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overview	
•  Dynamos	all	around!	
•  A	tour	of	the	solar	system	
•  Back	on	Earth	
– Time-varia<on	of	the	magne<c	field	
– Mechanisms	at	work	
– A	dive	into	the	Earth’s	core	
– Exploring	a	geodynamo	simula<on	
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Dynamos	all	around!	
•  Galaxies	and	stars	generate	a	magneWc	field.	
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Dynamos	all	around!	
•  Stars	and	galaxies	are	
generaWng	a	magneWc	
field.	
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spiral	galaxy	IC342	



Dynamos	all	around!	
•  Most	planets*	have	or	have	had	a	dynamo-generated	
magneWc	field:	
ü 	Gas	giants	
ü 	Ice	giants	
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*in	the	solar	system	



Dynamos	all	around!	

04/05/2017	 From	laboratories	to	astrophysics:	the	
expanding	universe	of	plasma	physics	 6	

•  Most	planets*	have	or	have	had	a	dynamo-generated	
magneWc	field:	
ü 	Gas	giants	
ü 	Ice	giants	
ü 	Terrestrial	planets	
+	Several	satellites	
	
	

	

________________	
*in	the	solar	system	



Dynamos	all	around!	
•  Different	conducWve	fluids:	
–  Plasmas	
– Metallic	hydrogen	(η	~	1	m2/s)	
–  Ionic	water	(η	~	100	m2/s)	
– Metallic	iron	(η	~	1	m2/s)	

•  Different	energy	sources:	
–  Internal	heat	
– Mechanical	forcing	

•  Different	dynamo	mechanisms.	
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GalacWc	dynamos	
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Fluid:	plasma	
B	~	1	nT	
Power:	super-nova	
mechanism:	αω	?	
		
	
Reversals:	?	
ObservaWon:	~100	galaxies	



A	tour	of	the	solar	system	
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The	Sun	
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our	Sun	

Fluid:	plasma	
B		~	1-103	mT	
Power:	~200	µW/kg	
Mechanism:	αω	?	
Depth:	shallow	
Dipole	+	toroidal	
Reversals:	cyclic	
ObservaWon:	~400	y	



The	Sun	
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h0ps://solarscience.msfc.nasa.gov/dynamo.shtml	
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The	Sun	
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Jupiter	and	Saturn	
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Jupiter	and	Saturn	
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Fluid:	metallic	hydrogen	
B		~	1.5	mT	
Power:	~200	pW/kg	
Mechanism:		
Depth:	deep	
Dipole	
Reversals:	?	
ObservaWon:	50	y	

Hubbard	&	Militzer,	2016	
Jupiter	



Uranus	and	Neptune	
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Uranus	
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Fluid:	ionic	water	
B	~	0.1	mT	
Power:	~?	pW/kg	
Mechanism:	
Depth:	intermediate	
Non-dipole	
Reversals:	?	
ObservaWon:	50	y	

Uranus	and	Neptune	
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Redmer	et	al,	2011	



Ganymede	
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Ganymede	
Saur	et	al,	2015	



Ganymede	
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Fluid:	metallic	liquid	iron	
B	~	0.01	mT	
Power:	?	
Mechanism:	
Depth:	deep	
Dipole	
Reversals:	?	
ObservaWon:	30	y	

Stevenson,	1996	



the	Moon	
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Wieczorek	
MagneWc	anomalies	near	
the	South	Pole-Aitken	basin	
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Fluid:	metallic	liquid	iron	
B	~	1	µT	
Power:	impact	or	Wdes?		
Mechanism:	inerWal	turbulence	
Depth:	very	deep	
Dipole	?	
Reversals	?	
ObservaWon:	fossil	4	Gy	!	



Mars	
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Fluid:	metallic	liquid	iron	
B	~		1	mT	?	
Power:	~	?	pW/kg	
Mechanism:	?	
Depth:	deep	
Dipole	?	
Reversals	?	
ObservaWon:	fossil	4	Gy	!	



Back	on	Earth	
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		 Fluid:	metallic	liquid	iron	
B	~	0.05	mT	
Power:	~6	pW/kg	
Mechanism:	see	below…	
Depth:	deep	
Dipole	
Reversals:	chaoWc	
ObservaWon:	400	y	and	
400	My	(3450	My	?)	

