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• Dipolar approximation :

 ψ = M.r/r3  = M cosθ / r2

    ⇒ B :  Br    = -∂ψ/∂r =  2 M cosθ / r3

  Bθ   = -1/r ∂ψ/∂θ =  M sinθ  / r3

  Bϕ   = 0

 |B| = M/r3 (1+3cos2θ)1/2    =   Be/L3 (1+3cos2θ)1/2

 with Be = M/RP
3 = field intensity at the equatorial surface and r = L RP

 Equation of a dipolar field line : r = L sin2θ

• ∇ x B = 0 out of the sources (above the planetary surface)

 ⇒ B = -∇ψ  (ψ = scalar potential)



• Multipolar development in spherical harmonics :
  ψ = RP Σn=1→∞  (RP/r)n+1 Si

n   + (r/RP)n Se
n

This representation is valid out of the sources (currents). Specific currents (e.g. 
equatorial disc at Jupiter & Saturn) are described by an additional explicit model, 
not an external potential.

Degree n=1 corresponds to the dipole, n=2 to quadrupole, n=3 to octupole, …

Si
n = internal sources (currents)

Se
n = external sources (magnetopause currents, equatorial current disc ...)

with
 Si

n = Σm=0→n Pn
m(cosθ) [gn

m cosmφ + hn
m sinmφ]

  Se
n = Σm=0→n Pn

m(cosθ) [Gn
m cosmφ + Hn

m sinmφ]

Pn
m(cosθ) = orthogonal Legendre polynomials

gn
m, hn

m, Gn
m, Hn

m = Schmidt coefficients (internal and external)



• -6400 km

-5150 km

-2900 km

• Origin of planetary magnetic fields :

- Dynamo : 
Rotation + 
Convection (thermal, compositional) + 
Conducting fluid (Earth : liquid Fe-Ni in 
external core, Jupiter : metallic H)

   ⇒ sustained B field

- Remanent / ancient dynamo (Mars, Moon...)

- Induced (Jovian / Saturnian satellites)



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



• In-situ measurements of Terrestrial magnetic field, up to order n=14.

⇒ existence, maximum amplitude, inclination of Jovian B field
    system III of magnetic longitudes : P = 9 h 55 min 29.37 sec

~20 MHz ~1 GHz

[Burke & Franklin, 1955] [Radhakrishnan & Roberts, 1958]

• Ground-based radio discovery and first measurements of Jovian magnetic field : 



• Spacecraft measurements of planetary magnetic fields :

⇒ intense, N anomaly, no secular variation 1973-2001

[Connerney, 1992]

8

model, which leads to a mid–latitude northern auroral zone in spite of the modest tilt
angle of 9.6! between the rotation and dipole axes.

Energetic trapped particle observations by spacecraft provide an independent data set
which can be utilized to validate the accuracy of any planetary magnetic field model.
The approach used is to recognize that natural satellites are absorbing bodies of the
trapped radiation. Also, like occulting disks, when the spacecraft is located on a field line
“threading” the natural satellite, a reduced intensity of radiation or micro–absorption
“signature” can be observed. This principle was first utilized to identify the presence of
non–optically detected new natural satellites and rings of Jupiter and Saturn.

Acuña and Ness (1976b) applied this methodology to predict the possible existence of
an undetected satellite or ring of absorbing particles at 1.83 RJ , in order to explain
“anomalous” observations by Pioneer 11 of trapped radiation close to Jupiter. The visual
observation of the particle ring of Jupiter by the Voyager 1 spacecraft cameras in 1979
was excellent testimony to both the accuracy of the planetary magnetic field model and
also the creative interpretation of possible explanations for the Pioneer 11 radiation belt
data set (McLaughlin, 1980).

Fig. 1: Isointensity contour map of Jupiter’s magnetic field (in Gauss) on planetary surface
using NASA–GSFC 04 model. System III longitude is employed.

The geometry of the Jovian magnetic field is rather more complex than that of Earth
because of the large dipole and quadrupole moments. An isointensity contour map for
the Jovian field is shown in Figure 1 on the surface of the planet. The presence of the
strong dipole and quadrupole terms leads to a maximum magnetic field in the north polar
regions of the planet of 14.0 Gauss, substantially more than the dipole term’s equatorial
field would suggest (2 ! 4.28 = 8.56). This maximum value corresponds well to the

[Ness, 1988]

- Jupiter : Pioneer 10 & 11 (1973-74), Voyager 1 & 2 (1979),
  (Ulysses 1992, Galileo 1995-2003)



⇒ current disc, 300 MA, in centrifugal equator
    explicit model 5-50 x 5 RJ

[Acuña et al., 1983]

• Spacecraft measurements of planetary magnetic fields :

- Jupiter : Pioneer 10 & 11 (1973-74), Voyager 1 & 2 (1979),
  (Ulysses 1992, Galileo 1995-2003)



• Spacecraft measurements of planetary magnetic fields :

⇒ axisymmetric field, contradicts Cowling's antidynamo theorem
⇒ filtering or shadowing multipolar terms ?

