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Outline

» Observations of sunspots and magnetic fields.
« Dynamo mechanism.

* Mean-field model.

 Alpha-effect and alpha-quenching.

« Magnetic helicity fluxes.

» Measure of topology.
« actual linking vs. magnetic helicity

* Fixed point index.



Solar Dynamics Observatory (SDO)

4000K H780K

2" July 2012, Intensity 2" July 2012, Magnetogram
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Swedish Solar Telescope (SST)
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La Palma
(Goran Scharmer)
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?[)33(3 ',?,-nga,(,,ﬁ\;,gg rngfL,ag’ Zgg;)y 2003, (Géran Scharmer, Mats Léfdahl, 2002)
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' 430.5 nm G-band, 15" July 2002,
(Goéran Scharmer, Mats Léfdahl, 2002)




Swedish Solar Telescope (SST)

1h quiet Sun, 656.3 nm,
18" June 2006,

G P |

Zoom from SOHQO/MDI field
of view to SST resolution,
August 2004,

(Michiel van Noort, Luc Rouppe van
der Voort, Mats Carlsson, Oslo, 2004)

Sunspot 41 min, 430.5 nm

G-band, 20" August 2004,

(Michiel van Noort and Luc Rouppe
van der Voort, Oslo, 2004)

Sunspot group magnetogram,
21° August 2004,

(Michiel van Noort and Luc Rouppe van
der Voort, Oslo, 2004)




Hinode U o T (Solar-B)

Solar prominence, Eruption observed in Ca Il H
9" November 2006, (397nm) above a Sun spot,
(Okamoto, T.J. et al., 2007) http.://solarb.msfc.nasa.gov/news/movies.html
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11 year cycle
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Galactic Magnetic Fields
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Galaxy M51
(Fletcher et al. 2011)



Dynamo Effect

kinetic motion — induction turbulent motion — induction
— electric energy — magnetic energy

Visible, IR, and UV radiatian

Induktions- Rotor

spulen i
Radic smisaion == |
Schleifringe
\ und -biirsten

Meutrinas
Gleichstrom : Coronal loops
L / fiir Magnetfeld f
Antriebsachse — Wechselspannung -
Ritio smissicn :

* Bright apats and ahart-lived
- magnabio regions

* elektr. Energie st
electric power generator Solar model
(Wikipedia, user: Kuntoff, 2005) (NASA)

0B =—-V x E 8tB:Vx(UxB)+nV2§O



Turbulent Dynamo Schematics

W
| m
By Ep
By Qv
—W,
F M
Q;

Energy budget for a dynamo. . -
(Brandenburg et al., 1996) W . RNEN
02040608101.21.4

ET, EK, EM’ EP — L (r/R) sinf
thermal, kinetic, magnetic and (B 4)+ for a convection
potential energy driven dynamo.

(Warnecke et al., 2012)
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Dynamo Mechanism

Y |

plasma . currents . induction . dynamo effect

Equations of magnetohydrodynamics (MHD):
Induction equation: 8_B VU x(UxB-—nJ
5 ( nJ)
DU
Dt

Momentum equation: — —c%Vlnp +J x B/p+ FLis

Continuity equation: D]:I)I;p V.U

Advective derivative: D/Dt =9/0t+U -V
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Mean-Field Formalism

Mean-field decomposition: B = B + b

Mean-field induction equations:
OB =nV’B+V x (U x B+ E€)

b=V x{Uxb+G)+V x(uxB)+nV-b

Electromotive force (emf): & — u x b
G=uxb—uxb
need closure > express & in terms of the mean fields:

E=EWU,B,..)

Mofatt, H. K., 1978, Krause and Raedler. 1980 13



Electromotive Force

The EMF is assumed to be linear and homogeneous in B.

W &i(x,t) = £ (a
//K@‘7 (z,2',t,t)Bj(z — ', t — ') d°z dt’

Taylor expansion: —
__ _ 0B (x,t
B(a', 1) = By(a,t) + (o — ) 22200

8£Bk

Assume local and instantaneous dependence of £on B.

_ _ B.
ﬁgi:&i]’B]’—l—b" ) 4.

