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recherche français ou étrangers, des laboratoires
publics ou privés.

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Hal-Diderot

https://core.ac.uk/display/47104289?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
https://hal.archives-ouvertes.fr
https://hal.archives-ouvertes.fr/hal-00658856


Explanation of dominant oblique radio emission at

Jupiter and comparison to the Terrestrial case

F. Mottez∗,a, S. Hessb, P. Zarkac

aLUTH, Observatoire de Paris, CNRS, Université Paris Diderot ; 5 Place Jules Janssen,
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Abstract

The Io-Jupiter S-bursts are series of quasi-periodic impulsive decameter ra-
dio emissions from the magnetic flux tube connecting Jupiter to its closest
galilean satellite Io. This paper discusses the possibility, suggested by previ-
ous works by Hess et al, that the S-bursts are triggered by upgoing electrons
accelerated (downward) by trapped Alfvén waves, that have mirrored above
the Jupiter ionosphere. According to this theory, the S-bursts would corre-
spond to wave modes that propagate at oblique angles with respect to the
magnetic field. Oblique propagation is also inferred for the more slowly
varying components of Io-Jupiter radio emissions. Previous works, mainly
based on observations of the terrestrial AKR, whose generation process is
closely related to those of S-bursts, showed that these waves are emitted on
perpendicular wave modes. This discrepancy between the Jovian and Ter-
restrial cases has led to a controversy about the credibility of the S-bursts
model by Hess et al. In the present paper, we show that indeed, the most
unstable wave modes for Earth AKR, and Io-Jupiter S-bursts, as they are
seen from ground based radio-telescopes, are not the same. Several causes
are evaluated : observational bias, the different degree of plasma magnetiza-
tion above Earth and Jupiter, the role of a cold plasma component and of
plasma auroral cavities. Furthermore, we make predictions about what kind
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of radiation modes a probe crossing the low altitude Io-Jupiter flux tube will
see.

Key words: Jupiter-Io interaction S-bursts Radio emissions Electron
acceleration Potential drops Earth AKR

1. Introduction

The most structured radio emissions from Jupiter are Short-(S-)bursts.
They consist of long series of discrete bursts that are ≀-shaped in the time-
frequency plane. Previous analyses suggest that S-bursts are generated in
the Io-Jupiter flux tube, through the cyclotron-maser instability (CMI) of
electrons accelerated from Io to Jupiter (Ellis, 1965).
The CMI is also the cause of other Jovian decameter-wave (DAM) radio
emissions (Zarka, 1998), as well as that of the Earth Auroral Kilometric Ra-
diation (AKR) that is observed above the Earth ionosphere (Wu and Lee,
1979; Wu, 1985; Treumann, 2006). According to the CMI theory, these ra-
diations are emitted at a frequency close to the local electron gyrofrequency
ω ∼ ωce.

It was shown recently that two acceleration mecanisms could build the dis-
tribution functions whose instability triggers the S-bursts. These two mecan-
isms do not exclude each other, probably both of them occur.
The first one, suggested by Ergun et al. (2006); Su et al. (2006, 2007), is accel-
eration through a quasi-monochromatic inertial Alfvén wave, trapped in the
ionospheric resonator (Su et al., 2006) and amplified by the ionospheric feed-
back (Lysak and Song, 2003). This resonator is a region along the magnetic
field lines around the area where the Alfvén wave velocity reaches a minimum
value. Hess et al. (2007a), have evidenced the effect of Alfvénic acceleration
in a numerical simulation. The motion of the electrons in the wave electric
field and the up and downgoing electron distribution functions at various
times and altitudes were computed. They were used to evaluate the CMI
growth rate as a function of time and altitude/frequency. This simulation
allowed to reproduce the main global features of the S-bursts time-frequency
spectrum: discreteness, shape, frequency drift and repetition.

The acceleration process occuring in the Io flux tube has been extensively
studied by Hess et al. (submitted). The authors included in their study the
computation of the transmission of the Alfvén waves between Io and Jupiter,
and the energy gain of the electrons using several theoretical models and
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simulations (including those of Hess et al. (2007a)) and compared it to the
latest electromagnetic observations from UV to radio. They conclude that
small scale Alfvén waves generated by filamentation of a mother long-scale
Alfvén wave are responsible for the acceleration of the electrons in the Io flux
tube.

The second mecanism is downward acceleration by electrostatic struc-
tures. It has been first evidenced through an analysis of finer structures in
the S-bursts time-frequency spectrum (Hess et al., 2007b, 2009a,b). These
structures have been observed drifting upward at the local sound speed, thus
consistent with ion acoustic solitary waves, or strong double layers.

We call, thoughout this paper: ”Hess model” the evidence of Alfvénic
and electrostatic acceleration infered from the above mentioned analysis of
the S-bursts radio emissions.

