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Abstract

Studying solar rotation, its temporal variation and altitude dependence in the solar atmosphere is timely and important since it is
closely related to the mechanism of solar activity. The aim of the present work is to investigate solar differential rotation using rotation
rates of Ha filaments in 1957–1993 and those of compact elements of large-scale magnetic fields in 1966–1985. We verify the earlier find-
ing that the differential rotation of both of these magnetic structures is north–south (N–S) asymmetric during the respective time inter-
vals. We find that the N–S asymmetry of Ha filaments changes its sign during the 22-year cycle. The average rotation rate of compact
magnetic elements with negative polarity depicts a 22-year oscillation both in the northern and southern hemisphere. Our statistical anal-
ysis did not reveal significant N–S asymmetry in the differential rotation of compact elements with positive polarity. Our results on the
N–S asymmetry of Ha filaments and compact elements are somewhat controversial since they show opposite simultaneous N–S asym-
metries. This may be due to their different heights in the solar atmosphere where radial differential rotation may cause changes in
asymmetry.
� 2007 Published by Elsevier Ltd on behalf of COSPAR.
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1. Introduction

Solar differential rotation that is already known for
many decades still remains a rather unexplained phenome-
non. The measured rotation velocities differ from each
other not only for different solar formations, which can
be explained by the action of different factors in the differ-
ent layers of solar atmosphere, but they differ even for the
same objects. The discrepancy of the obtained results is
caused not only by complexity of the phenomenon as such,
but also by the rather small velocity differences (from frac-
tions of percent up to several percents), which requires
sophisticated methods of statistical processing of the
observed data. In spite of studies of various observational
data and theoretical investigations for many years the solar
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differential rotation is not yet fully understood (Howard,
1976; Schroter, 1985; Gilman and DeLuca, 1986; Stix,
1989; Howard et al., 1999).

The temporal variation of characteristics of processes
occurring in the solar atmosphere is closely connected with
the long-term large-scale manifestation of solar activity.
The interaction between solar rotation, convection and
magnetic fields is indisputably the reason of such activity.
Thus the study of differential rotation and its temporal var-
iation and altitude dependence in the solar atmosphere is
an important part of solar physics.

Many authors have reported on the existence of N–S
asymmetry in the solar differential rotation (Gilman and
Howard, 1984; Antonucci et al., 1990; Hoeksema and
Scherrer, 1987; Howard et al., 1984; Balthasar et al.,
1986; Javaraiah, 2003; Gigolashvili et al., 2003, 2005a,b;
Brajsa et al., 1997, 2000; Duchev, 2001; Georgieva and
Kirov, 2003; Georgieva et al., 2003; Mursula and Hiltula,
ion of the N–S asymmetry of the differential rotation ..., J. Adv.
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2004). However, the obtained results are occasionally dif-
ferent and sometimes even controversial.

In this paper solar differential rotation is investigated
statistically by means of rotation rates of Ha filaments in
1957–1993 (Gigolashvili et al., 2003, 2005a,b) and those
of compact elements of large-scale magnetic fields in
1966–1985. The possible connection of asymmetry with
solar cyclicity is considered. It is proposed that the mecha-
nism of solar activity is responsible for the N–S asymmetry
of solar differential rotation.
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2. Observational data

The properties of solar differential rotation are investi-
gated by using the large-scale compact magnetic patterns
of McIntosh atlas (1991) and the Ha filaments registered
in the photoheliograms of the Abastumani Astrophysical
Observatory. Using McIntosh atlas 1675 measurements
(990 for solar cycle 20 and 685 for cycle 21) have been car-
ried out for 335 large-scale magnetic compact elements
(198 for cycle 20 and 137 for cycle 21).

Annually averaged angular velocities of 716 quiescent
Ha filaments are determined from the Ha photoheliograms
of the Abastumani Astrophysical Observatory film collec-
tion in 1957–1993. The Abastumani Observatory data
cover the time span of 37 years (solar cycles 19–22). We
have obtained approximately 14,000 measurements of 716
quiescent filaments. The sidereal rotation velocities x have
been computed for each pair of subsequent days in the life-
time of each filament.
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E3. Method of treatment

Our approach to study the N–S asymmetry is based on
the statistical methodology that was worked out in Brown-
lee’s monograph (1965). It is relatively well known that the
solar differential rotation can be estimated from the veloc-
ities on the solar disk using a standard approximation

xð/Þ ¼ Aþ B sin2 /þ C sin4 /; ð1Þ

where x(/) is the angular velocity in degrees per day, and /
is the heliographic latitude. A, B and C are solar rotation
parameters, i.e., A is the equatorial angular velocity and
B, C are the latitude gradient coefficients of the rotation
rate. Function (1) defines the differential rotation profile.
We can restrict ourselves to only the first two terms of
the expansion (1), and set C = 0.

