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Abstract—Photospheric magnetic fields are studied in this work on the basis of synoptic maps from the Kitt
Peak Observatory (1976—2003) and WSO (1976—2012). The imbalance between positive and negative fluxes
is considered for strong magnetic fields in the sunspot zone. The imbalance sign coincides with the polar field
sign in the Northern hemisphere; it depends on both the phase of the 11-year cycle and the solar cycle parity.
These features of variation in the magnetic field can be explained by a strong quadrupole moment of the
photospheric magnetic field, which is also seen in a change of the polarity of the interplanetary magnetic

field.
DOI: 10.1134/S0016793214070160

1. INTRODUCTION

Magnetic fields on the Sun surface are symmetri-
cally distributed to the first approximation, i.e.,
approximately uniformly in heliographic latitude and
antisymmetric about the helioequator. However, a
more detailed study shows a noticeable asymmetry of
magnetic fields: longitudinal asymmetry (in the form
of active longitudes), north-south asymmetry, etc.
(Obridko and Shel’ting, 2007; Asgarov and Obridko,
2007). An asymmetry of magnetic fields is shown, in
particular, in the imbalance of magnetic fields of dif-
ferent signs (Kotov et al., 2002; Kotov, 2009;
Choudhary et al., 2002).

In (Mordvinov, 2007), an imbalance in the photo-
spheric magnetic flux was considered on the basis of a
time series of the solar mean magnetic field (Wilcox
Solar Observatory data). The study of cumulative sums
of the mean magnetic field allowed the author to reveal
long-term variations in the magnetic field imbalance
with the Hale cycle. An imbalance of a photospheric
magnetic field varied similar to the imbalance of a
magnetic field extrapolated to the source surface and
was similar to time variations in the quadrupole
moment. It was shown that the polarity asymmetry of
the interplanetary magnetic field (IMF) also follows
the Hale magnetic cycle in both the radial and azi-
muthal components.

The imbalance between positive and negative
photospheric magnetic fields was studied earlier (Ver-
nova et al., 2012; Vernova et al., 2013) on the basis of
synoptic maps from the Kitt Peak Observatory (1976—
2003). Strong magnetic fields (stronger than 100 G) in

the sunspot zone (heliographic latitudes of £40°) were
used for the study. Fluxes of positive and negative mag-
netic fields for the Northern and Southern solar hemi-
spheres were considered separately. Each of the four
magnetic fluxes can be interpreted as a magnetic field
of leading/following sunspots of one of the solar hemi-
spheres. All the four fluxes follow the 11-year solar
cycle; however, there are certain differences in their
time variations during years of high solar activity.
These differences are seen when considering imbal-
ances between the magnetic fluxes. The following reg-
ularities have been revealed. The imbalance between
magnetic fluxes of leading sunspots of the Northern
and Southern solar hemispheres, like the imbalance
between fluxes of following sunspots, varies with the
22-year solar cycle, and the sign of imbalance between
leading/following sunspots coincides with the sign of
the polar magnetic fields in the Northern/Southern
solar hemispheres, respectively, The imbalance
between positive and negative fluxes for the whole
near-equatorial region (+40° heliographic latitude) is
determined by the imbalance of leading sunspots. The
imbalance sign does not change during an 11-year
cycle from one reversal of the global magnetic field of
the Sun to another and always coincides with the sign
of the polar magnetic field in the Northern hemi-
sphere.

In this work, we study the imbalance between
strong magnetic fields related to active regions with the
use of WSO observatory data, which allows us to
extend the considered time interval and verify the
validity of previous conclusions for the period of
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Fig. 1. Photospheric magnetic flux according to the Kitt Peak (1976—2003) and WSO (1976—2012) data for the whole solar sur-

face. The data have been smoothed over 20 Carrington rotations.

descent of the 23rd solar cycle and the period of rising
of the 24th solar cycle. In addition, we study the corre-
lation of the imbalance between photospheric mag-
netic fields and the quadrupole moment with varia-
tions in the IMF polarity.

2. DATA AND METHOD

In this work, synoptic maps of the photospheric
magnetic field from the National Solar Observatory
(Kitt Peak, 1976—2003) and the Wilcox Solar Obser-
vatory (WSO, 1976—2012) are used. The data are avail-
able on the websites http://nsokp.nso.edu/ and http://
wso.stanford.edu/. Synoptic maps of the photospheric
magnetic field developed at the Kitt Peak Observatory
have been obtained with a high resolution: the spatial
resolution is 1° in longitude (360 steps) and 180 equal
steps in sine latitude. Thus, each map contains 360 x
180 pixels of the magnetic field in gauss.

