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Abstract. We present the first evidence that a single active dwarf of solar type can show a long-lived, nonaxisymmetric spot
distribution — active longitudes on opposite hemispheres, similar to evolved, rapidly rotating RS CVn-type binary stars. We
analyse new as well as published photometric observations of the young active dwarf LQ Hya, spanning almost 20 years. We
find that activity of the star has three activity cycles: a 5.2-yr “flip-flop” cycle, a 7.7-yr period in the amplitude modulation of
the brightness and an approximately 15-yr period in variations of the mean brightness. The two shorter cycles are related to the
alternating active longitudes and are similar to cycles observed in RS CVn-type stars. The 15-yr cycle reflects periodic changes
of the mean spottedness of the star and resembles the solar 11-year cycle. The spot rotation period (about 1.6 days) changes
during the 15-yr cycle, indicating the presence of small differential rotation. The lengths of the three cycles are related as 3:2:1,
with the repetition of the spot configuration after 15 years. We discuss the possibility that the observed spot cycles represent
two different magnetic dynamo modes operating in LQ Hya: an axisymmetric mode, as in the Sun, and a nonaxisymmetric
higher order mode with two cycles in spot patterns. Our results suggest that young stars exhibit their cycles in spot distribution,
as seen in LQ Hya. This is in contrast to the conclusion based on the analysis of Cam H&K emission from plages. The results

suggest also that the Vaughan-Preston gap represents a transition from a multiple-mode dynamo to a single-mode dynamo.
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1. Introduction

The Sun is the only star whose magnetic activity can be ob-
served and studied in detail. It exhibits 11- and 22-year spot
and magnetic cycles which have been explained by an oscil-
latory magnetic dynamo. In order to understand how the solar
cycle could evolve since the early ages of the Sun, we investi-
gate a sample of young single dwarfs that have just arrived on
the main sequence and that, therefore, could be considered as
young solar analogues.

The standard theory of solar evolution predicts that the
solar luminosity increases from the zero-age main sequence
(ZAMS): the zero-age Sun was a G6 star with the luminos-
ity Lzams =0.7 Lg (cf. Stix 1989 and references therein). The
solar luminosity changes throughout the main-sequence life-
time were accompanied by a loss of angular momentum and,
consequently, a decrease of magnetic activity. Correlations be-
tween age and various activity signatures have been estab-
lished for solar type stars (e.g. Skumanich 1972; Noyes et al.
1984; Giidel et al. 1997). Such studies derived, for instance,

Send offprint requests to: S. V. Berdyugina,
e-mail: sveta.berdyugina@oulu. fi

* Table 2 is only available in electronic form at the CDS via
anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsweb.u-strasbg.fr/cgi-bin/qcat?]/A+A/394/505

the solar zero-age rotation period Pzams = 193 and X-ray lumi-
nosity Lx zams ~ 10* ergs™!, corresponding to the very young
and active solar-type dwarfs (Gaidos 1998). A comparison of
these numbers with their current values (Qzams ~ 20 Qs and
Lxzams ~ 103 Lx o) indicates dramatic changes, which the so-
lar activity level has undergone during 4.6 Gyr.

It is, however, unknown how the solar cycle has evolved
and at what time the present cycle properties were established.
The continuous records of sunspot number go back to the be-
ginning of the 17th century, providing a time scale of only
400 years, over which the 11- and 22-year and secular cycles
have been discovered (Schwabe 1844; Hale 1913; Gleissberg
1945). The persistence of these cycles have been confirmed on
longer time scales with the help of cosmogenic isotopes, as the
solar activity modulates the energy spectrum of the primary
galactic cosmic rays interacting with the Earth’s atmosphere
(cf. Eddy 1978). Traces of the 11-year cycle on a time scale of
about 1400 years (590-1979 AD) have been found in '*C (Cini
Castagnoli et al. 2000), while the secular cycle was followed
back to 30000 BC in '°Be (Beer 2001). Also, from the analy-
sis of nuclides in lunar rocks, it is concluded that the average
solar-proton fluxes over the past 100000 years are not greatly
different from those observed during the last three 11-yr solar
cycles (Reedy & Marti 1991). These and similar studies allow
us to trace back the solar cycles on a maximum time scale of
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several ten million years with a significant decrease of time
resolution in the past (Cram 1983). The stability of the cycles
over thousands of years and the total level of solar activity over
millions of years indicates that the magnetic dynamo govern-
ing them has not changed significantly on these time scales.
This can be understood implying that the solar luminosity and
the rotational rate would change by only 5% during the last
half a billion years, as seen from the studies of solar type stars.
Remarkable changes of the solar dynamo are expected during
the first billion years of the Sun’s lifetime, as the rotational rate
should have dropped by an order of magnitude during this time
(from a period of 1.3 days to one of 12 days).

