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ABSTRACT
The Low Frequency Array (LOFAR) is an international radio telescope array, consisting of 38 stations in the Netherlands and 14
international stations spread over Europe. Here we present an observation method to study the jovian decametric radio emissions
from several LOFAR stations (here Birr Castle in Ireland, Nançay in France and Postdam in Germany), at high temporal
and spectral resolution. This method is based on prediction tools, such as radio emission simulations and probability maps,
and data processing. We report an observation of Io-induced decametric emission from June 2021, and a first case study of the
substructures that compose the macroscopic emissions (called millisecond bursts). The study of these bursts make it possible to
determine the electron populations at the origin of these emissions. We then present several possible future avenues for study
based on these observations. The methodology and study perspectives described in this paper can be applied to new observations
of jovian radio emissions induced by Io, but also by Ganymede or Europa, or jovian auroral radio emissions.

Key words: Instrumentation – planets and satellites: individual: Jupiter – planets and satellites: individual: Io – planets and
satellites: aurorae

1 INTRODUCTION

In our solar system, Jupiter is the planet with the most intense radio
emissions, covering the broadest frequency range from a few kHz
(whereQuasi-Periodic bursts are seen) up to 40MHz (the decametric,
or DAM, emissions). From the ground, only the DAM emissions are
observable, as all other lower frequency radio emissions are blocked
by the ionospheric cut-off at ∼ 10MHz. These DAM radio emissions
were discovered quite early by Burke & Franklin (1955). A few
years later, Bigg (1964) discovered that part of the DAM emission
was controlled by the interaction between Jupiter’s magnetosphere
and the Galilean moon Io. The DAM emissions are known to be
generated by the electron cyclotron maser instability (CMI) in the
jovianmagnetosphere,which occurswhen a circularly polarisedwave
resonates with the gyration movement of electrons with relativistic
energies (Twiss 1958; Hirshfield & Bekefi 1963; Wu & Lee 1979;
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Zarka 1998; Treumann 2006; Louarn et al. 2017; Louis et al. 2020c).
The source regions of the DAM emission are located above the
atmosphere, on magnetic field lines of magnetic apex (distance of
the magnetic field lines at the magnetic equator) between 15 and
50 RJ (1 RJ = 71492 km the jovian radius, Louis et al. 2019b).
The CMI gives rise to emission at a frequency close to the local
electron cyclotron frequency 𝑓ce (between 𝑓ce and ∼ 1% above 𝑓ce,
Louarn et al. 2017), which is directly proportional to the magnetic
field amplitude 𝐵:

𝑓ce =
|𝑞 |𝐵

2𝜋𝑚e
(1)

with 𝑞 and 𝑚e the electronic charge and mass.The CMI emission
is beamed along a hollow cone (with a thickness of ∼ 1◦, Kaiser
et al. 2000) at large angle with respect to the local magnetic field
line (from ∼ 75◦ up to 90◦, Louis et al. 2017c; Pritchett 1986). From
the observer’s point of view, these emissions have an arc-shape in a
time-frequency map (Marques et al. 2017).
Our knowledge on the CMI emissions allows us to simulate these
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arcs (Louis et al. 2019a), which makes it possible to retrieve the
energy of the electrons that produce these emissions (Hess et al.
2008; Louis et al. 2017c), as well as discover new components,
such as DAM emissions induced by the Galilean moons Europa and
Ganymede (Louis et al. 2017b).
However, the physics of the substructures that compose these

macroscopic emissions is less well known. Their study requires ob-
servations at high temporal and spectral resolution. Unfortunately,
most instruments do not have sufficiently high resolution to make the
required measurements. For instruments on board space missions,
the telemetry often requires reduced frequency and time resolution.
For ground-based radio telescopes, high spatial resolution requires
tied-array beam forming or interferometric measurements with a
large number of antennas, but also the ability to store very large
amounts of data. The latest generation of radio telescopes, such as
LOFAR (van Haarlem et al. 2013) or NenuFAR (Zarka et al. 2012;
Zarka et al. 2015), provides measurements at very high temporal and
spectral resolution.
Only a few authors have looked at these millisecond micro-bursts

