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• Interaction 
between plasmas 
and magnetic 
fields

• Motion of 
particles in 
magnetic fields -
on larger ‘fluid’ 
scales ?

• Dominant type of 
plasma flow ?

• Compressibility?
• Solar wind versus 

‘internal’ effects 
(rotation)

• Magnetosphere-
ionosphere 
coupling

Planetary Magnetospheres  
N. Achilleos (UCL Physics and Astronomy)

(Planetary Magnetospheres Homework Problems / Solutions: 
http://www.ucl.ac.uk/~ucapnac) 



http://helios.gsfc.nasa.gov

http://pluto.space.swri.edu

Overview: Solar Wind–Magnetosphere Interaction
ç Noon-midnight ‘slice’.
• Boundaries and points of ‘entry’ for 

plasma (magnetic reconnection)
• Strong asymmetry in field structure.
• Plasmasheet: hot (~keV), low-density 

(~0.3 cm-3)
• Plasmasphere: cool (~1 eV), 

high-density (~103 cm-3), 
flow is in sense of planetary corotation

‘Close-up’.è
•Ring current region.

•Auroral oval associated with particles 
which impact neutral molecules in 

atmosphere.



• Lorentz Force: For a particle of charge q, mass m and velocity v 
moving in electric field E and magnetic ‘field’ B (N.B. SI units):

Starting Point: Particle Motion in a Magnetic Field

• Motion: If E=0 and B = B ez in Cartesian frame (uniform field along z), 
xy motion is circular (right-handed for electrons) with angular frequency

(cyclotron or gyrofrequency)
the radius of the circle is                             (also called Larmor radius)    
where  =  = speed perpendicular to B

• Kinetic Energy: Does not change, since force always acts perp. to v
(Abolmasov, PSST, 2012)



• Now add E perpendicular to B:

‘E x B’ Drift

• Motion: E field accelerates particle for ‘one half’ orbit – increased rc.

• Over ‘other half’ have decreased rc - the two combined causes a ‘drift’ 
of the guiding centre.

• One can show that the drift velocity is:

• Forces which depend on sign of charge do not generate drift currents.

E

B
ExB

ion

electron

(relative gyroradii 
not to scale)



Other Types of Drift

• Guiding principle: Drift occurs when particle ‘sees’ significant 
changes in force during a single gyration.

• Gradient Drift: B changes with spatial position.

• Curvature Drift: Particle whose g.c. moves along curved field line 
feels a centrifugal force.

B
RC

C: Centre
of curvature

• ‘W’ terms: Kinetic energy

• Unit vector pointing out    
from C to particle

Guiding principle: 



Question

• Gradient Drift:

• Curvature Drift:

B
RC

C: Centre
of curvature

Q: Explain why these drifts contribute to a 
westward directed ring current (consider 
particle at the magnetic equator of the planet’s 
dipole field) ?

adapted from Tsyganenko 
and Usmanov 1982

B



Answer

• Gradient Drift:

• Curvature Drift:

B
RC

C: Centre
of curvature

Q:Explain why these drifts contribute to a 
westward directed ring current (consider 
particle at the magnetic equator of the planet’s 
dipole field) ?

A: Check the relevant directions in the diagram 
– an ion would drift east-west while an electron 
would drift in the opposite direction. Do you 
know of any other types of current which may 
contribute to the ring current ?

adapted from Tsyganenko 
and Usmanov 1982

B



Constants of the motion: ‘Invariants’

• Guiding principle: In collisionless plasmas, we may identify an 
‘invariant’ if ΔB<<B over one gyration.

• First adiabatic invariant - ‘magnetic moment’

• An ‘effective force’ || B: 

• Particle moves to higher B, 

• Invariant

• ‘Mirror point’

• Consider the situation 
i.e. mirror field BM exceeds that at planet’s surface.

• Represents a loss cone at any location where particles are lost to 
atmosphere before they can mirror (maybe excite auroral emissions) 

Guiding principle

v|| #, v? ", v const.
sin2 ↵

B
BM = B/ sin2 ↵↵M = ⇡/2

BM > BSURF ! sin2 ↵ < B/BM

B
↵

v

v?