Since the first detection of cyclic magnetic behaviour in
solar-like stars (Wilson 1978), major efforts in searching for
stellar cycles have concentrated on the analysis of changes in
the overall activity level, resembling the solar 11-year cycle.
The activity indices commonly used are the Can H & K emis-
sion, appearing due to the presence of plages (Baliunas et al.
1995), and total flux variations due to the presence of spots (e.g.
Olah et al. 2000). It was firmly established that chromospheric
activity in solar-type stars declines with age, and only older
stars show solar-like activity cycles (Vaughan & Preston 1980;
Vaughan 1980). Moreover, there is some kind of discontinuity
in stellar chromospheric activity as a function of stellar age —
the Vaughan-Preston gap — separating stars with and without
prominent cycles. With the data collected so far, Brandenburg
et al. (1998) and Saar & Brandenburg (1999) made an attempt
to trace the time evolution of stellar magnetic cycles and, thus,
the dynamo. They found that most stars with an age r > 0.1 Gyr
occupy two roughly parallel branches — active and inactive.
Older stars, with ¢ >1 Gyr, can show multiple cycles on differ-
ent branches. Also, very active stars (G-K-M dwarfs in binary
systems) appear to occupy a third branch, superactive, and a
few dwarfs and many RS CVn variables appear to delineate a
transition zone between the third and the other two branches.

Recently, we found that active giants and subgiants in bi-
nary systems (RS CVn-type stars) show two persistent active
longitudes, their positions separated by 180 degrees in longi-
tude (Berdyugina & Tuominen 1998; Berdyugina et al. 1998,
1999, 2000). At certain times, the dominant activity switches
between the longitudes, showing the so-called “flip-flop” ef-
fect, with the time between consecutive switches being roughly
the same. We suggested the switches to be a new tracer of stel-
lar activity cycles seen in spot pattern changes (Berdyugina &
Tuominen 1998). Later, our conclusions for the star I Peg have
been confirmed by the new analysis of extended photometric
data (Rodono et al. 2000). Our results raised the question of
whether switching active longitudes exist solely in binary gi-
ants and subgiants. The only single star known so far to show
a similar behaviour is FK Com (Jetsu et al. 1993; Korhonen
et al. 1999, 2000, 2001), an extremely rapidly rotating giant,
for which, however, the process of binary coalescence has been
discussed.

Our results for RS CVn stars have been also included in
the analysis by Saar & Brandenburg (1999). These stars ap-
peared in the active branch and also in the transition region
between the active and superactive branches indicating, thus, a
similar dynamo behaviour with young single stars. Therefore,
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one could expect that active longitudes and their alternating ac-
tivity are also typical for single active stars with ages <0.1 Gyr
and, thus, for the Sun at that time.

The present paper begins the study of young single stars
with ages less than 1 Gyr. The main aim of our investigation
is to establish whether a cyclic behaviour is exhibited by these
stars in spot patterns and overall spot activity. As was noted
previously, such stars rarely display smooth cyclic variations in
chromospheric plages, which become more prominent as stars
become older and their average activity level decreases. We ex-
pect that younger stars with a higher level of activity exhibit
their cycles in spot patterns rather than in plages. This is sup-
ported by the abovementioned similarity in dynamo behaviour
of RS CVn stars and young dwarfs. Also, a detailed study of a
sample of young stars will provide a “time probe” of the solar
dynamo evolution.

We find LQ Hya (HD 82558) to be an attractive object
for such an investigation because of its extreme activity and,
also, because it can be regarded as a young solar analogue.
Being at least as young as the youngest Pleiades stars, it ro-
tates 15 times faster than the Sun (P ~ 196) and has probably
just arrived on the zero-age main sequence (Fekel et al. 1986).
In 1982, the star was discovered to be photometrically vari-
able and to exhibit strong optical (Can H & K and He) and
far-ultraviolet emissions (Eggen 1984; Fekel et al. 1986; Vilhu
et al. 1991). The study of observed radial velocities shows that
the star is probably single (Fekel et al. 1986). Later, a complex
and strongly variable spot distribution was revealed on the stel-
lar surface with Doppler imaging techniques (Saar et al. 1992,
1994, Strassmeier et al. 1993; Rice & Strassmeier 1998; Donati
1999; Berdyugina et al. 2001). The fact that the observed vari-
ability of LQ Hya is caused by its magnetic activity was estab-
lished by detecting widespread surface magnetic fields (Saar
et al. 1992, 1994; Basri & Marcy 1994; Donati et al. 1997;
Donati 1999). Moreover, evidence for long-term evolution of
a large scale magnetic field was found from Zeeman-Doppler
images (Donati 1999). Kitchatinov et al. (2000) assumed the
presence of a small differential rotation and derived from a dy-
namo model a global axisymmetric field with a cycle period of
3.2 years, which was concluded to be somewhat shorter than
that suggested by Donati (1999).