that composed the arc-shape radio emission. Zarka et al. (1996)
were able to observe these millisecond bursts of Io-DAM emission
using the Nançay Decameter Array (NDA, Boischot et al. 1980)
and the Ukrainian Decameter T-shaped Array Radio Telescope
(UTR-2, Braude et al. 1978) observatories, with time and spectral
resolution of 10 ms and 13 kHz, respectively, as well as Hess et al.
(2007b) using only the NDA observatory with a time and frequency
resolution of 3 ms and 50 kHz, respectively. These two studies
showed that these millisecond bursts are due to electron bunches
propagating along the magnetic field lines. Abrupt changes in the
drift rate of these millisecond bursts can also reveal electric potential
drops along these field lines that brutally accelerate the electrons the
electron. Hess et al. (2007a) were able to model these millisecond
bursts by assuming that electrons are accelerated by Alfvén waves in
the Io flux tube. Zarka (2004) showed the feasibility to do fast radio
imaging of Jupiter’s magnetosphere at radio frequency using a single
LOFAR station.
In this article, we show that the inclusion of the Irish extension of

the LOFAR telescope (I-LOFAR) and the use of both simulations and
improved probability maps can extend and enhance the observation
of these millisecond structures. In the following, we present the
methodology of our observations and a first observation taken in
June 2021.

2 METHODOLOGY

2.1 LOFAR stations

The Low Frequency Array (LOFAR) is an international radio tele-
scope array (see Fig. 1), consisting of 38 stations in the Netherlands
and 14 international stations spread over Europe. In this present study,
the following stations are used: German DE604, French FR606
and Irish IE613 (highlighted in red Fig. 1).
At each LOFAR station, a backend is used to record and analyse

the raw beam formed data in real-time. At the DE604 and FR606
stations, raw data packets were written to disk after lossless com-
pression (using the Zstandard algorithm). At the IE613 station, the
REAL-time Transient Acquisition (REALTA, Murphy et al. 2021)
backendwas used. Similar successes have already been achievedwith
these different backends and used to conduct comparative studies (see
e.g., Grießmeier et al. 2021). After data has been recorded to disk,
digifil (as part of the dspsr package, van Straten & Bailes 2011) was

Figure 1. Map showing the location of LOFAR stations across Europe. 38
stations are located in the Netherlands, while 14 (soon 15) stations are located
in 7 (soon 8) other European countries. Here are highlighted the three stations
that were used in the first case study described in Section 3: the Irish IE613,
the French FR606 and the German DE604 stations.

used at all stations to generate the antenna (auto-) correlation fac-
tors between both (perpendicular) linear polarisation directions
X and Y, from the underlying voltage data. Finally, a jovian emission
processing pipeline (Louis 2022) was run to retrieve the full Stokes
parameters from the antenna (auto-) correlation factors.
For the study of the jovian DAM radio emissions (extending up to

40MHz), only the LOFAR Low Band Antenna (LBA) is used, which
allows to make observations in the 8-90MHz frequency range, with
a temporal sampling interval that can go down to 5 ns.

2.2 Optimal observation conditions

To be able to observe Jupiter’s radio emissions in the best possible
conditions, the ionosphere should be in a quiet state to avoid supple-
mentary interference, thus during night when the ionosphere is not
excited by the sunlight (see e.g., Fig. 2 of Bondonneau et al. 2021,
which compare typical interference rates at the Nançay site). It is
therefore optimal to observe when Jupiter is near opposition. Jupiter
also has to be high enough in the sky (≳ 10◦), to get more signal in
the lobe of the antennas. A good approximation of the international
LOFAR antennas effective area can be given by the following equa-
tion (see e.g., equation 3 of Grießmeier et al. (2021), Figs. 1 of
Bondonneau et al. (2020, 2021), and Fig. 3 of Noutsos et al. (2015)
for more precision):

𝐴eff = 𝐴effmax cos2𝑧, (2)

where 𝑧 is the zenith angle of the source and 𝐴effmax the maximal
frequency-dependent effective area (𝐴effmax = [3974.0-2516.0] m2 in
the range [15-30] MHz, see Appendix B of van Haarlem et al. 2013,
for more details).

