
Ben Brown 
CU Boulder

from rapidly rotating simulations of solar-type stars (Brown
et al. 2011), but markedly different from the results of
Browning (2008) or Yadav et al. (2015a), where the !elds
strongly quench the differential rotation. Whether differential
rotation and !elds can coexist likely depends on the Rossby
number regimes of the dynamos, as discussed in Yadav et al.
(2016).

4. Implications of Hemispheric Dynamos

This Letter has focused on a single-dynamo solution that
shows striking hemispheric asymmetries. We !nd the same
preference for single-hemisphere dynamos in every fully
convective M-dwarf case computed to present, including a
sweep of cases at = ´ -Ek 2.5 10 5 and =Ro 0.38C –0.57,
corresponding to rms Reynolds numbers of 210–350 and
Rossby numbers of 0.27–0.42. These cases also all undergo
cyclic reversals of magnetic polarity. To check if single-
hemisphere preference happens spuriously from a numerical
source, we also rotated around the x̂ rather than the ẑ axis (for

=Ro 0.41C , = ´ -Ek 2.5 10 5). In this strange solution,
cycling single-hemispheric-dynamo action happened around
the east–west pole, relative to the numerical grid.

Our solutions differ from those found in Dobler et al. (2006).
That work used star-in-a-box techniques to capture a fully
convective geometry. The solutions of Dobler et al. (2006)
were signi!cantly less rotationally constrained than ours. Their
solutions show antisolar differential rotation, with slow
equators and fast polar regions, and these generally emerge at
relative large convective Rossby number 2Ro 1C (e.g.,
Gastine et al. 2014). This is opposite of the solar-like states
we !nd here; they also did not !nd cyclic dynamo reversals.

So far, we cannot determine why fully convective simula-
tions so strongly prefer single-hemisphere dynamos, or why
these have not been found previously. Possibly, hemispheric
dynamos are local to this region of parameter space. It is also
possible that small core cutouts, as used in shell simulations,
signi!cantly change the allowed topologies of the global-scale
!elds even when those cutouts are small (!10% R). Small solid
objects are a relevant source of vorticity injection, and this can
signi!cantly affect the bulk solution. More importantly, it is
unclear which thermal boundary conditions on an internal core
reproduce the effects of distributed nuclear burning in the core
of a star. The situation may be different when the cutout is
large; using incompressible Boussinesq spherical shells, Grote
& Busse (2000) found con!ned, time-dependent hemispheric-
dynamo states. Those laminar simulations used a large cutout
appropriate to the Earth’s core (!40% R). Bice & Toomre
(2020) also found occasional hemispheric states in strati!ed,
stellar simulations using a similar geometry. Large cutouts
likely provide some degree of hemispherical isolation that is
absent in our fully connected geometry.
Interestingly, Stanley et al. (2008) found single-hemisphere

dynamo states in simulations of Mars’ paleomagnetic !eld, but
in a signi!cantly different parameter regime than our current
studies. Mars itself has a notably hemispheric remnant !eld,
and its paleo-core size is unknown. The Martian simulations
show signi!cant north–south mean zonal "ow asymmetries,
while our differential rotation pro!les remain remarkably
symmetric across the equator. In either case, the mean magnetic
Lorentz force must act mostly in one hemisphere. However,
magnetic boundary conditions at an inner core may play an
outsized role in MHD feedbacks. It is possible that perfectly
conducting (e.g., Browning 2008) or !nitely conducting (e.g.,

Figure 2. Magnetic !eld topologies through a magnetic reversal. The left side shows the mean toroidal !eld Bf and poloidal vector potential Af for the full domain,
temporally averaged over one rotation period. The right side shows the radial magnetic !eld Br at the upper boundary r!=!1. These are taken from periods of peak
magnetic !eld strength during two successive dynamo cycles: the top row from t!=!5950 !"1, and the bottom row from t!=!6025 !"1.
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Figure 1.3 — Di!erential rotation and the solar dynamo. (a) Helioseismically deter-
mined di!erential rotation profile for the Sun, showing the best determination to date
of the internal angular velocity " profile (Thompson 2009), with fast (red) equator and
slow (blue) poles. Two layers of radial shear are prominently visible, one near the sur-
face and one at the interface between the convection zone and the radiative interior.
This deeper layer, the tachocline, may be the seat of the global solar dynamo. (b) Sketch
of processes likely at work in the solar dynamo. In interface dynamo models, magnetic
fields in the convection zone are wound up by helical convective flows (1) and pumped
downwards into the tachocline by the compressible convection (2). There the field is
organized and stretched into global-scale structures (3) which may become buoyantly
unstable and rise to emerge at the surface as sunspots (4). As they transit the convection
zone, the magnetic tubes are influenced by rotation and some of the field is shredded
by convection, closing the loop back to (1). Meridional circulations may additionally
contribute to the transport of field down to the tachocline.
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What can we learn from 
multi-D simulations anyways?



the Dedalus collaboration

Jeffrey Oishi 
Bates College

Keaton Burns 
MIT & CCA

Geoffrey Vasil 
University of Sydney

Daniel Lecoanet 
Northwestern

Ryan Díaz-Pérez 
Data Scientist 

Los Angeles, CA

Gabriel Ortiz-Peña 
University lecturer 

Guadalajara, Mexico

Jhett Bordwell 
Myriad Genetics 

San Francisco, CA

Evan Anders 
CIERA Fellow  
Northwestern

current and recent Hale postdoc fellows

Lydia Korre 
APS/Applied Math

Benoit Tremblay 
APS/NSO

Alicia Aarnio 
UNC-Greensboro

Feng Chen 
Nanjing University

Whitney Powers Imogen Cresswell

People  
do science

Exoweather group

Katie Manduca 
Boulder Labs 
Boulder, CO

Tayler Quist 
Applied Math 

UC Santa Cruz
Linnea Wolniewicz 

APS undergrad



Personal views

•Simulations lie 
•Sometimes you can catch them 
•Sometimes you can’t 
•So what do we do?



