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Induction eguation — from
Maxwell'equation
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Induction eguation — from
Maxwell'equation
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Induction eguation — from

Maxwell eguation
> Induction equation
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Induction eguation — from
Maxwell eguation

vxE=_1B E=E+-xB
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Induction equation — Properties

—
J‘-ds %—?ZVX(VXB—UVXB);
ja—B-ds—gﬁ(va d(~[Vx(nVxB)-ds;



Induction equation — Properties

If dynamo impossible

-
j%—]?-ds+<ﬁB-(vxdE):—I[Vx(anB)]dS,
U
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— =Vx(vxB-nVxB); Alpha-Omega Dynamo
ot (Mean-Field Approach)

> Induction equation for mean magnetic field:

a@—?sz(U><B+8—77V><B)

> . Shteenbeck, Krause and Raedler (1966)

v=U+u, B—>B+b
8E<u><b>:aB—77TV><B+...
: )

a:—§<u-r0t u>; n, = 3
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Laboratory Turbulent Convection

e

-

B&fora\earacagmg




Kpbim 2019

Mean-kField Approach

> Induction equation for mean magnetic field:

a@—?sz(U><B+8—77V><B)

e=(uxb)=aB-17,VxB+...

o = —%(u-rot u); 7, :gﬁouc
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Convective velocity In a star of
main seguence




Kpbim 2019

Turbulent diffusivity In a star of
main seguence
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Physics of the alpha-effect

The @ -effectis related to the
In an

The deformations of the magnetic field
lines are caused by and
rotating turbulent eddies.

The inhomogeneity of turbulence breaks
a symmetry between the and
eddies.

Therefore, the total effect of the upward

and downward eddies on the mean
magnetic field and It
creates the mean electric current parallel
to the
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Alpha-effect in Dynamo
(Mean-Field Approach)

> Induction equation for mean magnetic field:

B
aa—:Vx(UxB+aB—(77T+77)V><B)
[
>
85<u><b>=aB—77TV><B+... Vme4—7ZJ
C
J=0c [E+1(U><B+aB)] o -
75T - Az (o + )
_E()uc. __E . NQE% . _1—_la_p
n, = 3 o= 3<u r0tu>~3Lp COS(IQ),LP— par,Qr<<1
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Rossby-parameters for
main sequence stars
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Radial profiles of the alpha-effect

Kichatinov, L. L. & Rudiger, G. (1993)

Kleeorin & Rogachevskii (2003)




Latitudinal profiles of the alpha-
s=% g effect |
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Kleeorin & Rogachevskii (2003)




Differential Rotation
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Differential Rotation
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Differential Rotation  «eem2os
U=e Q(r,3)rsin(9)

Rogachevskii & Kleeorin (2018)
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Basic Mechanisms

Global rotation &
stratification

QxJd, AQxJ -effects
Babcock-Leiton proc.

Meridional circulation & Turbulent transport
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Generation of the mean magnetic
field' due to the dynamo

B=e,B(r,9)+rot|e,A(r,9)]

rsin(9)[VQxVA| = %(

0Q) 0 _8Q 0
or 08 08 or

j(rAsin(S))

a—B =rD sin(S)[VQx VALD +11;A,B — Rj A A)

Ot

g—f:aB+ASA; A, :A—(rsin&‘)_2
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Generation of the mean magnetic

field ' due to the dynamo
0 0 od|( ¢
B=5,e,+Vx[de,] [E_AJB_DSIH(’%) or a.9|(az_77TAj
[g— A]A = cos(4,)B
ot
R 6QR3
D=R R,; R =——;R,= -,
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Generation of the mean magnetic
field ' due to the dynamo

B =B,exp(At—i(K,r+K,9))
B=B e, +Vx[de,]

)
(Q—Aj B = Dcos(Y,)sin(Y, )6_Q@_B
ot or 09
[g — A] A =cos($)B
ot :
1 a,R. SQR’
A, =A- DN == s P = =

r*sin’ @ Ny My
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Generation of the mean magnetic
field ' due to the dynamo

B =B, exp(ﬂ.t — i(K,,r + K99)) <= E. Parker (1955)
B=B,e,+Vx|Ae |

(/1+(K3 +K§))2B --8 5 Dein29)

