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Observation: sunspots
earliest extant record of sunspots: Book of 
Changes


 dark spots on sun (Galileo) 

have lower temperature with respect to 
surrounding


life time: days to weeks


Regions of intense magnetic fields : 0.1~0.3T ( the 
normal magnetic field of sun is ~10G; for earth, 
0.5G)


Often in pairs: leading and trailing sunspots


Hale’s polarity law: opposite polarity from 
north to south hemisphere；the polarity 
changes each solar cycle

1G = 10−4T



Observation: solar cycle

• Sunspot activity changes spatially and periodically


• Sunspot activity has a period of ~11 years with magnetic field reversed


• Solar cycle ~ 22 years



Sunspot activity caused by advection/diffusion?

• Rm of sun>>1 => advection dominated; field line frozen in the plasma flow 

• But, the diffusion time scale of sun ~                         solar cycle period 


• Need other mechanism to explain solar activities

Induction equation:
Advection Diffusion
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Reynolds number:

1010years ≫

Solar dynamo theory



A solar dynamo model should…
• Sustain the magnetic field


• Cyclic polarity of 11year period 


• Equator-ward migration of sunspots and pole-ward migration of diffuse 
surface field


• Polar field strength


• Observed antisymmetric parity


• …



Solar dynamo model 
•  


• Interface dynamo (Babcock-Leighton mechanism)


• Flux transport dynamo 

αΩ dynamo



• Cowling’s anti-dynamo theorem(1934): an 
axisymmetric magnetic field cannot be maintained 
by dynamo action => NOT easy to set up a solar 
dynamo


• Parker’s dynamo model(1955): P => T => P => T …


• Mean field theory:

Poloidal field Toroidal field 
[related to sunspots]

αΩ dynamo

Ω effect α effect diffusion



Differential rotation

Due to differential rotation，poloidal field produces toroidal field

Ω effect :
From helioseismology（⽇日震学）

radiative core

convection zone Poloidal field

Toroidal field



Coriolis force + convection of flow =>helical flow =>twist toroidal field lines


Much smaller scale; can generate poloidal field from toroidal field

Have problems to satisfy hale’s law

α effect :

Generate poloidal

field again!

Helical flow

Toroidal field

B

Toroidal to poloidal

v ω



Solar dynamo model 
•  


• Interface dynamo (Babcock-Leighton mechanism)


• Flux transport dynamo 
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Babcock-Leighton dynamo: tachocline  

Tachocline: 


• the transition region of stars between the radiative 
interior and the differentially rotating outer convective zone 

• at tachocline, the rotation abruptly changes to solid-body 
rotation


• the striation of tachocline can be detected through 
helioseismology（⽇日震学）


• a place that can store strong toroidal field! 

https://en.wikipedia.org/wiki/Radiation_zone
https://en.wikipedia.org/wiki/Radiation_zone
https://en.wikipedia.org/wiki/Differential_rotation
https://en.wikipedia.org/wiki/Convection_zone


Babcock-Leighton dynamo: magnetic buoyancy  

pe = pi +
B2

2μ

Magnetic flux tube

Buoyancy

Bipolar sunspots

Consider a magnetic flux tube,

Hydrostatic equilibrium requires:

external gas pressure

internal gas pressure

magnetic pressure

pi < pe + same temperature ρi < ρe magnetic buoyancy!

If the magnetic field is strong enough, buoyancy would not be overwhelmed by 
other motions, such as convection and turbulence

B

B



Babcock-Leighton dynamo: process

Initial state: toroidal 
field deep inside

Babcock-Leighton 
dynamo on surface 

Tilted leading and 
trailing sunspots

Magnetic field buoyancy  Coriolis force; 
Differential rotation 

Hale’s polarity law



Babcock-Leighton dynamo: toroidal to poloidal

Non-axisymmetric; 
Mean polar field is too low

Magnetic reconnection



Solar dynamo model 
•  


• Interface dynamo (Babcock-Leighton mechanism)


• Flux transport dynamo 
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Flux transport dynamo: meridional circulation

• Using helioseismology and magnetograms（磁⼒力力记录
计）: meridional circulation in the outer half of the 
solar convection zone.


• Large-scale flow, the peak velocity at the surface is 
10-20 m/s 


• One possible model: gyroscopic pumping. Due to the 
differential rotation+gradient of Coriolis force.

An illustration of gyroscopic pumping model. 
Credit to P. Garaud & P. Bodenheimer 2010



Flux transport dynamo

Flux transport dynamo:


• Differential rotation generates 
toroidal field 


• Babcock–Leighton mechanism turns 
toroidal field into poloidal field


• the meridional circulation produce 
the migration of magnetic field

Credit to:  Arnab Rai Choudhuri



Flux transport dynamo: migration of magnetic field

Pull the toroidal field equator-ward


Low latitude sunspots

Pull poloidal field pole-ward


poloidal field on the pole



Flux transport dynamo: the whole picture

Differential rotation

Babcock-Leighton process+ 
Magnetic reconnection

Meridian circulation



Simulations: The formation and rise of rope-like 
magnetic flux systems. 

Credit to: Nelson et al.(2014) 

• Anelastic Spherical Harmonic (ASH) code (solve MHD equation in rotating 
spherical shells)


• Buoyant flows for toroidal field



Summary

• The sunspots shows periodic and spatially changing feature, which is 
related to the intense magnetic field.


• Differential rotation of sun can produce toroidal field from poloidal field.


• The flux transport dynamo can convert toroidal field to poloidal field due 
to meridional circulation.
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Future issues
• What sets the dynamo period


• Is the tachocline important?


• Babcock-Leighton dynamo a mere by-product model?


• What triggered grand minima?


• …
??



Simulations: parameters


