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ABSTRACT. We studied the anomalous magnetic AHOTALJISA. Mwu jgocnmignmu aHOMalbHI MAarHiTHI

regions observed near the minima of solar cycles 24 and 25.
The peculiarity of these areas was the deviation of their
configuration from Hale's law of magnetic polarity and
Joy's law about the inclination of the axes of bipolar groups
to the latitudinal direction. Therefore, they belong to the
class of so-called anti-Hale active regions. We paid special
attention to the flare activity of anti-Hale regions, as this is
important for forecasting space weather and magnetic
storms in the Earth's atmosphere.

The detected anomalies of the surface magnetism of the
active regions studied by us may indicate the influence of
the mechanisms of the deep small-scale dynamo on their
evolution. In this regard we analyzed the possible
mechanisms of the formation of anti-Hale magnetic regions.
In particular, such mechanisms can be the mechanisms of a
small-scale magnetic dynamo. In connection with this an
urgent problem today is the search for observed evidence
of the existence of the theoretically proposed by Brandenburg A.
et al. (2012) of a new physical entity —a small-scale magnetic
field hidden in the solar depths, excited by two qualitatively
different mechanisms of a small-scale dynamo (SSD).
The first mechanism is the SSD of macroscopic MHD
(SSD1), while the second is the diffusion SSD of classical
MHD (SSD2). However, the small contributions of these
sources are very difficult to distinguish observationally. To
solve this complication, Sokoloff, Khlystova and Abramenko
(2015) proposed a test for separating the contributions of
two sources based on a statistical probabilistic model.
Such an important feature of the differences between of the
two SSD is the behavior of the percentage of anti-Hail
groups of sunspots (in relation to the total number of
spots) in the minima of solar cycles. According to statistical
studies of long series of observations Sokoloff, Khlystova
and Abramenko (2015) found that the percentage of anti-
Haile groups of spots increases during minima of the solar
cycles, suggesting in favor of SSD2.

We believe that the detected magnetic anomalies of
the studied regions may be caused by the influence of a
SSD2 in the depths of the convective zone of the Sun, since
this source gives the most noticeable contribution to the
surface magnetism near cycle minima.

Keywords: solar convective zone, magnetic fields, turbulent
dynamo, magnetic activity of the Sun, sunspots, solar flares.

obmacti, IO cHoOcTepiraimcs TMOOIM3y MiHIMYMiB
COHSYHMX IMKIB 24 1 25. OcoOnmBicTh LUX oOyacTeit
mojsrana y BIOXWICHHI 1X KOHQirypamii Bim 3akoHY
MAarHiTHOI MOJIsIpHOCTI Xeiina 1 3akoHy J>kos mpo HaxuI
oceil GIMONAPHHUX TPYI 10 IIHPOTHOTO HANPSAMKY. ToMy
BOHHM HaJIeXKaTh JI0 KJacy T. 3B. aHTUXCHIIIBCHKUX aKTUBHUX
obnacteil. Mu 3BepHYNM OCOONMBY yBary Ha CHaJIaxOBY
aKTHBHICTb aAHTHUXEHIIBCBKMX 00JIacTed, OCKUIBKH II€
BaXJUBO ISl NPOTHO3YBAaHHS KOCMIYHOi IOTOAM Ta
MarHiTHHX Oyp B atmMocepi 3emii.

BusiBnieHi aHoMautii MOBEPXHEBOTO MarHeTH3MY JOCHiA-
JKEHHX HAMH aKTUBHUX 00JIacTeil MOKYTh CBITYHMTH PO BIUINB
Ha IXHIO CBOJIOLII0 MeEXaHi3MiB TIJIMOMHHOTO  Majo-
MacIITabHOTO JWHaMO. B 3B'I3Ky MM MM NpoaHATi3yBaJId
MO>KJIMBI MEXaHI3MH YTBOPEHHS aHTHXEHITIBCHKUX MarHiTHUX
obmacteil. 30KkpeMa, TaKMMH MeXaHi3MaMH MOXYTh OyTh
MEXaHi3MH MaJIoMacIITaOHOTO MarHiTHOTO TUHAMO. B 3B's3Ky
3 MM aKTyaJbHOK IPOOJIEMOI CBOTOJCHHS € TIOLIYK
CIIOCTEPEKEHUX JOKa3iB ICHYBaHHS TEOPETUYHO 3aIpo-
nonoBaHoi B poboti Brandenburg A. etal. (2012) HoBoi
(hi3MYHOT CYTHOCTI — NPHXOBAHOTO B COHSYHMX TIIMOWMHAX

