
Fran Bagenal!
University of 

Colorado!

Which topic is (probably, at this point in 
time) your primary interest? 

1. Solar physics 
2. Heliosphere 
3. Earth ionosphere/magnetosphere 
4. Planetary space physics 



Testing our understanding of Sun-
Earth connections through application 
to other planetary systems 

Planetary Dynamos & Magnetospheres 
See vol. III ch. 7 & vol. I ch. 13 

Vol. I Ch. 13 (updated as Bagenal 2011) 



Offset Tilted Dipole (poor) Approximation 

Earth 

Jupiter Saturn 

Uranus Neptune 

Stanley & Glatzmaier 2010 

Bradial @ surface 



m=0    1     2     3     4     5…. 

n=0 

1 

2 

3 

4 

5 

Magnetic Potential 
3-D harmonics 

functions 

coefficients - constants 

 V 

Same technique used to model cosmic microwave background 

or interior of Sun with Helioseismology…  



http://www.ngdc.noaa.gov/IAGA/vmod/igrf.html 
http://onlinelibrary.wiley.com/doi/10.1111/j.1365-246X.2010.04804.x/full 
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4 pages later..... 

International Geomagnetic  
Reference Field 



Br surface 

Br core-mantle boundary 
Hulot et al. 2010 

vol. III ch. 7 
From accurate measurement of 
surface field: 
1.  Extrapolate to core-mantle 

boundary  = dynamo 

2.  Derive core flows 

3.  Secular variation & reversals..... 
h=horizontal 



Hulot et al. 2010 

Polarity reversals: 
1.  variable in 

duration and 

2.  rate 

Volume of electrically 
conducting fluid 
which is convecting 
and rotating 

All planetary objects 
probably have enough 
rotation - the presence 
(or not) of a global 
magnetic field tells us 
about  

2!
1!

2!1! and 

See vol. III ch. 7 



Irregular 

V. dipolar 

•  Dipole – n=1  

•  Quadupole – n=2 

•  Quadrupole/Dipole 
ratio indicates irregular 
field 

Connerney 2007 



Power spectra of the field of internal origin for the Earth (after Olsen et al. 2009a and Maus et al. 2008), Mars (after Cain et al. 
2003), Jupiter, Mercury (after Connerney 2008) and the Moon (after Purucker 2008) at their respective surface reference 
radius. Also shown are theoretical crustal spectra (thin curves, Voorhies et al. 2002) for the Earth, Mars and the Moon.  

Crustal field Core field 

Moon & Mars: All Crustal Remanent Magnetization 

Hulot et al. 2010 

Moon 

Mars 

From Wikapedia – Lunar Prospector observations 

From David Brain, MGS data 



Planet Density [g cm-3] Rcore /Rplanet 

Mercury 5.43 0.75 

Venus 5.24 0.55 

Earth 5.515 0.55 

Moon 3.36 0.2 

Mars 3.94 0.5 

Ganymede 1.94 0.3 

Why don't 
Venus or Mars 
have dynamos? 

Rock 

Iron 

Mercury   Venus                  Earth        Moon         Mars  Ganymede 

Io 

What drives 
the 
geodynamo 

In words... 
Vol. III 
Ch. 7 
p 192 

Or by picture... 



Why Don't Venus or Mars have Dynamos? 
•  Enough rotation – even for Venus 
•  Conducting fluid core – probably  
•  Lack of convection in core? 

•  Mantle convection controls heat flow from core 
•  Lack of plate tectonics suggests less efficient cooling of 
interior and lower heat flux from core 
•  No inner core means no latent heat of solidification and 
no enhancement of lighter material in the outer core 

Hot surface -  
small Tgradient 

Small – 
cooled off 



Giant Planets   
Distance 

AU 
Mass 

Earth Mass 
Radius 

Earth Radii 
Density 
1=water 

Composition 
% by mass 

Jupiter 5.20 318 11.2 1.33 90%  
H, He 

Saturn 9.54 95 9.46 0.71 75%  
H, He 

Uranus 19.2 14 3.98 1.24 
10% H, He 
Water 
Ammonia 
Methane 

Neptune 30.1 17 3.81 1.67 
10% H, He 
Water 
Ammonia 
Methane 

Saturn has lower mass 
!  lower pressures 
!  smaller region of metallic hydrogen 
!  weaker magnetic field 

