Origin of large scale magnetic fields
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© Rough observations



Rough observations

Compass

Use of the magnetic property of the Earth for traveling.



Rough observations

Magnet and metal dust




Rough observations

Aurora




Rough ob

Magnetosphere

Interaction of solar particles with the magnetosphere.



Solar activity

Magnetic activity on the Sun.
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Detailed observations

Curie temperature
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No magnetization at high temperature.
How can you make a magnet at high temperature ?



Detailed observations

Reversal
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Reversal of the magnetic field.
How can the magnet flip ?
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Induction

Dynamo (Bullard set-up)

An example of magnetic field generated by motion.



Induction

Description of the core of the earth and the Sun.



Induction

Rayleigh-Bénard convection (heated from bellow)

Rayleigh-Bénard convective rolls.
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Induction

Magnetic Reynolds number

3;B=V x (vxB) + (o) 'AB, V-B=0, 1)
v=Uu ; X=Lx ; 71=(L/U)t. 2)

| A

Dimensionless equation

0B=Vx (uxB)+Rm 'AB with Rm=pyoUL. 3)

Physical interpretation

@ Rm < 1 : viscous effects dominate

@ Rm>> 1: cinematic effects dominate (Sun: Rm = 10'1)




Induction

Symmetry: reversals explained

Dimensionless equation

B=Vx (uxB)+Rm 'AB with Rm=pyoUL. @)

B — —B: leaves the equation unchanged.
Reversal of the magnetic field are possible.

N
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Alpha-dynamo

Three-mode interaction

Dimensionless equation

0B=Vx (uxB)+Rm 'AB with Rm=pyoUL. (5)
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Instability generation

Dimensionless equation

0B=V x (uxB)+Rm 'AB with Rm= oo UL. (6)

4

Eigenvalue (ev) problem

Linear operator:

%£[B] =V x (uxB) + Rm 'AB. @)

a-dynamo eigenvalue:

27
LBo] = (@g— Rm ' ¢)Be, with 9= (8)
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Alpha-dynamo

Methods to explain a-dynamos

Multi-scale expansion

@ Theoretical demonstration of existence of the phenomenon

@ Links small scales with large scales
e Valid at Rm < 1 (Sun Rm=10"")

o Theoretical demonstration of existence of the phenomenon

e Dissociates large and small scales (ag— Rm™'g?)

o Valid at large Rm

Floquet method

e Can only be performed with numeric simulations

e Dissociates large and small scales
e Valid at any Rm with CFL limitation




Alpha-dynamo

Our results: What is measured ?

Linear operator equation

0B=%[B] with Z£[B]=Vx(uxB)+Rm 'AB. 9)

Eigenvalue (ev) problem

Temporal evolution:
ZLBey) =AeBey =>  Bey(t) =Bey(t=0)e". (10)

Maximal eigenvalue: Y= max,-({/lév}) .

4

Random start

B(t=0)= Zl biB,, = B(t) = byBye'". an
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Alpha-dynamo

Our results: y(gq)
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Alpha-dynamo

Our results: y(Rm)
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Alpha-dynamo

Our results: Ey/ E;y:(q, Rm)




Thank you for your attention




Multi-scale expansion (Method 1)

Theoretical demonstration of existence of the phenomenon

Exact conditions on the velocity to have generate an instability
Valid at Rm < 1 (Reminder: for the Sun Rm = 10'1)

B(x1,x2, 11, 13)
Gt d 6;1 + Rm_46t2
Oy — 0x, + Rm_za)62




Mean field theory (Method 2)

e Can compute numerical values of the a-coefficient

@ Requires to know the statistic of the small scale b
o Dissociates large and small scales

o Valid at large Rm

e B=(B)+b




Floquet theory (Method 3)

Use
@ Can compute numerical values of the a-coefficient
e Introduces an scale separation parameter q
o Links small scales with large scales

o Valid at any Rm

e B=bexp(-iq-r)+c.c.




Mean field

The induction equation governing the evolution of magnetic field:
9B =V x (uxB)+1V?B. (12)

Mean field theory decomposition: B=(B) +b

0,(B) -nV(B) =Vx&, & =(uxby, (13)
0;b —anb =VxuxB)+VxG, G=uxb-(uxb).
(14)
When G can be neglected:

&'=al(By + pikvIB)* + ... (15)



Floquet analysis

9B =V x (uxB) +7V?B. (16)

B=bexp(-iq-r)+c.c (17)

d:b=iqx (uxb)+Vx (uxb)+n(V+iq)’b. (18)



Lenz-Faraday law and Maxwell equation

Lenz-Faraday law

é"sz-d[ ; qD:ffB-dS and é"z—%@. (19)

d
éaz—E‘(I) — [[VXE-dsz—f 0,B-dS, (20)
VXEZ—atB. (21)
0;(B-dS)=0B-dS+B:0;(dx xdy) =9;B-dS + (B x dv) - dy, (22)

VxE=-0;B+Vx (uxB). (23)




Temporal evolution (1)

Maxwell’s equations

VXB=u00+€Oa[E)’=M0] ; V-B=0.
VxE=-0B+Vx(xB). . v.e=L2 o,
€o

<

Ohm’s law and approximation

J=0E ; J>¢€y0,E.
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Temporal evolution (2)

Maxwell’s equations

V x B = o) = pooE ; V-B=0.
VxE=-0;B+Vx (vxB). ; V-E=0.

v

Ohm’s law and approximation

J=0E ; J>¢y0E.




Temporal evolution (3)

Maxwell’s equations
VXB:IJ()O'E ; V-B=0.
0;B—Vx(vVxB)=-VxE. ;i V:E=0.

|

Ohm’s law and approximation

J=0E ; J>¢€y0,E.

|

Evolution of the magnetic field

0B—Vx(vxB)=-VxE=-Vx (,uo(f)_IVxB,
0B=VxvxB)+ (o) 'AB and V-B.
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