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Generate magnetic fields and
then continual regeneration
Galactic, stellar, planetary,
asteroidal
Magneto-hydrodynamic
processes:
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Geomagnetic field changes over relatively short times
Only present explanation: MHD process in fluid core

Governing Equations
• Navier-Stokes Equation	
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• Induction Equation	
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• Current Density
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• Energy Equation	
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• Continuity
r·u=0

r·B=0

Dynamo Action: Inherently Turbulent
Magnetic induction equation:

Dynamo Action: Inherently Turbulent
Magnetic Prandtl Pm ~ 10^–6 in liquid metals
Requires Reynolds number Re ~ 10^8 - 10^9 in
Earth’s core

Dynamo Action: Inherently Turbulent
So Re >> 1 in natural dynamo settings
But constrained by rotational and magnetic effects
Rossby number:

Interaction Parameter:
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conductor is a good one. Thus, Alfven’s celebrated frozen-flux
theorem will be obeyed to a high degree, and indeed numerical
estimates put the level of violation at a few per cent per century7,
whereas observationally there is no evidence that requires violation.
When faced with making images of the core field at different points
in time from sometimes vastly different data sets, an appealing
method would be one based on frozen-flux: such images would
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problem is to reconstruct the two positive intensities Bþ
r and Br
from the surface data. For fixed total fluxes this is essentially a
problem of combinatorics which has received much attention9–11;
the answer to this problem, the Maximum Entropy method, has had
considerable success in astronomy and medical physics fields and
this is the approach that I adopt here.
Properties of this method are well-known; it is frequently used in
radio-astronomy to reconstruct images with high dynamic ranges.
The results from certain dynamo simulations12 show that it is
possible for dynamo action to concentrate magnetic field into
localized flux lines or ‘ropes’ in which B r is strong and relatively
weak elsewhere; this is a scenario where conventional quadratic
regularization methods will produce poor images, because they bias
strong localizations heavily towards zero. A method based on
2
maximizing the entropy S of both Bþ
r and Br where:
X
Sðxi Þ ¼
xi 2 mi 2 xi logðxi =mi Þ

Remote system

Requires accurate
modeling
i

Lmax ~ 13

Axial dipolar field
High and low latitude largescale flux patches

2
and where x i is an intensity in either Bþ
r or Br with ‘default’ value
m i is much less likely to do this; indeed, synthetic tests on radial
magnetic fields from numerical dynamo models confirm this
property.
I apply the method to two high-quality data sets. The first is a
selection of Magsat data from 1980, the first three-component
magnetometry mission. The second is from the satellite Oersted,
which was launched in February 1999 and is still collecting data; the
selection of data is from December 1999–January 2000. The
representation of the core magnetic field is in the form of the
“spherical triangle tesselation”13 whereby the core is tessellated into
P ¼ 1,442 almost equally-spaced nodes and 2,880 spherical triangles. The node structure is based on the subdivision of the regular
icosahedron14. Each of the P nodes specifies the core magnetic field
2
and
b
by two positive numbers bþ
i
i : Making the assumption that the
mantle is an insulator, a valid assumption considering the frequencies
present in the core spectrum, the forward problem is a convolution of
the core field with a known kernel13. This kernel, the equivalent of
the point-spread function in astronomical imaging, is very wide and
therefore the deconvolution problem is quite severe.

Fit ~ 6 - 8 patches around TC
Patch scale: L ~ 1000 km

Figure 1 Comparison of the radial magnetic field for epochs 1980 and 2000 on Aitoff
equal-area projection. Red colours represent magnetic flux out of the core, while blue
colours represent magnetic flux entering the core; each colour bar represents an interval
of 100 mT. The continental outlines are for orientation. The labels A–D and 1–5 define the
flux spots referred to in the text; the high-latitude spots are E and e. In calculating the
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is reasonable.

