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Abstract. The magnetospheric phenomenon of non-thermal
radio emission is known since the serendipitous discovery
of Jupiter as radio planet in 1955, opening the new field of
“Planetary Radio Astronomy”. Continuous ground-based ob-
servations and, in particular, space-borne measurements have
meanwhile produced a comprehensive picture of a fascinat-
ing research area. Space missions as the Voyagers to the
Giant Planets, specifically Voyager 2 further to Uranus and
Neptune, Galileo orbiting Jupiter, and now Cassini in orbit
around Saturn since July 2004, provide a huge amount of
radio data, well embedded in other experiments monitoring
space plasmas and magnetic fields. The present paper as a
condensation of a presentation at the Kleinheubacher Tagung
2013 in honour of the 100th anniversary of Prof. Karl Rawer,
provides an introduction into the generation mechanism of
non-thermal planetary radio waves and highlights some new
features of planetary radio emission detected in the recent
past.

As one of the most sophisticated spacecraft, Cassini, now
in space for more than 16 years and still in excellent health,
enabled for the first time a seasonal overview of the mag-
netospheric variations and their implications for the genera-
tion of radio emission. Presently most puzzling is the season-
ally variable rotational modulation of Saturn kilometric ra-
dio emission (SKR) as seen by Cassini, compared with early
Voyager observations.

The cyclotron maser instability is the fundamental mech-
anism under which generation and sufficient amplification
of non-thermal radio emission is most likely. Considering
these physical processes, further theoretical investigations
have been started to investigate the conditions and possibil-
ities of non-thermal radio emission from exoplanets, from
potential radio planets in extrasolar systems.

1 Introduction

After the discovery of Jupiter as radio emitter (Burke and
Franklin, 1955) planetary radio emission was established as
an essential part of magnetospheric physics, in particular
since the observation of terrestrial auroral radio emission
(Benediktov et al., 1966) and the detection of non-thermal
radiation at the giant icy planets by Voyager 1 and 2. The
most intense planetary radio emission is auroral emission,
observed close to the electron cyclotron frequency depend-
ing on the local magnetic field strength. The radio generation
mechanism is the electron cyclotron maser instability (CMI)
and the source location is at high auroral regions or, in the
case of the Jovian Io dependent radio component, in the Io
flux tube at high latitudes.

Essential radio emission parameters of the known ra-
dio planets of our solar system are summarized in Ta-
ble 1 (after Zarka, 1998). The names of the respec-
tive radio components represent the corresponding wave
length of the radio emissions. Note that for Uranus
the values <100/400/850 kHz correspond to the mini-
mum, peak and maximum frequency values of the B-
smooth component of Uranus kilometric radiation (UKR),
60/400/750 kHz to the B-bursts, 15/60/120 kHz to the N-
bursts and 100/150/300 kHz to the dayside component. In
the case of Neptune≤20/350/600 kHz corresponds to the
smooth component, 550/–/≥1326 kHz to the main bursty and
450/–/520 kHz to the anomalous bursty component.

In Sect. 2 this review briefly addresses the generation
of nonthermal radio emission. By both STEREO-A and -B
spacecraft not only an unambiguous determination of dif-
ferent radio components is possible, but the very faint ra-
dio signatures of a new component of decametric radiation
of Jupiter have recently been detected. This new component
with a modulation slighty slower (approx. 10 min) than the
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Table 1.Summary of essential radio emission parameters of the solar system radio planets (afterZarka, 1998).

