitened magnitudes folded with the
pre-whitened magnitudes (separately from the two boxes in the m&bcond period of 2.4 years (left) and the amplitude spectrum of the
dle left panel, data from box ‘b’ is shifted by 0.15 mag.) folded witllata further whitened with this second period (right). The continuous
the resulted second period of 2.5 years (left), and the amplitude spléw represents thes3level of the last spectrum.
trum of the data further whitened with this second period (right). The
continuous line represents the Bvel of the last spectrum.

of 2.5 years. The latter one is quite uncertain and is better seenin

the first half of the dataset (box ‘a’ in F{d. 4). The photographic
further references or see the CABS Il catalog (Strassmeier etdiservations (Bondar_1995) showed a cyclic sinusoidal light
1993). curve of the star with a period of around 60 years. The last
maximum occurred in 197f{,, ~ B = 9"09+0.02, Bondar
1995; takingB — V' =~ 1™1 that corresponds t& =~ 799),
and by 1986-87 the star was again fainter by ab&tg-@"4
LQ Hya is the only single star in our sample and is also the ohat since then it started to brighten again. In 1998, V833 Tau
with the shortest rotational period. Its light variability is monwas in its brightest state ever observéd & 794), which
itored since 1982 (cf. SBCR 1997) and shows a fairly smoothost likely means that the star was at its minimum activity ever
change that can be approximated with two periods of 11.4 aploserved. In a forthcoming paper @l et al.”2000), we will
6.8 years. The shorter of these two periods has much highssdel the entire light curves of V833 Tau with an appropriate
power than the longer one and is close to the 7 years that bpst model as a function of time. The amplitude spectra, thefitto
already been mentioned by SBCR_(1997). A still shorter cyhe observations, and the residual magnitudes from the Fourier
cle of approximately 2.8 years may be present, but the foldfis are displayed in Fifl4.
light curve has too high scatter to be conclusive. The amplitude
spectra, the observations and the fits, along with the residgag El Eri
magnitudes are displayed in Fig. 3. o

3.1. LQ Hya

El Eri has now more than 18 years of photoelectric photometry.
The first 16 years of observations were summarized by SBCR
who found a possiblel +1 year cycle. From the data available at
V833 Tau has the lowest inclinatios(20°) among the studied that time, this value seemed to be real but the observations of the
stars and its rotational modulation has therefore a comparalalgt two years contradict the 11-year cycle length. Berdyugina
small amplitude. Even within an observing season the long-te&nTuominen [1998) quote a 9 years long activity cycle on El
variability can be on alarger scale than the rotational modulati&ni from the positions of active regions. They do not discuss the
itself. It is modulated with a period of about 6.4 years and, aftehange in the level of spottedness itself though. The long-term
pre-whitening the data, we obtain a possible second cycle lengéhniability that is seen in the El Eri magnitudes has a time-

3.2. V833 Tau
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Fig.6. V711Tau. Top panels: the original observations fitted with Big. 7. BY Dra. Top panels: the original observations fitted with two
period of 16.5 years (left) and the amplitude spectrum (right). Midlose periods near 13.7 years (left) and the amplitude spectrum (right).
dle panels: pre-whitened data with the long period (left) and the aMiddle panels: pre-whitened data with the two close periods (left) and
plitude spectrum of the pre-whitened data (right). Lower panels: ttiee amplitude spectrum of the pre-whitened data (right). A bar marks
pre-whitened magnitudes folded with the second period of 3.5 yearpossible third period. Lower panels: the pre-whitened magnitudes
(left) and the amplitude spectrum of the data further whitened with tHiglded with the third period of 2.7 years (left) and the amplitude spec-
second period (right). The continuous line represents thiegel of trum of the data further whitened with this third period (right). The
the last spectrum. continuous line represents the Rvel of the last spectrum.

