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1. Introduction

The paper deals with the problem of explaining the origin and nature of the space-time varia-
tions in the magnetic activity of the Sun. It presents a new hydrodynamic model of the solar
magnetic cycle, which uses helioseismological data on the differential rotation of the solar con-
vective zone. The model is based on the hypothesis of the emergence of global flows as a result
of the loss of stability of a differentially rotating plasma layer in the convective zone. First,
the hydrodynamic global plasma flows are calculated without accounting for the effect of a
magnetic field on them. Under this condition, it is shown that the solutions found describe
all global flows observed on the surface of the Sun: permanent meridional circulation from
the equator to the poles, torsional oscillations and space-time variations of the meridional
flow. We conclude that the last two flows are azimuthal and meridional components of a single
three-dimensional global hydrodynamic flow. Second, to simulate the dynamics of the magnetic
field, the found velocities of global migrating flows and the spatial profile of the angular veloc-
ity of the internal differential rotation of the solar convective zone obtained from helioseismic
measurements were used. Good coincidences have been obtained between the characteristics of
the calculated dynamics of global migrating flows and the variable global magnetic fields gen-
erated by them with the observed values on the solar surface. An explanation is given for some
phenomena on the surface of the Sun, which could not be explained within the framework of
the available models.

Keywords: plasma, plasma confinement, magnetohydrodynamics, solar magnetic cycle, so-
lar dynamo.

mined the length of the average period of changes in

Cyclic regeneration of the global magnetic field of the
Sun underlies all the phenomena known collectively as
the ““solar activity” (SA). Sunspots, flares, floccules,
protrusions, etc. are the external observed manifesta-
tions of SA. Sunspots were the simplest and histor-
ically the first observable manifestation of the Sun’s
magnetic activity. R. Wolf from Bern in 1848 deter-
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the number of sunspots of about 11.1 years [1]. This is
how the basic law of SA, according to which a change
in the frequency of the appearance of sunspots oc-
curs cyclically with an average period of about 11
years. After the discovery of the magnetic nature of
the spots, it was established that the spatio-temporal
pattern of the magnetic polarity of groups of sunspots
is restored after 22 years in average [2], thus determin-
ing the magnetic cycle of the Sun, which was called
the Hale cycle. Recently, as a result of studying the
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distributions of the number of groups of sunspots ac-
cording to their equivalent diameters, the evidence of
a double Hale cycle (about 44 years) was found [3]. As
was correctly noted in [3], it seems that the 22-year
Hale cycle and the 44-year cycle of the distribution of
diameters of sunspot groups constitute a physically
unified formation.

We consider it most obvious that the well-studied
magnetic Hale cycle serves as the observed surface
manifestation of the global MHD rearrangement of
the solar magnetism in depths of the convective
zone, with which all other observed magnetic fluctu-
ations (especially, age cycles) are associated. There-
fore, when studying the magnetic cyclicity of the Sun,
researchers’ efforts were focused on the development
of models of the Hale magnetic cycle.

In connection with global changes in the Earth’s
climate, the study of the so-called great minima and
great maxima of the Sun’s magnetic activity during
the Holocene (the last 12,000 years) has gained im-
portance in recent years within the framework of as-
trophysical models of the influence of SA on the cli-
mate. One of the main features of long-term changes
in SA is the irregular behavior of the latter, which
cannot be described by a combination of quasperi-
odic processes, since it contains an essentially ran-
dom component. Therefore, most researchers assume
that the anomalous behavior of SA, in particular, the
absence of sunspots during the Maunder minimum
(1645-1715), is determined by self-organized stochas-
tic processes related to the accumulation and release
of energy (see review [4]).

At present, it is believed that the solar mag-
netic cycle is due to the action of the movements
of an electrically conductive plasma fluid inside the
Sun. The most widespread idea among researchers is
that the driving mechanism of the solar cycle is the
process of hydromagnetic dynamo [5-7]. An impor-
tant milestone in the construction of dynamo mod-
els was the idea of E. Parker [8] that the Coriolis
force could impart a systematic cyclonic twist to ris-
ing turbulent fluid elements in the solar convection
zone (SCZ). Due to the action of the cyclonic con-
vection on the toroidal magnetic field, it was possi-
ble to reproduce the generation of the poloidal com-
ponent of the magnetic field, which is necessary to
close the solar magnetic cycle. This groundbreaking
idea was rigorously quantified in mean-field magne-
tohydrodynamics (MHD) (the so-called macroscopic
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MHD), which soon became the main theory for the
solar dynamo modeling [9].

The objects of research in macroscopic MHD are
not the fields of true values of physical quantities,
but the averaged (on scales, time, or ensemble) values
of particle velocities, electric currents, magnetic and
electric fields [10].

The model of the generation of the global magnetic
field of the Sun, built on the basis of mean-field the-
ory, is called the af) dynamo in the literature. This
model takes two effects into account. The differen-
tial rotation of the Sun stretches the magnetic lines
of force of the poloidal field and generates a toroidal
magnetic field (Q-effect). From the toroidal field, the
mean helical turbulence regenerates a new poloidal
component directed in antiparallel to its original ori-
entation (a-effect), thereby closing the solar cycle.
Over the past several decades, a number of af2 dy-
namo models have been proposed to explain the main
observed regularities of the solar cycle [6,7,9,11-14].

However, over time, several problems have been
identified for the af2 dynamo models of the solar cy-
cle [7]. The physical essence of the difficulty is as fol-
lows. Numerical modeling of the turbulent convection
in a rotating spherical convective shell led to a mag-
netic field migration that was not similar to the mi-
gration pattern observed on the Sun. Further, more
detailed theoretical calculations and numerical sim-
ulations have questioned the ability of the a-effect
and turbulent magnetic diffusion to work as expected
in the mean-field theory. Finally, the most decisive
difficulty is associated with the results of helioseis-
mological studies on the internal differential rotation
of the Sun. The structure of internal rotation, cal-
culated on the basis of helioseismology data, turned
out to be significantly different from that required to
obtain dynamo solutions within the mean-field the-
ory. Therefore, it can be stated that at present there
is no consensus on the detailed nature and relative im-
portance of various possible contributions of inductive
currents and related different operating modes of the
solar dynamo [7]. This situation not only indicates
the need to radically modify the existing dynamo-
models of mean magnetic field, but also the need to
search for new physical mechanisms of magnetic field
generation.

