
Mean-field solar dynamo models

V. V. PIPIN, ISTP, Irkutsk,
Russian Academy of Science



Topics:
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●Dynamo models in the 
spherical shell

●Eigen value problem
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●Nonlinear effects



Derivation



Equations driving the turbulence:



To compute E  it is convenient to write the MHD 

equations in Fourier space: 



Equations to solve: the second order 
correlations in Fourier space



Tau approximation
Minimal tau-approximation, it is valid for Rm, Re 1≫

It is assumed that the third-order moments relax to the
 second order ones



Dynamo equations



Mean electromotive force



Distribution of the dynamo parameters in the SCZ
 



Dynamo modes, A0
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Dynamo modes, S0
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1D models



Simple model, waves on the spherical surface
 



1D model (Jennings et al 1990, Kitchatinov et al 1994)
 



The long-term cycle dynamics with fluctuating



Issues of the ”no r” dynamo models
 



Axisymmetric vs nonaxisymmetric dynamo

Krause &Raedler 1980.

1)A0,S0 have a lower 
threshold than A1,S1
2) Increase Cω results 
in increase  the 
instability threshold for 
A1,S1
3)For the Sun, 
Cω>>Cα 



Axisymmetric shperical dynamo



Axisymmetric dynamo, dynamo instability analysis



Solar dynamo waves, axisymmetric model

λ=30o

BT/BP~150, Pdyn=21yr




Torsional oscillations 
and “extended cycle”

•Solar zonal oscillations of angular velocity as B2 effect of MA on the angular 
momentum transport.
•Though, the mechanical action of the large and small-scale Lorentz forces 
modulated by solar cycle being the essential part of the play, it does not explain 
the extended mode of the torsional oscillations.
•“Extended cycle” shows itself in many others parameters of SA

Courtesy of Roger Ulrich (http://obs.astro.ucla.edu/torsional.html) 



Overview from SOHO and SDO



Conservation of angular momentum

For a turbulent flow under rotation and magnetic field:

(Kitchatinov et al 1993, Kueker et al 
1996, Kitchatinov& Ruediger 2005)



Simple model





Meridional circulation

Generation  by imbalance of 
centrifugal and baroclinic forces

Quenching

Dissipation & advection

Generation  by imbalance of 
centrifugal and baroclinic forces



Heat transport

Mixing length
 approximation:

(Kitchatinov et al 1993, Pipin 2004)

Reference state of g, 
ρ, T, cp etc. from  
MESA solar interior 
model



Boundary conditions

Stress-free at the surface and solid body rotation below 
overshoot region (see, Pipin&Kosovichev 2020)

Given heat flux at bottom & black-body radiation at the 
top

Zero B at the bottom of overshoot

Either vacuum BC, or more “realistic” BC with 
penetration of toroidal B to the surface and the 
potential or pure poloidal field outside (Moss et al 1992)



Driving forces



Conservation of angular momentum

For a turbulent flow under rotation and magnetic field:

(Kitchatinov et al 1993, Kueker et al 
1996, Kitchatinov& Ruediger 2005)



Driving forces 

Hydrodinamic inertia 
force
Lorentz force caused by  
small-scale perturbations 
of mean field
Toroidal Lorentz force of 
the LS MF

Poloidal Lorentz force  

Toroidal force form 
meridional circulation

Toroidal force from 
magnetic Λ effect

See details in Pipin & Kosovichev 2019



Dynamo induced forces

The torsional oscillations results from a balance of different forces. Acceleration 
from each of them exceed the balance more than order  of magnitude!



Conditions for the extended mode of 
the torsional oscilltions

We find that extended mode of the torsional 
oscillation is induced if: there are 
1) the magnetic cycle overlap
2) dynamo induced perturbations of the convective 
heat flux
3)effect of MC on the TO is taken into account



Torsional oscillations in
 convection zone

1) B2 effect of the dynamo 
on the heat transport 
produces the track  of 4-5 
meridional circulation 
perturbation cells  along 
latitude
2)The mechanical action 
from quenching of turbulent 
stresses and the mean 
Lorentz force cause the 
zonal variations of rotation. 
3) The track of meridional 
circulation perturbation cells 
transports zonal variations  
from pole to equator




Comparison with observations
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Extended mode TO is induced 
if: there are 
1) the magnetic cycle overlap
2) dynamo induced 
perturbations of the 
convective heat flux
3)effect of MC on the TO is 
taken into account



Summary

● The mean-field evolution equations can be derived from  the 
standard MHD equations. The estimations of turbulent 
effects for the case of high Re, Rm is not a problem, as well.

● Depending on the task being solved we can choose a 
simplification of the dynamo model, e.g., 0D, 1D, 2D, 3D 
models can be  applied

● The  dynamo is a large-scale instability which require the 
critical threshold

● The 11-th and 20 years torsional oscillations of the Sun 
results from the nonlinear balance of the dynamo induced 
azimuthal forces in the presence of the magnetic 
perturbation of the heat transport inside the convection zone
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