Earth Jupiter Saturn Uranus Neptune

Rotation period 24 h 9 h 55.5 m 10 h 39.4 m 17 h 14.4 m 16 h 6.5 m

Generic radio
emission name

TKR (or AKR) bKOM/HOM/
DAM

SKR UKR NKR

Spectrum
(minimum/
peak/
maximum),
kHz

∼30
∼250
∼800

for DAM:
?
15 000
40 000

≤20
100–400
1200

<100/400/850;
60/400/750;
15/60/120;
100/150/300

≤20/350/600;
550/–/≥1326;
450/–/520

Flux density
at 1 AU,
W m−2 Hz−1

5×10−21 up to
10−19

10−19 up to
10−17

2× 10−20
∼4×10−22 1− 7× 10−22,

3× 10−21

System III Jupiter rotation appears to have a source loca-
tion somewhere in the Io torus, unlike the other Jovian radio
components, which are located either in the Jovian auroral
regions or in the Io flux tube close to Jupiter (Sect. 3). The
intriguing observations by Cassini reveal a series of fasci-
nating phenomena, including the variable rotational modula-
tion of the Saturn Kilometric Radiation (SKR) (Sect. 4). In
Sect. 5 this review on specific highlights concludes with a
first glimpse into potential radio emission from exoplanets
and corresponding theoretical investigations.

2 Generation of non-thermal radio emission

CMI is a wave–particle–interaction process which is based
on a resonant exchange of angular momentum between en-
ergetic electrons precipitating along the auroral magnetic
field lines and an electromagnetic wave. Weakly relativis-
tic beams of electrons (few keV) are the responsible agents
for the generation of non-thermal radio emission. In plasma-
depleted regions close to respective magnetic planet the
velocity distribution of the beam electrons becomes insta-
ble due to collisions with upper atmospheric constituents.
The converging magnetic field structure in the auroral re-
gions reflects the electron population, now out of equilib-
rium, and in course of their gyromotion with the electron
cyclotron frequency the electrons get in wave-particle reso-
nanceωr−

ωce
γ

−k‖v‖ = 0, withωr as the radiation frequency,
the electron cyclotron frequencyωce, the relativistic Lorentz
term γ and the Doppler shiftk‖v‖ parallel to the ambient
magnetic field. This resonance condition is part of the disper-
sion relation (top equation in Fig. 1) (Wu and Lee, 1979; Wu,
1985) which provides optimum wave amplification when the
resonance curve, i.e. the resonance ellipse in phase space, is
best positioned in the loss cone (Louarn et al., 1990) (indi-
cated by vertical arrows in Fig.1). Thus the optimum con-
ditions for wave amplification (plasma-depleted region with
plasma frequencyωp � ωce, k‖v‖ small with regard to the

other terms in the resonance condition) are met when the
curve of integration along the resonance ellipse is mainly lo-
cated in areas of∂Fe

∂v⊥
> 0 , whereFe is the velocity distri-

bution function of electrons. This so-called cyclotron maser
instability (CMI) mechanism, leading to radiation generated
by either loss cone distributions or shell distributions (Er-
gun et al., 2000) of electrons, is a direct generation mech-
anism of non-thermal radiation and ubiquitous in planetary
auroral regions. The CMI mechanism produces radio waves
with wave vectors almost perpendicular to the local magnetic
field. In the case of Earth, the corresponding source regions
can be sampledin situ by satellites (Ergun et al., 1998). The
CMI theory predicts domination of the right-hand polarized
extraordinary mode of the emission with frequencies close
to the local electron’s gyrofrequency. An extensive overview
of the electron-cyclotron maser can be found inTreumann
(2006).

3 Jupiter radio emission

Jupiter with the largest planetary magnetosphere in the so-
lar system is a complex source of a powerful coherent non-
thermal radio emission in a wide frequency range (Carr et al.,
1983). Decametric radio emission (DAM), the strongest
component of Jovian auroral radiation discovered byBurke
and Franklin(1955) is observed in a form of arc shaped ra-
dio bursts (on a minute timescale) in a frequency range from
few MHz up to 40 MHz (Carr et al., 1983; Zarka, 1998). De-
pending on the time scales, the Jovian DAM exhibits differ-
ent complex spectral structures. The S-bursts of DAM are
detected as very short (milliseconds) impulsive spikes with
fast drift in the time-frequency plane (Riihimaa, 1970, 1977;
Leblanc et al., 1980). The occurrence of the S-bursts obser-
vation depends on the orbital position of the satellite Io. The
S-bursts are observed as single events or as groups of S-burst
trains. The “long” L-burst emission (e.g. Io and non-Io con-
trolled DAM arcs) varies on the time scale of a few seconds.
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Figure 1.Growth rate of the dispersion relation of a radio wave (top equation) generated by an electron population with loss cone distribution
with positive gradient of distribution functionFe (middle equation). The resonance condition (bottom equation) considering relativistic
effects forms an ellipse in phase space.