These two acceleration mecanisms are well known on Earth, and it seems
therefore important to compare, for the two planets, the effect of the acceler-
ated electrons on the CMI and on the radio emissions produced. The works
of Hess et al. provide the first observational (indirect) evidence of such ac-
celeration mecanisms outside the terrestrial environment. But with the Hess
model, things do not seem to happen exactly as in the case of the terrestrial
AKR.

According to this model, as will be recalled in details in section 3, the
waves emitted from the Jupiter-Io flux tube have an oblique angle of prop-
agation with respect to the local magnetic field at the source. This result
contrasts with the near-perpendicular beaming observed for the Earth AKR
and with the wide-spread idea that oblique waves are much less unstable
than those propagating perpendicular to the magnetic field at the source.
By analogy with the Terrestrial case, we should expect to observe dominant
perpendicularly propagating waves at Jupiter. The fact that the Hess model
favours oblique waves makes it a-priori less convincing. We discuss here this
specific question and propose several arguments in favour of the dominant
amplification of oblique waves in the Jovian radiosources plasma.

The main question addressed in this paper is therefore : ” Why do oblique
modes correspond to the observable features of the Io-Jupiter decameter
radiation while the experience acquired from terrestrial studies indicates that
perpendicular modes should be more unstable ? ”

After defining precisely the radio components that we compare (section
2), we recall that several independent studies by Hess et al. conclude to the
generation of unstable oblique waves (section 3). Then, we are led to address
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the following points : when comparing the Earth’s AKR with the Io-Jupiter
decameter radiation (Io-DAM), is there a bias imposed by the conditions of
observation that would favour the observations of oblique waves at Jupiter
only ? (Section 4.) In order to go further, it is necessary to recall funda-
mentals of wave dipersion (section 5), resonance condition (section 6), and
CMI growth rates (section 7). The Earth AKR is emitted almost exclusively
from plasma cavities. Is the role of the plasma cavities likely to be the same
in the terrestrial and Jovian environments ? What is their connection with
acceleration regions ? (Section 8.) Do the same wave modes propagate in the
Earth cavities and above Jupiter ? We discuss in particular wave propagation
outside their source regions (section 9). Finally, we make some predictions
about what will be measured by future space instruments, according to the
regions explored, or by low-frequency radiotelescopes observing below the
Earth’s ionospheric cutoff (section 10). These predictions are the ultimate
validity tests of the Hess model.

2. Which AKR components compare to the Io-Jupiter S-bursts ?

On Earth, the AKR often seems unstructured in the time-frequency plane.
Analyzing the AKR fine structure observed with the FAST spacecraft, Pot-
telette et al. (2001) found a few occurrences of narrow band drifting struc-
tures of two kinds. Some of these structures are moving with a velocity
in the range 10-100 km/s, typical of ion acoustic structures. Mutel et al.
(2006) showed similar evidences of narrow-band structured emissions with
strong frequency drifts. They found series of very narrow-band emissions
with a negative frequency drift corresponding to upward travelling sources
at a speed of a few 100’s km/s. These emissions, called ”striated AKR”
(SAKR) have a frequency of occurence of the order of one percent. Mutel et
al. showed that their sources have a spatial extent along the magnetic field
that does not exceed ∼10 km. Numerical simulations have shown that the
SAKR could be triggered, through the CMI, by a bunch of upward prop-
agating ion holes (Mutel et al., 2007). Could the Io-Jupiter (fast drifting)
S-bursts be triggered by ion acoustic structures or ion holes ? There are
two arguments against it. First, measurements of the S-burst source velocity
along the magnetic field lines show that it is consistent with the adiabatic
motion of keV electrons, i.e. far higher (100’s of times) than the velocity
of ion structures. Second, the S-burst bandwidths imply that the sources of
emission can have an overall spatial extent of several hundreds of kilometers,
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far more than the expected size of SAKR sources, but consistent with the
size of an electron beam travelling at >0.1c after acceleration by an Alfvén
wave whose frequency is a few tens of Hz.

