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a b s t r a c t

We analyze the long-term variability of the chromospheric radiation of 20 stars monitored in the course
of the HK-Project at the Mount Wilson Observatory. We apply the modified wavelet algorithm for this set
of gapped time series. Besides the mean rotational periods for all these stars, we find reliable changes of
the rotational periods from year to year for a few stars. Epochs of slower rotation occur when the activity
level of the star is high, and the relationship repeats again during the next maximum of an activity cycle.
Such an effect is traced in two stars with activity cycles that are not perfectly regular (but labeled ‘‘Good”
under the classification in [Baliunas, S.L., Donahue, R.A., Soon, W.H., Horne, J.H., Frazer, J., Woodard-
Eklund, L., Bradford, M., Rao, L.M., Wilson, O.C., Zhang, Q. et al., 1995. ApJ 438, 269.]) but the two stars have
mean activity levels exceed that of the Sun. The averaged rotational period of HD 115404 is 18.5 days but
sometimes the period increases up to 21.5 days. The sign of the differential rotation is the same as the
Sun’s, and the value DX=hXi ¼ �0:14: For the star HD 149661, this ratio is �0.074. Characteristic changes
of rotational periods occur over around three years when the amplitude of the rotational modulation is
large. These changes can be transformed into latitude-time butterfly diagrams with minimal a priori
assumptions. We compare these results with those for the Sun as a star and conclude that epochs when
surface inhomogeneities rotate slower are synchronous with the reversal of the global magnetic dipole.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction Common sense would suggests that the observed bulk phenom-
Solar cycle is something more then a quasi-periodic variation of
solar activity. The mean latitude of sunspots and active regions as a
whole varies in step with the cycle. Change of latitudinal position
of sunspots with time – Maunder’s ‘‘Butterfly Diagram” shows that
a physical process underlying solar activity cycles can be presented
as the propagation of activity waves from middle latitudes to the
solar equator. The less superficial understanding of the activity
waves nature is suggested on one hand by the concept of extended
solar cycle which can be revealed by various tracers of solar activ-
ity and presents the whole shape of the variable solar activity as
several activity waves located in various latitudinal belts. These
waves propagate mainly equatorwards however some of them
(say, the wave of filaments) propagate polarwards. On the other
hand, solar dynamo theory considers the activity waves as mani-
festations of the waves of quasi-stationary magnetic field and sug-
gests an excitation mechanism for these waves.
ll rights reserved.
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ena above can hardly be only manifested in the Sun. One expects to
find something similar on solar-type stars. A comparison between
various details of the structure of propagating activity waves and
a more direct confrontation with corresponding distinctions in stel-
lar hydrodynamics in various solar-type stars appear to be able to
open new avenues for a further understanding of the solar and stel-
lar dynamos. In fact, spotty stellar activity as well as stellar chromo-
spheric and coronal emissions cycles are known for several decades.
One could imagine that observations will provide for theory a rich
sample of stars with various spatial configurations of stellar activity
waves (or confirm that the solar configuration is the only one possi-
ble) while theory tries to explain the observed phenomenology. In
practice, however, we are only at the beginning of this research goal.

The point is that one needs a systematic monitoring of stellar
activity for a given star at the timescale of a decade (typical length
of a cycle) to push forward any research progress. The available
bulk of inverse Doppler images of stellar surfaces presents usually
only stellar activity at particular phases and do not allow to com-
bine them in a butterfly diagram.

On the other hand, the available bulk of stellar activity moni-
tored using the Ca II chromospheric emission H and K lines by
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the Mount Wilson Observatory’s HK-Project1. The project was
started in the middle of 1960’s by Olin Wilson to search for activity
cycles of other stars. Thanks to the realization of this project we pos-
sess at present the unique observations of long-term variability of
the chromospheric radiation for many late-type stars. Presumably,
when magnetically active areas are present on the surface of the star
and/or the overall magnetic activity is stronger, the H and K Ca II
emission flux increases.