The cyclic behaviour of LQ Hya has been detected from
overall light variations. Jetsu (1993) reported a 6.2-yr cycle
with a peak-to-peak amplitude in the V-band of about 071.
Strassmeier et al. (1997) also noticed variations in the V-band
on a time scale of 7 years. Oldh et al. (2000) reported a main pe-
riod of 6.8 yr and two low-power periods of 11.4 yr and 2.8 yr.

In the present paper, we analyse the most comprehensive
photometric observations of LQ Hya and present the first ev-
idence that long-lived active longitudes and cycles related to
them can also occur in a single dwarf star. The observations
are described in Sect. 2. In Sect. 3, we perform inversions of
stellar light curves and reveal active longitudes, differential ro-
tation and cycles in spot patterns. The results obtained with
the inversion technique are confirmed in Sect. 4, where the
same data are analysed with the methods of time series anal-
ysis. Finally, in Sect. 5, we discuss the impact of our results on
understanding the phenomenon of stellar activity in different
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Fig. 1. The photometric data analysed in this paper. Open circles indicate previously published observations, while filled circles represent the

new data.

Table 1. Sources of the light curves.

JD range N  Source

(JD-2400 000)

45275-45779 18  Fekel et al. (1986)
45699-45734 12 Eggen (1984)
4602346178 62  Strassmeier & Hall (1988)
4602347160 155 Boyd et al. (1990)
47548-47593 22 Cutispoto (1993)
47881-48760 285  Jetsu (1993)
4794947961 13 Cutispoto (1996)
48331-48344 13 Cutispoto (1998a)
48667-48681 14 Cutispoto (1998b)
49044-50233 474 Strassmeier et al. (1997)
50397-50598 178  Strassmeier et al. (1999)
50078-52271 946  this paper

types of stars as well as the time evolution of solar and stellar
dynamos.

2. Observations

To search for long-lived spot structures and activity cycles,
we use the longest database of photometric records, of about
20 years in length, published elsewhere and newly obtained.
The sources of the published observations are given in Table 1.

New photometric observations were acquired in 1995-2001
with the Phoenix 10 robotic telescope at the APT Observatory,
Arizona, in the UBYV bands with HD 82447 as the comparison
star. The errors of the observations are typically about 07010
or less. These observations are given in Table 2! and presented
in Fig. 1.

! Table 2 is only available in electronic form at CDS, Strasbourg,
via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5)
or via
http://cdsweb.u-strasbg.fr/cgi-bin/qcat?]/A+A/394/505

For our purposes, we use only V-band light curves, because
they represent the most complete data set. Since generally the
same comparison and check stars were used in different obser-
vations, a combination of light curves from different sources
was done with no corrections.

3. Light curve inversions

Here, we report results based on inversions of the observed
light curves into stellar images — an approach that reveals the
essential longitudinal spot distribution, good enough for the
purpose of searching for active longitudes and their evolution
(e.g. Rodono et al. 2000).

The data were divided into 74 sets, most of them having a
good phase coverage over the rotational period, but this was not
the only criterion for forming a set. LQ Hya is known to show a
strongly variable light curve. Therefore, the data were divided
so that a given set represented a light curve stable for a given
time interval. As the longest set covers an about two month
period, this may indicate a time scale of light curve stability,
though strong variations have been observed on shorter time
scales as well. The mid-epochs of the individual sets are given
in Table 3. The observations were phased with the ephemeris
by Jetsu (1993): T = 2445274.22 + 19601136 E, where the
zero epoch refers to one of the photometric minima.

We apply our inversion technique (Berdyugina 1998) to the
photometric light curves in the two temperature approxima-
tion. The values of the photosphere and spot temperatures were
adopted equal to 5250K and 4400K, respectively. These pa-
rameters have been tested in our earlier investigation of the star
(Berdyuginaet al. 2001). In our calculations, we divide the stel-
lar surface into a grid of 10°x 10°. The model assumes that, be-
cause of low spatial resolution, the intensity of each pixel on the
surface, I;, contains contributions from both temperature com-
ponents, the hot photosphere, /,, and cool spots, I, weighted
by the fraction of the surface covered with spots, f; (spot filling
factor):

Ii = fils + (1 = fi)lp, ey
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Fig. 2. The light-curve inversion results. Images are shown in a gray scale with spot filling factor being larger in darker regions. The coordinate
grid in the images indicates positions of the equator and 4 longitudes separated by 90°. Observed and calculated V-band light curves are

presented by crosses and lines, respectively.

