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Magnetic field structure
in a stellar convection zone



The plan

m 1) Formation of magnetic structure

m 2) Physics of magnetic flux tubes

m 3) Magnetic structure and the dynamo



Branches of solar physics/astrophysics

Observation «<———>  Theory
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Experiment: Simulation



The plan

m 1) Formation of magnetic structure

m 2) Physics of magnetic flux tubes

m 3) Magnetic structure and the dynamo




Magnetic fields on the Sun

Sunspots 2001 A big sunspot



Magnetic flux emergence

Emergence of a large sunspot group
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Magnetic flux emergence

A flux emergence region

Motion of flux firagments
of different polaritiy




Granulation, sunspots,
& small-scale magnetic field




The magnetic network

- B o

— congruent with the
~ downflow regions of the
| supergranulation flow
pattern



Good electrical conductors : “frozen field”

Initially field-free velumes Magnetic flux through a given
remain field-free volume remains constant



m Non-uniform distribution of magnetic flux
In the solar photosphere

m E.\N. Parker (1963):
... persistent motions
tend to draw the rield
/Ato: concentrated
Sheets and Hiaments.”

Stream lines

Field lines



(N.O. Weiss, 1966)

b: final state for Re., = 40
a: streamlines of the fixed velocity field

c-j: time evolution for Re,, = 1000

e evolution of an initially vertical
magnetic field under the
iInfluence of a fixed flow field

e kinematic, 2D

e the magnetic flux is expelled
from the area of closed streamlines
and concentrated in narrow sheets




m N.O. Weiss (1964): first simulations

(Hupfer, 2001)






fieldlines

(Galloway, Proctor & Weiss, 1977)

o axisymmetric thermal convection,
Boussinesqg approx. ,

e flux concentration in cool downflow
regions (flux tubes)

e final field strength dependent on
ratio of viscosity to magn. diffusivity

streamlines

isotherms




Magnetic lux expulsion

Simple example: Kinematical flux expulsion
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Initial magnetic field: B = (0,0, By)




Induction equation:

V x (ux B) +1V’B

Magnetic field is compressed into a boundary layer, whose thickness
is determined by the balance between advection and diffusion:

V x (ux B)+9V’B =0

0 O’ B.
— ~55 (u, B, —u,B,) =n 522

Narrow boundary layer at x ~ 0: u, ~ —Unx/L
dB./dz ~ 0 along the z-axis - dB,/dxr ~ 0 — B,  x?
— first term on L.h.s. negligible — equation for B, = B(x):

U d d*B
Y (B =n——
)(«T ) =




Integrate:

[C' =0 since dB/dx = 0 for x =0

Introduce magnetic Reynolds number: R, = UL/n:

TR, dB
—( T2 )/:}:dz}:: 5

Integrate:

T R,x° [ B ]
= In
2L2 By,

— Gaussian profile B(x) = By, exp (—

Boundary layer width: d ~ L/RY?.

1




Determine B,, by considering the total magnetic flux:

o5 Rm ’2 -
ByL = Bu [} exp (‘wz; )dm = BuL(2Ra) "

— By Rlllfz

In a 3D (axisymmetric) case we have B,d* ~ B, L?
and thus|B,, o< R,,.

R,, > 1. Dynamical effects limit the growth before B reaches B,,.
Balance beween Lorentz force and inertial force:

1
I{?xB)szp(u-Vu)

B~ By = U\/m

(equipartition field strength)
Solar photosphere: U ~ 2km /s, p ~ 3-1077 g/em® = B,, =~ 400 G.
Observation: B ~ 1500 G!




e Flux advection by horizontal flow
(flux expulsion)

v
x)}”” '—:.“r e Suppression of convection,
|1 cooling and downflow
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(Grossmann-Doerth, Sch., & Steiner, 1998)

e 2D, compressible

e radiation, ionization
e Stokes diagnostics

e 2400 x 1400 km?

e 240 x 140 points
(10 km hor. resol.)

