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Abstract: We estimated the relative location of the solar rotation axis and the magnetic
axis of the solar dipole, which were defined as centers of polar coronal holes. We used
observations of polar coronal hole data, which were originally obtained with Solar Dynamic
Observatory (SDO) spacecraft. To calculate the tilt of the magnetic axis relative to the
rotation axis of the Sun, an empirical method for the estimation of the coronal hole centers
is proposed. As a result, it was found that these axes do not coincide. The average
deviation of the magnetic dipole axis from the rotation axis is ~5 degrees of latitude. Using
the wavelet transform method, it was found that the magnetic axis rotates around the
rotation axis with a main period of 15-16 days. This period is related to the sector structure
of the global magnetic field in the polar zones of the Sun.
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1. Introduction

The global magnetic field of the Sun plays an important role in the existence of various
structures in the solar atmosphere, such as sunspots, faculae, coronal holes and many others.
The study of these structures provides insight into the physical processes that control
their formation, development, and decay, the heating of the corona, and the cyclicity of
solar activity.

Based on studies of the global magnetic field of the Sun conducted in the middle of
the last century, Babcock [1] and Leighton [2] proposed the theory of the solar dynamo. In
dynamo theory, the rotation of the Sun acts as an engine generating a global magnetic field,
but the solar magnetic and rotation axes are considered to coincide. On the other hand,
Cowling proposed the antidynamo theorem, which states that an axisymmetric magnetic
field cannot be maintained via dynamo action [3,4]. In other words, no motion can maintain
an axisymmetric magnetic field [5]. This meant that the measured small deviations from
magnetic field axisymmetry could no longer be neglected, and, in fact, played an important
role in large-scale magnetic field generation. It is clear that this theorem prohibits a solar
dynamo for an axially symmetric global magnetic field, and the tilt angle of the magnetic
dipole should be analyzed in detail.

Despite a large amount of publications concerning the solar dynamo, the tilted so-
lar dipole has not been actively investigated. The tilted solar dipole was studied by
Norton et al. [6] and Norton and Raouafi [7]. The authors obtained the changes in the
position of the solar magnetic axis in the interval of ~2°-7°.
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The problem of a tilted solar magnetic axis was considered in more detail by Pastor
Yabar et al. [8]. The authors found the monthly oscillations of the averaged polar magnetic
field at latitudes of 70°-80° observed daily over five years starting from 2010. It has been
suggested that this kind of oscillation is only possible if a non-asymmetric distribution of
magnetic fields exists around the solar rotation axis.

Moreover, based on measuring the Faraday rotation of extragalactic radio sources
during the eclipse, Mancuso and Garzelli [9] estimated the three-dimensional topology of
the magnetic field in the outer solar corona. These authors found an inclination angle of
about 3.3 degrees of the solar magnetic axis relative to the solar rotation axis.

A numerical model of a dipole magnetic configuration with a tilt was proposed by
Borovikov et al. [10] in the context of a study of solar wind near the solar minimum.

The limited number of studies in this significant field can be attributed, in part, to the
inherent difficulties associated with direct measurement of the polar magnetic field. Despite
recent advancements in solar observation through various satellites and instruments, daily
measurements of the polar magnetic field simultaneously in two solar hemispheres are
still not available. In this case, empirical methods that will allow us to estimate the angle
between the magnetic and rotation axes would be useful to refine the dynamo theory.

Coronal holes are unipolar structures in the solar corona with lower density and
temperature, appearing dark when observed in the EUV and X-ray bands. The magnetic
field inside coronal holes has an open configuration, which allows them to be a source of
solar wind (see, for example, Cranmer [11]).

Low-latitude (equatorial) coronal holes, which appear near the solar equatorial zone,
are usually observed only during a period of a few solar rotations or less. For example,
Heinemann et al. [12] analyzed the equatorial coronal holes with a lifetime of 5-18 solar rota-
tions. Despite this, low-latitude coronal holes have been well studied due to their visibility
and the availability of some physical parameters and geometry in situ. Equatorial coronal
holes are of significant scientific interest, as they are a source of fast and slow solar wind
(Abramenko et al. [13], Hofmeister et al. [14], Jain et al. [15], Ervin et al. [16], Tokumaru
and Fujiki [17]).

During periods of low solar activity, when the dipole component of the solar magnetic
field is pronounced, large coronal holes form, covering the north and south poles. Such
objects are called polar coronal holes (PCHs). PCHs are observed for about seven years
during the solar minimum and tend to disappear for three to four years around the so-
lar maximum (see Harvey and Recely [18], Riehokainen et al. [19]). Direct observations of
PCHs are evidently complicated; however, their characteristics related to solar wind are also
being studied, e.g., by Horbury et al. [20] and Telloni et al. [21], as well as their fine structure,
e.g., Huang et al. [22] and Morton and Cunningham [23], and evolution, e.g., Stepanian and
Shtertser [24] and Shrestha et al. [25].

