BWAstronomical Notes
. Astronomische Nachrichten -

o s v . -. w . . . . ; % .
. - . L " . » » . ‘
: . . 3

On the solar rotation and activity

R. Brajsa', H. Wohl?, D. Ruzdjak', B. Vrinak!, G. Verbanac?, L. Svalgaard®, and J.-F. Hochedez® ' : ‘

Hvar Observatory, Faculty of Geodesy, University of Zagreb, Kaciceva 26, HR-10000 Zagreb, Croatia ; -
Kiepenheuer-Institut fiir Sonnenphysik, Schoneckstr. 6, D-79104 Freiburg, Germany : -
Geophysical Institute, Faculty of Science, University of Zagreb, Horvatovac bb, HR-10000 Zagreb, Croatia :
Easy Toolkit, Inc., Houston, Texas, USA

° Observatoire Royal de Belgique, Ave. Circulaire 3, B-1180 Bruxelles, Belgium

Received 2007 Aug 31, accepted 2007 Oct 25 -
Published online 2007 Dec 15 s a

Key words  Sun: activity — Sun: rotation

The interaction between differential rotation and magnetic fields in the solar convection zone was recently modelled by
Brun (2004). One consequence of that model is that the Maxwell stresses can oppose the Reynolds stresses, and thus
.- contribute to the transport of the angular momentum towards the solar poles, leading to a reduced differential rotation.

"B So, when magnetic fields are weaker, a more pronounced differential rotation can be expected, yielding a higher rotation " s
velocity at low latitudes taken on the average. This hypothesis is consistent with the behaviour of the solar rotation during
the Maunder minimum. In this work we search for similar signatures of the relationship between the solar activity and
rotation determined tracing sunspot groups and coronal bright points. We use the extended Greenwich data set (1878—
1981) and a series of full-disc solar images taken at 28.4 nm with the EIT instrument on the SOHO spacecraft (1998—
2000). We investigate the dependence of the solar rotation on the solar activity (described by the relative sunspot number)
and the interplanetary magnetic field (calculated from the interdiurnal variability index). Possible rotational signatures of - .
two weak solar activity cycles at the beginning of the 20th century (Gleissberg minimum) are discussed.
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The interaction between differential rotation and magnetic fields in the solar convection zone was recently modelled by
Brun (2004). One consequence of that model is that the Maxwell stresses can oppose the Reynolds stresses, and thus
contribute to the transport of the angular momentum towards the solar poles, leading to a reduced differential rotation.
So, when magnetic fields are weaker, a more pronounced differential rotation can be expected, yielding a higher rotation
velocity at low latitudes taken on the average. This hypothesis is consistent with the behaviour of the solar rotation during
the Maunder minimum. In this work we search for similar signatures of the relationship between the solar activity and
rotation determined tracing sunspot groups and coronal bright points. We use the extended Greenwich data set (1878—
1981) and a series of full-disc solar images taken at 28.4 nm with the EIT instrument on the SOHO spacecraft (1998—
2000). We investigate the dependence of the solar rotation on the solar activity (described by the relative sunspot number)
and the interplanetary magnetic field (calculated from the interdiurnal variability index). Possible rotational signatures of

two weak solar activity cycles at the beginning of the 20th century (Gleissberg minimum) are discussed.

1 Introduction

The interaction between differential rotation and magnetic
fields in the solar convection zone was discussed by Brun
(2004), who describes the three-dimensional numerical sim-
ulations of compressible convection under the influence of
rotation and magnetic fields in spherical shells. One conse-
quence of the model is that the Maxwell stresses can oppose
the Reynolds stresses and in this way contribute to the trans-
port of the angular momentum towards the solar poles. This
leads to a reduced differential rotation. So, when magnetic
fields are weaker, one can expect a more pronounced dif-
ferential rotation yielding a higher rotation velocity at low
latitudes on the average.

The Maxwell stresses are associated with the correla-
tions of the fluctuating magnetic field components which
arise from tilts and twists within magnetic structures (Brun,
Miesch & Toomre 2004). They originate from the reaction
on the flow through the Lorentz forces (e.g. Sturrock 1994;
Parker 1996; Mestel 2003).

