SOLAR TURBULENT DYNAMO NEAR CONVECTIVE OVERSHOOT LAYER AND RADIATIVE TACHOCLINE

V. N. Kryvodubskyj

Astronomical Observatory, National Taras Shevchenko University of Kyiv 3 Observatorna Str., 04053 Kyiv, Ukraine e-mail: krivod1@observ.univ.kiev.ua

In order to extend the abilities of the αΩ-dynamo model to explain the observed regularities and anomalies of the solar magnetic activity, the magnetic quenching of the α-effect were included in the model, and newest helioseismically determined inner rotation of the Sun has been used. Allowance for the radial inhomogeneity of turbulent velocity in derivations of the helicity parameter resulted in a change of sign of the α-effect from positive to negative in the northern hemisphere near the bottom of the solar convection zone (SCZ). The change of sign is very important for direction of Parker’s dynamo-waves propagation and for parity of excited magnetic fields. The period of the dynamo-wave calculated with taking into account the magnetic α-quenching is about seven years, that agrees by order of magnitude with the observed mean duration of the sunspot cycles. Using the modern helioseismology data to define dynamo-parameters, we conclude that north– south asymmetry should exist in the meridional field. The calculated configuration of the net meridional field is likely to explain the magnetic anomaly of polar fields (the apparent magnetic “monopole”) observed near the maxima of solar cycles.

INTRODUCTION

One of the most important problems in the solar physics is to understand the origin of the Sun’s magnetic cycle. Currently, it is widely believed that the solar cycle results from a turbulent hydromagnetic dynamo. Majority of detailed mathematical models of the solar dynamo are based on the mean-field theory for largescale fields of turbulent fluids [20, 34, 35, 45, 46]. Mean-field equations in this approach are obtained by averaging over the fluctuating, or small-scale, magnetic, b, and velocity, v, fields. A “dynamo machine” on the Sun is assumed to operate to the convection zone, where the velocity field can be separated into two components of different spatial scales: i) large-scale velocity ⃗V which corresponds to solar rotation, and ii) small-scale turbulent convection ⃗v. The motions on different scales are not independent and their interaction results in a non-uniform global rotation, ⃗V (r, θ) = r sin θ ⃗Ω(r, θ)⃗i_φ, and helical (cyclonic) convection characterized by a parameter of mean turbulence helicity, α(r, θ) = α_0(r) cos θ ≈ −^τ_3 ⟨⃗v · ∇ × ⃗v⟩ cos θ. Here, ⃗Ω(r, θ) is the angular velocity; τ is the characteristic time of the turbulent pulsations; the angular brackets ⟨ ⟩ denote averaging over scales larger than the characteristic scale of the rms turbulent velocity v = √ ⟨⃗v^2⟩; r, θ, and φ are radius, polar angle (colatitude), and longitude of usual spherical coordinate system whose origin is at the centre of a sphere of solar radius R; ⃗i_φ is the azimuthal unit vector. (The heliolatitude θ^∗ often used by observers is 90^∘ − θ).

The turbulence helicity was introduced by Steenbeck, Krause & Rädler [46]. They called the ability of the mean kinetic helicity h_k = ⟨⃗v · ∇ × ⃗v⟩ to excite the electromotive force along the large-scale magnetic field the “α-effect”. An expression for the α-effect was also derived in terms of the mean current helicity of the fluctuating magnetic field h_c = ⟨⃗b·∇×⃗b⟩ [13, 42], and the mean twist α_f = h_c/b of the magnetic fields of active regions [50]. The radius and colatitude dependence of the helicity parameter, α(r, θ), in the solar convection zone (SCZ) cannot be directly obtained from observations. Krause [19] assumed that the α-parameter is proportional to cos θ and changes its sign about the equatorial plane (θ = π/2). This assumption agrees with observations of magnetic helicity [36, 42], and such an angular dependence is generally accepted nowadays. Early studies of the turbulent helicity as a function of solar radius were performed by means of analytical calculations [47] and numerical simulations [51]. Stix [47] had obtained a positive convex profile for α(r), while in numerical studies by Yoshimura [51] evidence was found that in the northern hemisphere the helicity parameter changes its sign from positive in the near-surface part of the SCZ to negative near the bottom of the SCZ. Later on, this radial behaviour of the mean turbulent helicity has been confirmed by analytical calculations of Krivodubskij [22, 23] and Krivodubskij & Schultz [25] using physical parameters of the SCZ models. In addition, one can obtain

© V. N. Kryvodubskyj, 2004

alternative estimates of the helicity parameter by using a tracer method, which is based on the idea that surface active regions contain information on the MHD flows at the locations where they arise and pass through [32]. Studies of the tilt of bipolar sunspot groups (magnetic twist) [29, 41] and current helicity calculations in the photosphere [1, 28, 36, 42] further confirm that the α-effect changes its sign in solar interior.