e <B> =100, 200, 400 G
e collapse + rebound




3D Radiation MHD simulations

A. Vogler et al. (2002)

BOT 1.4 Mm:[ ________________

e

6 Mm

7
7

6 Mm

m start convection without magnetic field

600 km
// T:l
e 800 km

Grid Resolution:
288 x 288 x 100

m initially vertical magnetic field off Bo= 200 G introduced after
convection has become guasi-stationary:




B, v,
bright: up blug: up
dark: down red: down
_ Plage run
<T>_1 <+— 6000 km —> Bo=9200G
B;
regions of:
strong-field
colored
Ic

B> 500 ... 1000 .. €



horizontal cuts near surface level




horizontal cuts near surface level



Simulation vs. observation

Simulation (20 km resolution) Observation (~250 km resolution)

(Vogler et al.) German Vacuum Tower Telescope, Tenerife
(Dominguez Cerdena et al., 2003)

Vertical magnetic field component



Simulation vs. observation

AP
¢ . r
.

Simulation (20 km resolution)
(Vogler, Shelyag et al.)

“G band”: molecular lines of CH

Observation (~100 km resolution)

(new Swedish 1m telescope, La Palma,
Scharmer et al. 2002)



Magnetic Rayleigh-Taylor instability
Rayleigh-Taylor: dense fluid over light fluid (e.g., water over oil)

Here: Magnetic layer in magnetostatic equilibrium

lgravity non-magnetic
y N T >

XD DRI IVRIIIRRIR

magnetic

Force balance:




Let B=const. (except for the jump) and T} =T» =T = const.
Pressure scale height: H, = RT/ug.

Pressure gradients at z = z:

dpp
dz H,
L

(non-magnetic region)

dpo B dp . .
— = — — instability!
dz H + 8mH, ~ dz HSLADER

P P

P+B2/81 1 magnetic non-magnetic

unstable!




An unstable magnetic layer forming arched flux tubes

(c) t= 22.9 Fan 200]




The plan

m 1) Formation of magnetic structure

m 2) Physics of magnetic flux tubes

m 3) Magnetic structure and the dynamo




Thin flux tube approximation

All scales along field >> tube diameter
Expansion perpend. to tube axis

Truncate: neglect 2nd higher orders

Quasi-1D approximation:
String| of mass elements
moving in a 3D environment




The Thin Flux Tube Approximation

Isolated magnetic flux tube: Bundle of magnetic field lines sep-
arated from the non-magnetic surrounding plasma by a tangential

discontinuity (current sheet).

Thin magnetic flur tube: An isolated flux tube whose diameter is
small compared to all other length scales of the system (scale heights,
radius of curvature, wavelengths...)

— Describe the flux tube by the values of the various physical quan-
tities on the tube axis [space curve r(l), I: arc length].

— zeroth /first order of an expansion perpendicular to the axis




unit tangent vector

unit normal vector

unit binormal vector

radius of curvature

radius of torsion




Consider the Walén equation (combined induction equation and
equation of continuity — exercise!) and the equation of motion:

B
(— - V) u
P
1
~Vp + pg + E(?XE)XB + Fp
With B(l) = B(I)1 along the axis:

P

v scalar multiplication wi £ ' at a unit vector 18 per-
By scalar multiplication with 1 and noting that a unit vector is per
pendicular to its derivative we find:

_+l;

Bdl .d (B) B
p dt dt B

P

dt p 9l p

d(B) —Bi du B(Bu-i )

—_u._

ol

“l'll.'!rltl]. 1 - l = ?.l'.-f:. 11 - f]. = Jl].‘.I'.'-J'f_:

d(B)_B(au,; )
dt \p/ p\ol R

— Walén equation in thin flux tube approximation.




Multiply with n and b — normal /binormal components of the time
derivative of the tangent — change of the flux tube path in time:

(‘,')’I,L-”_ n (9] n Uy
dt dl R R,

n-

E) ﬂti o (‘f}u;} Uy,
dt 9l R

(with i = —1x b and u-b = u).