- Saturn : Pioneer 11 (1979), Voyager 1 & 2 (1980-81), (Cassini 2004-2017)

[Gurnett et al., 2005]

⇒ origin of magnetospheric periodicities ?
    (complex & variable → unknown rotation period)



• Spacecraft measurements of planetary magnetic fields :

- Uranus, Neptune : Voyager 2 (1986 & 1989)

⇒ strongly offset & tilted B fields
8 N. F. Ness

Figure 2: Isointensity mercator plots on surface of planet of Q3 and O3 models of Uranus’
magnetic field. Cross hatched areas represent theoretical location of auroral and polar cap
zones.
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Figure 3: Isointensity plots in surface of planet of Q8 and O8 models of Neptune’s magnetic
field. Cross hatched areas represent theoretical location of auroral and polar cap zones.

[adapted from Ness, 1992]



 
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 

 

• Magnetic field of Giant planets compared to Earth :



• Spacecraft measurements of planetary magnetic fields :

- Mercury: Mariner 10 (1974-75), (Messenger 2011-13)

⇒ weak B ~400 nT, tilt ~10°

[Ness et al., 1976, Connerney et al., 1988]



• Spacecraft measurements of planetary magnetic fields :

- Mars: Mars Global Surveyor (1996-2006)

⇒ no global magnetosphere, up to 104-5 nT locally at surface tectonics-related ?
    "mini-MS" form small bumps above the ionosphere, up to >1000 km altitude

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).

Connerney et al. PNAS " October 18, 2005 " vol. 102 " no. 42 " 14971

G
EO

PH
YS

IC
S

[Brain et al., 2003 ; 
Connerney et al., 2005]



• Spacecraft measurements of planetary magnetic fields :

- Moon: Lunar Prospector (1998-99)

⇒ no global MS, B up to 100 nT at surface, opposed to impact craters

[Kuncic & Cairns, 2004]

from the Moon’s centre and the curvature of the shock,
respectively.
[7] One crucial difference in generalizing this model

from planetary and interplanetary shock applications to
lunar mini-magnetospheres is that since the Moon is non-
reflective, it acts as a sink for electrons with intercepting
trajectories. This shadowing effect has two opposing con-
sequences: on the one hand, it can severely restrict the size
of the potential radio source in the mini-foreshock region;
on the other hand, it can give rise to additional unstable
components in the distribution functions of solar wind
particles which, like the unstable beams produced by
electrons backstreaming from the shock, can drive a variety
of plasma wave phenomena, some of which lead to radio
emission. The effects of shadowing by the Moon on solar
wind particle distributions have been recently examined by
Bale [1997]. For simplicity, we restrict ourselves in this
paper to radio emission produced by unstable beams of
electrons backstreaming from the shockfront. We intend to
extend our calculations to include the effects of shadowed
particle distributions in future work.

3. Results

[8] Unless otherwise stated, the results presented in this
section are calculated using the following nominal param-
eter values: Te = 1.5 ! 105 K, Ti = 5 ! 104 K, ne = 8 cm"3,
usw = 400 km s"1, qbu = 120!, usw/vA = 9, nk/nG = 0.05, k =
3, f = 60!, as = 1.1, bs = 2"1. The Moon’s radius is =
1.738 ! 103 km.

3.1. Volume Emissivities

[9] Figure 2 shows predicted volume emissivity distri-
butions for 2fp and fp radio emission in the foreshock
region of a mini-shock on the lunar surface. The emissiv-
ities are plotted in the foreshock coordinate system, (R, x),
defined by taking the R axis to be parallel to BIMF and the
origin (R, x) = (0, 0) to coincide with the contact point
where BIMF is tangent to the shock surface (see Figure 1).
As is evident in Figure 2, most of one foreshock wing is
blocked by the lunar surface for this magnetic anomaly
location (f = 60!) and this severely restricts the size of
the radio source. In the region where backstreaming

electrons do not impact the lunar surface, the volume
emissivity distributions increase towards the tangent point,
although the fp emissivity is significantly more localized
towards small x. This difference in emissivity distributions
arises because the efficiency with which nonlinear wave
processes convert beam free energy into electromagnetic
waves depends explicitly on the beam properties and is
significantly different for the 2fp and fp modes [see
e.g.][and references therein Kuncic et al., 2002]. However,
the peak 2fp and fp emissivities are comparable, with
max[ j2fp] ’ 5 ! 10"19W m"3sr"1 and max[ jfp] ’ 2 !
10"19W m"3sr"1.
[10] Figure 3 shows the predicted source regions for 2fp

radio emission in LSE coordinates for three different
magnetic anomaly locations: f = "10!, 30!, and 60! (the
fp source regions are not shown as they are qualitatively
similar). Note that for a given orientation of BIMF, the
predicted source regions can only physically exist for a
restricted range of f corresponding to the requirement that
regions on the mini-shock where electrons are reflected
(typically near the tangent point) must lie outside the lunar
surface. For the nominal orientation used here, qbu = 120!,

Figure 1. 2-D geometry of a mini-magnetosphere with
associated bow shock and foreshock, showing relevant solar
wind parameters and coordinate systems in the foreshock
(R, x) and Lunar-centric Solar Ecliptic (LSE) (X, Y) frames.

