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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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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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Convection in G-type starsObservational Predictions from Stellar Simulations 3

Figure 1. Patterns of convection in solar-type stars. Shown are radial velocity
patterns near the stellar surface for stars rotating at (a) 0.5 Ω!, (b) 3 Ω!, (c) 5 Ω!,
and (d) 10 Ω!. The broad, slow upflows are shown in light tones while the narrow,
fast downflows are shown in dark tones. The north pole is visible and the equator is
denoted by a dashed line. Clear differences are apparent in the polar and equatorial
regions, and these become more pronounced as the rotation rate increases. At the
highest rotation rates, convection near the equator can become confined to narrow
bands in longitude. To emphasize this in case G10 we show the whole sphere from
(d) in a Mollweide view in (e), with equator at middle and poles at top and bottom.
These active nests of convection retain their identity for many thousands of days and
propagate at speeds distinct from the stellar rotation rate (Brown et al. 2008).

with narrow downflow lanes surrounding broader upflows (e.g., case G5 in Fig. 1c). As
the rotation rate is increased the horizontal scale of individual convective cells becomes
smaller. Individual global-scale convective cells will likely be nearly impossible to de-
tect on main-sequence solar-type stars; indeed their detection has eluded helioseismic
detection in the solar interior for many years.

At the highest rotation rates however, surprising patterns of localized convection
emerge, and these self-organized structures may create strong observational signatures.
Here flows near the equator may be confined to one or two active ranges of longitude,
with quiescent streaming flow in between. One such active nest of convection is shown
in case G10 in Figure 1d, with Figure 1e showing the entire near-surface layer in a
global Mollweide view. These active nests of convection are very long lived structures
that persist for thousands of days (many hundreds of convective turnover times or rota-
tion periods). They move at their own angular velocity, distinct from either the stellar
rotation rate or the differential rotation in which they are embedded and at times may
cover a substantial fraction of the stellar disk. These structures have been found in hy-
drodynamic simulations (Brown et al. 2008) and in some situations they survive in the
presence of magnetism. In these cases they can act to concentrate surface magnetism
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Flows in F- and M-type stars

Convection and Differential Rotation: F Stars 9

Figure 4. The first column of figures (a,d,g) display the radial velocities and convective patterns near the upper boundary of Cases

B5-B20. In the second column of figures (b,e,h) the time and azimuthally averaged angular velocity is shown, with the fast prograde
equator in red and slower poles in blue. The third column of figures (c,f,i) exhibits the azimuthally and time averaged m = 0 temperature
fluctuations with the warm poles in red tones and the cool equator in blue tones. The dashed line in the second and third row of figures
delineates the beginning of the stable region.
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Figure 2. Radial velocities and temperature fluctuations (less the m=0 component) from Case A10 are shown in orthographic projection
at several radial levels with r/R∗ equal to (a, e) 0.972, (b, f) 0.922, (c, g) 0.854, (d, h) 0.801. Light tones are warm upflows, while dark
tones are cool downflows.

CP , and the luminosity of the star L! one can determine
this sub-grid scale entropy diffusivity κ0 based upon an
energy flux balance. The sub-grid scale thermal and mo-
mentum diffusivities are set so that Pr = 1/4, and thus
have the same radial dependence.

Tables 2 and 3 describe the evolved runs in detail.
For each mass, a single initial stellar structure model is
used Table 1. At each rotation rate, the diffusivities are
decreased relative to the lowest rotation rate case with
ν ∝ Ω−2/3 to maintain a constant super-criticality at
the beginning of the simulations. The background state
of the simulations is allowed to change with time, so a
constant level of super-criticality is not necessarily main-
tained throughout their evolution. All of the simulations,
however, do remain super-critical as indicated in Table
2. The average Rayleigh numbers in the convection zone
are several times greater than the critical Rayleigh num-
ber, which grows as Ω4/3. The diffusion in Cases B5-B20

is about a factor of two higher on average compared to
the lower mass Cases A5-A20 as the convection is being
driven by a steeper super-adiabatic gradient. This re-
sults in lower average Reynolds and Rayleigh numbers
for Cases B5-B20, but this is done to ensure numerical
stability at our chosen resolution as the downflows tend
to be faster with larger temperature deficits in these sim-
ulations. As a matter of definition, an evolved case is
one in which the volume averaged differential rotation
and kinetic energies vary by less than 1% relative to an
initial value over a span of about 1000 days of simulation
time. The differential rotation and other quantities are
measured in these evolved cases to ensure that the time
averages taken are essentially stationary.

