O5AVaTB .20 7.2 1M

r

ISSN 0351-2657
HOBUD? 29(1) 1 (2005)

SUNSPOTS ROTATION RATE AND SUNSPOT CYCLE

Z. MOURADIAN and D. HERISTCHI

Observatoire de Paris Meudon, LESIA
92195 Meudon Principal CEDEX. France

UDC 523.982.8-327
Conference paper

Abstract. In this note we studied the rotation rate of sunspots during cycles 19 to
23, using the new method of global approach for solar rotation. In the introduction, we
will review the three methods used for this measure and will compare their limitations.
In order to study sunspot rotation during the cycle, we divide the active period of each
cycle into four phases of two years numbered 1 to 4. Using Fourier analysis, we will watch
potential changes in the rotation rate of the different phases. The analysis highlights the
fact that in the starting phase, the rotation period of cycles seems to be somehow chaotic,
but it settles down toward the end.
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1. Introduction

The solid rotating coordinate system introduced by Carrington is used for
locating solar structures and measuring their rotation rates. Three methods
were proposed:

The Tracer Method. The first method for the study of solar rotation
is that of tracers employed principally for sunspots, but also for plages,
filaments or other well-defined structures. In this method, the centre of
the structure is pointed out at two different moments and this determines
the motion for the time interval. The results are generally expressed in
the form of a differential rotation rule (Q = A — Bsin® ¢), say in units of
°/d, where ¢ represents the solar latitude, A is the equatorial rotation rate
and B characterizes the differential rotation in latitude. Depending on the
latitude distribution of the studied structure, a term ”— C'sin* p“ can be
added to 2. Among others, we can quote Balthasar and Wo6hl (1980) and
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Lustig (1983) who showed that the A and B parameters are anti-correlated
during the unfold of the solar cycle and seem to depend on the dimension
and type of sunspot groups. Because sunspots are almost absent in the
equatorial region, the equatorial rotation rate A is finally an extrapolated
value. In the past decades, this rule has shown possible asymmetry between
the two hemispheres. For example the northern hemisphere shows rotation
rates about 13% higher than the southern hemisphere Lustig (1983). The
tracer method concerns only the latitudes of the structures to be studied
which is, in the case of sunspots, between £40°.

The sunspots are components of spot groups and submitted to general
differential rotation of the magnetic flux of the group and also subject to
”proper motion“, i.e. movements of spots inside the active region. The rise
of magnetic field gives to the spots of a group a longitudinal expanding
movement. Consequently it is difficult to find a good pointing criterion for
”centre of group“ because of unequal movements of the leading (westward)
and of the following (eastward) spots. Howard et al. (1984) show that the
"groups“ rotate by 1% slower than ”spots“, and that the individual large
spots rotate slower than small ones by 2%.

A variant of the tracer method is the correlation method (e.g. Snodgrass
and Ulrich, 1990), which searches for the highest resemblance between the
old and new position of the considered area, after a time lapse.

The Spectroscopic Method. The second way to measure the rotation
rate is the spectroscopic method, using the Doppler shift of spectral lines
of solar photospheric plasma, which gives the line of sight component of
tangential velocity at the solar surface. This velocity is zero at the central
meridian and grows toward the limbs. It must be noted that very close to
limb the scattered light of the Earth’s atmosphere somewhat altered the
measure. Because this method uses spectral lines, the resulting rotation
rate depends on the height of the spectral line formation, or more correctly,
on the height of velocity contribution to the line profile (Mein, 1971). Here
also the results are given in form of a differential rotation rule, but in
this method the equatorial rotation parameter A is directly measured. The
entire solar surface is concerned by this method.

The results of rotation rate measures for cycles or phases of cycles by
different authors show great diversity, so that the comparisons must be
considered with much caution. In order to compare tracer and spectroscopic
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methods, which give an explicit expression of differential rotation rule, we
mention the simultaneous data of sidereal rotation periods of equatorial
rotation rate of Duvall, who measured it around the maximum of cycle 21.
He found 25.70 days (14.00 °/d) for plasma and 24.45 d (rotation rate 14.73
°/d) for sunspots (tables I and II of Beck, 1999). These results show that
sunspot rotation is 4% faster than the plasma.

From Beck’s review, we can deduce the average sidereal differential ro-
tation rule for sunspots (£2%), obtained by tracer method, as well as another
one for solar quiet plasma (Q;), using the spectroscopic method.

Q*(°/d) = 14.446(4+0.122) — 2.695(10.243) sin® ¢
Q5(°/d) = 14.148(£0.113) — 1.735(=£0.186) sin® ¢ — 2.379(+0.268) sin*

These expressions are obtained by averaging parameters from sunspots
(hundred years, i.e. cycles 11 to 22) and from the quiet sun (almost twenty
years, cycles 20 and 21). Unfortunately, the performed measure does not
cover the same period, but we hope that they will nevertheless be compara-
ble. In parentheses, we mention the standard deviation of given parameters.
These show how much different results hold together. It evidences that the
active sun structure rotates faster than the quiet one. It appears from stan-
dard deviation mentioned in parentheses that spectroscopic data for the
quiet sun shows better coherence than sunspots measures. Can these rel-
ative close values of parameters be considered as a guarantee for higher
quality of spectroscopic data?

