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Which topic is your primary interest 

(probably, at this point in time)?

1. Solar physics ï & other stars

2. Heliosphere ï solar wind

3. Earth ionosphere/magnetosphere

4. Planetary space physics

5. Hummmmé. not sure ï or 

something else....



De Magnete  

1600

William Gilbert  

"May the gods 

damn all such 

sham, pilfered, 

distorted works, 

which do but 

muddle the minds 

of students"





Planetary 

Magnetic 

Dynamos



What are the 3 main ingredients 

for a planetary dynamo?



Planetary Dynamos

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

21 and

Earth dynamo model - 

From Glatzmeier and 

Roberts

3



Ganymede Mercury Earth Jupiter Saturn Uranus Neptune

Rp/RE 0.41 0.38 1 11 9.5 4.0 3.9

Rcore/RP 0.3 0.6-0.8 0.55 0.9 0.6 0.8 0.8

Magnetic 

Moment 

/ME

5 x 10-4 5 x 10-4 1 20,000 600 50 25

Liquid Metallic Hydrogen

Liquid 

Iron Ionic Water

Christensen 

2013

Dynamo Scaling Law

Blue because methane 

absorbs red sunlight

Orange clouds



Tilts and Obliquities

Offset Tilted Dipole (poor) Approximation
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Magnetic Potential

3-D Spherical harmonics

functions

coefficients - constants

V

Dipole

Quadrupole



Stanley & Bloxham 2006

Modeling 

Uranus' & 

Neptune's non-

dipolar fields 

with a thin-shell 

dynamo over a 

stratified core

Uranus

Neptune

Jupiter

Saturn

Earth

Multipole 

coefficients / 

Dipole coefficient

Indicates degree 

of complexity 

Dipole Quadrupole



Planet Rcore /

Rplanet

Bo [mT] Tilt Quad / 

Dipole

Earth 0.55 31 +9.92° 0.04

Jupiter 0.84 428 -9.6° 0.10

Saturn 0.6 21 <-1° 0.02

Uranus 0.7 23 -59° 1.3

Neptune 0.8 14 -47° 2.7
Irregular

Dipolar

Stanley & 

Bloxham 2006

Earth

Jupiter Saturn

Uranus Neptune

Bradial @ surface



Earth's Magnetic Field

When you look 

closer there's 

more complexity

Earth's field extrapolated down to the 

top of the outer core dynamo region 



Br through a reversal



Hulot et al. 2010

Pavlov & Gallet 2005

Polarity 

reversals:

1. variable in 

duration and

2. rate

rapid rate 

~ 5/million years

~ every 200,000 yrs



= where B = Br

= best fit dipole

Where are the Earth's magnetic poles - 

and where are they headed?
Note that the north magnetic pole is moving 

towards  the rotation pole, the south magnetic 

pole is moving away  from the rotation axisé

What's the difference? 

Magnetic Poles 

Geomagnetic Poles



Spacecraft & Payload

Magnetometer

JADE

Low-energy particles

JEDI

High-energy particles

JIRAM

IR spectrometer

Waves

Radio & plasma

JunoCam

camera

UVS

UV spectrometer

Gravity Science

MWR

Microwaves

SPACECRAFT 

DIAMETER:  66 feet   

         20 meters

Power           400 W

Spin period   30 sec

Orbit Insertion 

4th July 2016



Juno

Perijoves  1-85

Aug. 2016

ï Jul. 2026 

Orbiting Jupiter since 2016

Now 32-day orbits



The Orbit:  Key to Whole Mission

Duck under radiation beltsé

Skim above cloudsé

~32 polar orbits

2 Hours 

pole-to-pole!

Duck under radiation beltsé

Skim above cloudsé

Find out what's it like inside.



Juno

PJ7

PJ6

Jupiter's Magnetic Field

ÅJuno's first few 

passes are showing 

deviations from 

previous simple 

models

ÅHints that the 

dynamo region is 

closer to the 

surface?

model

model

data 

data

VIP4 Model

ConJ2017.011

Max |B| = 10.06 G

G
A

U
S

S

May 19, 2017 (DOY 139)

Equator 
Crossing

5:00 5:15 5:30 5:45 6:00 6:15 6:30 6:45

Latitude
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5

2

1
80° 60° 40° 20° -20° -40° -60°

PJ6 Closest Approach

(139.9° l III)



Juno Juno -based magnetic field model 

Big N-S 

asymmetries!

North South

Magnetic 

Anomaly



Juno

22

Earth's South American Anomaly

ÅWeak field 

region

ÅHigh radiation 

precipitation

Nasty place for 

Hubble Space 

Telescope!



Juno

Magnetic Field ï JRM033 

23Connerney+2022

Up close + more orbits -> more detail
ÅN-S asymmetry

ÅSecular variation

ÅCoupled to zonal winds?



Juno

24

Connerney et al. 2018, 2022

Dynamo Boundary 

RC=0.81



Juno
Measured gravity field

Iess et al. 2018 Nature

Heavy 

elements 

mixed with 

metallic H to 

~40% radius

ÅNo distinct core

ÅHeavy elements 

partially mixed

ÅHelium raining 

out of outer layer

ÅAll boundaries 

fuzzy?!

Dynamo 

Region

?



