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Moon & Mars: All Crustal Remanent Magnetization
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* Did Moon ever have dynamo?
* Mars' dynamo died >3.5 BYA.
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% 4 Magnetosheath
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S\"}g ¥ Bow Shock

»”f | ,‘ * Kinetic energy -> thermal energy
: -+ Flow diverted around obstacle
e ~11% less pressure at MP than in

upstream SW

Plasma
Sheet

Magnetotail

Solar-wind
plasma



Mercury: Extreme solar wind conditions -> exposed planet

Slavin et al.
2010

GROUND STATE EXTREME LOADING

Mars: Weak, irregular field -> bumpy surface + changing topology

|
David Brain




shock
SW ram pressure <=> internal magnetic field pressure

psw stw =Bo2 (Rp/r)s/ 2“0
BUT what about currents at the magnetopause? ->2B; .
Pow View = (2B,)* (R/1)®/ 2u,

Solve for r=>R,,p Rup /Ry = 2173 [ B.2 / 2u, gy, V2, ] 1/6




Yes, | am being a bit sloppy here...

For more comprehensive treatment of magnetosheath,
magnetopause (including details of the history) see 2012 HSS lecture
by John Dorelli.

http://www.vsp.ucar.edu/Heliophysics/pdf/
DorelliTerrestrialMagnetosphere.pdf

And lecture from 2011 from Toffoletto
http://www.vsp.ucar.edu/Heliophysics/pdf/2011_Toffoletto-
lecture.pdf

| am keen to compare planetary magnetospheres —and comparison
with Earth.



Dipole Magnetic Field in Solar Wind
SW Ram Pressure <+— Magnetic Pressure

-----------’

/ P | GO E OV Plasma
.7 R \\1\39“ \/) | Sheet

~1.2 [ By /21, Psw stw]“6

R,/ R

planet

Chapman-Ferraro Distance




RCF/RP~ 1.2 {BOZ/ (2 U Psw stw)}1/6

Quick chat with your neighbors....
- How does p,vary with distance from Sun? ~1/D?
- How does Vg, vary with distance from Sun? ~ constant

- How does {1/pg,, Ve vary with distance? ~D"/3



RCF/Rp~ 1.2 {Bo2 /2 Wo Psw VZSW}W6

Mercury | Earth | Jupiter | Saturn | Uranus | Neptune
B, .003 31 4.28 22 23 14
Gauss
Ree | 14Ry | 10R: | 46 R, | 20Rs [25 R, | 24 Ry,
Calc.
Ry 1.4-1.6| 8-12 | 63-92 | 22-27 | 18 23-26
Obs. R Re R, Rs Ry Ry




Magnetospheres scaled by
stand-off distance of
dipole field

IVI/IVIE IVIPDipoIe |VIPmean |leRange
Mercury | ~8x103 | 1.4R,, |1.4Ry
Earth 1 10R, | 10R,

Saturn | 600 | 20R; |24R, |22-27°R.
Jupiter [ 20,000 |46R, |75R, |63-92*R,

Inflated magnetospheres
of Jupiter & Saturn due to
HOT PLASMAS

Note bimodal average locations
* Achilleos et al. 2008 # Joy et al. 2002



solar wind pV?

Earth ~ Dipole
Ry, ~ (pV) /
| IC)I{F\\\\\‘\--_

Jupiter
-1/3
R, ~(pV?

100 R

»
>

solar wind pV?



Earth ~ Dipole
R,p>07R,,
—

solar wind pV?

x10 Solar wind pressure

Jupiter
R,p>05R,,

solar wind pV?