To avoid cross-talk in estimating coefficients A and B
that may result from the non-orthogonality of the fit func-
tions of these coefficients, we use the Gegenbauer polyno-
mials as a set of functions, which leads to the following
expansion (Javaraiah and Komm, 1999):

xð/Þ ¼ �Aþ �Bð5 sin2 /� 1Þ: ð2Þ
Please cite this article in press as: Gigolashvili, M.S. et al., Investigat
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Now the coefficients �A and �B are free of the above men-
tioned cross-talk; �A is the ‘‘mean’’ rotation coefficient and
�B is the latitude gradient coefficient of differential rotation.
Coefficients �A and �B are related to A and B as follows:

�A ¼Aþ ð1=5ÞB; ð3Þ
�B ¼ð1=5ÞB: ð4Þ

Let us denote x(/) = g and 5sin2/ � 1 = x. Then
instead of Eq. (2) we have separately for the northern
and southern hemispheres

gN ¼ �AN þ �BNx; ð5Þ
gS ¼ �AS þ �BSx: ð6Þ

We can determine x = 5sin2/ � 1 from observations with
high accuracy while instead of g, we can observe Y which
is influenced by observational errors. Y is an estimate of
g = x(/), derived by averaging data of angular velocity
x(/). Thus, Y contains observational errors as well as ran-
dom errors caused by the procedure of averaging. We sup-
pose that random estimates of g = x(/) = x(/(x)) are
distributed normally around g. In general, this is a stan-
dard problem of estimating parameters of linear regression
g = a + bx where, instead of g, we have data of Y influ-
enced by random errors.

Let us suppose that we have separate sets of observa-
tional data for the northern and southern hemispheres
for a fixed period t:

ðxN1
; Y N1

Þ; ðxN2
; Y N2

Þ; . . . ; ðxNnN
; Y NnN

Þ; ð7Þ
ðxS1

; Y S1
Þ; ðxS2

; Y S2
Þ; . . . ; ðxSnS

; Y SnS
Þ: ð8Þ

Suppose that the observed values Y N1
; Y N2

; . . . Y NnN
and

Y S1
; Y S2

; . . . ; Y SnS
are independent estimates of normally

distributed random values with parameters gNi
,

r2
Nði ¼ 1; 2; . . . ; nNÞ and gSj

, r2
Sðj ¼ 1; 2; . . . ; nSÞ; and gN

and gS are linear functions of x:

gN ¼ aN þ bNðxN � �xNÞ; ð9Þ
gS ¼ aS þ bSðxS � �xSÞ; ð10Þ

where �xN ¼ 1=nN

PnN

i¼1xNi and �xS ¼ 1=nS

PnS

j¼1xSj .
Estimates of regression lines Eqs. (9) and (10) are given

by

Ŷ N ¼aN þ bNðxN � �xNÞ; ð11Þ
Ŷ S ¼aS þ bSðxS � �xSÞ; ð12Þ

where Ŷ N, aN, bN and Ŷ S, aS, bS are obtained from the
observational data (7) and (8) by using the standard least
squares method. Coefficients aN, bN and aS, bS are related
to �AN, �BN and �AS, �BS as follows:

�AN ¼aN � bN�xN; �BN ¼ bN; ð13Þ
�AS ¼aS � bS�xS; �BS ¼ bS: ð14Þ

The question arises whether the two estimated regres-
sion lines (11) and (12) correspond to the same or to two
different regression lines for a fixed period of observational
time. This problem is solved as follows:
ion of the N–S asymmetry of the differential rotation ..., J. Adv.
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(1) From Eqs. (7) and (8), we calculate aN, bN, aS, bS, s2
N

and s2
S, where s2

N and s2
S are the estimates of the vari-

ance r2
N and r2

S:

s2
N ¼

1

nN � 2

XnN

i¼1

ðY Ni � Ŷ NiÞ
2
; ð15Þ

s2
S ¼

1

nS � 2

XnS

j¼1

ðY Sj � Ŷ SjÞ
2
: ð16Þ

Then we test the null hypotheses r2
S ¼ r2

N ¼ r2 by appli-
cation of the F-criterion. Let us denote smax = max(sN, sS),
smin = min(sN, sS), then ðs2

max=s2
minÞ � F ðnN � 2; nS � 2Þ,

where nN � 2 and nS � 2 are degrees of freedom of the F-
distribution. If the F-criterion rejects the null hypothesis,
we conclude that the two regression lines are different. If
the F-criterion accepts the null hypothesis, we construct
the joint estimate s2 of r2

s2 ¼ ðnN � 2Þs2
N þ ðnS � 2Þs2

S

nN þ nS � 4
ð17Þ

and then test the hypothesis bN = bS.
(2) We test the hypothesis bN = bS by determining the

statistics Tb as follows:

T b ¼
bN � bS

s
PnN

i¼1ðxNi � �xNÞ2
h i�1

þ
PnS

j¼1ðxSj � �xSÞ2
h i�1

� �1
2

� tðnN þ nS � 4Þ;
ð18Þ

where s is given in Eq. (17), and t is Student’s distribu-
tion with nN + nS � 4 degrees of freedom. If the null
hypothesis is rejected, we conclude that the lines of
regression Eqs. (11) and (12) are different because they
have different slopes. On the other hand, if the null
hypothesis is accepted, we construct the joint estimate
of the slope and then test another hypothesis: whether
the regression lines coincide or are parallel with each
other or not.

(3) If the null hypothesis b1 = b2 is accepted, the estimate
of b, that is b, is constructed as follows:

b ¼
PnN

i¼1Y NiðxNi � �xNÞ þ
PnS

j¼1Y SjðxSj � �xSÞPnN

i¼1ðxNi � �xNÞ2 þ
PnS

j¼1ðxSj � �xSÞ2
: ð19Þ

Then we test the hypothesis a1 = a2. For this purpose we
use the statistics Ta, constructed as follows:

T a ¼
aN � aS � bð�xN � �xSÞ

s 1
nN
þ 1

nS
þ ð�xN��xSÞ2PnN

i¼1
ðxNi��xNÞ2þ

PnS

j¼1
ðxSj��xSÞ2

� �1
2

� tðnN þ nS � 3Þ; ð20Þ

where b is given in Eq. (19), s2 is the joint estimate of r2,
and t is Student’s distribution with nN + nS � 3 degrees
of freedom. This is the final step in our analysis.
Please cite this article in press as: Gigolashvili, M.S. et al., Investigat
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4. Results

The results from the above-described statistical analysis
are summarized in Table 1 for Ha filaments, in Table 2 for
large-scale magnetic elements with negative polarity and in
Table 3 for large-scale magnetic elements with positive
polarity. It should be noted that Ta statistics changes its
sign depending on solar cycle and the corresponding Stu-
dent’s criterion for Ha filaments and for large-scale mag-
netic elements with negative polarity indicates that these
differences are significant with the 90% confidence level.

We also studied the time variation of Ta statistics near
maxima and minima of solar activity. For Ha filaments
the values of Ta statistics were calculated for the minimum
periods 1964–1966, 1973–1978 and 1984–1988, as well as
for maximum periods 1957–1963, 1967–1972, 1979–1983
and 1989–1993. The calculated values of Ta statistics are
depicted in Fig. 1 with bars indicating the 90% confidence
level.

For large-scale magnetic elements with negative polarity
and with positive polarity the average values of Ta statistics
were calculated separately for the minimum periods 1964–
1966 and 1973–1978, as well as for maximum periods 1967–
1972, 1979–1983. These values together with the 90% con-
fidence level bars are depicted correspondingly in Figs. 2
and 3.

5. Discussion

To avoid cross-talk between the coefficients in practice,
it is not only sufficient to select an orthogonal set of poly-
nomials like Gegenbauer or Legendre polynomials, it must
also be possible to determine the coefficients independently,
and that depends on the latitudinal distribution of the
available data. Our data consists of annually averaged
angular velocities that are determined in successive 5� wide
latitude belts.

Let as assume that coefficient B is the same for both
hemispheres and C = 0 in Eq. (1). In this case Eq. (2) in
the range around 26.5 degrees reduces to

xð/Þ ¼ �A: ð21Þ
One of the sets of our data of Ha filaments contains the
range 25� ± 2.5� and we assume that for this region Eq.
(21) is applicable.

Let us consider the histogram of latitudinal distribution
of the available Ha data (see Fig. 4). As it is seen from
Fig. 4 our data cover a wide range of latitudes around
the critical 26.5 range quite well. We calculated coefficients
�A from Eq. (21) and compared them with ones calculated

from Eq. (2) for each solar cycle as well as for the whole
period 1957–1993. They were found to be the same within
90% confidence level. That means that cross-talk between
the coefficients �A and �B in our analysis can be neglected.

