
Magnétosphères comparées
(et plus encore ??)

P. Zarka (LESIA)

Voir détails dans toutes les présentations suivantes !



A:  VS - absorbant (Lune) ⇒ sillage

B:  VS - atmosphère+ionosphère 
sans B (Vénus, Comètes, Titan/VS) 
⇒ MS induite

C:  VS - conducteur sans 
atmosphère: VVS x B VS ⇒ E ⇒ B  

(pas d’exemple dans le VS)

D:  VS - B planétaire suffisant pour 
que PB équilibre la pression du 
plasma incident (pression 
dynamique domine le VS)
⇒ MS développée

B,C,D: choc en amont, A: pas de choc

Types d'interaction (Lepping, 1985)



Depuis 1985: 

• Uranus (B tilté à 60° !)
• Neptune
• mini-MS de Mars & Lune (B crustal)
• ...



6 planètes magnétisées (cas D) dans le SS= M, T, J, S, U, N



Origine de B

[Stevenson, 2003]1 G = 10-4 T = 105 nT

• dynamo (rotation+convection d'un fluide conducteur)
• dynamo rémanente (Mars, Lune)
• induit (J/S satellites)

craters (11), throughout the northern lowlands implies that the
underlying crust may be as old as the Noachian southern
highlands.

Association of Magnetic Features and Known Fault Systems. At least
two major faults, previously identified in imagery and topogra-
phy, align with contours of the magnetic field measured at
satellite altitude. Cerberus Rupes is part of an extensive fracture
system, Cerberus Fossae, extending from about 12°N, 154°E to
6°N, 175°E, southeast of Elysium (12). The northwest trending
fractures and fissure vents of this system separate the Cerberus
Plains, a broad, topographically f lat expanse of young volcanic
flows to the south and southeast, from the older, knobby terrain
to the north. The magnetic contours in this region align with
fractures of this system and extend for !2,000 km or more.
Because very large volumes of intensely magnetized rock are
required to produce significant fields at a 400-km altitude, this
visible feature marks an extensive magnetization contrast (in-
tensity and!or direction of magnetization) aligned with the
fracture system. Similar trending magnetic anomalies can be
traced, discontinuously, down to mid southern latitudes ("40°).

The magnetic contours along the eastern extent of Valles
Marineris align with this fault system as well (positive, or red,
contours above and negative, or blue, below). Valles Marineris
is a 4,000-km-long system of west–northwest-trending intercon-
nected troughs, linear pit chains, and parallel grabens just south
of the equator spanning 250°E to 320°E longitudes (13). The
troughs reach depths of 8–10 km below the surrounding plateau
and formed subsequent to Lunae and Syria Plana plateaus dating

to the Early Hesperian, !3.5 billion years ago (14). The magnetic
contours along the eastern extent of Valles Marineris, from
about 285°E to 300°E, indicate the presence of a significant
contrast in crustal magnetization aligned with the system. The
western extent of Valles Marineris is effectively nonmagnetic and
flanked by the Syria, Sinai, and Solis Plana to the south and
Lunae planum to the north. The transition to magnetized crust
moving eastward along Valles Marineris roughly coincides with
the transition from ridged plains terrain, both north and south,
to the more heavily cratered, ostensibly older terrain to the east
(e.g., Lunae Planum to Xanthe Terra). This observation suggests
erasure of a preexisting magnetic imprint associated with the
encroachment of volcanic flows, moving eastward, with some-
what greater effectiveness southward of Valles Marineris where
more material was emplaced. Magnetized crust can be effectively
demagnetized over geologic time by thermal remagnetization in
a weak field environment at elevated temperatures (see Appendix
B: Thermal Remagnetization). The efficacy of demagnetization
depends critically on the magnetic mineralogy in the crust and
both the duration and temperature of the thermal event.