Concerning the two preceding methods for the measure of solar rota-
tion, useful analysis and extended list of references can be found in the
reviews of Howard (1984), Schréter (1985) and Beck (1999).

The Global Method. The global method for the measurement of rotation
rate is the recent approach of the solar structure rotations (Mouradian et
al., 2002). This method is based on the inhomogeneous longitudinal dis-
tribution of a given type of structures, associated with the rotation of the
Sun. When the lifetime of these structures is longer than the solar rotation,
their radiation flux shows variation in time producing beats at each come-
back. The beat period provides the rotation rate by harmonic analysis of
the signal. In the case of superactive regions, the radio emission at 10.7 cm
allowed the measurement of rotation period of solar activity (Mouradian
et al., 2002). This third method is a global measure of rotation because it
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can not furnish indications on latitude distribution, rotation periods, nor
lifetime of individual elements, but gives an average value of rotation tak-
ing into account all structures of the same family. The global method can
be applied to all structure having inhomogeneous longitudinal distribution
and a proper radiation. Subsequently we shall apply this method to the
study of the relation of solar activity rotation rate, expressed by sunspots
number, for the last five solar cycles.

When they can be applied, all three methods have their own advan-
tages in regard to the studied problem. In the vicinity of the central merid-
ian, the tracer methods offer maximum sensitivity, whereas far from it the
spectroscopic method gives better results. These two methods seem to be
complementary but unfortunately they do not address to the same type of
structures. The tracer method can be applied only to structures, which can
be pinpointed, whereas the spectroscopic approach measures the plasma
speed. On the other hand, the global method gives comprehensive views
regarding activity rotation, but it cannot be used in the case of uniformly
distributed features. Each method gives a partial aspect of the solar rota-
tion.

Hitherto, we have exposed the general behaviour of classical solar rota-
tion, but it must be mentioned that the solar rotation is not a uniform flow
of plasma or structures strictly depending on the latitude. Locally there
are large variations of rotation rate, mirroring the structural organization
of solar convective zone. At the solar surface different scales of convection
coexist. They can be used to study the solar rotation in some details. Giant
cells, or unipolar magnetic regions, play an important role in the forma-
tion of active regions and filaments, which are located in the boundary of
cells. The general shape of giant cells shows displacement in accordance
to differential rotation, but also makes obvious regions in rigid rotation in
regard to Carrington coordinates (Mouradian et al., 1987). These regions
are called pivot points, and they obey Carrington’s rotation instead of dif-
ferential rotation rule. Pivot points and surrounding regions are speeding
or slowing down in regard to the local differential rotation rule. The mea-
sured plasma rotation rate, being an average of rotation rates over different
rotation regimes, causes “noise“ in measurements, which holds therefore
some physical realities. Does this averaging explain the discrepancy be-
tween sunspot and plasma rotations mentioned above? Can we really speak
about two rotation rules?
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Figure 1: Annual mean of sunspot number of cycles 19 to 23, period corresponding to
the present study. The activity core of cycles is divided into four phases of two years,
corresponding to Table I data.

2. Rotation Rate and Cycle

Several papers were dedicated to the problem of variation of solar structure
rotation rate during the cycle of activity. Gilman and Howard (1983) studied
by tracer method sunspot cycles 16 to 21 (1921 to 1982) and concluded that
generally the sunspot rotation is faster at minimum than during the rest
of the sunspot cycle. From six studied cycles, three (cyc. 16, 18, 19) clearly
showed this tendency, whereas one (cyc. 15) was contradictory, another one
was ambiguous (cyc. 20) and the minimum of the last one (cyc. 21) was
not observed. These data are in agreement with Balthasar and W&hl (1980)
and Lustig (1983) results. The second series of measurements concern the
radio flux in 10.7 cm, which is the characteristic emission of active regions.
Mouradian et al. (2001) studied the cycles 19 to 22 and shows a systematic

Hvar Obs. Bull. 29 (2005) 1, 1-10 5

Hvar Observatory, Faculty of Geodesy * Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/2005HvaOB..29....1M

S 207 S0 AM

ja

[Z005

Z. MOURADIAN AND D. HERISTCHI: SUNSPOT ROTATION

T T T T T T T
o
O — -
M
cycle 19—1
o
O —
~N
o
0
£
3
[ -
- O
o O
Q
[72]
C
3
n
o
gl M M A M M M
1 0 100 200 300 400 500 600 700
day

Figure 2: Growing phase of cycle 19. Shows in upper curve the daily sunspot number
with the running average (thick line) and at the bottom their differences used for Fourier
transform.

variation of rotation throughout the cycles and find that the active sun
rotates faster during the maximum of activity.

