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Let’s start on Earth...

CRUST

various types of rocks

MANTLE

magnesium-iron silicate

OUTER CORE
liquid iron + nickle

INNER CORE
solid iron + nickle

CMB

(not to scale) ScienceDalily
#® core-mantle boundary (CMB): sharp boundary between the
non-conducting mantle and the conducting outer core

= dynamo action entirely confined within the outer core
#® dynamo radius r4y,: top of the dynamo region ~ repy,

® one way to deduce r¢m, from observation at the surface:
magnetic energy spectrum



Gauss coefficients ¢;,, and Ay,

#® Outside the dynamo region, 7 > 7qyn:

J=0

VxB=pj=0 = B=-VV

(s

V-B=0 = VU =

a = radius of Earth

#® Consider only internal sources,

U(r,0,¢) = az Z ( >l+1 le (cos 0) (g1, cosmae + hyyy, sinma)

Py i Schmidt’s semi-normalised associated Legendre polynomials

® g, and hy, can be determined from magnetic field measured at
the planetary surface (r =~ a)



The Lowes spectrum

® Average magnetic energy over a spherical surface of radius r
Ep(r) = o 4%7{|B ,0,¢)|*sin 6 df d¢

® Inside the source-free region rqpn <1 < a,
2l+4 L
2wt =3[ (27040 3 (o + 4
=1 m=0
#® Lowes spectrum (magnetic energy as a function of [):

l
R = ()7 04 ) Y (6ha + 1

m=0

an 214+4
= <7) Ri(a) (downward continuation)



Estimate location of CMB using the Lowes spectrum
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® downward continuation from a to ey, through the mantle (j = 0):

In Ry(a) = 21n (’"C;“b) [+4ln (TC;“'D) + 10 Ry (rem)

® white source hypothesis: turbulence in the core leads to an even
distribution of magnetic energy across different scales [,

R (Temp) is independent of [

® 7o ~ 0.55a ~ 3486 km agrees very well with results from seismic
waves observations



Interior structure of Jupiter
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r/ry
theoretical o(r) (French et al. 2012)

low temperature and pressure near surface = gaseous molecular H/He
extremely high temperature and pressure inside = liquid metallic H
core?

transition from molecular to metallic hydrogen is continuous
conductivity o(r) varies smoothly with radius r

At what depth does dynamo action start?



Lowes spectrum from the Juno mission

1012

1010

10*

102

Rn = (n+1) Zo @)%+ (hy)?

L Y
S
N
- N
»
0\\0
- >
%
Earth’s
r Crustal Field
r re=0.54 1 \>_°°o_°_°°v°°_
I T T T O I I R B
1 5 10 15 20 25

Harmonic Degree n

(Connerney et al. 2018)

o

o

Juno’s spacecraft reached Jupiter
on 4th July, 2016

currently in a 53-day orbit,
measuring Jupiter’s magnetic field
(and other data)

Ry(ry) up to I = 10 from latest
measurement (8 flybys)

Lowes’ radius: 7jowes = 0.85 73
(ry= 6.9894><107m)



Lowes spectrum from the Juno mission
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® Juno’s spacecraft reached Jupiter
on 4th July, 2016

® currently in a 53-day orbit,
measuring Jupiter’s magnetic field
(and other data)

® Ry(ry) up tol =10 from latest
measurement (8 flybys)

® Lowes’ radius: 7owes =~ 0.8573
(r;=16.9894x10"m)

Questions: with the conductivity

profile o(r) varying smoothly,

® meaning of Tiowes? Tlowes = Tdyn?’

® white source hypothesis valid?

® concept of “dynamo radius” rqyn
well-defined?