Figure 2. Predicted volume emissivities, log (jM[W
m"3sr"1]), for (a) M = 2fp and (b) M = fp radiation in the
foreshock region of a shockfront associated with a mini-
magnetosphere (white) on the lunar surface (black).

Figure 3. Predicted 2fp radio source region for three
different mini-magnetosphere locations on the lunar surface:
f = "10!, 30!, and 60!.

L11809 KUNCIC AND CAIRNS: LUNAR MINI-MAGNETOSPHERES L11809

2 of 4

mini-MS (+ associated radio 
emissions detected by WIND)



• Spacecraft measurements of planetary magnetic fields :

- Ganymede: Galileo (1996-2003)

⇒ internal B field and magnetosphere (embedded in Jupiter’s, ~100 nT)

[Gurnett et al., 1996, 
Kivelson et al., 1997]



• Spacecraft measurements of planetary magnetic fields :

- other Galilean satellites, Enceladus: induced field

to Jupiter 

BJ
Btotal

Binduced

j

[Saur et al., 2002, 
Khurana, 2009]



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

     High plasma conductivity

	 ⇒ B frozen-in

	 ⇒ E = -VxB   almost everywhere (0 in plasma frame)

	 ⇒ quasi-neutrality

	      &  E.B=0   (Δφ conserved along B lines,

	 	 	    = electric equipotentials)



• Solar Wind

- dominated by bulk energy density : NmV2/2

- carries away solar B rooted in the Sun ⇒ ballerina skirt

Ju
pi

te
r

E
ar

th

- SW parameters at planetary orbits (r in AU) :

V ~400/r2/7 km/s	 T ~2x105/r2/7 K

N = 5/r2 cm-3

Br = 3/r2 nT	 	 Bϕ=BrΩr/V = 3/r nT

VS ~ 60/r1/7 km/s	 VA ~ 40x(1/2+r-2/2)1/2 km/s



• Solar Wind - Obstacle interaction

- depends on presence of obstacle’s :

	 intrinsic large-scale B

	 ionosphere

	 conductivity

[Lepping, 1986]

[Cahill & Patel, 1967]

-1st case ⇒ abrupt boundary

     in planetary B

     = magnetopause



• Magnetopause

- Pressure equilibrium : PSW = KNmV2cos2χ       =      PMS = BT
2/2µo

	 with BT = BP+BC = 2 BP  at MP nose		 K = 1-2

	 ⇒ MP shape

- MP sub-solar point   (dipolar field : BP = Beq (1+3cos2θ)1/2/R3 ) :

	 RMP = (2 Beq
2/µoKNmV2)1/6



• Magnetopause

 

 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] 
 

[Encrenaz et al., 2003]



• Bow Shock

- supersonic / super-Alfvénic flow ⇒ bow shock ahead of MP

- in magnetosheath : slowed flow (V:4 for MA >> 1)

	 ⇒ B draping / pile-up (|V|.|B| = ct)

[Spreiter et al., 1966]



Cusp

Tail



- if no intrinsic B field  ⇒ induced MS, bow shock, B draping, tail, but no cusp

[Bagenal, 2002]
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• Plasma Sources

Titan : atmospheric escape  [Sittler et al;, 2005]

Enceladus : exosphere, plumes [Dougherty et al., 2005]

Icy satellites or Mercury’s surface : sputtering

- Rings : sputtering / photo-dissociation + ionisation [Young et al., 2005]

⇒ Total MS mass ~1010 kg @ Jupiter, ~107 kg @ Earth

- Satellites : Io : volcanism ⇒ plasma torus [Bagenal, 1994]

- Solar Wind : cusp + diffusion/reconnection across Magnetopause 

  (H & He, T~100 eV, ~1% of SW flow)

- Ionosphere : vertical diffusive equilibrium of cold plasma (T~0.1-1. eV)



• Plasma Circulation

	 - 2 convection cells + large scale E (dawn → dusk) inside Earth’s MS

 - energetic plasma inside MS

⇒ Open magnetosphere concept + Dungey cycle [Dungey, 1961]

	 - SW control (Bz) of MS activity : BN ≠ 0 when Bz // BP

	 - quasi permanent circumpolar aurora (∅ = 10°-20°)





• Plasma Circulation

- Neutral (X) line at equator : penetration of plasma in MS ⇒ MP no more equipotential 

- Auroral oval = limit open/closed field lines

	         = projection of equatorial neutral line on ionosphere

- Tail stores / releases energy and magnetic flux

- Poynting flux on obstacle :  Pm = B⊥
2/µo V  πRobs

2



• Plasma Circulation

- Solar Convection in MS	 [antisolar above the poles]