Two types of the L-burst of DAM are observed: Io con-
trolled “Io-DAM” and Io independent “non-Io DAM”. The
sources of the Io-DAM are located near the atmospheric foot-
point of the Io flux tube. The electrodynamic interaction be-
tween Jupiter and its moon Io results in the acceleration and
the precipitation of electrons into Jupiter’s atmosphere and
thus radiation of electromagnetic emissions in a frequency
range from 1–2 MHz up to 40 MHz. The observation proba-
bility of the Io-DAM strongly depends on the orbital phase
of Io and Jovian Central Meridian Longitude (CML III) rel-
ative to the observer (Carr et al., 1983). The non-Io DAM
is driven by the precipitating electrons accelerated by field-
aligned currents caused, most probably, by the breakdown of
rigid corotation of the magnetosphere or by reconnection in
the magnetotail and at the magnetopause (Saur et al., 2004).

In the case of Jupiter decametric radio waves are emit-
ted in a hollow cone, where the radio emission is within the
thin walls of the emission cone. The thickness of this cone
mantle has been determined by Cassini and Wind stereo-
scopic observations (Kaiser et al., 2000) and recently been
confirmed byZörweg(2011) with STEREO-data, with cone
mantle thickness in the order of about 1◦.

DAM exhibits strong periodicities related to the rotation
of the non-axisymmetric Jupiter’s magnetosphere (9.925 h,
System III) and Io orbital period (42.46 h) (Carr et al., 1983;
Kaiser, 1993). The Io controlled component of DAM (Io-
DAM) is well organized into longitudinal systems related
with the Io orbital position. The non-Io component of the
DAM is a highly variable and sporadic radio emission, gener-
ally modulated by the rotation of the Jovian magnetosphere.
Recently, Panchenko et al. (2010, 2013) andPanchenko and
Rucker(2011) reported on the finding of new types of in-
tense non-Io DAM bursts recorded by STEREO/WAVES,
Wind/Waves and Cassini/RPWS space borne radio instru-
ments in a frequency range from 5 MHz to 12–16 MHz,
which are rarely observable on the Earth due to ionospheric
cut-off below 10 MHz. The examples of these bursts are pre-
sented in Fig.2. These bursts were observed as series of arc-

like radio features with negative time-frequency drift which
reoccur with a surprisingly new averaged period of 10.07 h
or ∼1.5 % longer than the rotation rate of the Jovian magne-
tosphere and∼1.5 % shorter than the averaged periodicity in
the Io plasma torus defined by System IV,∼10.224 h (Sandel
and Dessler, 1988). There is a preferable sector of Jovian
CML III between 300◦ and 60◦, where the probability of
observing the periodic bursts was found to be significant. No
correlation with Jupiter’s moons has been found.

The stereoscopic simultaneous observations from two
spacecraft have shown that the radio sources of the periodic
bursts corotate with Jupiter and, contrary to the non-Io DAM,
their sources may be active during relatively longer periods
of time (from 3 up to 7 Jupiter rotations), producing practi-
cally identical radio features. Moreover, the emission beam
pattern of the periodic bursts has a strong anisotropy, because
only one burst is generally observed per Jupiter rotation.