spectra, the fit to the observations, and the residual magnitudes
scale betweei0 — 16 years. The 16.2 years value we used @re displayed in Fid 6.
only a little less than the length of the database, depends on the
trend that was subtracted and is thus very uncertain. After PE: BYDra
whitening the data with a trend and a 16.2-year period, or any
other combination of a trend and a long period betwien 16 The binary BY Dra consists of two active K-dwarf stars, where
years, a significant period of 2.4 years remains in the data. Tthe primary makes up for about 2/3 of the light from the system.
amplitude spectra, the fit to the observations and the residiiak orbit is rather eccentrie (=~ 0.3) but the rotation of the
magnitudes are displayed in Fig. 5. two components is pseudosynchronous to the orbital motion.
The long-term spot activity of the individual components was
discussed in detail by #vari (1999) using two-colour photom-
etry between 1965 to 1993. We used thé data instead of
The photometric observations of V711 Tau were gathered frali” as for the other targets in this paper because they span a
the literature and were supplemented with new data from Stralesiger baseline in time. BY Dra is also known to exhibit a very
meier & Bartus[(1999). The database is now effectively 22 yedogig-term sinusoidal variability with a period of 50-60 years
long starting in 1975, but a few datapoints exist also from 1962see Bondar_1995). Pettersen et lal. (1992) found a cyclic be-
63. The Fourier analysis gave a 16.5 years long timescale of Hawiour on a 13-14 years long time scale in the O—C diagram
variability that was also found by Strassmeier & Barfus (1999jom timings of the light-curve minima, and suggested a longi-
Removing this sinusoidal wave from the data, a very weak shardinal shift of the dominant spotted region(s) of about pér
term cycle with a period of 3.5 years remains. Vogt efal. (199¢9¢ar (or 0.4 per stellar rotation). Our Fourier analysis confirms
found some evidence of an about 3 years long cycle in the tafa¢ intermediate long-term variability and we find a time scale
spotted area (polar spot and low latitude spots) using Dopptérl3.7 years. However, we could only fit the long-term vari-
imaging from 11 years of observations. Whether this agreemaibility with two closely-spaced periods (13.70000 and 13.69973
is coincidental remains to be determined but clearly demaoyears) but can not offer a physical meaning of this result. The
strates the importance of long-term monitoring of this star. Tlkembination of the possibly different timescales of the spot area
rotational modulation has a large amplitude and shows up @snges on the two components of BY Dra separately (found by
large scatter in the folded long-term lightcurve. The amplitud€dvari[1999) could also produce such a long-term variability

34. V711l Tau
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Table 1.Basic stellar data and results

K. Okh et al.: Multiperiodic light variations of active stars

Star spectral Porb Prot Te Rossby T1 Amq Ty Amg T3 Amg time

class no. base

(days)  (days)  (days) (yrs) (mag) (yrs) (mag) (yrs) (mag) (yrs)

LQ Hya K2v single 1.6009 23.34 0.069 11.4 0.038 6.8 0.058 2.8: 0.017 15.6
V833 Tau K5V 1.7880 1.7936 28.31 0.063 trend (60?) — 6.4 0.128 2.5 0.030 11.3
El Eri G5IV 1.9472 1.9527 19.32 0.099 trend - 16.2 0.122 24 0.046 185
V711 Tau G5IV+K1lV 2.8377 2.841  92.68 0.031 - - 16.5 0.056 3.5: 0.032 220
BY Dra K4V+K7.5V 57951  3.8285 32.29 0.119 trend (55?) - 13.7 - 2.7: 0.046 27.8
HU Vir KolI-Iv 10.3876 10.42  79.43 0.131 trend - - - 58 - 16.0
IL Hya KOlI-IvV 12.908 12,791 107.90 0.119 trend - 13.0 0.151 - - 27.3
VY Ari K3-41V-V 13.198 16.199 67.76 0.239 - - 15.3 0.156 - - 22.2
HK Lac Kolll 244284 24378 90.57 0.269 >34.2 - 13.0 0.040 6.8 0.069 30.3
IM Peg K211 24.6488 24.494 4375 0.560 >48.3 - - - - - 27.2
* non-empirical values from Gunn et &l. (1998)
** two close periods; no amplitude can be given
Table 2. Additional stars with long periods
Star Spectral Porp Prot Ti Ta T3 Rossby Reference