Lorentz force on the tube axis:
1

%(?x B)x B = r[(?B)xi+BV><i] x Bl
,-;r[' -';"['
fﬂ[g(vgxi)xn BV x i) x ])

Using (V x 1) x 1= R~' i1 and

(VBx1l)x1=-VB+1(1.-VB) = —(VB),

(V B),: projection of the gradient on the plane perpendicular to the
tangential direction (the cross section of the tube).




1 B? ] B?
- f—i?r(v x B)x {V (STT)J +—1?rRﬂ

Projections of F;, on the triad of unit vectors:

0 B? B?
N %8'}1’ +H%

0 B?
ob \ 81

(-V=0/0n,b-V = 09/b).
— equation of motion:

dua .  Op
Pa'l— 0 T P8 1

S a(+32)+ +BE+F
— — — — n — n
Pt ol T TP iR P

da - s, B? - -
—.b = ah(p+—)+pg-b+ +Fp-b




Continuity of normal stress at the interface between flux tube and

its environment:
BE

Thin tube: consider only the first derivatives in normal/binormal
direction — already fixed by continuity condition above.

External hydrostatic equilibrium:

Vp., = pg

Resulting eqs. of motion:

du 3p
i a5 T P8 1

du B?

- " r ﬂ - F
i p=p)g-n+ op + Fo-
du

‘v
Pt

= (p—p)g-b + Fp-b

Perpendicular directions:
buoyancy force, curvature force & aerodynamic drag force.




Thin flux tube equations with rotation

b+

2p,(U x 1) - b







Aerodynamic drag force|— pressure disturbance due to relative mo-
tion of the (locally cylindric) flux tube wr.t. its environment:

\gphem&

[ " 10! 1 2 147 10 1 I mn-

Re
(ra®)Fp = Cppcav’k

Cp: drag coeflicient, a: tube radius, and

2 N2 i 12

v, = (v k)" = [v—-1(v 1)
v = v, —u: relative velocity between the flux tube and the surround-
ing fluid moving with velocity v,.. k: unit vector in the direction of
the component of v perpendicular to the tube axis.




Transversal forces per unit length of an tube in thermal equilibrium:

B* , B’%?
Fo=— ma® =

ATt R 4R

p.—p o B
p— — . - IIE p— - ' p—
B =(p—pe)g - ma H a 8H,

P

- 9
Fp =Chpevia

With B2 =4mrp.w?:

4]
2 2

Fy _(a B (*ur.)

Fj_] N Hp B{.q v

Fr N B\ (v.\2
F{D = (%) (B{.q) (*;1)

— drag force dominates for sufficiently thin flux tubes




Buoyant rise of a horizontal flux tube: g -n =g, R — oc
T=T, & p<p. — p <p.— upward buoyancy force!

Stationary state: buoyancy = drag

(p — pe)g - ma* + Cppevia =0

= (20) (22) - () () (5]

(i)z - (2(?;”) (I:})

Equipartition field: vy = v, ~ 100m/s

H,~6-10"km, a ~ 6 - 10*km (®,, = 102 Mx)

— v ~ 30m /s — rise time through the convection zone
(200,000 km) is about 2 months < 11 years

— magnetic flur storage problem




Magnetic buoyancy of a flux tube

Pressure equilibrium

Pa=Pi+ B*8x

B #0 = Pi<Pa

= pi < Pa

= buoyancy

Pa ,pa external pressure, density

Pi,pi internal pressure, density

Parker instability




Magnetic buoyancy of a flux tube




Magnetic buoyancy of a flux tube




Magnetic buoyancy of a flux tube




Convective instability

Instabilitit: pf < p*

pr—p = {({i—‘“) — {j—‘”] or < 0
AT J ad (r

_:} v -‘-":' v;-u]_ x“l“’j.t}l v —

<
J dr /) 4 dln p

dl’ ( aIT") dinT




Stellar stratification

dInT L .
V logarithmic temperature gradient

dlnp

acdiabatic stratification :

super /subadiabatic : V=Vuu+9d

0 >0: convectively unstable
0 <0: convectively stable
dp B P

hvdrostatic equilibrium : = —pg = —
N I dz 9 15k

pressure scale height : H, R
o9 19

1 _dlng dlnp dlng 1 ( d]_t]T) 1-V

H

dz dz dinp H,\" dlnp p

H

o




Stability of a horizontal flux tube

Equilibrium: gy = 0. ; Py = po + B5 /8w
e

2. constant vertical displacement
external pressure at the new position: pyg + Per