2.3 Emission probability

Observations at very high temporal resolutions are very demanding
in terms of disk space (∼ 7.6 GB perminute of observation in the case
of this study). We must therefore be sure that jovian radio emission
will be observable during the time window when Jupiter is visible in
the sky (at most 8 hours per day, due to the rotation of the Earth).

RASTI 000, 1–9 (2022)

www.zstd.net


Method to observe Jupiter’s radio emissions at high resolution using multiple LOFAR stations 3

Figure 2. Example of results given by the online jovian radio probability tool (https://jupiter-probability-tool.obspm.fr/). In this example, the
station I-LOFAR has been chosen (Observatory entry, upper-left), for an observation between 7 June 2021 18:00 UTC and 8 June 2021 18:00 UTC (Start Time
and End Time entries, upper-middle). The left-hand panel displays the occurrence probability map of Io-DAM emission (Background map entry, upper-right), in
function of the Galilean moon position with respect to the observer (phase of the moon, y-axis) and the position of the observer (Central Meridian Longitude, or
CML, x-axis). The different colors correspond to different Io-DAM emissions (see text). The position of Jupiter in this map for the chosen time window is given
by the black line (one-hour tick). The miniature image of Jupiter gives the exact position for the time given in the Adjust displayed time entry (upper-middle).
The right-hand panel displays the ExPRES simulation for a given moon (Satellite entry, upper-right). Blue corresponds to emission sources in the northern
hemisphere while red corresponds to emission sources in the southern hemisphere. The thin red dashed line corresponds to the time given in the Adjust displayed
time entry (upper-middle). The white area gives the time window in which Jupiter is visible above a certain elevation (Elevation Threshold entry, upper-right).

To predict jovian radio emissions, we use probability maps and
simulations, that have been both gathered in an interactive online
tool, called Jupiter Radio Probability Tool1. An example is displayed
in Fig. 2. This tool allows the user to choose (i) an observatory site
from a pre-established list (Observatory entry, upper-left), or to enter
the GPS coordinates (here ‘I-LOFAR’ is chosen as the Observatory),
(ii) a time window (Start Time and End Time entries, upper-middle),
here from 7 June 2021 18:00 UTC to 8 June 2021 18:00 UTC), and
finally (iii) a background map (upper-right entry) for the probability
map (left-panel).
The probability maps (see Fig. 2 left panel) show the position

of the visible emissions as a function of the jovian longitude of
the observer (Central Meridian Longitude, CML) and the phase of

1 https://jupiter-probability-tool.obspm.fr/

the Galilean moon (position of the satellite in the observer’s frame,
counted positively in the direction of rotation of the satellite, with the
origin at the opposition). Fig. 2 (left panel) displays the probability
map for Io-DAM emission. The different colors correspond to dif-
ferent type of Io-DAM emission, that is associated to radio sources
at different positions with respect to the observer (A: North-East of
Jupiter, B: North-West, C: South-East, D: South-West; see e.g., fig. 2
of Marques et al. 2017). The position of the observer in these maps
is indicated by the position of the miniature image of Jupiter, with
the black line displaying the location during the chosen time window
(each tick is one hour). Several probability maps have been published
to predict auroral or Galilean moons induced DAM emissions such
as Marques et al. (2017, the one displayed here), Zarka et al. (2018);
Leblanc et al. (1993); Louis et al. (2017b); Zarka et al. (2017).

We also simulate the radio emission (see Fig. 2 right panel), by
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using the Exoplanetary and Planetary Radio Emission Simulator
tool (ExPRES, Louis et al. 2019a, 2020b). This code is here used
to produce simulations of the jovian radio emission linked to the
interaction between Jupiter and the Galilean moons (Io, Europa,
Ganymede, see Louis et al. 2020a, for the database), based on the
CMI equations.More precisely, the simulations in this database were
produced using as input parameters the JRM09 magnetic field model
(Connerney et al. 2018, based on in situ measurements from the Juno
mission, ) and the Connerney et al. (1981) current sheet model to
reproduce themagnetic field lines of Jupiter’smagnetosphere, a 3 keV
electron energy and a loss cone electron distribution function. Using
these standard parameters, the uncertainty for Io-DAM emission is
expected to be well within a 2 hours window (Louis et al. 2017a)
around the predicted arc. Right panel of Fig. 2 displays two arc-
shape emissions related to Io-Jupiter interaction: the blue one is a
northern emission (corresponding to an Io-B emission) while the
red one is a southern emission (Io-D emission). The white area
corresponds to the time when Jupiter is visible above an adjustable
elevation (here above 10◦), while the grey-shaded areas correspond
to the timewhen Jupiter is below this elevation. The observer position
indication, given in the left-hand side panel (with theminiature image
of Jupiter), is here represented by the thin vertical red dashed line
(with the corresponding time in the Adjust display time entry, upper-
middle).
Using this online tool, we are thus able to determine when the