BM > BSURF ! sin2 ↵ < B/BM



Constants of the motion: ‘Invariants’

• Guiding principle: Each invariant is linked to a certain type of motion, 
provided the field does not change appreciably over 
the corresponding timescale of that motion.

Types of motion: Gyration,    Bounce,   (Azimuthal) Drift
è ‘Drift shell’ concept

pluto.space.swri.edu/image/glossary/pitch.html, Based on Figure 5-10,  "Handbook of 
Geophysics and the Space Environment,” ed. A. S. Jursa (1985) 



Future Directions: Particle Motion in Saturn’s Magnetosphere

• Achilleos, Guio + (chapter in press, 2019): 
Use Boris method to trace particle 
trajectories using magnetodisc field model.



Future Directions: Particle Motion in Saturn’s Magnetosphere

• ‘Disc-like’ field is potentially important for 
‘scattering’ the pitch angle of energetic 
particles – influence velocity distribution.

• Studied for Earth’s magnetotail by West+ 
(1978)

• Work of Speiser (1965, 1967) on trajectories in 
current sheet fields



Collective behaviour: Debye ‘shielding’

• �Test� particles ‘distant’ from a given�source ion (or electron) are 
�shielded� from the source electric field. 

• Mobile electrons form a neutralizing �sheath� of charge.

Source Ion, charge q

�Shield� of electrons
Each of charge e

Test Ion does not �feel� the
full E-field of the source ion

The shielded potential  F is characterised by the 
Debye length lD

F= (q / 4peor) exp(-r / lD)   �cuts off� for r>> lD

lD = (eo k Te / ne e2)1/2 colder, denser electrons 
are better �shielders�

Assumes: quasineutrality (ne ~ ni ) and lots of 
�shielding particles� i.e. for collective behaviour
Plasma �lambda� L = ne lD

3 >> 1



Properties of Various Plasmas in Nature

Plasma Density 
(m-3)

Temp. 
(eV)

Debye 
Length 
(m)

Plasma Λ

Interstellar 106 0.1 1 106

Solar Wind 107 10 10 1010

Solar 
Corona

1012 102 10-1 109

Magneto-
sphere

107 103 102 1013

Ionosphere 1012 10-1 10-3 103

Fusion Expt. 1022 105 10-5 107

Based on Table 2.2 from ‘Physics of 
Space Plasmas’ by Kivelson, in 
‘Introduction to Space Physics’ ed. 
Kivelson and Russell



Towards MHD

• Particle motions generate electromagnetic fields, but these same fields 
influence motion of neighbouring particles. A difficult problem.

• The ‘MHD’ (magnetohydrodynamic) approach combines a fluid approach 
for the plasma (treatment of many particles in terms of average 
properties) with Maxwell’s equations for the fields (with J = current 
density and non-relativistic flow).

r⇥E = �@B

@t
r⇥B = µoJ

J = �(E+ u⇥B)

Faraday’s Law Ampère’s Law

Ohm’s Law



Towards MHD

• Combining these gives the induction equation for the B field:

• The first term is ‘diffusive’. For collisionless plasmas (σè∞) and / or 
adequately large length scales, this term will be negligible compared to 
the second convective term.

• If convective term dominates, one can show that the frozen-in
condition applies and that the magnetic flux threading a moving ‘blob’ of 
plasma remains constant. 

@B

@t
= r2B/(µo�) +r⇥ (u⇥B)

B1
B2 > B1

Z Z

S
B · dS = const.

surface
S1 S2



MHD concepts: Magnetic pressure and tension 

J⇥B =
1

µo
(r⇥B)⇥B = �r(B2/(2µo)) + (B ·r)B/µo

Using Ampère’s Law:

• Sum of a ‘magnetic pressure gradient’ and a ‘tension force’

• The field-parallel components of these two terms must 
always add to zero.