3. NATURE OF GLOBAL SCALE F-STAR
CONVECTION

As mentioned in §2, the anelastic approximation filters
out acoustic modes. The reasoning behind this is that
the timescales of interest are much longer, on the order
of days, months and even years. Despite the neglect of
sound waves, the time evolution of the ASH simulations
is rich with dynamic behaviors: equatorial convective
columns march around the equator constantly jockey-
ing for position as they collide and overtake one another,
convective cells outside the equatorial region shuffle along
with the mean flows and are continually forming and
reforming as they interact with one another. However,
the timescales of these interactions are much longer than
the time required for acoustic waves to propagate across
them. In fact, the convective cells at the equator can last
many days, and those at the poles can last even longer.

The convective cells, such as those seen in Figure 2,
are generally defined by broad upflows (warm tones) bor-
dered by narrow downflows (cool tones). The color tones
in panels a-d are meant to evoke both a sense of the tem-
perature fluctuations (panels e-h) associated with these
structures as well as the direction of the flow. Namely,
the upflows are warm and the downflows are cool rela-
tive to the mean temperature. The typical (within one σ
of the mean) radial velocities at mid-convection zone for
global scale flows in Case A10 are between −600m s−1 for
downflows and 300m s−1 for upflows, but the rms radial
velocities are 200m s−1. Similarly, the average difference
in temperature fluctuations between the central upflow
and the bordering downflows defining the convective cell
are about 60K.

As is common in stratified convection, there is an
asymmetry between the area occupied by the downflows
and that of the upflows. This can be clearly seen in
Figure 2, in that the downflow lanes are narrow while
the upflows are broad. In these simulations, the areal
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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).
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184

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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The Astrophysical Journal Letters, 739:L38 (5pp), 2011 October 1 Nelson et al.

Figure 3. Analyzing a rising loop. (a) Two-dimensional cuts in longitude at successive times (tracking in longitude at the local rotation rate of the loop) showing
toroidal magnetic field over radius and latitude. The rising magnetic loop A is seen in the cross section starting at 0.81 R! at t = tb and rising to 0.91 R! after roughly
15 days. Proto-loop B is also seen rising starting at 8.6 days, but the top of loop B never rises above 0.88 R!. (b) Three-dimensional visualization of magnetic field
lines in the core of a wreath which produces four loops (two shown here, one of which is loop A) at tb + 14.6 days. Perspective is looking down along the rotation
axis toward the equatorial plane. Coloring indicates field magnitude. Dashed lines indicate radial position. Dotted line shows the cutting plane used in the leftmost
panel above. (c) Radial location of the top of a buoyant loop as a function of time since tb, along with movement attributable to magnetic buoyancy (red lines) or to
advection by convective upflows (blue lines).
(A color version of this figure is available in the online journal.)

magnetic dissipation and the nonlinear, nonlocal nature of tur-
bulent magnetic induction, which makes reliable SGS modeling
difficult. However, we believe that the essential large-scale dy-
namics exhibited in this simulation are robust and are largely
insensitive to the SGS model. Indeed convective dynamo sim-
ulations with differing prescriptions for SGS diffusion exhibit
similar large-scale magnetic structures (B10; B11; Ghizaru et al.
2010; Racine et al. 2011).

Here we will discuss buoyant magnetic structures which
coherently rise above 0.90 R! while remaining connected to
the large-scale toroidal wreaths. Using these criteria, we have
identified nine buoyant magnetic loops, indicated by hash marks
in Figure 2(b). Eight loops are seen in the northern hemisphere
and one in the southern hemisphere. We expect that the apparent
asymmetry is simply the result of having studied only two
magnetic cycles.

3. BUOYANT MAGNETIC LOOPS

Buoyant magnetic loops arise from the cores of toroidal
magnetic wreaths near the base of the simulated domain. These
wreaths have significant 〈Bφ〉 components that peak around 5 kG
while also having strong non-axisymmetric fields. Figure 1(b)
shows a typical Bφ configuration involving a negative polarity
wreath in the northern hemisphere spanning 95◦ in longitude and
a positive polarity wreath in the southern hemisphere extending
over 270◦ in longitude. As demonstrated in cases D3 (B10) and
D5 (B11), these magnetic wreaths are highly nonuniform and
display significant internal variation as well as a high degree of

connectivity with the rest of the domain. In case S3 portions of
the wreaths can have coherent cores in which Bφ can regularly
exceed 25 kG and have peak values as high as 54 kG. In these
cores, bundles of magnetic field lines show very little local
connectivity with the rest of the domain or even the other
portions of the wreath. A single wreath of a given polarity may
not form a coherent core at all or may have more than one core,
and a single core may produce multiple buoyant loops. Of the
nine buoyant loops investigated here to rise past 0.90 R!, one
coherent core produces four buoyant loops, another produces
three, and two more cores each yield a single buoyant loop.