Association of Magnetic Features and Volcanic Constructs. The
crustal magnetic fields mapped to the north, west, and south of
Olympus Mons offer further evidence of thermal demagnetiza-
tion by the emplacement of thick volcanic flows atop a previously
magnetized crust. Magnetic contours in Arcadia and Amazonis
extend inward toward Olympus Mons no further than approxi-
mately the "2 km elevation contour marking the extension of the
aureole some 1,000 km to the north and northwest. Similarly,

Fig. 1. Map of the magnetic field of Mars observed by the MGS satellite at a nominal 400-km altitude. Each pixel is colored according to the median value of
the filtered radial magnetic field component observed within the 1° # 1° latitude!longitude range represented by the pixel. Colors are assigned in 12 steps
spanning two orders of magnitude variation. Where the field falls below the minimum contour, a shaded Mars Orbiter Laser Altimeter topography relief map
provides context. Contours of constant elevation ("4, "2, 0, 2, and 4 km elevation) are superimposed, as are dashed lines representing rotations about common
axes (short dashed line, axis northeast of Elysium Mons; long dashed line, axis northeast of Hellas).
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Mesures & représentation des B planétaires 
• à distance = radio ⇒ existence, intensité, inclinaison de B Jupiter, rotation

⇒ system III (1965.0) de longitude magnétique : P = 9 h 55 min 29.711 sec

• localement par magnétomètres sur trajectoires orbitales ou fly-bys (+ proches)
⇒ description via harmoniques sphériques contraintes jusqu'à un ordre 3-5 (Terre = 14)

= troncature de développements à ordre + élevé
 

Planète Terre Jupiter Jupiter Saturne Uranus Neptune 
RP (km) 6378 71372 71372 60330 25600 24765 
Modèle IGRF 2000 O6 VIT4 Z3 Q3 O8 

g1
0 -0.29615 +4.24202 +4.28077 +0.21535 +0.11893 +0.09732 

g1
1 -0.01728 -0.65929 -0.75306 0 +0.11579 +0.03220 

h1
1 +0.05186 +0.24116 +0.24616 0 -0.15685 -0.09889 

g2
0 -0.02267 -0.02181 -0.04283 +0.01642 -0.06030 +0.07448 

g2
1 +0.03072 -0.71106 -0.59426 0 -0.12587 +0.00664 

h2
1 -0.02478 -0.40304 -0.50154 0 +0.06116 +0.11230 

g2
2 +0.01672 +0.48714 +0.44386 0 +0.00196 +0.04499 

h2
2 -0.00458 +0.07179 +0.38452 0 +0.04759 -0.00070 

g3
0 +0.01341 +0.07565 +0.08906 +0.02743 0 -0.06592 

g3
1 -0.02290 -0.15493 -0.21447 0 0 +0.04098 

h3
1 -0.00227 -0.38824 -0.17187 0 0 -0.03669 

g3
2 +0.01253 +0.19775 +0.21130 0 0 -0.03581 

h3
2 +0.00296 +0.34243 +0.40667 0 0 +0.01791 

g3
3 +0.00715 -0.17958 -0.01190 0 0 +0.00484 

h3
3 -0.00492 -0.22439 -0.35263 0 0 -0.00770 

Mt dipolaire (G.RP
3) 0.305 4.26  0.215 0.228 0.142 

Inclinaison (B / ) +11° -9.6°  -0° -58.6° -46.9° 
Offset centre dipôle 
/ centre planète (RP) 

0.08 0.07  0.04 0.31 0.55 

 



• Jupiter (& Saturne): disque de courant explicite dans l'équateur centrifuge: 300 MA (5-50 x 5 RJ)

• Saturne: B aligné avec axe de rotation !