   E = -VxB ~ ε VSW x BSW    (dawn → dusk) 

	        ε = 0.1-0.2

   Δφ ~ ε VSW BSW x 3 RMP

        ~ 50 kV @ Earth

        ~ 1 MV @ Jupiter

- Corotation

   E = ΩR x B    (radial) 

   Δφ ~ Ω Beq RP
2

        ~ 90 kV @ Earth

        ~ 400 MV @ Jupiter



• Plasma Circulation

- Global circulation = Convection + Corotation

	 Equipotentials = flow lines

	 Stagnation point at LT = 18 h

06

24

18

12



• Plasma Circulation

Earth



• Plasma Circulation

- Jupiter : outward radial transport (centrifugal interchange instability)

[André, 2006]

- Saturn : intermediate Earth - Jupiter ?

 [Vasyliunas, 1983]

 ⇒ Vasyliunas cycle ~ rotation driven Dungey cycle



• Plasma Circulation

- Uranus : convection ⊥ corotation ⇒ helicoidal plasma trajectories ?

- Neptune : Magnetosphere alternately Earth-like & pole-on
       ⇒ no plasmasphere, mid-latitude aurorae



• Currents, Magnetosphere - Ionosphere coupling

∂Ni/∂t + ∇. NiVi = Qi - Li ⇒ ∇.J = 0

⇒ closed current circuits, M-I coupling (region 2)



• Currents, Magnetosphere - Ionosphere coupling

- At Jupiter : extended current disk
[Russell, 2004]

- Plasma sources vs Synchronous orbit   (where Fcentrifugal = Fgravitation)



- radial diffusion from Io  ⇒  Jr

- plasma pick-up + mass-loading, acceleration to corotation by Jr x BMS at expense 
of ionospheric plasma momentum via Ji x Bi

  ∇.J = 0	 ⇒ Ji = Jr Bi/BMS ~ 2R3 Jr ≤ σi Ei ~ σi ΩR Be/R3 R3/2 = σi Ω Be/R1/2

Io

[Bagenal, 1989]

• Currents, Magnetosphere - Ionosphere coupling

	  ⇒ possible as long as   Jr ≤ σiΩBe/2R7/2



[Cowley & Bunce, 2001]

- Corotation breakdown at 20-50 RJ

	 ⇒ J// max ⇒ main auroral oval at Jupiter

• Currents, Magnetosphere - Ionosphere coupling



- Unmagnetized satellite / MS interaction [Saur et al., 2004]

	 E = -V x BJ   with   V=Vcorot-VK   (=57 km/s @ Io)

	 Δφ ~ 2 Rsat E       (=4x105 V @ Io)   ⇒   induced current (a few 106 A)

• Magnetosphere-Satellites coupling

[Goldreich & Lynden-Bell, 1969; Neubauer, 1980]

MA < 1 (no bow shock) ⇒ Alfvén wings / unipolar inductor ?

Flow dominated by magnetic energy, dissipated powed : Pd = ε BJ
2/µo V  πRobs

2

                            (ε ~ MA = 0.1 - 0.2)



- Magnetized satellite / MS interaction : B reconnection

Dissipated powed :

Pd = ε k BJ
2/µo V  πRobs

2

(k = cos4(θ/2) = 1 ; ε = 0.1 - 0.2)

• Magnetosphere-Satellites coupling

[Kivelson et al., 2004]
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• Aurorae

- reconnection at limit open / closed B lines at Earth

- corotation breakdown at Jupiter

- ? at Saturn

   ⇒ e- acceleration 1-10 keV    ⇒ visible (O, N, N2) & UV (H, H2) aurorae



- IR, X and radio counterparts

• Aurorae



• Radio emission process : the Cyclotron Maser Instability

• Emissions intense (TB ≥ 1015-20 K), broadband (f~fce), 100% elliptical 
consistent with X mode, very anisotropic (widely open hollow cone)

• Sources where B, fpe<<fce, unstable keV e- distributions (high latitude)

Growth rate :

Resonance condition :

[Wu, 1985]



- strong currents + low plasma density [Knight, 1972]

   ⇒ e- acceleration 1-10 keV    ⇒ auroral-like emissions

• Satellite-induced emissions)

Io

G E

Downstream / Upstream
[Feldman et al., 2000 ; McGrath et al., 2002]
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B field at Solar surface :
→ large scale ~1 G
→ magnetic loops ~103 G over a few % of the surface

Magnetic stars : > 103 G
(cf. ESPADONS / NARVAL measurements)

~862 exoplanets (in >678 systems)
~157 (18%) with a ≤ 0.05 AU = 10 Rs
   « hot Jupiters »
~272 (32%) with a ≤ 0.1   AU
exoplanet.eu

UA

http://www.exoplanet.eu
http://www.exoplanet.eu


• Types of interaction : Magnetospheric interaction

Poynting flux of BIMF on obstacle :

Pm = B⊥
2/µo V  πRobs

2

Dissipated power :
Pd = ε Pm (ε = 0.1 - 0.2)

[Ip et al., 2004]



• Types of interaction : Unipolar inductor

Dissipated power :
Pd = ε VB⊥

2/µo πRobs
2 = ε Pm

(ε ~ MA = 0.1 - 0.2)

Chromospheric hot spot on 
HD179949 & υ And ?