Some ways we can be wrong…
•Errors of numerics 

- you’re solving the problem wrong on a 
computer; this one we can catch 

•Errors of approximation/model 
- you’re solving a different problem than 

the real one (deliberately, or not) 
•Errors of application 

- you’re not solving the problem you think 
that you’re solving (this one’s nasty…)



Errors of numerics
Here is a 2-D simulation of 
something.   The mistake 
made is that the resolution is 
too low. Under-resolution 
can do a lot of things; most 
of them don’t obey physics. 

This is a spectral code, so 
when problems happen, 
they’re O(1).  That’s a feature. 

If you don’t catch them, the 
sim may continue, but it’s no 
good any more.



Errors of approximation/model
Now you’re changing the simulation.  Maybe 
you’re doing 2-D rather than 3-D.  Or maybe 
you’re solving a different set of equations 
(e.g., Boussinesq) rather than the real ones 
(e.g., fully compressible).  Or you’re in the 
wrong geometry.  This can be fine. 

Or not. 

But it’s a choice.  And we can all discuss 
choices like civilized people.



r · u = 0

r · u = �u ·r ln �0

r · u = �u ·r lnP0

�1(P0, �)

An example: 
different models for low Mach flows

Boussinesq 
(incompressible flow & buoyancy)

Anelastic
(adds stratification)

Generalized PI
(adds finite amplitude 
thermal perturbations; 
generalizes EOS)

(Brown, Vasil & Zweibel 2012;    Vasil, Lecoanet, Brown, Wood & Zweibel 2013)

Fully compressible
(the real deal)



Stratified, fully compressible convection

Non-stratified, boussinesq convection

r · u = 0

r · u = �u ·r ln �0

r · u = �u ·r lnP0

�1(P0, �)

Both of these are 2-d. 

There are some shared 
similarities, and some 
differences.  That may 
or may not matter. 

If you’re careful, 
you can learn from 
either of these.
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of the internal angular velocity " profile (Thompson 2009), with fast (red) equator and
slow (blue) poles. Two layers of radial shear are prominently visible, one near the sur-
face and one at the interface between the convection zone and the radiative interior.
This deeper layer, the tachocline, may be the seat of the global solar dynamo. (b) Sketch
of processes likely at work in the solar dynamo. In interface dynamo models, magnetic
fields in the convection zone are wound up by helical convective flows (1) and pumped
downwards into the tachocline by the compressible convection (2). There the field is
organized and stretched into global-scale structures (3) which may become buoyantly
unstable and rise to emerge at the surface as sunspots (4). As they transit the convection
zone, the magnetic tubes are influenced by rotation and some of the field is shredded
by convection, closing the loop back to (1). Meridional circulations may additionally
contribute to the transport of field down to the tachocline.
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Inside our Sun: mysteries on the large scales

NSSL

• Why does the interior of the Sun rotate like it does? 
• The NSSL is MRI unstable; what does that mean? 
• Where are the solar global-scale magnetic fields built? 



CZ

RZ

Inside our Sun: mysteries on the large scales

• Why does the interior of the Sun rotate like it does? 
• The NSSL is MRI unstable; what does that mean? 
• Where are the solar global-scale magnetic fields built? 

• Where are the giant cells of convection?
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Figure 5: Comparison of horizontal velocity spectra as a function of harmonic degree.
The red curve indicates the inverted flow field (same as Figure 3), and error bars
indicate the 95% confidence interval at each value of harmonic degree. The orange
curve is the upper limit on convective amplitudes as appears in HDS12. The purple
curve is from the numerical hydrodynamic simulation described in Section 4. These
three spectra are taken at a depth of approximately 30 Mm (0.96 R!). The green curve
is from the numerical simulation in [20] at a depth of 14 Mm (0.98 R!).
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Helioseismic observations 
of giant cells have absolutely  

huge disagreement.

(Greer et al 2015, ApJ)

Time-Distance

ring diagram

ASH sims

(Hanasoge et al 2012, PNAS)

DKIST, granulation

~100 Mm

NASA SDO, giant cells

upper 
limit

firm 
detection

best in 
class sims

?



2D: Mean-field models
•α-Ω type
• interface dynamos
• flux-transport and many variants
   (e.g. Babcock-Leighton)

Computationally inexpensive: simulate many cycles, try many ideas
In a position to try solar predictions (but parameterize convection)

3D: Convection, Rotation & Magnetism
•  global-scale flows, magnetism, 
   coupling from first principles
• now achieving cyclic behavior,
   buoyant magnetic structures
Computationally expensive
Solar parameters well out of reach

Dynamo SSN cycle 24 predictions 
(Pesnell 2012, SoPhys)
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Solar Dynamo Models:
some history



Properties of deep solar convection
  (CZ depth of 200 Mm or 0.3Rsol)