Some of the coherent wreath cores can become buoyant
magnetic loop progenitors or proto-loops. In these proto-loops
the strong Lorentz forces result in highly suppressed convective
motions. If we examine extended regions in the cores of wreaths
with a local ratio of magnetic to kinetic energy above a fiducial
value of 100, we identify at least 35 proto-loops at the times
where the nine buoyant loops arise. Thus the large majority of
proto-loops do not evolve into mature buoyant loops, generally
due to unfavorable interactions with convective flows. When
magnetic field strengths exceed 35 kG the proto-loops become
significantly underdense as magnetic pressure displaces fluid,
causing buoyant acceleration. With some rise a proto-loop can
enter a region of less suppressed giant cell convection. These
flows will advect portions of the proto-loop downward at cell
edges and upward in the core of the giant cells. The rise of the
top of a magnetic loop is shown in the cross section by sampling
Bφ roughly every two days in Figure 3(a). Not all proto-loops

3

Next Step: Sunspots and
Buoyant Magnetic Loops?

(Nelson et al. 2011, ApJL)
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Figure 3. Analyzing a rising loop. (a) Two-dimensional cuts in longitude at successive times (tracking in longitude at the local rotation rate of the loop) showing
toroidal magnetic field over radius and latitude. The rising magnetic loop A is seen in the cross section starting at 0.81 R! at t = tb and rising to 0.91 R! after roughly
15 days. Proto-loop B is also seen rising starting at 8.6 days, but the top of loop B never rises above 0.88 R!. (b) Three-dimensional visualization of magnetic field
lines in the core of a wreath which produces four loops (two shown here, one of which is loop A) at tb + 14.6 days. Perspective is looking down along the rotation
axis toward the equatorial plane. Coloring indicates field magnitude. Dashed lines indicate radial position. Dotted line shows the cutting plane used in the leftmost
panel above. (c) Radial location of the top of a buoyant loop as a function of time since tb, along with movement attributable to magnetic buoyancy (red lines) or to
advection by convective upflows (blue lines).
(A color version of this figure is available in the online journal.)

magnetic dissipation and the nonlinear, nonlocal nature of tur-
bulent magnetic induction, which makes reliable SGS modeling
difficult. However, we believe that the essential large-scale dy-
namics exhibited in this simulation are robust and are largely
insensitive to the SGS model. Indeed convective dynamo sim-
ulations with differing prescriptions for SGS diffusion exhibit
similar large-scale magnetic structures (B10; B11; Ghizaru et al.
2010; Racine et al. 2011).

Here we will discuss buoyant magnetic structures which
coherently rise above 0.90 R! while remaining connected to
the large-scale toroidal wreaths. Using these criteria, we have
identified nine buoyant magnetic loops, indicated by hash marks
in Figure 2(b). Eight loops are seen in the northern hemisphere
and one in the southern hemisphere. We expect that the apparent
asymmetry is simply the result of having studied only two
magnetic cycles.

3. BUOYANT MAGNETIC LOOPS

Buoyant magnetic loops arise from the cores of toroidal
magnetic wreaths near the base of the simulated domain. These
wreaths have significant 〈Bφ〉 components that peak around 5 kG
while also having strong non-axisymmetric fields. Figure 1(b)
shows a typical Bφ configuration involving a negative polarity
wreath in the northern hemisphere spanning 95◦ in longitude and
a positive polarity wreath in the southern hemisphere extending
over 270◦ in longitude. As demonstrated in cases D3 (B10) and
D5 (B11), these magnetic wreaths are highly nonuniform and
display significant internal variation as well as a high degree of

connectivity with the rest of the domain. In case S3 portions of
the wreaths can have coherent cores in which Bφ can regularly
exceed 25 kG and have peak values as high as 54 kG. In these
cores, bundles of magnetic field lines show very little local
connectivity with the rest of the domain or even the other
portions of the wreath. A single wreath of a given polarity may
not form a coherent core at all or may have more than one core,
and a single core may produce multiple buoyant loops. Of the
nine buoyant loops investigated here to rise past 0.90 R!, one
coherent core produces four buoyant loops, another produces
three, and two more cores each yield a single buoyant loop.