The second kind of fine structures found by Pottelette et al. (2001) con-
sists of a relatively weak AKR background actually made of the superposi-
tion of many fast drifting structures, corresponding to source velocities of
300-1000 km/s. These velocities are characteristic of electron acoustic struc-
tures, and close to the thermal electron velocity. In that sense, these narrow-
band fast drifting structures bear similarities with the Jovian S-bursts. But
S-bursts are discrete structures with a repetition rate about 15 Hz, while
the above fine AKR structures form an almost continuous background. Ac-
cording to Pottelette et al. (2001) and Treumann et al. (2008), these AKR
structures are associated with electron holes, whose typical size is of the or-
der of a few Debye lengths. According to the ”Hess model”, S-bursts are
rather associated with larger sites of acceleration associated to Alfvén waves.
Moreover, the CMI emission associated with electron holes is associated to
perpendicular R-X waves, as the other terrestrial AKR sources, while this is
likely not to be the case for Io-Jupiter S-burst, as demonstrated in the next
sections. Finally, Su et al. (2008) have found in FAST data eight occurences
of AKR emission contituted of fast drifting ion acoustic solitons, similar to
the SAKR sources but with faster velocities (see McFadden et al., 2003).
Emissions occur in that case quasi-periodically with a repetition frequency
of 7-18 Hz, similar to the frequency of the Alfvén waves recorded simulta-
neously by FAST. Moreover the measurements of the electron distributions
related to these events are very similar to those simulated by Su et al. (2007)
and Hess et al. (2007a), i.e. ring and shell distributions, which are proof of
an Alfvénic acceleration. These Alfvénic driven emissions are localized at a
lower altitude (∼ 0.5 RE) than the SAKRs observed by Mutel et al. (2006)
(> 1 RE). The proof, given by Su et al. (2008) that Alfvén-driven radio
emissions exist also on Earth, provides an interesting basis of comparison
with the S-burst theory proposed by Hess et al. (2007a). Nevertheless, in
the present paper we have not based our comparison of Jovian S-bursts and
AKR on these Alfvén-driven terrestrial fine structures, due to their rarity.
We rather compare below the most common form of AKR on Earth, which
shows no obvious fine structures (or a background of fast drifting structures
as in Pottelette et al. (2001)) with the most common form of S-bursts from
the Io-Jupiter flux tube.
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3. Generation of oblique modes at Jupiter

The main difference between the generation of terrestrial AKR and the
Hess model of Io-Jupiter S-Bursts is the angle of propagation of the unstable
radio waves, whih is related to the distribution functions of the emitting
electrons.

At Jupiter, the S-bursts are found to originate from oblique unstable
waves triggered by transient electron hollow beams (or rings). Figure 1 (from
(Hess et al., 2007a)) shows three electron distribution functions. At the top,
we can see an idealized shell distribution function combined with a loss cone,
also called a horseshoe distribution. The two other distributions result from
a simulation of the electron motion along the Io-Jupiter flux tube in the
presence of an Alfvén wave. They are taken at two different times, at the
same altitude of 0.1RJ above the surface of the planet, within the S-burst
source region, well below the acceleration region associated with the Alfvén
wave electric field (i.e > 0.9RJ in this simulation, or > 0.5RJ in the model
of Su et al. (2006, 2007). We can see that these distributions are not static.
They are not spatially uniform either. This time and space dependence is
quasi-periodic, and depends on the Alfvén wave periodicity. On the middle
panel, the prominent feature is a partial shell made of downgoing electrons.
On the bottom panel, we can see the temporary formation of a hollow beam
(i.e. a ring distribution) of upgoing electrons that have mirrored at a lower
altitude. These two distributions, ring and shell, are known to be unstable
to the CMI. Similar distributions have been observed at Earth by the instru-
ments onboard the FAST spacecraft (Ergun et al., 2006).

Hess et al. (2007a, 2009a) have shown that a transient ring or loss cone
distribution can explain the S-burst time-frequency structure. In particu-
lar, they have successfully reproduced the typical shape of S-bursts dynamic
spectra recorded in Nançay by a simulation of a dynamic spectrum based
on the CMI amplification of oblique waves driven by a ring distribution (see
Fig. 2 of (Hess et al., 2007a) and Fig. 1 of (Hess et al., 2009a)).

S-bursts are not the only Io-Jupiter radiation that is emitted obliquely.
It is also the case of Io-DAM arcs, structured on longer timescales (∼ 1
hour), and that are also the envelope of S-bursts in the time-frequency
plane. Simulating the time-frequency shapes of radio arcs from the Jovian
northern (Hess et al., 2008a) and southern (Hess et al., in press) hemispheres
as a function of emission beaming, lead angle between the radio emitting field
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line and the instantaneous Io field line, and electron energy, it has been found
that they are in all cases emitted as oblique waves. In another paper, the
growth rate of the CMI was computed from an electron distribution resulting
from an impulsive heating of the plasma by the passage of Io, followed by
time of flight effects. It was shown again that the time-frequency signature
of the decameter arcs is those of oblique waves (Hess et al., 2008b).

But, according to the CMI theory, there is much more free energy in the
shell distribution functions, which trigger perpendicular waves, than in loss-
cone or ring distributions (Pritchett, 1984; Louarn et al., 1990). For Earth’s
AKR, the most unstable waves in the source region are indeed perpendicular
R-X mode triggered by a shell-driven CMI (Delory et al., 1998; Ergun et al.,
2000). In the model of Hess et al. (2007a), such perpendicular waves are
possible, but they do not exhibit the characteristic time-frequency signature
of the S-bursts (see the Fig. 5 of that paper). Actually, the signature of
these perpendicularly propagating waves is a dense superposition of upgo-
ing and downgoing structures, that might appear, in a real context, as an
unstructured background of emission. This may be similar to the case of
the terrestrial AKR mentioned by Pottelette et al. (2001), where a quasi-
continuum emission is actually composed of a large number of superimposed
discrete structures.

