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Abstract: We considered coronal holes as a manifestation of the large-scale magnetic field of the
Sun. The main goal of this work was to study the variations in the largest areas and longitudinal
widths of solar coronal holes observed daily in the polar and mid-latitude zones on a time scale of
984 days. Statistical methods of fast Fourier transform (FFT), wavelet transform, and empirical mode
decomposition (EMD) were used to detect periodicity in the variations of the considered parameters.
Long-term variations in the daily measured areas and longitudinal widths of the largest solar coronal
holes with periods of 8-9, 13-15, and 26-29 days were detected in three zones of the Sun: polar (north
and south) and equatorial. The obtained periods are most clearly visible at the equatorial zone. In the
polar zones the period of 8-9 days has a weak amplitude. We interpreted variations with periods of
8-9, 13-15, and 26-29 days as a rotation of the six-, four-, and two-sector structure of the large-scale
solar magnetic field.

Keywords: Sun; coronal holes; magnetic field; rotation

1. Introduction

Coronal holes (CHs) are structures with an open configuration of a magnetic field. Due
to this configuration of the magnetic field, charged particles can escape from the corona,
forming solar wind (for more details see [1,2]), which has an important effect on space
weather [3]. The study of the CH structures, their origin, and various physical parameters
is important for understanding the complex processes of cyclic solar activity.

Coronal holes are visible throughout the solar disk. They can be divided into polar
and mid-latitude (or equatorial) coronal holes.

Polar CHs are one of the longest-lived structures of the Sun; in accordance with [4],
equatorial coronal holes may live more than 18 months and polar coronal holes may live
2-3 years. They contribute to the global state of the solar corona and can be associated
with the large-scale structure of the magnetic field. Even though CHs have been studied
for a long time, not all of their parameters are clearly defined. Extensive coronal hole
parameters over a whole solar cycle (including area) are given in [5] and plasma properties
in [6]. Coronal hole parameters such as the magnetic field strength are also given in [7,8];
rotation speed [9], frequency of occurrence, evolution of areas during the solar cycle [4],
height structure, and physical parameters such as temperature, density, and others have
been intensively studied.

Numerous works have been devoted to the study of the identification of CH height
structure [10], as well as the propagation of magnetohydrodynamic (MHD) waves [11,12]
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in them. There are some works devoted to the establishing of the physical parameters of
a CH [13,14]. Observations of CHs show that these are regions with low plasma density,
and their temperature is close to the temperature of the surrounding corona [14].

In [15], the authors investigated the relationship between the CH properties and their
variations in the solar cycle using cycles 20-23, comparing the change in CH areas with
the change in the length of solar filaments and sunspot areas. The authors also pointed
out the presence of an asymmetry in CH activity between the northern and southern polar
zones. A few works are devoted to the study of CH rotation in accordance with the sunspot
number [16]. Studies [17] found a relationship between long-lived isolated CHs and solar
flares observed in the soft X-ray range.

The formation of CHs, which is related to the magnetic field configuration, is described
in [18]. The relationship between variations in the areas of polar CHs with a large-scale
magnetic field structure is studied in [19]. The solar sector structure consists of boundaries
in the north—south direction, so that on one side of the boundary the large-scale photo-
spheric magnetic field is predominantly directed away from the Sun. On the other side
of the boundary, the magnetic field is predominantly directed toward the Sun. For ex-
ample, the solar wind is designed in such a way that it usually has 2 or 4 sectors (see on
http:/ /wso.stanford.edu/SB/SB.htlm (accessed on 4 October 2020)) per solar revolution
(27-29 days), within which the magnetic field is usually directed towards or away from
the Sun.

In this work, we investigated variations (of the order of the Sun’s rotation) in the daily
maximum (largest) areas and largest longitudinal widths of the polar and mid-latitude CHs.
We supposed that the daily largest area and longitudinal width of the coronal holes are
markers characterizing the large-scale structure of the solar magnetic field, which rotates
with the Sun. We used the parameters of CHs obtained by two different segmentation
methods, originally obtained using the Atmospheric Imaging Assembly instrument on-
board the Solar Dynamics Observatory (SDO/AIA) Schou et al. [20], Scherrer et al. [21].

