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Talk Outline

= Natural dynamos



Dynamos

x (Generate magnetic fields and
then continual regeneration

» (Galactic, stellar, planetary,
asteroidal

® Magneto-hydrodynamic
DrOCESSES:

x Convert kinetic energy of
flowing metals/plasmas
INto magnetic energy

Image: Glatzmaier & Olson, SciAm 05



a) Earth surface
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Image: Glatzmaier & Olson, SciAm 05



Core-Mantle Boundary B;
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® (Geomagnetic field changes over relatively short times

®x Only present explanation: MHD process in fluid core



Governing Equations

* Navier-Stokes Equation
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Dynamo Action: Inherently Turbulent

® Magnetic induction equation:
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Dynamo Action: Inherently Turbulent

®x Magnetic Prandtl Pm ~ 102-6 In liguid metals

® Requires Reynolds number Re ~ 1028 - 1029 In
—arth’s core
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Dynamo Action: Inherently Turbulent

®x SO Re>> 1 In natural dynamo settings
® But constrained by rotational and magnetic effects

® Rossby number:
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Observations

Jackson, Nature 2003 Br CMB Magnetic

flux (uT)
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= Axial dipolar field

x High and low latitude large-
scale flux patches

®x [t ~ 6 - 8 patches around TG
» Patch scale: L ~1000 km

® Bemote system

= Requires accurate
modeling



Observations

Jackson, Nature 2003 B CMB vagneic n RemOte SyStem

flux (uT)
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= Axial dipolar field

x High and low latitude large-
scale flux patches

®x [t ~ 6 - 8 patches around TG
» Patch scale: L ~1000 km




Observations Models

Jackson, Nature 2003 B CMB vagetc Soderlund et al. EPSL 2012 B, CMB

flux (uT)
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Observations Models

Jackson, Nature 2003 Br CMB et Soderlund et al. EPSL 2012 Z=VoOrticity

flux (uT)
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Observations Models

Jackson, Nature 2003 Br CMB et Christensen, £nc. Solid Earth z-vorticity
flux (uT) Geophys. 2011
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Models

Featherstone et al. ApJ 2009

Christensen, Enc. Solid Earth ' i
! Z2=-VOorti
Geophys. 2011 ort CIty

Aubert et al. GJI 2008 (cf. Olson et al. JGR 1999)



Observations Models

Christensen, Enc. Solid Earth ' i
! Z=-VOrtici
Geophys. 2011 ortic ty

= Success: Aligned flux patches
IN models & geomagnetic field

x Extrapolation 1: columns In
models exist in cores

: physics in models EXtrapc?Iatmns
extrapolates to planetary cores valid?
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®x Problems with Present Framework



FPossible Problems

Christensen, Enc. Solid Earth Geophys. 2011

= 1) Overly strong
viscosity

x 2) Lack of turbulent
processes

= 3) Inaccurate material
properties




FPossible Problems

Christensen, Enc. Solid Earth Geophys. 2011

= 1) Overly strong
viscosity




Rotating

» Ekman number, E T .., %
| . T O -
x Scaled viscous force E — I Q LQ
V1SC
o B
.‘ | \l
' |
i;
!
e *"'-—-:L Image:
J. Cheng




Rotating Convection

= Ekman number, E
x Scaled viscous force

= Rayleigh number, Ra
®x Scaled buoyancy force
x Onset Forcing:

Rac ~ E—4/3

-ZE _ ‘T}ot

V1SC

UV

()L7?