Pz
Pe1 = Hpe

external density at the new position: 9. + 0e1

i 0021(1 = V)
Pe1 = —
Hpn

B
total pressure perturbation : pe. = %: Ly o
s




Mass & magnetic flux conservation:

B
— =const. —

0 o

Insert into equation for total pressure perturbation:

o _m_ P _Ba
o0 o po Hpe  4mpy op

With 8 = 8mpy/ B3 we have:

E) __(mw +Bj/8m)
/8 Py Hp{'

3 > 1in the deep solar convection zone —

9_1:_(1+1/[3) 2 N[l+ 1

Op Y + 2/;8 Hp{' f; ﬁ_’}’



Perturbation of the buoyancy force:

1
Fp1 = (1 —01)9 = {—9{-{1(1 —V)+ 00 [;

- 1 11 2
—1+L+5+—+—(1——)
: gl Y By

o33

pa-20-3)

For stability: [...] <0 —

1 2
0 < —— (1 — —) o
B g g
36 <0.12 for~y =5/3

— Strong fields (smaller 3) stable in a superadiabatic layer (§ > 0)!7




Consider wave-like perturbations: 2; = asin(kx )T

e PN
o N

Simplified treatment (— correct stability result):
hydrostatic equilibrium along the loop —

a_lp__ 2

0o 7 Po f}’Hp{]
Perturbation of the buoyancy force:

—9"‘](1_V)+ O ]

bpy = (Qc'l — @1)9‘ = {

1 BE 21
6 + _) {0
(ﬁ v/ 8 H E{]

2
Hp{' f}{HpﬂJ 94

§




Magnetic curvature force:

AirR  4m (1 + 22)P°
At loop maximum (x = 7 /2k):

2 (x) = kacos(kx) =0

2 (z) = —k*asin(kz) = —k’a
Sum of buoyancy force and curvature force:
- 2 21,2
i) By Bik ]”
8l

Fp1 + Foy = (55 +

8rHZ,  Am |

aB;
87 H, E{] k=0:

:([5’5 + %) - Q(kﬂpﬂ)zl

For stability: [...] <0 — 86 < 1 (1 _ E) _
v v

1
B < —,; + Q(kﬂpn)z 36 <0.12 for vy =5/3

for k — 0 (long wavelength): 86 < —1/y = —0.6
All flux tubes are unstable in a superadiabatic layer (6 > 0)!!




The plan

m 1) Formation of magnetic structure

m 2) Physics of magnetic flux tubes

m 3) Magnetic structure and the dynamo




L—ﬂ*“‘“"/_l

-4 photosphere

Hp bottom
Eor b t: ) 1lzoMm -aconvection

=100 Mm

Zone




Differential rotation generates azimuthal (toroidal) magnetic field

Azimuthal flow
of differential rotation

The longer the
arrow the faster
the flow

Meridional
magnetic field
is transformed into
azimuthal magnetic field




Internal rotation of the Sun
as determined by helioseismology

m Convection zone rotates
similar to surface

m Core rotates nearly rigidly

m Steep transition at the
bottom of the convection
zone; width ~2% Rqn

m Region of strongest shear
=> Dynamo!