The measured solar wind parameters, ballistically propa-
gated to the position of Jupiter, revealed a strong correlation
between occurrence probability of the periodic bursts and
the enhancement of the solar wind ram pressure. Addition-
ally, the Lomb-Scargle spectral analysis has shown that the
periodic bursts exhibit a tendency to occur in groups every
∼25 days, i.e. the synoptic solar rotation period as viewed
from Jupiter (Panchenko et al., 2013). The recent simultane-
ous observations of the periodic non-Io DAM using the ra-
dio experiment onboard the two STEREO spacecraft and the
ground-based radio telescope URAN-2 (Poltava, Ukraine)
have shown that the periodic bursts are observed as right and
left hand polarized radio emission associated with the North-
ern and Southern magnetic hemispheres of Jupiter, respec-
tively.

One possible source candidate for the energetic particles
which may produce the periodic bursts of DAM is the Io
torus.Steffl et al.(2006) have reported the finding of 10.07 h
variation of ion azimuthal composition in the Io plasma torus
observed by Cassini/UVIS. This is in very good agreement
with the averaged period of the reoccurrence of the non-Io
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Figure 2.Examples of the periodic bursts observed by STEREO/WAVES, Cassini/RPWS and Wind/WAVES. The periodic bursts are marked
by arrows. The average period of the burst repetition in each group is given. (FromPanchenko et al., 2013)
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Figure 3. Dynamical spectrum of RPWS measurements of Cassini orbiting Saturn close to the equator. More than 2 Saturn rotations are
performed in the 24 h time span. Patches of modulated SKR emission are seen in the frequency range of a few tens up to several hundreds of
kHz (vertical axis) with radio flux densities more than 20 dB above background.

DAM periodic bursts. Furthermore, several episodes have
been found when periodic non-Io DAM was observed simul-
taneously with so-called “bullseyes”, U-shaped narrowband
emissions in the low frequency 20–50 kHz band (Kaiser and
MacDowall, 1998), observed by Ulysses/URAP spacecraft.
Farrell et al.(2004) explained the “bullseyes” emission as Jo-
vian narrowband kilometric emissions (nKOM) generated in
the radially extended plasma fingers developed in the course
of the interchange instability in the Io torus. These latitudinal
extended fingers may be a plasma source which supplies the
cyclotron maser in the auroral region. Therefore, it has been
suggested that the interchange instability in the Io torus, trig-
gered by the solar wind pulses, may be a possible generation
mechanism of the periodic non-Io DAM bursts (Panchenko
et al., 2013).

Besides the main group of periodic bursts, two other
groups of periodic features, rarely observed in the radio spec-
tra, were found. There are “vertex-early” periodic non-Io
DAM bursts or arcs with positive frequency drift and non-
arc periodic radio features. In contrast to the main group,
the “vertex-early” bursts reoccurred with a period close to
the Jupiter System III rotation and typically were observed
during 7–10 Jupiter rotations. The rarely recorded non-arc
periodic radio features are observed as broad beamed radio
emission lacking clear discrete features.

4 Saturn radio emission periodicity

The Voyager 1 and 2 flybys at Saturn enabled the detection
(Kaiser et al., 1980) and further detailed investigations on
the Saturn Kilometric Radiation (Kaiser et al., 1981; Kaiser
and Desch, 1982). This radio emission is strongly modulated
by the planetary rotation as Voyager measurements deter-
mined the period to 10.6 h (Desch, 1982). Radio measure-
ments on the Ulysses spacecraft surprisingly showed that this
periodicity apparently exhibits long-term variations by ap-
proximately one percent (Galopeau and Lecacheux, 2000).
As pointed out byGurnett et al.(2009), this small period
variation should not be feasible for a planet rotating as fast
as Saturn. However, this was confirmed by Cassini Radio and
Plasma Wave Science (RPWS) measurements from 2002 to
2004 (Gurnett et al., 2005) with a new periodicity of 10.76 h.
This puzzle became even more complicated by the fact that
further RPWS data analysis (Kurth et al., 2008) discovered a
“second” component at the previously determined period of
10.6 h.

