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Inside the Sun

 CONVECTION ZONE 
  VERY TURBULENT 
  (depth of 200 Mm)
         Re ~ 1015

 Stratified, Rotating 
and Magnetic

(Mike Thompson)
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• Capture 3-D MHD convection       
at high resolution on massively- 
parallel supercomputers                       
(~1000 processors for ~1 year)        

• Study turbulent convection 
interacting with rotation in bulk of 
solar CZ:  0.72 R - 0.97 R

• Realistic stellar structure 
• Simplified physics: perfect gas, 

radiative diffusivity, compressible, 
subgrid transport, MHD

• Correct global spherical geometry
• Now can study similar stars too

Anelastic Spherical Harmonic
 (ASH) Simulations

Solar convection 
(Miesch et al. 2008)
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Radial Velocities in
a solar simulation

Swirling, vortical 
convection near 

polar region

Sweeping cells
near equator

(based on Miesch et al. 2008)

(Period ~ 28d)
-40 
m/s

Shown near the 
solar surface (2%)

+20
m/s

Downflows: fast, narrow
Upflows: slow, broad

Case F
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Rapidly Rotating Suns: 
Convective Flows

(Brown et al. 2008, 2010)

+80 m/s-80

(Period ~ 9d)
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Flows in a very rapidly rotating star

(Period ~ 3d) (Brown et al. 2008)

+45 m/s-45
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Differential Rotation in Other Stars

☉

Different masses, 
same rotation rate,
very similar profiles
of DR.

All three stars rotating 
at solar rate (P~28d)
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Figure 3.7 — Scaling of ∆Ŝ and maximal latitudinal temperature contrast with Ω0.
The latitudinal contrast of entropy ∆Ŝ (plotted as diamonds) is measured between
equator and high latitudes at 0.96R!. It increases with more rapid rotation. The more
turbulent cases (G3a, G3b and G5b as labeled) have larger entropy contrasts, in keeping
with their generally stronger differential rotation. Blue triangles indicate the maximum
temperature contrast in latitude at the upper boundary in each simulation.

rapidly rotating simulations, the primary flux balance in latitude is between thermal

eddy diffusion κρ̄T̄ 〈∂S/∂θ〉 and convective enthalpy transport Cpρ̄〈v′θT
′〉. Here convec-

tive transport moves warm material to the poles as the downflows align more strongly

with the rotation axis while eddy diffusion works to erode the gradient. The meridional

circulations appear to play a relatively minor role in maintaining the overall latitudinal

entropy contrast.

3.4 Angular Momentum Redistribution

In these simulations of stellar convection, complex couplings between rotation and

convection build the profiles of differential rotation and meridional circulation. With

stress-free boundary conditions at the top and bottom of the shell there are no net

torques and thus the total angular momentum is conserved. Couplings between rotation

and convection lead to a global-scale redistribution of angular momentum, resulting in

57

Figure 3.5 — Temperature structures within case G5. Mean latitudinal variations in
temperature are shown relative to their spherical average T̄ in (a) as contours with radius
and latitude and (b) as cuts at fixed radii at the top (solid, 0.96R!), middle (dashed,
0.84R!) and bottom (dotted, 0.72R!) of the domain. (c) Temperature fluctuations in
a snapshot near top of domain (0.95R!) relative to the mean structure in (a).

structures are long lived and appear to be a separate phenomena from the nests of

convection. The polar patterns propagate in a retrograde sense more rapidly than the

differential rotation in which they are embedded, and though streaming wakes from the

active nests print weakly into the polar regions, the polar patterns and nests appear

to be distinct phenomena. The large-scale polar patterns are not evident in the slowly

rotating cases (G1 and G2); in the most rapidly rotating cases this modulation attains

a more complicated form than the two-lobed structure shown here.

The zonally-averaged thermal structure (Fig. 3.5a, b) is quite smooth and is char-

acterized by warm poles and a cool equator, with yet cooler mid-latitudes. In contrast,

the mean entropy increases monotonically from equator to pole, due to effects of pres-

sure. All of the more rapidly rotating cases have similar latitudinal thermal profiles,

though the temperature difference between equator and pole increases with more rapid

rotation, as will be discussed further in §3.3. In case G5, the latitudinal pole to equator

temperature contrast is approximately 100 K throughout the convection zone. These

latitudinal variations remain small at all rotation rates in comparison to the spherically

symmetric background T̄ , which ranges from 2.7×105 K near the surface to 2.2×106 K

near the bottom of the convection zone (as shown in Fig. 2.1).

Pole-to-Equator
Temperature:
Thermal Wind

Temperature
contrast in

latitude grows
substantially

with fast rotation

5 Ω0

(Brown et al. 2008)

(few K in the Sun,
few 100 K in some)
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In contrast,
meridional 

circulations
are weaker and

mutli-celled

Meridional Circulations

1 Ω 5 Ω

Disagreement with 
expectations (Brown et al. 2008)
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Figure 8.22 — Patterns of convection in case D0.5a. (a) Radial velocity vr in Mollweide
projection near the top of the shell (0.95R!) and (b) at mid-convection zone (0.85R!).
(c) Time-averaged profile of angular velocity Ω with (d) accompanying radial cuts. The
differential rotation has flipped in sense relative to the rapidly rotating simulations,
here with a retrograde equator and prograde poles. There is still a substantial angular
velocity contrast in latitude and radius. (d) Meridional circulations, with streamlines
of mass flux overlain and sense of circulation indicated by color.
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Strong DR    Wreath-building Dynamo

(Brown et al. 2010)

Back to low Ro
    3 Ω   Ro~0.4☉
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Poloidal Regeneration region

Poloidal Regeneration region

Toroidal Regeneration region
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More Turbulent Dynamos: 
Magnetic Wreaths 

and Global-scale Reversals 

5 Ω0Shortly before Long after(Brown et al. 2011)
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A Global-scale reversal

5 Ω0
Long after
(Brown et al. 2011)

During
reversal

Shortly
before
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Time-latitude
map of Bφ

Torroidal 
field …

flips!

(shown here 
at mid-CZ)
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Cyclic Activity: Nearly Ubiquitous

Cyclic

Persistent

 Strong DR
Feedback

Failed 
Dynamos

Also see Ghizaru et al. 2010,
                 Racine et al. 2011
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Rotation and 
Turbulence
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Rotation and 
Turbulence

10 Ω

Cyclic

Persistent

Hemispheric dynamo
Friday, September 2, 2011