It is believed that the solar axisymmetric global (large-scale) magnetic field ⃗B incorporates two constituents: one component, hidden in deep layers and stretched along the solar parallels, is a strong toroidal (azimuthal) field, ⃗B_T, and the second component is a relative weak poloidal (meridional) field, ⃗B_P. The observed regularities of solar magnetic activity can be attributed to the poloidal and toroidal magnetic fields, which are coupled and evidently generated by a common process.

The mean-field dynamo theory provides very plausible explanation for the solar magnetic cycle [34, 35, 45]. In the deep highly conducting layers of the SCZ a strong toroidal field is generated by differential rotation stretching a weak poloidal field (the Ω-effect). The helical turbulent convection plays a crucial role in the closing of solar dynamo-cycle. Namely, helicity generates a new poloidal field, with the magnetic polarity opposite to that of the previous cycle, by twisting the toroidal field-lines (the α-effect). The inductive effect by the differential rotation is much stronger as compared to the α-effect. Therefore, contribution of the helical convection to the generation of the toroidal field can be neglected (the αΩ-dynamo approach). The turbulent viscosity ν_T ≈ (1/3) v l ≈ (1/3)τv^2 (l is the mixing length of the turbulent motions) is decisive in the dissipation of the large-scale magnetic fields since this coefficient is several orders of magnitude larger than the value of microscopic magnetic viscosity ν_m = c^2/4πσ (σ is the microscopic conductivity).

When generation and turbulent dissipation of magnetic flux are balanced, the cycling αΩ-dynamo can be described by two induction equations [20, 34, 35]. Parker [34] has shown that the solutions of these equations are two travelling dynamo waves. The radial gradient of the angular velocity, ∂Ω/∂r, together with the helical convection, α, produces the meridional migration of dynamo waves, while the latitudinal gradient of the angular velocity, ∂Ω/∂θ, causes the radial migration. The majority of current studies primarily take into account the radial shear in the angular velocity. Then, the direction of the meridional migration depends on the sign of the product α · ∂Ω/∂r [51]. This quantity has to be negative in the northern hemisphere for the dynamo wave to propagate toward the equator, α · ∂Ω/∂r < 0; and, on the contrary, magnetic waves drift towards the poles under the condition that α · ∂Ω/∂r >0.

CONVECTIVE OVERSHOOT LAYER AND RADIATIVE TACHOCLINE

For the αΩ-process to be effective, it is necessary for the magnetic flux tubes to be kept in the region of the field generation in the SCZ for a long time. However, due to fast buoyant rise of magnetic fields it is generally difficult to ensure their significant amplification and storage during a time comparable to the solar cycle period. The convective overshoot layer, just beneath the base of the SCZ, where the sinking convective bubbles penetrate a fraction of a scale height into the stable radiative interior [38, 43] is of particular interest for the problem of magnetic buoyancy. In this layer the thermal stratification is weakly subadiabatic, which is necessary to counteract magnetic buoyancy [6]. Furthermore, the strong positive gradient in the turbulent velocity at the bottom of the SCZ and in the overshoot layer results in the intensive diamagnetic downward transport [21, 40] on the one hand, and on the other it produces the negative α-effect [22, 23, 25, 39] needed for equatorward propagation of the dynamo waves at mid to low latitudes.