2. Observations and Data Processing

To analyze variations in CH parameters, such as daily largest areas and longitudinal
widths, we used data that have been processed by the coronal hole identification method
using the multi-thermal emission recognition algorithm (CHIMERA); see in detail [22].
The CHIMERA method was applied to SDO/AIA images obtained in three ultraviolet
passbands: 171, 193, and 211 A to produce the coronal hole recognition. The initial data are
presented on: www.solarmonitor.org (accessed on 11 August 2017).

The second method is the region growth algorithm (RGA) described in Wang et al. [23].
This method was improved at the Kislovodsk Mountain Astronomical station (KMAS) [24]
for the identification of solar features. We used the same parameters of CHs obtained
from the original data of SDO/AIA observations in the 193 A passband. The daily archive
of the parameters of each coronal hole produced with the RGA method is available on:
www.observethesun.com (accessed on 7 July 2017). The RGA method produced data in the
semi-automatic regime, when the operator was controlling the process to remove artefacts
related to the location identification of CHs. The same procedure was used to remove
artefacts from the data obtained by the CHIMERA method.

The area of coronal holes obtained by the CHIMERA method on the site has units of
measurement expressed as a percentage and by the RGA method in millionths of the solar
hemisphere. Note that we have recalculated the area units to reflect the curvature of the
Sun and now area units are expressed in mm? for both data sources.

These two methods of the CH segmentation showed almost the same statistical results
for areas in our preliminary studies. The correlation coefficient calculated between the time
series for the areas obtained by these two methods is 0.87. Figure 1 shows one example of
the polar coronal holes produced by the two methods mentioned above.
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Figure 1. (Left) Coronal hole visible on the solar disk obtained by the CHIMERA method. (Right)
The same coronal hole obtained by the RGA method.

We also estimated the lifetime of a typical polar coronal hole and showed the difference
in area distribution for the selected observation period (2017-2020). The results are shown
in Figures 2 and 3.
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Figure 2. The (left-hand) histogram shows the area distribution of polar coronal holes. The (right-
hand) histogram shows the area distribution for equatorial coronal holes. The number of coronal

holes in each considered zone is indicated in parentheses.

Figure 2 shows two histograms of the distribution of coronal holes areas in different
zones of the Sun. The left graph shows the distribution of areas in the polar zones. The right
graph shows the area distribution in the mid-latitude zone. Here we see two different types
of distribution. In the polar zones, we see an increase in the number of coronal holes with
an increase in area, and in the middle (equatorial) zone, a decrease in the number of coronal
holes with an increase in area is clearly visible.

We note that the area of the coronal holes presented in Figure 2 is measured in millionth
parts of the solar hemisphere (ithm) (note that 1 pthm = 3.004 x 10° km?).

Now we briefly describe an algorithm for determining the lifetime of coronal holes,
results of which we used in Figure 3.

To do this, we found the chains of shifts of coronal holes from day d to d + 1, measuring
their Carrington latitude and longitude every day. We considered the coronal hole the same
if the displacement on adjacent days was less than 15 degrees in latitude and less than
20 degrees in longitude. If the meridional distance (or longitude from the central meridian)
was less than 70 degrees, then we reassigned the new day’s latitude and longitude to coronal
holes. Then we looked for them by the new coordinates on the image of the Sun obtained
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for that day. If the coronal hole was not visible the next day, then we continued looking
for it in the next (d + i) days, where d now is the last day it was visible,and i = 1,2,...21.
We explain twenty-one (21) days as follows; for 14 days, we do not see the coronal hole
because it is on the invisible side. The position of the coronal hole near the limb is poorly
determined, so we add 3.5 days for it to go beyond the western limb. After that coronal
hole reappears on the eastern limb at a sufficient distance from it, we again add 3.5 days.
Thus, we have 21 days. Using this algorithm, we estimated the lifetime of each coronal hole
considered in our study.