Image:
J. Cheng




Rotating Convection Columns

= Ekman number, E
x Scaled viscous force

= Rayleigh number, Ra
®x Scaled buoyancy force
x Onset Forcing:

Rac ~ E—4/3

x Onset column width:

ZC’ N E1/3

-ZE — rot
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UV
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Rotating Convection Columns

King et al. JFM 2013
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Rotating Convection Columns

]
=
—

King & Buffett EPSL 2013

107"
number, £




Rotating Convection Columns

Christensen, Enc. Solid Earth Geophys. 2011

Soderlund et al. EPSL 2012 E 7-7, ot V
B - QL2
V1SC
x Models:

E~1e-4; [. ~ 0.1

z-vorticity




Rotating Convection Columns

Christensen, Enc. Solid Earth Geophys. 2011

Soderlund et al. EPSL 2012 E 7-7, ot V
B - QL2
V1SC
x Models:

E~1e-4; [. ~ 0.1

z-vorticity




Rotating Convection Columns

Christensen, Enc. Solid Earth Geophys. 2011
Soderlund et al. EPSL 2012 T’T’ ot V
10°3 v1SC

too
wide Models:

E~1e-4; [. ~ 0.1

= Earth’s Core:

E~1e-15:[. ~ 1e-5

(i.e., 10* x smaller than scale of flux patches)

z-vorticity



Ineffective Columns

" E'3 columns: large-scale, Rim; > 1
" E'3 columns: ~10 - 10° m
wide; magnetically diffusive
T .. U /¥
d1 ¢
Rmy = 7 — < 1
T’ind 77
= Thus, will not take part

In dynamo processes in



FPossible Problems

Christensen, Enc. Solid Earth Geophys. 2011

= 1) Overly strong
viscosity




FPossible Problems

Christensen, Enc. Solid Earth Geophys. 2011

x 2) Lack of turbulent
processes




Rotating Convection in Water

/—79

Cheng et al. GJI 2014



Rotating Convection in Water

Constant heat flux (q)

R it
20cm 20cm 20 cm 20cm

b) King et al 2009, King et al 201 2, c) Present study
King & Aurnou 2012

Cheng et al. GJI 2014



Rotating Convection in Water

,\“ If

80 cm

«——>20cm

60 RPM 10 RPM 4 RPM 0.4 RPM 0 RPM

x Convection columns are (relatively) €asily destabilized

Cheng et al. GJI 2014



Rotating Co

Columns

| ab versus
Theory

(for water)

Plumes

Geostrophic
Turbulence

Aurnou et al., in prep 2014

DNS

Reduced




Rotating Convection in Water
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Rotating Convection in Water
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Rotating Convection in Water

Nu,=0.16/."0-284

5.4FE 147

Ra




Rotating Convection in Water
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Rotating Convection in Water

Cheng et al. GJI 2014



Rotating Convection in Water

b)
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Cheng et al. GJI 2014



Rotating Convection in Water

| /
I ® E=3x10" Lab data ' //// ]
. E=10 ! ® B0cm tank ll ///
[ s E=10" ¢ 160cm tank ;ft P
10 3 " ® Kingetal 2012 L I a-
E=3x10 . R - i r
5 x Rossby 1969 ~V I
® E=10 — \ ,
E=3x10 " Simulations | =
I ® E=4x10 | < o
p 0 Present study I ,
® E=10" e i l N
. £=1073 O Kingetal 2012 ] 6_\9 O;_
S~ 4 - ’ -
= 107 | % N
I = ‘Xv&\ <
I =
| - (9
IR
S *; ®
o | O
3 &)
S | it §
x| !
W
|
|
/
/ 3
/
Ra/|
C1
1 ‘ ] ] 1 ] !

Ra -l/Ru(- ~ 100

Cheng et al.