The overshoot layer seems to be very thin and its radial thickness, d_{over}, is about (0.004–0.005) R [4]. The problem of generation of magnetic fields in such a thin layer encounters several problems [39]. Therefore, the region of dynamo is expected to extend deep into the inner part of the Sun and it may cover radiative tachocline – a transition layer in which the rotation changes from being differential inside the SCZ to almost uniform rotation in the radiative interior [44]. Although theoretical predictions for this layer with strong radial shear in the angular velocity have been confirmed by early helioseismology inversions, the thickness of the tachocline d_{tach} is not yet confidently determined and remains a matter of debate. The forward modelling inversion techniques give a value of d_{tach} in the range from ≈ 0.09R [18] to ≈ 0.04R [7]. The very thin tachocline d_{tach} ≈ (0.01–0.02) R is also possible [10]. However, it may be a radial gradient of angular velocity, ∂Ω/∂r, which reaches its maximum value in the tachocline, that creates favourable conditions for the excitation of strong toroidal fields. According to recent helioseismology inversions [2, 5], the tachocline has one more significant property which is encouraging for dynamo models. It consists of two different parts, one at low latitudes where ∂Ω/∂r > 0 and another at high latitudes where ∂Ω/∂r < 0. This feature is most important for theoretical explanation of the observed north–south Sun’s magnetic asymmetry since the parity of the dynamo-excited field depends on the sign of ∂Ω/∂r. Moreover, the tachocline region is prolate: these two parts of tachocline are located in different depths and have different thicknesses [2]. Dikparti & Gilman [8, 9] had shown that the global hydrodynamic instability in the overshoot part of tachocline may produce a specific α-effect. Together with the Ω-effect and the meridional circulation, this α-effect constitutes the αΩ-flux-transport dynamo in tachocline. Therefore, the most favourable and promising place for the αΩ-dynamo should be the region which includes deepest layers of the SCZ, the convective overshoot layer and the tachocline.

Many aspects of the observed regularities of solar cyclicity have been considerably clarified in theoretical studies, mean-field modelling and numerical simulations based on the αΩ-dynamo mechanism. These studies usually include magnetic helicity, anisotropic dynamo coefficients, meridional circulation as well as helioseismically determined solar rotation (see a recent review by Ossendrijver [33]). At the same time, several serious difficulties still remain to be solved by the solar dynamo models. The main problems are: the storage of the strong fields in deep generation zone; penetration of these strong fields to the surface solely at mid to low latitudes (at the “royal zone”); the latitudinal distribution of sunspots over the cycle (butterfly diagram); duration of the dynamo cycle; the north–south magnetic asymmetry observed near the solar-activity maxima. There are expectations that these problems could be solved by including the downward magnetic transport and magnetic quenching effects as well as the modern helioseismically determined solar rotation in the dynamo models.

In the paper [26] (this issue) we showed that two negative magnetic buoyancy phenomena (turbulent diamagnetism and ∇ρ-effect) may be the most plausible reason why the polar deep-rooted azimuthal field could not become apparent at the surface as sunspots at high latitudes. At the same time, at mid to low latitudes the upward ∇ρ-effect can facilitate strong magnetic fields to emerge through the surface at the sunspot belt. Here we study some remaining uncertainties of the solar global magnetism, namely, we consider the problems connected with the period of solar dynamo-cycle and the parity of poloidal magnetic field.

SIGN CHANGE OF TURBULENCE HELICITY PARAMETER

The influence of rotation on turbulence leads to a strongly anisotropic α-effect, while the increasing magnetic field causes the generation to saturate due to the α-quenching [37]. A complete α-tensor has five non-zero components in spherical coordinates. Only the azimuthal α_{ϕϕ} component, denoted here as α(r, ω, θ) = α_0(r, ω) cos θ, is important for the αΩ-dynamo. According to Rüdiger & Kitchatinov [37], the coefficient α_0(r, ω) takes the form:

α_0(r, ω)≈− τ 3 ⟨⃗v ·∇×⃗v⟩≈− ( 1 2 ) l^2Ω Ψ^v(ω)∇ln(ρ^{S(ω)}v)= − ( 1 2 ) l^2Ω [ Ψ^ρ(ω) ( ∇ρ ρ ) + Ψ^v(ω) ( ∇v v )] , (1)

where ω = 2τΩ is the Coriolis number, S(ω) = Ψ^ρ(ω)/Ψ^v(ω) is the weight factor which characterizes the relative contribution of the radial gradient of density in the convective α-effect. Functions Ψ^ρ(ω) and Ψ^v(ω), introduced by Rüdiger & Kitchatinov [37], take into account the influence of rotation on the density and turbulent velocity contributions to the α-effect. In the case of slow rotation, ω ≈ 0.01– 0.5, typical for upper convection layers, these functions assume constant values close to Ψ^ρ = 3Ψ^v = 4/5. In contrary, under the fast rotation in the deep layers, ω ≈ 5–20, these functions assume values Ψ^ρ = 3Ψ^v = 2π/ω. The parameter α_0, calculated from equation (1), is positive in the most volume of the SCZ.