MaJIoMacIITabHOrO MarHiTHOTO TI0JIs, 110 30y/KyeThesi ABOMa
SIKICHO PI3HUMH MEXaHi3MH MaloMacITabHOro  IWHAMO
(MMJ). ITepumii mexanizm — e MM]] makpockormiuroi MI'J]
(MMA1), a gpyruit — nudysiiee MMJL kmacuanoi MIJ]
(MM/I2). Onnak Mi3epHi BHECKH IMX JDKEPEN IYXE BAKKO
PO3PI3HUTH 32 JOTIOMOTOIO criocTepeskeHs. 1100 BupinmTH 1110
npobnemy Sokoloff, Khlystova and Abramenko (2015)
3aMpOIIOHYBAIIH TECT [T PO3/IUICHHS BHECKIB IBOX JDKEPEN Ha
OCHOBI CTaTHCTHYHOI IMOBIPHICHOT Mojienti. Takor BaXK/IMBOFO
0COONHMBICTIO BigMiHHOCTEH M nBomMa MMJI € moBemiHKa
BIJICOTOK aQHTUTXEHJIIBCBKMX TpPYIl COHSYHUX IUBIM (TIO
BIIHOIIICHHIO 0 3arajbHOI KUTBKOCTI IDDIM) Yy MiHIMymax
COHAYHMX LIMKIIB. BIiAMOBIAHO 10 CTATUCTUYHUX IOCIIIHKEHD
TpuBasioi cepii crnocrepexxep Sokoloff, Khlystova and
Abramenko (2015) BusiBrIM, IO BiACOTOK aHTUXEMTIBCHKHUX
TPYI UM 3pOCTAE Ml 4ac MIHIMYMIB COHSIMHHMX LUKIIIB, 1110
CBITUMTH Ha Kopucth MM/I2.

Mu BBa)ka€eMo, IO BHSABJIEHI Mar"HiTHi aHomamii
JOCIIKEHNX 00JacTeil MOXKyTh OyTH BUKIMKAHI BIUIMBOM
MM/I2 B rimuOuHaX KOHBEKTUBHOT 30HU COHIIS, OCKUIBKH
1Ie JDKEPEIo Aa€ HaiOUTBII MOMITHIH BHECOK y TIOBEPXHEBHI
MarHeTu3M MoOJIM3y MiHIMYMIB IUKIIB.

Kuaw4oBi cjioBa: coHsYyHAa KOHBEKTHBHA 30HA, MAarHiTHI
moJisi, TypOyJIeHTHEe TUHAMO, MarHiTHA aKTHBHICTH COHIIS,
COHSIYHI TUTSIMHU, COHSIYHI CTIaJIaxu.
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1. Evolution and flare activity of the anti-Hale
active regions

We selected to analysis several anomalous magnetic
regions observed near minimum of 24 and 25 cycles of the
solar activity. Anti-Hale sunspots regions NOAA 10792,
10715, 10875, 10930, 12673, 13088 are the clear examples
of violation of Hale's and Joy's laws. We used the magnetograms
obtained by the Helioseismic and Magnetic Imager (SDO)
(Scherrer et al., 2012) and the Michelson Doppler Imager
(SOHO) (Sherrer et al., 1995).

Active region (AR) NOAA 10792, first seen on 30 July
2005, in latitude N12, was typical anomalous magnetic
region. The magnetic field of this region was not regular.
The magnetic poles were rotated 180 degrees compared
other ARs in northern hemisphere (Fig. 1). Therefore, this
region belongs to the class of anti-Hale magnetic configurations.
The oppositely oriented regions occur side by side in the
same latitude zone. Therefore, they cannot be part of the
same magnetic flux system. The region evolved rapidly,
and its most complex magnetic configuration was Byo.
13 flares of C class and five M class flares occurred in it.
One X1.3 class flare was the most powerful. This flare
produced a coronal mass ejection (CME).

AR NOAA 10715 (29.12.2004 — 10.01.2005). Active
region appeared in latitude NO4. The orientation of this
anomalous magnetic region differs by 90 degrees from the
orientation prescribed by Hale's law (Fig. 2). This fact
indicates that fluctuations exist over whole range of
orientation angles. The region produced four M class
flares, 19 Cclass flares. The most powerful event was
X1.7 class flare.