probability of observing Io-, Europa-, Ganymede- or auroral DAM
emissions is the highest.

3 A FIRST CASE STUDY: OBSERVATION OF AN
IO-DECAMETRIC EMISSION

3.1 Origin of the observed emissions

As a first case study, and based on the prediction shown in Fig. 2, we
observed Jupiter pre-dawn on 8 June 2021, between 04:00 and 07:00
UTC, with three different LOFAR stations: IE613 in Ireland, FR606
in France and DE604 in Germany (see Fig. 1 for their respective
position). In this study the data were processed to obtain a time and
frequency resolution of 81.92 `s and 12.2 kHz, respectively, and
only the [8-40] MHz frequency range is displayed (40 MHz being
the upper limit of the jovian radio emissions).

Fig. 3a and 3b display Stokes I (total intensity) and V (circular
polarization) for IE613 observation.As predicted by the prediction
tool (see Fig. 2), we detect an emission produced by the Io-Jupiter
interaction. The emission is observed as multiple “vertex early
arc”-like feature" and displays a negative circular (Right-Handed)
polarization (see Stokes V parameter Fig. 3b), which gives the in-
formation that this emission is an Io-B emission (coming from the
North-West side of Jupiter as seen from the observer point of view,
thus from the North-dawn side of Jupiter as seen from Earth). The
main emission (emitted from the flux tube connected to Io) is ob-
served from ∼ 05:00 to 05:30, while emission observed just before
is produced in flux tubes connected to the tail upstream of Io (called
secondary emission).

Fig. A1 and Fig. A2 in the Supplementary Information displays
the four Stokes I, Q, U, V parameters and the linear polariza-
tion L, showing that the emission is mostly exclusively circularly
polarised, with almost zero polarisation degrees for the Stokes
parameters Q and U and a very low linear polarisation intensity.

3.2 Probing the magnetic field amplitude at the sources of the
emission

Since these radio emissions are produced via the CMI, and emit-
ted at a frequency 𝑓 = 𝑓ce, we can probe the amplitude of the
local magnetic field at the sources of the emission (see equation
1). In this case, the emissions are observed in the frequency range
∼ [10–36] MHz (see Fig. 3a), therefore the local magnetic field
at the sources of the observed radio emissions is in the range
∼ [3.6–12.9] G.

3.3 Determination of the parallel energy of the electrons
producing the emission

Fig. 3c displays a one minute zoom of Fig. 3a between 05:10:30 and
05:11:30. In this dynamic spectrum, we can see that the general arc
shape of this emission has a detailed substructure. If we zoom in even
further, in a 10 seconds window (Fig. 3d), we then can clearly see
that the Io emission is composed of many millisecond bursts, that
present a negative drift (decreasing frequency with time).

This drift was interpreted by Ellis (1965, 1974); Hess et al.
(2007b), and confirmed by Hess et al. (2007a), as a radio source
motion consistent with the electron adiabatic motion. In this
model the emission are produced along the field line at the local
cyclotron frequency 𝑓 = 𝑓ce via the CMI, by electrons reflected
by the magnetic mirror effect (at a frequency called the mirror
frequency 𝑓mirror). The drift rate 𝑑𝑓 /𝑑𝑡 of the burst is therefore
connected to the motion of the emitting electrons by the following
equation (Hess et al. 2007b):