[Shkolnik et al., 2005, 2008]

[Preusse et al., 2006]



• Types of interaction : Dipolar interaction

Dissipated power :
Pd = ε k VB⊥

2/µo πRobs
2 = ε k Pm

(k = cos4(θ/2) = 1 ; ε = 0.1 - 0.2)

Interacting magnetic binaries or star-
planet systems

Downstream               Upstream



7.10 6

5.10 9

~ 0.1”

• Electromagnetic emissions

UV ?       Radio ?



• Electromagnetic emissions : Radio-Magnetic Bode’s law

(  )

∀ radio emission PRadio ~ η × Pm  with η ~ 2-10 ×10-3

[Zarka et al., 2001, 2007]



Binaires 
magnétiques 

(Algol)

• Electromagnetic emissions : Radio-Magnetic Bode’s law

Hot Jupiters ⇒  PRadio= PRadio-J × 103-5       (except if saturation or magnetic field decay)

[Zarka et al., 2001, 2007]



 - Spin-orbit synchronisation (tidal forces)   ⇒   ω↓

   but M ∝ ωα     with ½ ≤ α ≤ 1 ⇒   M↓     (B decay)  ?

• Magnetic field decay for hot Jupiters ?

[Sanchez-Lavega, 2004]

No. 2, 2004 MAGNETISM IN GIANT EXTRASOLAR PLANETS L89

Fig. 1.—Lines: Magnetic field intensity in giant extrasolar planets (top of the
hydrogen-metallic layer) as a function of the planetary angular rotation frequency,
for three values of the magnetic diffusivity (l; Nellis 2000). The boxes enclose
the most plausible values for the magnetic field for three rotation periods: hot
Jupiters (periods of 3–4 days, assuming spin-orbit synchronism), Jupiter-like
planets (periods of 10–20 hr), and fast rotators (periods of 2–5 hr). The surface
value for Jupiter is indicated by a filled circle. The estimated upper limit for the
magnetic field of the planet t Boo b was derived from radio observations at
74 MHz (Farrell et al. 2003).

Fig. 2.—Lines: Dipolar magnetic moment in giant extrasolar planets as a
function of planetary mass for three different rotation periods corresponding
to the three cases presented in Fig. 1. The most plausible value for the planet
HD 209458b whose mass and radius are known is that enclosed by the box
(assuming spin-orbit synchronism). An upper limit for the magnetic moment
derived from radio observations of t Boo is indicated by the solid horizontal
line. The measured values for Jupiter and Saturn are also given for comparison.

(for the mixing-length theory balance) and5 6R ! 10 –10m
(for the magnetostrophic balance, which also3 5R ! 10 –10m

depends on the rotation period). Whatever the assumed balance,
the necessary condition for dynamo action to occur is fulfilled
in extrasolar giant planets.
Under a dynamo regime, the magnetic field inside the region

of field generation occurs when the Elsasser number L ! 1
(Roberts & Glatzmaier 2000; Stevenson 2003), with

2B
L p . (5)

2Qm rl0

This scaling law allows one to calculate the magnetic field
intensity as

!B p 2Qm r l. (6)0 0

Figure 1 shows the magnetic field intensity in the upper part
of the metallic layer (B0) as a function of the planetary rotation
period and for a reasonable range of magnetic diffusivities
around the experimental value (Nellis 2000). Typical values at
r0 are G (hot Jupiters), G (Jupiter-like objects),B ! 5 B ! 150 0
and G (fast rotators).B ! 300
Assuming that the field can be represented by a centered

dipole, as for Jupiter and Saturn (Connerney 1993), the mag-
netic field intensity is given by

MDB(r, v) p (1! 3 sin v), (7)3r

where r and v are the polar coordinates centered on the planet
and is the dipolar magnetic moment. The magnetic3M p B rD 0 0

permeability of the molecular hydrogen layer “coating” the
metallic hydrogen is very low, !"10"9, so its influence on the
field can be neglected. Accordingly, at the planet “surface,”
the magnetic field intensity will be reduced by the factor

relative to its value at the top of the metallic layer.3 3h p (r /R)0
In Figure 2, we compare the magnetic dipolar moment cal-
culated for different types of extrasolar giants, including the
observed values for Jupiter and Saturn, and that expected for
the hot Jupiter planet HD 209458b. We also include the upper
limit derived for the magnetic dipolar moment obtained from
radio observations of the star t Boo.

