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Abstract—The results of the measurements of the tilt of the magnetic-field axis of sunspots for active regions
(ARs) with different morphological structures are presented. The observations are taken from the data
archives of the RATAN-600 radio telescope and the Nobeyama Radioheliograph (NoRH) and processed
with a new measurement method proposed by us earlier (Topchilo and Peterova, 2018). The method is based
on the analysis of features of the microwave cyclotron source image above the sunspot and its dynamics with
respect to the angle of view when the heliographic longitude of the sunspot changes due to the Sun’s rotation.
We tested ten cases of observations and showed that the axis in most of them (~90%) is tilted toward the east-
ern limb and that the angle does not depend on the AR morphology. The degree of the tilt of the magnetic
field axis of sunspots at the height of the lower part of the chromosphere—corona transition region (the
boundary between them is at the height of ~2000 km) is ~1°—10° and increases with an increase in the height
of the radiation source above the photosphere. Deviations from this rule are interpreted as the influence of
neighboring ARs, as a result of which part of the magnetic flux of the main sunspot is closed, not on the tail

of the AR as is the usual case, but on the neighboring, leading AR.
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1. INTRODUCTION

Analysis of the earliest observations of the mag-
netic field of sunspots (SSMF), which were made at
the beginning of the 20th century (Maunder, 1907),
raised the question of the possible existence of devia-
tions of the magnetic-field (MF) axis from its vertical
position with respect to the photospheric surface.
Measurements of the SSMF tilt were based primarily
on observations in the optical band of electromagnetic
radiation. They are still being carried out today with
both ground-based and satellite observations. It was
established (Gopasyuk, 2003, 2017; Zagainova et al.,
2017) that there is some contradiction between them, not
only in the magnitude of the angle but also in the tilt direc-
tion. In general, except for the contradiction, the observa-
tional material (number of measurements) remains insuf-
ficient, i.e., there are only a few cases (of the ten).

In the radio band, one can find indications that the
results of sunspot observations can be interpreted
based on the assumed tilt of the MF axis (Bogod and
Yasnov, 2008, 2016; Vourlidas et al., 2006). Both arti-
cles use measurements of the coordinates of cyclotron
microwave-radiation sources (CMRSs) above them. In
contrast to these articles, we propose a new method for
the measurement of the MF tilt-angle (MFTA) of the
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sunspot based on the measurement of the brightness
temperature of the CMRS. It is based on a distinctive
feature of the mechanism of cyclotron radiation, i.e., a
strong suppression of the radiation along the MF
direction (Zlotnik, 1968a, 1968b) that results in the
formation of a transparency window in the emitting
gyro level, the parameters of which depend on the
magnitude and direction of the MF, wavelength, and
radiation mode. Moreover, as the wavelength
decreases, the transparency window increases, and the
transparency angle for the ordinary mode (o-mode) is
much wider than that for the extraordinary mode (e-
mode), which can be seen in observations. The pro-
posed method of MFTA measurement consists of the
analysis of the features of CM RS image dynamics over
the sunspot with respect to the angle of view when the
heliographic longitude of the sunspot changes due to
the Sun’s rotation. For an “ideal” (stable, single, and
regular) sunspot, these changes must be symmetrical
with respect to the time of the sunspot’s passage
through the central meridian (PCM) of the Sun with
the minimum CMRS brightness of at the time of the
PCM. However, according to microwave observations
(Topchilo and Peterova, 2018, 2019), we noticed a reg-
ular advance or delay of the minimum moment with
respect to the PCM moment for the geometric center
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of the sunspot, which was explained by the tilt of the
MF axis toward the photosphere surface.

This article describes the features of the method
and the results of its application to measure the MFTA
of sunspots from observations of several active regions
(ARs) with different morphological structures.

2. DESCRIPTION OF THE METHOD AND ITS
IMPLEMENTATION

One of the main observation requirements to
implement the method we propose is their regularity,
which should ensure the ability to measure the charac-
teristics of the sunspot in a wide range of longitudes
(ideally, from sunrise to sunset), as well as the ability to
select the most suitable observational material in terms
of both its quality and the sunspot morphology. There
are currently two radio-band instruments that provide
daily observations of the Sun, the NoRH (1.76 cm
maps of the Sun, https://solar.nro.nao.ac.jp/norh/
images/) and the RATAN-600 radio telescope (1D scans
in the range (1.65—10) cm, http://www.spbf.sao.ru/
prognoz/). We used observations from these instru-
ments. The easiest technique of CMRS image analysis
(in terms of processing) for NoRH observations is to
measure the maximum brightness temperature (Tb) on a
source map (Bakunina et al., 2008). For the RATAN-600,
it is more convenient to measure the excess of the
maximum antenna temperature (Ta) of the source
over the background level. Figure 1 shows a sample of
the used observational material, i.e., RATAN scans
and NoRH maps with AR 11899 as an example, the
leading sunspot of which was the closest to the concept
of the ideal sunspot. A sharp change in the image can
be seen due to the influence of the angle of view: the
eastern edge of the source is brighter before the PCM
and the western edge is brighter after the PCM. It
should be noted that there is an image with a dip in its
center (two-peak) close to the PCM; it is most evident
in the short-wave part of the spectrum. The transition
does not occur exactly at the time of the PCM but with
some delay, and the delay in e-mode was greater. At
the same time, there is a decrease in the maximum
radio brightness and its subsequent recovery.