Earlier, we proposed a fairly simple model of the
space-time structure of the global flows of the Sun
with inductive action [15-20]. This model uses data
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from helioseismological studies on the internal struc-
ture of a rotating SCZ. It is based on the hypothesis
of the emergence of global currents due to the loss
of stability of a differentially rotating layer of solar
plasma. Our calculations indicated the existence, in
the SCZ, of a region in which the latitudinal flow be-
comes unstable. Further studies showed that this in-
stability is responsible for the generation of all known
global hydrodynamic flows on the Sun: constant
meridional circulation, zonal changes in the angular
velocity (torsional oscillations) [17], and space-time
variations of the poloidal circulation [15,16]. Our re-
sults are in good agreement with observational data
and confirm our assumption that global hydrody-
namic flows on the Sun arise due to the instabil-
ity of differential rotation. In contrast to the mod-
els known to us, in which, as a rule, torsional os-
cillations and variations of the meridional circulation
are considered independent flows, we have established
that these two flows are components of a single three-
dimensional hydrodynamic global flow. We called the
latter the global migratory flow (GMF). In [18-20],
we have demonstrated the dominant role of the global
migratory flow in the generation of a variable mag-
netic field of the Sun. In this paper, we briefly out-
line the kinematic model of the solar magnetic cycle
developed by us and give an explanation, with its
help, of some observational phenomena on the solar
surface that could not be explained on the base of
mean-field theory.

In Section 2, a scheme of the processes of generation
of hydrodynamic currents and global magnetic fields
in the convective zone of the Sun is constructed. Sec-
tion 3 presents a mathematical model of the forma-
tion of a whole 3-dimensional global hydrodynamic
flow due to the loss of stability of the differential ro-
tation of the Sun (€2 formation). Section 4 is devoted
to the study of the evolution of the global magnetic
field. First, the generation of the constant compo-
nent of the toroidal magnetic field as a result of the
effect of differential rotation on the relict constant
poloidal magnetic field (€ effect) is considered (Sub-
section 4.1). Then the mathematical concept of the
generation of an alternating magnetic field under the
influence of the global migrating current (hydrody-
namic Q2 model of the magnetic cycle) is formulated
(Subsection 4.2) and solutions are obtained. Section 5
describes some features of the distribution of polari-
ties and tilt angles of magnetic bipoles on the surface
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of the Sun, which have not yet received a reliable the-
oretical explanation. Section 6 compares our results
of model calculations of the evolution of global mi-
grating currents and the alternating magnetic fields
generated by them with the pattern of changes in the
structure of magnetism and hydrodynamic currents
observed on the solar surface. It was found that the
obtained numerical solutions allow us to explain the
correlation between the cyclic rearrangement of the
surface magnetism and the spatio-temporal evolution
of torsional oscillations. In Conclusions, the main re-
sults of the work are formulated.

2. Kinematic Model
of Generation of the Global
Variable Magnetic Field of the Sun

Solar non-stationary processes are mainly associated
with local fine-structured (discrete) magnetic fields
of active regions (which include magnetic fields both
in sunspots and outside sunspots, [21]). However, re-
gardless of the degree of concentration of the mag-
netic field in local beams, when averaging over scales
that exceed the size of the active regions, it is always
possible to distinguish a smooth large-scale (global)
magnetic field [9] by averaging true “kilogauss” fields
in sub-telescopic power tubes [21] and in areas be-
tween them, where there are no fields. The study of
the global field makes it possible, while diverting from
complex local phenomena, to identify the main pro-
cesses characteristic of the Sun as a whole, which
cause the cyclic magnetic activity.

According to modern concepts (e.g., [22, 23]), the
global magnetic field of the Sun has two compo-
nents. The first component is a weak poloidal (ori-
ented along the meridians) magnetic field (Hp). The
lines of force of this field cross the Sun’s surface near
the poles and form polar magnetic fields. The sec-
ond component is a strong deep toroidal (oriented in
the azimuthal direction) magnetic field (Hr), which,
when crossing the solar surface, determines the inten-
sity of sunspot formation in the photosphere.

Observations show [13]| that the manifestations of
surface magnetism caused by global components os-
cillate in time and space with an average period of
about 22 years in antiphase. In particular, the 11-
year cycle of the sunspot activity is simultaneously a
cycle of changing the sign of the polar fields. That is,
Hale’s magnetic cycle consists of two 11-year cycles
according to Wolf numbers. Therefore, it is obvious
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that both global magnetic components are connected
to each other (regenerate each other), and are prob-
ably excited by one process, which has an oscillating
cyclical character. As already noted, the belief that
the triggering mechanism of the magnetic cycle is the
process of a turbulent dynamo is the most widespread
among researchers of the global magnetism of the
Sun [5-7].

It is generally accepted that the poloidal magnetic
field has a relict origin (e.g., [23]) and has two com-
ponents: a primary constant component (Hg)) and a
secondary evolutionary component, variable in time
(HI(E)). As for the toroidal field, it is believed that it
was fully formed during the evolution of the Sun. In
modern models of the global variable magnetic field,
it is generally accepted that the toroidal magnetic
field (Hr) is generated from the poloidal field (Hp)
as a result of the differential rotation with the fre-
quency of the solar convective zone (the so-called Q-
effect [8,22,23]). Due to the Q-effect, the toroidal field
(Hr) also has two components. The first is the con-
stant toroidal component (H;l)) associated with the
effect of differential rotation on the primary constant
poloidal field (H 1(31)). The second variable component
(H ;2)) is due to the interaction of the differential rota-

tion and the secondary variable poloidal field (HI(DI)),
with respect to the original in the previous cycle.