Re ~ 1015   E ~ 10-15  Pr ~ 10-5   Pm ~ 10-2

Ro ~ 1 (or maybe small!)
Tachocline is <5% thickness
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mined di!erential rotation profile for the Sun, showing the best determination to date
of the internal angular velocity " profile (Thompson 2009), with fast (red) equator and
slow (blue) poles. Two layers of radial shear are prominently visible, one near the sur-
face and one at the interface between the convection zone and the radiative interior.
This deeper layer, the tachocline, may be the seat of the global solar dynamo. (b) Sketch
of processes likely at work in the solar dynamo. In interface dynamo models, magnetic
fields in the convection zone are wound up by helical convective flows (1) and pumped
downwards into the tachocline by the compressible convection (2). There the field is
organized and stretched into global-scale structures (3) which may become buoyantly
unstable and rise to emerge at the surface as sunspots (4). As they transit the convection
zone, the magnetic tubes are influenced by rotation and some of the field is shredded
by convection, closing the loop back to (1). Meridional circulations may additionally
contribute to the transport of field down to the tachocline.
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History
• Gilman and Glatzmaier develop the first 3-D, spherical, 

global solar dynamo models (1980’s).  Boussinesq turned to 
anelastic, and Glatzmaier 1985 got anelastic dynamos. 
 

• Resolutions were low, 
dynamics were limited, 
differential rotation was 
solar-like.
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History
• In the 2000’s, Juri Toomre lead a re-building of anelastic spherical 

codes for modern computers.  The ASH mob was born. 



History
• ASH simulations of the Sun took off.  First dynamo results 

(Brun, Miesch & Toomre 2004) lead to attempts to dial in the 
solar differential rotation (Miesch, Brun & Toomre 2006) guided 
by thermal wind theory by Rempel (2005).  Resolutions were 
middling, time evolution was longish.
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History
• Access to bigger computers meant bigger sims.  Miesch et al (2008) 

was a high point (~10003).  Everything seemed fine.  Sort of.

(Mike Thompson)

(Miesch et al 2008)
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History
• At the same time, a bunch of (at the time) grad students started 

studying lots of other stars. 

- Matt Browning: core convection in A-type stars, then M-dwarfs

- Ben Brown: rapidly rotating G-type stars

- Nick Featherstone: A-type stars with super-equipartition dynamos

- Kyle Augustson: F-type stars, then the Sun, then O & B-type stars

- Nick Nelson: G-type stars with fancy approaches to turbulence

- Jerome Ballot: young solar stars with deep CZs

- Laurene Jouve: magnetic flux ropes, babcock-leighton dynamos


It was a bit of an industry.  We learned lots of things.

Some of those still hold true.



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 !!, (b) 3 !!, (c) 5 !!,
and (d) 10 !!. 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 di"erences 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 di"erential 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

(Brown et al. 2008)
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Differential Rotation in Other Stars

Stars of different masses, built 
off MESA structure models.

G-type star 
  1 M
☉

K-type star 
0.5 M

G/K-type star 
0.8 M
☉

G1 K1

Rossby scaling

☉

J1
These models were attempting to be

different stars, and to do it with

“no free parameters” by using stellar

structures, observed rotation rates, etc.



Convection zone dynamos with reversals

Long after

(Brown et al. 2011)

During 
reversal

Shortly 
before

positive 
negative

This is one of many such 
“solar-like” dynamos 

(e.g., Nelson et al 2013, 
Augustson et al 2014)

Ro ~ 0.25



Lower Rossby numbers 
leads to hemispheric states

Ro ~ 0.13

In shell-dynamos, we find globally-organized 
magnetic fields (and reversals) in lots of  
simulations that are at low values of the 
Rossby number.  With or without tachoclines*.

This leaves a few very interesting questions: 
1) what’s the Rossby number of the Sun? 
2) What do you get if you really get rid of  

the tachocline*? 
3) If the tachocline isn’t doing anything, 

what about the other shear layer (NSSL)?



Wait… are these actually different stars?



Back at the Sun:  
The problem of Anti-Solar DR

5

Figure 1.3 — Di!erential rotation and the solar dynamo. (a) Helioseismically deter-
mined di!erential rotation profile for the Sun, showing the best determination to date
of the internal angular velocity " profile (Thompson 2009), with fast (red) equator and
slow (blue) poles. Two layers of radial shear are prominently visible, one near the sur-
face and one at the interface between the convection zone and the radiative interior.
This deeper layer, the tachocline, may be the seat of the global solar dynamo. (b) Sketch
of processes likely at work in the solar dynamo. In interface dynamo models, magnetic
fields in the convection zone are wound up by helical convective flows (1) and pumped
downwards into the tachocline by the compressible convection (2). There the field is
organized and stretched into global-scale structures (3) which may become buoyantly
unstable and rise to emerge at the surface as sunspots (4). As they transit the convection
zone, the magnetic tubes are influenced by rotation and some of the field is shredded
by convection, closing the loop back to (1). Meridional circulations may additionally
contribute to the transport of field down to the tachocline.

itself (Parker 1975). In the now prevalent “interface dynamo” model, solar magnetic

fields are partly generated in the convection zone by helical convection, then trans-

ported downward into the tachocline where they are organized and amplified by the

shear. Ultimately the fields may become unstable and rise to the surface. This model

is illustrated in Figure 1.3b.

In the interface dynamo model, magnetic fields are amplified by turbulent flows

throughout the convection zone. This “magnetic cha!” is pumped downwards into the

tachocline by asymmetries in the compressible convection, which generally has fast and

narrow downflows and slower and broader upflows. In the tachocline, the fluctuating

magnetic fields are stored and gradually stretched out by the di!erential rotation into

global-scale coherent sheets of magnetism. These magnetic sheets become strong enough

m/s

Here a convective ASH sim at solar parameters 
(solar luminosity, solar rotation rate, etc.) 
has distinct anti-solar differential rotation. 