The SDO/HMI photoheliograms for the NOAA
11899 shown in Fig. 1 were taken during observations
with the RATAN-600 (at culmination, ~0900 UT).
NoRH maps were taken for the local culmination
(~0244 UT) and were corrected for the time difference
from the RATAN-600. For comparison with the
RATAN-600, the maps were also rotated by the paral-
lax angle of the Sun.

The temporal-temperature dynamics can be ana-
lyzed in different ways, and Fig. 2 shows some of their
features. In the first variant, the difference between
the minimum temperature time (MTT) and the PCM
time for the geometric center of the sunspot is mea-
sured during processing. The mismatch between the
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MTT and the PCM time (vertical arrows) can be
clearly seen in the temperature—time graphs (bottom
row of Fig. 2). The MTT—PCM time difference is
converted to the sunspot MFTA according to the stan-
dard formula of the differential rotation of the Sun.
This method is logically simple but inconvenient to
implement, because it requires approximation of a
function of an unknown type near the minimum with
a l-day interval between observations (i.e., with a
rotation of ~13°).

The second variant is more interesting. It is based
on the analysis of the temperature dependence on the
sunspot shift relative to the center of the Sun (0)
(upper row of Fig. 2). Since the sunspot first
approaches the center of the Sun’s disk and then
moves away from it, the graph of readings sorted by the
time and position of the sunspot will consist of two
branches, i.e., east/ascending and west/descending.
For the ideal sunspot with a vertical MF, the tempera-
ture will depend only on 0, and both branches will
match regardless of their shape. For a nonzero MF tilt,
the curves will split in different directions along the
abscissa axis at the same distance and form a configura-
tion similar to the hysteresis phenomenon. The distance
between the branches along the abscissa axis is equal to
twice the MFTA and is easily calculated. For the example
shown in Fig. 2, the tilt angle is 10° in the e-mode and
3.7° in the o-mode with an accuracy of ~1°.

It should be noted only the part of the tilt angle that
changes as the source moves, i.e., the angle in the
direction of the Sun’s rotation, is detected in the pro-
posed variants, not the full tilt angle.

Figure 3 (right) shows the results of MFTA mea-
surement by the above described processing methods
on both instruments with the ideal leading sunspot of
the NOAA 11899 group. The diamond marks the
point obtained by the RATAN-600 for the 2.91-cm
wave (left side of Fig. 3). The CMRS image was sym-
metrical at the time of the scan registration, which can
be interpreted for the sunspot as an observation along
the MF axis. It can be seen that all of the results for the
considered case are quite consistent with each other
and show an increase in tilt with wavelength, i.e., with
the CMRS height above the photosphere, which we
noted earlier (Topchilo and Peterova, 2018). Note that
this conclusion is qualitative, and the proposed
method determines the dependence of the MFTA on
height by the MF model, which determines the posi-
tion of gyro levels corresponding to this wavelength.
However, the relative accuracy of the method can be
estimated, and it will increase if the interval between
observations is reduced.

The considered method was originally developed
by us (Topchilo and Peterova, 2018) for an ideal sun-
spot, which is relatively rare. In this article, we stud-
ied the applicability of the new technique to sunspots
with a more complex morphological structure and
dynamics. The observational material selected from
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Fig. 1. Scans and maps of NOAA 11899 in the 1.65—10-cm range for three days, November 18—20, 2013, close to the time of pas-
sage of the center of the Sun’s disk through the instrument beam (PCM), separately in e- and o-modes, according to observations
by the RATAN-600 and NoRH. The direction of the wavelength increase (A) is shown in the scans. The RATAN-600 scans are
presented in the antenna temperature scale (Ta), and the NoRH maps are given in the brightness temperature (Tb). Isotherms on
e-mode maps: 15 KK, 40 KK, 150 KK, and 300 KK. Isotherms on o-mode maps: 15 KK, 20 KK, and 30 KK.

the RATAN-600 and NoRH archives was classified,
and three types of sunspots were identified (see the
examples in Fig. 4): type I includes regular, round,
single, stationary sunspots; type Il includes semiregu-
lar, stationary sunspots of irregular, fragmented shape;
and type-I1I sunspots are irregular, nonstationary, and
usually fragmented with an active MF. For sunspots of
types I and 11, the proposed technique makes it possi-
ble to estimate rather accurately the MF tilt value cor-
responding to the measurement results in optics
(Gopasyuk, 2003, 2017). For type-1I1 sunspots, it is
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necessary to develop additional methods of MF esti-
mation, especially for rapid sunspot evolution.