• Mercure: asymétrie N/S, équateur magnétique décalé de 0,2 RM vers le Nord

CA

~400 nT

B

Mesures & représentation des B planétaires 
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Origine & taille de la magnétosphère

• Équilibre de pression VS / B planétaire :

	

 PVS = KNmV2cos2χ       =      PMS = (2BP)2/2μo     (K = 1-2)

• Magnétopause (point subsolaire) : RMP = (2 Beq
2/μoKNmV2)1/6

	

 Champ dipolaire : BP = Beq (1+3cos2θ)1/2/R3

 

 Mercure Terre Jupiter Saturne Uranus Neptune 

RP (km) 2 439 6 378 71 492 60 268 25 559 24 764 

D orbitale (UA) 0.39 1 5.2 9.5 19.2 30.1 

Mdip (G.km3) 5.5 × 107 7.9 × 1010 1.6 × 1015 4.7 × 1013 3.8 × 1012 2.2 × 1012 

Champ à 
l'équateur  
Be (G) 

0.003 0.31 4.3 0.21 0.23 0.14 

Inclinaison [B, ] 
(°) et sens +14 +11.7 -9.6 -0. -58.6 -46.9 

RMP (RP) 
calculée 
[mesurée] 

 
1.4 

[~1.5] 

 
9 

[~10] 

 
40 

[~90] 

 
17 

[~20] 

 
22 

[~18] 

 
21 

[~23] 
 



Origine & taille de la magnétosphère

MS de Jupiter + compressible (RMP ∝ PVS-1/4.5 )
⇒ pression de plasma interne



Forme de la magnétosphère

• Choc en amont, Cusp près des pôles magnétiques, B "draping" (id. comètes) 
⇒ queue (jusqu'à Saturne pour Jupiter)

• Si pas de B intrinsèque, MS induite, BS, B draping, queue & choc mais pas de cusp

• Mercure: cusp S très ouvert (B asymétrique) ⇒ bombardement de la surface par le VS



Dynamique interne

φconv ~ ε VSW BSW R RJ sinθ12-24h   (Convection = Cycle de Dungey)



φconv ~ ε VSW BSW R RP sinθ12-24h   (Convection = Cycle de Dungey)

φcorot ~ Ω Be RP
2/R	

        (Corotation ⇒ plasmasphère)

06

24

18

12
⇒ superposition = 

circulation globale

Dynamique interne

équipotentielles = lignes d’écoulement du plasma thermique



Dynamique interne



Earth

Dynamique interne



Sources de plasma

• VS, ionosphère, satellites (surface, anneaux)

• Sources Jupiter >> Saturne, Uranus, Neptune

• Nneutres/Nplasma  =  100 @ Saturne, 0.003 @ Jupiter

• Masse du plasma stockée ~ 107 kg @ Terre,  ~ 1010 kg @ Jupiter



Sources de plasma

⇒ satellites = sources de plasma dans la région de corotation, au delà de l’orbite synchrone (J, S...)
Fcentrifuge = Fgravitation



• pickup / mass-loading ⇒ mise en corotation

+ force centrifuge (instabilité d'interchange) ⇒ transport radial ⇒ de corotation à sous-corotation

⇒ dynamique "rotationnelle", dominée en interne

⇒ cycle de Vasyliunas (dépend de B, R, vitesse de rotation)

Dynamique interne



• Saturne = cas intermédiaire avec superposition des cycles de Dungey & Vasyliunas ?

Dynamique interne



convection ⊥ corotation ⇒ trajectoires hélicoidales du plasma ?

MS alternativement «Earth-like» & «pole-on» ⇒ pas de plasmasphère, aurores 
	

 	

         à moyennes latitudes

Dynamique interne



Dynamique interne / externe

• Reconfigurations de la MS due à la 
dynamique externe (sous-orages / space 
weather @ T, S, M … J?, U?)
J, U : compressions MS ~ orages ?

• Reconfigurations de la MS due à la 
dynamique interne = événements 
énergétiques @ J & S

associated with bursts of MeV particles [Woch et al., 1998;
Krupp et al., 1998], magnetic perturbations and inner
magnetosphere particle injections [Louarn et al., 2001].
[7] In panel (b), we present Cassini RPWS observations