• The field-perpendicular component of the tension force is 
related to field line curvature:

• In rapidly rotating, disc-like outer magnetospheres of Jupiter
and Saturn, this curvature force (inward) balances (mainly) the strong    
centrifugal force plus plasma pressure gradient (outward)

B
RC

C: Centre
of curvature

�(B2/(µo Rc))n̂



(Wang)

Different plasma ‘regimes’

Magneto-
sheath

Tail Lobe PS 
Boundary 
Layer

Central 
Plasma 
Sheet

n (cm-3) 8 0.01 0.1 0.3
Ti (eV) 150 300 1000 4200
B (nT) 15 20 20 10
β 2.5 0.003 0.1 6
(From chapter by Hughes in ‘Intro to Space Phys’)

• Tail Lobe: Open 
field

• PSBL: Prob. 
Closed field, 
thermal << flow 
energy

• PS: hot ~keV 
particles, 
flow<<thermal 
energy

• Reconnection:   
antisunward 
plasma streaming 
to thermal energy 
of PS

• More PS particles 
from ionosphere 
(O+) rel. to solar 
wind (H+) at 
‘active’ times

β  = PPLAS/PMAG



Magnetospheric Configuration: Field and Currents
adapted from Tsyganenko and Usmanov 1982

Stern 1994

• External field structures which depart from the internal field of the planet 
usually supported by current distributions or sheets.

• These currents modify the ‘background dipole’ in different ways – for 
example, the ‘compression’ of the dayside field associated with the 
magnetopause current.

B

B

B
ΔB

J



Magnetospheric ‘Pressure Balance’
adapted from Tsyganenko and Usmanov 1982

• Magnetopause currents act to ‘hold off’ the solar wind flow. At ‘nose’, the 
magnetic force is equivalent to an internal magnetic pressure, which 
balances the external solar wind dynamic pressure PSW.

• If we simplify using dipole B~1/r3, then we expect subsolar location of MP to 
satisfy: 

• Q: Why don’t we consider curvature force in this balance condition?

B
J

JxB B2/(2µo) ⇢SWu2
SW

B2/(2µo) ⇢SWu2
SW

magnetopause

magnetopause

PSW =

RMP / P�1/6
SW



Magnetospheric ‘Pressure Balance’
adapted from Tsyganenko and Usmanov 1982

• Magnetopause currents act to ‘hold off’ the solar wind flow. At ‘nose’, the 
magnetic force is equivalent to an internal magnetic, which balances the 
external solar wind dynamic pressure PSW.

• If we simplify using dipole B~1/r3, then we expect subsolar location of MP to 
satisfy: 

• A: Compare the length scales: MPCL width << field line RC

B
J

JxB B2/(2µo) ⇢SWu2
SW

B2/(2µo) ⇢SWu2
SW

magnetopause

magnetopause

PSW =

RMP / P�1/6
SW



Orig. Images / Text Credit: Bagenal / Bartlett
(Mercury mag. moment has been updated)

~4x10-4



Internal mass sources: Moons

Enceladus (icy satellite): Mass source for 
Saturn’s E ring, magnetosphere (~10-100
kg/s of plasma) First discovered by MAG
(Dougherty et al, Science, 2006)

Io: Mass  source for Jupiter’s 
magnetosphere (~1000 kg/s of plasma)

Cassini Imaging Science Subsytem (ISS)



Bagenal / Bartlett

Jupiter’s Magnetosphere

• Large – Dayside ‘standoff distance’ is 60-90 RJ (1 RJ ~ 
70000 km)

• ‘Disc-like’  – centrifugal force confines plasma produced by 
the ‘volcanic’ moon, Io – centrifugal / magnetic / pressure 
equilibrium often a good approximation.

• The inner disc follows the tilt of the rotating magnetic field



quiet field regions are absent. In this work, we have
excluded such chaotic periods from our database of current
sheet crossings.