Figure 3 shows a typical dynamic spectrum (radio flux
density as a function of frequency and time) as observed
by Cassini RPWS in orbit around Saturn, close to the equa-
tor. Here the rotational modulation is clearly visible in the
kilometric wavelength range, corresponding to frequencies
of several tens to hundreds of kHz. Apart from studies on the
average and statistical properties of the SKR based on the
extensive Cassini RPWS measurements (Lamy et al., 2008),
the variability of SKR periodicities has been the subject of
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Figure 4. Normalized peak-to-peak power of SKR modulation in a diagram of rotation rate versus time. The “second SKR component”
(Kurth et al., 2008) varies between 814 and 818◦/day and is close to rotation rates determined byRead et al.(2009) andAnderson and
Schubert(2007). Note the crossing of the first (south) and second (north) SKR component several months after equinox.

a series of detailed investigations (Cecconi and Zarka, 2005;
Gurnett et al., 2010; Lamy, 2011). The most intriguing fact
is the appearance of a second component of SKR observed
in the northern hemisphere of Saturn with a significantly dif-
ferent rotational periodicity (Fig.4). This periodicity is close
to the internal rotation rate of Saturn from gravity measure-
ments considering Saturn’s oblateness (Anderson and Schu-
bert, 2007) and derived from atmospheric planetary-wave
configurations (Read et al., 2009). A further surprising fact
is the merging of the northern and southern rotation rates of
both SKR components several months after equinox (several
months delay has been observed, Fig.4).

As has been discussed inGurnett et al.(2009) the compo-
nent observed by Cassini during the part of the orbit at north-
ern latitudes (>10◦) shows a rotation rate of∼816◦/day
and the other component observed at southern latitudes (<

−10◦) has a rotation rate of∼800◦/day. The SKR apparently
is modulated at different rates in the two hemispheres, which
obviously is difficult to explain if plasma and magnetic fields
responsible for the emission generation, are interconnected
between the hemispheres. Asymmetries, however, are intro-
duced via the difference in solar illumination. So it might
not be surprising that the rotation rates of both components
cross each other, perhaps with some delay time after equinox
(Fig.4). A detailed discussion inGurnett et al.(2009) further
outlines the possibilities and constraints.

5 Exoplanetary radio emission

One of the first suggestions regarding the possibility of ra-
dio emission of exoplanets was provided byFarrell et al.
(1999). Exoplanetary radio emission has not yet been found
and there are various reasons for the non-detection. Among
these are the beamed nature of the cyclotron maser instabil-
ity, the insufficient sensitivity of the instruments, the mis-
match of the transmitted and received frequencies, or that the
radio emission frequency lies below the ionospheric cutoff
(Vidotto et al., 2012). Many searches for exoplanetary radio
emission have been made with the existing ground-based fa-
cilities. One of the more recent attempts was performed by
Lecavelier des Etangs et al.(2013), who found a hint of ra-
dio emission around 150 MHz from a Neptune-mass extra-
solar planet named HAT-P-11b.Zarka et al.(2012) propose
building a radio array on the moon to overcome the prob-
lem of the ionospheric cutoff. The emphasis, however, is the
detection of exoplanetary radio emission from the terrestrial
surface.Hallinan et al.(2013) describe an unsuccessful at-
tempt to detect radio emission at 150 MHz from the extra-
solar planetτ Bootis b with the GMRT (Giant Meterwave
Radio Telescope). Additional searches have been reported by
Bastian et al.(2000) using the VLA (Very Large Array), as
well as George and Stevens(2007) using the GMRT. The
currently most sensitive radio array at decametric frequen-
cies is the UTR-2 (Konovalenko et al., 2001) in Kharkiv
(Ukraine), operating from 8 to 32 MHz with an effective
area of 150 000 m2. An extensive observation campaign was
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Figure 5. Expected radio flux of Hot Jupiters in comparison to solar system bodies (afterZarka, 2004).

carried out between 1997 and 2001 (Ryabov et al., 2004), but
also without positive detection of exoplanetary radio emis-
sion.

