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All started in 1955 … → decameter emission → cyclotron emission
      → ∃ B Jupiter, B~10 G

[Burke and Franklin, 1955]



"Radio" emissions = e.m. free-space modes O & X (or R & L)
  polarized circularly near their cutoff

Dispersion of e.m. electronic modes in a magnetized cold plasma with fpe/fce=0.3

Q⊥ Q//

Characteristic frequencies :
fpe ∝ Ne

1/2
 
 
 fce ∝ B
fUH = (fpe

2 + fce
2)1/2
 
 fLH = (fce fci)1/2

fR=0 = fX = (fpe
2 + (fce/2)2)1/2 + fce/2
 fL=0 = fZ = (fpe

2 + (fce/2)2)1/2 - fce/2
+ equivalent ion frequencies



O & X modes can propagate to 'infinity'

[Gurnett et al., 1983]



UV eyes Radio eyes (optimistic)

λ/D generally ~ 1 or > 1 → no angular resolution



Importance of 
dynamic spectra

(t,f) distributions
of intensity or polarization

All magnetized planets produce radio emissions [Zarka, 1998]



2D « direction-finding » or Goniopolarimetry techniques

[Cecconi et al., 2008]



Cassini
 
 
 
 
 (E  J) S
        I, Q, U, V, 2D-DF

Observations of planetary radio emissions



Propagation is permitted only for f ≥ fpe/cosθ
• Earth's ionosphere  reflection below fpe-max~10 MHz
• SW  a few kHz for outer planets  (~100 kHz for Mercury)

NB: in a metal, 1e-/(2Å)3  Ne ~ 1029 m-3 fpe~ 3×1015 Hz, λ ≈ 100 nm (UV)

Limits on propagation

[Zarka, 2000]



Radiosources in the magnetospheres, depend on :
• B topology
• Plasma (Ne) distribution
• Electrons energy (MS dynamics)

Radio component Planet  (m) f (kHz) Radiation process 
Radiation belts J (E) ~10-1 GHz Synchrotron (incoherent) 
Auroral E J S U N 101- 103 10's kHz - 10's MHz Cyclotron Maser (coherent) 
Satellite induced J (I,G,C?), S? 101- 102 ≥ MHz Cyclotron Maser (     "     ) 
LF e.m. (NTC…) E J S U N ~104 ≤10's kHz Mode conversion e.s. e.m. 
nKOM (Io torus) J ~103 ~100 kHz Instabilities ~fpe, fUH ? 
Lightning 
(atmosphere) 

E (J) S U (N) 101- 104 kHz - MHz Antenna radiation (current 
discharge) 

 

Planetary radio components



Jupiter
• Auroral-DAM
• HOM
• bKOM
• Io-DAM (+G,C?)
• QP-bursts
• NTC
• nKOM
• Synchrotron (DIM)

Jovian radio components



[Carr et al., 1983]

[Zarka et al., 2004]

Jovian radio components
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[Zarka, 1998, 2000]

Earth's ionospheric cutoff

Emissions are intense : TB ≥ 1015-20 K



[Ladreiter et al., 1994] [Cecconi et al., 2008]

Broadband cyclotron emission : f ~ fce ,  Δf ~ f

Ulysses @ Jupiter : HOM Cassini @ Saturn : SKR



Polarization : 100% circular/elliptical …

[Lamy et al., submitted, 2009]



Polarization : … consistent with X mode

RH

LH

[Lamy et al., 2008]
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Beaming : very anisotropic

  = hollow conical sheet of 30°-90° 1/2 aperture

     Ω<<4π sr

[Cecconi et al., 2008]



impulsive
acceleration

Sources where B, fpe<<fce, keV e- :  generally high latitude

[Hughes, 1995]

Earth : substorms



[Cowley & Bunce, 2001]

Sources where B, fpe<<fce, keV e- :  generally high latitude

Jupiter : corotation breakdown



    [Galopeau et al., 1995; Cowley et al., 2004]

dawn

dusk

Sources where B, fpe<<fce, keV e- :  generally high latitude

Saturn : Kelvin-Hekmholtz waves / FAC 
at morningside magnetopause ?