4. Current Sheet Description

[10] The height of a rigid tilted magnetodisc located in a
dipole equator is given by

Zcs ¼ r tan qcs cos f" f0ð Þ; ð1Þ

where Zcs is the height of the current sheet in sIII (right-
hand) coordinates, r is the cylindrical radial distance of the
observer from Jupiter’s spin axis, qcs is the tilt of the
magnetodisc with respect to the planetary equator, and j0 is
the azimuthal direction (called the prime meridian) in which
the elevation of the current sheet is maximum. From the
VIP4 model of Jupiter’s internal field [Connerney et al.,
1998], qcs = 9.52! and j0 = 339.4! (east longitude).
[11] As discussed above, observations from Pioneer and

Voyager spacecraft show that the current sheet crossings at
radial distances >25 RJ are delayed from the expected dipole
equator crossings in proportion to the radial distance of the
observer (see Figure 4, where we show current sheet
crossing longitudes from Voyager 1). This has been tradi-
tionally understood in terms of a signal delay required for
the information about the motion of the dipole to propagate
to the outer magnetosphere. Northrop et al. [1974] provide a
more accurate description of the situation by using the
concept of a wave packet traveling in a subcorotating
magnetosphere in the presence of a radial outflow (ur).
Northrop et al. showed that the incremental delay dd/dr in
the arrival of information about the magnetic equator at a
radial distance r is given by

dd
dr

¼ þ VABf " rB WJ " Wmð Þ
r urB þ VABr
! " ; ð2Þ

where WJ and Wm are the angular rotation rates of Jupiter
and the magnetosphere, respectively, and VA is the local

Alfven wave velocity. Northrop et al. used Mestel’s [1961,
1968] MHD solution to relate the magnetic field config-
uration to the plasma flow:

u ¼ kB þ mrĵ; ð3Þ

where k, an arbitrary scalar function, quantifies the
relationship between the field-aligned flow and the
magnetic field and m is a constant along a field line. In
the ionosphere of Jupiter, Bj is close to zero; therefore m
can be identified as the angular velocity of the ionospheric
plasma (Wi). Following Goertz [1981], equation (2) can then
be rearranged with the help of (3) as

dd
dr

¼ Bf

rBr
" WJ " Wið Þ

ur þ VABr=B
! " : ð4Þ

Equation (4) shows that the delay in the current sheet
crossing time arises as a consequence of the nonrigid

Figure 3. A comparison of magnetic field observations from the postmidnight/dawn sector (radial
distance 40–85 RJ) of Jupiter’s magnetotail with the observations from the dusk/premidnight sector
(radial distance 85–40 RJ).

Figure 4. The longitude of Voyager 1 at the time of N!S
(solid boxes) and S!N (solid diamonds) current sheet
crossings. Shown in solid lines are the expected locations
from a model of Khurana [1992].
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Gledhill’s picture from 1967 –
importance of centrifugal force

Magnetic signatures of current 
sheet crossings by Voyager 
and Galileo and analysed by 

Khurana and Schwarzl (2005) –
note the ‘square wave’ Br 

Jupiter’s Magnetosphere

Further out, the pattern is less 
‘regular’ (‘late’ crossings) –
departure from a planar rotating 
disk



Saturn is more complicated …

Credit: Fran Bagenal & 
Steve Bartlett

• Classical sign of a rotating, tilted plasma 
disc – but, unlike Jupiter, Saturn’s internal 
dipole is not tilted… and the period drifts 
with time ...

• So what is causing the tilt? 
• .. and why does Br here not oscillate 

about zero?
• … and why a drifting period?

Southwood and Kivelson (2007)



A ‘bowl-shaped’ current sheet…

(Arridge+, 2008) – the ‘concavity’ of the bowl depends on planetary season 
(e.g. Carbary and Mitchell, 2016, using ENA imaging from Cassini INCA)



Magnetic oscillations at Saturn…

• Cowley+ 2017 based on ‘ephemeris’ of MAG observations – rotating 
systems of current create ‘disturbances’ in B-field at Saturn

• The two ‘patterns’ (N and S) have different periods – in phase: tilting 
current sheet; out of phase: breathing current sheet

• A ‘vortical’ flow in the atmosphere can drive the necessary currents 
(e.g. Smith and Achilleos 2012; Jia and Kivelson 2012)



• Can model Saturn’s magnetodisc with 
UCL Magnetodisc Model (Achilleos, 
Guio and Arridge 2010, MNRAS; 
Achilleos et al 2010, GRL) – based on 
Jovian disc model of Caudal (1986)

• Example outputs shown here of 
magnetic field and plasma distribution 
– based on a balance between 
centrifugal force, plasma pressure 
gradient and magnetic ‘JxB’ force.