This is an extremely robust result.



Anti-Solar DR: ubiquitous problem

Solar-like

Anti-Solar

Sun
Persists in dynamo solutions

(e.g., Brown 2009; Featherstone & Miesch 2015)

Low resolution 
early sims



When we learned we had a problem
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We got real lucky here.  This is an O(1) disagreement. 
You can’t just sweep this under the rug. 

Our problem is that we thought we were simulating the Sun. 
But we weren’t.  We got the non-dimensional parameters wrong.



So what can we do? 

Simulations are a thing unto themselves.   

At their best, they test our ideas, make 
us stop and think, and suggest new 
experiments or ways things work.



• Heat transport in fully compressible, stratified convection behaves  
like well-studied Rayleigh-Bénard (incompressible) convection.  


• Disequilibrium chemical transport in planetary tropospheres can be 
described by a simple model; it’s not mixing-length theory.


• Rotating convection experiments have a simple control parameter;  
it’s not what we expected it to be.


• By understanding your system well, you can accelerate slow processes 
(like thermal evolution).  Doing so matters, in surprising ways.

Studies of fundamental physical processes

Anders & Brown 2017, “Convective heat transport in stratified atmospheres at low and high Mach number”, PRF

Bordwell, Brown & Oishi 2018, “Convective Dynamics and Disequilibrium Chemistry in the Atmospheres of Giant Planets and Brown Dwarfs”, ApJ

Anders, Brown & Oishi 2018, “Accelerated evolution of convective simulations”, PRF

Anders, Manduca, Brown, Oishi & Vasil 2019, “Predicting the Rossby number in convective experiments”, ApJ

Anders, Vasil, Brown & Korre 2020, “Convective dynamics with mixed temperature boundary conditions:  
                                                       why thermal relaxation matters and how to accelerate it ”, PRF

• Plumes from the solar photosphere might make it all the way to the base of the solar 
convection zone.  Solar entropy rain can’t be ruled out (we tried).

Anders, Brown & Lecoanet 2019, “Entropy Rain: dilution and compression of thermals in stratified domains”, ApJ

CU students or postdocs



Benjamin Brown (University of Colorado),  
with Nicholas Featherstone (SwRI),  

Bradley Hindman (U Colorado),  
and Derek Lamb (SwRI)

1. Hunting for Giant Cells 
at the Solar Poles



What’s missing?

(Anders et al 2019  ApJ: stratified,  
local models of rotating convection)

Rotation leads to fundamental 
changes in convective structures. 
They become columnar, and swirl, 
rather than spreading (diverging).

Fast rotation

Slow rotation



Figure 1: Top: The estimated dynamical Rossby number as a function of depth. Bottom: The estimated convective
flow speed estimates as a function of depth. In both panels, the solid curves represent the rapidly rotating regime
(CASE II). The dashed lines show the slowly rotating counterfactual (CASE I). Both Rod. estimates are less than
unity for much of the convection zone, hence rotating assumptions apply. The shaded regions above r/R� ⇡ 0.93
marks where rotational e↵ects are subdominant.

As a function of radius, r, and co-latitude, ✓, the local rotation rate ⌦(r, ✓) implies an angular inertial-frame
bulk flow u = r sin ✓⌦ '̂, which implies a total vorticity,

r⇥ (r sin ✓⌦ '̂) = 2⌦ ẑ + rsin ✓r⌦⇥ '̂. (30)

Assuming the di↵erential rotation is strongly coupled to the dynamics,

Rod. ⇡ rsin ✓|r⌦|
2⌦

. (31)

Fig. 3 shows the local Rossby number of the di↵erential rotation as a function of latitude and depth in the
convection zone. The data comes from4 the local rotation rate in Larson and Schou 2018 [86]. We compute the
gradient with a 4th-order finite di↵erence derivative. A few pertinent observation are in order. The Rossby number
is never more than 0.4 for r/R� < 0.95. The tachocline (0.65 < r/R� < 0.75) dominates the picture in the
deep interior. Above r/R� ⇡ 0.95 the rapid increase of the Rossby number indicates the start of the near-surface
shear layer, which is poorly understood. But for much of the bulk convection zone, the di↵erential rotation Rossby
number hovers consistently around ⇡0.1.

Also intriguing, the half-width of the tachocline bump is ⇡35Mm, which is consistent with the ⇡30Mm estimate
for the convection. If convection maintains the tachocline, it seems reasonable that their sizes should match. We
are aware that the resolution of helioseismology degrades with depth and tachocline widths are upper bounds on
the actual thickness. Even so, the data from helioseismology accords with simple dynamical estimates.

Thermal wind

The above picture of di↵erential rotation is fully consistent with the large-scale thermal wind model of Balbus and
coworkers (e.g., [87]). The above scalings allow a significant balance between,

r
2 sin(✓) @z⌦

2 ⇡ �T
0
0(r) @✓ s̃. (32)

4Electronic Supplementary Material for the article “Global-Mode Analysis of Full-Disk Data from the Michelson Doppler Imager
and Helioseismic and Magnetic Imager.”
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Figure 2: The convective length scale estimate as a function of depth in the solar convection zone. The solid red
curve shows the estimate under the rapidly rotating assumption (CASE II). The dashed line shows the H⇢(r) profile
from Eq. (11) (CASE I). The shaded region above r/R� ⇡ 0.93 marks where rotation is subdominant; i.e., a depth
⇡50Mm. The rotationally constrained length scale stays consistently ⇡30 Mm and is length scale realized below
r/R� ⇡ 0.93. The density-scale height becomes the dominant length scale only in the near-surface regions.