Sources where B, fpe<<fce, keV e- : equatorial sources at 

Uranus and Neptune



HST

Modulations by :  planetary rotation





M Ω

Modulations by :  partly due to tilt M / Ω



• Analysis of 24 years of ground-based radio observations
   ⇒ P = 9h 55m 29,685s ± 0,04s

0,08 s 
=
3 ppm

[Higgins et al., 1997]

Modulations :  rotation of Jupiter



[Desch & Kaiser, 1981]

• Analysis of 267 days of Voyager 1 observations
   ⇒ P = 10h 39m 24s ± 7s   (~2 x 10-4)

In spite of non-tilted B field !

Modulations :  rotation of Saturn



[Bigg, 1964; Genova et al., 1989; Queinnec & Zarka, 1998]

Modulations by :  satellites



[Desch, 1981, 1982]

[Gallagher and d’Angelo, 1981]

Modulations by :  Solar Wind



[Gurnett et al., 2002]

Modulations by :  Interplanetary Shocks, CMEs



Earth
(DE-1, 130 nm + radio)

[Huff et al., 1988]

Correlation with UV aurorae



Correlation with UV aurorae

Jupiter
(HST, Nançay…)

[Prangé et al., 1993; Cowley and Bunce, 2001]



[Galopeau et al., 1995]

[Trauger et al., 1998]

Correlation with UV aurorae

Saturn
(HST, Voyager)



TKR

TKR

S/C trajectory

Upper atmosphereto Earth

Electric equipotentials

Parallel E
field

electron beams

ion beams
(undetectable)

Optical aurora

Magnetic field lines

ion beams
(detectable)

Radiosource understood as an acceleration region

[Bahnsen et al., 1989; Louarn et al., 1990]



Earth Jupiter Saturn Uranus Neptune
TKR (AKR) :
   mostly bursts ?
LF-bursts (ITKR)
HOM, auroral-
roar

bKOM
HOM
auroral-DAM
QP-bursts ? (JtIII)
Io-DAM, S-bursts

SKR UKR : B-smooth
           Dayside-smooth
           B-bursts
           N-bursts
           N-smooth (low-lat)

NKR : Smooth
         Main-bursts
         Anomalous-bursts
         HF-smooth (low-lat?)

Fine (t,f) structures
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[Calvert, 1981; de Féraudy et al., 1988; 
Bahnsen et al., 1989; Hilgers, 1992]

Radiosources  = plasma cavities (small-scale)



[Louarn et al., 1990]

Non-Maxwellian electron distributions : loss-cone, hole/shell

[Ergun et al., 1998]

[Mizera and Fennel, 1977]



e- accélération
mirror
point

radio emissions

reflected e-

Non-Maxwellian electron distributions : loss-cone, hole/shell



• emission intensity ⇒ direct, coherent radiation

• in low β magnetized plasma (fpe << fce), X mode emission (+ weak O) 

produced
 at f ~ fx ≈ fce (1 + ε) ≈ fce
 
 ε = (fpe/fce)2

• gyrating electrons excite fce at the expense of  mev⊥2/2

• relativistic resonance condition :  ω - k//v// - n ωce /Γ = 0

• growth rate : Im(ω) = γ ∝  ∫∫ v⊥2  ∂f/∂v⊥  δ(R.C.) dv// dv⊥

• ∂f/∂v⊥ > 0 from keV electron distributions

• Emission produced along a conical sheet

Cyclotron-Maser Instability

[Wu and Lee, 1979; Wu, 
1985; Galopeau et al., 2004; 

Treumann, 2006]



Growth rate :

Resonance :

Cyclotron-Maser Instability : Resonance & Gradients



ω - k//v// - n ωce/Γ = 0

Cyclotron-Maser Instability : a weakly relativistic theory

[Wu, 1985]



Cyclotron-Maser Instability : X & O modes growth rates

         fundamental & harmonic

[Treumann, 2000]



[Baumback and Calvert, 1981]

Narrow spectral structures : saturation by trapping ?