of similar radio signatures. Above !80 kHz, one observes
the Saturn kilometric radiation (SKR), an auroral emission
very similar to HOM [Zarka, 1998]. It intensifies on April 3
and 14 by more than an order of magnitude, and somewhat
less on April 10 (blue arrows). The intense increases of flux
are followed by the apparition of a low frequency radiation
(red arrows), at !5 kHz, modulated at about Saturn’s
rotation period. This narrowband radiation was first identi-
fied by Gurnett et al. [1981]. It is reminiscent of the Earth’s
continuum coming from the plasmapause and the n-KOM
from the Io torus. Given this analogy and its wavelength
domain (more than 10 km), we propose to call it ‘‘n-SMR’’
for ‘‘narrowband Saturn Myriametric Radiation.’’ Emissions
of this type are known to be generated on density gradients
[Kurth, 1992]. Incidentally, one may notice that both HOM
and SKR present sporadic extensions to lower frequencies,
down to 100 kHz and 2 kHz, respectively. These bursts
coincide with the maximum flux of the auroral emission and
can be considered as good markers of the occurrence of
‘‘events.’’
[8] The observation of such similar radio signatures

suggests that similar processes, or chains of processes,
operate in both magnetospheres. They associate auroral
intensifications and the development of a specific activity
that, as presented below, most likely takes place in the
plasma disk.

3. Characteristics of Kronian ‘‘Events’’

[9] During 2006, nine events have been identified when
Cassini was relatively far from Saturn (r > 20 Rs), at (day/
month): 02/04, 13/04, 04/05, 03/06, 21/07, 20/08, 15/09,
24/11 and 24/12. From this set, it is possible to deduce some
general characteristics of the events, taking into account,

however, that 2006 observations were made close to the
equatorial plane. Seen from higher latitudes, the radio
signatures could be different.
[10] First, the Kronian events are not as regular as the

Jovian ones. They are separated by 20 to more than 30 days
and we never record rapid quasi-periodic occurrences, of
!2–3 days, as at Jupiter. They also exhibit longer intrinsic
time scales. Figure 2a is a rare Kronian case showing time
scales similar the Jovian ones. The SKR intensification
lasts !15 hours, the associated n-SMR is then immedi-
ately detected and observed three times. A secondary SKR
intensification occurs on September 18, a different n-SMR,
with multiple sub-sources, being then detected. The time
scales - the auroral intensification lasts for !1 planetary
rotation, with no delay in the detection of n-SMR which is
observed !3–6 times - are similar to Jovian ones. Events
shown in Figures 2b and 2c appear to be more representative
of the Kronian situation. The SKR intensifications last !30
and !60 hours, the first n-SMR occur !30 and !70 hours
after the start of the SKR intensification and more than 9
spots of n-SMR are observed. These temporal scales are on
average !3 times longer than the Jovian ones. This may be
related to intrinsic differences in the time scales of inner
magnetospheric processes at Jupiter and Saturn.
[11] To progress, we will assume that the n-SMR is

generated in the inner magnetosphere, on density gradients.
Here, it is interesting to note that radio tones, with spectra
similar to those of n-SMR, have been observed at the inner
edge of Saturn’s plasma disk [Farrell et al., 2005; Gurnett
et al., 2005]. It is of interest to investigate whether the
modulation of the radiation is synchronous with corotation.
This technique indicates that Jovian n-KOM sources signif-
icantly sub-corotate, as expected since they are in the outer
part of Io’s torus. We cannot report that n-SMR modulation
is significantly slower than Saturn’s period. Slight super-
corotation (less than 10%) has even been observed. For
example, in Figure 3, we present the n-SMR integrated flux

Figure 1. Galileo and Cassini radio observations of ‘‘energetic events,’’ performed at !90 Jupiter and !60 Saturn radius,
close to 24 h MLT and magnetic equator.

L20113 LOUARN ET AL.: OBSERVATION OF KRONIAN ENERGETIC EVENTS L20113
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• Reconnexion / FTE observés par 
Mariner 10 & Messenger @ Mercure 
⇒ burts d'e- 30-200 keV 

⇒ sous-orages (brefs) ?