However, in the deep convective layers the strong positive radial gradient in turbulent velocity yields negative

contribution to total α-effect, α^v_0 (r, ω) ≈ − ( 1 2 ) l^2ΩΨ^v(ω) ( ∇v v ) , which dominates the positive contribution of

the density inhomogeneity, α^ρ_0(r, ω) ≈ − ( 1 2 ) l^2ΩΨ^ρ(ω) ( ∇ρ ρ ) . Our evaluation [23, 25] on the basis of physical

parameters from the SCZ model by Stix [48] indicates that with increasing depth the total value of α_0 changes its sign from positive to negative at z ≈ 160 000 km (r ≈ 0.77 R). Finally, the helicity parameter reaches its negative peak value, α_0 ≈ −5 · 10^3 cm/ s, not far from the overshoot layer, while the mean negative amplitude (averaged over the negative values region), α_0(r, ω), amounts to ≈ −2 · 10^3 cm/ s (Fig. 1). As a result, the sharp radial gradient in turbulent velocity near the bottom of the SCZ favours formation of the negative α-effect layer which has thickness ≈ 30 000–40 000 km.

Thus, our analytical calculation shows that the α-effect is in agreement with the pioneering idea of Yoshimura [51] who was the first to consider the numerical dynamo model with two layers in which the α-effect had opposite signs. It also agrees with the estimations of the α-effect based on the current helicity calculations [28, 42]. It is very likely that namely the deep negative α-effect layer is responsible for observed behaviour of the surface largescale magnetic patterns. The helioseismic inversions give ∂Ω/∂r > 0 for the near equatorial region [12], then condition α · ∂Ω/∂r > 0 evidences that here dynamo waves propagate toward to equator producing the sunspots migration as the solar cycle progresses. Since at high latitudes ∂Ω/∂r < 0, then α · ∂Ω/∂r > 0, and so excited dynamo waves must move toward the poles. Apparently, these waves cause the observed polar drift of the background magnetic fields (e.g., [30, 31]).

Figure 1. The depth-dependence of the helicity parameters, α0, α^ρ_0 , α^v_0 , and the magnetic quenching of the α-effect, α(βS) = α0Ψα(βS) (dotted curve in the low part of the SCZ). The total α-effect, α0, is positive in the bulk of the SCZ but reverses to negative close to its bottom. The mean amplitude of magnetically quenched (suppressed) helicity parameter averaged over the layer of its negative values, | α0Ψα(β) |, is about 10^3 cm/ s

MAGNETIC QUENCHING OF THE α-EFFECT AND PERIOD OF THE SOLAR DYNAMO CYCLE

In the αΩ-dynamo approximation, the period of Parker’s magnetic wave

T = 2π/{(^1/2) sin θ |α · ∂Ω/∂r| (r/λ)}^{1/2} (2)

is assumed to be a cycle period (λ is the meridional dimension of the dynamo region at model calculations). However, the magnitude of T calculated in the kinematic approach is about one year [47, 49], which is much less than the observed solar cycle duration. Apparently, the correct value of the dynamo cycle’s period can be expected when one involves the nonlinear dynamo approach and takes the meridional circulation into account.

The increasing magnetic field will primarily suppress the α-effect, which is more ordered and weak when compared to the Ω-effect. According to this concept, the magnetic feedback on the α-effect could be described by the relation α(β) = α_0Ψ_α(β), (3)

where α_0 is the “nonmagnetic” value of the helicity parameter (1), β = B/B_{eq} is the parameter of normalized field, B_{eq} ≈ (4πρ)^{1/2}v is the equipartition magnetic strength, ρ is the fluid density, and Ψ_α(β) is a quenching (saturation) function of magnetic intensity normalized to unity at β = 0. Rüdiger and Kitchatinov [37] derived the quenching function

Ψ_α(β) = 15 32β^4 [ 1 − 4β^2 3(1 + β^2)^2 − 1 − β^2 β arctg β ] . (4)

Owing to the magnetic antibuoyancy effects the rather strong steady-state toroidal fields, B_S = β_SB_{eq} ≈ 3000–4000 G (β_S ≈ 0.7–0.9) can be kept near bottom of the SCZ [26, 27]. Our calculations have shown that these magnetic fields cause essential α-quenching [23]. The values of the α-quenching function Ψ_α(β_S) in deep layers are about 0.3–0.4 (Fig. 2). This magnetic saturation leads to the reduction of negative peak of helicity parameter to α(β_S)=α_0Ψ_α(β_S)≈−2 · 10^3 cm/ s (Fig. 1). The corresponding mean magnitude, | α(β_S) |, decreases to ≈ 10^3 cm/ s, which is much smaller than its kinematic value.