[Galopeau et al., 1989]

Modelled trapping-saturated SKR spectrum



f ~ fX < fce in sources : deep cavities & hot plasma dispersion

[Ergun et al., 1998]

[Bahnsen et al., 1989]

Viking

FAST



SKR source crossings by Cassini



Auroral arc

B
z

y

x

v⊥

v//

OUT

v⊥

v//

OUT

v⊥

v//
IN

Z mode

O mode

X mode

X mode

X
5

0
1

Electron energy (keV)

Electron density (cm-3)

[Louarn & Le Quéau, 1996]

The AKR laminar source model
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Ground-based observations of S-bursts



parallel 
velocity

∇B
(B model)

df/dt = dfce/ds x ds/dt

Electrons adiabatic motion in the absence of // E-field :

µ = v2
⊥/fce = v2/fmirror = Cte

v2 = v//
2 + v2

⊥ = Cte

pitch angle Φ=(v,B) : sin2Φ = v2
⊥/v2

 =  fce / fmirror

t

f

S-bursts drift-rates

v// = v (1 - fce/fmirror)1/2



E = 4.5 ± 1.1 keV, φeq  ~ 2.7°

[Hess et al., 2007a]

E = 5.3 ± 2.2 keV, φeq  ~ 2.8°

[Zarka et al., 1996]

S-bursts drift-rates : comparison with observations



Electron acceleration by Alfvén waves



[Hess et al., 2007b]

Electron acceleration by Alfvén waves



Search for non-adiabatic discontinuities in df/dt:

→ Study of 2 years of high resolution dynamic spectra (total ~1h30)

? Parallel energy:
v2

// = v2 - v2
⊥ = v2 - µ.fce

df/dt 
v2

// 

v2

µ



µ,v2

Confirmation of electrons adiabatic motion for most (>80%) 

observed dynamic spectra

<E>=3.9 keV

[Hess et al., 2007a]



 Strong doubles-layers detected in 15% of the cases

<E>=0.9 keV z~0.1 RJ

[Hess et al., 2007a]



[Su et al., 2003]

 Strong doubles-layers theoretically predicted



[Hess et al., 2008]

Dynamic spectrum (CMI) modeling

Loss-cone CMI

Shell CMI



fce = 20kHz

[Hospodarsky et al., 2003, 2004]

Jovian LF « quasi-periodic » QP bursts
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k

cone aperture (beaming angle)

3D - goniopolarimetry  (direction-finding)



[Cecconi et al., 2008]

3D - goniopolarimetry  (direction-finding)



2D & 3D radiosources imaging with Cassini

[Lamy et al., 2009a]



Auroral radio oval (statistical) similar to UV one

[Lamy et al., 2009]



[Galopeau & Lecacheux, 2000]

Saturn’s variable radio period

Ulysses

0.5-1%

[Gurnett et al., 2005]

Cassini

1%



[Gurnett et al., 2007]

Similar variations for …

magnetic field

plasma density ?

radio emissions

+ UV aurora ?

+ magnetopause location ?

+ currents ?

+ energetic particles ?



 not a real change of Saturn’s rotation rate !

Origin ?



Variable plasma flow from Enceladus ?

[Gurnett et al., 2007]



Saturn

   Subcorotating  

Corotating

[Southwood & Kivelson, 2007]

Magnetic « cam » due to rotating currents system ?



Source location jitter due to Solar Wind speed fluctuations ?

[Cecconi & Zarka, 2005]



[Cecconi & Zarka, 2005]

10h39.4m10h41m

10h45m

Vmax

Vmin

Tint

Tup Tdown

T

Source location jitter due to Solar Wind speed fluctuations ?



[Zarka et al., 2007]

Source location jitter due to Solar Wind speed fluctuations ?



Different rotational modulation in N & S hemispheres

[Gurnett et al., 2009]

• Asymmetric currents / conductivities ?
• Oscillating period due to SW jitter ?

PSaturn PRadio
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Detectability at stellar distances ?

Intense non-thermal radio emissions : 
« Plasma » processes 

7.10 6

5.10 9

~ 0.1”

Star/planet proximity
→ contrast

→ Contrast Sun/Jupiter ~1 !