Back	on	Earth	
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Time-varia<on	of	the	magne<c	field	
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MagneWc	declinaWon	at	Paris	since	1540	
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Alexandrescu	et	al,	1996	



Downward	conNnuaNon	
to	the	core-mantle	boundary	

•  Considering	the	Earth’s	mantle	as	insulaWng,	
the	rotaWonal	of	the	magneWc	field	vanishes	
and	B	derives	from	a	scalar	potenWal	V:	

																											such	that		
•  In	spherical	geometry,	the	soluWons	of	the	
Laplace	equaWon	are	the	spherical	harmonics,	
yielding:	
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Jackson	et	al,	2000	



MagneWc	reversals	
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•  ChaoWc	reversals,	hue?	Do	you	find	that	
elsewhere?	Yes!	

à	Come	to	the	Journal	Club	this	arernoon!	
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Archeointensity	in	Syria	
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Hellio	et	al,	2014	



Mechanisms	at	work	
•  Cornerstones:	

Ø  αω-dynamo	(~1960)	
Ø 	Busse	columns-dynamo	(~1970)	
Ø 	Numerical	consistent	geodynamo	(~1995)	
Ø 	B-scaling	laws:	power	vs	magnetostrophy	(~2000)	
Ø 	Success	of	the	Quasi-Geostrophic	approach	(~2010)	
Ø 	Is	convecWve	power	enough?	(~2015)	
Ø 	The	role	of	the	‘tangent	cylinder’	(~2020)	

04/05/2017	 From	laboratories	to	astrophysics:	the	
expanding	universe	of	plasma	physics	 32	



Mechanisms	at	work	
•  Cornerstones:	

Ø  αω-dynamo	(~1960)	
Ø 	Busse	columns-dynamo	(~1970)	
Ø 	Numerical	consistent	geodynamo	(~1995)	
Ø 	B-scaling	laws:	power	vs	magnetostrophy	(~2000)	
Ø 	Success	of	the	Quasi-Geostrophic	approach	(~2010)	
Ø 	Is	convecWve	power	enough?	(~2015)	
Ø 	The	role	of	the	‘tangent	cylinder’	(~2020)	

04/05/2017	 From	laboratories	to	astrophysics:	the	
expanding	universe	of	plasma	physics	 33	



Column-scale	helicity	
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Busse,	1975	
Aubert	

Flow	helicity	density	

Moffa0,	1969	

h = U · (r⇥U)
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The	first	consistent	convecWve	
numerical	geodynamo	
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Glatzmaier	&	Roberts,	1995;	1997	

it	reverses!	
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Christensen	&	Aubert,	2006	
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A	dive	into	the	Earth	core	
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Core	flows	
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•  One	can	use	the	Wme-variaWon	of	the	observed	
magneWc	field	to	obtain	constraints	on	the	velocity	
field	at	the	surface	of	the	core.	

•  Indeed,	consider	the	inducWon	equaWon:	
	
At	the	core	surface,	its	radial	component	yields:	
	
where	the	subscript	H	denotes	horizontal	component.	
Considering	short	Wme-scales	at	which	diffusion	is	
negligible,	one	gets:	

@tB = r⇥ (U⇥B) + ⌘�B

@tBr = �rH · (UHBr) +
⌘

r
r2(rBr)

@tBr = �rH · (UHBr)

Roberts	&	Sco0,	1965	



Core	flows	
•  Under	some	assumpWons,	we	can	thus	derive	the	
flow	U	at	the	surface	of	the	core	from	
observaWons	of	Br	and	its	Wme-derivaWve.	

•  Because	of	the	Earth	rotaWon,	we	expect	the	flow	
within	the	core	to	be	quasi-geostrophic.	Hence,	
we	can	extend	the	core	flow	deduced	at	the	
surface	into	columns	spanning	the	enWre	core.	

•  This	yields	the	following	result.	
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Discovering	the	flow	inside	the	core:	
a	large	non-axial	anN-cyclone	
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Pais	&	Jault,	2008	

Mean	velocity	
~15km/year	

Equatorial	secWon	
of	the	stream	
funcWon	from	
geomagneWc	data	
(Br	and	dBr/dt)	in	
year	2000.	