A large-scale photospheric magnetic field has been
daily monitored at WSO since 1976. Daily magneto-
grams with a resolution of 3 arcmin were reduced to a
finer grid in Carrington coordinates by means of inter-
polation. During synoptic mapping, the measurement
results were taken into account with weights depend-
ing on the distance to the central meridian. Because of
the large telescope aperture, regions from 70° latitude
to the poles were fully entered into the last aperture
(Scherrer et al., 1977). WSO synoptic maps of the
photospheric magnetic field included the values of a
magnetic field for the 30 latitude and 72 longitude
ranges. Thus, each map includes 72 x 30 pixels of the
magnetic field in microtesla. The area of a pixel in
WSO synoptic maps is much larger; therefore, the
magnetic field strength in it decreases because of the
averaging of magnetic fluxes of different signs.
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This is clearly seen in Fig. 1, where total magnetic
fluxes measured at two observatories are compared.
The fluxes have been calculated for each Carrington
rotation by means of summing up the absolute values
of the magnetic fields for all heliographic latitudes.
Both fluxes (Kitt Peak Observatory and WSQO) vary
with an 11-year solar cycle. It is seen that the fluxes
correlate well; however, flux values differ by about 5
times for the two observatories.

We considered features of strong magnetic fields in
the sunspot zone. Magnetic field magnitudes B > 100 G
(Kitt Peak) and B > 3 G (WSO) were used as thresh-
olds for the selection of strong fields related to active
solar regions. According to the stated problem, the
synoptic maps were transformed as follows: (1) only
pixels with values higher than the threshold were used
in each synoptic map; and (2) near-equatorial zones
(heliographic latitudes from +40° to —40°) were cut
from each map. Synoptic maps prepared in this way
were used for calculations of magnetic fluxes. Four
magnetic field characteristics were calculated for each
Carrington rotation: positive and negative fluxes for
pos

the Northern and Southern solar hemispheres ( Fy

FyE, FS”, and Fg*®). The imbalance AF between pos-
itive and negative fluxes for the entire sunspot zone is

defined as the sum of the four fluxes: AF= Fy~ + Fy© +

F” + F§®. The imbalance was calculated for the Kitt
Peak and WSO photospheric data.

3. RESULTS AND DISCUSSION

In (Vernova et al., 2012; Vernova et al., 2013), we
considered features of variations in the imbalance
between positive and negative magnetic fluxes using
Kitt Peak data for 1976—2003. The use of WSO data,
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Fig. 2. Imbalance between strong positive and negative magnetic fields in the sunspot zone (heliographic latitudes from +40° to

—40°) from Kitt Peak (1976—2003) and WSO (1976—2012) data.

which is less detailed compared to the Kitt Peak data,
allowed us to extend the data series by 9 years. We have

compared the previous results with calculations that
use the WSO data (1976—2012).

Figure 2 shows imbalances between positive and
negative magnetic fields (the sum of four fluxes) for
strong magnetic fields in the sunspot zone (helio-
graphic latitudes from +40° to —40°) for the Kitt Peak
Observatory and WSO. The contribution of fields with
a strength higher than the thresholds (B > 100 G for
Kitt Peak and B > 3 G for WSO) was considered.

The results obtained from data for the two observa-
tories correlate well for the 1976—2003 period, for
which the data from both observatories are available
(Fig. 2). It is noticeable that the imbalance has the
same order of magnitude for both observatories,
despite a strong difference in magnetic fluxes.

The main conclusions drawn earlier from the Kitt
Peak data remain valid for the WSO data. The imbal-
ance between positive and negative fluxes is close to
zero during a period of low solar activity. The imbal-
ance sign is kept during the 11 years from one reversal
of the global magnetic field to another and changes
like the sign of the magnetic field in the Northern
hemisphere. Thus, the sign of the imbalance changes
with the 22-year solar cycle and always coincides with
the sign of the polar field in the Northern hemisphere.

The imbalance calculated from WSO data, up to
2012, confirms the previous conclusions, according to
which the sign of the imbalance after 2012 and until
the next reversal should be negative (see Fig. 2).

Let us note that the regularities of the change in the
imbalance between positive and negative fluxes, which
have been revealed for strong magnetic fields, are not
shown in the imbalance of weak fields. Figure 3 com-
pares the imbalance of strong (B > 3 G) and weak the
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imbalance of (B < 1 G) magnetic fields in the sunspot
zone. It was seen that there is no correlation with the
Hale cycle for weak fields. During low solar activity,
the imbalance between strong fields vanishes, while
the imbalance between weak fields attains its maxima.
In general, the imbalance between weak fields is sig-
nificantly lower than for strong fields.