\ \

Factor ~10 variations in solar wind pressure at 5 AU
-> observed 100-50 Rj size of dayside magnetosphere
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lo Plasma Torus
6R,
\ +

Solar wind

1,500,000
km/hr

Psw Vsw = B? /2u, + nkT

7 N =/
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Calisto_—
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Dynamics



Vol. | Ch.10

Dungey Cycle
Dynamics at Earth driven
by the solar wind coupling
the Sun's magnetic field to

the Earth's field

« Variable opening &
closing rates

 Must be equal over
time to conserve
magnetic flux

Closing reconnection

/ ——€—
p.4 >—
Magnetopause

. ™1 S

—>
s & X

< < — < X .
Nops -« <« X —>

' Rotating Plasmasphere —

[asmapause

Magnetopause

>

=




This is the conventional E-J approach. See Parker
1996; Vasyliunas 2005,11 for B-V approach

The Dungey Cycle
Solar wind driven
| magnetospheric convection®

s ’ke = Econvection =-C VSW X BSW
1 C~ efficiency of reconnection

~10-20%
]
Ny - crude approximation!!
E.ony~ constant in m'sphere
V l e Vconvection
PR

5 @ ~ CVsw(R/ Ryvp)°

(where 3 power assumes a dipole -
in reality, the flow is not uniform
and the power somewhat less)

(*strictly speaking not convection but advection or circulation)



Wind Direction

Connected to solar wind

Closed magnetic field

Polar view




Reality = Messy & 3D




Dynamics

Dayside magnetopause

* Response to By, direction
« Solar wind ram pressure

Tail Reconnection

* Depends on recent history of
dayside reconnection and state
of plasmasheet

Space Weather!




(a) COROTATION

Vco ~ Q X R ‘rg
D =
Vconvection i gy %
~ CVSW(R/ RMP)3 IONOSPHERE
ATMOSPHERE
Fraction of planetary magnetosphere | :
that is rotation dominated is... ... I L= o
—-—J
Rpp/RMP sssengey PLASMA FLOW

~ [ r,Ryp €2 | TV w2
OCQ1/2M1/6 /(psw)1/12 VSW2/3

Where r =planetary radius
W= magnetic moment of planet B, Rp3




(a) COROTATION

V_~QXR :
.|
O i
Vconvection gl iy <
- C'VSW(R/ RMP)3 IONOSPHERE
ATMOSPHERE
What if... How would location S =

-------- »E=-(QxR)xB =

of plasmapause change?

—— J

1. Reconnection more/less
efficient at harnessing the
solar wind momentum

2. Planet’s spin slows down

3. Planet's field is stronger




Solar-wind vs. Rotation-dominated magnetospheres

/ RPlanet =

plasmapause

6.7 350 95

Assumptions:
1. Planet’s rotation coupled to magnetosphere
2. (Large-scale) Reconnection drives solar wind interaction




Plasma Sources



Plasma Sources

Mercury | Earth Jupiter |Saturn |Uranus | Neptune
N__ |~ 1- >3000 |~100 |~3 ~2
cm:3 4000
Comp- |H* O~ 9”* S" | Of H* H*
osition H* H,O" N*

Solar lono- o H* lono- Triton

Wind sphere Enceladus sphere lono-

sphere

Source | ? S 700- | 70- ~0.02 |~0.2
kg /s 1200 200




Earth Sources of Plasma (5 kg/s):
Solar Wind + ionosphere mixed (over the poles) into
magnetotail and convected sunward

e e - . T Sy i, S AT A

e R R T e s 7 R 7T

—. ARt A .

v 2El . e SR ¥ . -t -

:‘fj;; e e S s el e Sl S e s e ..
3 :.:.:l — T A e e .-L' oo ool
2%, . BoE o e o)
Polar Wind e S
—__——

+ s
= He H

‘: Plasma Sheet
]

Direct Entry of
Energized Auroral lons




Earth Plasma Flux 5 kg/s




lo Plasma torus
» Total mass 2 Mton
e Source 1 ton/s
* Replaced in 20-50

days




To Jupiter’s

Y

Vialin (b) B lonosphere
l /
Juplter
Plasma ‘
Flow ‘
~
~—
~

A

S
=

Current
Sheets

éurr ent

Sheets

Ve
Cold, Dense

lonospheric
Plasma

>
OI
’»%

8 (b)

Atmosphere

Exosphere Alllora

* Hot Pick-up lons .