Juno

Glatzmeier 2005

Saturn: Deeper core, zonal 

flows in resistive layer makes 

symmetric dipolar fieldEarth: Dynamo deep in 

core ï outer field ~dipole

Glatzmeier 2002

Implications for Dynamo



Juno Implications for Dynamo in Rapid Rotator 

Heavy 

elements 

dissolved
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What's 

happening 

here?

Different 

from here?

Duarte 

et al. 

2018

Heimpel 

& Aurnou

How to get 

basically dipole 

field with N -S 

asymmetry?



WHICH HAVE ACTIVE MAGNETIC DYNAMOS?

Why Don't Venus or Mars have Dynamos?

Å Enough rotation ï even for Venus

Å Conducting fluid core ï probably 

Å Lack of convection in core?

1.  If....Mantle convection controls heat flow from 

core.  Then....Lack of plate tectonics suggests 

less efficient cooling of interior and lower heat flux 

from core

2.  No inner core means no latent heat of 

solidification and no enhancement of lighter 

material in the outer core

Hot surface - 

small Tgradient

Stevensen 2010

Small ï 

cooled off

Yes                    No                       Yes                                     No



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

Mars

Earth

Moon

Å Did Moon ever have dynamo?

Å Mars' dynamo died >3.5 BYA.



*

30

Mars has strange arrangement of 
permanent crustal magnetic fields

Magnetic dynamo stopped ~3 billion years ago



Why no dipole at Mars and Venus?

Liquid Iron

Solid Iron

At Mars and Venus, the liquid 
core is wrapped in a stagnant 
mantle:
ü no plate tectonics
ü no mantle convection
ü no magnetic field
ü still not fully understood

Earth

Mars
Stahler+2021

OK ς Mars is small and cooled off quickly.
But Venus?? Same size as Earth!



Induced

Magnetospheres



Mars & Venus: Induced Magnetospheres

NASA SVS

Venus bow shock

Earth vs. Venus         
ς Why so different??

https://svs.gsfc.nasa.gov/11440/


Proton Aurora: Marsô most common aurora

Å Penetrating particles are 

neutralized by charge 

exchange, which allows 

them to pass through the 

bowshock and emit

Å Patchy ï varying solar wind 

structures

Å Likely to  occur on Venus, 

but never been observed
Deighan+ 2018

34



UltraViolet Mars              Global Aurora         Escaping Hydrogen    

Fast electrons  

power emissions in 

discrete patterns in 

and around Mars 

crustal magnetic 

fields 

Solar Energetic 

Particles , both 

protons and 

electrons, can 

engulf the entire 

planet in diffuse 

aurora

Solar wind 

protons  impact 

Marsô upper 

atmosphere, and 

cause emission 

across the dayside

Three Types of Aurora on Mars

O and H glowing in ultraviolet



Venus: Aurora waiting to be discovered
Sun-Venus interaction should  produce aurora similar to 
those seen at Mars outside the crustal fields

νPioneer Venus made point observations from a spinning 
spacecraft, limiting temporal and spatial resolution

νSince 80s - No mission has adequately observed aurora 
at Venus

Pioneer Venus UV Aurora 130.4 nm      Phillips+1986

Need a mission to Venus to measure aurora!!



Solar Wind Interaction  
Atmosphere Escape Mariner 2, 5, 10

Venera 9, 10
Pioneer Venus
Venus Express

Brain et al. 2016

Mariner 4
Mars 2, 3, 5
Phobos
MGS
Mars Express
MAVEN

Voyager 1
Cassini

New Horizons

Vega 1, 2
Deep Space 1
Giotto
Rosetta

- Ionization of outer atmosphere 
- Plasma-atmosphere interaction
- Similar scale!
- Similar loss!  few kg/s
- Comets up to ton/s

Venus

Mars

Titan

Pluto

Comet



Magnetosphere 

Sizes



Why do planetary magnetospheres 

have a bow shock?

What happens to the solar wind at the 

bow shock?



Supersonic

Obstacle
RBS~1.3 RM

Bow Shock:

Å Kinetic energy -> thermal energy

Å Flow diverted around obstacle

Å ~11% less pressure at MP than in 

upstream SW

1930s



Chapman-Ferraro Current

ÅInternal magnetic field 

pressure

ÅBalances the solar wind 

dynamic pressure

ÅAssumes northward 

Interplanetary Magnetic 

Field ï IMF

ÅChapman-Ferraro 

current must provide        

j x B force integrated 

across magnetopause

rsw U2
sw

B2 / 2mo 

B2 / 2mo 

rsw U2
sw



Chapman-Ferraro Current

ÅCreates closed 

magnetosphere

ÅLimits size of 

magnetosphere

ÅCurrent pattern 

over the whole 

magnetopause.



SW ram pressure  <=> 
 internal magnetic field pressure

 

rsw U2
sw =B2/2mo =Bo

2 (Rp/r)
6/  2mo 

BUT what about currents at the 
magnetopause?  -> 2Bdipole

 

rsw U2
sw = (2Bo)

2  (Rp/r)
6/  2mo

Solve for r=> RMP 

Bdipole   =Bo  (Rp/r)
3

RMP / Rplanet   = 21/3 [  Bo
2  /  2mo  rsw U2

sw ]1/6 