As follows from our measurement results, the sun-
spot MFs in most cases are tilted eastward, which fully
corresponds to the established idea of the MF model
in the form of a loop connecting the leading sunspot to
the diffuse tail part of the AR. The conclusion is also
confirmed by the fact that the tilt angle in e-mode is
greater than the tilt angle in o-mode, which is gener-
ated below.
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of changes in the CMRS (only maximum brightness) and its position relative to the sunspot center, which is associated with an
increase in the sunspot longitude (L) for sunspots with different latitudes (¢). The longitude L is measured from the central
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Fig. 3. RATAN scans of the CMRS over the leading sunspot of AR 11899 (left) and the dependence of the MFTA on the wavelength
according to the data from the RATAN-600 and NoRH. The arrow indicates that the diamond belongs to measurements in o-mode.

The case of AR 11944 is almost the only deviation Measurements show that the MF of the main sun-
from this rule; Figure 5 shows the results of its obser- spot of AR 11944 is oriented to the west (the sunspot
vation: the tilt angle to the west is 2.5°—3.5°in o-mode  image conversion occurred before the PCM time),
and 3°—5° in e-mode. and the difference in the tilt value in e- and o-modes

GEOMAGNETISM AND AERONOMY  Vol. 60 No.7 2020



TILT ANGLE OF THE MAGNETIC-FIELD AXIS OF SUNSPOTS 885
0 I 1200 - 1200
0= €-mode == €-mode
NOAA 12 546 == 0-mode == 0-mode
—50 | Nl 1000 1000
& Y
%
—100 - ; F 800 300
¥
: 5 y N
—150 F B- N o o - ()°_D°
E-mode: 2.5° E, O-mode: 0°-2° E z 600 ;600
= =
0
400 400
—50
100 200 200
-~ 0 L L h L
150 14 16 18 20 22 24 0
Date, [May, 2016]
—200 —100 0
II 1200 - 1200
250 F o= e-mode -0 e-mode
NOAA 7260 == o-mode == o-mode
1000 |- 1000
PCM
800 | 800 |
% %
5 600 = 600
= =
400 |- 400 |-
200 ¥ #/)\0 200
0 L h L )
13 15 17 19 21 0 10 20 30 40 50 60 70
Date, [August, 1992 0, de
—200 —100 0 Augu Y ¢
1200 | - e-mode 1200
== 0-mode
1000 1000 |-
800 800 -
¥ ¥
% 600 =600
= =
400 400 |-
200 200 |-
0 L L L L N L
9 11 13 15 17 19 0 10

—100 0 100

Date, [April, 2016]

Fig. 4. Examples of observations of sunspots of different types (I, I1, I1I). Left: Photoheliograms and longitudinal MF maps for
the PCM moment of the sunspot. Estimates of the angle and direction of the tilt of the MF for e- and o-modes of the CMRS are
also given. Right: Dynamics of brightness temperature Tb as observed by the NoRH.

is small. Examination of the magnetogram and the AR
image in lines 304 A and 174 A (Fig. 6) suggests that
the magnetic flux of the sunspot (N polarity) is not so
much confined to the tail of its AR as to the region of
opposite (S) polarity ahead of the NOAA 11943 group,
which is located to the southwest of NOAA 11944. This
assumption is supported by the fact that the shadow of
the studied sunspot is fragmented. As a result, the
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averaged MF appears to be slightly tilted (the detected
tilt angle is small) to the west, and the main tilt travels
the north—south line. It should be noted that, accord-
ing to the RATAN-600 data, only the shortest waves in
NOAA 11944 show a westward tilt of the sunspot, while
longer waves as usual, demonstrate an eastward tilt.

In general, the presented results of MFTA mea-
surements of sunspots from microwave observations
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Fig. 5. Example of a nonstandard MF tilt of the sunspot in NOAA 11944 as measured by the NoRH at a wavelength of 1.76 cm.