11k
J axk

For a turbulent system without preferred direction, i.e. U = 0

£=aB—-nV xB 0.B =aV x B+nrV*B
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Nonlinear Alpha-Effect
Helical forcing: a = ax = —Tw - u/3

Back reaction of Bon «
» Correction: aeshould depend on B

—2 —2
a=ak(l — B /Bezq) (B < ng) (Roberts 1975)

Algebraic (conventional) quenching:

O —
2
1+ B/ ng (Ivanova 1977)

Catastrophic quenching (fit):

QK Sun: R, = 10"
1+ RmEQ/ng Galaxies: R, = 10'®

o =

(Vainshtein 1992)
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Alpha-Effect

a effect: @ = ax + am (magnetic helicity conservation)
AR = —TW/S

an =77 -b/(3p) = 7k*a - b/(3p) = hy
(Pouquet et al. 1976)

helically driven dynamo EK’f —Ww-Uu

. production of magnetic helicity EM’f =a-b

. total magnetic helicity conservation hnim = A - B

a - b works against dynamo: Enm o< 1/Rem Rey = E

n
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Dynamical Alpha-Quenching

Magnetic helicity evolution:

mean: 8;;“ =2€-B —2nuod - B-V - Fy,
_ Ohg — — — _
fluctuating: e = —2E-B —2nupj -b—V - F;
an = hy
g> —— = —2nk | — —Fa
ot e ( B2, Rm) o=
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Magnetic Helicity Fluxes

804 E- B « 0 —
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< diffusion :
_ _ __ 5 advective:
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vertical field condition, S
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Magnetic Felicity Fluxes

open boundary VS closed boundary
symmetric ' antisymmetric
wind o
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Twisted Magnetic Fields

L EMERGENEE' -0

N TWISTING R -

. Twisted fields are more
7 likely to erupt (Canfield et al. 1999).
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Magnetic Helicity

Measure for the topology:
1%
VxA=B ¢ = /B d.S

’2

n = number of mutual linking

Conservation of magnetic helicity:

lim 2(A B)=0 11 = magnetic resistivity
n—0 Ot

Realizability condition:

@ Em(k) > k|H(k)\/2ﬂoﬂ ‘ Magnetic energy _is bom_md from

below by magnetic helicity.
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Equilibrium States

ldeal MHD: 1 =0

0B
d> Induction equation: Fn =V x (U x B)

constraint equilibrium

Woltjer (1958): %/ A-BdV =0 VxB=auaB
1%

0
Taylor (1974): py f A-BdV =0 VxB=a«a(a,b)B
4 »
constant along field line

V total volume  V volume along magnetic field line 23



Hy # 0

Interlocked Flux Rings

actual linking vs. magnetic helicity

e initial condition: flux tubes
 isothermal compressible gas

* ViSCcous medium

e periodic boundaries

n=2
OA D In
Ot o D1 v
DU
D—t:—c§V1np+J><B/P+Fvisc 24




Interlocked Flux Rings

0.19401 0.19401

0.14550 0.14550

0.09700 0.09700

— 0.04850 — 0.048560
"B .-
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Interlocked Flux Rings

1.00F

0.1 .
T
‘ Magnetic helicity rather then actual
linking determines the field decay. 6




JUCAA Knot and Borromean Rings

* |Is magnetic helicity sufficient?

* Higher order invariants?

Borromean rings  [UCAA knot

Hy =0

&

IUCAA = The Inter-University Centre for Astronomy and Astrophysics, Pune, India 27



Magnetic Energy Decay
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Higher order invariants?
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Braid Representation
need B, >0 » braid representation of knots and links

4-foil knot

|+ *‘_ _‘_;

Nlinking —



Magnetic Braid Configurations

AAA (trefoil knot) AABB (Borromean rings)




Fixed Point Index

Trace magnetic field lines from 2z to z.

mapping: (z,y) — F.(z,y)

Color coding:
Compare (z,y) with F1(z,y): Fi(z,y)
F{ >z, F{>y = red
FY <z, FY>y = yelow
F{ <z, F{<y m) green (z,y)
F{ >z F{<y = blue

Yeates et al. 2011
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Fixed Point Index
fixed points: F1(z,y) = (x,y)

Sign t; of fixed point 2 :

t;, = +1 t, = —1

Fixed point index: 1" = Z t; conserved for limn — 0

(2

t= 0. t=290.

Taylor state is not reached
— I’ is additional constraint
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Summary

« Advective magnetic helicity fluxes can alleviate
catastrophic quenching.

e Diffusive magnetic helicity fluxes can alleviate
catastrophic quenching.
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Appendix

Viscous force: F' i = p_lv - 2UpS

| 1
Strain tensor: S@'j — i(u” + ng) —

Sound speed: Cs = \/’Y%

1
504V U
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