-\
=
e — -

Atmospheric s | N
Sputtering . = .7 /- X\

Cold, Dense

Flow lonospheric Plasma
[ - -
—e™— — - - ; P
-.l.Ol'l.lZatLon__- -ﬁ_._-—— R . e
f ks -'.'ii-"' o ; fast neut;al
. P
Charge Exchange \A'JH pick-up ion

« Strong electrodynamic

interaction
* Mega-amp currents

between lo and Jupiter

* Plasma interaction with
lo's atmosphere

» Heated atmosphere
escapes

« ~20% plasma source local



lon Pick Up

>
Plasma I 10

Flow
> electron
@Y Y Y Y Y Y Y Y Y Y Y Y Y Y Yy

WA B
atom *

« The magnetic field couples the plasma to the spinning planet
* lon gains large gyromotion -> heat
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Plasma Torus Mass Flux

Jupiter

260-1400 kg/s

S 37%
e 0,0+, O+
neutral source S s+ g+ s+ transport
O 63% /

_ 51%

 Half lost as fast neutrals -> extended neutral cloud

« Half transported out to plasma disk




Plasma Torus 2 terawatts
Energy Flux

S 12%

>

O 7%
S 15%

pick—-up

82%

charge exchange

O 48%

40-80% energy
from pick up

hot electrons
18%

60-20% energy

from hot electrons

b

lons

20%

transport 10%

52%
i-e
coupling

4

A
Goo\\'\s\o(\

transport <<1%

A4
( Electrons ) el

uv
radiation
69%

70-90% energy
radiated in UV

\/



Radial Transport

In rotating magnetosphere
If fluxtube A contains more mass than B — they interchange

If <« 1,
Rayleigh-Taylor instability inferchange of A and B
where centrifugal potential does not change field

replaces gravity strength.



Radial Transport

In rotating magnetosphere
If fluxtube A contains more mass than B — they interchange

You can think of centrifugally-driven fluxtube interchange
as a kind of diffusion.

- How will density vary with distance from the source?
- How will diffusion rate depend on gradient of density?



Radial Transport

In rotating magnetosphere

If fluxtube A contains more mass than B — they interchange

If B << 1,
interchange of A and B NL®

does not change field 10%,
strength. :

1035

......




Aurora



Hubble Space Telescope — Jon Nichols
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Jupiter's 3 Types of Aurora

Variable

Steady Mai
ady v.ain Polar Aurora

Auroral Oval

Aurora associated with moons



lo f‘oqtp..'rj.n

Upward Downward
Alfvén Aurora—"(anti-planetward) (planetward)
Current Region Current Region

E

—

S-Bursts

Satellite auroral emissions

« Plasma-moon
electrodynamic interaction
* Mega-amp current systems
* Analogous to Earth auroral
processes

Papers by Su, Ergun, Lysak, Hess, Bonfond



Jupiter’s
Aurora -
The Movie

Fixed

magnetic
co-
ordinates
rotating
with Jupiter

Clarke et al.
Grodent et al.
HST



Main Aurora

* Shape constant,

fixed 1n magnetic
co-ordinates
 Magnetic anomaly
in north
e Steady intensity

O
e ~1° Narrow
Clarke et al., Grodent et al. HST



Coupling the Plasma to the Flywheel
* As plasma from lo moves Rhurana 2001
outwards its rotation decreases /

(conservation of angular momentum)

« Sub-corotating plasma pulls
back the magnetic field

* Curl B -> radial current J,

* J. x B force enforces rotation

Cowley & Bunce 2001



The aurora is the signature of Jupiter’s
attempt to spin up its magnetosphere

Spin axis Impedance Downward ?22
T regions

Inward current

Outward current
Upward ~ OK

Parallel electric fields: potential layers, ¢,, "double layers”



Where is the clutch slipping?