5. DISCUSSION

In this Letter, we have used a scale analysis based on our
current knowledge of giant planet interiors and their dynamo
mechanism, to calculate the magnetic field intensity and dipolar
magnetic moment in giant extrasolar planets. The most intense
magnetic fields are expected in young, massive, and rapidly ro-
tating giants (Figs. 1 and 2). In addition, since the metallic region
in such massive objects is closer to the surface than in less
massive planets, the surface field intensity in these planets will
be greater. For a young (!1 Gyr), massive [ ], andM ! (5–10)MJ
rapidly rotating planet (with a period of !3–5 hr), surface mag-
netic fields of !30–40 G could be expected.
In Table 2, we give the magnetic properties for some close

extrasolar planets (hot Jupiters), including the second most re-
cently detected transiting planet OGLE-TR-56b, which is the
closest known planet to any star (!0.023 AU; Konacki et al.
2003). Because of their proximity to the star, hot Jupiters are
candidates for their potential detection as radio emitters at meter
wavelengths or as inductors of enhanced magnetic activity in
the star chromosphere as indicated above. The reason is that
such interactions depend on the planet-star distance with a "2
law power. For three of them (HD 179949b, t Boo b, and HD
209458b), increasing Ca ii H and K chromospheric activity has
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observed values for Jupiter and Saturn, and that expected for
the hot Jupiter planet HD 209458b. We also include the upper
limit derived for the magnetic dipolar moment obtained from
radio observations of the star t Boo.

5. DISCUSSION
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current knowledge of giant planet interiors and their dynamo
mechanism, to calculate the magnetic field intensity and dipolar
magnetic moment in giant extrasolar planets. The most intense
magnetic fields are expected in young, massive, and rapidly ro-
tating giants (Figs. 1 and 2). In addition, since the metallic region
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massive planets, the surface field intensity in these planets will
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netic fields of !30–40 G could be expected.
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extrasolar planets (hot Jupiters), including the second most re-
cently detected transiting planet OGLE-TR-56b, which is the
closest known planet to any star (!0.023 AU; Konacki et al.
2003). Because of their proximity to the star, hot Jupiters are
candidates for their potential detection as radio emitters at meter
wavelengths or as inductors of enhanced magnetic activity in
the star chromosphere as indicated above. The reason is that
such interactions depend on the planet-star distance with a "2
law power. For three of them (HD 179949b, t Boo b, and HD
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 - Internal structure + convection models
   ⇒ self-sustained dynamo ⇒   M could remain ≥ a few G.RJ
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• Magnetic field decay for hot Jupiters ?

 - Scaling for fast rotators
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Fig. 1. Average magnetic field on the surface of the object, Bdyn, for M > 13 MJ, and dipole field, Bpol
dip, for M ! 13 MJ, as a function of age for

giant planets, brown dwarfs, and a very-low mass star with M = 125 MJ. All low-mass objects are assumed to be rapidly rotating. An estimate of
the average magnetic field of the Sun is overplotted (gray shaded area; for today’s average field see Schrijver 1987).

masses has a magnetic field at the surface that is consistently
stronger by a factor of four to five over the entire evolutionary
history.

Because of the higher luminosity that is essentially available
for magnetic flux generation, magnetic fields in brown dwarfs
are larger than fields on extrasolar giant planets, varying typi-
cally between a few kG and a hundred G depending on age and
mass. Magnetic fields in brown dwarfs also weaken over time as
brown dwarfs cool and loose luminosity as the power source for
magnetic field generation. Low-mass stars show a generally dif-
ferent behavior. A low-mass star with M = 125 MJ can produce
a magnetic field of about 2 kG during the first ten Myr, and the
field grows by about a factor of two until it stays constant from
an age of a few hundred Myr on. For the solar case, the mag-
netic field is roughly constant between 5" 107 and 108 yr, which
is maintained by the constant luminosity and rapid rotation.

4.2. Comparison to other field predictions

Magnetic field estimates for extrasolar giant planets are avail-
able from a variety of di!erent scaling laws. Christensen (2010)
summarized scaling laws for planetary magnetic fields that
were proposed by di!erent authors. Most of them assume a
strong relation between field strength and rotation rate. As an

example, Sánchez-Lavega (2004) estimated the dipolar mag-
netic moments of exoplanets using the “Elsasser number” scal-
ing law, which predicts the field to depend on the square root
of the rotation rate, but assumes no dependence on the energy
flux. Sánchez-Lavega (2004) predicts average magnetic fields of
#30–60 G for rapidly rotating planets and #1 G for slowly rotat-
ing ones. The range of values is comparable to our predictions.
If young planets were generally fast rotators while old planets
rotate slowly, which could be the case when tidal braking plays
a role, the results would be similar. However, our model predicts
that energy flux rules the magnetic field strength so that extra-
solar giant planets have high magnetic fields during their youth
and weak magnetic fields at higher ages even if their rotational
evolution is entirely di!erent (given that they are still rotating
fast enough for dynamo saturation).