Most researchers associate the generation of an
variable poloidal magnetic field (H P(Q)) with helical
turbulent motions in the SCZ. It is assumed that
the magnetic field lines of the toroidal field (H?))
under the influence of the helical turbulent convec-
tion are drawn into magnetic loops with a nonzero
component in the meridional plane (the so-called -
effect [9]). Merging due to the diffusion, magnetic
loops generate a poloidal field of opposite polarity
(H) 9]

In contrast to this concept, we believe that the
poloidal field (HI(E)) is formed (like both components

of the toroidal field — H;l) and H(Tz)) under the in-
fluence of global hydrodynamic flows and differen-
tial rotation. Our proposed model is an alternative to
the generally accepted hydromagnetic (turbulent) dy-
namo theory. At the same time, one can point to the
diffusion model of the magnetic cycle of the Sun [23],
in which small-scale pulsations of the plasma in the
SCZ play a decisive role, and the spiral nature of the
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turbulence is not taken into account. In this model,
it is assumed that the magnetic cycle is formed by a
separate portion of the magnetic flux, which comes
from the radiant zone into the SCZ. Interacting here
(in the SCZ) with the turbulent environment, it is
organized into a large-scale magnetic structure. This
magnetic structure in its development gives an ob-
servable picture of the magnetic cycle on the surface
of the Sun. However, it is not entirely clear how new
portions of the magnetic flux arise/are generated. In
contrast to the diffusion model with the defining role
of small-scale pulsations, in our scenario of the mag-
netic cycle, the dominant role is played by large-scale
(global) hydrodynamic flows excited in the SCZ.

When studying the observed regularities and fluc-
tuations of the magnetic cycle [7], an important role is
traditionally assigned to global hydrodynamic flows:
torsional oscillations [24] and meridional (poloidal)
flows [25]. The relevance of studying the torsional
oscillations is due to the fact that active magnetic
regions arise mainly at the boundary between the
zones of fast and slow rotation of surface layers
[25]. Deep meridional circulation, which is indicated
by the results of helioseismology, can cause the waves
of the toroidal field to propagate toward the equa-
tor. This explains the occurrence of sunspots in the
low-latitude belt [26, 27].

When constructing our model, we proceeded from
the assumption that the solar magnetic cycle is a
steady process. Therefore, we can leave aside the
question of its origin. This allowed us to single out,
from the whole variety of phenomena occurring on
the Sun, those that are directly related to the polar-
ity reversal, and to establish a connection between
them. Comparing our calculations with the phenom-
ena accompanying the magnetic cycle, on the one
hand, we saw the correctness of our approach in their
qualitative agreement, and, on the other hand, gave
explanations for these phenomena.

The model of the kinematic dynamo proposed by
us assumes the leading role of the hydrodynamic flows
of the conducting plasma in relation to the magnetic
processes. This assumption makes it possible to con-
struct a mathematical model for the generation of
variable global flows and variable magnetic fields of
the solar cycle. For this, we separate the hydrody-
namic equations of a conducting plasma fluid from
the complete system of magnetohydrodynamic equa-
tions and solve them separately from the equations of
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Fig. 1. Diagram of the processes of generation of hydrody-
namic flows and global magnetic fields in the convective zone
of the Sun (model of the kinematic Q2 dynamo). The block ‘Q-
shaping’ (Q-formation) describes the process of hydrodynamic
generation of global flows as a result of the loss of stability of
the differential rotation of the Sun. The block ‘Q-effect’ de-
scribes the process of generating the toroidal component of the
magnetic field by the differential rotation from the dipole relict
field. Block ‘Q2-dynamo’ — describes the process of generating
the global magnetic fields of the Sun. The double bold lines
mark the input parameters of the model

magnetic field generation. In this case, we neglect the
influence of the magnetic field on the hydrodynamic
plasma flow. At the same time, the spatial structure
and dynamics of the magnetic field are completely de-
termined by the plasma flow. The block diagram of
our model is shown in Fig. 1. A detailed description of
the model and research results can be found in works
[15-20].

The following sections present the simulation re-
sults and their comparison with observational data.

3. 2 Formation

We consider the solar plasma to be an ideally con-
ducting medium. To calculate the global flows, we use
the system of equations:

p[ij+«vrvyv]=—VP—pva (1)
div (pV) = 0. (2)

Here P is the pressure, U is the gravitational po-
tential, V is the flow velocity, and p is the plasma
density. We assume that the plasma density does not
depend on time (the assumption of anelasticity [28])
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and is a function of only the spatial coordinates. The
dependence of the plasma density on the radius is
taken from the standard model of the Sun [29].
Equations (1) and (2) are analyzed in a spherical
coordinate system (R, 0, (), the polar axis of which
coincides with the axis of rotation of the Sun. The
solution of these equations under the assumption of
axial symmetry (0/0¢ = 0) is sought in the form:

V=V,+v, [V, >]v], (3)
P=PFy+p, Fo>p, (4)
U=Us+u, Uy>u, (5)
P = po- (6)

Here, V, is the stationary azimuthal velocity of the
Sun’s rotation in the convective zone, determined by
the methods of helioseismology, and v is an unknown
small correction that accounts for the flow arising
from the instability of the differential rotation.