with 0 < f; < 1. The instantly observed stellar flux is the in-
tegral of the intensity contributions from the surface elements
seen at a given rotational phase. The inversion of the light curve
results in a distribution of the spot filling factor over the stel-
lar surface, i.e. stellar image. Figure 2 shows the light curves
and the stellar images obtained from them. Since a light curve

represents a one-dimensional time series, the resulting stellar
image contains information on the spot distribution only in one
direction, in longitudes, while spot extents and locations in
latitudes remain uncertain. As a result, maximum spot con-
centration always appears at the central latitude of the stellar
disk whose value depends on the assumed inclination of the
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Fig. 2. continued.

rotational axis. Because of the projection effect and limb dark-
ening, images show more well defined structures than the light
curves and, therefore, are very useful for determining longi-
tudes of spot concentrations. Although this approach is less in-
formative than the Doppler imaging technique, based on spec-
troscopic observations, the analysis of more continuous and
frequent photometric data allows conclusions on longitudinal

spot patterns and their long-term evolution.

3.1. Active longitudes
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From the images we recover spot longitudes at the location
of the maximum spot filling factor. Two maxima are usually
seen in the images, which indicate two spot concentrations on
the stellar surface, with one generally being larger. The photo-
metric phases calculated from the spot longitudes are given in
Table 3. The time dependence of the spot phases is shown in

Fig. 3.
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Table 3. Spot parameters: JD is the Julian date of the mid epoch of the light curve observation, ¢ is the recovered phase of the active region,

and V is the magnitude of the star at phase ¢.

Set Year JD (] ©2 V1 V2 Set Year JD @1 (7] V] Vz
1 1982.84 45276 1.217 0.729 7.848 7.807 | 38 1996.09 50116 1.004 - -
2 1984.09 45730 1.172 - - - 39 1996.22 50159 1.031 0.506 7.840 7.828
3 1984.95 46046 0.790 - 7.873 - 40 199630 50191  0.992  0.500 7.843
4 1985.10 46102 0.674 1.071 7.856 7.850 | 41 1996.37 50217 1.062 - 7.854 -
5 1985.26 46158 0.854 - 7.859 - 42 199691 50414 0456 1.081 7.863 7.856
6 1987.10 46832 0.938 - 7.969 - 43 199698 50440 0.506 1.139 7.863 7.837
7 1987.20 46868 0.968 0.477 8.013 7.869 | 44 1997.06 50469 1.105 0.538 7.858 7.846
8 1987.32 46908 1.016 - 8.014 - 45 1997.18 50512 1.071 0.540 7.872 7.850
9 198791 47126 1.016 0.631 7.897 7.888 | 46 1997.33 50568 1.072 0.528 7.872 7.855
10 1987.99 47156 0.937 0502 7921 7.870 | 47 1997.84 50754 0.375 0981 7.859 7.855
11 1989.12 47569 1.077 0.528 7.957 7.899 | 48 1997.96 50798 0.966 0.489 7.879 7.873
12 1990.00 47888 1.105 0.614 7936 7.873 | 49 1998.04 50826 0.978 0.520 7.864 7.864
13 1990.05 47907 1.081 0.528 7915 7.862 | 50 1998.16 50873 0.698 - 7.891 -
14 1990.13 47941 1.058 0.607 7.870 7.859 | 51 1998.28 50914 0.730 1.187 7.885 7.866
15  1990.26 47982 1.066 0.645 7.862 7.861 | 52 1998.37 50945 0.788 - 7.876 -
16  1990.35 48017 0.597 1.050 7.874 7.857 | 53 1998.85 51124 0458 1.093 7918 7.902
17 1990.87 48209 0.831 - 7.870 - 54 1998.97 51165 0.371 - 7.924 -
18 1990.98 48249 0.695 1.014 7.888 7.862 | 55 1999.06 51201 0.537 1.095 7.938 70914
19  1991.23 48337 0.678 - 7.880 - 56 1999.19 51244 0.661 1237 7945 7.907
20 1991.38 48391 0.867 - 7.917 - 57  1999.29 51284 0.851 0427 7914 70911
21 1991.84 48564 0.557 0902 7.899 7.891 | 58 1999.38 51316 0915 0437 7.904 7.903
22 1992.06 48644 0.954 0537 7934 7.850 | 59 1999.84 51482 0478 1.007 7.956 7.938
23 1992.14 48674 1.002 0.604 7920 7.868 | 60 1999.95 51524 0949 0471 7.982 7921
24 199221 48696 1.054 0.601 7981 7.855 | 61 2000.04 51556 0977 0.431 7.967 7.906
25 199229 48725 1.087 0.653 7918 7.816 | 62 2000.11 51584 1.005 - 7.975 -
26 199235 48748 1.079 0.497 7922 7.837 | 63 2000.21 51617 0.311 0.955 7.955 7.955
27 1993.17 49047 0.369 - 7.812 - 64  2000.29 51648 0.957 0332 7.966 7.950
28  1993.33 49107 0.590 - 7.863 - 65 2000.36 51675 0.997 0393 8.001 7.939
29 1994.06 49374 0.564 1.105 7.894 7.790 | 66  2000.85 51856 0.988 0.381 7.955 7.920
30 1994.21 49427 0.600 1.158 7.879 7.788 | 67 2000.96 51895 1.024 0.430 7.955 7.925
31 199434 49473 0.720 - 7.876 - 68 2001.03 51921 0.504 1.078 7.946 7.943
32 1995.09 49752  0.615 - 7.838 - 69 2001.12 51955 0.613 0.175 7.928 7.927
33 1995.16 49776 0.647 1.247 7974 7909 | 70 2001.21 51985 0.781 0.264 7.943 7.901
34 1995.24 49801 0.533 1.021 7980 7.867 | 71 2001.29 52013 0.890 - 7.975 -
35  1995.27 49814 0.530 0955 7948 7.899 | 72 2001.38 52040 0.878 0.179 7.956 7.949
36 1995.34 49841 0.594 - 7.916 - 73 2001.86 52223 0.179 0.770 8.002 7.957
37 199594 50059 0.670 1.173 7.882 7.835 | 74 2001.97 52262 0.240 0.812 8.004 7.967