It can be assumed that the centers of PCHs can be considered as the global solar magnetic
dipole, at least in the interval between the maxima of solar activity cycles. This agrees with some
theoretical models of PCHs. For example, Korolkova and Solov’ev [26] have proposed an ana-
lytical estimation of plasma parameters (pressure, density, and temperature) for the equilibrium
axisymmetric (dipole) magnetic configuration, which represents PCHs with thermodynamic
parameters close to the observed values. In turn, variations in the location of polar coronal hole
centers creates the possibility of specifying the tilt angle between the magnetic and rotation
axes of the Sun. In this case, an important addition to the solar dynamo theory can be made
concerning the assumption of these axes coinciding.

The aim of this work is to propose a method for determining the axis tilt angle using
variations in the daily latitudes of the visible parts of the polar coronal holes.
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2. Methods and Observations

We used the average latitudes of PCHs to estimate their centers. Daily images of
PCHs were obtained from the original observations produced by the Atmospheric Imag-
ing Assembly instrument onboard the Solar Dynamics Observatory (AIA/SDO) at the
193 A passband. The extraction of PCHs’ geometrical parameters (area, latitude, longitude,
and size) was carried out with the region growth algorithm (RGA) proposed in [27]. The
algorithm was improved in [28] for the identification of different solar structures. Data are
available on the website www.observethesun.com, accessed on 1 January 2015. Figure 1
(top panel) shows one example of a solar image (taken from above mentioned website)
with three coronal holes extracted by the RGA method—one equatorial and two polar.

It should be noted that, in our study, only visible parts of PCHs were considered, and
only PCHs that are closely adjacent to polar zones were analyzed. Thus, the entire PCH
represents a structure consisting of three different parts. The first part is the visible part
of the PCH on some day (N). The second part is the visible part of the PCH, observed
onday N + T/2. Here, T is the rotation period of the visible part of the PCH around the
rotation axis. The third part is completely inaccessible for observations, and it is located in
the invisible zone of the polar cap.

The averaged latitude of one PCH was calculated as follows: since we have the
coordinates of each pixel inside the PCH’s visible area, the latitude of all pixels was
obtained. Next, the latitude values of all pixels were added together, and the resulting
value was divided by the number of pixels in the PCH. The accuracy of the obtained value
depends mostly on the PCH extraction method, and it is ~0.1 degrees. We applied this
simple technique for PCHs observed over 2841 days, from 1 January 2015 to 10 November
2022. The specified time interval is between the maxima of the 24th and 25th solar cycles.
As a result, two time series were produced, representing the averaged latitudes of north
and south PCHs.

Figure 1 (bottom panel) shows variations in the daily average latitudes of the consid-
ered PCHs. The monthly changes in both hemispheres of the Sun are clearly seen. The
figure also shows the changes in latitude that depend on the angle between the equatorial
plane of the Sun and the ecliptic. However, these variations are of a well-known nature,
and we did not analyze them in this study.

Figure 2 shows two wavelet power spectra of time series of average latitudes (see
Figure 1, bottom panel), obtained using the method described in [29]. Here, one can see
several periodic components with two well-pronounced intervals with periods of 15-16
and 30-32 days (left panel). The right panel shows global wavelet spectra (blue line) with
these periods. The red dashed line shows a confidence level of 95%, calculated with the
X% method.

Figure 3 explains how the daily latitude of the center of the PCHs can be calculated
using only the mean latitudes of the visible parts of the entire PCH. Here, point O is the
center of the Sun, the line SON is the solar rotation axis, and B is the position of the average
latitude of the visible part of the PCH on a certain observational day (). Point A is the
position of the average latitude of the visible part of the coronal hole exactly after half
of the rotation period (or on day n + 15). Positions A and B correspond to the latitudes
determined by the angles g = 70° and a = 60°. The average latitude of the entire PCH,
denoted by the letter C, can be calculated by dividing by the angle ZBOA. Next, we provide
simple formulas for calculating the average latitude of an entire polar coronal hole.

ZBOA = (90° — B) + (90° — ) =20° 4 30° = 50°

/BOC = ZCOA = (£/BOA)/2=50°/2 =25°

The latitude of point C is determined as

4B+ 25° =70° +25° =95° > 90°
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Figure 1. Top panel represents the example of the solar map with coronal holes observed on 9 January
2019. Polygons mark the result of the segmentation with the RGA method. Bottom panel: time series
of the average latitudes for the visible parts of the polar coronal holes. North and south polar caps
are marked by green and red lines, respectively.
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Figure 2. Wavelet power spectra for the average latitudes of the visible part of the northern
(upper panel) and southern (bottom panel) PCHs.
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Figure 3. Schema represent the method of calculation of coronal hole centers.

Therefore, point C has a latitude value equal to 85°, since, in our case, the latitude
should not have a value greater than 90°.

Thus, to calculate the average latitudes of PCHs for the observed period, we need to
have two time series composed of the latitudes of the visible parts of the PCHs. The first
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time series is composed of daily values of the average latitudes. The second time series
is composed of the elements of the first series but shifted by half of the rotation period
(15 days) forward. Thus, these two time series are aligned. The first element of the first
time series corresponds to the 15th element of the first time series. The Nth element of the
first series corresponds to the (N + 15)th element of the second time series. These time
series are presented in Figure 4.
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Figure 4. Time series of calculated latitudes for the centers of entire polar coronal holes. The northern
polar cap of the Sun is marked by green and the southern polar cap is marked by red.

