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 Finite-difference Spherical Anelastic MHD (FSAM) code solves the following

anelastic MHD equations in a partial spherical shell domain:

polo [

Po

881

ot

ov
ot

+ (v V)(s0 + 31)] =V (KpyToVsy)—(D-V)-v+

0B

— =V X

ot

V- (POV) — 07

4

V-B=0
(vxB) -V x (nV x B),
p_ph
po po To

1
[——i—(v-V)v] :2pov><Q—Vp1—|—p1g+E(V><B)><B—|—V-D

1
—WU(V X B)2 —V- Frad

where D is the viscous stress tensor, and F_, is the radiative diffusive heat flux:
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A convective dynamo simulation
(Fan and Fang 2014, ApJ, in press)

* Simulation domain r €(0.722R,,0971R,), 0 €(w/2 -7 /3,7/2+7/3), $ €(0,27)
* Grid: 96 x 512 x 768, horizontal res. at top boundary 2.8 Mm to 5.5 Mm, vertical res. 1.8 Mm

¢ K=3x10" em’s™, v=10" em’s™", n=10" em’s™, at top and all decrease with depth as 1/\/5

*Convection is driven by the radiative diffusive heat flux as a source term in the entropy
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at the top s, 1s held fixed, and s, 1s symmetric at the 6 - boundaries

* The velocity boundary condition is non-penetrating and stress free at the and the top, bottom
and O—bondaries

 For the magnetic field: perfect conducting walls for the bottom and the 6—boundaries; radial
field at the top boundary

» Angular rotation rate for the reference frame Q =2.7 x 10 °rad/s , net angular momentum
relative to the reference frame is zero.
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d<s,>/dr (ergg ' K'cm™)

speed (m/s)

Consistent with Model S of JCD: the entropy

1x10° gradient at 0.97R, is ~10” erg g K-'cm'!
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I Compared to Kapyla et al. (2012):
! Re =36
200 Co=176
ol e om0 ase o 95 0 Our dynamo is in a much less rotationally
' ' r (Ry) ' ' constrained regime compared to Kapyla et al.

(2012), Nelson et al. (2013), Augustson et al.
(2013).
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* Transition between solar-like and anti-solar differential rotation takes place at Ro ~ 1:
Gastine et al. (2014)

* Presence of the magnetic field suppresses convection, making the flow more rotationally
constrained, and changes the Reynolds stress transport of angular momentum:
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Examples of strong flux emergence events
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B, (G) at 30 Mm depth
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* Conform to Hale’s rule
by 2.4 to 1 in area
* Tilt angle 7.5 + 1.6°
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Summary

* A 3D convective dynamo in the rotating solar convective envelope driven by the radiative heat
flux produces a large-scale mean magnetic field that exhibits irregular cyclic behavior with
oscillation time scales ranging from about 5 to 15 years and undergoes irregular polarity
reversals

* The mean axisymmetric toroidal magnetic field peaks at the bottom of the convection zone,
reaching a value of about 7000 G. Including the fluctuating component, individual channels of
strong field reaching 30kG are present.

* The presence of the magnetic fields plays an important role in the self-consistent maintenance
of the solar-like differential rotation. In several ways acts like an enhanced viscosity:
— Suppress large scale convection, make it more rotationally constrained = outward
transport of angular momentum by the Reynolds stress.
— Take up the main role of balancing the Reynolds stress transport with the Maxwell stress
transport.
— Reduce the downward kinetic energy energy flux

* In the midst of magneto-convection, we found occasional emergence of strong super-
equipartition toroidal flux bundles near the surface, exhibiting properties that are similar to
emerging solar active regions. They are not rising in isolation from the bottom of the CZ, but
are product of continued reconnection and shear amplification by local flows in the bulk of CZ.



Integration of FSAM into SWMF (work in progress)

e Fang Fang has rewritten FSAM completely following standards and
conventions of other existing components in SWMF such as EE

e FSAM has been put into SWMF as the CZ component, but is not yet
part of default download.
— Can be checked out from CVS specifically under CZ directory:

“cvs co FSAM”

— The checked out version of FSAM is set up to work on
Yellowstone/NWSC so far. Need to work out a general way to
compile the FISHPAK library for different compiler.
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