A numerical model of Jupiter

® spherical shell of radius ratio i, /Tout = 0.0963 (small core)

#® rotating fluid with electrical conductivity o(r) driven by buoyancy
® convection forced by secular cooling of the planet
® anelastic:linearise about a hydrostatic adiabatic basic state (p, T, p, ... )
® dimensionless numbers: Ra, Pm, Ek, Pr
V. (pu) =0
|:a—u+(u~V)u} 425 xu=—VII+2(VxB)x B (W)Sd—Tﬁ+EkF—_”
ot p Pr dr p
%—?:Vx(uxB)7Vx(anB)

_ [0S Pm Pr Pm
pl | — -VS —V . F — ——Hg
P ( ot tu ) + Pr @~ RaPm (Q + QJ) pr 7

Boundary conditions: no-slip at ri, and stress-free at rout, S(rin) = 1 and S(rout) = 0,
electrically insulating outside ri, < r < Tout. (Jones 2014)



A numerical model of Jupiter
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a Jupiter basic state:

dimensionless numbers: Ra, Pm, Ek, Pr

spherical shell of radius ratio ri,/rous = 0.0963 (small core)

convection forced by secular cooling of the planet

C.A. Jones/Icarus 241 (2014) 148-159
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~ Hyperbolic fit

rotating fluid with electrical conductivity o(r) driven by buoyancy

anelastic:linearise about a hydrostatic adiabatic basic state (p, T, p, . . .
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Ra=2x107, Ek=15x10"°, Pm =10, Pr=0.1

T = Tout

dipolar

r = 0.7570ut

small scales

radial magnetic field, B,(r. 0. ¢)
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Where does the current start flowing?
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® average over a spherical surface of radius r

poj =V x B

1 2w T
)= o [ [ 137 sin0ass
471' 0 0

® j.ns drops quickly but smoothly in the transition region, not
clear how to define a characteristic “dynamo radius”




Magnetic energy spectrum, Fj(r)

® average magnetic energy over a spherical surface:

Ep(r) = 7{|B ,0,¢)|*sin 6 df d¢

Q,u ar

® Lowes spectrum: recall that if j = 0, we solve V2¥ = 0, then

YaEg(r) = i [(7«)2l+4 (1+1) i (92 +h12m)} = iRl(r)
m=0 =1

=1

® generally, for the numerical model, B ~ 3", by (1) Y5 (6, @),
2uoEp(r %[Brﬁ $)*sinfdf do = ZFZ

§(r,0.6) =0 exactly = Ry(r) = F(r)



Magnetic energy spectrum at different depth r

10!

s

000000000000000]

Fy(r): solid lines

Ry(r): circles
——0.950r,

Fy(r) and Ry(r)
=

105} —0.931r,
———0.907r;
10761 ——0.885r,
———0.550r
1077 0.226r;
0 20 40 60 80

l
® 7> 009r; : slope of Fj(r) decreases rapidly with r
r < 0.9ry : Fi(r) maintains the same shape and slope
= a shift in the dynamics of the system

® r>009r;: Fi(r)~ R(r)
r < 0.9ry : Fi(r) deviates from R;(r)
= electric current becomes important below 0.97;

® suggests a dynamo radius rqyn ~ 0.977



Spectral
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sharp transition in «(r) indicates rqyn = 0.907r;

] logqig Fi(r) ~ —a(r)l

logyg Ri(r) ~ —B(r)l

Ri(r) = (%22) Ry (rous)

T

| B(r) = B(rout) —2log; o Feut

Fy(r) inside dynamo region is not exactly flat (aqyn = 0.024):
white source assumption is only approximate

Tlowes Provides a lower bound to rgyn: 8 =0 at rigwes = 0.883

General picture: a(roy) and agyn control rqyn and Tigwes



Comparison with Juno data
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noise in Juno data = results depend on fitting range

larger Pm gives smaller Qdyn; however a(rout) also becomes smaller
= rqyn remains roughly the same

Ry (ry) is shallower in the numerical model than from Juno observation
® the metallic hydrogen layer could be deeper than predicted by theoretical
calculation

® the existence of a stably stratified layer below the molecular layer

K

our numerical model has more small-scale forcing than Jupiter does



Variation of selected spectral modes with depth
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