AR NOAA 10875 (23.04.2006 — 6.05.2006). The region
was large and had a complex magnetic field (Fig. 3). Two
M class and 15 C class flares occurred in this region. One
M8 class flare caused a shortwave radio blackout.

AR NOAA 10930 (5.12.2006 — 18.12.2006). This
magnetic region (Fig. 4) produced very high flare activity.
There were 31 C class, four M class and three X class flares
in this region. One X9.0 class flare was the most
powerful. This flare caused a geomagnetic storm.

AR NOAA 12673 (29.08.2017 — 10.09.2017). The region
appeared on the solar disk on 29 August 2017 in latitude
S08 as unipolar spot and developed rapidly. Orientation
of the magnetic region was different by 90 degrees from
the orientation prescribed by Hale's law (Fig.5). The
number of the sunspot increased. Its magnetic configuration
became more complicated from a up to Bys. There were 39
C class, 17 M class, and four 4 X class flares in this region.
The number of more powerful flares increased over time. One
X9.3 class flare was the most powerful. X-ray and UV
radiation from this flare caused a strong shortwave radio
blackout over Europe, Africa and the Atlantic Ocean. This
magnetic region also produced several CMEs and strong
geomagnetic storms.

AR NOAA 13088 (24.08.2022 — 30.08.2022). The
region appeared on 24 August 2022 in the western part of
the solar hemisphere and developed rapidly (Fig. 6). The
number and the area of the spots increased. The configuration
of its magnetic field has become more complex up to By
class. This region produced 120 C class and 25 M class
flares, several CMEs during two transitions through the

solar disk. One M8.6 class flare was the most powerful, and
one Mi4class flare caused a shock wave through the
atmosphere of the Sun and a CME. The magnetic region
produced several CMEs and geomagnetic storms.
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Figure 1: Magnetogram of the Sun on 3 August 2005
(SOHO/MDI). In the center of the figure/disk is the anti-
Hale magnetic region NOAA 10792. White and black
colors indicate areas of positive and negative polarity of the
magnetic field, respectively.
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Figure 2: Magnetogram of the active region NOAA 10715
on 2 January 2005 (SOHO/MDI).
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Figure 3: Magnetogram of the active region NOAA 10875
on 30 April 2006 (SOHO/MDI).
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Figure 4: Magnetogram of the active region NOAA 10930
on 8 December 2006 SOHO/MDI).
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Figure 5: Magnetogram of the active region NOAA 12673
on 6 September 2017 (SDO/HMI).
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Figure 6: Magnetogram of the active region NOAA 13088
on 26 August 2022 (SDO/HMI).

2. Dynamo mechanisms of small-scale magnetic
fields

Next, we will briefly discuss the possible mechanisms
contributing to the appearance of anti-Hale active regions
[Krivodubskij and Kondrashova, 2023]. In work Sokoloff,
Khlystova and Abramenko (2015) based on the processing
of observational data for 1920 - 2004 from the Mount Wilson
Catalog, it was found that in the “royal zone™ a small number
of bipolar groups of sunspots were always observed, which
had the “wrong magnetic polarity”. Sokoloff, Khlystova and
Abramenko (2015) called them “violators of Hale's law”.
They believe that the appearance of anti-Hale bipolar groups
is related to operation of the small-scale turbulent dynamo
in the solar convective zone (SCZ).

Therefore, an urgent problem today is the search for
observed evidence of the existence of the theoretically
proposed by Brandenburg, Sokoloff and Subramanian
(2012) of a new physical entity — a small-scale (fluctuating)
magnetic field, excited by mechanism of a small-scale dynamo
(SSD), the action of which is hidden in the depths of the SCZ.

Besides, the situation is complicated by the fact that in
the depths of the SCZ can function simultaneously two
qualitatively different excitation mechanisms of fluctuating
fields (small-scale dynamo of macroscopic MHD and the
fluctuation dynamo of classical MHD).