Recent helioseismically determined solar rotation gives smaller values of ∂Ω/∂r than those from earlier measurements. Using the rotation velocity inferred for the epoch near the maximum of the 23rd cycle [12], we have found the estimation ∂Ω/∂r ≈ 2.5 · 10^{−18} rad/ s cm at latitude θ^∗ ≈ 30^∘ for negative α-effect layer (r ≈ 5.2 · 10^{10} cm, Δr ≈ 3 · 10^9 cm, ΔΩ ≈ 8 · 10^{−9} rad/ s). If we use the averaged quenched negative helicity parameter in this low-latitude region, α^∗ = α(β_S) cos θ ≈ − 5 · 10^2 cm/ s, the estimation with equation (2) leads to increase of the dynamo-cycle period to about seven years, that by order of magnitude agrees with the observed mean duration of the sunspot cycles.

Figure 2. Distribution of the quenching function, Ψα(βS), with depth, z, in the SCZ. The parameter of the normalized steady-state field, βS = BS/Beq ≈ BS/(4πρ)^{1/2}v, is also shown

One may assume that near the solar surface the poleward meridional flow may retard the low-latitude equatorward dynamo-waves, and in this way it will promote further fitting of dynamo-cycle period to observed mean duration of the sunspot cycle of about 11 years.

TIME NORTH–SOUTH MAGNETIC ASYMMETRY OF POLOIDAL FIELD

Magnetographic studies indicate that the poloidal field of the Sun can usually be described by a simple dipolar configuration that has asymmetric polarity with respect to the equator plane. However, during the last five solar-activity maxima, both magnetic poles had the same polarity: the reversals of the northern and southern polar fields occurred one to two years apart. This results in an apparent magnetic “monopole” in the solar field at the maxima epochs [11]. To account for this magnetic anomaly, some researchers have suggested that a quadrupolar harmonics of the poloidal field, magnetically symmetric mode about the equatorial plane, could be dominant at those epochs [3, 11]. The dynamo theory must prove this assumption on prevalence of quadrupolar configuration for some period.

There is a better chance to resolve this problem by dynamo models if the recent helioseismological detections for solar rotation were used. Different regimes of the internal rotation in the near equatorial and polar domains and substantial temporal and spatial angular-velocity variations near the bottom of the SCZ have been revealed by helioseismic experiments during the past seven years covering the rising phase of the 23rd solar cycle [12].

By solving the dispersion relations, Parker [35] found that the character of the excitation depends on the sign and magnitude of the parameter

Kλ = ( α ∂Ω ∂r rλ^3/ν^2_T

)_{1/3} . (5)

Obviously, the conditions for exciting the global magnetic field modes (dipole or quadrupole) will be different in the domains with opposite signs of ∂Ω/∂r. Therefore, we studied the dynamo effect for these differing domains close to the tachocline and the overshoot layer, using the helioseismology data on the solar inner rotation during the rising phase and near maximum of the 23rd cycle [12], and physical parameters of the SCZ model by Stix [48]. The calculated value of the wave number of the dynamo wave at the near-equator region Kλ_1 ≈−7 [24] is very close to Parker’s eigenvalue Kλ=−7.43 required for a dipolar configuration. Therefore, at mid to low latitudes, the αΩ-dynamo excites, foremost, the lowest harmonics of the poloidal field, the dipole mode. At the latitudes above 50^∘ the radial gradient of the angular velocity changes its sign, so here the calculated wave number proves to be positive, Kλ_2 ≈ + 9.5. Then, the quadrupole configuration dominates in the structure of the poloidal field at near pole domain [24] since Kλ = + 7.43 is sufficient to excite this mode. As a result, at superposition of two meridional magnetic harmonics both polar zones have the same polarity. Obtained north–south asymmetry of the net meridional field can account for the anomaly of the polar magnetism observed near the maxima of solar cycles (the apparent magnetic “monopole” of the Sun in that epochs).

Acknowledgements. Author thanks L. L. Kitchatinov for a useful discussion.