type (days) (days) (years) (years) (years) no.
XY UMa G3V/[K4-5V] 0.4790 0.479 30 0.024 Henry et al. (1995) and refs. therein
AB Dor K0-K2 IV-V single” 0.514 5.3 0.024 Amado et al._(2000)
CG Cyg G9.5V/K3V 0.6311 0.631 41 0.028 Henry etlal. (1995) and refs. therein
WY Cnc G5V/[M2] 0.8294 0.829 10.0 0.063 Henry et al. (1995) and refs. therein
CC Eri K7Ve/dM4 15615  1.561 55 0.042 Henry etll. (11995) and refs. therein
AR Lac G2IV/KOIV 1.9832 1.983 17.0 0.081 Lanza & Rodo{i999a)
RS CVn F4IVIGOIV 47979  4.791 20.0 0.078 Lanza & Rodq@999a)
DX Leo KoV single 5.377 3.89 0.283 Messina et al. (1999)
UX Ari G5V/KOIV 6.4379 6.438 10.0 0.114 Henry et dl. (1995) and refs. therein
Il Peg K2-3 V-IV 6.7242 6.718 11.0 4.4 0.091 Henry etlal. (1995) and refs. therein
SS Boo GOV/KOIV 7.6061 7.606 115 0.119 Henry etlal. (1995) and refs. therein
o Gem Kl 19.6045 19.410 8.5 0.308 Henry et@al. (1995) and refs. therein
A And G8IV-IlI 20.5212 53.952 111 0.682 Henry et al. (1995) and refs. therein

*distant companions, see Guirado etlal. (1997)

that we observed. The 50-60 years long cycle (Bohdar!19%&hasons of data in the analysis —which make up for the long time
did not show up in our data. After pre-whitening the data, a vecpverage (see Figl 8) — we still obtain a 5.4 years cycle, which
weak and possibly spurious short-term cycle of about 2.7 yeateenghtens our initial result. Apart from the 5.6 years cycle, no
remained. The amplitude spectra, the fit to the observations, afghificant variation is found in the data except, of course, the
the residual magnitudes are displayed inHig. 7. rotational modulation. We note that, as recently discovered by
Fekel etal.[(1999), HU Viris a member of a spectroscopic triple
system with an orbital period of about 6.1 years. The dataset and
amplitude spectra for this star are shown in Fig. 8.

The light variation of HU Vir was discovered in the early 1980’s

but for a few years only sparse observations were gatheiﬁdr IL Hya

Most of the data were reported by SBCR who observed HU Vir

regularly from 1991 onwards. SBCR also reported a possible ke photometric history of the KO-giant active binary IL Hya is
5years cyclic variation in the mean brightness that is confirmedmmarized by SBCR until 1996. A more detailed discussion
from our Fourier analysis with two more years of observationsn the properties of the system is given by Weber & Strass-
A 5.6-years period (and its aliases) seems to be the only peadier (1998) and on the orbital aspects by Fekel ef al. (1999).
in the amplitude spectrum above ther3ine (Fig[8). As inthe The Fourier spectrum of the long-term variabiliy of this star is
case of BY Dra, the long-term modulation was fitted best witimple and is dominated by a continuous brightening since the
two closley-spaced periods because of a variable amplituded@fcovery of its light variations in 1971. Superimposed on it is
the 5.6 years cycle. If we leave away the first (or the first twa)cycle of about 13 years in length. After prewhitening the data

3.6. HU Vir
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3.9. HK Lac

with the trend and the cycle, only white noise remains in t

%’éﬁirty years of photometry of HK Lac was recently discussed
low-frequency part of the amplitude spectrum (Eig. 9).