ℓ∼Ro1=2

King et al. JFM 2013

Rotating Convection Columns

scale this balance in the following way. Vorticity is again taken to
is reasonable.
scale as ω∼U=ℓ, and spatial derivatives as ∇∼1=ℓ, except for the axial
gradient, where the prevailing geostrophic balance suggests
that ∂=∂z∼1=D. A viscously broken TP constraint (8b) therefore
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Onset Forcing: 1/3
mc E
z-vorticity

10^3
too
wide Models:

E ~ 1e-4; lc ~ 0.1
Earth’s Core:

E ~ 1e-15; lc ~ 1e-5
(i.e., 104 x smaller than scale of flux patches)

Ineffective Columns
Model E1/3 columns: large-scale, Rml > 1
Planetary Cores E1/3 columns: ~10 - 102 m
wide; magnetically diﬀusive

Thus, model-style columns will not take part
in dynamo processes in planetary cores
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2) Lack of turbulent
processes
3) Inaccurate material
properties
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Rotating Convection in Water
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Convection columns are (relatively) easily destabilized
Cheng et al. GJI 2014

Rotating Convection in Water
Lab versus
Theory
(for water)

Aurnou et al., in prep 2014

Cheng et al., in prep (2014)
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Cheng et al. GJI 2014

Rotating Convection in Water
Unlikely that convection is columnar in planetary
cores
Geostrophic convective turbulence makes more
sense

Possible Problems
Christensen, Enc. Solid Earth Geophys. 2011

1) Overly strong
viscosity
2) Lack of turbulent
processes
3) Inaccurate material
properties
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Rotating Magnetoconvection in Metal

King & Aurnou, submitted (2014)

Rotating Magnetoconvection in Metal
Magnetic field appears capable of further
destabilizing injection scale flows in planetary
core settings
“Magneto-relaxation” at Elsasser ~ 1 & Ro < 1
Need not apply at the system scale
(Soderlund et al. 2012)

Possible Problems
Christensen, Enc. Solid Earth Geophys. 2011

1) Overly strong
viscosity
2) Lack of turbulent
processes
3) Inaccurate material
properties
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Possible Problems
Christensen, Enc. Solid Earth Geophys. 2011

Model-style columns
unlikely to exist in
turbulent (2), liquid
metal (3) cores
But if they do, they’re
magnetically
ineffective (1)
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HPC Dynamo Model

(E = 3e-7, Pm=0.05); [Rm = 3e3, Re ~ 5e4, Ro ~ 0.02]

Andrey Sheyko et al., in prep. (2013)
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Vr Slice

(E = 3e-7, Pm=0.05); [Rm = 3e3, Re ~ 5e4, Ro ~ 0.02]

Andrey Sheyko et al., in prep. (2014)
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HPC Dynamo Model
Br CMB

(E = 3e-7, Pm=0.05); [Rm = 3e3, Re ~ 5e4, Ro ~ 0.02]

Andrey Sheyko et al., in prep. (2014)

Sheyko’s HPC Dynamo
Small-scale columns:
Rarely extend across outer core
No obvious magnetic signatures
Large-scale turbulent flow structures inside and
along TC
But how do these scale to the core?

Sheyko’s HPC Dynamo
Small-scale columns:
Rarely extend across outer core
No obvious magnetic signatures
Large-scale turbulent flow structures inside and
along TC
But how do these scale to the core?
Ran on 516 processors for 1.5 years...

CIG Community Code (CCC)
Nick Featherstone
Scale to ~130,000
cores at 70%; public
within next 6 months
Flexible framework for
broad usage
DNS & reduced
modeling; planet &
stellar problems
INCITE award
(2015-2017)

Movie: N. Featherstone
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NoMag Device
1.8 m H x .6 m OD
E > 3e-8; Ra < 5e13

Structures in rapidlyrotating, strongly
turbulent flows

Laser
velocimeter

Thermal & velocity
field data
Velocity/vorticity/
helicity scalings
Image: J. Neal

Coupled Numerics
DNS and
asymptoticallyreduced modeling
(CU Boulder)
SFEMaNS-T (UCLAUTAM)

Laser
velocimeter

Others…?
P. Marti
(CU)

Image: J. Neal

Moving Forward
Experiments
(J. Cheng, UCLA)

Asymptotics

(M. Calkins, CU)

HPC
Modeling
(A. Sheyko, ETH)

Talk Outline
Current framework of dynamo physics
Problems with our framework
Present day columnar dynamos implode when
scaled to planets (no induction / no columns)

Towards liquid metal dynamos
Rapidly rotating, turbulent models (E <~ 1e-7);
robust large-scale structures (large enough?)
Synergistic efforts will transform our understanding
of planetary dynamo physics