Eq. (32) does not necessarily give the exact large-scale entropy profile (e.g., due to possible Reynolds- and Maxwell-
stress corrections), but it gives and good indication and provides a consistency check. It is also becoming clear how
sensitive di↵erential rotation can be to large-scale thermal gradients [88].

Fig. 4 shows a solution to Eq. (32). We integrate the right-hand side over ✓ using the trapezoidal rule. As
Balbus et al. 2012 [87] pointed out, we can freely add any radial function to the solution. We set the integration
constant by

R ⇡
0 s̃(r, ✓) sin(✓) d✓ = 0. The entropy state needed to maintain di↵erential rotation is roughly the same

needed to drive rotationally constrained turbulent convection. Also intriguing, the entropy is better mixed near the
equator than near the poles.

5 Conclusions

Based on well-understood physics, we furnish a detailed estimate of the degree of rotational constraint in the solar
interior.

We summarise our assumptions as follows

• Solar convection comprises a nearly adiabatic background hydrostatic balance, along with anelastic convective
fluctuations and negligible viscous friction.

• Convective turbulence transports a radiative “flux debt”; i.e., the part of the solar luminosity that an adiabatic
temperature gradient cannot carry.

• The definition of “rapid rotation” is equivalent to leading-order balance between Coriolis and pressure forces
(QG), followed by a joint triple balance between inertia, buoyancy and the non-divergent component of Coriolis
deflections (CIA). Magnetic energies should be roughly similar to kinetic energies.

We summarise our results as follows

• The solar convection zone is rotationally constrained roughly everywhere below the near-surface shear layer.
• The flow amplitudes in the rotating regime are similar to what would exist in the absence of rotation.
• Rotation noticeably reduces the dynamical length scale. We predict ⇡ 30Mm robustly throughout the con-
vection zone.

• The dominant gradients should act perpendicular to the rotation axis, with scales ⇠ H⇢ ⇡ 100-200Mm
variation in the ẑ direction.

• Individual deep convective structures should persist for multiple rotation periods.
• Solar di↵erential rotation is itself strongly rotationally influenced and indicative of the above conclusions.
• Both the equator and poles experience strong rotational influence. Moreover there should exist significant
di↵erences between the flow signatures observable in di↵erent regions.
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near surface

(Vasil, Julien & Featherstone 2021 PNAS)

Importance of rotation

Base of CZ

Best current estimates of 
solar interior dynamics 

(MLT w/ correct rotation)

Rossby is similar to 
“normal” versions of MLT 
and small below the NSSL

But length scales are 
much smaller.  Closer to 
30 Mm than 100’s of Mm



The poles are special 
I: flow structures change at the poles

deep convective motions will manifest on the giant-cell scale
only if the deep convection zone is in a state of marginal
rotational constraint ( »Ro 0.09; see Section 2.1). In that case,
the spectrum of Figure 3(b) will remain largely unchanged.

If the Sun does not reside at a marginally stable point in
parameter space, its convection will assume a thin, columnar
structure whose characteristic horizontal length scale is Ro-
dependent. The horizontal velocity spectrum would then peak
at a higher wavenumber than in the non-rotating case, as
illustrated in Figure 3(d), where we have chosen to illustrate the
situation where deep convective power peaks at a similar
wavenumber to that of near-surface power. We note that the
relative location of those two peaks depends on both the
structure of the Ro-transition region and the Rossby number of
the deep convection.

This spectral behavior, resulting from rotational in!uence on
the deep convective motions, provides a natural explanation for
the emergence of a supergranular scale of convection and the
apparent absence of giant cells in the traditionally expected
sense. We emphasize that Figure 3 is only schematic in nature.
In the high-Re, low-Ro limit, these columns would lose
coherency and break up into even smaller-scale, yet still
rotationally constrained, motions (e.g., Sprague et al. 2006).

Similarly, the near-surface cellular motions that we have drawn
represent a much more complicated dynamic involving the
coalescence of descending plumes that penetrate into regions of
broad, upwelling !ow (e.g., Stein & Nordlund 1998).

3.2. Implications for Supergranulation

The Sun is rotating, two independent lines of helioseismic
evidence indicate that solar convection is transitioning from
high-Ro behavior at the surface to low-Ro behavior at depth,
and convective power on large scales is naturally suppressed in
low-Ro regimes (Hanasoge et al. 2012; Greer et al. 2016;
Section 2.1). Based on these facts, we conclude that the lack of
signi"cant observed power below »! 120, typically associated
with supergranulation, is most easily explained by the presence
of deep-seated, rotationally constrained convection. A more
precise statement is dif"cult without knowing if and how giant
cells contribute to the breadth of the supergranular peak in
photospheric power, which evinces signi"cant power in the
range ( 1 1!80 120).
In essence, supergranulation emerges as the largest distinct

scale of convection observed at the solar surface because larger
convective motions are suppressed due to low-Ro dynamics
associated with the deep convection zone. Those scales of

Figure 3. Schematic of expected convective structures and their horizontal velocity spectra arising in ((a), (b)) non-rotating convection and in ((c), (d)) rotating
convection. In each instance, near-surface motions and their spectral contribution are depicted in red, deep-seated motions are indicated in blue, and their combined
power is shown in black. In the absence of rotation, convective power spans a range of spatial scales, peaking at the giant-cell scale (blue lines; panels (a) and (b)).
When rotation is present, high-Ro convection manifests in the near-surface region (dashed line; panel (c)), and deep convection assumes a columnar, roll-like structure
(blue cylinders; panel (c)). Spectral power peaks at higher wavenumbers in the rotating system than in the non-rotating system.
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Non-rotating 
cartoon

(Featherstone & Hindman  2016)
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Rotating Sun

Giant cells are large spreading 
cells with a divergence signature 

that is the same everywhere.
Giant cells are swirling columns, 
with high vorticity at the poles.