Jupiter Saturn 

Rc/Rp=0.84 Rc/Rp=0.6 



Uranus and Neptune have much less mass 
! Lower pressures   
! No metallic hydrogen 
! Weak & irregular magnetic fields produced in water 

layer, deep below gas envelope 

Uranus Neptune 

Rc/Rp=0.75 Rc/Rp=0.75 

Gravity 

Mass of Jupiter 
~320 x Earth 

Rock/Iron Core  



Guillot et al. 2004 

Interior of Jupiter Using Best Equation of State 

Juno  
Launch Aug. 5th 

Still lots of 
unknowns!!  

Juno 

Current knowledge of 
Jupiter is limited to 
n < 4 

Earth dynamo at n >14 
is hidden by crustal 
field 

Juno will measure out 
to n ~ 20 

Determine spectral 
shape, dynamo 
radius, and secular 
variations 

Magnetic Spectra of 
Earth and Jupiter 



Dynamo Models – Lecture 1 Eqns. & discussion 



Dynamo Scaling Laws  
Fig 7.10 Earth Models Fig 7.11 Planets & Stars 

Vol. III Ch. 7 
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Core Heat Flux 



Now we have 
magnetic fields....  

what about 
magnetospheres? 

Jupiter 

RBS~1.3 RM!

Bow Shock:!
•  Kinetic energy -> thermal energy!
•  Flow diverted around obstacle!
•  ~11% less pressure at MP than in 
upstream SW!



Dipole Magnetic Field in Solar Wind 
SW Ram Pressure            Magnetic Pressure 

RMP / Rplanet =  [  Bo
2  / 2 µo  !sw V2

sw ]1/6
   

Chapman-Ferraro Distance  

RCF/Rp~ {Bo
2 /2 µo  !sw V2

sw}1/6 

Mercury Earth Jupiter Saturn Uranus Neptune 

Bo 
Gauss 

.003 .31 4.28 .22 .23 .14 

RCF 

Calc. 
1.4 RM 10 RE 42 RJ 19 RS 25 RU 24 RN 

RM 
Obs. 

1.4-1.6 
RM 

8-12 
RE 

60-90  
RJ 

16-22 
RS 

18 RU 23-26 
RN 



Compressibility!

Earth ~ Dipole!

Rmp ~ (!V2)-1/6!

Jupiter!

Rmp ~ (!V2)-1/3!

solar wind !V2!

solar wind !V2!

10 RE!

100 RJ!



compress 2 
Earth ~ Dipole!

Jupiter!

solar wind !V2!

solar wind !V2!

Rmp -> 0.5 Rmp!

Rmp -> 0.7 Rmp!

Factor ~10 variations in solar wind pressure at 5 AU -
> observed 100-50 Rj size of dayside magnetosphere !

7 RE!

50 RJ!

x10 Solar wind pressure 

Scale, rotation-dominated, Io 
source 

! ~10!

! <<1!

!  =  nkT!
       B2 /2µ"#!sw V2

sw = B2 /2µo + nkT 





Scale, rotation-dominated, Io 
source 

Io Plasma Torus 
6 RJ 

RMP 60-100 RJ 

Solar wind interaction with planets – Vol. I Ch. 13  also Bagenal 2011 



Lecture 4 
Vol. I Ch.10 

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

the Earth's field 
Opening reconnection 

Closing reconnection 

Rotating Plasmasphere 



Solar!
Wind!

Econvection = - $ VSW X  BSW 

$ ~ efficiency of reconnection  
  ~10-20% 

The Dungey Cycle 
Solar wind driven 

magnetospheric convection* 

B V 

E 

E V 

B 

Vconvection 

~ $VSW(R/RMP)3
 

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

 crude approximation!! 
Econv~ constant in m'sphere  

(*strictly speaking not convection but advection or circulation) 

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

Solar!
Wind!

Polar view!

Connected to solar wind!

Closed magnetic field!