4. Conditions of observations

Two factors constrain the possibility of observing the radiations triggered
by the CMI. The first one concerns ground-based observations only. It is
linked to the Earth ionospheric cutoff frequency, that is approximately 10
MHz. The second one is the requirement for a highly magnetized plasma in
the emission region. In the case of a moderately relativistic plasma, with a
Lorentz factor Γ ∼ 1, the condition for cyclotron maser resonance implies
ǫ = (ωpe/ωce)

2 << 1. Let us now comment about these two conditions, in
the case of Earth and of the Io-Jupiter flux tube.

The terrestrial AKR cannot be observed from the ground because the
sources are situated above the ionosphere, and the emitted frequencies (≤ 700
kHz) are well below the ionospheric cutoff (∼ 10 MHz). The AKR has
been discovered and observed from space, both inside and outside its sources
(Benson and Calvert, 1979; Bahnsen et al., 1989; Roux et al., 1993), with
good time and frequency resolutions. Later, these observations have been
completed with an analysis of the particles distribution function (Ergun et al.,
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2000). Above Earth, the requirement ǫ = (ωpe/ωce)
2 << 1 is generally not

met in the auroral zone. But small-scale (typically ≤ 100 km wide) plasma
cavities have been observed several times, and well characterized (Hilgers
et al., 1992). They are the only places where it is possible to have ǫ << 1.
As a matter of fact, all AKR sources crossed until now were located in such
cavities (Roux et al., 1993; Ergun et al., 1998a).

The Io-Jupiter S-bursts are observed above ∼10 MHz from Earth with ra-
dio telescopes such as the decameter arrays in Nançay (Boischot et al., 1980)
and Kharkov (Braude et al., 1978) with high time and frequency resolutions.
The Io-Jupiter radiation has also been observed in orbit around Jupiter by
Galileo (Menietti et al., 1998)), or during flybys by Voyager (Boischot et al.,
1981) and Cassini (Zarka et al., 2004)), but with moderate frequency and time
resolutions that did not allow to resolve the characteristic time-frequency
signature of the S-bursts. Voyager observations nevertheless allowed to iden-
tify S-bursts on dynamic spectra down to 5 MHz (Alexander and Desch,
1984). As explained in the previous section, S-bursts observed at high res-
olutions were successfully modelled by oblique emission down to ∼10 MHz
(Hess et al., 2007a, 2009a), while Io-DAM arcs were successfully modelled by
oblique emission down to a few MHz (Hess et al., 2008a, in press). At the
lowest frequencies, refraction effects must be taken into account (Ray and
Hess, 2008). The presence of S-bursts down to ∼1 MHz is likely but not yet
proven by observations.

A prominent characteristics of Io-DAM emission (arcs) is the limitation of
their low-frequency extent down to about 1 MHz, whereas fce goes down to
∼ 60 kHz along the Io flux tube (IFT). Zarka et al. (2001) have explained this
limitation by the fact that along the IFT, the requirement ǫ = (ωpe/ωce)

2 ≤
0.01 is only met below an altitude of ∼ 2.5RJ , and this altitude corresponds
indeed to an emission frequency ω ∼ ωce ∼ 1 MHz (Fig. 2a,b). The work of
Zarka et al. (2001) was based on the empirical Io torus diffusive equilibrium
model of Bagenal (1994). More recently, Su et al. (2003) have made numerical
models of the plasma acceleration by strong double layers along the IFT.
Their simulations include the computation of the electron density along the
IFT, and all of them show that it reaches a deep minimum between ∼ 0.5RJ

and ∼ 1RJ above the Jovian ionosphere (Fig. 2c,d), while the previous
model placed it about 0.1− 0.2RJ . In Fig. 2 we have plotted the parameter
ǫ along the IFT, computed from the VIP4 internal Jovian magnetic field
model (Connerney et al., 1998) and on the densities derived by Bagenal
(1994) (a,b) or by Su et al. (2003) (c,d), as a function of the abcissa s
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along the flux tube starting at the surface of Jupiter (lower scale) and of
the local gyrofrequency deduced from the VIP4 model (upper scale). The
distance from the surface of Jupiter to Io along the flux tube is ∼ 7RJ . On
panels (a,c), the scale of s is linear, emphasizing low-frequencies, while it is
logarithmic on panels (b,d), emphasizing high-frequencies. The grey-shaded
band represents the range of ǫ for which CMI is marginally possible and
separates regions where CMI works from those where it is quenched. There
are three set of five lines on each panel. Each one corresponds to a given
equatorial longitude of the magnetic field lines. Dotted lines correspond to
magnetic field lines whose longitude is 230o, continuous lines to a longitude
of 190o and dashed lines to 270o. These three longitudes cover the sector of
longitudes in which most of the radio emissions are observed (Boischot et al.,
1980; Carr et al., 1983; Queinnec and Zarka, 1998). Each line in a same set
corresponds to a different solution found by Su et al. (2003) corresponding
to different boundary conditions. We note that the (Su et al., 2003) model
suggests that CMI can operate down to ∼200 kHz, and is thus probably
not accurate at large altitudes. But we are primarily concerned with high
frequencies (low altitude regions), where the condition ǫ ≤ 0.01 − 0.1 is met
in nearly all cases down to the topside ionosphere.