The HK-Project deals with integral quantities representing stel-
lar activity but was not directed, initially, to a reconstruction of its
spatial characteristics. The situation is not completely hopeless.
This paper makes an attempt to reconstruct the temporal-latitudi-
nal (butterfly) diagram of stellar activity using the bulk chromo-
spheric emission data series from the HK-Project. Surely, it
would be beneficial for experts in inverse Doppler images to reor-
ganize their research strategies in order to improve on the science
demands and goals described above. The first successful result of
this type, adopting bulk photometry data series, has been pre-
sented by Berdyugina and Henry (2007) for the binary system HR
1099 RS CVn. Our aim here is to perform similar analysis for single
stars from the HK-Project.

The key idea for the analysis can be presented as follows. Be-
cause we can’t resolve the stellar disk, we cannot measure the lat-
itude of active regions. However, we can monitor the change in
rotation period with time. Baliunas et al. (1985) first proposed to
determine the rotation rate for the stars of HK-Project using Fou-
rier analysis and they recognized that the rotational periods of
some stars vary from one observational season to another on time-
scale of about 3 years. Of course, we presume that the angular
momentum of the rotation of a star as a whole is conserved. A nat-
ural interpretation of the result is to connect the variations with a
redistribution of the emitting volume in course of stellar cycle and
differential rotation of chromospheric inhomogeneities. Frick et al.
(1997) improved the idea and developed a wavelet method for a
consistent representation of time-frequency characteristics of stel-
lar activity. We applied this new method in this paper.

Another starting point for our analysis is a classification scheme
for cyclic chromospheric activity as suggested by Baliunas et al.
(1995). That paper classified star activity into several classes
depending on how pronounced the cyclicity is. The classification
ranges from ”Excellent” to ”Good”, ”Fair” and ”Poor”. If a star activ-
ity record is too variable to reveal a cyclic component, it is denoted
as ”Variable”.

A straightforward interpretation of variations of stellar rotation
rate from one observational season to another is that the activity
belt varies its latitude according to the phase of its cycle. We per-
form the above analysis with data records covering time intervals
longer than the activity cycles. We show that at least for two stars,
the variations of rotation rate demonstrate a regular behaviour
which appears consistent with the latitude migration interpreta-
tion. Anticipating the stellar rotation curve to be similar to the so-
lar one we recalculate the rotation variations isolated into the
latitudes of the activity belt at various phases of the cycle to arrive
at a stellar butterfly diagram.

Our method demands quite a lot from a star activity record for
which we are going to reconstruct stellar butterfly diagram. We
need a pronounced surface activity tracer (a long-lived spot or
something like an active longitude) which exists on the time scales
of the activity cycle in order to obtain the rotation rate with accu-
racy sufficient for our aims. In addition, we obviously need a star to
have well-pronounced activity cycle period. The requirements ap-
1 The HK-Project uses a specially-designed instrument to measure emission fluxes
at the center of the singly ionized calcium (Ca II) H and K spectral lines within a
narrow 1Å passband relative to nearby continuum. The project is named after these
Ca II lines.
pear to be contradictory to some extent that we failed to get a but-
terfly diagram for stars with the most pronounced cycles (i.e., those
labeled ‘‘Excellent”) which probably do not carry those long-lasting
activity tracers.

For less pronounced cycles (i.e., labeled ‘‘Good”) we find two
examples (HD 115404 and HD 149661) where the attempt looks
promising so we get stellar butterfly diagrams. We note however
that the quality of butterfly diagram is significantly better (more
confident) in HD 115404 than for HD 149661.

Also note that the present analysis follows the previous one
(Katsova and Livshits, 2006) which focused on the status of solar
activity among processes in those late-type stars with activity
Fig. 1. The distribution of amplitudes of the wavelet transform of the S index versus
rotational rate for HD 115404 at the maxima of activity in 1981 (a) and in 1993 (b)
and near activity minimum in 1986 (c). The maxima of Gaussians relate to
rotational periods of 18.646 days and 22.503 days in (a) and 18.712 days in (c). r is
shown in (a).