• Galactic radio background: T ~ 1.15 × 108 / ν2.5  ~ 103-5 K  (10-100 MHz)

   →  statistical fluctuations  σ =  2kT/Ae(bτ)1/2


 →  N = s / σ with s = ζ SJ / d2

             SJ ~ 10-18 Wm-2Hz-1   (108 Jy)    à 1 UA

Radio detectability

• Maximum distance for Nσ detection of a source ζ x Jupiter :

  dmax = (ζSJA/2NkT)1/2(bτ)1/4


 ⇒    dmax (pc) =  5×10-8 (Ae ζ)1/2 f5/4 (bτ)1/4

[Zarka, 2007 ; and references therein]



 
 b  = 106 

(1 MHz, 1 sec) 
b  = 2×108 

(3 MHz, 1 min) 
b  = 4×1010 

(10 MHz, 1 hour) 
 f = 10 

MH z  
f = 100 
MH z  

f = 10 
MH z  

f = 100 
MH z  

f = 10 
MH z  

f = 100 
MH z  

 
Ae = 104 m2 

(~NDA) 
0.003 0.05 0 .01  0.2 0 .04  0.7 

 
Ae = 105 m2 
(~UTR-2) 

0 .01  0.2 0 .03  0.6 0 . 1  2.2 

 
Ae = 106 m2 

(~LOFAR77) 
0 .03  0.5 0 . 1  2. 0 . 4  7. 

 
(distances in parsecs)

Maximum distance of detectability

of Jupiter’s radio emissions

[Zarka, 2007 ; and references therein]



• Electron acceleration

• Coherent cyclotron emission

Auroral radio emissions generation

Emission intensity not 

predictable from first 

principles



• Kinetic energy flux on obstacle cross-section : Pk ~   NmV2 V  πRobs
2

N=No/d2  No=5 cm-3 m~1.1×mp

Energy sources : solar wind - magnetosphere interaction

[Akasofu, 1981, 1982; Zarka et al., 2001, 2007]

• Poynting flux of BIMF on obstacle cross-section : P = ∫obs(E×B/µo).dS

E=-V×B → E×B = VB⊥
2        →  Pm = B⊥

2/µo V  

πRobs
2



Energy sources : unipolar interaction
• Io-Jupiter : Alfvén waves & currents

φ = E× 2Robs = V×B⊥×2Robs

Pd = ε VB⊥
2/µo πRobs

2 = ε Pm

 MA ≤  ε  ≤ 1

• Chromospheric hot spot on
  HD179949 & υ And ?

[Shkolnik et al. 2003, 2004, 2005]

[Neubauer, 1980 ; Saur et al., 2004]



Energy sources : dipolar interaction

Downstream          Upstream

[McGrath et al., 2002; Kivelson et al., 1997, 2004]

• Ganymede-Jupiter : reconnection

Pd = ε K VB⊥
2/µo πRMP

2 = ε K Pm

 K = sin4(θ/2)  or cos4(θ/2) = 0/1

 ε ~ 0.1 – 0.2

•  Interacting magnetized binaries 
or star-planet systems ?



 
                                   Flow 
 
 
       Obstacle 
 

 
Weakly/Not 
magnetized 

 
(Solar wind) 

 

 
Strongly magnetized 

 
(Jovian magnetosphere) 

 
Weakly/Not magnetized 

 
(Venus, Mars, Io) 

 

 
 

No Intense Cyclotron 
Radio Emission 

 
 

Unipolar interaction  Io-
induced Radio Emission, 

 
 

Strongly magnetized 
 

(Earth, Jupiter, Saturn, 
Uranus, Neptune, 

Ganymede) 
 

 
Magnetospheric 

Interaction  Auroral 
Radio Emissions : 

E, J, S, U, N, 
 

 
Dipolar interaction  

Ganymede-induced Radio 
Emission 

 

Radio emissions from flow-obstacle interactions

Pd = ε VB⊥
2/µo πRobs

2

          ε ~ 0.2±0.1

[Zarka et al., 2001, 2007]