Equations (1) and (2) are supplemented by two
boundary conditions consisting in the vanishing of
the velocity component v, normal to the boundary
surfaces: at the bottom of the convective zone, S;,
and on the outer surface of the photosphere, S,:

Unlg, = 0. (7)

After substituting (3)—(6) into Egs. (1) and (2), we
obtain the equations of the zero order

po (V- V) V] = =V Py — poVUo, (8)
div (poVy) =0, 9)

”n|s7¢ =0,

and the equations of the first order of smallness

a—v+(V¢~V)V+(v-V)V¢ =

Po ot
= —Vp — poVu, (10)
div (pov) = 0. (11)

Equation (9) is satisfied automatically, since both pg
and V,, do not depend on ¢. The solutions of Eq. (8)
describe the equilibrium of the Sun rotating with the
speed V,, and the equilibrium distribution of density,
pressure, and gravitational potential inside it. Since
the oblateness of the Sun is equal to 9 x 1075 [30],
we will further consider the Sun as a sphere, and the
equilibrium values of pg, Py, and Uy — depending only
on the radius.
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Applying the operation curl to Eq. (10), we obtain
the following equations for considering the vortex mo-
tion:

e (3 [2 v, 9 v ) <00 1o

div (pov) = 0. (13)

The solution to Eq. (13), as expected, describes a
vortex motion, where A = A(R,6,t)e,. Whence fol-
lows

v = (UR, g, Vy) =

1 7] . 1 0
= (pORsine % (ASIH9)7 7@@ (RA), ’ULP). (14)

Substituting (14) into Eq. (12) and writing out the
resulting equation in terms of the basis vectors of
the spherical coordinate system, we arrive at two lin-
ear partial differential equations for determining A
and v,:

POAA) 1 oV,
W — R {ln (R S11 0), MH}, (15)
vy ! ) = 0. (16)

ot pyR3sin’6 (=
Here,

II = {ARsin6,V,Rsin 0},

18 (,04 1 9 (. 04
A= TR (R aR) * RZsmo a0 (Sm"ae) -
4

R2sin%0’

and curly brackets denote the Poisson brackets

_ [0 99 Of 9g
{f’g}_{aRae_aeaR}'

Thus, in order to determine all three components of
the velocity v, it is necessary to solve the differential
equation (15) with variable coefficients relative to the
function A(R,0,t). From the structure of Eq. (15), it
follows that its solution is completely determined by
the function V, (R, ) and its derivatives. The solu-
tions to Eq. (15) by the Galerkin method [31] give
flows of two types [15]: 1) flows that are symmet-
ric about the equator and 2) flows that are mirror-
symmetric about the equator. In other words, flows
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whose streamlines do not cross the equator, and flows
whose streamlines cross the equator. The presence of
both types of flows on the Sun simultaneously can
be the reason for a slight asymmetry in the dynam-
ics of currents in the southern and northern hemi-
spheres, usually explained by inaccuracies in mea-
surements [25].

An essential feature of the found solutions is that
flows that periodically change their direction to the
opposite one are added to the flows that do not change
their direction over time. The maximum value of the
speed of these flows, having arisen at the pole, over
time moved to the equator. We called these flows
global migratory flows (GMF). For the components
of the velocity of this flow, we will use the notation

ngf(R7 9, t) =

gmf > Ygmf

= (0f (B, 0,6), 0 (R 0,8),05,(R.0.1) ).

where vgmf, vgmf, and vgmf are the radial, meridional,
and latitudinal components of the velocity, respec-
tively. Typical meridional vem and azimuthal v;nf
components of the GMT near the surface in coordi-
nates (t, 6) for one period are shown in Figs. 2, a and
2, b, respectively. Let us compare the obtained result
with the observational data on the temporal varia-
tion of the meridional flow and torsional oscillations
shown in Figs. 3, a and 3, b, respectively.

In view of the inversion of the sign of the velocity
in the southern hemisphere (Fig. 3, b, specially made
by Basu&Antia [25] to emphasize the connection be-
tween Fig. 3, a and Fig. 3, b, the similarity of the
calculated spatio-temporal variations of the poloidal
flow and torsional oscillations (Figs. 2, a and 2, b)
with the observational data looks quite obvious.

It is worth to note that both flows depicted in
Figs. 3, a, 3, b, were discovered as independent from
each other [19,20]. Their connection with each other
is assumed, but has not yet been proven. Within the
framework of our model, this relationship is obvious,
since the values of the velocity shown in Figs. 2, a
and 2, b are projections of the same flow.

4. Solar Magnetic Cycle Model
4.1. Generation of a toroidal field (Q-effect)

Using the results of the previous section, we present
the results of modeling the dynamics of global mag-
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Fig. 2. Distributions over the polar angle, 6 (in radians, along ordinates), for the meridional, Vgm (a), and azimuthal, Vgm
(b), components of the GMF velocity (in arb. u.) on the solar surface, which are presented as a function of time (abscissa axis).
The angle 7/2 corresponds to the equator. The values of the flow velocities are marked in shades of gray, with the maximum
positive value corresponding to white (1.0), and the maximum negative value to dark gray (—1.0). The abscissa shows the phase
of the oscillations t (¢t = 27nT/T*, where 0 < T < T, T* is the oscillation period). The radial velocity component is absent in

the figure, since it vanishes at the surface

~
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Fig. 3. Dependence of the poloidal flow velocity on the
time (abscissa axis) and solar latitude (ordinate axis) for
r = R/Ro = 0.998. The direction of speed in the south-
ern hemisphere is reversed by the authors [32] of the figure
(a). Torsional oscillations — variations in the frequency of
rotation of the Sun 6Q/27 depending on the time (abscissa)
and solar latitude (ordinate) for the relative radius of the Sun
r = R/Ro = 0.99 (Rp is the radius of the Sun) [31] (b)

netic fields using helioseismological data on the dif-
ferential rotation. We proceed from the equations

8871;1 = curl [V x H],

802

(17)

divH = 0, (18)
where H — magnetic field strength.