y Olah et al. [(1997). The observations used in that paper are
now supplemented with two more years of data. The Fourier
analysis of the present dataset reconstructed three long time-
3.8. VY Ari scale variations. The longest one, 34.2 years, is approximately
g; length of the dataset itself and is statistically not significant,

star in our sample. Strassmeier & Bopp (1992) summariz ugh visual inspection of the light curve in Figl 11 shows that

and discussed the existing photometric data of the star betwd8'® variation on a time-scale of a few tgns of years must be
1974-1991. There is a gap of ten years in the photometric chesent. The 13.0 years and 6.8 years periods probably are real.
pecially interesting is the 6.8 years cycle. In an earlier paper

erage but despite a long-term variability is indicated by the date>" -, o ~
SBCR already estimated a possible cycle length:0# years y Olah et al.[(1991) the lifetime of the activity centers of HK
ac was found to be close to 7 years using the results from

that agrees well with our determination of 15.2 years . 1(%?. ) ; h
g y (i etailed spot modelling. Furthermore &blet al.|(1997) found
discontinuities in the distribution of rotational phases of activity

VY Ari is a very active and the only asynchronously rotatin
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centers on the same time-scale (for both results see Fig. &bf Ol -15 -1 -0.5 0 0.
et al[1997). log(1/P )
Fig. 13. Variation of P.yc/Prot VS. 1/ Pot in logarithmic scale. The
3.10. IM Pgg vertical long-dashed line separates the stars above and below a ro-

tational period of 10 days. Solid lines represent linear least-squares

IM Peg is the longest period star in our sample. SBCR gaveygproximations to the data for the six stars of our sample with double
summary of its photometric observations. Its spectral type wagles that are connected with dashed lines, and to the longest cycles
recently revised to K2III by Berdyugina et dl. (1999). Suppldeund in the literature (upper right corner) (c.f. Tables 1 and 2). The
mented with two more years of photometric data, we analysgeited line is from Baliunas et al. (1996). See text.
the 27 year of photometry from SBCR that has evidently a secu-
lar variation. We obtained 48.3 years as the long period with the
highest peak but note that it is twice as long as the time coverdhe fits for the shortest- and the medium-long cycles were made
of the data (Fid112). However, no other cycle-like variability igising only the six double cycles determined by us. The rest of
present in the data after pre-whitening with the 48.3 years lotige cycles found by us and from the literature clearly fall in or
“period”. The remaining white noise in the periodogram verifiedose to either of the two branches, this way we can decide if the
that, if any cyclic variability exists on IM Peg, it has a time-scalgiven cycle is the shortest possible ong) (or a medium-long
longer than about half a century. one (r2). These fits are plotted in F{g.113. Next, we made new fits
for all the cycles that seem to represent the two branches. The
slope of the trend betweéog(P.y./Prot) andlog(1/P.ey) for
the shortest cycles is 0.5D.04 (0.64:0.07) with a correlation
The results of our period analysis of ten rapidly-rotating activefficient of 0.98 (0.98), in brackets are the results we got using
stars are summarized in Table 1. We derived double and multipldy our six double cycles. For the longer, less certain cycles it
time-scale variabilities for six of the ten stars and for three stass0.83+0.08 (0.85:0.19) with a correlation coefficient of 0.94
we found one-one cycle. (0.91). The five longest cycle lengths (found in the literature)

From the literature, we gathered further cycle lengths gield 0.71 + 0.10 with a correlation coefficient of 0.97. For the
variability time-scales for thirteen additional staksAnd, UX dwarfs-subgiants regime the shortest and the longer possible cy-
Ari, SS Boo, WY Cnc, CG Cyg, CC Erir Gem, Il Peg and cles are well separated. A similarly well-established separation
XY UMa (from Henry et all 1995, and references therein); RS not present for the subgiants-giants regime, that has only five
CVnand AR Lac (from Lanza & Rodanl999a), DX Leo (from stars (VY Ari, a relatively slowly rotating dwarf-subgiant star
Messina et al. 1999) and for AB Dor (from Amado et al. 2000falls also to this regime), also, the giants form a physically more
Table 2 is a summary of the relevant data. Only the variabilitiethomogeneous group than the dwarf stars.
in the overall brightness of the stars were considered. We list The resulted slopes agree with the slope of 0.74 for slowly
the shortest cycle lengths ag 7> gives those periods that re-rotating main sequence stars (Baliunas et al. 1996). Note that
semble the medium-term variability angdare the longest-term Baliunas et al. (1996) use H&K emission-line flux as activity
variations. indicator compared to visual brightness as in our case. Neverthe-