Reality = Messy & 3D 

Dynamics 
 Dayside magnetopause 
•  Response to BSW direction 
•  Solar wind ram pressure 

Tail Reconnection 
•  Depends on recent history of 
dayside reconnection and state 
of plasmasheet 

Space Weather! 



Rpp/RMP 

~ [ rpRMP % / $VSW]1/2 

& %1/2µ1/6 /(!SW)1/12 VSW
2/3 

Vco ~ % X R 
Vconvection 

~ $VSW(R/RMP)3
 

Where rp=planetary radius 
µ= magnetic moment of planet Bo Rp

3 

Fraction of planetary magnetosphere 
that is rotation dominated is… 

Magnetospheric Dynamics – Vol. I Ch. 13  also Bagenal 2011 



Rplasmapause / RPlanet =  
            6.7                          350                                 95   

Solar-wind vs. Rotation-dominated magnetospheres 

Mercury Earth Jupiter Saturn Uranus Neptune 

Nmax 

cm-3 
~1 1- 

4000 
>3000 ~100 ~3 ~2 

Comp-
osition 

H+ 

Solar 
Wind 

O+ 

H+ 

Iono-
sphere 

On+ Sn
+ 

Io 

O+ 

H2O+ 

H+ 

Enceladus 

H+ 

Iono-
sphere 

H+  

N+ 

Triton 
Iono-
sphere 

Source 
kg / s 

? 5 700- 
1200 

~20 
70- 
700? 

~0.02 ~0.2 

Plasma Sources 



Sources of Plasma:  
Solar Wind + ionosphere mixed (over the poles) into 
magnetotail and convected sunward  

Ionosphere: H+  He+ O+ 

Solar Wind: H+  He++ 



Io Plasma torus 
•  Total mass 2 Mton 
•   Source 1 ton/s 
•   Replaced in 20-50 
days 

Neutral 
atom 

The magnetic field couples the plasma to the spinning planet 

Ion Pick Up 



Cassini 
UVIS 

Andrew 
Steffl  

40-80% energy 
from pick up 

60-20% energy  
from hot electrons 

70-90% energy  
radiated in UV 

 Energy Crisis! 

•  Total thermal 
energy  
~6 x 1017 J 

• Ion pick-up source 
takes  4 days 

• UV power cools 
electrons ~7 hrs 

•  Extra source of 
hot electrons 

2 terawatts 



Jupiter's 3 Types of Aurora 

Aurora associated with moons 

Steady Main  
Auroral Oval 

Variable  
Polar Aurora 

Clarke et al. 
Grodent et al. 

HST 

Jupiter’s 
Aurora - 

The Movie 

Fixed 
magnetic 

co-
ordinates 
rotating 

with Jupiter  



Main Aurora 

•  Shape constant, 
fixed in magnetic 
co-ordinates!

•  Magnetic anomaly 
in north!

•  Steady intensity!
•  ~1° Narrow !

Clarke et al., Grodent et al.  HST!

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

Clarke et al.!Hill 1979!

•  Outward transport of Iogenic 
plasma!
•  J'' transfers load to ionosphere!
•  Transfer of angular momentum 
limited by ionospheric conductivity (#

20-30Rj!
3 ton/s!? 0.3 S ?!

N.B. Lo has units 



•  As plasma from Io moves 
outwards its rotation decreases 
(conservation of angular momentum) 

•  Sub-corotating plasma pulls 
back the magnetic field 

•  Curl B -> radial current Jr 

•  Jr x B force enforces rotation 

Coupling the Plasma to the Flywheel 

Field-aligned currents  
couple magnetosphere  

to Jupiter’s rotation 

Khurana 2001 

Cowley & Bunce 2001 

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

Clarke et al.!Hill 1979!

•  Outward transport of Iogenic 
plasma!
•  J'' transfers load to ionosphere!
•  Transfer of angular momentum 
limited by ionospheric conductivity!

20-30Rj!
1 ton/s!? 0.3 S ?!Cowley et al. 2002!

•  Empirical field+plasma model!
•  Sub-corotating plasmasheet 20-60 Rj!
•  Knight relation!

•  E|| ~ 100 kV!
•  Upward current ~1 µA/cm2!
•  1° narrow auroral oval!