The two spot concentrations constitute two active longi-
tudes about 180° (A¢ = 0.5) apart. As seen from Fig. 3, the
active longitudes have a noticeable linear drift to earlier phases.
Since the phases were calculated with a fixed period value, the
rate of the drift indicates the difference between the used period
value and its observed averaged value. As found from linear
fits to the phases, the annual phase drift of the active longi-
tudes is on average —0.012 + 0.002. Accounting for the drift,
the correction to the rotational period appears to be as small
as (8.4 + 1.4) x 107 day, i.e., about only 7 s. Despite its small
value, such a drift results in a quarter phase shift over 20 years,
which is clearly seen in Fig. 3. Therefore, the new period value
is found to be 19601052 + 0¢000014.

3.2. Differential rotation

The new period value determined from the linear drift of
the active longitudes represents, however, only the average

rotation period. Actually, the rotation rate of the active longi-
tudes is different for different years and seemingly changes pe-
riodically. This is seen from a harmonic fit to the phases shown
in Fig. 3. The fit was calculated for both active longitudes
simultaneously.

The period variation can be interpreted as an indication of
differential rotation. Its magnitude can be estimated from the
observed period variations. From the harmonic fit to the active
longitudes, two extreme values of the rotation period can be
found: Ppin = 19600905 and Pmax = 19601198, with the error
of 493 x 107>, The difference between the periods is signifi-
cant. Furthermore, according to our preliminary surface imag-
ing results (Berdyugina et al. 2001), maximum spottedness in
LQ Hya covers the latitude interval 50° to 60°. Combining this
with the P, and P, values and using the solar law of dif-
ferential rotation in the form: Q = Qy + AQ sin’ Y, we find
AQ/Qy = 0.002, where Q is the angular velocity at the equa-
tor and AQ is the difference between the equatorial and polar
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angular velocities. The ratio for LQ Hya is two orders of mag-
nitude smaller than the solar value.

3.3. Activity cycles

A 5.2-year cycle is observed as a series of abrupt switches of
the dominant activity between the active longitudes. Our re-
sults, presented in Fig. 3, show that larger spot concentrations
alternately occupy the active longitudes for 2.6 + 0.4 years.
During the total cycle of 5.2 years, the dominant activity oc-
cupies subsequently both active longitude. Similar series of
active longitude switches were observed in RS CVn stars

(Berdyugina & Tuominen 1998) and also in FK Com and were
tentatively called “flip-flops” (Jetsu et al. 1993; Korhonen et al.
2002). This name implies quick alternations in the spot distri-
bution between two active longitudes.

A 7.7-year cycle is clearly seen in the amplitude modula-
tion of the brightness (see the last panel of Fig. 4). It can also
be traced in the behaviour of the active longitudes. As seen
from Figs. 3 and 4, when the amplitude of the brightness vari-
ation is near its minimum (in the years 1990 and 1998), the
larger active region apparently migrates from one active longi-
tude to the other within about a year. A similar migration can
be also noticed in the smaller active region, so that the active
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Fig. 5. Phases of the minima for the best multiperiodic approximation curve computed with the rotation periods P = 19601136 (left panel) and
P = 19600834 (right panel). The main (stronger) minima are depicted with widest marks, the middle-thick marks are used to depict phases for
single minima, and the narrow marks are used for secondary minima. On the right panel, the phase drift is almost gone while the cycle timing
pattern is the same as on the left panel. The abrupt phase shifts after 1992 and 1999 are well seen.

longitudes apparently exchange their location. This indicates a
shift of the dominant activity by 180° in longitude and is remi-
niscent of the “flip-flop” phenomenon occurring in the 2.6-year
intervals. This cycle is also confirmed by the time series analy-
sis presented below in the Sect. 4.1.