We represent the speeds of global flows in the
form as
V(R,0) =V, (R,0) + evgms (R, 0) + ..., (19)
where V, = Q(R,0) Rsinf e, is the linear speed of
the differential rotation of the Sun, and € is a small pa-
rameter, 0 < € < 1. The angular velocity profile was
taken from helioseismological calculations [32]. Since
the induction equation (17) is linear in H, the time-
dependent magnetic field will be sought in the form

H(R,0,t) = eH; (R,0,t) + ¢Hy (R, 0,1) + ... (20)

Magnetic field
H,(R,0,t) = (Hy (R,6), H)" (R.6), H (R, 6,1))

has three components. The first two components,
Hg)(R,H) and Hé()l)(R, 6), are the radial and merid-
ional components of the relict dipole magnetic field
[33], respectively. The third component, prl)(R, 0,t),
is the azimuthal magnetic field resulting from the in-
teraction of the differential rotation with the relict
dipole field (Q-effect). This component is determined

ISSN 2071-0194. Ukr. J. Phys. 2022. Vol. 67, No. 11
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from the system of equations of the first order in €. Af-
ter the substitution of (18) in (17), we get the expres-
sions for the velocity and magnetic field:

oHY v, oHY) .
ot Rsinf d¢
oHY % OHg" .
ot Rsin® 0Op ’ (21)
1 i
oH) |V, H«(:)+H<1) Vo 0V,
ot Rsinf Oy B \R OR
) (Ve 10V,
H —_ _ — T =
+ 0 (R Cote R 60 O,
where
po(RER) oy o (smon)
diVHl = — —+ - +
R? OR Rsinf 06
1 9 (Hél))
+ Rsinf 0y

It follows from the first and second equations of sys-
tem (21) that the components Hg) and Hél) of any
form satisfy them, as long as they satisfy the equation
divH; = 0. We have chosen the dipole form of these
components [20], since the relict dipole magnetic field
is well observed on the Sun [25]. Hence,

2cos b
Hy (R.0) = — =5~ (22)
sin 6

From the third equation of system (21), we obtain
the following expression for the azimuthal increase in
time field:

. 2
(1) _ [_sin 200  (sinf)” 00 _ gy
HY ( an o gg) L= Hit (20

The structures of the rate of increase of the magnetic
field H in the SCZ and on the solar surface are shown
in Figs. 4, a and 4, b, respectively.

Equation (24) gives a linear increase in Hi,” with
respect to time and thereby confirms our initial as-
sumption about the presence of a strong latitudinal
magnetic field under the surface of the Sun [17].

4.2. Q? dynamo
The terms quadratic in € in Eq. (17) give the equation

H
OH, _ curl [V, x Hy] = curl [vgms X Hy].

ot
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Fig. 4. Distributions of the relative amplitude of the az-
imuthal component of the rate of increase of the magnetic field
HY in the SCZ [17]. HZ dependences in the coordinate system
(R, 0) in the SCZ, where R is the relative radius of the Sun
(068 < R < 1,0 <6 <) (a). The equator corresponds to
a straight line parallel to the R axis passing through the 7/2
point of the 6 axis. Dependence of Hg on the polar angle 6 at
the surface of the Sun (b)

Here,

H2 (Rv 97 t) =

= (HD (R.0.0), B (R,0,0), HD (R,6,0)

is a variable magnetic field arising from the interac-
tion of torsional oscillations, spatio-temporal varia-
tions of the poloidal flow and the differential rotation

of the Sun.
Equation (18) of the second order in € has the form:

) a(R2H§§>) . a(sin9H§2>)

dvH: = o — 3R Rsind 00
2)

% Oy _ (26)
Rsinf Odyp
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From Egs. (25) and (26), we have

1 ) .
3H1(§) B 1 0 Kv?meé ) _ vgme}(2 )) sin 9}
At  Rsind 00 ’
(1) 1)
oH? 19 (02 HY — e HY) ]

o R OR ’
oHY 5 00 o0
T::HI(%)RsmﬁaR—kH blnﬁﬁ—i—

1
i 1 8 [( gme( ) UngfHH(O )> R:|

R OR

190 (’Ugth;) ?;me( )>
-5 5 . (27)

Let us substitute the expression for

H, (R,0,t) = [HY (R,0),HS" (R,0), H (R.6.1)]

into the system of equations (27) and integrate the
first and second equations over the time. After sub-
stituting the obtained result into the third equation
of the system, we find:

1 /a[( i);)sin@]dt’

g@ _ (Z1)
H, R/ dt
o0 8[(—~1 sin 6]
(2) — _
HE) = o0 /(/ LIS ) dt

_ sinf 9Q d[(—=1) R]
( —ar dt| dt+

R 060
2cosf R

1 / 0 <[”§mf33 + g o (5s) t} R)

dt
TR oR +
f ~—‘2 f 30}
1 / e Va1t dt, (28)

where
— g sinf o, 2cosf
=1 = Vot T~ Vet g

sin20 _9Q  sin?6 99
9 =

R “orR T R o0
The equations for the components of the magnetic

field Hg)(R,G,t) and Héz)(R,(%t) describe the su-
perposition of standing oscillations with a complex
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distribution of amplitudes constant in time over the
space of the SCZ. The equation for the azimuthal
field Hf,z) (R,0,t) contains terms whose structure is
similar to the structure described above, as well as
terms describing standing oscillations with an ampli-
tude increasing in time. Over time, terms with con-
stant amplitude (independent of time t¢) become in-
significant and can be disregarded. Accounting for the
above considerations, the expressions for the compo-
nents Hy (R, 0,t) take the following form:

R Rsm@/
9 _ 1 ﬁdt
R/ OR

1 / gmf R} N 9 {vgr;fe(@)} i,

—51)sinb)]

dt,

HY = H;t. (29)

The time behavior of all three components of the
magnetic field of the second order of smallness is
shown in Figs. 5, a—c.

Formulas (28)—(29) clearly show the dominant role
of the differential rotation of the Sun in our proposed
model of the laminar dynamo of the solar magnetic
cycle (see Figs. 2, a, b). Indeed, firstly, the differential
rotation (terms with Q(R, 6)) enter into the equations
through the components of the velocity of the global
migratory flow veme = (vgmf,vgmﬁv“gpmf). Secondly,
the differential rotation Q(R,0) is explicitly included
in the expression for the magnetic field H;z) in com-
bination with the components of the GMF velocity,
i.e., ultimately, “quadratically”. Therefore, the pro-
posed model can be called “Hydrodynamic Q2 model
of the solar magnetic cycle”. Thus, it is the differen-
tial rotation that is the main trigger that sets the
Hale magnetic cycle.

Before proceeding to the comparison of simulation
results with observational data, we briefly recall some
information about the observed magnetic structures
on the solar surface.

