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JOVIAN S-BURSTS AS MARKERS OF ELECTRON ACCELERATION BY ALFVEN
WAVES.

F. Mottez1, S. Hess1,2 and P. Zarka2

Abstract. Jupiters radio emissions are dominated in intensity by decametric radio emissions due to the
Io-Jupiter interaction. Previous analyses suggest that these emissions are cyclotron-maser emissions in the
flux tubes connecting Io or Io’s wake to Jupiter. Electrons responsible for the emission are thought to be
accelerated from Io to Jupiter. We present simulations of this hot electron population under the assumption
of acceleration by Alfvèn waves in the Io flux tube (IFT). Outside of limited acceleration regions where
parallel electric field associated with Alfvèn waves exists, the electrons are supposed to have an adiabatic
motion along the magnetic field lines. Near Jupiter, a loss cone appears in the magnetically mirrored
electron population, which is able to amplify extraordinary (X) mode radio waves. The X-mode growth rate
is computed, which allows us to build theoretical dynamic spectra of the resulting Jovian radio emissions,
whose characteristics match those observed for Jovian S-bursts.

1 Introduction

Io, theclosest largesatellite of Jupiter , is subject to an intensevolcanic activit y that almost contin uously recycles
its atmosphere. Io orbits in the inner magnetosphere of Jupiter where the plasma is in co-rotat ion with the
giant planet. The magnetospheric plasma sweepsthe satelliteÕsatmosphere, resulting in a torus of densercold
(T ∼ 5 eV) and hot (200 eV) plasmas that encompasses the volume deÞned by the satelliteÕs orbit . Moreover,
the magnet ic ßux tube conect ing Io and Jupiter is an act ive feature, associated to intense radio emissions in
the decametric wavelengths range (Queinnec & Zarka 1998, Hess et al. 2007) and bright UV spots at the Io
ßux tube (IFT) footprint (Prang«e 1996). An example of dynamic spectrum of millisecond bursts is shown in
Fig. 1. Many bursts can be seen, with a strongly negat ive frequency drift rate. These observat ional features
suggest the presence of accelerated part icles along the Io-Jupiter ßux tube. The elect ric Þeld generated by IoÕs
mot ion in the corotat ing plasma induces elect ric currents and/ or Alfv«en waves (Goldreich & Lynden-Bell 1969,
Neubauer 1980, Saur 2004, Ergun et al. 2006) which may accelerate elect rons in the plasma torus and in the Io
ßux tube (IFT).

In this paper, we invest igate the elect ron accelerat ion by Alfv«en waves propagat ing along the IFT and its
consequences on the DAM radio emissions: Deduced from a theoret ical model (Lysak & Song 2003), the elect ric
Þeld associated to the kinetic Alf v«en waves is set in the ßux tube. The motion of the electrons is computed.
The elect ron dist ribut ion funct ions are built at various alt itudes and t imes after the arrival of the Alfv«en waves.
The dist ribut ion funct ions are analysed through the linear theory of the maser-cyclot ron, the growth rate is
computed as a funct ion of t ime and alt itude. The frequency of emission is the local elect ron gyrofrequency that
direct ly depends on the alt itude. Therefore, we can plot the growth rate of the maser-cyclot ron instability in
the t ime-frequency plane, and compare this Þgure with the dynamic spect rum of the decametric millisecond
bursts.

2 Filling the flux tube

The part icles are moved in a monodimensional domain along a magnet ic Þeld line connect ing Io and Jupiter.
This domain is near Jupiter and do not reach Io, it is 6.5 jovian radii long, and has 4096 computat ional cells.
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Fig. 1. Dynamic spectrum recorded at the Nançay decameter array. The drifting structures are jovian S-bursts. They

show a negative drift rate of about -25 MHz/s, corresponding to the anti-planetward adiabatic motion of the emitting
electrons. The bursts are more or less repeated about once every 30 milliseconds. In many other events, the drift and

the occurence rate are lower.

The boundary condit ions consists of the densit ies and temperatures for each species, at IoÕs side boundary and
the Jovian ionospheric side. On JupiterÕs side, there are cold ionospheric elect rons, and protons (0.3 eV). On
IoÕs side, there is a minority of Óhigh energyÓ200 eV electrons, a denserpopulat ion of 5 eV electrons, and warm
protons, oxygen I I and sulfur I I.

The part icles are moved along the magnet ic Þeld line. The Þrst adiabat ic invariant µ is conserved. In the
direct ion along the magnet ic Þeld lines, they are subject to the gravitat ional and elect ric potent ials φG,φE .
Their equat ions of mot ion are

µ = v2
⊥/B = const. (2.1)

dv‖
dt

= −∇(
q

m
φE +

µ

m
B + φG). (2.2)

Init ially, the box is Þlled and φE is computed in a way that Þts the boundary condit ions and the plasma
quasi-neutralit y.

3 The Alfvén waves

When a quasi-neutral stat ionary plasma is set t led, an Alfv«en wave in injected from the Io boundary. The wave
group velocity

va = (c2 +
µ0ρ

B2
)−1/2 (3.1)
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and the phasevelocity vφ

vφ = va

!
1 + k2

⊥ρ2
s

1 + k2
⊥λ2

e

(3.2)

depend on the parameters of the plasma Þlling the IFT (sect ion 2). The perpendicular wavelength λ⊥ is
proport ionnal to the ßux tube sect ion (i.e. to B1/2) with a value of ∼ 10 km at the jovian surface in our
simulat ion. The parallel elect ric Þeld generatedby a kinetic Alf v«en wave has beencomputed by Lysak and Song
(2003). The t ime and alt itude dependency of δE‖ is displayed on the upper panel of Fig. 3. We can seethe
propagat ion toward Jupiter, and after 1.5 second, the reßected Alfv«en wave propagat ing backward.