A 15-year cycle is seen in the period variations of the ac-
tive longitudes rotation (Fig. 3) and also in the maximum, min-
imum and mean V magnitude variations (Fig. 4). The uncer-
tainty of the cycle length is a few years, because the data set
covers only about 20 years and the second global minimum of
the stellar brightness is not completely covered. If, however,
the zero epoch is fixed in the fitting procedure as the middle
epoch between the global maximum and minimum (inflection
point), namely about the year 1991, the uncertainty of the cy-
cle length is reduced to half a year. Further observations of the
star will certainly improve our estimate. A correlation of the
period variation with the mean brightness of the star during
the 15-year cycle is reminiscent of the solar 11-year cycle, i.e.,
spots in the course of the cycle seem to arise at different lat-
itudes and rotate with different periods because of differential
rotation. A kind of butterfly diagram is expected therefore for
LQ Hya. It can be obtained with the help of the surface imaging
technique. This is the aim of our second paper of this series.

Note that the lengths of the cycles appear to be in a certain
relation: 5.2 X 3 = 7.7 x 2 = 15 years. Such a relation can
be understood if one considers the interference of the cycles.
The 5.2-yr cycle is seen in the active longitude alternation
every 2.6 years. The 7.7-yr cycle interfere with the 5.2-yr cycle
as follows: during the first 5.2 years the dominant activity oc-
cupies subsequently both active longitudes and, for the rest of
the cycle, after a regular switch of the activity, the larger active
region migrates from one active longitude to the other and stays
there until the next switch. Such migrations occur therefore in
every third 2.6-yr interval. The configuration of the active lon-
gitudes is repeated over the 15-yr cycle.

Finally, we conclude that the activity of LQ Hya is multi-
cyclic and governed by (i) long-term total spot area changes on
a time scale of about 15 years and (ii) two interfering mecha-
nisms of spot area redistribution between the active longitudes
on the time scales of 5.2 and 7.7 years.
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Fig. 6. Phases of minima for the carrier fit approximation computed
with the base period P = 19601136. The main minima are depicted
with diamonds and secondary minima with points. The overall pattern
is somewhat similar to the inversion analysis results. The longer time
gaps in the plot are due to data sparsity in some seasons. The carrier
fit method needs more data points to produce safe approximations.

4. Time series analysis

To check the validity of the above results we analysed the same
data set with two different time series analysis methods. First,
we searched for a global multiperiodic approximation to the
data and, second, we used the so-called “carrier fit” method to
analyse the local behaviour of the light curve. In this analysis
we do not make any physical assumptions.

4.1. Global approximation

In our first model we assume that the full data set can be de-
scribed with one basic period which is somehow periodically
modulated. In this way we seek effectively only two generic
periods P; = 1/v; and P, = 1/v, to describe the regular part
of the variability. The most general model for such a waveform

will contain all positive frequencies from the family
V[)j:iXV]‘f'jXVz, i,j=-N,...,N, 2)

where N is a certain cutoff to the full (infinite) model. In our
analysis, we choose N = 2 as an appropriate value to avoid
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overfit and lengthy computations. To determine the best val-
ues of the generic periods we computed least square fits (with
all coupling frequencies included) for a full set of trial pairs
Py =1958...1963, P, = 10007 .. .3000¢ The best pair occurred
to be P; = 19600834, P, = 2748311 = 7.52 years. The corre-
sponding fit to the observations is not very good (the reduction
of the sum of squares of residuals R* = 31.6%) but the result is
nevertheless quite interesting.

In Fig. 5 (left panel), the phases of the minima of the best
fitting model computed with the rotation period P = 19601136
determined by Jetsu (1993) are displayed. This period appeared
to be too long, as was also found in Sect. 3, since there is a clear
drift of the phase to smaller values. If the minima are computed
using the base period P = 1960083 (Fig. 5, right panel), the
phase drift is practically gone and the full variability is peri-
odic with the modulation period. One can see that the overall
structure of the activity is similar to the pattern we obtained
with the inversion technique. The base period coincides within
the error with P, as determined in Sect. 3. The best modula-
tion period of 7.52 years is seen as abrupt phase shifts in 1992
and 1999. It corresponds to the 7.7-year cycle discussed above.

4.2. Carrier fit method

While the modulation analysis of the previous subsection as-
sumed a global persistent periodicity, the carrier fit method is
based on the assumption that the period, its phase, and am-
plitude can all change with time. A full introduction to this
relatively new method will be given elsewhere. Here we only
mention that it is based on the local approximation of data frag-
ments by the following model:

f(t) = a(t) cos2rvot) + b(7) sin(2rvot), 3)

where a(f) and b(z) are slowly changing amplitudes which are
modelled by using splines, and vy is the so-called carrier fre-
quency. An approximation of this kind can be used to model
narrow band stochastic curves as well as curves with mildly
changing phases and amplitudes.