The surface noise is diverging flow (supergranules).

Reality is 
something 

like this



(based on Miesch et al. 2008)

radial velocity structures
Downflows: fast, narrow

Upflows: slow, broad

-40  
m/s

+20 
m/s

Hunting for Giant Cells 
at the Solar Poles

Benjamin Brown (University of Colorado),  
with Nicholas Featherstone (SwRI),  

Bradley Hindman (U Colorado),  
and Derek Lamb (SwRI)

1. Giant cells of convection have not been 
conclusively observed; where are they? 

2. Rotating convection is surprising:  
a) Narrow columns aligned with rotation 
axis, rather than big overturning cells.  
  
b) Different dynamics within the tangent 
cylinder than equator. 

3. Equatorial vantage points at 1AU have 
trouble: objects at the equator sweep out 
of view every 8 days, and you never see 
the whole equatorial region at once.

Tangent 
cylinder 

at surface



The poles are special: 
structures stay in your FOV

At high latitude vantage points, the whole
polar region remains in view for several

solar rotation periods.  
You can see cells as they circulate

for their whole lifetimes.
(here 45N view)

(based on Miesch et al 2008)

To find GC: keep the whole polar 
region in view for several months.

How high in latitude?
• 45N is tangent cylinder  

at photosphere.
• In my mind, that’s  

a min requirement.
• Higher is much better.

Tangent cylinder 
at surface



What are M-dwarf stars? 
(Astronomer perspective)
Compared to our Sun, M-dwarf stars are:  
• low mass (~0.3 solar masses) 
• small (~0.1 solar radii)  
• relatively cool (surface ~3500K, vs 5800K for Sun) 
• often very magnetically active 
• often fully convective 

• the most numerous stars in the universe 
• the host stars of most of the planets, and possibly most of 

the habitable planets in our universe

https://phys.org/news/2018-04-powerful-flare-m-dwarf-star.html
“Powerful flare detected on M-dwarf star”

 

Credit: NASA's Goddard Space Flight Center/S. Wiessinger

2. What happens if we have no tachocline? 
Dynamos in fully-convective M-dwarf stars

https://phys.org/news/2018-04-powerful-flare-m-dwarf-star.html
https://eurekalert.org/pub_releases/2018-10/nsfc-sfy101818.php


Low-Mach, fully convective objects with non-constant coefficients. 
Density stratification — Lane-Emden solution 

variable gravity — Lane-Emden solution 
spatially inhomogeneous heating (mix of nuclear generation and radiative transport, 

leads to peak at core and distributed heating elsewhere; MESA)

What makes an M-dwarf?  
(Fluids perspective)



Global dynamos in fully  
convective M-dwarf stars

convection

• Performed using the Dedalus framework: 
these are the firs t g loba l -spher ica l 
simulations of fully-convective M-dwarfs. 

• Anelastic, MHD, spectrally accurate.  

• Flows at the center cross r=0 and rising 
plumes there are very different in character 
from the falling plumes at the outer boundary.

• Convection dominates the heat transport 
in the interior of the star, and builds a self-
consistent, solar-like differential rotation 
(fast at the equator, slow at the poles)

Brown, Oishi, Vasil, Lecoanet & Burns 2020, “Single-hemisphere dynamos in M-dwarf stars”, ApJL

• Ro ~ 0.3, Re ~ 120-240



Differential Rotation in Other Stars

Stars of different masses, built 
off MESA structure models.

G-type star 
  1 M
☉

K-type star 
0.5 M

G/K-type star 
0.8 M
☉

G1 K1

Rossby scaling

Stanley et al. 2008) boundary conditions at the core cutout act
as a magnetic tether, substantially altering differential rotation.
A large magnetic structure pinned to an immovable central
object will react back on a conducting !ow very differently
than a topologically decoupled magnetic wreath.

Here, we "nd that hemispheric-dynamo states are robust and
possibly ubiquitous in fully convective simulations, and this
prompts us to consider their impacts if they exist in real stars.
Strong global-scale mean "elds con"ned to a single hemisphere
will couple dramatically differently to the out!owing stellar
wind than a traditional dipole. The higher-order moments of
"eld fall of much faster with distance and this likely produces
weaker angular momentum transport and less ef"cient spin-
down in hemispheric-dynamo stars. The presence of mean-"eld
in a single hemisphere could dramatically affect attempts to
observe this "eld and lead to signi"cant viewing angle effects;
this could explain substantial differences in observed topolo-
gies for otherwise similar stars (e.g., Morin et al. 2010).

