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Abstract

The auroral regions of the so-called radio planets are the source of powerful,
non-thermal, radio emissions amplified by an electron-wave resonant instability.
These emissions are produced near the planetary magnetic poles along high latitude
magnetic flux tubes at altitudes ranging from above the atmosphere up to a few
planetary radii, and over variable ranges of local time and longitude. The radiated
waves are also beamed at large angles from the local magnetic field vector, along a
hollow cone, and further affected by refraction along the ray path. As a result, the
final visibility of planetary auroral radio emissions strongly depends on the position
of the observer. The underlying electron acceleration mechanisms depending on the
considered magnetosphere, understanding the overall visibility of radiated waves
is important to assess the diagnostic brought by remote radio observations onto
auroral and magnetospheric dynamics. This topic has been widely studied in the
literature, taking advantage of space-based radio exploration, generally on a planet-
by-planet basis. In this work, we present an updated view of the visibility of Saturn’s
kilometric radiation from the full set of Cassini/RPWS observations obtained over
2004-2017. We then review comparatively recent parallel studies of the visibility
of Terrestrial kilometric radiation and of Jovian broadband kilometric, hectometric
and decametric emissions. We finally discuss the implications for the search for
exoplanetary auroral radio emissions.
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1 Introduction

Powerful, non-thermal, radio emissions have been ubiquitously detected from the plane-
tary magnetospheres of the solar system which have been observed from the ground above
the terrestrial ionospheric cutoff frequency of ∼ 10 MHz and from space below. While
the Jovian decametric (DAM) emissions have been observed by various radiotelescopes
between 10 and 40 MHz from the early 1950s (Burke & Franklin, 1955), the most studied
emission has been the Auroral (or Terrestrial) Kilometric Radiation (AKR) at Earth,
extending from a few kHz to 1 MHz, which benefited from numerous in situ space-based
observations since the 1960s (Benediktov et al., 1965; Gurnett, 1974). AKR was early
identified as being (mostly) R-X mode emission produced along high latitude (auroral)
magnetic flux tubes at frequencies f close to the local electron cyclotron frequency fce,
itself proportional to the local magnetic field amplitude. Its properties are now fairly
established, in terms of spectrum, radiated power, dynamics, high degree of circular po-
larization (Right- and Left-Handed polarized, hereafter RH and LH, in the northern and
southern magnetic hemispheres) and strongly anisotropic beaming. Wu & Lee (1979)
subsequently developed the theory of the electron Cyclotron Maser Instability (CMI),
able to directly amplify R-X mode waves from mildly relativistic electrons, to account
for the AKR generation. This mechanism was later validated in situ by successive polar
spacecraft such as Viking, Freja, Dynamic Explorer 1 and FAST (Fast Auroral SnapshoT
Explorer Baumjohann & Treumann, 2022, and references therein). In the late 1970s, the
Voyager exploration of the giant planets then yielded the successive detection of Hecto-
metric (HOM) and broadband Kilometric (b-KOM) emissions at Jupiter and Kilometric
Radiation at Saturn (SKR), Uranus (UKR) and Neptune (NKR). The similarity of their
macroscopic properties with those of AKR led to attribute all of them to the CMI (Louarn,
1992; Zarka, 1998, and references therein). This inference was only recently confirmed in
situ at Saturn with Cassini (Lamy et al., 2010; Mutel et al., 2010) and at Jupiter with
Juno (Louarn et al., 2017; Louis et al., 2020) - see also Collet et al. (2023, this issue).
Hereafter, we thus restrict ourselves to the Earth, Jupiter and Saturn, whose magnetic
axis is additionally weakly tilted with respect to the rotation axis, whose obliquity is low
(≤ 30◦).