Figure 3 shows two histograms of the distribution of the lifetimes of coronal holes.
In the case of the polar zone, the lifetime reaches a value of about a thousand days. In the
case of middle latitudes, the greatest lifetimes are in the range of 740-1000 days. Thus,
using the results presented in Figure 3, we concluded that the observation period used in
this study (984 days) is comparable to the longest lifetime of the analyzed coronal holes.
Our estimate of the lifetime of CHs agrees with the results in Section 1. It should also be
noted that the number of long-lived coronal holes is greater in the southern hemisphere of
the Sun than in the northern one. This also indicates the asymmetry in the polar activity in
the observable period.
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Figure 3. The (left-hand) histogram shows the lifetime distribution for the polar coronal holes.
The (right-hand) histogram shows the lifetime distribution for the equatorial coronal holes. The num-
ber of coronal holes in each considered zone is indicated in parentheses.

Thus, to study the selected parameters of CHs, a data interval of about 1000 days
is sufficient to study the variations in these parameters with periods comparable to the
solar revolution.

The starting date of the data series was chosen randomly, on 11 August 2017, with the
cadence of one day. We analyzed the series of the daily maximum (or largest) areas and
maximum (largest) longitudinal widths of the coronal holes in the polar zones (greater than
50° of solar latitude in both solar hemispheres) and in the mid-latitude zone (between +50°),
separately. In accordance with this definition of the solar zones, the coronal hole presented
in Figure 1 is the polar coronal hole, because it has a latitude heliocentric coordinate greater
than 50° of solar latitude. The initial time series consists of the daily maximum parameters
of the coronal holes; see Figure 4. The headers above each graph indicate by which method
(CHIMERA or RGA) and in which solar zone the corresponding parameters were obtained.

It is important to note that these time series consist of daily maximum (largest) values
of the considered parameters. These values do not necessary belong to the same coronal
hole. We assume that variations in the daily largest values of these parameters reflect the
rotation of the sector structure of the solar magnetic field.
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Figure 4. Columns represent the initial time series of the daily maximal area and maximal longitudinal
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3. Results

Figure 4 shows the original data series. This figure clearly shows a long period
of change in the considered parameters of coronal holes. The influence of the trend is
especially noticeable in the polar zones. We have considered this lower harmonic with a
period of about 350-360 days in the full spectrum as a long-term trend that appears due to
a change in the angle By.

Each time series was analyzed using Fourier and wavelet transform. The main results
of this study are presented in Figures 5 and 6.

Figure 5 ((Area) column) shows the Fourier spectra obtained for variation in the
daily maximum area of coronal holes observed in the northern, equatorial, and southern
polar zones of the Sun. Column (Width) shows the Fourier spectra of the daily maximum
longitudinal width variations in the analyzed coronal holes. The black bold lines on the
graphs show a 95% confidence level calculated using the x*> method using the entire
spectrum, not just the 40-day part, as shown in Figure 5. Each graph in this figure shows
only a 40-day portion of the full spectrum, which is taken in order to show the relatively
short periods studied in this work. In the spectra calculated for the largest daily area of
coronal holes, we found 14- and 28-day periods of variation in all considered solar zones.
In the spectra calculated for the largest daily longitudinal width of coronal holes, we found
a 28-day period of variations in all considered solar zones. In addition, for the RGA method
of coronal hole segmentation, 14-day periods of variation were found in all zones. Almost
all 8-9-day periods of variation of the largest area and width have a small amplitude
comparable to the 95% confidence level or below it.

Before the production of the wavelet analysis, the long-periodic trend (350 days)
was subtracted from the original data as follows: each time series was decomposed into
11 internal modes using the empirical mode expansion (EMD) method [25]. One of the
reasons for using this method is that we can analyze each mode separately or consider only
modes with certain parameters.

Figure 6 shows the wavelet power spectra of the analyzed time series produced with
the technique described in Torrence and Compo [26]. Each wavelet diagram consists of
three panels. Panels (a), (b), and (c) represent the initial time series, wavelet, and global
wavelet spectrum, respectively. The 95% confidence level is marked with a red dashed line
on the global wavelet spectra.

As can be seen from Figure 6, variations in the daily maximum areas of coronal holes
and longitudinal width have typical periods of 26-29 and 13-15 days in all three considered
zones of the Sun. The period of 8-9 days was determined in the equatorial and southern
zones of the Sun as a result of the wavelet transform of the time series obtained by both
methods of identifying the coronal hole by both considered parameters. This period has
small amplitude comparable to the 95% confidence level or below it, as in the case of the
Fourier results presented in Figure 5.