B - Between upper atmosphere and ionosphere?
C - Lack of current-carriers in magnetosphere-> E?



lonosphere - Sets boundary conditions for
magnetospheric dynamics

Satellite

lonosphere

ey —— Magnetic field fe)
~—at— Current system, 7
— -« — Poynting vector, S

---£-- Satellite measurement path




—

—

agnetosheath Magnetopause
. —
0
/ y
s
S
Q

——

Ryp 60-100 R,

(<

lo plasipa torus
| e Magnetotail
Solar wind Main Aurora g

1’?%7 \ 20 R, "
P

e

—




VXB pserved COnﬁguratiOn Ved=0 =>J

eJ Plasmasheet I I

I...| Azimuthal
Expands, | AZmuE Radial

stretches field Current back
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-150
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o (De-)Coupling - 1

regions
Inward current

CD = Outward current
=7 =

Magnetospheric Factors: M ot
lonosphere/Thermosphere factors: 2., winds, chemistry,
heating, radiation, etc;

Communication breaks down ~25R,.
Magnetosphere & atmosphere stop talking > 60 R,




How is information transmitted along magnetic field lines?

How is a stress from the
outside communicated to
the planet?

How does a blob of plasma
here communicate with the
planet?

Alfven waves!
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De-Coupling - 2

Alfven 1-way
travel time

Communication
breaks down between

the planet and
magnetosphere

0

4 R
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1000

100

- V km/s

De-Coupling - 3

vV Alfven Radius
Alfven V ’V‘\]AL

[ ]
M=nominal =

\Y%

r

At~ 60 R,

10 20 30 40 50 60 70 80



Vo (KM/S)

Azimuthal Flow Profile

OJ_Llllllllll_llll‘_JiulllLljll.)II_LA_I_LLLLII}ILII|1ll1‘lL
MARCH 3 I MARCH 4 W MARCH 5
SPACECRAFT EVENT TIME VOYAGER |

Combining V. and Vo WE get....



Pattern of Net Momentum Flux

A

150

100

1001

-150 [

Ifven Radius

50
N\

501

100

150

* Beyond ~60 R,
material spirals
away from Jupiter
in 10s of hours

« Radial transport is
still diffusive:
Centrifugally-driven
fluxtube
interchange



Reconnection is reduced In
the outer solar system:
 weaker solar fields
 shear boundaries
« strong change in

Can small-scale boundary-
layer processes act like
viscosity?

Shear-driven Kelvin-
Helmholtz instability

This is small-scale, intermittent reconnection — as compared to
large-scale, quasi-steady reconnection per Dungey cycle



Mass & momentum
transport — boundary
layers

Upstream IMF
wrapped around
flattened
magnetospause




Solar Wind Stresses Overcome Rotation

Add Maxwell 150 T
stresses from ook
solar wind |
Interaction 50

y (Ry)

Of
Stresses from |
magnetic shear 50 F
on boundary

-100 |

-1501




Vasyliunas

VaSyI | unas Cowley et al.

Southwood & Kivelson

Cycle

EQUATORIAL PLANE MERIDIAN SURFACE
Inward in MAGI;IETIC X-LINE

1 T et X
morning . gead2w
9&6‘@ C‘{é':z

MAGNETIC , .
0-LINE I . Reconnection

4 &
L4 ; B O R b sending
'...-," e e @ _ plasmoids
\ down the
tail
Outward in . o ® @ = ai

afternoon




Vogt et al. 2010

Observations

of plasmoid
events in

Galileo data £

100

-100

50

| A Also identfied by
‘ Kronberg et al.(2005) |

® New event

*.| M B, positive

M B, negative

.| ™ B, bipolar

[R

100

150

X-Line



Delamere & Bagenal

(2011)
N o-amnee "l} .....
Solar wind
inte raCtiOn ) Interaction/Cushion Region
. More Of a i)ﬁ‘.lé’npeéic\éagr?g I%a‘ime
plasma-plasma

Interaction To sun

» Less of an

interaction N

between magnetic N\ " 1. . Interaction Region
. g “:-\‘ff.‘\ e S
fleldS Alfven Radius 18 T