The convolution of the spatial distribution of radiosources with the emission beaming,
further affected by wave refraction along the ray path, controls the overall visibility of the
emission. The former two characteristics depend on the topology of the planetary mag-
netic field and on the source of free energy (CMI-unstable Electron Distribution Function,
hereafter EDF, of a few keV) associated with the acceleration mechanisms prevailing at
each magnetosphere. The magnetospheric dynamics at Earth is for instance governed by
the interaction with the solar wind, as opposed to that prevailing at Jupiter, mostly driven
by the fast planetary rotation and planet-satellite interactions, while Saturn’s magneto-
sphere is controlled by part of/all these drivers. The auroral processes therefore strongly
depend on Local Time (LT) at Earth and Saturn, and on longitude at Jupiter and Saturn
(Badman et al., 2015, and references therein). More precisely, the AKR source region
lies on the nightside hemisphere and peaks pre-midnight near ∼22 LT (Gurnett, 1974;
Panchenko, 2003). It is embedded within a plasma cavity along upward-directed field-
aligned (Birkeland) currents mapping to the auroral oval (Huff et al., 1988; Hilgers et al.,
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1991). AKR is radiated quasi-perpendicularly to the magnetic field vector by shell-type
EDF (Roux et al., 1993; Louarn & Le Quéau, 1996; Ergun et al., 2000). Still, its apparent
beaming is strongly oblique and partly filled in as the result of wave refraction at the
edges of the auroral cavity (Schreiber, 2006; Mutel et al., 2008; Menietti et al., 2011).
The SKR sources are distributed at all LT while reaching maximal intensity in the dawn-
to-noon LT quadrant instead, peaking near ∼08 LT (Cecconi et al., 2009; Lamy et al.,
2009b). They are also colocated with upward-directed field-aligned currents and (partly)
with the auroral oval, wich lies at slightly larger invariant latitudes than at Earth (Bunce
et al., 2010; Lamy et al., 2018). SKR appears to be radiated quasi-perpendicularly at the
source by shell-type EDF (Mutel et al., 2010; Lamy et al., 2010; Schippers et al., 2011).
Its strongly oblique apparent beaming is suspected to result from wave refraction near
the source. Investigating the SKR visibility from the morning sector at mid-latitudes, a
modeling study showed that only ≤ 5% of all SKR sources and radiated power was vis-
ible instantaneously (Lamy et al., 2013). Turning to Jupiter, its auroral radio emissions
decompose into two main components. The Jupiter-satellite DAM sources lie along flux
tubes associated with Io, Europa and Ganymede, respectively. They take the form of
arc-shaped structures in the time-frequency plane lasting for a few hours (labelled A/B
and C/D for northern/southern emissions, and A/C and B/D for vertex late/early arcs)
which are visible for specific phases of the moon with respect to the observer, namely
∼ 50 − 120◦ (peaking near ∼ 90◦) for B and D arcs and ∼ 160 − 260◦ (peaking near
∼ 240◦) for A and C arcs (Bigg, 1964; Louis et al., 2017; Zarka et al., 2018; Louis et al.,
2020; Jácome et al., 2022). The b-KOM, HOM and DAM sources unrelated to moons
have been observed at all longitudes along flux tubes mapping to 15-60 Jovian radii mag-
netic apices, coincident with the equatorward edge of the auroral oval (Imai et al., 2019;
Louis et al., 2019, and references therein) and, more frequently, with the zone of diffuse
aurora (Al Saati et al., 2022; Collet et al., 2023). All those emissions display oblique
beaming at the source consistent with prominent loss cone-type EDF produced by Alfvén
acceleration (Hess et al., 2007, 2008; Louarn et al., 2017, 2018), with some rare cases of
shell-driven CMI (Collet et al., 2023, this issue). The role of refraction near the source
has been quantified by Galopeau & Boudjada (2016) which predicts a flattened emission
cone. Lastly, Jupiter HOM/DAM sources appear to be more intense in average on the
duskside hemisphere, and more frequent during solar wind shock interactions (Hess et al.,
2014, ands references therein) - see also (Boudouma et al., 2023, this issue).

The purpose of this study is to focus on the resulting overall visibility of auroral radio
emissions at Saturn (Section 2), Jupiter (Section 3) and the Earth (Section 4), taking
advantage of long-term space-based radio observations of these magnetospheres from a
wide variety of positions. This approach is aimed at achieving a comparative view on the
most appropriate observer’s location to remotely track planetary radio emitters, and to
infer general implications for the rising search for exoplanets (Section 5).

