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Les mécanismes auroraux terrestres se produisent-ils ailleurs ?
Pour la première fois, on peut dire

Oui ! dans le cas du tube de courant Jupiter-Io.
Etude des rayonnements décamétriques du tube de flux Jupiter-Io
avec S. Hess (thèse en 2008), P. Zarka (LESIA), V. Ryabov (Future Univ.
Hakodate, JP).

Une aurore de Jupiter attachée au tube de flux Jupiter-Io témoigne de l’accélération des
électrons.
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Characteristics of the Io-Jupiter S-bursts

32

highly structured in (f, t); S-like
shaped, hence their name "S-bursts".
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for a given f , ∆t ∼ 1 ms, hence their
name "millisecond bursts"

frequence en MHz
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decreasing fequency (∼ 17 MHz.s−1 );
24

quasi-periodic (fQP ∼ 15 Hz)
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from f = 40 MHZ=fce on the jovian
surface, to the ionospheric cut-off (10
MHz).
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A typical exemple of S-bursts [Kharkov
UTR-2]

but generally, a single serie of S-bursts
covers a smaller bandwidth.
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Do the radiation sources move like adiabatic electrons ?

Radiation at the local gyrofrequency fce :
dfce ds
dfce
df
=
=−
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dt
ds dt
ds
Adiabatic motion:
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mv⊥
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How to relate the parallel kinetic energy of
the "source electrons" to the S-burst frequencies
(top) typical f, df /dt S-burst relation
(middle) mvk2 /2 versus f (bottom) application to a real case [Hess et al. 2007
PSS]
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S-bursts with a signature of accelerated electrons

When a possible parallel electric field is
taken into account (jump of energy ∆K):
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Applications to S-bursts

(top) typical f, df /dt S-burst relation
(middle) mvk2 /2 versus f (bottom) application to a real case [Hess et al. 2007
PSS]

No jump in 70% of the cases:
adiabatic motion as proposed by
[Ellis, 1965]. K ∼ 4 keV. αeq ∼ 2.3o .
In 20% of the cases, a jump of energy,
0.6 keV∆K < 1 keV.
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Proposition : these electrons are accelerated in the emission
region by structures similar to strong double layers.

Distribution of potential jumps according to Io’s longitude and (left) freq. (right) altitude [Hess
et al. 2009 PSS]
Along these structures ∆K < 1keV .
These structures last for tens of minutes.
They propagate at ∼ the ion sound velocity.
But the electron energy is K ∼ 4 keV > ∆K. There exists an other cause of
acceleration.
Meudon, mars 2011 – p. 6/21

Acceleration by Alfvén waves in the Io-Jupiter flux tube.

Model of inertial Alfvén wave parallel
electric field.

The discretness and quasi-periodicity
might be caused by acceleration by a
trapped wave into the ionospheric
resonator [Lysak and Song 2003].
The wave has an oblique wave vector,
thus, is inertial, with parallel electric
field:
δEk ≃ ωa k⊥ λ2e δB⊥
The electrons are accelerated, but not
continuously. They provide the free
energy for the radio emissions.

Electric field as a function of time and
altitude. [after Lysak et al. 2003, Su et
al. 2003]

Note that the region with an Alfvén
wave is above the region of the
observed radio emission (above the
Earth ionospheric cutoff).
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Acceleration by Alfvén wave and magnetic mirror

The electron motion in the Io flux tube
+ Alfvén wave is simulated.
Effect of magnetic mirror + AW
electric field.
The distribution is computed at
altitudes below the wave, at altitudes
corresponding to S-bursts emission.
The distribution is time dependent,
with quasi-periodicity (AW period).

(top) Schematic electron distribution with
ring + loss cone; (middle, bottom) Simulation of electrons distribution below the
Alfvén wave. [Hess et al. 2007 JGR]

Features : a shell, and a ring near the
loss cone.

Meudon, mars 2011 – p. 8/21

Radio emissions: the theory of cyclotron maser instabilities
triggered by the accelerated electrons.
Wave-particle resonance condition:
ω

=

v0

=

R

=

ωc /Γ − kk vk
kk c2
k.b
≃
uk
c
k
ωc
r
ω
− 1)
v02 − 2(
ωc

The growth rate γ is an integral along
the resonnance circle. In the cases studied here, the integrand is proportional to
∇v⊥ f (v0 , R(θ)) and requires that this gradient is positive.
(top) Schematic electron distribution with
ring + loss cone; (middle, bottom) Simulation of electrons distribution below the
Alfvén wave. [Hess et al. 2007 JGR]

γ=

ωp2 c2
8ωc

Z

2π

0

2
(θ)∇v⊥ f (v0 , R(θ))dθ
v⊥

when ω > ωce .
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Simulation of a S-burst dynamic spectrum

Compute fe (vk , v⊥ ) at every altitude z.
Correspondance altitude / frequency, ωce (z)
Using the linear theory, compute the growth
rate γ for many resonnance circles.
Plot the largest growth rate vs. time and
altitude/frequency.
Do a separate plot for oblique waves and
perpendicular waves.
This is a "linear" spectrum: the intensity is the
value of the linear growth rate.
Alfvén wave electric field, and
growth rate as a function of time
and altitude [Hess et al 2007
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What happens with an Alfvén wave + an electrostatic structure ?