5. Magnetic Bipoles
and Ephemeral Active Regions

In [34], the concept of “magnetic bipole” was introdu-
ced, which, along with the observed bipolar sunspot
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Fig. 5. The distributions over the polar angle 6 (0 < 6 < 7) and time ¢ (¢t = 27T/T*,0 < T < T*, T* is the oscillation period) of
the relative amplitudes of the three components of the variable magnetic field H2(6,¢) : H](g) 6,t) (a), HéQ)(G, t) (b), and H:,(Q):

Hg) 6,t) = H;Q)(G, t) -t (¢). The angle m/2 corresponds to the equator. The values of the magnetic field are marked in shades
of gray, with the maximum positive value corresponding to white (1.0), and the maximum negative value to dark gray (-1.0)

groups, is usually applied to short-lived small-scale
bipolar structures with a weak magnetic field. Accor-
ding to Harvey [34], the total magnetic flux through
the solar surface is formed from the fluxes of bipo-
lar magnetic bipoles with different sizes. Large mag-
netic bipoles form sunspots of the “royal zone” and
are identified as active regions [35, 36]. At the same
time, when calculating the total magnetic flux, one
should also consider small “bipoles”, called “ephemeral
regions” (ER) [37]. Subsequent observations on the
solar surface (see, e.g., [38,39]) revealed a large num-
ber of regularly present ephemeral regions. The distri-
bution of ERs covers a wider range of latitudes than
the distribution of sunspots and most normal active
centers. In particular, ephemeral regions are found at
high latitudes, where sunspots are absent.

Further, Stenflo [40] showed that observations
make it possible to find the tilt angles of bipolar mag-
netic configurations. This made it possible to estab-
lish that the axes of the bipolar sunspot groups are
oriented at a slight angle to the east-west latitudinal
direction. As a rule, the western head sunspots of the
groups are usually located closer to the equator than
the eastern tail sunspots (Joy’s law) [41]. In [42], from
the analysis of observational data for active regions
in 21-24 solar cycles, the latitudinal-temporal distri-
bution of polarities and averaged tilt angle of bipoles
(both of sunspot groups and ephemeral regions) was
obtained. It was found that the magnetic polarities
of large bipoles in each solar cycle corresponded to
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Hale’s law of polarity [41,43]. The spatially averaged
tilt angles of large bipoles, in accordance with Joy’s
law, was positive in the northern hemisphere of the
Sun and negative in the southern one. At the same
time, a deviation from these regularities was found
in smaller high-latitude bipoles. Shallow bipoles of-
ten “violated” Hale’s polarity law and had the inverse
Joy’s law [44]. A similar picture of the distribution of
magnetic bipoles on the surface of the Sun was ob-
tained as a result of our numerical simulations.

6. Comparison of Simulation
Results with Observational Data

By now, the main regularities of the solar magnetic
activity have been established. However, a number of
questions remain about the cause-and-effect relation-
ship between the observed changes in magnetism and
the hydrodynamic motion of the plasma. The discov-
ery of torsional oscillations (TO) was of great im-
portance for the establishment of these connections
[45]. It turned out that the processes of rearrange-
ment of surface magnetism during the Hale cycle cor-
relate fairly well with the observed space-time evolu-
tion of TO.

Before proceeding to the analysis of these correla-
tions, let us emphasize the main result of our mod-
eling for global hydrodynamic flows. In our model of
the solar cycle, there are radial vg”mf, meridional vgmf,
and azimuthal vgmf components of the velocity of a
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single three-dimensional global migratory flow, i.e.,
all three velocity components take part in the gen-
eration of a variable magnetic field Ha(R,0,t) (see
Egs. 28). Therefore, the behavior of the velocity com-
ponents vgms simulated by us can be used to explain
the rearrangement of surface magnetism.

When observing the surface hydrodynamic move-
ments, it is usually possible to analyze only tor-
sional oscillations and meridional circulation. There-
fore, when studying the phenomena associated with
the magnetic restructuring, observers primarily pay
attention to torsional oscillations and, to a less extent,
to the meridional circulation. To date, the following
correlations have been established between surface
magnetic phenomena and torsional oscillations:

¢ The beginning of the magnetic cycle (the appear-
ance of the first high-latitude spots) coincides with
the appearance of TOs at high latitudes of the Sun,
which slowly drift toward the equator. After two 11—
year cycles, TOs disappear at the equator, and the
magnetic cycle ends [13].

e The attainment of the maximum magnetic field at
the poles [46] coincides in time with the onset of TO.

¢ The meridional drift of the maximum of the mag-
netic field over the surface of the Sun coincides in time
with the line of zero velocity of the TO. The latter lies
between its increased and decreased values relative to
the background velocity at a given latitude [47,48].

e The onset of polarity reversal of the polar mag-
netic field in time is shifted by a quarter of the period
from the moment the TO appears [13, 46].

e The zone of formation of sunspots coincides with
the zone of zero drift of the TO velocity [13].

e The behavior of the spatio-temporal variations of
the meridional flow (see Figs. 3, a, b) is consistent
with the dynamics of the TO [13,48].

The listed observational results are in good agree-
ment with the results of our numerical simulation. Fi-
gures 6, a—c show the relative amplitudes of the
components of the variable magnetic field Hy =
= (Hg),HE(,Z),HE)) (see Figs. 5, a—c) with superim-
posed lines of zero azimuthal velocity vgmf on the so-
lar surface (see Figs. 2, a, b). From Figs. 6, a—c, it fol-
lows that all components of the magnetic field reach
a maximum on the lines of zero velocity vgmf. It can
also be seen that the beginning of the emergence of
the line of zero velocity vgmf coincides in time with
the attainment of the maximum of the radial mag-

806

netic field at the poles, and the magnetic field itself
at the poles becomes maximum a little later, when
the zero line vgmf reaches the equator. Note also that
the latitudinal and meridional components of mag-
netic fields increase with the distance from the poles
and reach a maximum at the equator.