No in-situ measurement at Jupiter has yet allowed to assess the existence
of Earth-like plasma cavities, but the plots of Fig. 2 show that at Jupiter,
the plasma density is low enough along the IFT so that the value of ǫ permits
CMI emission from ∼1 MHz to 40 MHz (upper limit of the Io-DAM, emitted
near the planetary surface) even in the absence of any plasma cavity.

5. Wave propagation angles in cold and warm plasmas

The dispersion relation of a cold plasma has been studied in the pioneering
work of Wu and Lee (1979). For the case of a purely perpendicular propa-
gation (k‖ = 0), the dispersion relation is displayed on the panel (C) of Fig.
3 (adapted from Louarn and Le Quéau (1996b)). The reduced frequency is
defined as ∆ω = (ω−ωce)/ωce. The magnetization parameter ǫ = (ωpe/ωce)

2

corresponds to the value of the ”outside cavity” density no dominated by
a high proportion of cold electrons. The electromagnetic modes of interest,
that may have a frequency close to the electron gyrofrequency, are the L-O,
R-X and Z modes. The L-O and R-X modes behave asymptotically (for large
k⊥) as light waves and can propagate outside the plasma, provided that it is
not too inhomogeneous (this last condition is not fulfilled at the edges of the
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Earth auroral cavities). The L-O and R-X modes have a low frequency cutoff
with ∆ω < 0 for the L-O mode (whose cutoff is actually at ωpe), and ∆ω > 0
for the R-X mode (actually ∆ω ∼ ǫ). The Z-mode waves have a resonance,
becoming electrostatic and trapped for large k⊥, with the frequency tending
toward an asymptotic value larger than ωce (∼ ǫ/2).

On Earth, in the sources of AKR, the waves are emitted perpendicular
to the magnetic field, i.e. at k‖ = 0. As we have seen, the AKR sources
are located in auroral cavities, devoid of cold electrons. In that case, a
relativistic correction has to be applied to the electron cyclotron frequency
which becomes (and must be replaced everywhere by):

ωcr =
ωce

Γth

∼ ωce(1 − δth) (1)

where Γth is determined from vth2 , the second order momentum of the electron
distribution function, i.e the thermal velocity in the case of a maxwellian
distribution (Pritchett, 1984) and δth = (v2

th/2c2). The dispersion relation
is displayed on the panels (A) and (B) of Fig. 3. The R-X mode cutoff
frequency becomes ∆ω ∼ ǫ − δ. The case of panel (A) corresponds to a hot
plasma, typical of Earth’s plasma cavities, where δ > ǫ. The case of panel
(B) corresponds to a moderately warm plasma (0 < δ < ǫ), as is maybe
the Jovian plasma. The necessary condition for perpendicular instability
(δ > ǫ − δ, i.e. δ > ǫ/2) is fullfilled in the case of a hot plasma only.

6. Resonance condition above Jupiter for large oblique angles

Les us now come back to the case where k‖ 6= 0. The relativistic resonance
condition is then:

ω =
ωce

Γr

+ k‖vr‖ (2)

where Γr > 1 is the relativistic Lorentz factor associated to the velocity
of the resonnant electrons vr, not necessarily equal to Γth. In the case of
perpendicular propagation (k‖ = 0), the resonance condition is simply ω =
ωce/Γr, and corresponds thus to a frequency below the electron gyrofrequency
ωce. It corresponds in the (v‖, v⊥) plane to a resonance circle centered on the
origin, and of radius vr, given by:

(

v2
r

2c2

)

= δr = −∆ω (3)

10



In that case, the most efficient instability is triggered by a particle distri-
bution with a positive velocity gradient ∂f/∂v⊥ along such a circle. This
corresponds to a shell distribution function, as displayed on Fig. 1(a,b). A
resonance circle corresponding to a perpendicular wave instability is drawn
on Fig. 1(a), this is the (”shell r.c.”) circle centered on v‖ = v⊥ = 0.

Note that the propagation condition ω ≥ ωcr(1 + ǫ) implies Γr < Γth

(or equivalently δr < δth). This condition defines the fuzzy notion of ”hot”
plasma: The plasma is sufficiently hot for the CMI to occur on the perpen-
dicular X-mode if the velocity associated with the second order momentum
of the electron distribution function (typically the thermal velocity) is larger
than the velocity corresponding to the positive gradient ∂f/∂v⊥ in the dis-
tribution. This implies the absence of a cold core in the electron distribution
function in the radiosource.