[1] Abramenko V. I., Wang T. J., Yurchichin V. B. Modeling of a linear force-free magnetic field in a bounded domain // Solar Phys.–1996.–168.–P. 75–89.

[2] Antia H. M. Subsurface magnetic fields from helioseismology // Magnetic Coupling of the Solar Atmosphere: Proc.

IAU Colloq. 188.–Noordwijk: ESA SP-505, 2002.–P. 71–78.

[3] Babcock H. D. The Sun’s polar magnetic field 1952–1954 // Astrophys. J.–1959.–130.–P. 364. [4] Basu S. Seismology of the base of the solar convection zone // Mon. Notic. Roy. Astron. Soc.–1997.–288.– P. 572–584.

[5] Basu S., Antia H. M. Changes in solar dynamics from 1995 to 2002 // Astrophys. J.–2003.–585.–P. 553–565. [6] Charbonneau P., MacGregor K. B. Solar interface dynamos. II. Linear, kinematic models in spherical geometry // Astrophys. J.–1997.–486.–P. 502.

[7] Charbonneau P. et al. Helioseismic constraints on the structure of solar tachocline // Astrophys. J.–1999.–527.– P. 445–460.

[8] Dikpati M., Gilman P. A. Analysis of hydrodynamic stability of solar tachocline latitudinal differential rotation using a shallow-water model // Astrophys. J.–2001.–551.–P. 536–564.

[9] Dikpati M., Gilman P. A. Flux-transport dynamos with α-effect from global instability of tachocline differential rotation: a solution for magnetic parity selection in the Sun // Astrophys. J.–2001.–559.–P. 428–442.

[10] Elliot J. R., Gough D. O. Calibration of the thickness of the solar tachocline // Astrophys. J.–1999.–516.– P. 475–481.

[11] Howard R. Studies of solar magnetic fields. I. The average field strengths // Solar Phys.–1974.–38.–P. 283–299. [12] Howe R. et al. Dynamic variations at the base of the solar convection zone // Science.–2000.–287.–P. 2456–2460. [13] Keinigs R. K. A new interpretation of the alpha effect // Plasma Physics.–1983.–26.–P. 2558–2560. [14] Kitchatinov L. L. On mean-field magnetohydrodynamics in inhomogenous turbulent medium // Magnitnaja Hidrodinamika (Riga).– 1982.–3.–P. 67–73.

[15] Kitchatinov L. L. Turbulent transport of magnetic fields in a highly conducting rotating fluid and the solar cycle // Astron. and Astrophys.–1991.–243.–P. 483–491.

[16] Kitchatinov L. L., Pipin V. V. Mean-field buoyancy // Astron. and Astrophys.–1993.–274.–P. 647–652. [17] Kitchatinov L. L., Rüdiger G. Magnetic field advection in inhomogeneous turbulence // Astron. and Astrophys.– 1992.–260.–P. 494–498.

[18] Kosovichev A. G. Helioseismic constraints on the gradient of angular velocity at the base of the solar convection zone // Astrophys. J.–1996.–469.–P. L61–L64.

[19] Krause F. Eine Lösung des Dynamoproblems auf der Grundlage einer linearen Theorie der magnetohydrodynamisschen Turbulenz. Habilitationsschrift.–Univ. Jena, 1967.

[20] Krause F., Rädler K.-H. Mean Field Magnetohydrodynamics and Dynamo Theory.–Berlin: Akademie Verlag, 1980. [21] Krivodubskij V. N. Magnetic field transfer in the turbulent solar envelope // Sov. Astron.–1984.–28.–P. 205–211. [22] Krivodubskij V. N. Intensity of sources of magnetic fields of the solar aw-dynamo // Sov. Astron.–1984.–28.– P. 316–320.

[23] Krivodubskij V. N. Rotational anisotropy and magnetic quenching of gyrotropic turbulence in the solar convective zone // Astron. Rep.–1998.–42.–P. 122–126.

[24] Krivodubskij V. N. The structure of the global solar magnetic field excited by the turbulent dynamo mechanism // Astron. Rep.–2001.–45.–P. 738–745.

[25] Krivodubskij V. N., Schultz M. Complete alpha-tensor for solar dynamo // The cosmic dynamo: Proc. IAU Symp. 157 / Eds F. Krause, K.-H. Rädler, and G. Rüdiger.– Dordrecht: Reidel, 1993.–P. 25–26.