At the same time, for a number of well-known ob-
servational regularities, it was not possible to establish
reliable connections with torsional oscillations (vg‘pmf)
and with time variations of the meridional flow (vgmf).
In particular, these patterns include the following:

1. Cyclic change of magnetic signs in bipoles [40,42,
43,48, 49] at a fixed latitude in accordance with the
Hale—Nicholson law [2,41, 50].

2. Orientation of the axes of bipolar groups of
sunspots at a small angle to the latitudinal direction
(Joy’s law, [41]).

3. Difficulty trying to reconcile the toroidal field
values calculated by the a2 dynamo model with ob-
servational data. The essence of the problem is as
follows. Cyclic reversal of the direction of a strong
toroidal magnetic field, which is excited from a weak
poloidal one by the differential rotation (2 - effect),
requires a significant efficiency of the generation pro-
cess. However, the coefficient of transformation of the
poloidal field into the toroidal one during the cycle
(lasting 11 years), estimated from the helioseismolog-
ical data on the gradients of the angular velocity of
rotation, does not exceed 800 [51]. This value is in-
sufficient to obtain large observed values of toroidal
fields (of the order of 3000 G and higher).

In order to find the answers to these questions, let
us compare the results of our modeling with the ob-
servational data of magnetic bipoles of various scales.
When comparing, we will consider both the results
of early observations of magnetic fields [2, 41, 50|
and information about bipolar structures obtained re-
cently as a result of processing the observational data
using ground-based telescopes, as well as using in-
struments on spacecrafts [40, 42, 43,49, 50]. Consider
Fig. 7 obtained in our work [20]. This figure shows a
picture of the distribution of orientations of the vec-
tor H* = (H(gz), H:;(z)) introduced by us into consid-
eration. Here, HOEQ) and H:;(z) are the meridional and
azimuthal components of the variable surface mag-
netic field during the full magnetic cycle. The vec-
tor H* obtained in [20] as a result of the model-
ing was called, by us, the “model bipolar sunspot
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Fig. 6. The distributions over the polar angle 8 (0 < 6 < 7) and time ¢ (t = 27T/T*, 0 < T < T*, T* is the oscillation period)
of the relative amplitudes of the three components of the variable magnetic field H2(0,t): Hg)(e,t) (a), HéQ)(G,t) (b), and
H:,(Q): H&Q)(G,t) = H;(Q)(H,t)t (¢), taken from Fig. 5, combined with a plot of lines of zero velocity TC (vgmf) on the surface
of the Sun from Fig. 2. The North Pole corresponds to the polar angle 8 = 0 (bottom of the figures), the South Pole — to § =,
and the equator of the Sun — to § = w/2. The pluses and minuses above and below the figures indicate the zones of increased
and decreased velocities of zonal currents (relative to the background speed of the Sun’s rotation) between zero lines (in white).
The magnetic field values are marked in shades of gray, with the maximum positive value corresponding to white (+1) and the

maximum negative value to dark gray (-1)

group”. Since the literature uses the term “magnetic
bipole”, we will further call the vector H* “surface
model magnetic bipole”. Therefore, the small arrows
in Fig. 7 depict the distribution of the directions of
the magnetic bipole H* on the solar surface. It can
be seen that the region of allocation of the modeled
bipole covers the range from the equator to high helio-
latitudes, reaching almost the poles. This result fully
agrees with the picture of the allocation of bipoles on
the solar surface obtained in [42] as a result of process-
ing the observational data on more than 10° surface
magnetic bipoles of various scales (see Fig. 1 in [42]).

It also follows from Fig. 7 that the distribution of
polarities of the calculated bipoles in the “royal zone”
obey the Hale-Nicholson law [2,41, 50], according to
which the head and tail sunspots have opposite signs
in the northern and southern hemispheres. Note also
that the signs of the radial magnetic field in the near-
pole regions coincide with the signs of the head spots
of bipoles [48, 49]. Thus, the presence of the velocity
vgmf in the system of equations (21) makes it possible
to explain the connection between the observed regu-
larities of magnetism and the temporal variations of
the meridional flow (see point 1 above).

Note also that the axes of the calculated magnetic
bipoles in the “royal zone” are oriented at a small an-
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Fig. 7. Schematic representation of directions and magnitudes
of H* = [Hé2),H;(2)]‘ Short arrows show the distribution of
directions (from positive to negative pole) of the “magnetic
bipole” H* on the Sun’s surface at different times (0 < t < 27)
of the 22-year magnetic cycle, depending on the polar angle 6
(0 < 0 < 27) [20]. The North Pole corresponds to the polar
angle § = 0 (bottom of the figure), and the South Pole — to
0=m

gle to the latitudinal direction, which is in full agree-
ment with Joy’s law [41]. As a result, one more prob-
lematic issue, noted in point 2, is removed. At the
same time, according to our calculations, in the re-
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gion of middle and high latitudes, the Hale-Nicholson
law and Joy’s rule are violated. In this regard, we
note that a small number of magnetic bipoles vio-
lating the Hale-Nicholson law and Joy’s rule were
recorded at all heliolatitudes during observations (see,
e.g., [40,42, 48,49, 52]).

As for another problematic issue (point 3) about
the difficulty of achieving a large conversion factor of
the poloidal field into a toroidal field during the mag-
netic cycle [51], the velocities v, and v, ; found by
us allow us to explain the increased efficiency of the
excitation of a variable azimuthal field (see the third
equation of the system of equations (31) for the lat-

itudinal component of the magnetic field HéQ)). This
makes it possible to explain the large observed values
of magnetic fields in sunspots.

7. Conclusions

It is now generally accepted that differential rotation
(DR) plays a decisive role in the global magnetism
of the Sun, since the action of the DR on a weak
relict poloidal field provides the excitation of a strong
toroidal field (Q-effect). We have established another
important role of the DR, namely, its ability to excite
global hydrodynamic flows in the SCZ. For this, we
investigated the stability of the DR in the SCZ. We
found an area, where the DR loses its stability and
leads to the generation of a secondary hydrodynamic
flow, which outwardly resembles the global flows ob-
served on the Sun (meridional circulation, torsional
oscillations, variations of the meridional circulation).

