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What we know and what we don’t



THE CYCLE AND ITS MANIFESTATIONS
Active Regions, active regions, active regions.



Bipolar regions of strong and complex magnetic 
field on the surface of the Sun

• Active regions have systematic tilt, which increases with latitude.

• The polarity orientation is opposite in the two hemispheres.

• They correlate with large releases of energy, hence their name. 

Image from Hinode



• They usually have an associated sunspot group.

Image from Hinode

Bipolar regions of strong and complex magnetic 
field on the surface of the Sun



They are believed to be a consequence of the 
buoyant emergence of twisted flux-tubes

Image by A. van Ballegooijen

Pole

The balance between internal and external pressure leads to lower density 
inside the flux-tube



They are believed to be a consequence of the 
buoyant emergence of twisted flux-tubes

Image by A. van Ballegooijen

Pole

See poster by Maria 
Weber, Yuhong Fan and 
Mark Miesch.



Most observable features of the cycle are 
directly related to active regions 

Movie by D. Hathaway



• Equatorward migration of Active Regions.

• Poleward migration of  unipolar field.

• Magnetic field reversal from cycle to cycle.

Image by D. Hathaway

Most observable features of the cycle are 
directly related to active regions 



UNDERSTANDING ITS ORIGINS
The Solar Dynamo.



The 2.5D Kinematic Dynamo Model

• Based on the mean-field induction equation:
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• Based on the mean-field induction equation:

• Expressing the fields in axisymmetric form:
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The 2.5D Kinematic Dynamo Model

• Based on the mean-field induction equation:

• Expressing the fields in axisymmetric form:
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• Turbulent Diffusivity

• Poloidal Source

• Poloidal Field

• Toroidal Field

• Meridional Flow

• Differential Rotation

Meridional Flow Differential Rotation



The 2.5D Kinematic Dynamo Model

Muñoz-Jaramillo et al. 2010



Kinematic dynamo models have shaped 
our understanding of the cycle, but (as 

any type of model) have their drawbacks

• Large uncertainty in several of the 
ingredients.

• Solar-like solutions in a wide variety of 
regimes.



KEEPING THE CYCLE ALIVE



The Solar Cycle in a Nutshell

Poloidal
r -q

Toroidal


????

Image by  J. J. Love



Babcock-Leighton Mechanism

Regeneration of poloidal field is done through the
emergence and decay of tilted bipolar active regions.

Babcock (1961) & Leighton (1969) 



Babcock-Leighton Mechanism

• Pros
– Observed at the surface.

– Separation of source layers.

– Causal relationship between observations and 
cycle properties.

Babcock (1961) & Leighton (1969) 



Babcock-Leighton Mechanism

• Cons
– Large difference between polar flux and total AR 

flux (1022 vs. 1025 Mx).

– Cannot be used to get out of a grand minimum.

– Models show much larger polar fields than those 
observed.

Babcock (1961) & Leighton (1969) 



Helical Turbulence
Parker (1955)

The interaction of helical turbulence with the toroidal field twists the 
magnetic field into the meridional plane.

Image by  E. Parker

Image by  J. J. Love



Helical Turbulence

• Pros
– Observed in full MHD 

simulations.

– Naturally arising 
from mean-field 
electrodynamics 
(100% compatible 
with kinematic 
dynamo models)

• Cons
– Not enough energy 

in turbulence to 
deform strong 
toroidal fields 
(50KG).

– Buoyancy would 
prevent strong fields 
from developing.

Parker (1955)



Other poloidal field sources

• Tachocline shear instabilities.

• Flux-tube instabilities.

• Buoyant instabilities in sheared magnetic 
layers.

Dikpati and Gilman 2001

Thelen 2000

Ferriz-Mas 1994



UNDERSTANDING FLUX TRANSPORT



Advection vs. Diffusion

Meridional Flow Turbulent Diffusivity

There is an ongoing debate about which of these processes is 
playing a bigger role.



The uncertainty with turbulent diffusion

All these diffusivity profiles work



Using a theoretically estimated profile kills the dynamo

The uncertainty with turbulent diffusion

See poster by Muñoz-
Jaramillo, Nandy and 
Martens.



The lack of meridional flow data

This is what we need

Vr Vq



This is what we have

Vr Vq

The lack of meridional flow data

Data courtesy of Irene Gozález-Hernández



What about turbulent pumping?

• Magnetic flux transport due to the presence of density
and turbulence gradients in convectively unstable layers.

• May solve the issue of flux storage and help in defining
the observed latitudinal distribution of sunspots.

• άA new class of dynamo is proposed in which the 
ƳŜǊƛŘƛƻƴŀƭ Ŧƭƻǿ ƛǎ ƛƳǇƻǊǘŀƴǘ ƻƴƭȅ ƴŜŀǊ ǘƘŜ ǎǳǊŦŀŎŜΧ  
Another attractive feature of this model is that a large 
ŎƻƘŜǊŜƴǘ ƳŜǊƛŘƛƻƴŀƭ Ŧƭƻǿ ƛǎ ƴƻ ƭƻƴƎŜǊ ǊŜǉǳƛǊŜŘέΦ

Käpylä et al. 2006

Guerrero & de Gouveia dal Pino 2008
Guerrero & de Gouveia dal Pino 2008



THE MISSING CONNECTION



Origins and manifestations of the 
solar cycle

• Origins
– Global Dynamo

Cycle between large-
scale poloidal and 
toroidal fields.

• Manifestations
– Active Regions

Thin flux-tubes which 
rise from the bottom of 
the convection zone.

?



Polar Field Observations

Image by D. Hathaway

We are used to thinking about the polar fields as weak and diffuse.



Polar Field Observations

The polar field is really made of concentrated patches of strong 
magnetic field.

Ito et al. 2010



Surface observations of the origins and 
manifestations of the cycle hint to thin 

flux-tubes

Does this mean that a thin flux-tube dynamo 
is more consistent with the nature of the cycle 
than a mean-field dynamo?



SUMMARY AND FINAL REMARKS



• Which exactly is the primary source of 
poloidal field?

• What is the true nature of magnetic flux 
transport (is meridional flow truly as 
important as we think)?

• How do we go from a large-scale diffuse field 
to the thin flux-tubes which erupt as active 
regions?