In Fig. 6, the result of the carrier fit analysis is displayed.
All patterns of the minima are similar to results of the inversion
analysis presented in Sect. 3. This is not of course unexpected
because the spot mapping by inversion can also be regarded as
a procedure to approximate smoothly observed light curves.

5. Discussion

Although detailed theoretical models are needed to understand
the behaviour of the activity of LQ Hya, we can preliminarily
address some questions.

5.1. Is LQ Hya a good young solar analogue?

The complicated behaviour of the spot activity of LQ Hya oc-
curring on various time scales raises the questions whether
this star can truly represent the young Sun and, if so, at what
age. Young solar-mass stars are remarkable by their high ro-
tation rate, chromospheric activity, spottedness, and coronal
X-ray emission. Also, lithium abundance and space motions
are good indicators of stellar age. Basically, three observables
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give major evidence for the early age of LQ Hya: rapid rotation,
P = 1.6 days, high X-ray luminosity, Lx/L = 0.45 x 1073, and
lithium overabundance, log e(Li) = 2.8 (Hiinsch et al. 1999;
Fekel et al. 1986). Also, the galactic velocity components in-
dicate clearly that LQ Hya is a young-disk star and certainly
younger than 0.3 Gyr (Jeffries 1995). Comparing LQ Hya’s ob-
servables with those the Sun is supposed to have at various ages
(Skumanich 1972; Stix 1989; Pinsonneault et al. 1989; Gaidos
1998), we find that LQ Hya corresponds to the Sun at the age
of about 60 Myr, which is in accordance with the conclusion
by Fekel et al. (1986).

5.2. Do binary and single stars have similar dynamo
behaviour?

The evolution of the angular momentum in single and binary
stars is known to be different: while the former spin down with
time, the latter become tidally locked at fast rotation by a close
companion. Therefore, for a given spectral class, the distribu-
tion of stellar rotation periods shows a wider range for binaries.
Since the rotation plays a key role in stellar magnetic activity,
a wider range of activity in binary stars is also observed (see
e.g. Saar & Brandenburg 1999, who found binaries in all ac-
tivity branches). On the other hand, some similarities between
evolved binary components and young stars, rotating with sim-
ilar rates, can be expected, if the binarity has little effect on
the dynamo. Therefore, the long-lived active longitude struc-
ture observed in evolved components of binary systems, such
as RS CVn-type stars (Berdyugina & Tuominen 1998), can be
searched in single stars with similar rotational rates.

Nonlinear magnetic dynamo calculations show that indeed
active longitudes can be dominant in both single and binary
stars (Moss et al. 1995; Moss & Tuominen 1997; Tuominen
etal. 1999). Our present results for LQ Hya provide the first ob-
servational confirmation of these calculations for single stars.
This preliminary result suggests that indeed the dynamo be-
haviour is strongly determined by the rotational rate rather than
the binarity, though further investigations of single active stars
are needed.

5.3. How does the stellar dynamo evolve?

The geometry and behaviour of stellar magnetic fields are glob-
ally determined by the stability of dynamo modes with different
symmetry (e.g. Brandenburg et al. 1989). For instance, basic
features of the present solar dynamo can be explained by axi-
symmetric mean-field dynamo models which are antisymmet-
ric with respect to the equator (type A0). In more active stars,
rotating more rapidly, a higher order nonaxisymmetric mode is
excited and stable, either symmetric with respect to the equato-
rial plane S1 (Moss et al. 1995) or antisymmetric with respect
to the equatorial plane Al (Tuominen et al. 1999). The mag-
netic field configuration in such modes consists of two mag-
netic spots of opposite polarities — active longitudes 180° apart.
Beside the symmetry of the modes, their oscillatory properties
are also different: while axisymmetric modes show clear cyclic
behaviour (as in the solar cycle), the present models of nonaxi-
symmetric modes appear without oscillations.
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The switching active longitudes observed in LQ Hya and
RS CVn stars favour, however, periodically oscillating nonaxi-
symmetric fields, which have not yet been encountered in the
theoretical models. Moreover, in LQ Hya, the mechanisms gov-
erning its activity described in Sect. 3.3 suggest a dual dynamo
action: the long-term total spot area changes indicate an oscil-
lating axisymmetric mode (say (A0 like in the Sun) with a 15-yr
period, and the active longitudes reveal the presence of a non-
axisymmetric mode (either Al or S1) with two periods of 5.2
and 7.7 years. Perhaps the coexistence of the axisymmetric and
nonaxisymmetric modes results in the appearance of oscillat-
ing nonaxisymmetric fields, i.e. alternating active longitudes.
The relative strengths of the two dynamo modes and the pe-
riod of the oscillations of the axisymmetric mode should then
define the amplitudes and the lengths of the observed cycles.
In LQ Hya, the ratio of the cycle lengths was determined as
1:2:3, which resembles a harmonic sequence in the periods of
the excited dynamo modes. We note, however, that for deter-
mining the symmetry of the dynamo modes, for both solar-type
and RS CVn stars, observations of magnetic polarity of the two
active longitudes are needed.