Predictions for the detectability of exoplanetary radio
emission from the ground have been made. Most of these
statistics use the so-called radiometric Bode’s law (empir-
ical relation between incident solar wind power, magnetic
field strength of the planet and the mean emitted radio
power) to derive an estimation for the magnetic moment of
the exoplanet (Lazio et al., 2004; Grießmeier et al., 2007;
Grießmeier, 2007; Zarka et al., 2001). Nichols (2011, 2012)
considers the configuration of an exoplanet with a satellite
like Io orbiting the exoplanet. As is well known from the
solar system planet Jupiter, the plasma interaction with its
satellite Io produces strong radio emission (up to 40 MHz).
All these predictions lead to the hypothesis that exoplane-
tary radio emission should be at or at least near the detection
limit of current and future radio arrays, especially the UTR-2
and the LOFAR (LOw Frequency ARray) radio telescopes.
The estimated radio flux is predicted to be 104 or even 105

times higher than for Jupiter in the solar system (Fig.5).
Hot Jupiters (Jovian mass planets at about 0.045 AU orbit
around their host stars) and Jupiter-like planets with an inner
plasma source like Io is for Jupiter (Nichols, 2011, 2012),
are most likely to be detectable because the stellar wind ki-
netic energy input into the magnetosphere of such a planet is
much larger compared to planets at larger orbital distances.
Especially for younger and thus more active stars one can
also expect stellar coronal mass ejections frequently hitting
the planet (Grießmeier et al., 2007) and thus deposit much
more energy into the magnetosphere and ultimately lead to
higher radio fluxes. A tidally locked planet, due to slower ro-
tation rate and thus smaller magnetic moment, would have a
much smaller magnetosphere and thus also a smaller radio
flux output. The influence of tidal locking on the magneto-
sphere of an exoplanet has been considered byGrießmeier
et al.(2004). Lazio et al.(2004) were the first to present a full
list of predictions for radio fluxes of all exoplanets known at
that time derived from a radiometric Bode law. This list was
updated byGrießmeier et al.(2007). Reiners and Christensen
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(2010) present a magnetic field evolution scenario for brown
dwarfs and magnetic planets and from this model they derive
an updated list of possibly detectable exoplanets. They base
their study on dynamo scaling laws rather than a radiometric
Bode’s law.

The importance of detecting exoplanetary radio emission
is the information this provides about exoplanetary magneto-
spheres. The maximum frequency of the emission provides
information about the magnetic field strength of the planet.
Also the orbital parameters or general information about the
plasma environment of an exoplanet could be derived.Hess
and Zarka(2011) show simulated exoplanet radio emission
spectra and discuss in detail which features can be derived
from spectra potentially measured in the future by UTR-2 or
LOFAR.

6 Conclusions

Non-thermal planetary radio emission is a valuable indica-
tor for characteristic planetary and magnetospheric phenom-
ena. Specific conditions in a magnetoplasma transform par-
ticle kinetic energy into electromagnetic wave energy where
beams of keV electrons get into loss cone or shell distribu-
tion with subsequent emission of radio waves into thin walls
of hollow emission cones. This hollow cone geometry is a
general feature of planetary radiation, even observed in the
Uranus kilometric radiation UKR when Voyager 2 observed
the “bite-out” features looking into the hollow cone void of
radio emission when the cone is swept over the spacecraft
due to planetary rotation.

Planetary radio emission is modulated by planetary rota-
tion and by external forces such as planetary satellites (Io in
the case of Jupiter, possibly Rhea and Dione in the case of
Saturn) and above all by the solar wind.

A most intriguing puzzle appeared at Saturn when Cassini
RPWS observed the dual rotation rate from the Northern and
Southern hemispheres, respectively. The underlying physical
chain of processes is still matter of discussion.

Planetary radio emission is valuable for remote sensing of
auroral and magnetospheric plasma dynamics and fields, and
thus of considerable importance for its potential application
to exoplanets. A first positive detection of exoplanetary ra-
dio emission may occur in the near future. Following up on
this discovery, further parameters of the exoplanet, such as
its magnetic environment and potentially the interaction with
its host star via stellar winds, can be derived.
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