Figure 5 shows the results obtained for the periodicity of rotation of the latitude centers
of polar coronal holes around the axis of rotation of the Sun. Here, one can see very clearly
the main period of this rotation, which is ~15-16 days. There is also a period of about
8 days, which is weak in comparison to the main period but still slightly above the 95%
confidence level. In addition, we used two different scales in this figure. For the North
Pole, the time scale is expressed through the ordinal number of days, and, for the south
pole, it is expressed through the calendar date. Here, 17/09/27 means year/month/day.

Centers, north
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Figure 5. Wavelet spectra for two time series contain latitudes of the polar coronal hole centers. Main
periods are presented in the right panels. A confidence level of 95% is marked by the dashed red line.
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Figure 6 shows the daily changes in the latitude of the calculated centers of PCHs as
they make a complete revolution around the axis of solar rotation. This chart is designed
as a radar plot. The numbers located on the outer circle of the graph indicate the ordinal
numbers of days since the first day of observation, 1 January 2015, used in this study. The
numbers located on the horizontal radius intersecting the concentric circles are the latitude
values. In this figure, the southern polar coronal hole is marked by red and the northern is
marked by green. As can be seen from Figure 6, the trajectory of latitude change during a
full rotation is not smooth. This trajectory describes a certain sector structure. The sector
structure has a spatial scale in one direction (solar longitude) compatible with the size
of the entire Sun. It cannot be directly related to local magnetic structures. The sector
structure is usually associated with active longitudes on the Sun and the sector structure
of the interplanetary magnetic field. That is, they reflect the global structure of the solar
magnetic field. This sector structure rotates around the axis of rotation of the Sun with a
main period of 15-16 days. This figure also shows that the sector structure can be more
complex and additional periods can appear in the spectrum, as shown in Figure 5.

Radar Plot

1784 1783 1782

Riy \ \ / v 1780
NN
-/

—@— center of CH on S pole vs day
©— center of CH on N pole vs day

Figure 6. Trajectories of the calculated latitudes of the centers of polar coronal holes around the axis
of rotation of the Sun for one complete revolution.
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3. Results and Conclusions
Table 1 presents the main results obtained during this study.
Table 1. Statistical parameters of the determined PCH center.
Mean Median Std.Dev Std.Err 95% Conf
—85.009 —86.55 5.075 0.1304 0.256
85.513 86.95 4271 0.1074 0.211

The first row in the table contains the statistical results for the calculated latitude of the
center of the south PCHs. The second row contains the results for the latitude of the north
PCHs’ center. The mean and median latitude of the centers of the PCHs in both polar zones
have values of about £85 degrees. This means that the average deviation of the centers of
the PCHs relative to the rotation axis is about 5 degrees.

PCHs are a product of the polar magnetic field. For this reason, they have some
specific characteristics, such as a sector structure. The results presented in Figure 6 for both
polar caps clearly show that the magnetic field axis does not coincide with the position of
the solar rotation axis. Moreover, the trajectory of the calculated latitude of the PCH center
around the solar rotation axis reflects the sector structure of the large-scale magnetic field,
as described by Obridko and Shelting [30] and Vasil’Eva et al. [31]. A two-sector structure
produces a rotation period of 1/2 of the solar rotation period, as well as a four-sector
structure with —1/4. In Figure 6, we are dealing with a four-sector structure that is clearly
visible in the southern polar zone.

Quasi-periodic variations in the sector structure of the interplanetary magnetic field
(IMF) have been studied previously using power spectrum analysis by Du et al. [32].
The two-sector IMF structure dominates during the solar maximum, and the four-sector
structure dominates during the solar minimum. To explain this phenomenon, the authors
suggested that the IMF sector structure configuration depends on the inclination angle
between the magnetic and rotation axes of the Sun.

Additionally, in work by Riehokainen et al. [19], the sector structure was used to
explain variations obtained for the maximum areas and longitudinal widths of solar
coronal holes.

The results presented in Figure 5 show that the main period of polar coronal hole
rotation around the solar rotation axis is 15-16 days in both polar zones. We suggest that the
8-day period also indicates a sector structure of the polar magnetic field, but the amplitude
of this period is smaller.

Note that the results obtained in our study for Carrington rotations 2158-2262 are in
good agreement with the results obtained for Carrington rotations 1911-1919, which were
published by Norton et al. [6]. In this study, the authors reported observed tilt angles for
the solar dipole in the range of 1-10 degrees, with an average tilt of 4-6 degrees.

Taking into account the results obtained in our study, we concluded that the magnetic
axis does not coincide with the axis of solar rotation. The magnetic axis rotates around the
solar rotation axis with a main period of 15-16 days. The rotation is not circular but rather
describes the sector structure of the solar global magnetic field at the poles. The small
deviation of 5 &= 0.1 degrees between the axis of the solar magnetic dipole and the rotation
axis eliminates the main problem in the solar dynamo associated with axisymmetricity
(Cowling’s Theorem).
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