(about ten cases) show that it is not large (1°—10°) and
does not depend on the AR morphology. In this case,
the MF tilt is mainly directed toward the eastern limb
of the Sun, as could be expected for leading sunspots,
the MFs of which usually close on the tail of the AR.
It was also established that the tilt angle of the sunspot
MF increases with increasing wavelength (and conse-
quently height). Basically, the changes in the tilt angle
with height according to spectral observations on
microwaves can be further traced throughout the chro-
mosphere—corona transition region from 2000 km up to
heights of ~10000 km. The presented values of the tilt
angles measured from observations at a wavelength of
~2 cm are from the lower part of the transition region.

Summarizing the results of the study of our proposed
method for the measurement of sunspot MFTAs, it
should be noted that its application requires a stable
sunspot source, especially during the passage of the
central part of the disk (=2 days relative to the central
meridian), as well as a symmetrical sunspot shape. In
addition, additional research on the practical applica-
bility of the technique for MFTA measurements of
high-latitude or small sunspots is required.

3. DISCUSSION

The advantages of the radio band in research on the
corona over sunspots are well known. In particular,
tomography of the chromosphere—corona transition
region is widely used on microwaves. Observations by
the RATAN-600, the frequency resolution of which is
now 1%, can be used to study the distribution of phys-
ical parameters of plasma with height in the corona (/)
at a resolution of A4 ~ 100 km. Such a possible range
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is provided for sources above the sunspots with cyclo-
tron radiation, but the features of this mechanism
simultaneously limit these possibilities. The CMRS
image is highly dependent on the angle of view on it.
The radiation maximum shifts, and its effect is
summed up by the effect of the height of the source. It
is impossible to separate them during observations;
this can only be done via simulation (Bogod and Yas-
nov, 2008). Other authors (Hildebrandt et al., 1984)
warned about the danger of interpreting the fine struc-
ture of the CMRS image as the result of the distribu-
tion of plasma physical parameters Te and Ne, espe-
cially with the use of CMRS observations close to the
PCM time. The angle of view also strongly influences
the estimation of the CMRS height over the photo-
sphere with the use of coordinate measurements, the
accuracy of which in the radio band is limited by insuf-
ficient angular resolution. At present, it can be stated
that the results of observations in the optical and radio
bands are quite consistent with each other. According
to Gopasyuk (2017), the tilt angle of the MF axis of
sunspots is within (3°-30°). Observations in the radio
band do not contradict this estimate; according to
Bogod and Yasnov (2008), the MF tilt is ~16°, and we
estimate it to be slightly lower (<10°). However, these
are averages. In practice, even small inaccuracies in
MFTA values cause significant errors in the simula-
tion of the CMRS of specific objects due to the fea-
tures of cyclotron radiation. Therefore, a simple and
fast means of its estimation is required. The advantage
of the measurement method proposed by us is that it
does not require cumbersome processing of the obser-
vational material, unlike the methods used in the opti-
cal and radio bands (Bogod and Yasnov, 2008). It is
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sufficient to use the standard processing , which makes
it possible to “see” the tilt of the MF axis with the
naked eye. However, the observations must occur reg-
ularly. This makes it possible to trace the CMRS image
dynamics over a period of +(2—3) days within the
PCM time. Due to the geographical distance of the
observatories (~94° longitudinally), the NoRH and
RATAN-600 instruments cover almost 0.5 light days and
provide a good opportunity to implement our proposed
method for the measurement of the sunspot MFTA.

4. CONCLUSIONS

1. A new method was proposed for the tilt-angle
measurement of the sunspot magnetic field axis. It is
based on the theory and on observations of solar
microwave radiation. In contrast to the methods
developed in the optical band that are used to measure
the MF at the photospheric level, the radio method
makes it possible to measure the tilt of the MF axis of
sunspots above this level, i.e., already in the Sun’s atmo-
sphere throughout the chromosphere—corona transition
region from 2000 km to heights of ~10000 km.

2. The proposed method was tested with solar
observations by the world’s largest instruments, the
RATAN-600 radio telescope and the NoRH. It was
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shown that the characteristic tilt angles of the MF of
the leading sunspots are small and are within 1°—10°
and that the axis is mainly directed toward the east,
which agrees with the morphology of a typical bipolar
AR (the MF of the leading sunspot is closed on tail
sunspots).

3. Once again (following Hildebrandt et al., 1984), it
was stated that the geometrical effects must be considered
during the interpretation of the observations and the
determination of the physical parameters of coronal
plasma in order to avoid unjustified conclusions.

4. It was noted that the proposed method does not
require any special processing of observations (beyond
standard processing). However, its implementation
requires high quality observations, preferably with the
highest achievable angular, spectral, and temporal res-
olution.
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