The first mechanism ensures the generation of small-
scale magnetic fields due to the interaction of turbulent
motions with the global magnetic field (small-scale
dynamo 1 of macroscopic MHD: SSD1). Within the
framework of macroscopic MHD, in the presence of a weak
primary magnetic field, two components of magnetism are
excited in the SCZ. They are namely next: the global
magnetic field B and the fluctuating (small-scale) magnetic
field b (Krause and Rédler, 1980). The excitation of the
fluctuating magnetic field b (SSD1) is described by the
hydromagnetic equation

% =rot[((U)yxb) + (ux(B)) + G — v, rotb],
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where U is the velocity of regular differential rotation, u is
the velocity of turbulent convection, G = u x b — (u x b),
vm = C%/4nc is the coefficient of magnetic viscosity, 6 is the
gas-kinetic electrical conductivity.

While the second mechanism (diffusive small-scale
dynamo 2 of classical MHD) causes the self-excitation of
magnetic fluctuations due to turbulent pulsations of highly
conductive plasma (SSD2). Chaotic hydrodynamic
movements with velocity u excite fluctuating electric
currents j =-enu in highly conductive plasma (e is the
electron charge; n is the concentration of electrons in the
plasma). If the magnetic field is frozen in the highly
conductive plasma, these fluctuating electric currents j, in
turn, generate fluctuations of the magnetic induction
roth=j/(c/4r). The amplitude of the generated magnetic
fluctuations h can be estimated from the condition of equal
distribution of the densities of the kinetic pu%2 and magnetic
h?/8r energies of small-scale pulsations (Priest, 1982)

pu%2 = h?/8n

(here p is the plasma density).

The fundamental difference between the two quoted
small-scale dynamo mechanisms is as follows.

In the SSD1 mechanism, electric currents, which are
necessary for the excitation and subsequent reconstruction
of magnetism, are generated as a result of the interaction of
fluctuating and regular plasma movements with the primary
magnetic field.

In contrast, the SSD2 mechanism provides self-excitation
of the magnetic fluctuations in the absence of a primary
magnetic field. Generation of electric currents is provided by
turbulent movements in highly conductive plasma

The small contributions of two sources of small-scale
magnetic fields b and h, localized in the depths of the Sun,
to the surface magnetism are very difficult to distinguish
with the help of observations.

Therefore, researchers face the fundamental physical
problem of how to find tiny surface manifestations of the
small-scale action of two dynamo mechanisms in the interior
of the Sun.

3. Search for surface tracers of a deep small-scale
magnetic dynamo

Sokoloff, Khlystova and Abramenko (2015) assumed
that tracers of small-scale dynamo action in the interior of
the Sun may be hidden in the statistics of bipolar groups of
sunspots, which violate Hale's law of magnetic polarity and
Joy's law of inclination of the axes of bipolar groups to the
latitudinal direction. The essence of the proposed criterion
is that deep small-scale magnetic fields under certain conditions
can lead to violations of Hale's and Joy's laws of observed
magnetism on the surface of the Sun.

According to Hale's law of east-west magnetic polarity
orientation (Hale et al., 1919; Hale and Nicholson, 1925)
during one 11-year cycle in one hemisphere (northern or
southern), the head and tail spots of bipolar magnetic groups
always have the same opposite magnetic signs. On the other
side of the equator, the signs of the head and tail spots are
opposite. This situation persists throughout the current cycle,
and then, when a new cycle begins, the signs of the spots

are reversed. At the same time, the axes of bipolar groups
of spots are oriented at a small angle to the "east-west"
latitudinal direction (Hale et al., 1919), so that the western
head (leading in relation to rotation) spots are on average
closer to the equator than the eastern tail spots (Joy's law of
magnetic polarity orientation north-south). The average tilt
angle of the axes of bipolar groups is about 4°, increasing
from a few degrees (for groups near the equator) to 8-10° for
high-latitude groups (Howard, 1991).

Hale and Nicholson (1925) as a result of statistical
analysis of bipolar groups of spots from 1913 to 1924,
found that 2.4% of active regions do not obey the law of
magnetic polarities of groups established by them. Similar
estimates of the deviation from Hale's law were obtained in
subsequent studies by many authors over almost a century.
As for the violations of Joy's law, they are to a greater
extent characteristic of the anti-Hale bipolar groups of
spots. More 70 years ago Richardson (1948) found that in
anti-Hale groups, the tilt angles of their axes relative to the
equator are, as a rule, greater than the tilt angles of groups
of spots that comply with Hale's law.