276 M.M. Katsova et al. / New Astronomy 15 (2010) 274–281
levels similar to the solar one. Here we extent the analysis focusing
directly on features of rotation of the solar-type stars.
2. Features of rotation of some HK-Project stars

2.1. The method

We analyze time series of the S index of the chromospheric
activity using a modified wavelet algorithm elaborated by Frick
et al. (1997). We adopted the algorithm for the identification of
rotational modulations on the timescales from 5 to 50 days (in
adopting the algorithm of Frick et al. (1997) we use, the adjustable
parameter, k ¼ 4, in the mother wavelet). We analyzed the chro-
mospheric activity data for 20 stars over the full record of monitor-
ing (i.e., around 104 daily measurements). The main peak in
wavelet spectrum (a generalization of Fourier spectrum) consid-
ered as a function of period practically coincides with the averaged
rotation period derived previously through Fourier transform. The
main peak has a symmetric shape for most of the stars considered.
In few cases however the peak occurs to be weakly asymmetric
which may indicates that sometimes chromospheric inhomogene-
ities/features rotate slower rather on average. This observation
opens opportunity for additional analysis. We consider it in details
for two stars where the feature is most pronounced.
2.2. Fine structure of rotational period

Results of wavelet analysis for the chromospheric activity data
from 1979 to 2001 for HD 115404 (K1 V) are presented in Fig. 1
as wavelet amplitudes A versus rotational periods Prot ¼ 10� 35
days for three specific years of observations. For a particular year
the shape of the peak can be approximated by two Gaussians
(Fig. 1a), have a single maximum (Fig. 1c) or demonstrate an inter-
mediate behaviour (Fig. 1b). Of course, we take into account reli-
able peaks only, i.e. that one with a height or amplitude more
than 3r where r is the statistical noise level (cf. Baliunas et al.,
1985 where the peak height is converted into probability). We esti-
mate the noise level to the amplitude of wavelet transform taken
Fig. 2. (a) The ‘‘period-time” diagram for the star HD 115404. The scale of amplitudes A o
for the epoch at which no rotation modulation is visible with peri-
ods around the rotational period. The value of r is indicated in
Fig. 1a.

Note that this particular amplitude of wavelet transform varies
from year to year because it depends on the available number of
nights with observational data. We normalized the wavelet trans-
forms to its maximal value for a year under consideration to make
the results for different years comparable. The maximum of the
normalized amplitude wavelet transform is arbitrarily set to a va-
lue of 100. Fig. 2 demonstrates a time distribution of the normal-
ized wavelet amplitudes A for the star HD 115404.

We conclude from Fig. 2 that time-averaged value of rotational
period is about 18.5 days but varies in the range 17–19 days. We
note however that at times the rotational period tends to be longer
of about 19–21.5 days and even can be as long as 21.9 days. The
slower rotation for HD 115404 was found previously by Baliunas
et al., 1985 for 1981–1982. Our updated result shows that the
epoch of slow rotation repeats in 1993, i.e., the year corresponds
to another epoch of high cyclic activity. The time separation be-
tween the epoch of slow rotation or high activity equal to about
13 years – this value is comparable to the activity cycle period of
the star of about 12.2–12.3 years.

A more careful inspection of Fig. 1a shows that the dominant
mode of variations corresponds to the rotational period 18.65 days
for 1981. The secondary slow mode gives period 22.5 days at the
same time. 1–2 year later the rotational period approaches to the
time-averaged value 18.5 days. Similar behaviour recurs for the
following activity maximum. Presumably the surface stellar rota-
tion becomes faster for a relative short time. It can be recognized
for the year 1996 when the rotation period becomes as short as
17.3 days. Corresponding phase of the first activity cycle covered
by observations is 1984 however the available data show here a
tendency for only fast rotation. Then an abrupt return to the
time-averaged rotation periods occurs in 1986 and 1997.

The other star with the similar temporal behavior of the rota-
tional period is HD 149661. We present results of the wavelet
transformation of the daily S index in Fig. 3. We consider here
the only credible maxima which are higher than 0.5 (the value of
r is practically the same as one in Fig. 1). Again, we isolate epochs
n the right side is normalized to 100; and (b) the temporal behaviour of the S index.



Fig. 3. The distribution of the wavelet-transform amplitudes of the chromospheric
activity index S for star HD 149661 for 1981, 1982, 1984 and 1985.
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where P rot demonstrates distinguishable trends. Slow changes of
rotational period of HD 149661 was suspected by Soon et al.
(1999). We confirm that such changes occur in 1980–1990. One
can see that a wide rotational period-distribution profile of 1981
changes to a more narrow one while maxima of the rotational per-
iod profiles drift gradually to shorter and shorter periods.

