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Dynamo theory studies the nature of the cosmic magnetic
fields (MF), including the origin of the solar and stellar

magnetic activity, origin of the MF of planets,
astrophysical planetary disks, galaxies and the Universe.

Our goals:
* Show how the dynamo theory can be

deduced from the first principles governing
evolution of the magnetic field In
astrophysical plasma

* Describe methods employed in the theory

* Examples of application



Plan

1 )Motivation and formal introduction
2)The turbulent electro-motive force
3) Dynamo scenarios

4) Differential rotation and turbulent angular
momentum transport

5)Mean-field solar dynamo model and nonlinear
effects



[ecture I: Motivation and
Formal introduction

Observations

ormal Introduction
*Basic models for driving
turbulence



Observations
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Solar cycle of global activity

Daily sunspot area, Hathaway NASA/ARC 2016/10
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Br, data credit to NSO&SDO/HMI
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HK survey, Ca ll H & K lines (Baliunas et al. 1995)

Rotatioin rates from SIMBAD
Sun
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The Sun

SDO/HMI, <Br>~2G

SDO/HMI 20150622_032623

M-dwarf

V374 Peg, 0.3Ms
rotating with period
of a half day, <Br>~2kG

(Donati et al 2009, £<13)
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Solar “twin”, e-Eridan1 (K2, 0.85Ms,P.,=11d)
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Magnetic field topology is very diverse...

Credit to
Vidotto (2018)

Stellar mass (M)

Zeeman Doppler imaging: large-scale magnetic fields
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Rotation period (d)

« Size: magnetic
energy

« Colour: purely
toroidal (blue) or
poloidal (red) fields.

« Shape: purely
axisymmetric
(decagon) or non-
axisymymmetric
(star).

Magnetic topology

| depends on stellar
| mass and rotation. The

strongest MF is
observed on M-dwarfs.



Stellar activity magnitude, X-ray
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Resume

* The Sun’s type magnetic activity Is organized on
the large-scales in time and space

* Global rotation defines
* Topology of magnetic field

* The overall strength of magnetic activity

* Convection (stellar mass) defines
* Amount of turbulent energy for the dynamo

* Spots formation and etc



Formal scheme

v=(U)+u, B=(B)

b,

5= (S)+,

(---) - Ensemble averaging

9B _
ot
ov

V x (v x B),

1
por TPV V)v=Vp+pg+ —

One-fluid ideal

—_—

MHD
Equations

magnetohydrodynami

CS

47

(VxB)xB

oT {—+(V-V)5] =V - (F+F)+e +..

ot




Ensemble averaging

* For an ensemble averaging we use the set of the identical systems
(the member of the given ensemble) where the measurements are
carried on. This concept is based on the probability:

Examples: <F (t1)> — /Pt (F) FidF,

* Inthe laboratory, (say in Perm where they have a dynamo machine)
In studying the magnetic field in turbulent channel.

* The theoretical study of the turbulent flows.

* For the Sun we might assume that each 22 cycle is a separate member
of an ensemble.

Advantage: Disadvantage:
* Reynods averaging rule * Hard to perform in
* No scale-separation asumptions observations



Reynolds averaging rules

(F1 4+ F3) = (F1) + (Fg)

(F1) F2) = (F1) (F2)
(aF1) = a (F) Ifa=const

They are valid for ergodic ensemble systems



Temporal averaging:

(B (x,1)), = Tia/(B (x,t) + b (x,1))dt

How to prescribe Ta ?
* The practical approach would be to check the condition:

1
T—a/b(X,t)dt:O

b
* Scale-separation assumption is needed if : O¢b ~

Tc
Then 1o > T

For the Sun, the largest convective cells (occupying the most
depths’ of CZ) have 1. = 1 - 3 months (typical life-time of the large
AR), then Ta>1Yr.



Sun

V833 Tau

Does 1t work for the Sun?
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Spatial averaging:

(B (x,1)) (B(x,t) + b(x,t))dx

X ng
How to prescribe L, ?

e Again, the scale-separation assumption is needed, if :

b B
axb Y _7 >'e N ——
7 and 0B I

then for L,>{. we can use the spatial averaging

* For the Sun, the largest convective cells (occupying the balk of
CZ) have .= 0.2 Ro ~ 12° - the typical size of the large AR.