The study of tilt angles of active magnetic regions allows
us to make assumptions about the mechanism of the
emergence of anti-Hail groups of spots and its localization in
the SCZ. In paper (Munoz-Jaramillo, Navarrete and
Campusano, 2021), the inclinations relative to the equator
of regular and anti-Hale groups covering four solar cycles
were studied. Anti-Hail groups were found to belong to a
separate population. This indicates the mechanism of their
origin, which differs from the excitation of a regular toroidal
field by the Q effect. In particular, Bekki and Cameron
(2023) found that violations of Joy's law are inherent to
bipolar magnetic regions shallowly rooted in the subphoto-
spheric convection layers. Therefore, it can be assumed that
this mechanism is a subsurface fluctuating small-scale
dynamo.

Statistical analysis of deviations from Hale's and Joy's
laws over long periods of time allows us to reveal differences
in the evolution of the observed manifestations of the two
sources of small-scale fields b and h, since the contribution of
the two deep dynamo mechanisms to the surface magnetism
changes with the phase of the solar cycle in different
ways.

Such an important feature is the behavior of the of anti-
Hail groups of sunspots during the cycles. In the case of
small-scale dynamo 1 (magnetic field b), the percentage of
anti-Hale groups is independent of cycle phase. Whereas
the percentage of anti-Hale groups associated with small-
scale dynamo 2 (magnetic field h), should reach its maximum
value at solar minima, as the global toroidal magnetic field
weakens at this time.

Therefore, the variations of magnetic anomalies make it
possible to separate the tiny contributions of deep two
small-scale dynamo mechanisms to surface magnetism. In
this connection, the task of identifying the harbingers of a
small-scale dynamo in the solar depths from observations
is gaining relevance.

With this in mind, we conducted an analysis of literature
data of statistical studies of long series of observed violations
of Hale's and Joy's laws, which can be caused by the presence
of deep small-scale magnetic fluctuations of various origins.
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In the work Sokoloff, Khlystova and Abramenko (2015)
on the basis of processing the data of different catalogs for
the period 1917 - 2004, it was demonstrated that the percentage
of anti-Hale groups of spots increases during the minima of
solar cycles. This testifies to the operation of a random
small-scale turbulent dynamo 2 (diffusive dynamo) within
the SCZ, the efficiency of which becomes noticeable near
the minima of the cycles, when the global toroidal magnetic
field weakens.

In this regard, we note the two-layer dynamo models
proposed in papers of Benevolenskaya (1998), and Popova,
Zharkova and Zharkov (2013). These models are based on
the idea of two dynamo sources separated in space. The first
dynamo source is located near the bottom of the SCZ, while
the second one operates near the solar surface. Currently, it
seems that the near-surface source of excitation in the
two-layer dynamo models is consistent with the theoretical
concept of the excitation of magnetic fluctuations by the
mechanism of the diffusion small-scale dynamo 2, which is
localized in the upper part of the SCZ.

4. Discussion and conclusions

We selected to analysis several anomalous magnetic
regions observed near minima of 24 and 25 cycles of the
solar activity. The peculiarity of these ARs consisted in the
deviation of their observed surface magnetic configuration from
Hale's law of the magnetic polarity of spot groups and Joy's
law of tilting the axes of bipolar groups to the latitudinal
direction.

In recent decades, thanks to the use of data from
observations of space vehicles, evidence has emerged that
rare superactive ARs which violated Hale's and Joy's laws
had a strong tendency to produce X-ray bursts, strong proton
events, and strong magnetic storms (Tian et al., 2002; Tian
etal., 2005; Abramenko, 2021; Xu et al., 2022). With this in
mind, we paid attention to the flare activity of anti-Hale
regions. It was established that all ARs investigated by us
generated significantly high flares activity. Considering the
relevance of detecting periods of increased levels of flares
for the purpose of space weather forecasting, the study of
Ars, characterized by violations of Hale's and Joy's laws,
becomes important.

We analyzed two qualitatively different possible
dynamo-mechanisms of formation of anti-Hale magnetic
regions. In the case of small-scale dynamo 1 (macroscopic
MHD), the percentage of anti-Hale groups is independent
of cycle phase, whereas the percentage of anti-Hale groups
associated with diffusive small-scale dynamo 2 (classical
MHD) should reach its maximum value at solar minima.

The ARs studied by us were observed near the minima
of cycles 24 and 25. Therefore, we assume that the detected
observed magnetic anomalies may indicate the influence of
the fluctuating small-scale diffusion dynamo 2 of the
classical MHD on the evolution of the studied ARs, since
this source gives the most noticeable contribution to the
surface magnetism near the cycle minima.
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