Oblique wave instabilities are also possible. They correspond to resonance
circles that are not centered on the origin in the velocity space (Wu and Lee,
1979). Such a circle is displayed on Fig. 1(a) (”loss cone r.c.”). The instabil-
ity corresponds to distribution functions where ∂f/∂v⊥ is large somewhere
along that circle. Such an instability can be triggered by a hollow beam (i.e.
ring) distribution function, as the one displayed on Fig. 1(c). As shown by
the analytical calculation below, in the case of the simulations of Hess et al.
(2007a), and more generally for the physical conditions inside the IFT, the
resonance condition given by eq. 2 allows for relatively large angles of prop-
agation. Zarka et al. (1996) and Hess et al. (2007b, 2009b) have found that
the typical energy of the accelerated electrons generating S-bursts is ∼4 keV.
This correspond to a Lorentz factor Γr = 1.0078 = 0.992−1 and a velocity
vring = 0.125c. As in Fig. 1(c), we choose a beam (ring) that corresponds
to a pitch angle α ∼ 45o. Then, k‖v‖ = k‖vring cos α ∼ 0.088k‖c. For an
unstable R-X wave, the frequency ω must be larger than the cutoff, given
for a cold plasma core (δ = 0), by ωRX = ωce(1 + ǫ) (Louarn and Le Quéau,
1996b). With θ the wave propagation angle, the resonance condition is

ω

ωce

vring

c
N cos α cos θ > (1 −

1

Γr

+ ǫ). (4)

with ω/ωce ∼ 1 and the X-mode index N ∼ 1 as long as ǫ << 1. Then
numerically,

cos θ ≥ 11.3 × (ǫ + 7.7 × 10−3). (5)

We can see from Fig. 2 that ǫ can be as low as 10−6. Then, the propagation
angles compatible with the resonance condition are limited by θ ≤ 85o. For
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ǫ = 10−2, the propagation angle can still be large (θ ≤ 78o). For ǫ = 5×10−2,
the propagation angle is more constrained (θ ≤ 49o). The fit of observed
arcs made by Hess et al. (2008a), under the assumption of N ≃ 1, predicts
θ & 80◦ at a distance larger than a few tenth RJ from the planet surface
(their Fig. 2 and Table 1), in agreement with the above calculation. This
is not qualitatively modified when the possibility that N < 1 is taken into
account (Ray and Hess, 2008).

7. R-X mode versus Z mode instability

In the Earth auroral zone, the AKR is produced by the shell/horseshoe
instability in cavities devoid of cold plasma. Its propagation angle is purely
perpendicular in the source. The relativistic dispersion function in a hot
plasma allows for direct generation of fast X-mode waves perpendicular to
the magnetic field.

As we have seen in section 3, according to the Hess model, in the Io-
Jupiter flux tube, the radio waves are directly generated with an oblique
propagation angle, resulting from a cyclotron-maser loss-cone/ring instabil-
ity. There exist also perpendicular waves, more unstable than oblique ones,
but they do not exhibit the observed signature of the S-bursts in the time-
frequency plane. We propose below a reason why these perpendicular waves
are actually not produced.

Le Queau and Louarn (1989) have made an analysis of the relativistic dis-
persion relation in the case of a ring distribution, for perpendicular propaga-
tion. In their computation, the distribution has a null parallel velocity (this
is not the case in Hess et al. (2007a)). They have also added a Maxwellian
or a cold plasma of arbitrary density with a null velocity. They have shown
that in the relativistic case, the unstable complex frequency lies along the
circle of radius δ (ω̂ = ωce + iδ).

The maximum growth rate is obtained for Re(∆ω) = 0. On panels (A)
and (B) of Fig. 3, this instability circle has been drawn. We can see that
in the case of a hot plasma (panel (A), δ large enough), the X-mode is more
unstable than the Z mode. But in the case of a small value of δ (panel
(B)), the maximum growth rate occurs for the Z-mode waves, albeit with
a growth rate smaller than that of the X-mode of case (A). In the case of
wave propagation supported by a strictly cold plasma (panel (C)), both the
X-mode and the Z-modes are stable.
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In the terrestrial auroral cavities, δ is large enough so that the X-mode
waves are the most unstable ones. In the case of the Jovian S-bursts, accord-
ing to the Hess model, the propagation of the waves is controlled by the cold
plasma (as in the original AKR study by Wu and Lee (1979)) because no
cavity is considered (the necessary condition ǫ ≤ 0.01 is fulfilled even without
cavities). Oblique X-mode waves can be amplified by the CMI,but there is
no perpendicular shell instability. However, the Z-mode can be destabilized
by a ring-like distribution (consistent with the analyses of Wu and Lee (1979)
and Louarn and Le Quéau (1996b)). The panel (B) of Fig. 3, shows the mod-
erately warm plasma dispersion relation for strictly perpendicular waves. We
can see that the Z-mode, with frequencies close to ωce (i.e. |∆ω| < δ) can be
destabilized, while the X-mode cannot.