𝑑𝑓

𝑑𝑡
=

𝑑𝑓ce
𝑑𝑙

𝑑𝑙

𝑑𝑡
=

𝑑𝑓ce
𝑑𝑙

𝑣 | | ( 𝑓ce), (3)

with 𝑣 | | the emitting electron parallel velocity (chosen to be pos-
itive for upward electrons), and 𝑑𝑓ce/𝑑𝑙 the distance between
sources (at different frequency 𝑓ce) along the magnetic field line.
𝑓ce being proportional to the magnetic field amplitude B (see
equation 1), and using the JRM09 magnetic field model (based
on in situ measurements of the magnetometer onboard Juno,
Connerney et al. 2018), we can determine that in the frequency
range [5–40] MHz, a difference of 1 MHz corresponds to a dis-
tance of about ∼ 1000 km.

This model of adiabatic motion of electrons remains valid as
long as the first adiabatic invariant ` is conserved at all point
along the magnetic field line:

` =
𝑚e𝑣2

⊥
2𝐵

=
|𝑞 |𝑣2

⊥
4𝜋 𝑓ce

=
|𝑞 |𝑣2

4𝜋 𝑓mirror
(4)

where 𝑣2 = 𝑣2
⊥+𝑣2

| | is the total energy. Therefore, as the particle
moves towards increasing magnetic field, 𝑣⊥ increases and 𝑣 | |
decreases until the electrons reach there mirror point (where
𝑣 | | = 0) before turning back.
The slope of the millisecond bursts then gives a direct indication

of the direction of propagation of the electrons responsible for these
emissions. Because the magnetic field strength decreases with alti-
tude, we can therefore determine from the negative slope of these
bursts (the emission frequency decreasing with time) that the elec-
trons are propagating upward (from the planet to the higher altitudes).

Fig. 3f and 3h show a 1 second zoom in (between 05:10:37 and
05:10:38) in the [15-32] MHz frequency range of both Stokes I
(intensity, panel f) and V (circular polarization, panel h) parameters.
Superimposed on these two one-second dynamic spectra are two
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Figure 3: Caption on next page
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Figure 3. Observation of an Io-DAM emission, displayed in a time-frequency map (called dynamic spectrum), on different time windows, and for the stations
IE613 (panels a-d,f,h), DE604 (panel e) and FR606 (panel g). Panels (a) and (b) respectively display Stokes I (corresponding to the intensity of the emission)
and Stokes V (corresponding to the degree of circular polarization) parameters between 04:10 and 05:30 UTC on 8 June 2021. The observed “vertex early
arc”-like feature starting around 05:00 is the expected emission from the ExPRES code (see Fig. 2). Panels (c) and (d) are two zoom-in inside the red
boxes, between (c) 05:10:30 and 05:11:30, and (d) 05:10:30 and 05:10:40, showing the data at an higher-resolution. Panel (f) is a zoom of panel (d) of 1 second,
between 05:10:37 and 05:10:38, in the range [15-32] MHz, at the highest resolution use in this study, i.e. 81.92 `s in time and 12.2 kHz in frequency. Panels (e)
and (g) are the equivalent of panel (f), displaying the data from the DE604 and FR606 stations, respectively. Panel (h) is the equivalent of panel (f), displaying
the Stokes V parameter (degrees of circular polarization). Panels (c) to (g) share the same intensity colour bar (displayed to the right of panels (d) and (f)). In
panels (e) to (h) the red lines show example of drifting millisecond bursts. Panel (i) shows a comparison between the highest frequency bursts observed by the
three stations (highlighted in panels (e-h).

examples of driftingmillisecond bursts (orange lines), at two different
frequency ranges.
The first drifting millisecond burst that is highlighted Fig. 3f and

3h extends from 30.83 MHz to 22.32 MHz, from 05:10:37.274 to
05:10:37.673, thus displaying a drift of 𝑑𝑓 /𝑑𝑡 ≃ −21.34 MHz/s.
Using equation 3 we can therefore determine that the electron
are propagating with a parallel velocity of 𝑣 | | ≃ 21340 km/s.
Using the 𝐸 = 1/2mev2 formula, we can determine that this drift
corresponds to electrons with a parallel energy of 𝐸 | | ≃ 1.3 keV.
The second drifting millisecond burst that is highlighted extends

from 20.37MHz to 17.04MHz, from 05:10:37.289 to 05:10:37.761,
thus having a drift of 𝑑𝑓 /𝑑𝑡 ≃ −7.06 MHz/s. This corresponds to
electrons propagating at a parallel velocity of 𝑣 | | ≃ 7060 km/s,
corresponding to a parallel energy of 𝐸 | | ≃ 0.14 keV.