2 Saturn

The investigation of SKR properties has largely benefitted from Cassini/RPWS observa-
tions over 2004-2017 (Lamy, 2017, and references therein). Its visibility was quantified by



472 Lamy et al.

10

100

1000

Fr
eq

ue
nc

y 
(M

H
z)

-50 0 50
Latitude (o)

10

100

1000

Fr
eq

ue
nc

y 
(M

H
z)

-22.5

-22.0

-21.5

-21.0

-20.5

-20.0

Lo
g 

W
.m

-2
.H

z-1

(a) LH

(b) RH

Figure 1: Dynamic spectra of the (a) LH- and (b) RH-polarized average wave flux density normalized
to 1 AU as a function of latitude, as derived from the Cassini/RPWS 2004-2017 SKR dataset. The
prominent component in each hemisphere corresponds to SKR R-X mode emission. This Figure extends
Figure 11 from Lamy et al. (2008a).

building up average dynamic spectra of the wave flux density as a function of Cassini’s
kronocentric latitude (which roughly coincides with magnetic latitudes) and LT in the
successive studies of Lamy et al. (2008a); Kimura et al. (2013); Nakamura et al. (2019),
based on the same SKR data collection.

In terms of LT, the SKR spectrum was found to be more intense when observed from
the morning hemisphere, with some variations depending on the considered time-interval
impacted by the both the orbital geometry and the seasonal variations of the SKR activity,
as illustrated in Figure 2 of Nakamura et al. (2019). When compared to the intensity
profile of SKR sources mentioned in introduction, this LT distribution is broadened and
smoothed, as the result of the emission visibility.

The latitudinal distribution is less affected by time-variable geometrical/seasonal effects.
Figure 1 plots the SKR average flux density as a function of frequency and Cassini’s
latitude over the full 2004-2017 (post-orbit insertion) interval separately for both RH-
and LH-polarized emissions. This Figure updates Figure 11 of Lamy et al. (2008a) which
already labelled the visible components. R-X mode SKR forms the prominent emis-
sion seen in each hemisphere (RH in the north, LH in the south), with a marginal L-O
mode counterpart seen near the SKR low frequency envelope in the opposite hemisphere.
The two persistent bands of signal seen below ∼ 30 − 40 kHz with the opposite degree
of polarization correspond to narrow-banded emissions (Wu et al., 2021, and references
therein). Overall, the R-X mode SKR spectrum maximizes at mid-latitudes, typically
over ∼ 10 − 30◦ and decreases both at lower and higher latitudes. Toward the equator,
the 100−500 kHz band can be tracked down to ∼ 10−20◦ latitudes in the opposite hemi-
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(a) LH polarized SKR (Southern R-X mode)

-60 -40 -20 0 20
Latitude (°)

(b) RH polarized SKR (Northern R-X mode)

-20 0 20 40 60
Latitude (°)

2

4

6

8

10

Po
w

er
 (W

/s
r)

2

4

6

8

10

Po
w

er
 (W

/s
r)

Figure 2: (a) LH- and (b) RH-polarized wave radiated power integrated over 100-500 kHz as a function
of latitude, as derived from the Cassini/RPWS 2004-2017 SKR dataset. The dots refer to individual 3-
min averaged measurements. The solid blue lines draw the median behaviour of each distribution.

sphere. Toward the pole, high and low frequencies gradually disappear beyond ∼ 50◦,
respectively.

Figure 2 plots the LH- and RH-polarized radiated power integrated over 100-500 kHz, that
is the peak of the SKR spectrum, as a function of latitude. The dots refer to individual 3-
min averaged measurements throughout the entire 2004-2017 interval. The solid blue lines
draw the median of each distribution. Those panels again show a symmetrical behavior for
both hemispheres. Whatever the latitude, individual SKR measurements reveal a broad
scattering extending over ≥ 6 orders of magnitude, illustrating the intrinsic variability of
the emission. Both blues lines peak over ∼ 10− 30◦. The median power measured in this
range is typically 0.5 − 1 order of magnitude larger than that signal observed from near
the equator (where both hemispheres can be observed simultaneously) or from medium
latitudes (∼ 40− 50◦). SKR was more scarcely observed beyond 60◦.

3 Jupiter

Cassini/RPWS, Voyager/PRA and Nançay Decameter Array (NDA) statistical observa-
tions of Jupiter were used to produce average dynamic spectra of the full Jovian spectrum
as a function of longitude (Imai et al., 2011; Zarka et al., 2021). Figure 9 of Zarka et al.
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Figure 3: Dynamic spectrum of the average wave flux density normalized to 1 AU as a function of
frequency and latitude, as derived from Juno/Waves calibrated data between 2016-188 and 2019-173.

(2021) illustrates that, altogether, the various radio components are observed from all
longitudes despite some differences between RH- and LH-polarized emissions depending
on the relative orientation of the magnetic dipole. As reminded in introduction, the DAM
emissions induced by Io, Europa and Ganymede are visible for two specific phases windows
at ∼ 40− 130◦ and ∼ 150− 280◦, hence near quadrature.