• Can take total pressure at outer 
boundary as a ‘proxy’ for solar wind 
dynamic pressure DP

• Two main parameters: 
Magnetopause radius (external)
Hot plasma content (internal)

Magnetodisc Model



Magnetodisc Compressibility

• Theoretical study by 
Sorba+ (2017).

• The individual coloured 
curves are ‘compressibility 
relations’ for different 
‘plasma states’ (energetic 
particle population > 3 
keV).

• Kh = Ph Vα is a convenient 
parameter for outer 
magnetosphere – but 
needs to be improved.

• These numerical results 
can be fitted with power 
laws for RMP versus DP



Magnetodisc Compressibility

Pilkington+ 2015
• Crossings seem to 

be partly organized 
not only by PD but by 
plasma beta.

• This study was able 
to use high-latitude 
passes – relative 
~20% ‘flattening’ of 
magnetopause along 
‘polar’ direction.

• Challenges: No solar 
wind monitor at 
Saturn; 
Magnetopause often 
accelerating;
Identifying crossings.



Study Size Range 
(RS)

α

Compressed
(Numerical, Sorba+ 2017)

14–25 4.80 � 0.09

Expanded
(Numerical, Sorba+ 2017)

25–40 3.53 � 0.06

Cassini magnetopause 
crossings
(Arridge+ 2006; Kanani+ 2010; 
Pilkington+ 2015)

17-29,
14-40

4.3 � 0.4
5.0 � 0.8
5.5 � 0.2

RMP / P�1/↵
D
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Magnetodisc Compressibility

• Pilkington+ done when many more orbits of data were available.
• Results suggested an additional dependence of system size on 

interior ‘plasma state’.
• Typical values for: Earth (α~6, ‘rigid’); Jupiter (α~4, ‘squishy’)



Image Credit: Fran Bagenal / Steve Bartlett

• An internal 
plasma source: Io

• Adds ~500-1000 
kg/s of sulphur 
and oxygen 
plasma to the 
system

• The plasma does 
not ‘build up’ 
indefinitely –
radial transport

Jupiter: A Rapidly Rotating Magnetosphere



Radial Transport of Plasma in the Jovian Disc

Some simple considerations:

•The ‘average’ Jovian configuration is a plasma concentrated into a 
relatively thin, near-equatorial sheet.

•In an average sense, of order ~1 tonne/s of plasma must be lost from 
the system, to balance the Iogenic source.

•The net transport of this material from Io orbit must be achieved in the 
‘quasi-dipolar’ region (r <~ 10-15 RJ), where the field strongly resists 
‘deformation’.

•Thus we need a ‘mode’ of transport where plasma mass is displaced, 
but magnetic flux is not è ‘interchange’ – a process which relies on 
the development of ‘texture’



Radial Transport Simple Picture: Rayleigh-Taylor 
instability

H2O

Oil

Gravity

• An unstable 
equilibrium

• Density gradient 
opposes the ‘driving 
force’



H2O

Oil

Gravity

• The system evolves 
to a more stable 
equilibrium, 
characterised by 
minimum potential 
energy.

• Concept of ‘fingers’ 
or ‘droplets’ to 
achieve this.

Radial Transport Simple Picture: Rayleigh-Taylor 
instability



H2O

Oil

Gravity

• For the Jovian magnetosphere:

• Replace H2O by the colder, 
dense plasma injected by Io.

• Replace oil by hotter, more 
tenuous plasma.

• Replace gravity by centrifugal 
force.

• The decrease in centrifugal 
potential must more than 
compensate the heating of 
inward-moving flux tubes.