Internal rotation of the Sun
as determined by helioseismology

{ —0.1

13
0.2 L
0.1k

0F

 Equatorial rotation rate {degree/day)

E Seund—speed deviation {per cent}

- 1
_  radiative zone i aonvection mone

)
e

: | 11 1 1 | L1 1 1 | |::‘;|_i 11 | 1 1 1 | L1 1 1
250 200 150 100 50
depth (thousand miles}




Kerr 1996

Nora/una & Stein 1998




Hierarchical downflow structure in solar convection
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Spruit et. al. 1990




Downward “pumping” of magnetic



Downward “pumping” of magnetic flux by convection
(7obias et al. 2001)

! \ convectively

unstable

Strands of toroidal field
generated by downward pumping
and differential rotation

(Dorch & Nordlund 2001)



e Assume magnetic flux to be stored within the overshoot layer
in form of individnal toroidal flux tubes

e Storage requires mechanical equilibrium

Pole

Buoyancy force: Fp = Apg
Buoyancy force

e

Magnetic force : F = — B’ e_
agnetie rree L P Curvature f. " Coriolis f.

Rotational force : Fgo = piwm (2 — QY e

e Outside equatorial plane:

— Fp=0 —~ Ap=0, T.<T.

-~ Fy+Fo=0 — =0 +03/w’

= No equilibrium without rotation !




— Flux tubes created with T; = T, and £

approach equilibrium position via damped
buoyancy and nertial oscillations

cConv. Zone

[

i

o1

i

[

I

[

I

[
L
L‘l.

LS
A
|

I

[

I -
A
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How does the magnetic field
come to the surface?




Origin of sunspots

1

IE

Convection zone



Origin of sunspots

2

IE

*Overshoot layer



Origin of sunspots

3

*Magnetic flux tube




Origin of sunspots

4

*Parker instability



Origin of sunspots

5

*Magnetic buoyancy



Origin of sunspots

6

*Magnetic buoyancy




Origin of sunspots

7

 Tube ex%ansion and




Origin of sunspots

8

*Eruption at the
solar surface




Origin of sunspots

9




Undulatory instability in spherical geometry




Undulatory instability in spherical geometry
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Emergence of thin flux tubes

m Toroidal flux tube stored in the
subadiabatic overshoot layer

Undular (Parker): instability

Caligari et al. (1995)

provided that the
initial field is ~10° G






Tilt angle of sunspot groups

"Following" Polarity:
Fragmented

S

o. is the active region "tilt" angle

d is the polarity separation distance :
d~ @ (Howard 1992 Sol. Ph. 142, 233) i
Rotation "Leading” Polarity:
Compact

Joy’slaw: o ~ sin (latitude)



Side view:
;T\ 3 Top view:

Origin of the tilt angle and
numerical simulation results

Coriolis force
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emerging latitude (deg)

Tilt angle as f(latitude)

initial field strength: n Tesla

Expanding motion




The effect of rotation

Buoyantly expanding flux ring

=» restoring force

L’t¢ = —2QuR
n. = 2Qu

R ¢

> Upslly * sin(2 €2 t)

=» inertial oscillations perpendicular
to the axis of rotation

= amplitude depends on the
strength of the buoyancy force



CcG:0C

The effect of rotation

U

=» component of buoyancy force
parallel to rotation axis unbalanced

|FC | _ 2pUriseQ o 2QHp

|| BY/GrH,) U

= 1 / “magnetic Rossby number”
(Schissler & Solanki, 1992)

=>» loop deflected to higher latitudes
if rise time > 1/Q

Forces on a rising magnetic flux tube:

. : 5
cut through a meridional plane =» Sun: buoyancy dominates for B>10° G



B=1Tesla

B =10 Tesla



Doppler imaging: “starspot” maps

Rapidly rotating stars show spots
at high latitudes, often polar spots




Emerging flux tube in a rapidly rotating subgiant




Simulation results for various stellar models & rotation rates

Latitude A

Young (pre-main-sequence) stars T

l Main-sequence stars

Latitude A

EERKE

Latitude distributions of emerging flux tubes



2D: Fragmention... avoided by twist

m Dynamical fragmentation / vortex dynamics
Sch. (1979)

Dorch & Nordlund (1998)



m A sufficiently twisted field maintains the coherence of the tube

< Increasing twist

TIME = 6.0 TIME = 6.0 TIME = 6.0

Equipartion
line

Field
strength

Emonet & Moreno-Insertis (1998)