Do similar simulations, but with an Alfvén wave and
a static electric structure. [Hess et al 2009 GRL]
a), b), c) Dynamic spectra of S-bursts with non
typical shape, UTR-2 Kharkov telescope.
d) Simulation with a 1 kV potential drop (z = 0.15RJ )
e) with a 1 kV electron hole
f) with a 550 V ion hole.
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What happens with an Alfvén wave + an electrostatic structure ?

Do similar simulations, but with an Alfvén wave and a static electric structure. [Hess et al
2009 GRL]
Case of an ion hole, amplitude 800 V, altitude where 20 MHz< f < 20.2 MHz.
a) Dynamic spectrum showing the interaction between the S-bursts (oblique) and the
N-bursts (horizontal). b) Simulated dynamic spectrum with an ion hole (amplitude: 800 V).
The bursts can be decomposed in 4 components: 1, 1b low frequency S-bursts, 2 narrow
band emission, 3 high frequency S-bursts. c) Electron distribution at an altitude at which
fce=20.1 MHz (inside the hole). d) Electron distribution at an altitude at which fce=19.6 MHz
(below the hole).

Meudon, mars 2011 – p. 12/21

First conclusion
We have identified two acceleration processes along the Io-Jupiter flux tube.
Quasi-static acceleration structures,
moving at about the ion sound speed.
Acceleration
monochromatic
wave.

by

a
inertial

quasiAlfvén

but

(top) S-burst spectrum observed in Nançay
(bottom) simulated spectrum, based on the
instability of oblique waves. [Hess et al 2009
GRL]

We don’t know the size of the
quasi-qtatic acceleration structure. DL
? series of smaller structures ?
Concerning the AW, we are based on
a simple model, that is not self
consistent.
Problem of the polarization of the wave
that /is the most unstable / that we are
supposed to observe.
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The shape of the S-burst is the signature of oblique instability

The oblique mode corresponds to a
resonance circle that is not centered
on the origin.
This is not a shell instability.
The ring current, near the loss cone,
is the important part of the electron
distribution for γ.

(top) S-burst spectrum observed in Nançay
(bottom) simulated spectrum, based on the
instability of oblique waves. [Hess et al 2009
GRL]

There is a cold plasma. The mode is
computed on the basis of this cold
plasma [Wu 1979, 1985].
The unstable mode, here, is an
oblique X-mode.
The X-mode can directly escape into
free space.
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The shape of the S-burst is not the signature of shell instability

The oblique mode corresponds to a
resonance circle that is centered on
the origin.
This is a shell instability.

simulated spectrum, based on the instability of oblique waves. [Hess et al 2007
JGR]

There is a cold plasma. The mode is
computed on the basis of this cold
plasma [Wu 1979, 1985].
The unstable mode, here, is a
perpendicular Z-mode.
The Z-mode cannot directly escape
into free space.
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Why do we see the less unstable of the two instabilities ?

Simulation with unstable perpendicular
Z-mode [Hess et al. 2007 JGR]

Observation and simulation with unstable
oblique X-mode [Hess et al. 2009 GRL]

This instability is the strongest, but the
emissions do not correspond to what is
seen.

This instability is weaker, but it correspond
to the observed features of the S-bursts.
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Comparison with the case of the Earth AKR

Earth

Io-Jupiter

AKR, cyclotron maser instability.
Most emissions are not
structured, but many observations
of fine structures in dynamic
spectrum. Most alike : 8
structures seen by [Su et al 2008
JGR] with FAST.
In plasma cavities. No cold
plasma.

S bursts, cycltron maser instability.
The emissions are structured in
dynamic spectrum. Quasi-periodic.
No evidence of plasma cavity, up to
now. Cold plasma expected.
Observations interpreted as oblique Xmode. Can propagate in free space.

Perpendicular X-mode (and Zmode too). Must be converted to
propagate in free space.
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Hot versus cold plasma
Dispertion relation of perpendicular
modes for a ring distribution.

Hot plasma only. The perpendicular
unstable modes are X and Z, X is the
most unstable and propagates
outward. The case of Earth’s AKR.

From left to right : case of high temperature (2δ > ǫ), mild temperature
(0 < 2δ < ǫ), and cold plasma(δ = 0).
The circles show are growth rates. The
curves on the right hand side of each
panel represent the real part of f . [after
Louarn et al. 1996]

Mild plasma. The only perpendicular
unstable mode is Z and it does not
propagate outward. Compatible with
Io-Jupiter S-bursts : from outside, no
perpendicular mode is seen. The X
mode can be unstable when oblique.
Cold plasma. No unstable mode.
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The region of Alfvénic acceleration is above the sources of
the S-bursts that we see from Earth.

The observed emissions are from below the Alfvén wave / below the main region of
acceleration.
Earth: acceleration regions are associated to plasma depletion.
Io-Jupiter: If there is no acceleration, there may be no depletion of cold plasma.
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The role of the plasma cavities

Earth

Io-Jupiter

No cold plasma.

Cold plasma expected.

The mode propagation is controlled
by the hot plasma (the only plasma in
the cavities).

The mode propagation is controlled
by the cold plasma and the growth
rate by the hot component.

The most unstable perpendicular
X-mode is trapped in the gradient.

Proposition: plasma cavities are not
involved in the "standard" S-bursts.

There is mode conversion of the perpendicular X on the sides of the cavities.

There is no mode conversion, the very
unstable Z-mode with k = k⊥ are not
converted.
They do not propagate into free space.
Only oblique X is seen outside.

Proposition: plasma cavities are not involved in the "standard" S-bursts
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Proposition: what Juno would see if it crosses the Io-Jupiter
flux tube.
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