4 Electron acceleration and distribution functions

The mot ion of the high energy electrons is then computed according to Eq. (2.1) and (2.2), where the electric
potent ial includes the stat ic elect ric Þeld contribut ion and the Alfv«en parallel elect ric Þeld given by the model of
Lysak and Song (2003). The elect ron dist ribut ion funct ions are then computed at various t imes and alt itudes.
Fig. 2 shows the elect ron dist ribut ion funct ion at t ime 3.9 seconds and three di! erent alt itudes. We can see a
loss cone due to the elect ron precipitated in the jovian ionosphere, a slight enhancement of energet ic elect rons,
and perturbat ions of the loss cone due to the part icles accelerated by the wave.

5 Maser-cyclotron growth rate

The maser cyclot ron growth rate can be deduced, through the linear theory, from the elect ron dist ribut ion
funct ion (Wu and Lee 1979, Wu 1985, Galopeau et al. 2004). The resonnance condit ion is given by

ω = ωc/" − k‖v‖ (5.1)

where ω is the wave frequency, ωc the elect ron cyclot ron frequency and " the relat ivist ic Lorentz factor. In the
weakly relativistic approximat ion the wave-particle resonanceconditio n is represented by a circle in the (v‖, v⊥)
plane of center v0 and radius R given by

v0 = c
k.b
k

$
k‖c

2

ωc
u‖ (5.2)

R =
"

v2
0 − 2(

ω

ωc
− 1), (5.3)

where b and u‖ are the unit vectors of the magnet if Þeld and of the parallel velocity.
The solut ion of the equat ion of dispersion for non-relat ivist ic part icles and for |ω| > |γ| is:

γ =
ω2

pc2

8ωc

# 2π

0
v2
⊥(θ)∇v⊥f (v0,R(θ))dθ with ω > ωc (5.4)

The maser instabilit y occurs when γ > 0, and this requires a posit ive gradient ∇v⊥f (v0,R(θ)) along a sect ion
of the resonance circle with a dominant contribut ion to the integral in equat ion (5.4). This is the case for Óloss-
coneÓand ÓshellÓdist ribut ions. In our simulat ion we compute the growth rates from the part icle dist ribut ions
along the Þeld line for several resonance circle centers v0 and radii R (which correspond to several frequencies
ω and parallel wave vectors k‖). Each of these circles corresponds to an ext raordinary mode, many of them are
ampliÞed. We retain the mode with the largest growth rate.

In this presentation, wecompute the losscone instabilit y and neglect the shell. We make that choicebecause,
as will be shown in the following sect ion, the loss cone instability is highly sensit ive to small variat ions of the
dist ribut ion funct ion, and therefore, is t ime and alt itude dependent , as the Jovian millisecond bursts. Therefore,
the integral (5.4) is computed along (many) circles that are tangent to the loss cone.
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6 Pseudo dynamic spectrum

We obtain a series of dominant growth rates for various t imes and alt itudes. As the emission frequency is very
close to the elect ron gyrofrequency, as this frequency can be deduced from the alt itude, we can display the
dominant growth rates of the loss cone instability in the same format as a dynamic spect rum. This is shown in
Fig 3, in the middle and lower panels. We can seethat the growth rate is moderately high during the passage
of the Alfv«en wave, but , a few seconds alter, it becomes stronger during short laps of t ime (a few milliseconds)
at every alt itude. As the maser radiat ions are more intense when the growth rate is larger (we neglect the
e! ects of nonlinear saturat ion), we can consider this plot as a kind of model of a dynamical spectrum of the
radio emissions. Therefore, it is interesting to compare this plot to a typical dynamical spectrum of millisecond
bursts, such as the spect rum shown on Fig 1. We can see that our model allows to reproduce

• the discrete st ructure of the bursts;

• the frequency drift according to t ime (most ly with with a negat ive slope as in 98.5% of real millisecond
bursts), that is compat ible with the hypothesis of the elect ron adiabat ic mot ion (conservat ion of µ all
along their t rajectory);

• the quasi-periodic occurence of the bursts. This occurence in our model is correlated to the period of the
input Alfv«en wave. The occurence rate measured on real data is compat ible with Alf«en waves resonnances
frequencies in the vicinity of Jupiter (Su et al 2006).

This similarity betweenobservat ional data and our plot may support the idea that the millisecond bursts are
caused by elect rons accelerated by Alfv«en waves propagat ig along the Io-Jupiter ßux tube. In that case, the
occurence rate of the millisecond bursts would be a signature of the wave frequency.
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Fig. 2. The electron distribution function f(v‖, v⊥) at time 3.9 second, and three different altitudes. The altitude is

counted from the Io side border of the box, and reaches 6.5 RJ at the jovian ionosphere.
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Fig. 3. Various data as functions of time and altitude/frequency. The altitude is counted from the Io side border of the

box, and reaches 6.5 RJ at the jovian ionosphere. Upper panel : the parallel Alfvén wave electric field from the model
of Lysak and Song (2003), as a function of time and altitude. Middle panel : growth rate of the loss cone instability

during the passage of the Alfvén wave. Lower panel : growth rate of the loss cone instability after the passage of the

Alfvén wave. (The color scale is different, because the signal is stronger than in the middle panel)