Fig[13 summarizes our results itog — log presentation of less, we may plot the results from Baliunas etal. (1996) as a dot-
normalized cycle periods versus inverse rotation periods. Fitgtd line in Fig[AB where they appear withg(1/P,ot) of up to

4. Discussion
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‘ ‘ ‘ very likely (see the results for HK Lac in Sect. 3.9). A full the-

& Poe2 lime base, Henry et al. 1995 (dolted line) o ory that connects all these phenomena is still missing. A link
[ e e idlg;zzgf (f:f?“)h“) between orbital-period variation and stellar luminosity was pro-
gol stars, Lanza & Rodono, solid line 1 :
, L 0 W oM sters. anca & Radone, 10500 y ©° | posed by Applegaté (1992) and further discussed by Lanza et
° | al. (1998) and possibly verified for CG Cyg by Hall[{1991). The

main agent is the change of the gravitational quadrupole mo-
ment due to a periodic dredge up of high angular momentum
as a function of the stellar magnetic cycle. Lanza efal. {11998)
proposed a periodic change of the azimuthal field component
from ana?Q2 dynamo that would cause varying influence of the
Lorentz force on the convective envelope, and thus also a change
of the oblateness and the gravitational quadrupole moment.
Orbital-period variations of Algols, RS CVn binaries and
W UMa stars were recently summarized by Lanza & Raron
(1999b). Using the orbital periods and their periodic variations
(modulations) listed in that paper we plot( Pyod/Porb) VS.
log(1/P,) in Fig.[14 and compare them with the five stars
from Henry et al.[(1995) from the upper right corner of Eid. 13.
‘ ‘ ‘ | The W UMa stars do not show any trend but a correlation is seen
1 05 o 05 for Algols and RS CVn stars. This relation is similar to the one
log(1/P,.,) we found between rotational periods and photometric cycles for
our sample of fast rotating active stars (see[Ei§). 13). The slopes
Fig. 14.Variatiqn ome_od/Pm.'b vs. 1/P0'rb in logarithmic scale_ using of the trends betwedng(Puod/ Por,) andlog(1/P.,y,) for the
_cycles from o_rbltal pe_rlod var_latlons._TrlangIes are th_e samefive star§®8 cv/n stars and the Algols are 0:7@.19 and 0.750.13, re-
in the upper right region of Fi.13. Lines represent linear least-squages, fively, and their correlation coefficients are 0.78 and 0.86,
approximations to the data. See text. - ) .
respectively. The five stars with the longest cycles from the
photometry result in a slope of 0.70.10 with a correlation
approximately-0.8 corresponding to the fastest rotators in thefoefficient of 0.97 (as mentioned above), but this value is un-
sample. The similarity of the trends for the different groups 6€rtain because of the small number of the fitted points. The
stars (fast rotating dwarfs-subgiants-giants and slowly rotatifgcentricity of the orbits of most Algols and RS CVns is small
lower main-sequence stars) suggests that the ra@yQVProt and their rotation is synchronized to the orbital motion. There-
has a physical meaning and that it may provide a link betwefgtie, the orbital periods are close to the rotational periods and we
the observational and theoretical studies of stellar dynamoshaye similar correlations between, firstly, the rotational periods
has already been suggested by Soon €t al. {1993). and the long-term photometric variabilities and, secondly, the
All of the five short-period, main-sequence stars studigibital (= rotational) periods and the orbital-period variations.
have double-cyclic behaviour and two of them, V833 Tau Aplotoftheloginverse Rossby numberand logy./<2) for
and BY Dra, may have long-term variability on even thre@ur program stars, supplemented with thirteen additional stars
timescales. It is possible that the shortest cycles are not alwpsn the literature (Table 2) is displayed in Higl15 together
observable or are not always present. We note that for five malith the active stars (Wilson sample), BY Dra stars and RS
sequence stars, Baliunas et al. (1996) also found double-cyeln stars from Saar and Brandenburg (1999, hereafter and in
periods. The Sun shows cyclic variability of its overall activityi9.13 S&B). (We did not take into account the W UMa, dwarf
on at least three time scales. Beside 4l years long spot Nova, nova, nova-like and pulsar secondary stars from S&B
cycle, the solar activity has an about 80-year periodicity (tifé1ce we wanted to use similar stars to our sample.) We use the
so-called Gleissberg cycle) and an even longer term (200—3Bgametrization of S&B that allows a direct comparison with
years) pseudo-cyc|e (W0|f, Srer, Maunder m|n|ma) See, e_g_’their results of cycle periods for active stars. S&B’s active (A)
the proceedings edited by Sonett et/al. (1991). A medium lor@pd superactive (S) branches are also plotted with dashed lines,
term cycle length of the Sun was detected by Pulkkinen et alfit to the transitional regime stars of Fig. 5. of S&B are also
(1999), who found anv90 years long cyclic variation of thedrawn with a dashed line (Saar, private communication). The
‘magnetic equator’ of the Sun between the sourthern and norgfiaall symbols represent less certain data from our sample and
ern latitudes, that was strongly resembling to the Gleisshdfgm S&B.
cycle. It is worth to note that the time-scale of the long-term In Fig.[15 big dots and cirles represent the values calculated
variabilities on BY Dra and V833 Tau are 5-10 times shortéising the shortest possible cycle lengths that repeated more than
and their rotational periods are 7-15 times shorter than on fiéce during the observations from the present analysis for LQ
Sun. Hya, V833 Tau, El Eri, V711 Tau, BY Dra, HU Vir, IL Hya
A connection between cyclic orbital-period variations oand HK Lac, and also represent four additional stars from the
active-longitude changes and the overall brightness changétgyature with similarly well established cycle lengthsGem,