0	

equatorial	
plane	



Torsional	Alfvén	waves	
•  On	top	of	the	long-term	circulaWon	of	the	
previous	slide,	torsional	waves	have	been	
detected,	which	travel	across	the	core	in	
about	4	years.	

•  This	places	constraints	on	the	intensity	of	the	
magneWc	field	hidden	within	the	core	(of	
about	3	mT).	
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•  ScepWcal?	You	would	like	a	confirmaWon	from	
another	observable?	

à	Come	to	the	Journal	Club	this	arernoon!	
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•  Alfvén	waves	
that	jerk	the	
Earth	!	

(LOD	=	Length	of	Day)	
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Gillet	et	al,	Nature,	2010	
€ 

VA =
B
ρµ0

±0.4km/year	

tAlfvén	≈	4.3	years	
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•  Deducing	the	first	
profile	of	
magneWc	field	
inside	the	core.	

•  In	agreement	with	
Lorentz	forces	
needed	to	sustain	
the	non-axial	
anWcyclone	
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Gillet	et	al,	Nature,	2010	
MagneWc	field	inside	the	core	

€ 

VA =
B
ρµ0

tAlfvén	≈	4.3	years	



“from	kineNc	energy	to	magneNc	energy”	

•  In	the	Earth’s	core:	
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EM

EK
⇠ 104



Exploring	a	geodynamo	simula<on	
•  A	journey	inside	one	of	the	most	recent	
highest-resoluWon	numerical	simulaWons,	
performed	by	Nathanaël	Schaeffer.	

E	=	10-7,	Pm	=	0.1,	Rm	=	570	
It	achieves	a	magneWc/kineWc	energy	raWo	of	10	
(in	most	dynamo	simulaWons	magneWc	energy	is	
smaller	than	kineWc	energy).	
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(Schaeffer	et	al,	2017)	



A	strong	contrast	between	inside	
and	outside	the	‘tangent	cylinder’	

•  The	tangent	cylinder	(tangent	to	the	inner	
core,	aligned	with	the	rotaWon	axis)	retains	a	
strong	and	wide	temperature	anomaly.	

•  Outside,	thin	thermal	plumes	form	on	the	
inner	core	and	spread	into	large-scale	
features.	
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A	strong	contrast	between	inside	
and	outside	the	‘tangent	cylinder’	

•  A	huge	twisted	vortex	inside	the	tangent	
cylinder.	

•  Thin	columnar	vorWces	outside.	
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A	strong	contrast	between	inside	
and	outside	the	‘tangent	cylinder’	

•  Strong	magneWc	field	generaWon	inside	the	
tangent	cylinder.	

•  Meandering	tongues	of	intense	magneWc	field	
in	a	weak	background.	
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(Schaeffer	et	al,	2017)	



A	strong	contrast	between	inside	
and	outside	the	‘tangent	cylinder’	

•  A	thin	region	of	intense	helicity	density	on	the	
inner	sphere	inside	the	tangent	cylinder.	

•  A	very	organized	distribuWon	of	mean	helicity	
density	outside,	which	is	not	due	to	Ekman	
pumping.	
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Flow	helicity	density	

Moffa0,	1969	

h = U · (r⇥U)



The	magneWc	field	kills	zonal	jets	

•  Comparing	one	of	the	dynamo	simulaWons	
(S1)	with	the	same	simulaWon	deprived	of	a	
magneWc	field	(S1*)	demonstrates	that	the	
presence	of	Lorentz	forces	inhibits	the	strong	
zonal	jets	typical	of	rotaWng	convecWon.	

•  Despite	a	much	lower	kineWc	energy,	the	
dynamo	simulaWon	transports	heat	more	
efficiently.	
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(Schaeffer	et	al,	2017)	
Nu	=	45	Nu	=	42	

without	B	 with	B	



•  movie	
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Conclusions	
•  Dynamos	all	around!	ImaginaWve	Nature.	
•  Terrestrial	planets	at	the	margin…	
•  Torsional	Alfvén	waves	in	the	Earth’s	core.	
•  EM/EK	~104	
•  What	turbulence	for	planetary	dynamos?	
•  What	asymptoWc	regimes?	
•  MagneWc	fields	for	exoplanets?	
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