Panels denoted (b) in Figure 6 show that variations in the maximum area of coronal
holes in the north polar zones take place in the observation time interval (1-400) days.
Then, these variations become much less pronounced. In the southern and equatorial
regions, the variations in the areas of coronal holes are stable throughout the entire period
of observations. Such behavior of variations takes place for both methods of segmentation.
The behavior of the maximum width of coronal holes is also stable. Thus, the results
obtained (see Figure 5 and 6) show that the variations in the considered parameters of
coronal holes coincide with the rotation periods 2, 4, and 6 of the sector structure of the
large-scale solar magnetic field.

The difference in the maximum number of CH areas (see Figure 2), and the difference
in variations of the largest areas (see Figure 6) in the northern and southern polar zones
indicated the asymmetry of polar solar activity.

In addition, we have estimated the lifetime of the recurrent coronal holes in different
solar zones; see Figure 3.
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Figure 5. Columns (Area) and (Width) represent Fourier spectra for areas and longitudinal width
variations in the analyzed CHs. Plots in the figure located in the following order from top to bottom:
first—CHIMERA north; second—CHIMERA equator; third—CHIMERA south; fourth—RGA north;
fifth—RGA equator; sixth—RGA south.
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Figure 6. Wavelet spectra of daily maximal areas (Area) and longitudinal width (Width) variations
in CHs. Plots in the figure located in the following order: first from top: CHIMERA north; second
from top: CHIMERA equator; third from top: CHIMERA south; fourth from top: RGA north; fifth
from top RGA equator; sixth from top RGA south.



Universe 2022, 8, 158

9o0f 11

4. Discussion and Conclusions

Now we will try to elucidate the origin of the quasi-periodic variations in the con-
sidered parameters of the CHs. The typical periods of CH variations are 26-29, 13-15,
and 8-9 days. It is important to emphasize that the spectral characteristics (periodicity) of
time series obtained by two different methods of the identification of CH boundaries do
not differ.

The period of 26-28 days is the period of the solar rotation obtained by many authors;
for example, see [27]. These results were obtained for the equatorial zone of the Sun. In our
work, this period was defined in all considered solar zones. It could be suggested that
coronal holes, at least the largest one, rotate more rigidly than the photosphere rotation
rate obtained by the Doppler shift method and the method of helioseismology; see details
in Bagashvili et al. [9]. In the same article, the authors proclaimed that the rotation rate of
the corona was connected to the rotation rate of the solar interior.

There are some other possible explanations for the obtained periods. For example,
cyclic variation studies of the large-scale solar magnetic field, provided by [28,29], have
shown the rotation periods of 13.64, 26.86, and 9 days. These periods have been explained
by the four-, two-, and six-sector structures, respectively. All these periods were obtained
for the mid-latitude zone of the Sun.

Thus, if we consider CHs as a marker of the large-scale magnetic field structure, we
can suggest that periods of 26-28, 13-14, and 8-9 days are the typical rotation periods for
the two- , four-, and six sector structures. It should be noted that the 8-9 day period has a
small amplitude in the polar zones of the Sun. It probably relates to the great difficulties of
observations associated with the projection effects in the polar zones.

The article published by Fossat et al. [30] reported the discovery of g-mode splitting
and the fast rotation of the solar core with a period of about 7 days. According to the authors,
the mean weighted rotation of their kernels has a period of about 9 days. Considering
this result, we can suggest that the period of 8-9 days found in our work could also be
associated with the rotation of the splitting kernels of the lowest gravitational modes. This
can happen in the following scenario: the rotation of the core affects the intensity of the
photosphere, which is revealed by the variations in total solar irradiance (TSI) [31]. Coronal
holes are based on the photosphere, which is their lower boundary. In turn, the photosphere
senses fluctuations defined in the solar core with a period of 9 days. The magnetic field
from the radiant zone modulated by the core breaks through the convective zone. This
effect is reflected to the convective transfer, and therefore the integral brightness of the
photosphere has a period of 9 days.

In our further work, we would like to continue the study of variations in the considered
parameters of coronal holes on a time interval of the order of the solar cycle.
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