GJl 2014



Rotating Convection in Water

» Unlikely that convection Is columnar in planetary
COres

® (Geostrophic convective turbulence makes more
sense



FPossible Problems

Christensen, Enc. Solid Earth Geophys. 2011

x 2) Lack of turbulent
processes




FPossible Problems

Christensen, Enc. Solid Earth Geophys. 2011

= 3) Inaccurate material
properties




Rotating Magnetoconvection in Metal

King & Aurnou, submitted (2014



Rotating Magnetoconvection in Metal

O non-rotating
d4E=10"

> E =5x10"
O E=2x10"
* E=10"

A E =5x10°
vV E=2x10"
OE=10°

& Aurnou, submitted (2014



Rotating Magnetoconvection in Metal

convection
enhancement

convection
suppression

magnetostrophic

10° 10’
A, Magnetic Field Strength

King & Aurnou, submitted (2014)



Rotating Magnetoconvection in Metal

King & Aurnou, submitted (2014)



Rotating Magnetoconvection in Metal

» \agnetic field appears capable of further
destabllizing 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)



FPossible Problems

Christensen, Enc. Solid Earth Geophys. 2011

= 1) Overly strong
viscosity

x 2) Lack of turbulent
processes

= 3) Inaccurate material
properties




FPossible 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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® [owards Ligquid Metal Dynamos



Moving Forwaro

®x High performance computing (HPC)
® Multi-scale asymptotic (MSA) theory

= | aboratory experiments



Moving Forwaro

®x High performance computing (HPC)



HPC Dynamo Model

(£ = 3e-7, Pm=0.05); [Rm = 3e3, Re ~ Se4, Ro ~ 0.02]

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



HPC Dynamo Model
Vi Slice
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Pm=0.05); [Rm = 3e3,Re ~ 5e4, Ro ~ 0.02]

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



HPC Dynamo Model
Br Slice

Br
*5.5657

10
O

-10

Lﬂ
-15.9957

m=0.05); [Rm = 3e3,Ke ~ Se4, Ro ~ 0.02]

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



HPC Dynamo Model

Br
Br CMB 1049311

l
(E = 3e-7, Pm=0.05); [Rm = 3e3, Re ~ Se4, Ro ~0.02] _] 0403 ]

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



Sheyko’s HPC Dynamo

x Small-scale columns:

» Rarely extend across outer core
®x NO obvious magnetic signatures

® | arge-scale turbulent flow structures inside and
along TG

x Byt how do these scale to the core?



Sheyko’s HPC Dynamo

x Small-scale columns:

» Rarely extend across outer core
®x NO obvious magnetic signatures

® | arge-scale turbulent flow structures inside and
along TG

x Byt how do these scale to the core?

= Ran on 516 processors for 1.5 years...



ClG Community Code (CCC)

= Nick Featherstone

x Scale to ~130,000
cores at /0%; public
within next 6 months

» [exible framework for
broad usage

x DNS & reduced
modeling; planet &
stellar problems

x [INCITE award
(2015-2017)

Movie; N. Featherstone



Moving Forwaro

®x High performance computing (HPC)



Moving Forwaro

® Multi-scale asymptotic (MSA) theory



Moving Forwaro

» High performance computing (HPe)
s \Vulti-scale asymptotic:iMSA) theory

= | aboratory experiments



NoMag Device

x 1.8mHXx.6 mQOD
x [/>3e-8; Ra<5¢l3

Laser

® Structures in rapidly- Sttt
rotating, strongly
turbulent flows

® [hermal & velocity
field data

® \/elocity/vorticity/
helicity scalings

Image: J. Neal



= DNS anc
asymptotically-
reduced modeling
(CU Boulder) Laser

x SFEMaNS-T (UCLA-
UTAM)

x Others...? AN ==

Hil i =
~r|'[‘ P. Marti

Image: J. Neal



Moving Forwaro

EXperiments
(J. Cheng, UCLA)

ASymp-
totics

(M. Calkins, CU)

|

HPGC
Modeling

(A. Sheyko, ETH)



Talk Outline

®x Current framework of dynamo physics

®x Problems with our framework

® Present day columnar dynamos implode when
scaled to planets ( )

® [owards liguid metal dynamos

x Rapidly rotating, turbulent models (E <~ 1e-7);
robust large-scale structures ( )

x Synergistic efforts will transform our understanding
of planetary dynamo physics