3. Data and Preliminary Results

The observational material used for this study is the daily Brussels sunspot
number (http://sidc.oma.be). The studied period includes cycles 19 to 22
and the major part of cycle 23. Each cycle is divided into four joining phases
of two years (730 days), numbered 1 to 4, as is shown in the Figure 1. The
four phases are: 1-growing, 2-maximum, 3—early decreasing, 4-late decreas-
ing. We only consider activity epoch, no the minima. Table I contains the
starting time of each phase. Each phase was independently analysed.

The daily sunspot numbers show a general variation throughout the
cycle, on which are superimposed pulses with a periodicity about less than
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Figure 3: The Fourier transform of the growing phase of cycle 19.

a month long. For example the Figures 2 and 3 give the analysis for the
growing phase of cycle 19. The upper curve (Figure 2) shows the activity
increasing during the phase 19-1. In order to remove the high frequency
and gradient of activity, we took a moving average with rectangular and
triangular window of 81-day bandwidth (thick curve). Both filters were ap-
plied and it was concluded that the triangular filter gives better results.
The lower curve is the subtraction of two mentioned curves, putting into
evidence only the activity pulsation associated with the rotation. This curve
was used for Fourier spectral analysis, given in the Figure 3. The peak am-
plitude of the phase 19-1 was at the period P® = 27 d. The obtained results
are expressed in synodic period. The spectral resolution in our analysis is
of one day. We tested the quality of the Fourier transform by applying the
inverse transform to the spectrum and comparing the results to the initial
data.

Table I gives in third column the synodic periods (P?®) in days and in
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Table I: Preliminary sunspot synodic rotation periods and sidereal rotation rates.

Q* O/d
Cycle | Starting date | P® | phase 1 | phase 2 | phase 3 | phase 4
19-1 01 01 1955 27 14.3
19-2 01 01 1957 23 16.6
19-3 01 01 1959 26 14.8
194 01 01 1961 26 14.8
20-1 01 01 1966 24 16.0
202 01 01 1968 27 14.3
20-3 01 01 1970 29 13.4
204 01 01 1972 26 14.8
21-1 01 01 1977 31 12.6
21-2 01 01 1979 27 14.3
21-3 01 01 1981 27 14.3
214 01 01 1983 26 14.8
22-1 01 01 1987 — -
22-2 01 01 1989 26 14.8
22-3 01 01 1991 27 14.3
224 01 01 1993 - -
23-1 01 01 1998 28 13.8
23-2 01 01 2000 28 13.8
23-3 01 01 2002 27 14.3
Average of phase 14.2 14.8 14.2 14.8
Standard deviation + 1.2 + 1.0 + 0.5 +0.0
General average 26.76 14.49 (40.88)

P® synodic rotation period in days.
Q" sidereal rotation rate in degrees/day.
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the following columns the computed preliminary sidereal rotation rates (Q*)
in degrees per day. The results are given in four thinner columns, one by
phase so that cyclic and phases differences of rotation rates can be clearly
seen. Looking at the results of Table I, it comes out that it is difficult to
find a general rule for the unfold of rotation during the cycle. On the other
hand the phases may show a general tendency: at the beginning of the cycle
(phase 1) the rotation rates seem chaotic, whereas going through the end
of the cycle, they settle down. The sample of present data is limited, but it
seems that a general view of activity rotation during the cycle is relevant.

These preliminary results will be more thoroughly analysed and com-
pleted in a future paper.
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BRZINA ROTACIJE SUNCEVIH PJEGA I CIKLUS
AKTIVNOSTI

Z. MOURADIAN i D. HERISTCHI

Observatoire de Paris Meudon, LESIA
92195 Meudon Principal CEDEX. France

UDK 523.982.8-327
Izlaganje sa znanstvenog skupa

Sazetak. Razmatra se brzina rotacije Suncevih pjega tijekom ciklusa aktivnosti br. 19.
do 23. koristeéi novu metodu globalnog pristupa rotaciji Sunca. Daje se pregled triju
koristenih metoda i usporeduju njihova ograni¢enja. Da bi se proucavala rotacija pjega
tijekom ciklusa, aktivni period svakog ciklusa dijeli se na &etiri faze od po dvije go-
dine. Koristeéi Fourierovu analizu promatraju se potencijalne promjene brzine rotacije
u raznim fazama. Analiza razotkriva da se u pocéetnoj fazi period rotacije ¢ini ponesto
kaoti¢nim, dok se ustaljuje prema kraju ciklusa.

Kljuéne rijeéi: Sunceva rotacija - rotacija pjega - ciklus aktivnosti
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