As was mentioned, AOQ is the principle dynamo mode gov-
erning the solar 22-yr cycle. Since LQ Hya can represent
the Sun in the very beginning of its main sequence evolu-
tion, our results suggest that, due to extremely rapid rotation,
both axi- and nonaxisymmetric modes of comparable strengths
were excited in the young Sun. As the Sun evolved and spun
down, the nonaxisymmetric mode was quenched. In the present
Sun, only weak traces of this mode were observed as short-
lived active longitudes (e.g. Bumba & Howard 1965; Vitinskij
1969; Mikhailutsa & Makarova 1994) or preferred hemispheres
(Balthasar & Schiissler 1984).

The change of the dominant dynamo mode from strongly
nonaxisymmetric to strongly axisymmetric as the star evolves
can be responsible for the appearance of the so-called Vaughan-
Preston gap (Vaughan & Preston 1980; Vaughan 1980). The
difference in the configuration of the magnetic field and the to-
tal energy output in these modes can result in a discontinuity in
the activity level with stellar age. A similar idea was discussed
by Durney et al. (1981), who suggested that strong and random
variations in chromospheric emission (no cyclic variations) in
young stars can occur due to multiple excited dynamo modes.

As LQ Hya and the Sun represent stars on different sides
of the Vaughan-Preston gap, our results suggest that (i) young
stars do exhibit their cycles, but in spot patterns, (ii) the activity
of young and old stars is governed by different dynamo modes,
and (iii) the Vaughan-Preston gap indeed represents a transition
from a mutiple-mode dynamo to a single-mode dynamo. With
a sample of single stars of different ages, we are going to test
these suggestions in future investigations.

6. Conclusions

We present new photometric data of the single young dwarf
of solar type, LQ Hya, and analyse the most comprehensive
series of observations with the technique of inversion of light
curves into stellar images. Such an approach reveals essentially
the longitudinal spot distribution and is good enough for the
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purpose of studying active longitudes and their evolution. The
following new results are obtained:

1. Two active longitudes about 180° apart are found to dom-
inate the activity of LQ Hya over 20 years, which resembles the
activity of evolved stars in binary systems rotating with similar
rates (RS CVn stars). Thus, this is the first observational evi-
dence that long-lived, nonaxisymmetric magnetic fields can be
generated in a single, rapidly rotating dwarf.

2. A new average period of the spot rotation of 1.601052 +
0.000014 days has been determined from the long-term drift of
the active longitudes.

3. Surface differential rotation has been inferred from the
cyclic changes of the phases of the active longitudes. Its mag-
nitude was estimated to be as small as AQ/Qq ~ 0.002.

4. Three activity cycles have been detected in spot patterns:
the 15-year cycle of the total spottedness variation coupled with
the differential rotation, the 7.7-year cycle of the amplitude
modulation of the brightness accompanied by the apparent mi-
gration of the larger active region from one active longitude to
the other, and the 5.2-year cycle of the alternating active lon-
gitude domination. The lengths of the cycles are related as fol-
lows: 5.2 x3 = 7.7%x 2 = 15 years.

5. According to the theoretical models, the shorter cycles,
occurring due to the active longitude evolution, can be identi-
fied with a nonaxisymmetric dynamo mode, while the longest
cycle appears to be due to an oscillating axisymmetric mode
like in the present Sun. Since LQ Hya can represent the Sun at
the age of about 60 Myr, the activity of the young, rapidly rotat-
ing Sun could consist of two dynamo modes, the zero order A0
and a higher order mode, say Al. During solar evolution, as the
Sun was losing its angular momentum, the power of the higher
order mode should have significantly decreased, and only weak
traces of it can be found in the present Sun.

6. Since LQ Hya and the Sun are good representatives of
stars on different sides of the Vaughan-Preston gap, our results
give the first observational evidence that the gap represents a
transition from a mutiple-mode dynamo to a single-mode dy-
namo. Moreover, in contrast to the opinion that young stars do
not show smooth cyclic activity, based on the analysis of emis-
sion from plages, our results suggest that these stars do exhibit
cycles, but in spot patterns, as is seen in LQ Hya.

7. The similar activity pattern of LQ Hya and RS CVn stars
— alternating active longitudes — suggests that binarity has no
strong effect on the dynamo, and it is the rapid rotation that
determines the dynamo behaviour of stars.
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