In addition to the imbalance of the photospheric
magnetic field, we have considered a variation in the
quadrupole component of a magnetic field using WSO
data. If the photospheric magnetic field is represented
as multipole expansion (Hoeksema and Scherrer,
1986; Sun, 2009), then one should expect that the axi-
symmetric quadrupole moment mainly contributes to
the imbalance between positive and negative magnetic
fluxes. We have compared the change in the imbalance
between positive and negative magnetic fluxes in the
photosphere (Fig. 4a) with the quadrupole component
of the magnetic field—the coefficient g,, (Fig. 4b,
WSO data). The good correlation between these
parameters (the coefficient of correlation R = 0.60)
allows us to draw the conclusion that the imbalance
between positive and negative fluxes is explained by
the presence of the strong quadrupole component of
the magnetic field.

The main result of our study of the imbalance
between strong magnetic fields consists in coincidence
of the imbalance sign with the sign of the polar mag-
netic field in the Northern hemisphere. To emphasize
existence of the same feature for the quadrupole com-
ponent of the magnetic field, the periods of coinci-
dence of these signs are shown in Fig. 4b (hatching for
positive polarity and solid-filled for negative one). The
sign of the magnetic field in the Northern hemisphere
is shown in the upper part of Fig. 4b.

Due to the mathematical properties of the model,
the imbalance between photospheric magnetic fluxes
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Fig. 3. Comparison of imbalances for strong (B > 3 G) and for weak (B < 1 G) photospheric magnetic fields for heliographic lat-
itudes from +40 to —40° (WSO data).
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Fig. 4. Correlation between the imbalance between (a) positive and negative photospheric magnetic fields and (b) the quarupole
component of the magnetic field g,(. The periods of coincidence of the signs of the quadrupole component and the polar field in
the Northern hemisphere are hatched in the case of positive polarity and solid-filled in the case of negative polarity.

leads to the presence of an imbalance on the source erties of the heliosphere. The solar wind in the plane of
surface. An imbalance between positive and negative the ecliptic is ordered in the form of sectors (usually
magnetic fields is expected to be observed in the prop- two or four), within which the IMF is directed out-
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Fig. 5. Correlation between the imbalance of photospheric magnetic fields and the sector structure of IME The dashed curve
shows the difference between the number of positive and negative days of IME

ward or toward the Sun. We have used data on the
number of days with the positive polarity of IMF
(direction is outward the Sun) and the negative polar-
ity (toward the Sun) (Svalgaard, 2012).

The difference in the number of “positive” and
“negative” days AN correlates well with the imbalance
of photospheric magnetic field (Fig. 5). It is noticeable
that the correlation is violated during the period of low
solar activity. While the coefficient of this correlation
is 0.57 for the whole 1976—2012 range, it increases up
to 0.64 when excluding solar activity minima.

A similar correlation is observed between the qua-
drupole component of the photospheric magnetic field
expansion g,, and the imbalance in IMF polarity AN:
the coefficient of correlation is R —0.55. Close
results were found in (Erofeev, 2004): the correlation
between the dominant IMF polarity and the ampli-
tude of the solar magnetic quadrupole was —0.53 in
1926—1971.

This points to a correlation between IMF with the
distribution of the photospheric magnetic field of the
positive and negative polarities. Thus, there is a chain
of interrelated phenomena: the imbalance between
positive and negative photospheric fields—the imbal-
ance of fields on the source surface—the imbalance of
IME

The established regularity of variations in the
imbalance between positive and negative fluxes (AF)
can be represented by a simple formula. The sign of
this imbalance is determined by two factors: the solar
cycle parity and the phase of the 11-year cycle (before
or after the reversal):

sighAF = (=1)"*", (1)

wheren=1,2and k=1, 2; n = 1 corresponds to odd
and n = 2 correspsonds to even cycles; kK = 1 corre-
sponds to the interval from the minimum to the inver-
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sion of a 11-year cycle, and k = 2 corresponds to the
interval from the reversal to minimum.

4. CONCLUSIONS

The results of this work allow the following conclu-
sions.

1. The imbalance between positive and negative
photospheric magnetic fluxes in the sunspot zone var-
ies with the 22-year solar cycle.

2. The sign of this imbalance always coincides with
the sign of the solar polar magnetic field in the Northern
hemisphere.

3. The sighn of this imbalance is determined both
by the phase of the solar cycle (before and after the
reversal) and the cycle parity.

4. The IMF polarity changes with the same period-
icity.

5. Asymmetry between the positive and negative
magnetic fluxes on the Sun and in the heliosphere can
be connected with the presence of a strong quadrupole
component in the photospheric magnetic field.
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