« Radio-kinetic Bode’s law »  (auroral emissions)

PRadio ~ η1 × PC  with η1 ~ 10-5

[Desch and Kaiser, 1984 ; Zarka, 1992]

Solar Wind expansion
V ~ cte

N ~ d-2   (mass conservation)



« Radio-magnetic Bode’s law »  (auroral emissions)

PRadio ~ η2 × PB  with η2 ~ 2×10-3

[Zarka et al., 2001]

Solar Wind expansion
V ~ cte

N ~ d-2   (mass conservation)

BR ~ d-2 (mag flux conservation)

Bϕ ~ d-1   (BR/Bϕ = V/Ωd)  B ~ d-1

(beyond Jupiter orbit, B ~Bϕ)



« Generalized radio-magnetic Bode’s law »
(all emissions)

PRadio ~ η × PB  with η ~ 2-10 ×10-3

[Zarka et al., 2001, 2005]

( )



Exoplanets

UA
[exoplanet.eu]

• 374 exoplanets (in >300 systems)
~110   with   a ≤ 0.1   AU      (30%) 
~75   with   a ≤ 0.05 AU = 10 Rs   (20%) 
→ « hot Jupiters » with periastron @ ~5-10 RS



Large-scale stellar magnetic fields

Magnetic field at Solar surface :

 → large-scale ~1 G (10-4 T)

 → magnetic loops ~103 G,

     over a few % of the surface

Magnetic stars : > 103 G

Spectropolarimeters : ESPaDOnS@CFHT & NARVAL@TBL 

 Tau Boo :      5-10 G
 HD 76151 :   ~10 G
 HD 189733 : >50 G
 HD 171488 : 500G
 …

[Catala et al., 2007; Donati et al., 2007, 2008]



• Ne & B variations in Solar corona and interplanetary medium

Modelling a magnetized hot Jupiter orbiting a Solar type star 

[Zarka et al., 2001, 2007]

• Solar wind speed in the planet’s frame



Modelling a magnetized hot Jupiter orbiting a Solar type star 

[Zarka et al., 2001, 2007]

• Magnetospheric compression

105

103

→ Total dissipated power on obstacle



→ Pradio-max  = PRadio-J × 105

if no “saturation” nor planetary magnetic field decay

    [Farrell et al., 1999, 2004 ; Zarka et al., 2001, 2007]

and applying the generalized radio-magnetic Bode’s law



• Radio detection → f > 10 MHz → Bmax-surface ≥ 4 G

• Jupiter : M = 4.2 G.RJ
3, Bmax-surface = 14 G, fmax = 40 MHz

• But Spin-orbit synchronisation (tidal forces)  ω↓

  and  M ∝ Psidα -1 ≤ α ≤ -½     →      M↓     (B decay)  ?

Planetary magnetic field decay ?

[Sanchez-Lavega, 2004]

• Internal structure + convection models
  → self-sustained dynamo → M  may remain ≥ a few G.RJ

3



• Similarities with Io-Jupiter case 

 Unipolar inductor in sub-Alfvénic regime

• But radio emission possible only if fpe/fce << 1

   intense stellar B required (κBsun  with  κ=10-100)

   emission  ≥ 30-250 MHz from 1-2 RS



    [Zarka, 2007]

 Unipolar inductor in sub-Alfvénic regime

• 

• Extrapolation / Radio-magnetic Bode’s law

 →  Pradio-max = PJ × 105 × (Rexo-ionosphere/Rmagnetosphere)2×(Bstar/BSun)2 

     = up to   PRadio-J × 106

Algol magnetic 
binaries

[Budding et al., 1998]



 
 b  = 106 

(1 MHz, 1 sec) 
b  = 2×108 

(3 MHz, 1 min) 
b  = 4×1010 

(10 MHz, 1 hour) 
 f = 10 

MH z  
f = 100 
MH z  

f = 10 
MH z  

f = 100 
MH z  

f = 10 
MH z  

f = 100 
MH z  

 
Ae = 104 m2 

(~NDA) 
1  16 3  59 1 3  220 

 
Ae = 105 m2 
(~UTR-2) 