In 1980, HD 149661 rotated with the period close to the time-
averaged value of 21.3 days. In the next year, 1981 many slow-
rotating elements appear. During consecutive four years the effect
of spin-down disappears gradually (Fig. 3).

Similar to HD 115404, we give in Fig. 4 normalized values of
amplitude A for the whole set of observations for HD 149661.
One can see that the slower rotation occurs during epochs of high
activity for HD 149661 in 1980–1981. All yearly data show that
during the growth of stellar activity the rotation spin-down. Other-
wise, there is a correlation between rotational periods and the
mean level of activity. However this ”Good” star possess two cycles
with the periods of about 17 yr and 4 yr. This prevent us from
showing reliably, how close the epochs of the slower rotation are
to activity maxima of the cycles. So during the second maximum
of the long cycle (1996–1997) active longitudes did not showed
up quite distinctly, and the slow rotation was seen at the bare limit
Fig. 4. The same distributions as in
of accuracy only. This also prevents us from finding the fastest
rotation at the equatorial zones even if the characteristic exists.

Similar analysis carried out for some other active stars (HD
4628 with ”Excellent”, HD 152391 with ”Good”, HD 101501 with
”Var”) have been presented by Katsova et al. (2007).

2.3. Differential rotation of HD 115404, HD 149661

The essential result of this investigation is a reliable detection of
epochs when stellar surface inhomogeneities rotate slower than
the time-mean rotation period. The last one is found confidently
both with the wavelet transform and other methods, and this rota-
tional period is determined much more reliably than the rapid
(presumably equatorial) period. Therefore, we consider a parame-
ter that measures the degree of differential rotation to be the rela-
tive difference between periods of the slow and mean rotation. For
HD 115404 the mean period is hProti ¼ 18:5 days, the period of the
slow rotation from two epochs of high activity is Prot ¼ 21:5 days,
that corresponds to the degree of differential rotation of about
DX=hXi ¼ �0:14.

For HD 149661, we obtain the value of hProti ¼ 21:3 days, the
slow rotation has the period of P rot ¼ 23:0 days and the value of
DX=hXi ¼ �0:074.

2.4. Stellar butterfly diagrams

Changes of rotational periods of stellar surface inhomogeneities
can be converted into a ‘‘latitude-time” butterfly diagram. The first
parameter derived from observations is the degree of differential
rotation DX=hXi. Other factors which are necessary for reconstruc-
tion of a diagram are the equatorial rotational rate and the upper
boundary of latitude of active zone. We note, however, that avail-
able stellar observations from the HK-Project allow us to estimate
the equatorial rotation rate only roughly.

Nevertheless, based on the expression

XðtÞ ¼ Xeq þXeqa sin2 u;

we give a diagram ”latitude-time” for the upper boundary of lati-
tudes of location of surface inhomogeneities. A sample of such a
diagram is presented in Figs. 5 and 6 for HD 115404 and HD
Fig. 2 for the star HD 149661.



Fig. 5. The butterfly diagram – the time dependence of the upper boundary of the
surface activity – for stars HD 115404. The rotational period on the equator is
adopted 17.2 days.

Fig. 6. The butterfly diagram – the time dependence of the upper boundary of the
surface activity – for stars HD 149661. The rotational period on the equator is
adopted 20.0 days.
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149661, respectively on the assumption that umax ¼ 45�. If we take
into account that the fast rotation occurs practically always, then
the curves in Figs. 5 and 6 represent the upper boundary of the stel-
lar butterfly diagram.

3. Differential rotation of the corona of the Sun as a star

Now we are going to compare the above results with available
data concerning solar differential rotation (see e.g., the review in
Beck, 1999) obtained with various techniques of measurements
of differential rotation ranging from Doppler shift, Doppler feature
tracking, magnetic feature tracking, and p-mode splittings. Slightly
unexpected, the comparison appears to be rather complicated in
spite of the fact that solar rotation has been investigated in better
details than stellar one. The point is that solar activity is much
more axisymmetric than the activity of the stars presented in the
above analysis. In other words, nonaxisymmetric features required
for the determination of rotation law of the Sun as a star are much
less pronounced when compared to the HK Project stars under con-
sideration. This is why we need to develop a specific index of solar
activity in order to apply our method to the Sun viewed as a star.