Taking advantage of Juno/Waves observations acquired since 2016 along polar orbits,
Louis et al. (2021b) built up dynamic spectra by component as a function of magnetic
latitude (see their Figure 4). The Io-DAM spectrum for instance maximizes whenever
observed over ∼ 5 − 30◦ in each hemisphere (despite Juno/Waves cannot measure the
wave polarization, northern Io-DAM arcs reach in average higher maximal frequencies
than southern ones). Taken altogether, the spectrum of non-Io HOM/DAM emissions
(≥ 3 MHz) also maximizes over 0 − 30◦ with intense emissions seen up to 80◦, despite a
modest hemispheric asymmetry. Interestingly, a high frequency extinction (reminiscent
of that observed for SKR) is visible at high enough latitudes, and is best seen in the south
below −50◦. At lowest frequencies, the b-KOM spectrum maximizes within 10− 40◦.

Figure 3 provides a compiled view of Figure 4 of Louis et al. (2021b) over the full spectral
range of Juno/Waves, including the strongly attenuated band 150 kHz−3 MHz covered by
the HFR-Low filter unshown before. The red color of HOM emissions seen with HFR-Low
simply results from the higher background/least sensitivity of the receiver which could
only track powerful enough emissions detected close enough from Jupiter, visible between
−50◦ and +30◦ latitude.
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4 Earth

Analyzing 10 years of Wind/Waves observations of AKR at Earth, Waters et al. (2022)
recently statistically investigated the AKR visibility as a function of LT. Figure 4 is
a modified version of their Figure 1, which displays the AKR radiated power integrated
over its full 30-650 kHz spectrum as a function of LT and magnetic latitude (a fair portion
of which was explored by the Wind spacecraft during the early stages of the mission).
This Figure illustrates that AKR power maximizes whenever observed from the nightside
and from mid-latitudes beyond 5◦. The missing high latitude coverage is dealt with in a
parallel analysis of POLAR radio observations (Louis et al., 2023, this issue).
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Figure 4: Average AKR radiated power integrated over 30-650 kHz as a function of LT and magnetic
latitude, as derived from Wind/Waves AKR observations from 1995 to 2004. The top and left-hand plots
display the median power as a function of LT and magnetic latitude, respectively. Adapted from Waters
et al. (2022).

5 Implications for exoplanets

The universal character of the CMI was early thought to apply to a wider range of astro-
physical objects (Treumann, 2006) and motivated an intense activity of the community
to search for exoplanets at low frequencies. These efforts relied on predictions on the one
hand and exploratory observations with ground-based radiotelescopes on the other hand.
On the former side, one has to distinguish between magnetospheric radio emission from
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the exoplanet itself (as for the Earth and the giant planets) and stellar radio emission
induced by the electrodynamic interaction with a close-in orbiting exoplanet (transposing
the Io-Jupiter archetype to hot Jupiters orbiting throughout the magnetic environment of
the host star). Scaling laws using solar system measurements were therefore elaborated
to predict the expected flux for emissions driven either internally or externally to the
magnetosphere by star/planet interactions on the one hand (Zarka et al., 2017) and inter-
nally by Jupiter-like fast rotating magnetospheres on the other hand (Nichols & Milan,
2016). Such scaling laws were in turn used to prioritize the most promising targets (e.g.
Grießmeier et al., 2007). While hints of a detection have been published with sensitive
instruments such as LOFAR (e.g. Turner et al., 2021), a confirmed detection of an exo-
planet at low frequencies is still pending. Still, the search for exoplanets remains a major
objective of future low frequency radiotelescopes such as NenuFAR (Lamy et al., 2014;
Zarka, 2020) and, ultimately, SKA-Low (Zarka et al., 2015).

The results presented in previous sections suggest that the auroral radio visibility may
help to search for exoplanets by improving their ”figure of merit” or conversely help to
interpret validated detections. As sketched in Figure 5a, the auroral radio emissions of
the Earth, Jupiter and Saturn are mostly beamed toward medium magnetic latitudes,
both hemispheres illuminating the equator with a modest decrease of power. Assuming
that a similar small tilt between the magnetic and the rotation axis and low obliquity of
the latter prevail for distant stellar systems, observing exoplanets which transit ahead of
their star ensure the observer to observe from medium latitudes, with significant chances
to detect both hemispheres (either simultaneously or in alternance depending on the tilt
of the rotation axis and on the rotation period).