0.5
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Table 3.Cycle lengths from different sources

Star Cycle length (years) Method/activity tracer Reference
this paper other source
BY Dra 13.7 13-14 O—C of times of minima Pettersen et al. (1992)
V711 Tau 35 ~ 3 Doppler imaging, total spot area  Vogt et al. (1999)
16.5 18 orbital period fluctuations Dondfi (1999)
HU Vir 5.6 6.1 orbital period of the triple system  Fekel et @. {1999)
HK Lac 6.8 ~ 7 discontinuities of spot phases et al. [(1997)
El Eri 10-16/2.4 9.0 alternating minima changes Berdyugina & Tuominen[1998)
IM Peg > 48 20.5 alternating minima changes Berdyugina efal. (1999)
et Astars, that are determined mostly by the Wilson sample stars,
L 1 has an opposite slope. However, the Wilson sample consists of
2 7 slowly rotating single, solar type stars, whereas the other stars
.t 1 (fromthe present paper and from S&B) are fast rotators, and the
e I o 1 vast majority of them is a member of a binary system that means
3% aFa "’ - aphysical difference. Still, the shorter cycles of the two double-
w L 1 period stars of the Wilson sample we plotted agree well with
2 - 1 the continuation of our relation for the shortest cycles lengths.
ul PO -- L “ . 1 Looking at FigiTh we may speculate, that our relation for the
" @ep.p m-S&B. Jum. class V, V-IV, IV «* “=--_ shortest and S&B'’s relation for the longest cycles (S-branch)
| Oopp. 0o S&B, lum. class V-IIL III L ] could define an area where the limits follow from the possible
e b b Loe o P oo ghortest and longest cycle lengths for given rotational periods
0.5 1 15 2 2.5 ¢ and Rossby numbers of active stars, and the values determined
log(Ro™t = 207) by medium-long cycle lengths fall into this area.