Stevens (2005) used a very simplistic method to scale the
magnetic fields of extrasolar giant planets assuming that the
planetary magnetic moment is proportional to the planetary
mass. This implies no di!erence between magnetic fields in
young and old planets, and no di!erence between rapid and slow
rotators (but note that slow rotators were explicitly left out of
his analysis). Stevens (2005) also provides radio flux predictions
that we compare to our predictions in the next section.
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A. Reiners and U. R. Christensen: A magnetic field evolution scenario for brown dwarfs and giant planets

Table 1. Parameters of known planets around stars with X-ray detections within 20 pc.

Planet name Planet mass a d1 Ṁ Age Bpol
dip Radio flux1 fce

[MJup sin i] [AU] [pc] [Ṁ!] [Gyr] [G] [mJy] [MHz]

Jupiter 1.00 5.20 1.0 4.5 9 4.E+09 27
eps Eridani b 1.55 3.39 3.2 25.9 1.7 19 6.3 53
Gliese 876 b 1.93 0.21 4.7 0.1 2.4 23 3.1 66
Gliese 876 c 0.56 0.13 4.7 0.1 2.4 6 2.1 16
GJ 832 b 0.64 3.40 4.9 0.2 2.0 7 0.1 19
HD 62509 b 2.90 1.69 10.3 0.3 5.6 24 0.1 68
Gl 86 b 4.01 0.11 11.0 9.4 2.9 40 43.8 113
HD 147513 b 1.00 1.26 12.9 150.4 0.8 15 4.1 43
ups And b 0.69 0.06 13.5 20.2 1.4 10 41.8 27
ups And c 1.98 0.83 13.5 20.2 1.4 30 2.8 84
ups And d 3.95 2.51 13.5 20.2 1.4 58 1.0 163
gamma Cephei b 1.60 2.04 13.8 1.1 3.6 16 0.1 44
51 Peg b 0.47 0.05 14.7 0.2 6.2 3 0.8 7
tau Boo b 3.90 0.05 15.0 198.5 0.8 58 692.2 161
HR 810 b 1.94 0.91 15.5 103.9 0.8 30 5.5 83
HD 128311 b 2.18 1.10 16.6 39.9 0.9 33 2.1 92
HD 128311 c 3.21 1.76 16.6 39.9 0.9 48 1.5 134
HD 10647 b 0.91 2.10 17.3 22.9 1.4 14 0.3 38
GJ 3021 b 3.32 0.49 17.6 170.2 0.8 49 19.5 138
HD 27442 b 1.28 1.18 18.1 1.9 2.7 14 0.1 39
HD 87883 b 1.78 3.60 18.1 2.6 3.3 19 0.0 54
HD 189733 b 1.13 0.03 19.3 17.3 1.7 14 57.1 39
HD 192263 b 0.72 0.15 19.9 7.1 2.5 8 2.4 23

Notes. (1) The distance to Jupiter was set to 5.2 AU for the calculation of its radio flux.

4.3. Radio flux and field predictions for known planets

We have calculated the radio flux and cuto! emission frequency
for the known planets of stars within 20 pc and with X-ray
detections. Planet parameters are from The Extrasolar Planets
Encyclopaedia. The results are given in Table 1 and are plot-
ted in Fig. 2. Stevens (2005) assumes the peak radio flux oc-
curs at the electron cyclotron frequency of the equatorial surface
field, i.e. at half the cuto! frequency. We mark the frequency
range, (0.1"1) fce, over which significant radio emission can be
expected for each planet by horizontal lines in Fig. 2. The ex-
tension of the range to lower frequencies is rather arbitrary but
indicative for the emission from most of the planets of our solar
system (e.g., Zarka 1992). We include only planets that are more
massive than about 0.5 MJup because in Saturn-sized or smaller
planets helium separation may lead to stable stratification at the
top of the electrical conducting region (Stevenson 1980). The
associated reduction of the surface field strength is di"cult to
quantify.

The maximum radio flux predicted for known extrasolar
planets is about 700 mJy in the case of ! Boo b. Maximum emis-
sion frequencies are between 7 and 160 MHz, i.e., in most cases
above the ionospheric cuto! frequency of 10 MHz. However,
when the maximum frequency is less than 20 MHz, the peak
radio emission may fall below the ionospheric cuto!. The pre-
dicted flux for planets other than ! Boo b is at least one or-
der of magnitude smaller. The fluxes for " And b, Gl 86 b, and
HD 189733 b fall into the range of 40–60 mJy, and their max-
imum frequencies are well above the ionospheric cuto!. For
GJ 3012 b we predict 20 mJy, and all other planets fall below
10 mJy.

Our predicted radio flux values are similar to those in Stevens
(2005), mainly because the distance to the object is an important
factor in the observed radio emission, and because we use the

same assumptions for the stellar mass-loss rate. Our Fig. 2 can be
compared to Figs. 1–3 in Grießmeier et al. (2007a). In general,
the range of radio frequencies and radio flux are comparable but
can di!er substantially between individual objects. Note that we
only show estimates for the planets within 20 pc. These are the
most likely candidates for the detection of radio emissions.