3.4 Observation of the Io-DAM emission by multiple LOFAR
stations

Fig. 3e and 3g display the observation acquired by the DE604 and
FR606 stations during the same 10 s displayed Fig. 3f. The same
bursts are highlighted.
Fig. 3i shows a zoom on the bursts at the highest frequencies,

observed by the three stations (DE604 as a solid line, FR606 as a
dashed line and IE613 as a dotted line). A time shift of ∼ 8 ms
is measured here, with FR606 seeing the burst before DE604 and
then IE613. At that time (8 June 2021 05:10), Jupiter was located at
157◦33′02.6” in azimuth and 22◦27′26.9” in altitude in the sky. For
an European observer, it means than Jupiter was located on the South
section in the sky. Therefore in that case, it is more the South/North
spreading of the three stations that matters (see Fig. 1). It is then
expected that a radio emission from Jupiter will be observed first by
FR606, then by DE604 and finally by IE613.

4 PERSPECTIVES

The observingmethod described in this article for observing Jupiter’s
radio emissions at high resolution could not be more timely. With
the Juno mission we have in situ measurements for up to 2025, fol-
lowed by the arrival of the Europa Clipper and JUICE missions in
the late 2020s-early 2030s. The medium-resolution ground support
has already existed for many years (with daily observation, e.g.,
Marques et al. 2017), and the addition of regular high-resolution
measurements will allow comparative in situ and remote measure-
ments. These results will be compared to simultaneous observation of
the Ultraviolet (UV) emission on Jupiter’s atmosphere (by the Space
Telescope Imaging Spectrograph instrument on-board the Hubble
Space Telescope or by the UV spectrograph on-board the Juno mis-
sion, Gladstone et al. 2017), or to X-ray auroral observation (using
e.g., Chandra and XMM). This once-in-a-generation combination of

high fidelity in situ and remote sensing measurement will allow us
to make breakthrough on several key scientific questions for Jupiter.
We have demonstrated the predictive power of the ExPRES sim-

ulations and the probability maps (gathered on the Jupiter Radio
Probability Tool), the observing capability of the LOFAR network,
and the data analysis methods enabled by software support (e.g.,
REALTA, Murphy et al. 2021) and domain knowledge (e.g., the
search for millisecond bursts in the high resolution data stream). We
now highlight several future avenues for the exploitation of this rich
LOFAR dataset.
The millisecond bursts which we have presented here have the

potential to reveal important information about the nature of elec-
tron acceleration regions at Jupiter. Specifically, examination of the
drifting of the bursts can tell us about the electron population energy
that gives rise to this emission, in particular on the differences in
electron energies as a function of frequency, but also by comparing
the energies of the electrons in the main (linked to Io itself) and
secondary (linked to Io’s tail) emissions. Particular attention will be
paid to abrupt changes in the drift rate of the millisecond bursts,
which will reveal electric potential drops along these field lines, and
thus acceleration regions of the electrons. In order to conduct ro-
bust statistical examination of these bursts with future larger LOFAR
observations, we plan to apply automatic detection algorithms (e.g.,
Hess et al. 2007b) which will enable examination of the bursts over
an extensive frequency range.
Secondly, we plan to unlock the full power of the radio emissions

as a tool to provide information about the nature of the radio source
locations themselves. We plan to do this by combining the latest
jovian magnetic field (JRM33, Connerney et al. 2022) and current
sheet (Connerney et al. 2018)models, with sophisticated inter-station
interferometry. The addition of the IE613 station to the interna-
tional LOFAR radiotelescope increases the longest baseline by
more than 300 km (∼ 1515 km from UK608 to PL612 stations,
now ∼ 1883 km between IE613 and PL612 stations, see Fig. 1).
Since, to first order, the angular resolution is proportional to _