1180 ~a o T -
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t N » S

Cross-magnetopause Tran's"bort
of Mass & Momentum




Juno



Orbit Insertion

Spacecraft & Payload  4n juy 2016

~ SPACECRAFT

A\ N DIAMETER: 66 feet
20 meters

Power 400 W

Spin period 30 sec

JEDIL »
High-energy particlés
JADE |
Low energy partlcles

pectrometer

Gravity Science-

.Magnetometer'

Microwaves



Juno: Close Polar Orbit is Key

Orbit 1 e Perijove
(4,200 km
above clouds)

i

/
Orbit 16

- 4!».,' “' \ "

yped

35 polar orbits Cha,ged e

Duck under radiation belts...
Skim above clouds...
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Juno's first few passes are

showing deviations from
previous simple models

5G

1B

2G

* Hints that the dynamo
region is closer to the
surface?

10_ T T T T T T T T T T
- Equator
- Crossmg
I
S i
I
2 ! model
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<
] / |
2 I
Closest Approach
80° 60° 40° 20° -20° -40° -60°
1 | II I l : [— | II L I
12:00 12:30 13:00 13:30

Jupiter's Magnetic Field

Juno Magnetometer Perijove #1

GAUSS

1

13.98
Decimal Day of Year (DOY) 2016

model

PJ7
data ~ '

VIP4 Model
|
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PJ7 Closest Approach
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In orbit since
July 2016!

olar Magnetosphere

Juno passes directly
through auroral field lines

Measures particles
precipitating into
atmosphere creating aurora

Plasma/radio waves reveal
processes responsible for
particle acceleration

UV & IR images provides
context for in-situ
observations

ALFVEN WAVES




Earth Auroral Current Region
Does same physics apply at Jupiter?

Magnetic
Field >

Direction

FAST
Satellite

Parallel
Electric

Auroral

Field
A A—
— —
R

% Parallel

Electric
Field ™




AN

Juno UV

......
[

Jupiter's aurorals
structured & dynamic .



Juno UVS

North

Color ratio -> depth of emission -> energy of
precipitation electrons

74



Juno UVS 1300 _40

210° -------- 1500 =

T =50°
- VIPAL '

o ga0”

N 60°

-330° g T s
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Frequency (MHz)

Earth Based Observing Programs

 Hubble Space Telescope

— Denis Grodent — Large observing program

 Hisaki UV — Torus, Aurora
 Radio Observations

 Chandra, XMM X-Rays
« Keck, IRTF H;*

lime (secq)

0.0 3600.0 7200.0 10800.0 14400.0 18000.0
35.5 0.048
32.8 0.03
30.0 0.02
27.3 10.01

[
24.5 0.00 T
21.8 001 §
19.0 &

—0.02
-0.03
—0.04
-0.05

184.2 220.4 256.7 293.0 329.3 5.6
CML (System I11I)

.
______ — A




Go Juno!

Y.




Uranus
-Highly asymmetric,
-Highly non-dipolar
-Complex transport (SW + rotation)
-Multiple plasma sources (ionosphere + solar wind + satellites)

__MAGNETQPAUSE _

— —

— — — —

GNETOPAUSE y . =

—

MAGNETOTAIL

MAGNETOTAIL

SOLAR ¢l \
WIND | R PLASMASHEET

PLASMASHEET

Toth et al.



Neptune

Similarly complex
as Uranus

Zieger et al.



Mercury & Ganymede

Mercury - Magnetic field Ganymede - Magnetic field
detected by Mariner 10 in 1974 detected by Galileo in 1996

magnetic
magnetopause field

~1/100 Earth j=———————Djameter of Earth

surface






Mars|

" Precipitating fons '\

-

L — —

lonosphere Escape

'Escaping
Atmosphere




Summary

* Diverse planetary magnetic fields &
magnetospheres

« Earth, Mercury, Ganymede
magnetospheres driven by reconnection

« Jupiter & Saturn driven by rotation &
iInternal sources of plasma

* Uranus & Neptune are complex — need to
be explored!

Stay tuned....  MAVEN mission to Mars
Juno mission to Jupiter!
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