Interaction MS - satellites
• non magnétisés (= Io ⇒ ondes d’Alfvén / Inducteur Unipolaire)

Pas de bow shock

• magnétisés (= Ganymede ⇒ reconnexion)



• Énergétique de l'interaction VS-MS & MS-satellites semble dominée par le flux du vecteur de Poynting 
sur l'obstacle (Akasofu, Zarka)

	

 Pdissipée = ε B2/μo V  πRobs
2	

 (ε ~ 0.1 - 0.2)

(bien que l'équilibre de pression fasse intervenir la pression cinétique du VS, mais les 2 varient = au-delà 
de l'orbite terrestre)

Energétique des interactions

(  )

⇒ Lois d'échelle générales UV & Radio

	

 Pradio & PUV ∝ Pdissipée



Phénomènes "rotationnels"
• Jupiter: tous les phén. MS modulés par la rotation ⇒ Système III (1965.0) : 

ω = 870.536°/day , P = 9h 55m 29.711s	

 	

 (méridien origine à 0h UT on 1/1/1965)
adopté par l'UAI en 1976 (précision ~40 msec ~10-6), stable / décennies (ex: VIPAL)
= référence pour mesures de B, particules énergétiques, émissions radio … 

• Saturne : B + faible et aligné / Ω , pourtant modulation rotationnelle claire (≠ dans les 2 
hémisphères!) ⇒ indépendante du tilt à l'ordre 0

Mais phénomènes variables + visibles qu'à Jupiter, où la corotation domine, & influence du VS + 
importante
⇒ variations à long & court terme de P_rot_radio (SKR)

Très ≠ Système IV car variation de la (DES) périodes & phases ~continues

• Terre : modulation rotationnelle faible, peut-être mise en évidence via AKR (Lamy, Panchenko)
• U & N : modulation rotationnelle par le tilt de B probablement dominante

nKOM & variations de brillance d'ion S dans l'IPT & arcs DAM ⇒ période 1-10% + longue

⇒ système IV ? (rotation différentielle interne ?)
La plupart de ces phénomènes sont marginaux & à basse latitude ⇒ lag / interchange / transport 

radial combiné au système III (le système IV n'existe pas, il couvre des lags ~1-10% / système III)



Aurores & émissions radio
liées à des courants alignés :

• lignes de champs ouvertes / fermées

⇒ corrélation ou anticorrélation entre compressions MS & aurores ?

Io

G E

• induits par les satellites

• sous-corotation ≥20 RJ @ Jupiter
	

 ⇒ ovale auroral principal



Particules énergétiques & Émission synchrotron

1006 D. Santos-Costa et al.: Short-Term variability of Jupiter’s radiation-belt emission

Fig. 5. Two-dimensional images of Jupiter’s radiation-belt emission at 6-cm wavelength (CML= 130◦). On 12 May 1997 and 5 November 2002,
the radiation peak was located on the right-hand side of Jupiter. On 10 November 2002, the east lobe was as bright as the west lobe. Approximately
three weeks later (on 4 December 2002), the radiation peak shifted to the left-hand side of the planet and was still located on this side of Jupiter
on 11 December 2002 (see Sect. 3.2).

2002 due to a decrease in the intensity of the east lobe’s emission
peak of ∼20%.

The middle left-hand panel of Fig. 7 is an example of
changes in Jupiter’s Decimetric radiation only observed during
the VLA 1997 campaign. For the CML of 250◦, the switch of the
brightness peak from one side of the planet to the other occurred
between the day of 06 May 1997 and day of 12 May 2002. The
emission peak on the right-hand side (west lobe) first increased
by ∼26% in five days; then it decreased by 10% within one day.
Regarding the emission peak on the other side of the planet (east
lobe), we first observed a decrease in the intensity of radiation
then an enhancement. The sudden rise of the peak brightness
distribution on the right-hand side was enough to make the west
lobe become temporally brighter.

