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Plan for this Lecture (2hrs)

1) Observations of magnetic fields in space V

2) Modelling magnetized fluids with magnetohydrodynamics V

3) Turbulent dynamos -

an overview

4) Mean-field dynamo

5) Small-scale dynamo



3.2 Dynamos flows of energy

Governing equations (for an incompressible fluid) :

2 = x(x ) - yx(tx5 (x)
·

E +V= P + g(x)x + #F +v (**)

Multiply (x) by and integrate over volume (and ignore fluxes through surfaces) :

ge BdV = S[Ex (xi)]. dV -mS[Vx (Exi)]. d (x).b = Vlaxt
+ a-(x b)

=>&S/)dV = St(x) (Wx) dV - f [x i) dV j=Tx
e

-magnetic = - f(x 3) .jdV- SjDV (bx) = 5 · (xj)
energy

=
- Ef . )= x B) dV - SjdVf- -

work resistive
Love,

againsttz force losses



Multiply (x) by < and integrate over volume (and ignore fluxes through surfaces) :

odV = + (jx)dU + S .FdV -erfg(x)d
kinetic work of
energy Lorentz force

=> "Definition" of a dynanto :

kinetic energy
MHD Dynamo

> magnetic energy
= flow of energy



3. 3 Different types of dynamos
· Kinematic dynamo < ↳ Nonlinzar dynamo
is given is affected by i [via Ttg(xi) xi]
=> need only (*) => need (4) and (**)

& Large-scale dynamo < ↳ Small-scale dynamo
= Mean-field dynamo = Fluctuation dynamo
- -x

---
--..



4. Mean-field dynamos
4 .
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.
2 Mean-field magnetohydrodynamics - Steenbeck

,
Krause,

& Radler (1966)

Separation into mean fields and fluctuations : E- < EB) + B

i-(t) + Y
-

(x = 0
; (c : x) =c() ; (x)y) = (x)(y)-

-

<x + y) = (x) + (4) : ()=
-

Insert in induction equation :

21+" = x[Ki) +Yx() +5 + MY 2((5) + B) (***) laverageo

=> = 5x[ <x (i) + (3xB) + (x (5)) + <x i ) + yV2(3)
m- -

<) x (B) O & #O

"mean electromotive
/

force (EMF = E

=> x = Yx()x(53) + xE + MV2(53) (+xxx)



What is E ?

If i and is are uncorrelated : E = (x is") = (i) x (i) = &

=> Is there some correlation ? Yes
,
because i" is caused by -

i) Find equation for i

Subtract (**** ) from (***) :

z = x[()x + (3) + x - E] + m T

ii) First-order smoothing approximation : is remains small during correlation time I
=> ignore all terms linear in is find. E)

=> = x(x (5)

=) i = [ (B) .U)~ - [(')<3)



Use to evaluate EMF :

E= Lux B") ;

- Eijk Vj' Brh /insert i

= RijkVj' [ (B)
, EUR) - (Eijk[Vj' Vi

-

=

Eijk <vjC) i <B) -

Eijn <Vj'V')L

- -

= Xif =
- Bikl

L /
L

depend only on statistical properties
of velocity field



iii) Assume isotropic turbulence

xi = 2 Sil =>6 = - 5/" . (FF) I

Bikl =
- Mi Eikl = +

= 1<'F") T

=> x = x()x(3)) + -x(x(i)) + (y + M+) (B)

Simple dynamo solutions
· Dynamo : (i) =G

=> 25 = x(x(B)) + (y + M+VB)

Ansatz : (i)(x) = 5 (k)expli + ut)



=> = xix B - (n + M+)k2

(
- ( +Mi)42 -iakz iaky

(=> J
=inkz-Mntmil-ink

e

ixRx - (M +M)k
>

=> (8 + (n +Mi (2) [(y + (n + M+)k2) - x b) = 0

=
to

= -(M +Mi)k & u = = (xb) - ( +M +)k =

ar = - 2(n +MT)k + (x) =

=> Rmax=Mi

Umax
=

/entminetFintni



·X2-dynamo : <) = (0 ,
5 .

x
, 0

↑

shear , e . g. S
= -31 for Keplerian disc
s= in Sun

Growth rates :

=>Wo = - (n +Mi)k2 for axisymmetric
WI = I / EdSmal" - (m +Mi) 4 / solutions ky =G

Oscillations :

W+
= 14 x Skz /"
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3 Astrophysical dynamo simulations
&

Numerical simulation

of
[Bendre et al. 2020]



5. Small-scale dynamo

5. 1 Sketch
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5. 2 Phenomenology

Growth rate of the small-scale dynamo

E(k) Growth rate : inverse of turbulent

inertial range Viscous eddy time scale
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Buildup of magnetic energy
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Detailed theory : Kazantsev 1968
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3 Small-scale dynamo simulations

Dynamo in periodic box with driven turbulence & Federrath of al
. 20116]

-
=> Dynamo growth rate and saturation depend on plasma parameters.



Dynamo in turbulence from gravitational collapse

↑Federrath of al
. 2011a]

=> Minimum resolution (minimum Rem) needed in simulations to see the small-scale dynamo .



SUMMARY

1 The Universe is filled with magnetic fields .

2 The best known candidate to explain the amplification of weak seed magnetic fields to the

observed field strengths are MHD Dynamos .

3 Dynamos convert Hurbulent) kinetic energy to magnetic energy expontially .

4 We distinguish large-scale (I mean-field) dynamos and small-scale dynamos .

↓ ↓

generate ordered magnetic fields slowly generate random magnetic fields quickly
L

--·
... On · An T( ⑳.