Lastly, we expect that the habitability around a hemispheric-
dynamo star might signi"cantly differ from one with a dipolar
"eld. Hemispheric-dynamo stars would be less likely to turn
nearby exoplanets into lava worlds via inductive heating (e.g.,
Kislyakova et al. 2017, 2018), as the stellar "eld at the location
of the planetary orbit will be much weaker. But the bad news is
that there might be much higher levels of magnetic activity,
!ares, and coronal mass ejections; the mean-"eld topologies are
more complicated than simple dipoles. Alternatively, though,
space weather might show a strong directional preference. A
planet with a low-inclination orbit might escape the worst. But
even then we anticipate the preferred hemisphere to switch
often enough to cause trouble for everyone. Altogether, fully
convective stars have a rich landscape of dynamo states, and
exploring this landscape shines new light on our understanding
of the dynamos operating in solar-type stars. It seems many
questions remain wide open.

We thank Matthew Browning for very helpful discussions
about stellar and planetary dynamos, inner core thermal
boundary conditions, and distributed nuclear heat sources
appropriate to stars. This work was supported by NASA LWS
grant NNX16AC92G, NASA SSW grant 80NSSC19K0026,
NASA ATP grant NNX17AG22G, and NASA HTMS grant
80NSSC20K1280. Computations were conducted with support
by the NASA High End Computing (HEC) Program through
the NASA Advanced Supercomputing (NAS) Division at

Ames Research Center on Pleiades with allocation GIDs s1647
and s2114.
Software: Dedalus (commit 7efb884, Burns et al. 2020,

http://dedalus-project.org), Dedalus-Sphere (commit
c663ff4, Vasil et al. 2019; Lecoanet et al. 2019, https://
github.com/DedalusProject/dedalus_sphere), MESA (release
11701, Paxton et al. 2011, 2013, 2015, 2018, http://mesa.
sourceforge.net/).
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Stanley et al. 2008) boundary conditions at the core cutout act
as a magnetic tether, substantially altering differential rotation.
A large magnetic structure pinned to an immovable central
object will react back on a conducting !ow very differently
than a topologically decoupled magnetic wreath.

Here, we "nd that hemispheric-dynamo states are robust and
possibly ubiquitous in fully convective simulations, and this
prompts us to consider their impacts if they exist in real stars.
Strong global-scale mean "elds con"ned to a single hemisphere
will couple dramatically differently to the out!owing stellar
wind than a traditional dipole. The higher-order moments of
"eld fall of much faster with distance and this likely produces
weaker angular momentum transport and less ef"cient spin-
down in hemispheric-dynamo stars. The presence of mean-"eld
in a single hemisphere could dramatically affect attempts to
observe this "eld and lead to signi"cant viewing angle effects;
this could explain substantial differences in observed topolo-
gies for otherwise similar stars (e.g., Morin et al. 2010).

Lastly, we expect that the habitability around a hemispheric-
dynamo star might signi"cantly differ from one with a dipolar
"eld. Hemispheric-dynamo stars would be less likely to turn
nearby exoplanets into lava worlds via inductive heating (e.g.,
Kislyakova et al. 2017, 2018), as the stellar "eld at the location
of the planetary orbit will be much weaker. But the bad news is
that there might be much higher levels of magnetic activity,
!ares, and coronal mass ejections; the mean-"eld topologies are
more complicated than simple dipoles. Alternatively, though,
space weather might show a strong directional preference. A
planet with a low-inclination orbit might escape the worst. But
even then we anticipate the preferred hemisphere to switch
often enough to cause trouble for everyone. Altogether, fully
convective stars have a rich landscape of dynamo states, and
exploring this landscape shines new light on our understanding
of the dynamos operating in solar-type stars. It seems many
questions remain wide open.
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from rapidly rotating simulations of solar-type stars (Brown
et al. 2011), but markedly different from the results of
Browning (2008) or Yadav et al. (2015a), where the !elds
strongly quench the differential rotation. Whether differential
rotation and !elds can coexist likely depends on the Rossby
number regimes of the dynamos, as discussed in Yadav et al.
(2016).

4. Implications of Hemispheric Dynamos

This Letter has focused on a single-dynamo solution that
shows striking hemispheric asymmetries. We !nd the same
preference for single-hemisphere dynamos in every fully
convective M-dwarf case computed to present, including a
sweep of cases at = ´ -Ek 2.5 10 5 and =Ro 0.38C –0.57,
corresponding to rms Reynolds numbers of 210–350 and
Rossby numbers of 0.27–0.42. These cases also all undergo
cyclic reversals of magnetic polarity. To check if single-
hemisphere preference happens spuriously from a numerical
source, we also rotated around the x̂ rather than the ẑ axis (for

=Ro 0.41C , = ´ -Ek 2.5 10 5). In this strange solution,
cycling single-hemispheric-dynamo action happened around
the east–west pole, relative to the numerical grid.

Our solutions differ from those found in Dobler et al. (2006).
That work used star-in-a-box techniques to capture a fully
convective geometry. The solutions of Dobler et al. (2006)
were signi!cantly less rotationally constrained than ours. Their
solutions show antisolar differential rotation, with slow
equators and fast polar regions, and these generally emerge at
relative large convective Rossby number 2Ro 1C (e.g.,
Gastine et al. 2014). This is opposite of the solar-like states
we !nd here; they also did not !nd cyclic dynamo reversals.