• Gradients in cold plasma – ions 
per unit flux must decrease with 
distance

Radial Transport Simple Picture: Rayleigh-Taylor 
instability



Observations
• Galileo observed field 

enhancements of 1-2% (10-
25 nT) over 6-7.7 RJ (e.g. 
Kivelson et al, GRL, 1997)

• Event shown is at 6.03 RJ, 
lasts 10s, has density 
depletion Ni/No >~ 0.53

• Estimated distance of origin: 
7.2 RJ

• Note also disappearance of 
ion-cyclotron waves: 
consistent with Vr~100 km/s 
to ‘avoid’ growth due to ion 
pickup (Russell et al, 1997)

Radial Transport: Observations



Interchange Properties

• Kivelson et al (GRL, 1997)

• Heavier tubes are outward-moving.
• Close to Io, magnetic data indicates outward motions 

dominant (balanced by inward motions at other longitudes)
• Further away, motions ‘combine’ to achieve overall transport



Kivelson et al (GRL,1997)

• Interchange concept first proposed by Ionnadis and Brice (1971), 
further developed by e.g. Siscoe and Summers (1981), Southwood 
and Kivelson (1987), Yang et al (1994).

• More recently e.g. André and Ferrière (2008, JGR, effect of pressure 
anisotropy); Kidder et al (2009, JGR, Saturn multifluid model, effect of 
Enceladus and solar wind); Observations by Cassini at Saturn (e.g. 
Hille et al 2005, Rymer et al 2009)

Interchange Properties



What goes in must (eventually) come out
• Flux tubes cannot maintain 

integrity
• The process of mass-loading 

leads to strong radial expansion 
of tubes in the tail region

• Formation of plasmoids, 
dipolarizations – à la Vasyliunas
(1983)

• Importance of Kivelson and 
Southwood (2005) analysis: 
Must combine MHD and kinetic 
framework

• ~1 keV heavy ions can ‘pick up’ 
~20 keV from centrifugal 
acceleration, moving 45-50 RJ in 
cyl. radial dist.

• Significant rotation / expansion of 
tube during bounce period -
unstable plasma sheet.

Kivelson and Southwood 2005

Krupp et al, 2004



Some remarks of relevance, independent of planet:
•The most striking difference between planets is which driver 
produces the brightest, most persistent emission, i.e. the auroral oval.
• Earth: Magnetosphere-solar wind interaction

Jupiter: Planetary rotation (source is inside)
Saturn: Earth-like, with ‘secondary’ features. 

Image credit: T. J. Stubbs / NASA 

Magnetosphere-Ionosphere Coupling / Aurorae

Examples of
Earth UV auroral 
images



From Hill (1994, JATP)

Auroral Oval: Earth

• Schematic view of flows 
across Northern polar 
cap, similar to those first 
proposed by Dungey 
(1961, PRL). 

• Aurora occurs near the 
boundary between open 
and closed field lines, 
typically ~70 deg 
magnetic latitude.

• Precipitating electrons 
correspond to upward, 
field-aligned currents.

• How do such currents 
arise in this picture ?



• Horizontal gradients in 
flow correspond to 
similar gradients in E-
field (arrows), and 
current density JHORIZ in 
the ionosphere.

• To ‘close’ the current, we 
require FAC è aurora.

• Example: Pedersen 
current – FACs at ‘sharp’ 
changes in E.

Auroral Oval: Earth



• Near-circumpolar sheets 
of FAC arise poleward 
(‘Region 1’, shown) and 
equatorward (‘Region 2’) 
regions near the polar 
cap boundary.

• Global auroral heat 
inputs, of order 10-100 
GW (from particle 
precipitation and Joule 
heating).

�¤

Auroral Oval: Earth



Main oval – corotates with the 
planet, it is not Sun-aligned.
Io ‘spot’ 

Cusp?

• UV image of Jupiter’s 
aurora taken by HST 
ACS instrument.

Auroral Oval: Jupiter

Youtube Jupiter UV 
movie
https://www.youtube.com/
watch?v=oFsoXjFoKf4

https://www.youtube.com/watch?v=oFsoXjFoKf4
https://www.youtube.com/


• Jupiter�s main oval also linked to flow shear – but here, that ‘shear’ arises from 

the different rotation periods of the planet (~10 hr) and the plasma disc (~10 up to 

~30 hr). Note these are short compared to Keplerian periods!
• Source of disc plasma is the moon, Io
• Diagram shows the general sense of the currents which transfer angular 
momentum from planet to disc
• Usually, main oval emissions map to ~20-30 RJ in the equatorial plane – location 

of ‘breakdown in corotation’ of plasma.