[26] Kryvodubskyj V. N. Negative magnetic buoyancy and formation of a sunspot belt // Kinematics and Physics of Celestial Bodies. Suppl. Ser.–2005.–N 5.–P. 155. (this issue).

[27] Kryvodubskyj V. N., Rüdiger G., Kitchatinov L. L. Non-linear diamagnetic transfer and magnetic buoyancy of large-scale magnetic field in the convective zone of the Sun // Visnyk Kyiv. Univ. Astronomija (Kiev).–1994.–33.– P. 55–58.

[28] Kuzanyan K. M., Bao S., Zhang H. Probing signatures of the alpha-effect in the solar convection zone // Solar Phys.–2000.–191.–P. 231–246.

[29] Longcope D. W., Fisher G. H., Pevtsov A. A. Flux-tube twist resulting from helical turbulence: the sigma-effect // Astrophys. J.–1998.–507.–P. 417–432.

[30] Makarov V. I., Sivaraman K. R. Evolution of latitude zonal structure of the large-scale magnetic fields in solar cycles // Solar Phys.–1989.–119.–P. 35–44.

[31] Makarov V. I., Sivaraman K. R. New results concerning the global solar cycles // Solar Phys.–1989.–123.– P. 367–380.

[32] Melrose D. B. Neutralized and unneutralized current patterns in the solar corona // Astrophys. J.–1991.–381.– P. 306–312.

[33] Ossendrijver M. The solar dynamo // Astron. and Astrophys. Rev.–2003.–11.–P 287–367. [34] Parker E. N. Hydromagnetic dynamo models // Astrophys. J.–1955.–122.–P. 293–314. [35] Parker E. N. Cosmical Magnetic Fields.–Oxford: Clarendon Press, 1979.

[36] Pevtsov A. A., Canfield R. C., Metcalf T. R. Latitudinal variation of helicity of photospheric magnetic fields // Astrophys. J.–1995.–440.–P. L107–L112.

[37] Rüdiger G., Kitchatinov L. L. Alpha-effect and alpha-quenching // Astron. and Astrophys.–1993.–269.–P. 581–588. [38] Roxburgh I. W. Convection and stellar structure // Astron. and Astrophys.–1978.–65.–P. 281–285. [39] Rüdiger G., Branderburg A. A solar dynamo in the overshoot layer: cycle period and butterfly diagram // Astron.

and Astrophys.–1995.–296.–P. 557.

[40] Schüssler M. On the structure of the magnetic fields in the solar convection zone // The Hydromagnetics of the Sun:

Proc. 4th European Meeting on Solar Physics.–Noordwijkerhout: ESA SP-220, 1984.–P. 67–76. [41] Seehafer N. Electric current helicity in the solar atmosphere // Solar Phys.–1990.–125.–P. 219–232. [42] Seehafer N. Alpha effect in the solar atmosphere // Astron. and Astrophys.–1994.–284.–P. 593–598. [43] Spiegel E. A., Weiss N. O. Magnetic activity and variations in solar luminosity // Nature.–1980.–287.–P. 616–617. [44] Spiegel E. A., Zahn J-P. The solar tachocline // Astron. and Astrophys.–1992.–265.–P. 106–114. [45] Steenbeck M., Krause F. On the dynamo theory of stellar and planetary magnetic fields. I. A.C. dynamos of solar types // Astron. Nachr.–1969.–291.–P. 49–84.

[46] Steenbeck M., Krause F., Rädler K.-H. A calculation of the mean electromotive force in electrically conducting fluid in turbulent motion, under the influence of Coriolis forces // Zeits. Naturforsch.–1966.–21a.–P. 369–376.

[47] Stix M. Dynamo theory and solar cycle // Basic mechanisms of solar activity: Proc. IAU Symp. 71 / Eds V. Bumba and J. Kleczek.–Dordrecht: Reidel, 1976.–P. 367–388.

[48] Stix M. The Sun.–Berlin: Verlag, 1989.–200 p.

[49] Vainshtein S. I., Zeldovich Ya. B., Ruzmaikin A. A. Turbulent dynamo in astrophysics.–Moscow: Nauka, 1980.– 352 p. (in Russian).

[50] Woltjer L. A theorem on force-free magnetic fields // Proc. Nat. Acad. Sci. USA.–1958.–44.–P. 489–491. [51] Yoshimura H. A model of the solar cycle driven by the dynamo action of the global convection in the solar convective zone // Astrophys. J. Suppl. Ser.–1975.–29.–P. 467–494.