3.1. An index of solar coronal activity for the determination of rotation
law

We introduce a new solar index based on the coronal database
by J. Sykora, where observations of the solar corona in the Fe XIV
5303 Å green line are collected from 1939 to 2001. The database
consists of the monitoring of brightness of the corona 6000 above
the limb reduced from the data of various observatories into an
unified photometric measure. Daily measurements on the east
(E) and west (W) limbs was recalculated to estimate value at the
central meridian. In particular, for a given day, the value presented
is half of the sum of brightness at a point within a given latitude of
E and W limbs 7 days before and 7 days after. The data are pre-
sented with 5�-increment in latitude and 13�-increment in longi-
tude; the brightness is measured in units of 10�6 B� erg=
ðcm2 s sterÞ, where B� is the brightness of the continuum at
5000 Å; values are then averaged within a 3-day window.

Until 1960 the solar corona green line was not measured every
day (i.e., it was monitored only 85% of the time). The final data set
adopted here hence represents interpolated values. After 1960 this
coronal monitoring became regular, and the observations, fulfilled
on a network of the out-of eclipse coronagraphs, are performed
daily. For the post 1960 interval, we use such daily data.

We assume the data on the coronal brightness in 27-day se-
quence as something similar to the Carrington map. This allows
us to estimate radiation of the corona of the Sun as a star. We pres-
ent the brightness of the solar disc associated with an unit area of
5� in latitude�13� in longitude or � 3 � 1019 cm2 as

GLSun ¼
XX

BðunÞ cos un cos km

¼
XX

Bð5� � nÞ cosð5� � nÞ cosð13� �mÞ;

where BðunÞ is a coronal brightness, and n varies from +14 to �14,
and m is in the range from +7 to –7. This is the Sun as a star bulk
emission index which is required for our study.

By adopting the Sun as a star index, we further suppose that the
main input into the brightness comes from those regions located at
latitudes not higher than 70� and we take into account the projec-
tion effect for a unit area as a function of its position on a sphere.
The daily time series of GLSun for more than 50 years (solar activity
Cycles XVIII–XXII) are presented in Fig. 7b.

GLSun shows good correlation with the 10.7 cm radio and soft X-
ray data as well as emission of the corona once the contribution of
flares is removed. The index is sensitive to solar cyclic activity var-
iation and faster variations of the index are linked to solar rotation.

The index thus provides an estimate of the brightness of the
corona as a whole, including contributions of the limb and the disc.

For an active epoch ðGLSun > 10;000Þ, the total flux in the for-
bidden Fe XIV 5303 Å line considered is estimated to have values
� 1024 erg=s. That value is about 100 times less than the solar
luminosity in the soft X-rays. For isothermal corona, the index is
proportional to the emission measure EM of the corona as a whole.
In turn, EM relates to hot regions with temperatures above
1:8—2 � 106 K.

We note that the conventional Rybansky’s index (ftp://
ftp.ngdc.noaa.gov/STP/SOLAR-DATA/Rybansky) includes a mean
value of brightness for a given day that involves an interpolation
of intensity downward from the observational level in undisturbed
and active regions. In contrast, our proposed index, GLSun, is based
on only direct observational data.
3.2. Wavelet analysis of the GLSun index

We next perform wavelet analysis on the solar coronal series
using with the same technique as that for HK-Project stars. We also
use the adjustable parameter, k ¼ 4, in the mother wavelet. Note
that the identification of rotational modulations the GLSun index
on the timescales from 10 to 60 days with the time resolution of
0.1 day, 500 values of Prot along the y axis in Fig. 7a, corresponds
to the temporal resolution over the x-axis of about 28 days.



Fig. 7. (a) The ‘‘period-time”diagram for the corona of the Sun as a star. The scale of amplitudes A on the right side is normalized to 100; and (b) the temporal behaviour of the
GLSun index in Cycles XVIII –XXII.

Fig. 8. Distribution of wavelet amplitudes versus rotational rate for three years of
the solar Cycle XX. The scale of A amplitudes is non-normalized. The value r � 6.
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The results of the gapped wavelet transform for the solar GLSun

index time series are shown in Fig. 7a. Again, the maximum ampli-
tude here is set to 100.