Finally, we conclude that while ring-like distributions can trigger oblique
R-X waves, they cannot trigger perpendicular R-X waves if the propagation
of the waves is controlled by a bulk of cold plasma. In that case, only Z-mode
waves can propagate at perpendicular angle from the magnetic field.

8. Acceleration and plasma cavities

The next question is therefore : why is the wave propagation at Jupiter
dominated by the cold plasma, by contrast with the Earth’s case ? One
answer could be : because the radiation comes from a low altitude plasma,
dominated by the Jovian ionosphere that is cold and dense. A look at Fig.
2 shows that the S-burst range of altitudes observable from the ground (i.e.
below 0.5 − 1RJ) is a region of high ionospheric plasma density. But this
explanation is not convincing enough because, on Earth, sources of AKR
have been observed at very low ionospheric altitudes (1500 km), where, in
general, the plasma is cold and dense too (Mäkelä et al., 1998, 1999). Also,
S-bursts may also originate from somewhat higher altitudes. So, what is the
difference between Earth AKR and Jovian S-bursts ?

Another explanation concerns the difference of temperature regimes be-
tween the Earth AKR and Io-Jupiter S-bursts and the role of the plasma
cavities.

Above Earth, the plasma cavities are the source regions of the AKR
(Hilgers, 1992). Some of them are large, but most have a small latitudinal
extent that does not exceed 100-200 kilometers.

These cavities are not only the places for AKR generation, they are also
key regions for plasma acceleration and turbulence. Actually, cavities cross-
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ing by space probes revealed beams of particles with an energy of a few
keV, electrostatic coherent structures such as weak double layers and solitary
waves (Ergun et al., 1998b; Franz et al., 1998; Cattell et al., 1999; Bounds
et al., 1999). The acceleration processes are connected to strong double lay-
ers (Mozer et al., 1980; Temerin et al., 1982; Block et al., 1987) or to Alfvén
waves (Chmyrev et al., 1989; Louarn et al., 1994). Alfvén waves propagating
along the density gradients on the sides of the cavity can trigger parallel
electric field, acceleration, electrostatic instabilities and turbulence (Génot
et al., 2001a; Génot et al., 2001b, 2004).

The Earth auroral plasma is generally a mixture of cold ionospheric
plasma and hot magnetospheric plasma. The cavities are void of cold plasma,
they contain only the hot plasma component (Hilgers et al., 1992). The trans-
verse structure of such non-isotherm cavities can be modelized as a tangential
discontinuity (Mottez, 2003, 2004). The precise mecanism of formation of the
cavities is still under study, but it seems clear that it is associated to the ac-
celeration mechanism itself (Ganguli et al., 1994; Singh et al., 2005). When
a plasma has been accelerated in a finite size region, because of its higher
velocity, it escapes and the acceleration region is emptied. Of course, it is
refilled by the diffusion of the ambiant plasma surrounding the cavity. The
more energetic (fastest and hottest) plasma can refill quikly the cavity, but
not the slower cold plasma. Therefore, acceleration in a finite size region
favors the the formation of a cavity devoid of cold plasma.

The particular case of the electrostatic potential inverted-V structures re-
sponsible for most of the electron acceleration at Earth (Melrose et al., 1982;
Wu, 1985; Pritchett, 1984; Imhof et al., 2000) can generate elongated cavities
along the magnetic field lines. Outside these cavities ǫ > 0.1, forbidding any
CMI emissions. Hence the Earth AKR is always emitted in/near acceleration
regions in cavities filled only with hot plasma.

In the Io flux tube above Jupiter the electron acceleration comes from
Alfvén waves and occurs at altitudes above 0.5−1RJ . This means that, apart
from isolated double layers (associated to more complex S-burst features
(Hess et al., 2009a)), the source of the S-burst emissions are situated mainly
below − not within − the acceleration regions. So, there is no reason why
the cold plasma would be removed. As radio emission is possible at Jupiter
in the absence of any cavity, since ǫ < 0.1 almost everywhere, it is reasonable
to assume that, contrary to the case of the Earth AKR, Jovian S-bursts are
emitted in regions dominated by a cold and dense plasma component.
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Let us notice that in/near the electrostatic acceleration regions inferred
by Hess et al. (2009a) in the IFT, we can expect, as in the terrestrial case,
localized plasma cavities devoid of cold plasma. In these localized regions, the
relativistic dispersion relation shows that, by contrast with most of the cold
plasma regions of the IFT, perpendicular R-X waves could be generated.
Hess et al. (2009a) have shown that some characteristics of the S-bursts
dynamic spectra (e.g. the dominantly negative drift rates) are associated to
oblique R-X modes and electron local acceleration. But we think that less
common localized time-frequency structures, not described in (Hess et al.,
2009a), having a null or positive frequency drift, could be associated to the
perpendicular R-X waves allowed by the presence of a low density hot plasma.