3D: kink instability

(o) S =N E R (1b) t= 11.8
e —
| ” & |
L e

(20) t=_40.3 (2b) t= 40.3
.-'\ |
‘ }. & |‘€, |
F ‘T -

(3b) t= 67.2

r‘ ‘ -

| Fanetal (1998)

“Sigmoid” shape after emergence

X-ray picture (from Yohkoh satellite)



kink
tability

Fan et al. (2001)
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3D: rotation stabilizes, even without twist

5 [l BEIE

0.00 0.10 0.20 0.30 0.40 ] +.0.00 0.05 0_.10 0.15 0.20 0.25




A case for strong fields

m Dynamics of rising flux tubes:
agreement with the properties of sunspots requires:

=>» criterion for Parker instability satisfied ( B > B_.)

=» flux tubes remains coherent while rising through c.z.
= low-latitude eruption

=» correct tilt angle of sunspot groups

> ...

m Only satisfied if the field strength is ~10 T (10> G)
In the dynamo region at the bottom of the conv. zone



How: can a field of 10 Tesla (10° G) be generated ?

m Convective motions are too weak:

m [he energy of the differentiall rotation in the shear layer
IS too smalll by al factor 10

m With both effiects only: about 1 Tesla can be reached

m \What remains: potentiall energy: of the stratification!



Origin of the 10> G (10 Tesla) field

Stretching by differential rotation:

Dynamical considerations:

Flux tubes: drag force vs. magnetic tension force
=>» tube radius < 100 km

Energetics:

10%* Mx magnetic flux at 10° G field strength : E.., ~ 10°° erg
100 m/s diff. Rotation over 10* km shear layer: E,, ~ 10°® erg

=» strong cyclic variation of shear layer, unless rapidly replenished



“Explosion” of magnetic flux tubes:

Envershnnt convection zone 3 isentropic flux tube
: region

entropy of flux tube : : . !
* rise in superadiabatic

entro .
by convection zone

difference

entropy of  hydrostatics along field lines

background stratification _ .
* violation of pressure

equilibrium
2
magnetic external gas pressure B
pressure —+ pl_ — pe
explosion height 87T
internal
gas presstire  sudden decrease of field

strength near summit




“Explosion” of a thin flux tube




“Explosion” of a thin flux tube




“Explosion” of a thin flux tube




“Explosion” of magnetic flux tubes:

} Pressure {+)]

e sudden decrease
of field strength
near tube summit




Explosion height as f(initial field strength)

solar surface

ffﬁﬁ:
bottom of convection zone

10 107 108

Bo field strength —»

solid line: analytical prediction
asterisks: numerical simulation



Explosions also occur in 3D simulations




Relevance of the explosion process:
Field amplification by conversion of potential energy

=» source of weak field within convection zone
= field amplification at base of convection zone:

| - exploded part no longer
dynamically relevant

- outflow of buoyant
high-entropy plasma

- decrease of gas pressure in the
non-exploded part of flux tube

=» magnetic field intensification

numerical simulations required



Numerical model

entropy of magnetic sheet » 2D magnetic sheet

¢ entropy - adiabatic background
difference stratification

entropy of
\ background stratification * 3~ 100 -1000

magnetic sheet : T
basic characteristics:

 entropy difference

extemal gas pressure » stable storage of

magnetic :

internal \ numerics (VAC-Code):

gas pressure
 Riemann-solver

. * resolution up to 5122
height
%—

* hydrostatic correction
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entropy (Rempel & Sch., 2001) 512 % 512



Time evolution of magnetic field strength

» formation of "stumps™ t<Tp

« amplification: Tp <t<2Tp

|.|-|"|
o
o
Q
4
o
et
(N

e saturation: 2 Tp < t

« asymptotic field strength
determined by entropy difference

Scaling to solar parameters:

= amplification to 10° G (10 T)
Ta=L / v, : horizontal Alfvén travel time possible within ~ 6 months




Temperature and flows below a sunspot




Temperature and flows below a sunspot




The end...
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