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Line splitting (since Hale 1908)
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Now confirmed even by experimentsNow confirmed even by experiments

Karlsruhe and Riga: laminar

Cadarache: turbulent
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The big challenge: solar cycleThe big challenge: solar cycle

• Longitudinally averaged radial field

• Spatio-temporal coherence
– 22 yr cycle, equatorward migration

Mean field theory
seems sensible

butterfly diagram
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Solar 11 year sunspot cycleSolar 11 year sunspot cycle

• Sunspots between +/- 30 degrees around equator
• New cycle begins at high latitude
• Ends at low latitudes

– equatorward migration

butterfly diagram
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SunspotsSunspots
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SunspotsSunspots
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Large scale coherenceLarge scale coherence

Active regions, bi-polarity
systematic east-west orientation
opposite in the south
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22 year magnetic cycle22 year magnetic cycle
• Longitudinally averaged radial field

• Spatio-temporal coherence
– 22 yr cycle, equatorward migration

Poleward branch or
poleward drift?

butterfly diagram
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””Torsional” oscillation below surfaceTorsional” oscillation below surface

• At r=0.99R, 7 Mm below surface

• Accessed via helioseismology
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Seismic variations with depthSeismic variations with depth

• 11 yr cycle down to r=0.99R

• Radial outward migration

• perhaps 1.3 yr around 0.7R

0 degr 15 degr 30 degr 45 degr 60 degr
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1.3 yr oscillation in tachocline1.3 yr oscillation in tachocline

• At r=0.99R, 7 Mm below surface
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Spoke-like + radial shear layersSpoke-like + radial shear layers

• Tachocline around  r/R=0.65…
0.75

• Near-surface shear layer at 
r/R=0.95…1
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Results from PICARDResults from PICARD

• Cyclindrical contours at high latitudes

• Negative radial shear near equator
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5 min oscillations  helioseismology
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Was thought to be response of upper atmosphere to convection
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Waves in stratified atmosphereWaves in stratified atmosphere
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Waves in stratified atmosphereWaves in stratified atmosphere
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Dispersion relationDispersion relation
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5 min osc are global

Roger Ulrich
    (1970)

Franz-Ludwig Deubner
             (1974)
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Degree Degree ll, order , order mm
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GONGGONG
global global 

oscillation oscillation 
network network 
groupgroup

Since late 1980ties
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Current Current 
state of state of 
the artthe art

SOHO
Space craft
1993 – 2014
(lost in 1998)
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Only p-modes observedOnly p-modes observed
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RefractionRefraction
ReflectionReflection

Top: reflection
when wavenlength
~ density scale height

Deeper down:
Sound speed large
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Inversion: input/outputInversion: input/output

Duval law: collapsed kω-diagram Sound speed
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g-modes g-modes 

• Would probe the center

• Are evanescent in the convection zone
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What else from helioseismology?

spoke-like at equ.
dΩ/dr>0 at bottom
dΩ/dr<0 at top
Rigid below CZ
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Internal angular velocityInternal angular velocity
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Cycle Cycle 
dependencedependence

of of ΩΩ(r,(r,θθ))
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Active region subsurface flowsActive region subsurface flows

Hindman et al. (2009, ApJ)

Ring diagram
analysis



SunquakesSunquakes
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Helioseismology vs current thinking
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TomorrowTomorrow
• MHD on the computer

• Numerical aspects

• Simple wave experiments
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