So far, we cannot determine why fully convective simula-
tions so strongly prefer single-hemisphere dynamos, or why
these have not been found previously. Possibly, hemispheric
dynamos are local to this region of parameter space. It is also
possible that small core cutouts, as used in shell simulations,
signi!cantly change the allowed topologies of the global-scale
!elds even when those cutouts are small (!10% R). Small solid
objects are a relevant source of vorticity injection, and this can
signi!cantly affect the bulk solution. More importantly, it is
unclear which thermal boundary conditions on an internal core
reproduce the effects of distributed nuclear burning in the core
of a star. The situation may be different when the cutout is
large; using incompressible Boussinesq spherical shells, Grote
& Busse (2000) found con!ned, time-dependent hemispheric-
dynamo states. Those laminar simulations used a large cutout
appropriate to the Earth’s core (!40% R). Bice & Toomre
(2020) also found occasional hemispheric states in strati!ed,
stellar simulations using a similar geometry. Large cutouts
likely provide some degree of hemispherical isolation that is
absent in our fully connected geometry.
Interestingly, Stanley et al. (2008) found single-hemisphere

dynamo states in simulations of Mars’ paleomagnetic !eld, but
in a signi!cantly different parameter regime than our current
studies. Mars itself has a notably hemispheric remnant !eld,
and its paleo-core size is unknown. The Martian simulations
show signi!cant north–south mean zonal "ow asymmetries,
while our differential rotation pro!les remain remarkably
symmetric across the equator. In either case, the mean magnetic
Lorentz force must act mostly in one hemisphere. However,
magnetic boundary conditions at an inner core may play an
outsized role in MHD feedbacks. It is possible that perfectly
conducting (e.g., Browning 2008) or !nitely conducting (e.g.,

Figure 2. Magnetic !eld topologies through a magnetic reversal. The left side shows the mean toroidal !eld Bf and poloidal vector potential Af for the full domain,
temporally averaged over one rotation period. The right side shows the radial magnetic !eld Br at the upper boundary r!=!1. These are taken from periods of peak
magnetic !eld strength during two successive dynamo cycles: the top row from t!=!5950 !"1, and the bottom row from t!=!6025 !"1.
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shows striking hemispheric asymmetries. We !nd the same
preference for single-hemisphere dynamos in every fully
convective M-dwarf case computed to present, including a
sweep of cases at = ´ -Ek 2.5 10 5 and =Ro 0.38C –0.57,
corresponding to rms Reynolds numbers of 210–350 and
Rossby numbers of 0.27–0.42. These cases also all undergo
cyclic reversals of magnetic polarity. To check if single-
hemisphere preference happens spuriously from a numerical
source, we also rotated around the x̂ rather than the ẑ axis (for

=Ro 0.41C , = ´ -Ek 2.5 10 5). In this strange solution,
cycling single-hemispheric-dynamo action happened around
the east–west pole, relative to the numerical grid.

Our solutions differ from those found in Dobler et al. (2006).
That work used star-in-a-box techniques to capture a fully
convective geometry. The solutions of Dobler et al. (2006)
were signi!cantly less rotationally constrained than ours. Their
solutions show antisolar differential rotation, with slow
equators and fast polar regions, and these generally emerge at
relative large convective Rossby number 2Ro 1C (e.g.,
Gastine et al. 2014). This is opposite of the solar-like states
we !nd here; they also did not !nd cyclic dynamo reversals.

So far, we cannot determine why fully convective simula-
tions so strongly prefer single-hemisphere dynamos, or why
these have not been found previously. Possibly, hemispheric
dynamos are local to this region of parameter space. It is also
possible that small core cutouts, as used in shell simulations,
signi!cantly change the allowed topologies of the global-scale
!elds even when those cutouts are small (!10% R). Small solid
objects are a relevant source of vorticity injection, and this can
signi!cantly affect the bulk solution. More importantly, it is
unclear which thermal boundary conditions on an internal core
reproduce the effects of distributed nuclear burning in the core
of a star. The situation may be different when the cutout is
large; using incompressible Boussinesq spherical shells, Grote
& Busse (2000) found con!ned, time-dependent hemispheric-
dynamo states. Those laminar simulations used a large cutout
appropriate to the Earth’s core (!40% R). Bice & Toomre
(2020) also found occasional hemispheric states in strati!ed,
stellar simulations using a similar geometry. Large cutouts
likely provide some degree of hemispherical isolation that is
absent in our fully connected geometry.
Interestingly, Stanley et al. (2008) found single-hemisphere

dynamo states in simulations of Mars’ paleomagnetic !eld, but
in a signi!cantly different parameter regime than our current
studies. Mars itself has a notably hemispheric remnant !eld,
and its paleo-core size is unknown. The Martian simulations
show signi!cant north–south mean zonal "ow asymmetries,
while our differential rotation pro!les remain remarkably
symmetric across the equator. In either case, the mean magnetic
Lorentz force must act mostly in one hemisphere. However,
magnetic boundary conditions at an inner core may play an
outsized role in MHD feedbacks. It is possible that perfectly
conducting (e.g., Browning 2008) or !nitely conducting (e.g.,

Figure 2. Magnetic !eld topologies through a magnetic reversal. The left side shows the mean toroidal !eld Bf and poloidal vector potential Af for the full domain,
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An analogy, with boats.
Here’s what we’re competent at doing.



An analogy, with boats.
Here’s what we think we can do  

(oh, we totally can!  We’ve got this!)



An analogy, with boats.
Here’s what usually happens… 

(but sometimes we don’t know we’re wrecked)
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Reproducing existing numerical work is very hard.   
This is crippling for science.  Standards in Astro are lax. 

Open source tools help ease this barrier to entry.  But they’re not enough. 
It’s important that the full toolchain be published in some fashion.  

With modern practices, open source community tools can be built and maintained on the cheap. 
Dedalus has cost ~$2M, vs. ~$100M+ for FLASH.  There are downsides (no phone line).