The power spectrum of the solar records from 1940 to 2002
contains the rotational period hProti ¼ 27:16� 0:034 days which
corresponds to the synodic rotational period of the Sun known as
the Carrington period (conventionally taken to be 27.2 days). The
spectrum also shows the presence of slower rotating coronal inho-
mogeneities. A comparison of Fig. 7a and b shows that the rota-
tional period of such inhomogeneities is longer than the time -
mean period (i.e., Carrington period) and can reach as long as 32
days. On the other hand, shorter periods as fast as 25 days can also
be identified in some epochs. These features of fast-slow differen-
tial rotation of the Sun are similar to that one found for the two
stars above.

These empirical results can be interpreted as the systematic
drift of solar rotational period on timescale of years (Fig. 8). The
drift is most pronounced for the solar Cycle XX but in general the
drift on the Sun seems to be less pronounced as those found for so-
lar-type stars HD 115404 and HD 149661 (cf. Figs. 7, 2 and 4). In
spite of this fact, difference of the periods of the slow and mean so-
lar rotation is about 3.5 days so the degree of differential rotation
for the synodic rotation (relatively to the Earth) is about
DX=hXi ¼ �0:13 or DX=hXi ¼ �0:12 for the sidereal rotation. Thus,
the degree of differential rotation for the Sun and stars are of sim-
ilar magnitude.
3.3. The rotation and large-scale magnetic field on the Sun

In addition to the above analysis of stellar data, we can compare
the results obtained for the Sun as a star with more detailed infor-
mation available for the solar rotation. Badalyan et al. (2005) used
the coronal database by J. Sykora to analyze the solar rotation at
various latitudes. They found that solar rotation rates at high and
low latitudes significantly different at both during activity cycle
minimum and during activity cycle maximum. The rotation be-
comes close to a solid body during the middle of the decaying
phase of an activity solar cycle. Subsequently, Badalyan (2010) sug-
gests evidences for the existence of two modes of the solar rota-
tion, i.e., the fast and slow modes. The synodic period of the fast
mode near the equator is about 27 days, increasing slightly with
latitude. The synodic period of the slow mode can exceeds 30 days.
Relative fraction of these two modes results in variation of the lat-
itude dependence of the observed rotation rate during the activity
cycle.
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Thus, Badalyan (2010) found the characteristics of two principal
types of differential rotation of the solar corona. The first type con-
sists of the fast mode alone and is established roughly during the
middle of the descending branch of the activity cycle. The second
type is the sum of both modes with the fast mode dominating at
low latitudes and the slow mode at high latitudes.

Our analysis for the variation of a total flux of the Sun (the Sun
as a star), despite being obviously much less detailed than Badaly-
an (2010)’s result demonstrates, however, a reasonable similarity
to the conclusions of Badalyan (2010). The key point to note is that
our analysis depends on a tracer that is almost absent during the
minimum of the activity cycle so this time interval cannot be found
with the wavelet analysis. Therefore, we are unable to strictly com-
pare our conclusions for the Sun as a star and other stars with the
whole bulk of solar data especially during solar activity minima. In
contrast, during the phases of higher activity, there is a qualitative
agreement of our results with conclusions obtained by Badalyan
(2010). In particular, the interpretations which include the simul-
taneous appearance of slow and fast rotation modes (features)
around activity cycle maxima and only the appearance of fast rota-
tion modes (features) during the middle of the decaying phase
seemed reasonable.

Our results becomes more instructive when compared with the
results of I. Livshits and Obridko (2006) that also presented results
of the wavelet transform of the magnetic field variation on the Sun
viewed as a star. They showed that the amplitudes of the 27-day
variations of the solar magnetic field are very closely related to
the magnetic moment of the horizontal dipole. The reversal of
the global dipole field corresponds to an overall change in the incli-
nation of its axis. These variations are shown in Fig. 9 together with
the temporal change of the wavelet amplitude adopted from Fig. 7a
assuming the slow rotational period of 30 days. A comparison of
both plots suggests that large amplitudes of wavelet transforms
and the appearance of slower rotating elements could be associ-
ated with epochs of the reversal of the global magnetic dipole.
We conclude that activity during the reversal of the global dipole
arises mainly near the magnetic equator. The reversal manifests
as two active longitudes lasting for 1–3 years. Note, however, that
the slower rotation mode (feature) may occurs on the Sun longer
than the time interval of the reversal of the global solar dipole.
Fig. 9. The temporal behaviour of wavelet amplitudes A of the magnetic field of the
Sun as a star for period of 27 days (bold black line). Thin line shows value of the
horizontal component of the magnetic dipole in mkT=R3