(wavelength) over the baseline length 𝐷, the addition of IE613
station increases the angular resolution from 6.6◦ to 5.3◦ at 10
MHz, and from 23.10◦ to 18.6◦ at 35 MHz. This will enable us to
estimate more precisely the location of sources in longitude, latitude
and altitude. When this information is combined with in situ Juno
measurements, it will represent an extremely powerful probe of the
response of the jovian radio sources to magnetospheric dynamics.
Thirdly, we plan to use the radio emissions to reveal the electron

density along Io’s trajectory. In order to do this we will utilise the
property that the CMI perturbation is moving at the Alfvén speed:

𝑣𝐴 = 𝐵/√`0𝜌, (5)

(with 𝐵 the local magnetic field amplitude and 𝜌 the local electron
density), and that Io is surrounded by a dense plasma torus (produced
by its volcanic activity which releases about one tonne of plasma per
second). This leads to a difference in longitude (called lead angle,
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Figure 4. Sketch of the Io-Jupiter interaction. The shaded-grey-dotted line represents the orbit of Io, while the Io torus is represented in yellow (where
the density is higher than elsewhere in the jovian magnetosphere). The active magnetic flux tube (AFT) where the Io-DAM emission occurred is displays
as the black-dashed line. The Io-DAM emission is beamed along the edges of the hollow cone. The black-dotted lines represent the longitude of the
instantaneous magnetic flux tube (IFT) connected to Io and the active magnetic field line, separate by the lead angle 𝛿. The red arrow represents the
direction of the magnetic field axis, while the black arrows represent the rotation axis and the sens of rotation of Jupiter.

see Fig. 4) between the Io instantaneous flux tube (IFT, connected
to Io) and the Io active flux tube (AFT, where the sources of the
main emission are). Once the exact locations of the sources are
known (e.g., by interferometry, or using instantaneous observa-
tions of the Io-induced UV emissions), we will be able to obtain the
longitude of the AFT, and to determine the lead angle in longitude
between the IFT and the AFT. Knowing this will give the possibility
to estimate the electron density inside the Io torus using equation 5.

Finally, once the AFT position is known, it will also make it
possible to determine the beaming angle \ of the emitting cone, as
well as determine the electron energy in a second way (the first being
using the drift rate of the millisecond bursts), by using the theoretical
formula of the CMI:

\ = arccos

(
𝑣/𝑐√︁

1 − 𝑓ce/ 𝑓cemax

)
, (6)

with 𝑣 the total electron velocity, 𝑓ce the local electron cyclotron
frequency and 𝑓cemax the maximal electron cyclotron frequency at
the footprint of the magnetic field lines.
All these studies are beyond the scope of this paper describing

the methodology, and will be the focus of a future scientific work.
The methodology and study perspectives described here can later be
applied to new observations of jovian radio emissions induced by Io,
but also by Ganymede or Europa, or jovian auroral radio emissions.
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APPENDIX A: FULL STOKES PARAMETERS AND
LINEAR POLARIZATION OF IE613 OBSERVATION

Fig. A1 and Fig. A2 display the four Stokes parameters (I, Q,
U and V) and the Linear Polarization L for the IE613 observa-
tion between 04:10 and 05:40 (Fig. A1) and between 05:10:37
and 05:10:38 at the highest resolution available. First and fourth
panels of Fig. A1 and Fig. A2 displays the Stokes I and V param-
eters (same plots than Fig. 3a,b and Fig. 3f,h, respectively), while
the second and third panels of Fig. A1 and Fig. A2 display the
Stokes Q and U parameters. Finally, the fifth panel of Fig. A1
and Fig. A2 display the linear polarization L.

One can clearly see on these two Figures that Stokes Q and U
parameters are quasi-null compared to Stokes V values, and that
the linear polarization peaks at less than 0.5, showing that the
observed emissions is mainly circularly polarized.

This paper has been typeset from a TEX/LATEX file prepared by the author.
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Figure A1. Full Stokes IQUV (first four panels) parameters and Linear polarization L of the IE613 observation displayed Fig. 3a,b, between 04:10 and 05:30.
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Figure A2. Full Stokes IQUV (first four panels) parameters and Linear polarization L of the IE613 observation displayed Fig. 3f,h, between 05:10:37 and
05:10:38.
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