. . In Table 3, we summarize the cycles of six particular systems
Fig. 15.A plot of the log inverse Rossby numbers vs. log/€2) for ngjnd in this paper, together with reliable cycle-length values of

the stars from the present paper and for active stars (Wilson sample], .
BY Dra stars and RS CVn stars from S&B. Big and small symbof?e same stars, but derived by other methods. For BY Dra and

represent more and less certain cycles. A and S branches plotted th Lac, the phases of the spots and the spot-area changes show
dashed lines are from S&B, also plotted with dashed line is a fit fsimilar cyclic behaviour. In case of V711 Tau, the shortest cycle
the transitional regime of S&B (Saar, private comm.). The solid linength of the spottedness found by us is supported by Doppler-
(continued with dotted line) is a fit using the shortest cycles lengthmaging results, and the medium-long cycle length is similar to
found in the present paper (round symbols). See text. the cycle length found from orbital period fluctuations. Finally,
the long orbital period of the recently discovered triple system
HU Vir is closely resembling the photometric cycle length. Ta-
Il Peg and\ And from Henry et al.[(1995) and DX Leo fromble 3 thus suggests some relationship between the various types
Messina et al.[{1999). For the shortest cycle lengths we fiofistellar cycles that may lead us to a more complex picture of
a trend between lof{o~*) and log(cy./€2) with a slope of stellar activity.
—0.66+0.13 with a correlation coefficient of 0.85 that s plotted
with a straight line that we continue as dotted line outside tI%e
range of our data. Nine stars with well determined cycles from
S&B lie at or close to our relation, and two of them are double— From 11-30 years of photometric data of ten rapidly-
cycle stars from Wilson’s sample. rotating active stars, we performed Fourier analyses with
According to our results (and also found e.g. by Saar & emphasis on long periods or quasi periods (trends). We de-
Baliunas 1992) the presence of multiple cycles could be a com- termined cycle lengths for nine of the ten stars studied and
mon feature of active stars. The relation betweenReg(*) and for six of those double or multiple time-scale variations were
log(wey./€2) has different branches, first demonstrated by Saar found.
and Baliunas (1992). Comparing Higl 15 with Fig. 5 of S&B we— The long-term brightness variations of active stars are gov-
find that the relation found from the shortest cycle lengths that erned by a change of their overall spot coverage. Spot mi-
were determined in the present paper lie paralel and well above gration does not affect the shape nor the length of the cycles
the values and relation determined by S&B for the S-branch observed.
stars. The other, less certain cycles found by us or in the liter A correlation between cycle length (from brightness vari-
ature (marked with smaller symbols) seem to scatter betweenations) and stellar rotational period seems evident. Cycles
our relation and the S-branch. S&B’s relation for S stars runs are generally longer for slower rotators. Relations exist be-
closest to the longest observed cycle lengths. The relation for tween the shortest possible cycle and the rotational period

Conclusions
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as well as for the longer cycle and the rotational period, thigévari Zs., Bartus J., 1997, A&A, 323, 801

is well separated for dwarf stars. Lanza A.F., Rodod, M., 1999a, In: Butler C.J., Doyle J.G. (edSo)ar
— The value chc/Q calculated from well-determined and Stellar Activity: Smilarities and Differences, PASPC 158, p.

shortest-cycle lengths possibly correlate with the inverse 121 i

Rossby numbers of the stars investigated. At the momenza A.F., Rodo, M., 1999b, A&A 349, 887

correlations for multiple cycles is hampered by ourrelativek//lamza A.F., Rodoo, M., Rosner R., 1998, MNRAS 296, 893

. . assi M, Neidlafer J., Torricelli-Ciamponi G., Chiuderi-Drago F.,
small sample, short observing time-base, and by uncertain- 1998, AGA 332, 149

ties in computing Rossby numbers of giant stars. Messina S., Guinan E.F., Lanza A.F., Ambruster C., 1999, A&A 347,
— Several of the cycle lengths determined from brightness vari- 49
ations agree with cycle lengths from other activity tracef§oyes R.W., Hartmann L.W., Baliunas S.L., Duncan D.K., Vaughan
or found with other methods. A.H., 1984, ApJ, 279, 763
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