The one-dimensional scans of the equatorial brightness for
the CMLs of 270◦ and 300◦ show variability of Jupiter’s syn-
chrotron radiation in November 2002. For the CML of 270◦
(middle right-hand panel of Fig. 7), the equatorial brightness dis-
tribution on the left-hand side of the planet (east lobe) became
brighter in 2002 when the emission peak of the west lobe de-
creased in intensity by more than 40% (TB dropping from ∼108
to ∼76 K) while the emission peak of the east lobe only de-
creased by 15% (TB dropping from ∼92 to ∼80 K). For the CML
of 300◦ (lower left-hand panel of Fig. 7), the emission peak of
the east lobe barely fluctuated between the two VLA campaigns

of observations. The shift of the brightness peak from the left to
the right-hand side of Jupiter was the result of an increase of the
emission peak’s intensity of ∼14%. For the CML of 340◦ (lower
right-hand panel of Fig. 7) changes in the brightness distribution
likely occurred in May 1997 and November 2002.

4. Angular sectors for source of variability

Radiation from the lobes are generated by near-equatorial high-
energy electrons magnetically trapped between Jupiter’s sur-
face and the orbit of Amalthea (∼2.5 planetary radius (RJ))
(Santos-Costa & Bolton 2008). Due to the latitudinal confine-
ment of this electron population in a region of strong magnetic
field strength, brightness temperatures along the magnetic equa-
tor are greater than 30% of the brightness peak for radial dis-
tances ranging from 1 to 2 RJ. The emission peak is typically
radiated near 1.4 RJ. Because the strength of the planetary mag-
netic field B along the equator is 1/r3 dependent (dipolar ap-
proximation) and the synchrotron radiation is proportional to
(B × Energy)2, electrons populating L-shells in the [1.35; 1.45]
RJ range are likely the particles responsible for the emission
peaks (with an intensity greater than 90% of the maximum) ob-
served on both sides of the planet.

When the intensity of the peak brightness distribution of the
east and west lobes at a given CML were examined in previous

• Ceintures de «radiations» développées & rayonnement intense @ Jupiter

• Pas de ceinture sur Mercure

• Ceinture interne + externe (absorption par les anneaux) et peut-être flux synchrotron 
faible @Saturne (modélisation) ⇒ LOFAR ?
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Extended Data Figure 5 | A colour-coded geographic representation of
ultrarelativistic electron fluxes. The orbital tracks of Van Allen Probe B for
theREPT-B sensor fluxes from1 September to 28 September 2013 are projected
onto the geographical equatorial plane. As the spacecraft precesses in its
elliptical orbit around the Earth, it forms a ‘Spirograph’ pattern in the
geographically fixed, Earth-centred coordinate system. The resulting orbital
pattern shows the relatively stable (during this 4-week period) band of 7.2MeV

electrons from a radius of about 2.8 Earth radii (RE) out to about 3.5RE. Inside
2.8RE there is an almost complete absence of electrons, resulting in the slot
region. Note also that there is hardly any discernible population of electrons at
these energies in the inner zone (L# 2) during this period. The superimposed
circle at 2.8RE shows how sharp and distinctive the inner boundary is for
ultrarelativistic electrons and how generally symmetric this boundary is all
around the Earth.
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• Ceintures de Van Allen @ Terre mais synchrotron non 
détecté: background d’ondes de plasma 
⇒ pertes très rapides dans les ceintures d'e- internes ?



Explorations passées & à venir

• passées
- sol: radio (RDN, VLA etc.)
- spatiales:  Voyager 1 & 2, Ulysses, Galileo, Cassini, Wind, Cluster, Themis, Mariner 
10, Messenger, MGS, Lunar prospector, New Horizons, HST + Stereo… 

JUNO va construire un B de référence qui donnera un cadre précis pour 
réinterpréter toutes les observations passées (MAG, radio…)

U & N : MS "spéciales" ⇒ à réexplorer : Uranus pathfinder ? (à minima: Farside, HST)

• à venir:
- sol: LOFAR, NenuFAR, SKA
- spatiales: BepiColombo, Juno / Juice … 



et plus encore ...

• Dynamique MS externe ⇒ «upscalable» aux exoplanètes (Jupiters chauds) (Zarka, 

Grieβmeier & al.)

• Dynamique interne ⇒ plus difficile mais possible (Nichols)

• MS d'* (héliosphère), de pulsars, de galaxies …