In our opinion, the successive changes in the sign of Ta

statistics mean that for Ha filaments and magnetic ele-
ments with negative sign there exists an oscillation in the
ion of the N–S asymmetry of the differential rotation ..., J. Adv.
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Table 1
Results of statistical analysis for Ha filaments

Solar cycle No. Years s2
max=s2

min Tb Ta nN nS F t

19 1957–1963 1.053 �1.577 �2.168 63 51 1.56 1.659
20 1964–1975 1.002 �0.709 1.736 97 83 1.43 1.654
21 1976–1985 1.060 0.054 �2.506 84 88 1.44 1.654
22 1986–1993 1.481 �0.057 2.249 63 72 1.50 1.657
19–22 1957–1993 1.021 �0.805 �0.810 307 294 1.21 1.650

Table 2
Results of statistical analysis for large-scale magnetic elements with negative polarity

Solar cycle No. Years s2
max=s2

min Tb Ta nN nS F t

20 1966–1975 1.068 �0.563 �2.779 57 60 1.53 1.65
21 1976–1985 1.179 �0.100 3.913 58 54 1.55 1.65
20–21 1966–1985 1.168 �0.361 0.747 115 114 1.40 1.65

Table 3
Results of statistical analysis for large-scale magnetic elements with positive polarity

Solar cycle No. Years s2
max=s2

min Tb Ta nN nS F t

20 1966–1975 1.143 0.432 �0.156 55 59 1.54 1.65
21 1976–1985 1.061 0.470 0.103 58 53 1.55 1.65
20–21 1966–1985 0.546 0.487 �0.065 113 112 1.40 1.65

Year

Ta
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Fig. 1. Time variation of Ta statistics of Ha filaments during maxima and
minima of solar cycles 19–22.
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Fig. 2. Time variation of Ta statistics of compact magnetic large-scale
elements with negative polarity during maxima and minima of solar cycles
20–21.
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Fig. 3. Time variation of Ta statistics of compact magnetic large-scale
elements with positive polarity during maxima and minima of solar cycles
20–21.
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Fig. 4. The histogram of latitudinal distribution of the available Ha data.
Latitudes in degrees are measured on abscissa and frequencies of available
data of annually averaged angular velocities for Ha filaments are on
ordinate.
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‘‘mean’’ rotation velocity for both northern and southern
hemispheres of the solar magnetic cycle of approximately
22 years. The N–S asymmetry also exists in the differential
rotation of large-scale magnetic elements with positive
polarity, but in this case the confidence level is very low.
Please cite this article in press as: Gigolashvili, M.S. et al., Investigat
Space Res. (2007), doi:10.1016/j.asr.2007.03.103
Based on statistical analysis we could not reveal a signifi-
cant N–S asymmetry in the differential rotation of large-
scale magnetic elements with positive polarity.
ion of the N–S asymmetry of the differential rotation ..., J. Adv.
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Differences in velocity fields between different hemi-
spheres and magnetic polarities confirm our earlier work
(Gigolashvili et al., 2003, 2005a). The fact that results for
the N–S asymmetry of Ha filaments and large scale mag-
netic fields are somewhat controversial, showing opposite
signs of asymmetry, can be explained by their different
heights in the solar atmosphere where, due to radial differ-
ential rotation of atmosphere, physical features causing
changes of sign of asymmetry as waves propagate to higher
layers. Thus the change of sign of asymmetry does not
occur simultaneously at all heights but propagates with
some period that can be revealed by a detailed study of
long series of data corresponding to different atmospheric
heights.

6. Conclusion

1. Statistical results on the N–S asymmetry in solar differ-
ential rotation of Ha filaments and magnetic elements
with negative polarity imply that there exists an oscilla-
tion in the ‘‘mean’’ rotation velocity for both northern
and southern hemispheres and the solar magnetic cycle
(approximately 22 years).

2. Ta statistics changes its sign depending on solar cycle
and the corresponding Student’s criterion indicates that
these differences are significant. We also studied time
variation of Ta statistics near solar maxima and minima.

3. Thus, we can conclude that the N–S asymmetry of solar
rotation rate changes over the solar cycle: the difference
in the velocity reaches the maximum value around activ-
ity maxima, and changes its sign from near activity
minima.

These conclusions must be verified by the further inves-
tigations using the expanded observational data.
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