Earth-type 
magnetospheric 

emission

Saturn-type 
magnetospheric 

emission

(b)

Io-Jupiter 
B/D type of 
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Io-Jupiter 
A/C type of 
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Figure 5: Sketch of the visibility of auroral radio emissions from the Earth, Jupiter and Saturn. (a)
Meridian plane showing the hemispheric beaming as a function of latitude for two frequencies f1 and f2
with f1 ≥ f2. Both hemispheres can only be observed together from near the magnetic equator. Adapted
from Lamy et al. (2008b). (b) Orbital plane of a stellar system for a terrestrial observer located at the
bottom. The double arrows indicate the suitable portions of exoplanetary orbits to detect Saturn- and
Earth-type of magnetospheric radio emissions (blue) and Io-Jupiter type of radio emissions (orange).
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Whenever observed from such medium latitudes, the solar system radio sources are best
visible for certain phases with respect to the observer, as illustrated in Figure 5b. The
Io-Jupiter arcs are detected near both quadratures, with a slight asymmetry in phase re-
sulting from physical parameters of the Io-Jupiter interaction, such as a complex magnetic
topology affecting the beaming or the presence of a dense Io plasma torus moving the
Io active flux tube ahead of the position of the moon. Tracking Star-planet interactions
transposing the Io-Jupiter case should similarly maximize detection near both quadra-
tures. Interestingly, such a signature has recently been reported from GHz observations
for at least two systems : Proxima Centauri (Pérez-Torres et al., 2021) and YZ Ceti
(Pineda & Villadsen, 2023). The search for emission from exoplanetary magnetospheres
relates to the main driver of the magnetospheric dynamics. For Earth-like magnetospheres
highly sensitive to the stellar wind, the maximal chance of detection will be achieved for
observations from the nightside, when the exoplanet transits or lies near inferior conjunc-
tion. Searching for Saturn-type magnetospheres, fastly rotating but with a modest enough
magnetic field preserving the driving role of the stellar wind, would require observations
from the morning sector, hence in quadrature. Finally, the observation of Jovian-type
magnetospheres, strongly magnetized and fastly rotating, do not require any preferred
position of observation (at the exception of brief transits at opposition which may yield
occultation by the star).

6 Conclusions and perspectives

In this contribution, we have presented recent results on the visibility of auroral radio
emissions from the Earth, Saturn and Jupiter, taking advantage of long-term space-based
radio exploration of these magnetospheres from a wide variety of positions. We showed
in particular that, despite some differences of secondary order, these radio emissions are
mainly beamed toward their hemisphere or origin, with maximal spectra and intensities
observed from medium magnetic latitudes. When investigated as a function of LT or
longitude, the radio visibility significantly changes with the concerned planet depending
on the primary drivers of the magnetospheric dynamics. These results illustrate that the
tracking of solar system auroral radio emissions requires a suitably located observer and
that an absence of detection does not imply that a low radio activity. Accounting for these
visibility effects in turn needs a careful modeling of auroral radio sources. These results
also provide a novel framework to the search for and/or the interpretation of auroral
radio emissions from exoplanets, which stands a major objective of giant radiotelescopes
in operation or under construction.
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Lamy L., Cecconi B., Prangé R., Zarka P., Nichols J. D., Clarke J. T., 2009b, An auroral
oval at the footprint of Saturn’s kilometric radio sources, colocated with the UV aurorae,
Journal of Geophysical Research (Space Physics), 114, A10212

Lamy L., et al., 2010, Properties of Saturn kilometric radiation measured within its source
region, Geophysical Research Letters, 37, L12104

Lamy L., et al., 2013, Multispectral simultaneous diagnosis of Saturn’s aurorae throughout
a planetary rotation, Journal of Geophysical Research (Space Physics), 118, 4817

Lamy L., Griessmeier J.-M., Zarka P., Girard J., Hess S. L. G., 2014, Search for exoplane-
tary radio emissions with NenuFAR, in The NenuFAR science case, eds Zarka, P. and
Tagger, M., pp 98–106, doi:10.5281/zenodo.8056398

Lamy L., et al., 2018, The low-frequency source of Saturn’s kilometric radiation, Science,
362, aat2027

Louarn P., 1992, Auroral planetary radio emissions, theoretical aspects, Advances in Space
Research, 12, 121
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