?!

?!

Upward ~ OK!

Downward ???!



Where is the clutch slipping? 

Mass loading 

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

Scale, rotation-dominated, Io 
source 

Main Aurora 
20 RJ 

RMP 60-100 RJ 



Azimuthal 
Current 

Radial 
Current 

Magnetic 
field 

model of 
Khurana 

What process heats the plasma 
as it moves outwards???? 



Vasyliunas 
Cycle 

Outward in 
afternoon 

Inward in 
morning 

Reconnection 
sending 
plasmoids 
down the  
tail 

Vasyliunas  
Cowley et al. 
Southwood & Kivelson 

Vogt et al. 2010 

X-Line 
Observations 
of plasmoid 
events in  
Galileo data 



Delamere & Bagenal 
(2011) 

Solar wind 
interaction: 

•  More of a 
plasma-plasma 
interaction 

•  Less of an 
interaction 
between magnetic 
fields 

Shear-driven Kelvin-
Helmholtz instability 

Otto & Fairfield 2001 

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



Hybrid 
simulations of 
Kelvin-
Helmholtz 
instability 
- ions=particles 
- electrons=fluid 
Peter Delamere, CU 

Bx 

Heavy       Light 

Could Jupiter be a 
Colossal Comet? 

SIDE VIEW 

TOP VIEW 
EQUATORIAL 
PLANE 

TOP 
VIEW 
ABOVE 
SHEATH 

•  Plasma-plasma 
interaction with 
magnetic field playing 
less of a role than at 
Earth 

•   Solar wind hung up on 
the boundary layers 

•  Venus- or comet-like 
rather than field-
controlled terrestrial tail.  

High-) plasma 

High-
MA 
solar 
wind 



Saturn:  
Strong satellite & ring 

sputtering, weak 
ionization 



• Weaker magnetic field  
• Weaker plasma source 

•  Enceladus closer to 
planet - slower 
relative motion  
•  LESS ENERGY,  
•  LESS IONIZATION 

Neutral 
density 
100x ion 
density 

•  Saturn's magnetic field is very symmetric – why are there 
periodic variations? 
•  Variable rotation rate??  Changes over “season” 
•  Current system between poles modulating ionization? Slowly 
changing with illumination of ionosphere / thermospheric winds?? 
•  North & South ionospheres rotate at different rates?? 

Corotatiing convection system? 
Inter-hemispheric currents? 



Plasma sheet shape: forcing 
•  Global shape of the current and plasma sheet is determined by: 

–  Diurnal motion (dipole tilt) / other periodic mechanisms. 
–  Centrifugal forcing on plasma offset from the rotational equator. 
–  Stresses imposed on the magnetosphere from the solar wind. 

Arridge et al. (2011) 

Solar wind 
Jupiter 

Saturn 

Plasma sheet shape: Jupiter & 
Saturn 

Khurana and Schwarzl  (2005) Arridge et al. (2011, submitted) 

Jupiter Saturn 



Saturn's aurora 

•  strongly 
modulated by 
the solar wind 

•  open-closed 
boundary 

Clarke et al. 



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

Toth et al. 

  Zieger et al. 

Neptune 

Similarly complex 
as Uranus 



Mercury - Magnetic field 
detected by Mariner 10 in 1974!

Diameter of Earth!

Solar!
Wind!

Ganymede - Magnetic field 
detected by Galileo in 1996!

Bsurface ~ 1/100 Earth!

Ganymede 



Pressure Balance: 
Solar wind ram pressure 
-> compressed IMF  
-> magnetic pressure 
vs. ionospheric thermal pressure 

VENUS 

Mars 



900nT 
*B/B  

= 0.45 

Current 
=3 MAmp 

Io 

Summary 
•  Diverse planetary magnetic fields & 

magnetospheres 
•  Dynamo primarily requires region of liquid 

conducting material that is convecting – 
generally limited by heat flow in core 

•   Earth, Mercury, Ganymede 
magnetospheres driven by reconnection 

•   Jupiter & Saturn driven by rotation & 
internal sources of plasma 

•   Uranus & Neptune are complex – need to 
be explored! 