As proposed by Brun (2004), an observational test for
the above described hypothesis can be the behaviour of the
solar rotation during the Maunder minimum. Based on ob-
servations by Hevelius, a higher rotation velocity at low lat-
itudes during the Maunder minimum was reported by Eddy,
Gilman & Trotter (1976). However, this result was criticized
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by Abarbanell & Wohl (1981), who found still a slightly
more differential rotation during the Maunder minimum as
compared to modern values, which was later confirmed by
Ribes & Nesme-Ribes (1993). Additional data on the solar
rotation velocity during and around the Maunder minimum
were discussed by Mendoza (1999), Vaquero, Sdnchez-Bajo
& Gallego (2002), as well as by Casas, Vaquero & Vazquez
(20006).

In the present work we investigate possible implications
of the above described interaction between differential ro-
tation and magnetic fields for modern research. In the solar
cycle minimum one should expect a more differential rota-
tion profile with a higher velocity at low latitudes, as earlier
indicated by Gilman & Howard (1984) and by Balthasar,
Véazquez & Wohl (1986). Also, possible rotational signa-
tures of weak solar cycles will be searched for.

2 The data sets and reduction methods

Positions of sunspot groups were measured on photographic
plates taken on a daily basis at the Royal Greenwich Obser-
vatory in the years 1874—-1976. Additional measurements
from other observatories were also used to provide as many
measurements as possible. The results were published in the
catalogue “Greenwich Photoheliographic Results” (GPR).
Midpoints of sunspot groups were taken as positions of the
groups. The GPR are available in the printed and electronic
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versions. The electronic version is extended with the mea-
surements provided by the Solar Optical Observing Net-
work (SOON) of the US Air Force and the National Oceanic
and Atmospheric Administration (NOAA). In the present
analysis we used additional measurements from the years
1977-1981. The rotation velocity values from the years
1874—1877 are systematically lower than the rest of the
data, most probably due to some yet unknown systematic
error. For this reason we exclude the data from the years
1874—1877 and resume the analysis only with the data from
the years 1878-1981.

Rotation velocities were determined by the daily shift
method, i.e., from daily differences of the central meridian
distance (CMD) and the elapsed time. Then we applied the
residual method originally proposed by Gilman & Howard
(1984). It provides yearly deviations from the mean rota-
tion velocity, averaged over all years under consideration,
for each latitude band. These deviations are averaged over
latitudes and rotation velocity residuals are calculated yield-
ing a single number for each year. A positive rotation veloc-
ity residual indicates a higher velocity than the average, and
a negative rotation velocity residual indicates a lower veloc-
ity than the average. The rotation residual is higher if the
differential rotation is stronger, since sunspots are observed
at lower latitudes.

Further details concerning the analysis of the Green-
wich data set were given in the paper by BrajSa, RuZdjak
& Wohl (2006). In that paper also the power spectrum of
the rotation velocity residuals for the years 1878—1981 was
analysed and the periods of 32.6, 10.6, 5.2, and 3.5 years
were identified. It is interesting to note that a period of
about 5 years in sunspot relative numbers was also found
by Balthasar (2007), while a period of the “flip-flop” oscil-
lation in sunspot activity of about 3.7 years was reported by
Berdyugina & Usoskin (2003).

Coronal bright points were traced in SOHO-EIT full-
disc solar images obtained at 28.4 nm (Brajsa et al. 2001;
2002). The automatic method of data reduction based on the
IDL procedure “Regions of Interest (ROI) segmentation”
was applied to triplets of images taken every 6 hours dur-
ing the period 1998-2000. The numerical ROI parameters
(sharpness of the subimages, their circumference range and
intensity range of their brightness) were adjusted according
to the interactive (visual) method.

As a proxy for the solar activity, yearly and monthly val-
ues of the relative sunspot number, provided by the SIDC,
were used, and as a proxy for the interplanetary magnetic
field strength (B), the interdiurnal variability (IDV) index
(Svalgaard & Cliver 2005). From the IDV index the values
of B were calculated for time periods also before the mea-
surements from space (Svalgaard & Cliver 2005), and these
values were used in the present work.

(© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

GRN sunspot groups, 1878 — 1981
—— T

0.6

0.4

© I
=) N

rotation residuals [deg/day]

|
o
S
— T T T
+
+
4
+
+
+
+
e e e e b e e e ey

-0.4

L I
1860

L L I
1880

L L L L
1900

1920 1940
t [year]

L L I
1960

1980

2000

Fig.1 Rotation velocity residual of sunspot groups as a function
of time for the years 1878-1981. All latitudes up to +60° were
taken into account and the CMD cut-off was fixed at +60°. The
secular slope of the least-square fit through the data points amounts
to —0.0011 £ 0.0003.
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Fig.2 Rotation velocity residual of sunspot groups (the CMD
cut-off was fixed at £75°) as a function of relative sunspot number
for the years 1878-1981. The correlation coefficient amounts to
—0.40 for the case without an application of the SW and to —0.45
for the case with an application of the SW. For these two cases the
slopes of the straight line are —0.0009 and —0.0007, respectively,
with the error of 0.0002 in both cases.

3 Results and discussion

Results are presented in Figs. 1-4. Rotation velocity resid-
uals of sunspot groups as a function of time for the period
1878-1981 are presented in Fig. 1. Superimposed on a sys-
tematic decrease of the rotation velocity (secular decelera-
tion) a finer modulation connected with the 11-year solar
activity cycle can be seen. This type of variation was dis-
cussed in more detail by BrajSa, RuZzdjak & Wohl (2006).

A dependence of the rotation velocity residual deter-
mined by sunspot groups is presented as a function of the
solar activity and the interplanetary magnetic field in Figs.
2 and 3, respectively. The correlation coefficients and the
slopes of the straight lines fitted through the data points are
given in the captions for the cases with and without an ap-
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Fig.3 Rotation velocity residual of sunspot groups (the CMD
cut-off was fixed at +75°) as a function of the interplanetary mag-
netic field for the years 1878-1981. The correlation coefficient
amounts to —0.41 for the case without an application of the SW
and to —0.36 for the case with an application of the SW. For these
two cases the slopes of the straight line are —0.042 £ 0.009 and
—0.025 £ 0.001, respectively.
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Fig.4  Solar sidereal equatorial rotation velocity of coronal
bright points as a function of relative sunspot number (monthly
values) for the period June 1998—October 2000. The correlation
coefficient amounts to —0.74 and the slope of the straight line is
—0.006 £ 0.001.

plication of the statistical weights (SW). In Figs. 2 and 3
the straight lines are presented only for the case without an
application of the SW procedure. The SW procedure was
described in detail in the paper by Brajsa et al. (2006). We
note that in Fig. 1 and in Figs. 2 and 3 not the same CMD
cut-off was used; however the rotation velocity residuals do
not depend significantly on the CMD cut-off.

Finally, in Fig. 4 we present a dependence of the so-
lar equatorial rotation velocity, determined tracing coronal
bright points using the automatic method of data reduction,
as a function of the solar activity, in a preliminary form.
Within the period June 1998—October 2000 monthly val-
ues were used, but not all of the consecutive months were
analysed due to some lack of the data. The correlation co-
efficient and the slope of the straight line are given in the
caption.
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4 Conclusions and an interpretation

A secular deceleration of the mean solar rotation in the 20th
century was found by tracing sunspot groups. This varia-
tion also shows a finer modulation indicating a connection
with the phase of the 11-year solar cycle. In the years 1902
and 1913 we have found possible rotational signatures of
two weak solar activity cycles (Gleissberg minimum). The
rotation velocity residual increased in these years for about
0.4 °/day. This is in a qualitative and quantitative agreement
with a similar rotational behaviour during the Maunder min-
imum. A qualitatively similar behaviour was also found on
a shorter time scale for the period 1998-2000. As solar ac-
tivity was increasing, the equatorial rotation velocity deter-
mined tracing coronal bright points was decreasing (in this
part of analysis monthly values were used).

A dependence of the solar rotation velocity measured by
magnetic tracers and solar activity and interplanetary mag-
netic field was found. An interplay between the Reynolds
and the Maxwell stresses is proposed for the interpretation.
As stated by Riidiger & Hollerbach (2004), the more mag-
netic the Sun is, more rigid is its rotation.
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