* In athimuth the axisymmetric magnetic field satisfies L.> (.
while in latitudinal and radial direction it is not



Spatial scale distribution for the magnetic Sun
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Formal scheme

MHD

L L . /
v=U)+u, B=(B)+b, s=(s)+s, ... |piations
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Mean-field equations
0:(B) =V x (€ 4+ (U) x (B)),

%ﬁfz sin® 9Q = — V- (r sin 0 (ﬁ’i‘¢+frﬁ Sin Hﬂﬁm>)
+ V- (rsin9<B>4§TB¢>
T (24w i) = v 01,57 e (),

€ = (u x b) Effect of

. 1 1 , turbulent

1 = <<Uiuj> 47r,0 (<b bj) — 257;3' <b >>> ; flows
and

FO™ = —c, 0Tk Vi(s), kij = (uiu;) magneti
c field



Equations driving the turbulence:
Model 1: shochastically driving turbulence

b
%—t=V><(u><<B>+<U>><b)+77V2b+V><(u><b—S)+Q5,
P, +2p (2 xu), = =V, (p—l— yp )—l—uApuz

1 :
+ Vi (B + (Bijby) +V; (T — T )
— Vi (p{Uj)ui + p(Us)uy) + fi + Fi.

Here, G and F are random forces driving turbulence, their statistics is
given. In other words, the properties of the background turbulence are

given

(0)
agt = nV?b9 + V x (u(o) X b(O)) + &,
ou'? (0) (0)
pim = —Vip+vdpu” + (pTi’j ) + i+ 3
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Equations driving the turbulence:
Model 1: shochastically driving turbulence

— =Vxux(B)+{(U)xb)+nV°’b+Vx (uxb-E&)+ &,

+2p (2 xu), = —Vi<p—|— 4 )—I—VApui
T

1 .
+ Vi ((Bj)bi + (Bi)b) + V; (,UTi,j —~ ,OTi,j)
— Vi (p{Uj)u; + p{Us)uy) + fi + S,

Governing parameters:

o: b, nA b versus VX (ux b) - (St=ut/t,
Rm=ut/M)

Oru, vAu versus V- u® u = (St=ut/t,
Basi¢lpdrametres to quantify

nonlinear effects of large-scale

field:

0" =207, = Ro™" B = [(B)|/v/4mp (u?)



Equations driving the turbulence:
Model 2: quasiadiabatic stellar convection

Gui
ot

capn, = v (pe D)

1 R
Evj ((Bj)bi + (B;)bj) + V; (PTi,j — PTi,j)

— Vi (p(Uj)u; + p(Usi)uj) + pgs,

* Introduce the reference state: VP = gp

_|_

/s
e Consider equation of state for density variations: P
V{s) VP Vp

Cp PP

* Employ the Boussinesque approximation (neglect density variations
except buoancy forces)



Model 2: quasiadiabatic stellar convection

ﬁ@ui (X ), = Y, (z;) v, ((b-<B>)> T vAB,
ot 0 47
+ 47TV ((Bj)bi + (Bi)bj) + V; (PTz‘,j = PTi,j)

— Vi (p{Uj)ui + p(Us)u;) — p=5,

o1 (05 + ((U) - V)s’) = —pT (u-V{(s))+V - -xpITVs

ot
b
é;t—Vx( x (B) +(U) xb)+nV’b+V x (uxb— &)+ &,

Governing parameters:

ot b, MA b versus Vx (ux b) - (St=ut/t,
Rm=ut/m)

O u, vVA u  versus V- ue u = (St=utlt,
Re:Uf/\/) gzg ‘V<S>’
Or S versus kK As’ > Pe=utl/x

vA u  versus ¢ S’/CIo (Wheres ~u tV <s>fx )+ r\gpliy

O* =207, = Ro™* = |(B)|/\/47p (u?)




Basic parameters of the solar
convection zone plasma

£, [cm] |1, [s] u, K, v, n,[cm?/s] |Re Rm Ra
[cm/s] |[cm?%/s] |[cm?*/s]

r<2/3R  |510° |3 10° 210° |10° 10* 104 10 10%f 10#

R=0.99R |3 10" |10° 10° 10 10 107 10 104 10%°

V{s)|

Stellar convection zones:  1|<V<K

Here, we use ~10~8 — 10~