Some of the coherent wreath cores can become buoyant
magnetic loop progenitors or proto-loops. In these proto-loops
the strong Lorentz forces result in highly suppressed convective
motions. If we examine extended regions in the cores of wreaths
with a local ratio of magnetic to kinetic energy above a fiducial
value of 100, we identify at least 35 proto-loops at the times
where the nine buoyant loops arise. Thus the large majority of
proto-loops do not evolve into mature buoyant loops, generally
due to unfavorable interactions with convective flows. When
magnetic field strengths exceed 35 kG the proto-loops become
significantly underdense as magnetic pressure displaces fluid,
causing buoyant acceleration. With some rise a proto-loop can
enter a region of less suppressed giant cell convection. These
flows will advect portions of the proto-loop downward at cell
edges and upward in the core of the giant cells. The rise of the
top of a magnetic loop is shown in the cross section by sampling
Bφ roughly every two days in Figure 3(a). Not all proto-loops
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Figure 3. Analyzing a rising loop. (a) Two-dimensional cuts in longitude at successive times (tracking in longitude at the local rotation rate of the loop) showing
toroidal magnetic field over radius and latitude. The rising magnetic loop A is seen in the cross section starting at 0.81 R! at t = tb and rising to 0.91 R! after roughly
15 days. Proto-loop B is also seen rising starting at 8.6 days, but the top of loop B never rises above 0.88 R!. (b) Three-dimensional visualization of magnetic field
lines in the core of a wreath which produces four loops (two shown here, one of which is loop A) at tb + 14.6 days. Perspective is looking down along the rotation
axis toward the equatorial plane. Coloring indicates field magnitude. Dashed lines indicate radial position. Dotted line shows the cutting plane used in the leftmost
panel above. (c) Radial location of the top of a buoyant loop as a function of time since tb, along with movement attributable to magnetic buoyancy (red lines) or to
advection by convective upflows (blue lines).
(A color version of this figure is available in the online journal.)

magnetic dissipation and the nonlinear, nonlocal nature of tur-
bulent magnetic induction, which makes reliable SGS modeling
difficult. However, we believe that the essential large-scale dy-
namics exhibited in this simulation are robust and are largely
insensitive to the SGS model. Indeed convective dynamo sim-
ulations with differing prescriptions for SGS diffusion exhibit
similar large-scale magnetic structures (B10; B11; Ghizaru et al.
2010; Racine et al. 2011).

Here we will discuss buoyant magnetic structures which
coherently rise above 0.90 R! while remaining connected to
the large-scale toroidal wreaths. Using these criteria, we have
identified nine buoyant magnetic loops, indicated by hash marks
in Figure 2(b). Eight loops are seen in the northern hemisphere
and one in the southern hemisphere. We expect that the apparent
asymmetry is simply the result of having studied only two
magnetic cycles.

3. BUOYANT MAGNETIC LOOPS

Buoyant magnetic loops arise from the cores of toroidal
magnetic wreaths near the base of the simulated domain. These
wreaths have significant 〈Bφ〉 components that peak around 5 kG
while also having strong non-axisymmetric fields. Figure 1(b)
shows a typical Bφ configuration involving a negative polarity
wreath in the northern hemisphere spanning 95◦ in longitude and
a positive polarity wreath in the southern hemisphere extending
over 270◦ in longitude. As demonstrated in cases D3 (B10) and
D5 (B11), these magnetic wreaths are highly nonuniform and
display significant internal variation as well as a high degree of

connectivity with the rest of the domain. In case S3 portions of
the wreaths can have coherent cores in which Bφ can regularly
exceed 25 kG and have peak values as high as 54 kG. In these
cores, bundles of magnetic field lines show very little local
connectivity with the rest of the domain or even the other
portions of the wreath. A single wreath of a given polarity may
not form a coherent core at all or may have more than one core,
and a single core may produce multiple buoyant loops. Of the
nine buoyant loops investigated here to rise past 0.90 R!, one
coherent core produces four buoyant loops, another produces
three, and two more cores each yield a single buoyant loop.

Some of the coherent wreath cores can become buoyant
magnetic loop progenitors or proto-loops. In these proto-loops
the strong Lorentz forces result in highly suppressed convective
motions. If we examine extended regions in the cores of wreaths
with a local ratio of magnetic to kinetic energy above a fiducial
value of 100, we identify at least 35 proto-loops at the times
where the nine buoyant loops arise. Thus the large majority of
proto-loops do not evolve into mature buoyant loops, generally
due to unfavorable interactions with convective flows. When
magnetic field strengths exceed 35 kG the proto-loops become
significantly underdense as magnetic pressure displaces fluid,
causing buoyant acceleration. With some rise a proto-loop can
enter a region of less suppressed giant cell convection. These
flows will advect portions of the proto-loop downward at cell
edges and upward in the core of the giant cells. The rise of the
top of a magnetic loop is shown in the cross section by sampling
Bφ roughly every two days in Figure 3(a). Not all proto-loops
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