5. Summary and discussion

We applied the energy flux scaling relation from Christensen
et al. (2009) to estimate the magnetic field evolution on giant
extrasolar planets and brown dwarfs. This magnetic field scaling
is independent of the rotation of the objects given that they ro-
tate above a critical rotation limit, which probably is the case for
isolated brown dwarfs, for young exoplanets, and for exoplanets
in orbits not too close to their central star. Close-in planets su!er
tidal braking. This applies to all candidate planets for which we
predict a radio flux above 10 mJy, except GJ 3021 b. However,
for planets that are very close to their host star the synchronous
rotation rate may still lie above the critical limit. The critical pe-
riod is on the order of four days in M-dwarfs, and if we assume
the that the critical limit is somewhat higher, the top candidate
for the detection of radio emissions, ! Boo b (3.3 d), as well as
" And b (4.6 d) and HD 189733 b (2.2 d) rotate rapidly enough.
At this point, we cannot say more about the real critical limit.
Gl 86 b (15.8 d) is probably rotating too slowly and our mag-
netic field and radio flux estimates are likely too high.

Because energy flux scales with luminosity, young exoplan-
ets have magnetic fields about one order of magnitude higher
than old exoplanets. Brown dwarfs go through a similar evolu-
tion but may go through a temporal magnetic field maximum
depending on the details of the luminosity and radius evolution.
Very low-mass stars build up their magnetic fields during the
first few 106 years and maintain a constant magnetic field during
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• Electromagnetic emissions

Emission radio possible only if   fpe/fce << 1
   ⇒ intense B* required (10-100 x BSun)
   ⇒ emission  ≥ 30-250 MHz at 1-2 RS

[Zarka et al., 2001, 2007]

PRadio = PJ × 105 × (Rexo-ionosphere/Rmagnetosphere)2×(B*/BSun)2  = PRadio-J × 106



• Electromagnetic emissions : other predictions

 - M-I coupling for fast rotators [Nichols, 2011, 2012]

 - Variable SPI for HD 189733 ?

[Farès et al., 2010]



- measurement of B ⇒ constraints on internal structure

- measurement of Prot ⇒ test spin-orbit synchronization

- possible access to inclination [Hess & Zarka, 2011]

- comparative magnetospheric physics, planet-star plasma interactions

- implications for exobiology (magnetosphere limits atmospheric erosion by SW and

  CME, cosmic ray bombardment) [Griessmeier et al., 2004 ; Khodachenko et al., 2006]

• Prospects for radio detection

⇒ LOFAR, UTR-2, GMRT, VLA 
    observations ongoing ...

 

Figure 2: Application of the radio-magnetic scaling law to 
the exoplanet census allows to predict their maximum radio 
flux versus their maximum spectral range of emission 
(triangles – the 6 targets of this proposal are in green), the 
latter being based on exoplanetary magnetic fields 
computed by assuming fast rotation. Typical error bars are 
indicated by the crossed arrows at the top right. 
Sensitivities of several radio telescopes are plotted for 1 h ! 
4 MHz integrations: LOFAR (in red) surpasses all others 
(in blue) by 1-2 orders of magnitude in the 30-250 MHz 
range. Only UTR-2 (Kharkov), with its new digital 
receivers, competes in sensitivity in the 10-30 MHz range. 
But it does not measure polarization and has very limited 
imaging capabilities and an instantaneous beam of 30’ 
diameter, whereas LOFAR can observe in a very broad 
range and has full polarization (IQUV), high angular 
resolution (~10”) imaging, and RFI mitigation capabilities. 
The shaded region is not observable because of the Earth’s 
ionospheric cutoff (adapted from Griessmeier et al., 2011). 

 

 
Figure 3: Predicted exoplanetary radio power Pr versus stellar X-ray luminosity LX, for 2 values of the 
planetary rotation period and magnetic field (Nichols, 2012). Values of LX for stars with planets are noted ‘+’. 
Values for stars with LX > 100 LX! are noted ‘!’. Jupiter’s radio power is a few 1010 W (cf. Fig. 1). Magnetic 
fields predicted by (Reiners and Christensen, 2010) are stronger than Jupiter-scaled ones from (Nichols, 2011). 

 

 
Figure 4. Example of the physical parameters that can be derived from the dynamic spectra (in intensity and 
polarization) of an exoplanetary radio emission, here in the case of the emission from a full auroral oval (Hess 
and Zarka, 2011). 
 
 Existence of an exoplanetary magnetic fields also has implications for exobiology, preventing cosmic 
ray bombardment and atmospheric escape (Griessmeier et al., 2005). If successful, radio detection could also 
evolve as an independent discovery tool, complementary to radial velocities or transit measurements because 
more adapted to finding planets around active / magnetic / variable stars. 

The race for detection is open since a few years (Zarka, 2011 and references therein), first aiming at 
the detection of radio emission from an exoplanetary system discovered by other means (radial velocities or 
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