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4 . .
The 2.5D Kinematic Dynamo

Model

A The best tool we currently have for understanding the solar magnetic cycle
and i tlang term variability.

A Current models are in essence an axiymmetric representation of the
induction equation:

B o, =
wD(’B‘hB):

A As for the ingredientsé




Dynamo Ingredients

A Analytic fit to helioseismically observed
differential rotation.

A Meridional circulation profile that matches
near surface observations.

A A depth dependent diffusivity profile.

A A functional form for the BL poloidal source.




4 ™
Does It work?

Active Region Latitude of Eruption (black dots) and
Average Radial Field at the Surface (color)

Toroidal Fiel at the base of the CZ
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Dynamo Parameters

Differential Rotation: 0 6 Parameters
. 6well constrained

Meridional Flow: i 6 Parameters
.1 well constrained

. 4 poorly constrained

Magnetic Diffusivity: u 7 Parameters

. 5 poorly constrained

Poloidal Source: i1 6 Parameters
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Simulated Magnetic Flux
in shear—layer (10® Mx)

Solar Cycle Predictions
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Yeates, Nandy & Mackay (2007) found that the relative size of the diffusive
and advective timescales affects the dynamo memory resulting in different

predictions.

The dynamo ingredients with the greatest

amount of poorly constrained parameters!
These are the main




Constraining Velocity Fields

AData taken by the Global Oscillation Network Group
(GONG).

ADifferential rotation courtesy of Dr. Rachel Howe.

AMeridional Circulation courtesy of Dr. Irene Gonzalez-
Hernandez.

ASolar Model S courtesy of Dr. Jgrgen Christensen-
Dalsgaard .
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Using the Helioseismic Differential
Rotation

Analytical Profile of Charbonneau et al. 1999

Splines Interpolation of RLS Inversion
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4 . .
Constraining the Meridional Flow

using Helioseismic Data

105
x 0 g
| b 405
| I-1
1 '15 1
0 05 1 (mfs) 0.5
IR IR
5 5
This 1 s what we want é




4 . .
Constraining the Meridional Flow

using Helioseismic Data
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This is what we have.




Constraining the Helioseismic
Meridional Flow

Traditionally, in the dynamo community, the meridional flow is
expressed as the curl of a stream function combined with mass
conservation:

vp<r,q):% pé (v, 9&)

The stream functions we all use have a very important
characteristic T their radial and latitudinal dependences are

separable:
Y (r.q) =vF(r)G( 9

This is very handy when maximizing the information that can be
taken from the data.
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4 . . N
Constraining the Meridional Flow

| Latitudinal dependece

Theta dependent part of the stream function
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Constraining the Meridional Flow

| Radial dependece

Theta dependent part of the stream function

Radial dependence of V,_at 35"
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A Usage of helioseismic data yields viable butterfly diagrams, though not as

beautiful as one would wish.

A Even though we have been able to constrain properly the latitudinal dependence
of the meridional flow, there is still not enough data to constrain the radial

dependence.

A More details can be found at 2009 ApJ 698 461-478.
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Turbulent Diffusivity
Quenching

AFollow up of an idea we introduced for the first time on
the SPD 2008 at Fort Lauderdale.

A Diffusivity quenching has been studied before
(Rudiger et al. 1994, Tobias 1996, Gilman and Rempel
2005), but not in the context of this project.

AFor our analysis use the Solar Model S courtesy of Dr.
Jargen Christensen-Dalsgaard .




Different Diffusivity Profiles Used
by the Dynamo Community

Radial Dependence of the Turbulent Magnetic Diffusivity
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Estimating the diffusivity profile
from theory

A We go back to the definition of mean-field turbulent
diffusivity (Moffatt 1978):

/7:%<v2>

.V corresponds to the turbulent velocity field.
.t Is the approximate eddy correlation time.

A From the Solar model S (Chistensen-Dalsgaard et al.
1996) we take:

- The mixing length parameter a,
- The pressure scale height H,(r).
- The convective characteristic velocity v(r).

p(r)= aH, (V)




e

Diffusivity Estimate Obtained from
Mixing Length Theory

Badial Dependence of the Turbulent Magnetic Diffusivity
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That 0s a bi g prob

- By Increasing diffusivity to such values, the diffusive
timescales are so low that the dynamo stops working.

A possible solution:

A Take on account the quenching effect that strong
magnetic fields have on turbulence and thus in turbulent
diffusivity.

A The shape of the currently used profiles may be seen as
a time and latitudinal average of the effective turbulent
diffusivity, after taking this quenching into account.
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4 . .
Magnetic Quenching of the

Diffusivity

W, _1
ha(r, @)= 40) +.(b, 1) E‘J:?(hMLT(r)F(B(r, a) - fr. 1Y
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A h(r, §-> Effective diffusivity. | T |
________________ e
A hy(r, 8-> Quenched diffusivity
A ho(F) -> Minimum diffusivity. = ..... ]

A hy.(r) -> Mixing Length Theory estimate.
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4 . .
Magnetic Quenching of the

Diffusivity

Effective Diffusivity Toroidal Field Paloidal Field
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Magnetic Quenching of the
Diffusivity

Tirne Average of 1_

Turbulent Diffusivity
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A Diffusivity quenching prevents the dynamo for
permanently decaying.

A The appearance of very strong magnetic fields
suggests that impact on the velocity fields needs to be
taken on account. -




Final remarks

Meridional Flow:

.1 well constrained

. 1 reasonably constrained
. 4 poorly constrained




Final remarks

Meridional Flow:

. 2 well constrained

. 1 reasonably constrained
. 3 poorly constrained

Magnetic Diffusivity:
. 2reasonably constrained
. 5 poorly constrained




Final remarks

Meridional Flow:
. 2well constrained

. 3 poorly constrained

Magnetic Diffusivity:

AMaybe constraining better the dynamo ingredients is going
to destroy the beauty of our butterfly diagrams, but if it does,
it will raise questions that will certainly teach us something.
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The 2.5D Kinematic Dynamo
Model

An implementation of the induction equation:
Boph 5B
Lt
Using the axisymmetric formulation of the magnetic field:
B=BE + B Aef

The axisymmetric formulation of velocity field:

~

V=V, 4sin(g) &

And adding a phenomenological source that models the appearance and
decay of active regions (BL poloidal source) .




The Dynamo Equations

. We get the 2.5D axisymmetric kinematic dynamo equations:

Poloidal Field:
gt ] A . .
WI)-pihe 1§ Ll g (oPg @o)a(a)e,
C S = S
Toroidal Field:
uB(r,qg,t 3 1 85 e. 2 90 . . UsB) A . - 5
Pen0ke 5§ spuied B wER G (4 gl ()
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Dynamo Ingredients 1 Poloidal Source

Poloidal Source at 8 = 7 /4 Poloidal Source atr=0.96'R_
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Meridional Flow T Latitudinal
dependece

Meridional Flow Speed at Different Dephts Density Weighted Meridional Flow Speed at Different Dephts
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Assimilating the Helioseismic
Meridional Flow i Radial dependece
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Evolution of the toroidal sources
during one sunspot cycle

(B, V. ) (By - Vs2) Toroidal Field Polaidal Field
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Comparative evolution of magnetic
fields
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