_E_..--""--*_-'__effe-h: [—-x -
B ': Bior | (a— — A] A=cos(Y%,)B
" [

T \' Efte r
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Generation of the mean magnetic
field ' due to the dynamo

B =B, exp(yt)cos(wt—i(K r+K,9))

B=3B e, +Vx[de,]

1 - 2 o\, dy .
y = 5\/\1{9 sin(29,)D| - (K] +K;): o 0
_ D—R R: R R, R 5QR2
K -1 i/‘sm(&%)l)‘; =R Ro Ro=— =ik =—1
2 2
i : 2/3 : 2/3 N
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2 2 4 2 ron;




Generation of the mean magnetic

field due to the

B = B, exp(yt)cos(yt - K,9+5)cos(K, (1-r))

B=3B e, +Vx[de,]

K, =%</‘Sm(290)D‘;

1

y(K,) = A

" or n?

|

2
sin(29,)D)|

2

2

2/3
] - R2K?

iMm 2019

dynamo

<0; |D|>D, =2(2K,) =2(7 R, /L,) ~1,680



Comparing Observations and Theory

B = B, exp(yt)cos(yt— K9+ 5)cos(K, (1-r))

Steenbeck, Krause and Raedler (1966)

i
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Nonlinear Alpha-Omega Dynamo
(Mean-Field Approach)

i — U=e,Q(r,3)rsin(9);
op
Iroshnikov (1970)
a(r.9,8)=—2U9)

B 1+(B/B,)
OB
EZ(BP V)U, +1,A,B
O0A -2

EZG(V,S,B)B‘FUTASA; AS :A_(rSinlg)



Nonlinear Alpha-Omega Dynamo
(Mean-Field Approach)

Steenbeck, Krause and Raedler (1966) ~ e.g., Pipin (2000)

(1]
Q
=)
|—
H
S

0B _ A E a(r.9)
5_(BP.V)UT+77TASB (r.4,B) T (88, ]
oA Iroshnikov (1970)

= a(r8.B)B+n,A A A, =A~(rsind)”



Nonlinear Alpha-Omega Dynamo
(Mean-Field Approach)

Steenbeck, Krause and Raedler (1966) Pipin (2000)

(1]
Q
=)
|—
H
S

OB

- — (Bp .V) U,+nAB— Iroshnikov (1970)
. a(r,9)
s D(B) = ~—>D, a(r,9,B)= 2
1+(B/B,) 1+(B/Bo)
04
—=a(r,9,B)B+mn,AA4;
o1 — B = B, R—l

A, =A—(rsin9)” D,



Nonlinear Alpha-Omega Dynamo
(Mean-Field Approach)

Steenbeck, Krause and Raedler (1966) Pipin (2000)

LATITUDE

400 Years of Sunspot Observations
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Nonlinear Alpha-Omega Dynamo
(Mean-Field Approach)

Steenbek, Krause and Redler (1966) Pipin (2000)

LATITUDE

DAILY SUNSPOT AREA AVERAGED OVER INDIVIDUAL SOLAR ROTATIONS
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Nonlinear Dynamo



Magnetic part ofi Alpha -Effect
(Mean-Field Approach)

> Induction equation for mean magnetic field:

0B

W:V><(U><B+.«;—77V><B)

85<uxb>=aB—nTVxB+...

o= —%(u-rot u)



Evolution equation magnetic for part of
Alpha -Effect

oa,

p +divF = 472'2771. |:— (Olh -I—Otm)B2 +77TB'r0tB:|—%

X

T, R 7,Rm Kleeorin & Ruzmaikin (1982)

>
£E<uxb>:aB—nTVxB+...

ap

am
AN A\

o= —§<u-r0t u) g, (B)+ 12;0 gb.rft b)e, (B)

~a<b

Field & Blackman (2000)



Negative Magnetic Pressure

(Brandenburg, Kleeorin, Rogachevskii 2010) : - -
(Kleeorin, Rogachvskii, Ruzmaikin

P =(1 32 1989,1990; Rogachvskii, Kleeorin
n=1-q,)= 2007)



Negative Magnetic Pressure

MOCKOBCHWUH OPLEHA JEHAHA M OPLEHA TFYJOBOIO KPACHOI'O 3HAMEHM
T'OCY JAPCTBEHHHR MEJATOTMYECKUN MHCTUTYT wmenn B.U.JEHHHA