• Global energy dissipated is  ~90-200 TW (Joule heating + precip’n), ~1000 times 

the energy range for the Earth.
• Ray et al (e.g. JGR, 2010) considered effect of field-aligned E

(Cowley and Bunce, PSS, 2001)
Based on theory of Hill (JGR, 1979)

Auroral Oval: Jupiter

McNutt et al. 1981



Does the Jovian oval morphology change ?
• Yes. Here’s an example (Grodent et al (JGR, 2008), see also Bonfond 

et al (GRL, 2012))
• Main emission in the �red� image is 
�displaced� equatorward by up to ~5 deg, 
coinciding with the footprint of Ganymede.

• Io footprint unaffected - it is in the �rigid�
field of the inner magnetosphere.

• Nichols� (2011) results show that 
increased mass-loading of the disc is one 
way to displace both these features 
equatorward, but even very high mass-
loading rates (4000 kg/s!!) cannot make 
them coincide.

• Nichols et al. (2015) showed that hot 
particle population enhancement, 
combined with pressure anisotropy, can 
‘work’.



Auroral Oval: Saturn

• HST images of Saturn�s southern UV aurora presented by Badman 
et al (JGR, 2005).
• Concurrent observations by Cassini ® planet�s auroral response to 
the passage of a solar wind compression / shock.
• Polar cap boundary (main oval) strongly contracts to higher latitudes, 
an ‘Earth-like’ response.
• Compression ® magnetic reconnection on the nightside, which 
closes of order 10 GWb of open magnetic flux (~20x Earth value).

30 hours before SW shock 10 hours after SW shock, up to 50 kR emissions



Summary
Earth Jupiter Saturn

Dipole moment 1μE 18000μE 550μE

M’pause standoff 
distance RMP

1RMP,E 80RMP,E 20RMP,E

PROT/(RMP/VSW) ~500 ~2.5 ~8

Auroral energy 
dissipated

~10s of GW ~100 TW ~20 TW

Main auroral ‘oval’ due 
to:

Solar wind-
driven

Planetary 
rotation

Solar wind-
driven*, with 
fainter rot’n oval

All main ovals involve spatial gradients in plasma flows

Other examples of 
transient aurora

Transpolar arc 
(change in IMF 
BY) (e.g. Milan 
et al, 2005)

Polar dawn 
‘spots’ (tail 
reconn.) 
(Radioti et al, 
2010)

Oscillations in 
oval location 
(‘camshaft’
currents) (Nichols 
et al. 2010)



‘Ice Giants’

Uranus: Arridge et al 2014

Neptune: Bartlett / Bagenal, Masters et al (2014)

• Complex B-fields

• Large dipole-rotn axis 
angles predict 
dramatic 
magnetospheric 
‘reconfigurations’

Uranus Aurora: Lamy et al 2012



Summary

• Magnetospheres are natural laboratories for plasma physics.
• We may describe plasma motion in terms of individual particle drifts.
• When we consider collective behaviour, MHD provides a framework 

for treating the plasma as a fluid permeated by electromagnetic fields. 
Concepts of magnetic ‘pressure’ and ‘tension’ are useful.

• Magnetic field structure important in force balance and plasma 
transport and dynamics. Reconnection is important means of ‘solar 
wind – magnetosphere coupling’.

• Magnetosphere-ionosphere coupling ‘transmits’ energy and 
momentum by means of field-aligned current systems. These are 
often associated with auroral emissions.

• MISSIONS to Jupiter: Juno (JOI 2016), JUICE (JOI planned 2030)

• Further resources for those interested (not exhaustive!): 
- ‘Heliophysics’ series (ed. Schrijver / Siscoe / Bagenal / Sojka); 
- ‘Introduction to Space Physics’ (ed. Kivelson and Russell); 
- ‘Basic Space Plasma Physics’ (Baumjohann / Treumann);
- ‘Jupiter’ book (ed. Bagenal, Dowling, McKinnon);
- ‘Physics of the Jovian Magnetosphere’ (ed. Dessler)
- Special issue of SSR / ISSI book ‘Giant Planet Magnetodiscs and Aurorae’ 
- Zenodo Magnetodisc / Particle Tutorial: https://zenodo.org/record/3353721