3  50 1 1  190 4 0  710 

 
Ae = 106 m2 

(~LOFAR77) 
9  160 3 3  600 1 3 0  2200 

 
(distances in parsecs)

Maximum distance of detectability

of 105 α Jupiter’s radio emissions

ζ = 105



Tau Bootes

Predictions for the whole exoplanet census

[Lazio et al., 2004; Zarka, 2004; Griessmeier et al. 2007]



• Possibilities for radio scintillations ⇒    burts  Pradio × 102     [Farrell et al., 1999]

• Estimates of exoplanetary M (scaling laws - large planets better)  fce & radio flux

                     [Farrell et al., 1999 ; Griessmeier et al., 2004]

• Fx as wind strength estimator       [Cuntz et al., 2000 ; Saar et al., 2004, Stevens, 

2005]

• Stellar wind modelling (spectral type spectral, activity, stellar rotation)

              [Preusse et al., 2005]

• Time evolution of stellar wind and planetary radius (young systems better)

             [Griessmeier et al., 2004 ; Stevens, 2005]

• Different solar wind conditions, Role of (frequent) Coronal Mass Ejections

              [Khodachenko et al., 2006; Griessmeier et al., 2007]

• Magnetosphere limits Atmospheric Erosion               [Griessmeier et al., 2004]

• Application of unipolar inductor model to white dwarfs systems      [Willes and Wu, 2004, 2005]

• Magnetic reconnection, E-field and runaway electrons at the magnetopause ?

                        [Jardine & Collier-Cameron, 2008]

Other studies …



Dynamic spectrum modeling for exoplanets

i = 0°                        i = 30°

[Hess & Zarka, in preparation]



• Limited angular resolution (λ/D)  :  1 UA à 1 pc = 1 " ⇒ no imagery

 → (1) detect a signal, (2) star or planet ?

 → discriminate via emission polarization (circular/elliptical)

       + periodicity (orbital)

 → search for Jovian type bursts ?

Low-Frequency radio observations

• Very bright galactic background (Tb ~103-5 K)

• RFI (natural & anthropic origin)

• Ionospheric  cutoff ~ 10 MHz, and 

   perturbations ≤30-50 MHz

• IP/IS scintillations



• VLA  

1999 VLA measurement
73 MHz, 0.3 Jy sensitivity

• f ~ 74 MHz
• target Tau Bootes
• epochs 1999 - 2003
• imaging
• ~0.1 Jy sensitivity

     [Bastian et al., 2000 ; Farrell et al., 2003, 2004; Lazio & Farrell, 2007]



• f ~ 153, 244 & 614 MHz
• targets : Tauu Boo, Ups And, HD 189733
• epochs 2005-2007, 2008 (anti-transit of HD 189733)
• imaging + tied array beam
• <<1 mJy sensitivity

     [Lecavelier et al., 2009]

• GMRT  



• UTR-2

• f ~ 10-32 MHz
• a few 10’s targets (hot Jupiters)
• epochs  (1997-2000)  &  2006-2008+
• Simultaneous ON/OFF (2 tied array beams)
• sensitivity ~1 Jy within (1 s x 5 MHz)
• t,f resolution (~ 10 msec x 5 kHz)
• RFI mitigation

[Zarka et al., 1997 ; Ryabov et al., 2004]

Single pulses (dispersed)



• LOFAR  

• 30-250 MHz
• Epoch 2009+
• Sensitivity ≤ mJy
• Imaging + Tied array beams (≥8)
• Built-in RFI mitigation & ionospheric calibration

  Exoplanet search part of “Transients” Key Project

• Systematic search
 +
• Targeted observations



→ Direct detection

→ Planetary rotation period ⇒ tidal locking ?

→ Possible access to orbit inclination

→ Measurement of B ⇒ contraints on scaling laws & internal structure models

→ Comparative magnetospheric physics (star-planet interactions)

→ Discovery tool (search for more planets) ?

Interest of low-frequency radio observations of exoplanets

[Zarka, 2007 ; and references therein]