Ha npapax pyxomucu

KIMOPUH HATAH MOCHSOBIY
YJK 524,3-337+523,9-337

HEIWHERHOE JMHAMO KPYTIHOMACITABHHX MATHATHHX
TIONER 3BE3]

( Cnemmansrocts - 01.03.02 - acrpodusmuxa)

.EHCCGPT&L‘[HH H&a COHCEaHHe
YUeHOH CTeneHH HaHmMIATa

@n SHEO-MATEMATHUECKHX HayK

Hayuuuii pyxoBOIMTEND:

LOKTOD (M3MKO-MATEMATHUECKUX

HayK, CTapmMil HAyuHH{i COTDYIHUK
AL A PY3MAVKIH

Mockea - 1984




Negative Magnetic Pressure

e K2 (4-2/454aR,),

K =(4-2/ustnR ).



How to Understand Negative

Magnetic Pressure?
B’ 1 2

by = 87[9 Pr = gEM-I_gEK
Pr = —ﬁ(bzﬁ i oo, puon 2 B <2”2> i <:;>
=P = {Bz_@;)J 2 g

T

<b2>=a§2; E}tot) :E}mr)(o)_g_;rgz;

D2
PMHD _ B[l— a+32611 )-l—iE}mt) (O)




How to Understand Negative
Magnetic Pressure?

B2
P,=—;
8
Peﬁ_zgz[l_a—l—ZalJ
P o8rx 3
<b2>:al§2;

o0 — plen (q _igz;
! ! ( ) Y/

(Brandenburg, Kleeorin, Rogachevskii 2010)
B’ a+2a 2
_ 1 (to1)
PMHD _Sﬂ(l_ ]_'__ET (0)

3 3



Negative Magnetic Pressure

(Brandenburg, Kleeorin,
Rogachevskii 2010)




Negative I\/Iagnetlc Pressure
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Solar convection-examples
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Nonlinear dynamo

B=e,B(r,9)+rot|e,A(r,9)]

A ) effect x
., o - —'--__‘..
& .-"‘.

'\.\I

BPU] I: l Btnr II|
- 1(6Q 0 Q) . \_
n(3)|VQxVA|l =— — rAsin(% ~— o
rsin(9)[VQxVA| . ( r 29 69 ar j( C)) \

oB :
— =Dsin(3) [VQxVA] +AB

[
% =aB+A.A; A, =A—(rsin 9)_2
aa”””eriVF: O [—(ah+am)B2+77TB-rotB}—a—m

ot 47Tp77T Z'Z
7, ¥7,Rm Kleeorin & Ruzmaikin (1982)

Reza Tavakol & Enrique Covas (1997)



RESULTS

¢:

400 Years of Sunspot Observations 3[1-arctan(¢B,,)/£B,, |/$7Ba
MMC):?rreuL% 8 D — (4 o 10) X 103

c§
o 1 Zgg | ! \ | ] //lz = ll K — ll
{ . Maunder - . =11 | | Q
+ ¢ Minimum  ~ | ‘ ‘ | ] | ‘ 2 O = 3 T — 6.3
i * 2 | ™ 111 { I}
R =2 E=I2/R, =~

55 6
t/t, (t, = 109 year




R ES U LTS (Ya. Kleeorin & ell. 2016)

400 Years of Sunspot Observations

Modern
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RESULTS: 100-200 years prediction of
solar activity

+ o
OO B




RESULTS: 100-200 years prediction of
solar activity R_ /L ~ u™

(Safiullin & all 2018)



RESULTS: 100-200 years prediction of
solar activity R_ /L ~ u™

Bee m30bpaxernd ¢ 1645 r oo 1725 r. (vuemvym Mayagepa)

(Safiullin & all 2019)
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CoexTpan.
THI

M. [M,

R./R,

(=)

3?1':"‘}./ Ir

P./ Ps

B, Taycc)

217

T

0.540

B, (Taycc)

188 =107 -7

Ady

1

H

1.069

0
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0.543




ComHie
HD 115383

HD 20630
HD 131511
HD 26965

HD 185114
Gl11712A

EQ Vir




ITHE END