The hydrodynamic model of the magnetic cycle
proposed by us is based on the hypothesis of the hy-
drodynamic nature of the emergence of global flows as
a result of the loss of stability of a differentially rotat-
ing fluid layer. The model uses a differential rotation
spatial profile found from helioseismological data. We
believe that the differential rotation plays a dominant
role both in the generation of the magnetic field and
in the excitation of global migrating flows. Therefore,
we could call our model “Kinematic 2 dynamo model
of the solar magnetic cycle”.

The model makes it possible to calculate hydro-
dynamic global plasma flows without regard for the
effect of a magnetic field on them. The obtained nu-
merical solutions qualitatively describe the behav-
ior of all types of global flows observed on the sur-
face of the Sun: The permanent meridional circula-
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tion from the equator to the poles, zonal changes
in the angular velocity (torsional oscillations), and
space-time variations in the meridional flow. Based
on calculations and the analysis of processes on the
solar surface, we made the assumption that the last
two flows are the azimuthal and meridional com-
ponents of a single 3-dimensional global migratory
hydrodynamic flow.

We used the obtained velocities of global migratory
flows and the spatial profile of the angular velocity
of the internal differential rotation of the SCZ ob-
tained from helioseismic measurements for numerical
calculations of time-varying magnetic fields. These
fields are generated by the interaction of these flows
with a constant dipole magnetic field of the Sun of
relict origin.

We compared the results of modeling the hydro-
dynamic flows and time-varying magnetic fields with
observational data on the behavior of torsional oscil-
lations and variations in the meridional flow. A good
temporal coincidence of the calculated dynamics of
global migratory flows and the alternating magnetic
fields generated by them with the observed cyclical
changes in magnetism and flows on the solar surface
is obtained.

Thus, our studies allow us to conclude that the
differential rotation of the SCZ apparently determines
all the main parameters of the solar magnetic cycle.

The question of the influence of the dependence of
the plasma density on the depth of the convective
zone on the processes under study remained outside
the scope of our model. We plan to take this depen-
dence into account in the further development of the
model, which involves i the entire region of the con-
vective zone.
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MOJEJIb KIHEMATNYHOI'O JVMHAMO
[JIgd COHAYHOI'O MATHITHOT'O IUKJIY

Y crarTi po3risiaeThcs NpobeMa MOSICHEHHSI IIOXOIPKEHHST Ta
HPUPOJIN MTPOCTOPOBO-YACOBUX Bapialiiii MarHiTHOI aKTUBHOCTI

810

Conng. Y poboTi nmpejcrasiieHa HOBa TiApoauHaMidHa MOJE/b
COHSIYHOI'O MarHITHOTO ITUKIJIY, sIKA BUKOPHCTOBYE reJjrioceiicMi-
4Hi gaHi 1po gudepenniaabue 06epTaHHs COHSITHO! KOHBEKTHB-
HOI 30HH. B OCHOBI MO/IeJ1i JIEXKUTH TinoTe3a BUHHUKHEHHS IJIO-
OaJIbHUX IIOTOKIB y pe3yJsbTaTi BTpaTu CTifiKocTi gudepeHini-
HO POTAI{HOIO mapy IIa3Mu B KOHBEKTUBHIN 30H1. CriouaTky
PO3PaxXOBYIOThCS TiAPOAMHAMIYHI TVIOOAJBHI MOTOKM ILIaA3MU
0e3 ypaxyBaHHS BIUIUBY Ha Hel MArHiTHOIO mojs. 3a i€l ymo-
BU [IOKA3aHO, [0 3HAWAEHI PO3B’sI3KM ONUCYIOTH yCi Tyi06aJibHi
IIOTOKH, IO CIIOCTEPIraroThcst Ha noBepxHi COHIIS: TOCTIHY Me-
PUIIOHAJIBHY IUPKYJIAILIIO BiJl eKBATOPA J0 IOJIIOCIB, KDY THIIb-
Hi KOJIMBaHHSI Ta IIPOCTOPOBO-4aCOBI Bapialil Mepu ioHaIbHO-
ro moToky. ¥ poboTi 3po6JIEHO BUCHOBOK IIPO Te, IO OCTaH-
Hi JiBa IIOTOKH € a3MMYyTaJIbHOIO Ta MEPHIIOHAJIBHOIO CKJIAJ0-
BHMH €IMHOTO TPUBHUMIPHOrO IIOOAJILHOIO IifpOAMHAMITHOIO
noroky. Ilo-gpyre, mjas MojesfoBaHHS JUHAMIKM MarHiTHOI'O
1oJisi 6yJIM BUKOPUCTAHI 3HAMIEH] MBUIKOCTI IJI00AJBHUX Mi-
rPYIOYHUX IIOTOKIB Ta MPOCTOPOBUI IPOMiIb KyTOBOI HIBUIKOCTI
BHYTPIIIHBOrO AU EpPEeHIiaIbHOrO 0GEPTAHHS COHSIHOI KOHBE-
KTUBHOI 30HU, OTPUMAHUI 33 Pe3yJIbTaTaMH I'eIioCelCMivYHIX
BuMipoBaHb. OTPUMAHO XOPOIIE Y3rOJZKEHHSI XapaKTEPUCTHK
PO3PaxXyHKOBOI JIMHAMIKU IVIOOAJIBLHUX MIrpaliifHUX HOTOKIB i
CTBOPIOBAHUX HUMHU 3MIHHHMX TJIOOAJbHUX MATHITHHUX IIOJIB i3
CIIOCTEPEXKYBaHNMHU 3HaUeHHIMH Ha moBepxHi Conng. Jano mo-
SICHEHHsI JIeIKUM siBuIaM Ha noBepxHi CoHIs, K1 HEMOXKJIMBO

IIOACHHUTHU B paMKax iCHyIO‘{I/IX MO,He.TIeI‘/'I.

Katwvwo86i cao06a: a3Ma, yTpUMaHHS IJIa3MUA, MArHITO -
po/inHaMiKa, COHSYHUM MArHiTHUAN IMKJI, COHSYHE JUHAMO.
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