Sun (the right-hand scale).
The upper curve presents wavelet amplitude distribution of the slower rotation (i.e.,
plotted from our calculations shown in Fig. 7a and taking the rotational period of 30
days); zero-point of the upper curve corresponds to A = 700. Here A is in arbitrary
units.
In summary, we conclude that method applied to the Sun as a
star yields a consistent solar differential rotation picture when
compared to the more detailed knowledge derived from the Sun
when it is spatially resolved. Of course, such Sun as a star frame-
work is obviously an ineffective way to investigate solar differential
rotation per se. However, the benchmark comparative analysis is
extremely valuable in the context of obtaining information from
unresolved solar-type stars. Our first attempt demonstrates the via-
bility of our approach and that the patterns of stellar differential
rotation and butterfly diagrams obtained on such basis can be con-
sidered to be grounded by reality. Further the analysis of the solar
data allows a comparable connection of the bulk stellar emission
data with the underlying magnetic field patterns.

4. Discussion

The results obtained in this paper are hereby summarized.
We use the same wavelet analysis method of Frick et al. (1997)

to deduce and interpret the pattern of rotation in two solar-type
stars with ”Good” cycles and in the Sun. We presented the corre-
sponding ‘‘latitude-time” butterfly diagrams for these three stars.
We note that the diagrams for the Sun as a star and HD 115404
and HD 149661 are remarkably similar. In our view, these results
confirm that the excitation mechanism of magnetic activity (pre-
sumably, the underlying magnetic dynamo) in all three stars con-
sidered is qualitatively similar.

We failed to deduce any useful stellar butterfly diagrams for so-
lar-type stars with ”Excellent” cycles classification of the HK-Pro-
ject. The difference between the deduced differential rotation of
the Sun and other solar-type stars with ”Excellent” cycles classifi-
cation (of which our Sun is one such ‘‘Excellent” cycle star) may be
the fact that those high-latitude, slow-rotating regions can be more
easily detected for the Sun. In contrast, limited inclination of stellar
axis, deviating strongly from 90�, prevented us from confirming
such stellar rotational phenomenon even if it exists. A second rea-
son of our detection failure can be associated with the difference in
the scale of magnetic fields which form active longitudes and com-
plexes of activity on those solar-type stars with ”Excellent” cycles.

We acknowledge again that the research undertaken is a direct
continuation of the one by Baliunas et al. (1985) twenty-four years
ago. The only difference is that the data accumulated allow us to
recognize systematic variations of rotation rate on the timescales
of years and its relation to the relative phase within an activity cy-
cle. Because we analyse the data that covers two activity cycles we
can thus associate the variations to particular phases of the cycles
and confirm that the differential rotation phenomena are stable
from cycle to cycle at least within the full limit of the observational
records. Obviously, any further continuation of monitoring is ex-
pected to make the conclusions more reliable or even refute them
altogether if not robust.

In connecting the variations with latitudinal location of activity
belt we arrive at ‘‘latitude-time” butterfly diagrams. We recognize
two rotational modes at the epoch of high stellar activity and only
the fast rotation modes (features) during the descending phase of
activity cycle, following the detailed hint and analysis in Badalyan
(2010). A relation between slow and fast rotations with particular
phases of magnetic activity provides important insights and infor-
mation on stellar dynamo action.

One more point to be discussed is that the conventional solar
butterfly diagram appears as a wide band propagating from middle
latitudes to the solar equator while the above presented stellar
butterfly diagrams look like a collection of lines. The point is that
the method applied to extract a stellar butterfly diagram from
observational data is tuned to produce positions of the upper
boundary of the presumed band covered by stellar spots on hypo-
thetical stellar butterfly diagram. In principle, we could tune the
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method to get the lower boundary of the band. We have made
some attempts along this line of thought but the available data
do not allow us to realize this idea with any reasonable accuracy
and confidence. We hope that a future accumulation of data could
open this option of analysis.
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