9. Propagation outside the sources

The Earth AKR is mainly emitted in the perpendicular direction, on X-
mode waves. These waves cannot escape easily from the very low density
plasma cavity where they are generated, as it is bordered by sharp density
gradients (∇⊥ne). Many papers have been devoted to the way they convert
into other modes, propagate and finally escape at higher altitudes. The AKR
is reflected along the cavity (against the strong ∇⊥n), until it can escape into
space, with a different propagation angle (modified through their propagation
in a smooth ∇‖n density gradient, cf. (Mutel et al., 2008)). It is also partially
converted into other wave modes (Z, O) accross the cavity boudaries (strong
∇⊥n) (Louarn and Le Quéau, 1996a,b). Various modes were indeed observed
outside the sources (Hanasz et al., 2003).

We think that the case of Jupiter is simpler. The S-burst sources are not
enclosed in a cavity, and the plasma is probably homogeneous: ∇⊥ne ∼ 0,
(as far as one agrees with the conclusions of the previous section). In this
homogeneous cold plasma, the perpendicular unstable waves must be emitted
on the Z-mode. Such a mode cannot propagate freely into the vaccum or
a much less dense plasma. As the gradients along the magnetic field are
smooth, these Z-mode waves (trapped into the plasma) cannot be converted
efficiently into an another mode that would propagate freely and we cannot
observe these radiations from Earth.

Conversely, the oblique unstable waves are emitted on the X-mode and
can escape freely into space, since the parallel gradients ∇‖ne are not too
high and the X-mode refraction index in the source is already nearly equal
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to 1. These emissions, highly structured, and associated to upgoing sources
only, are the S-bursts that we can observe from Earth.

10. Perpectives

We conclude with a few predictions about what should be observed in-
situ in the Io-Jupiter flux tube, if the Hess model and the above discussion
is correct. These predictions constitute a decisive experimental test for this
model.

We can expect that the radio experiment onboard Juno (Jupiter polar
orbiter), when it will cross the IFT at low altitude (below the acceleration
region, i.e 0.5-1 RJ) will not see only the oblique waves that are associated
to the S-bursts. It will also see a high level of perpendicular waves, emitted
on the Z-mode at frequencies slightly below ωce (therefore, almost electro-
static). These correspond to the (large) part of the CMI waves that cannot
be seen from Earth. From an experimental point of view, the single electric
antenna and one-channel receiver on Juno will not allow us to determine the
electric field angle with the magnetic field, and they won’t provide either the
orientation of the incoming wave vector. But the Z mode can be recognized
by the fact that its polarization is strongly electrostatic : its signature on the
magnetic antennas should be weak. On the contrary, the X-mode is expected
to be electromagnetic.

The waves emitted above 1 RJ , that are not seen from Earth because
of the ionospheric cutoff, might show time-frequency structures much more
complex than those of the S-bursts. Why ? Because, at these altitudes,
the cold plasma is much less dense (favouring of a relativistic dispersion
relation) and we expect electron heating and acceleration by Alfvén waves to
be present. We have seen that the acceleration regions tend to remove even
more the cold plasma. So, at these altitudes comprised between ∼ 1RJ and
3.5 RJ (the upper limit for the condition ǫ << 1) the relativistic dispersion
relation is that of a hot plasma only. Then, the perpendicular X-mode is
probably the most unstable, as is seen in the sources of the Earth AKR.
These waves of frequency below the ionospheric cutoff have been observed
from spacecraft in the vicinity of Jupiter (Boischot et al., 1981; Alexander
and Desch, 1984; Zarka et al., 2004), but the low resolutions of the onboard
instruments did not allow to characterize the S-bursts. Besides high-rate
observations by Juno or Laplace/EJSM, low-frequency S-bursts might be
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observed by a radiotelescope installed on the far side of the Moon (Basart
et al., 1997; Noda et al., 2005).

A summary of our predictions is presented in figure 4.
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Mäkelä, J. S., Mälkki, A., Koskinen, H., Boehm, M., Holback, B., Eliasson,
L., May 1998. Observations of mesoscale auroral plasma cavity crossings
with the Freja satellite. Journal of Geophysical Research (Space Physics)
103 (12), 9391–9404.
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Figure 1: (a) Example of an unstable electron distribution relatively to the cyclotron-
maser instability. The ”loss cone” is due to magnetic mirror effect and loss by collisions
in the ionosphere. The perpendicular gradient is positive along the loss cone border, and
the resonance circle (r.c.) is tangent to it. A ”shell” distribution is a ring of particles in
the phase space. The resonance circle is tangent to its inner edge. (b and c) Distributions
of the particles at different time of the simulation at an altitude of 0.1RJ . Planetward
accelerated electrons form an arc in the (v‖, v⊥) plane because of adiabatic motion and
magnetic mirroring (panel b). This arc is cut by the loss cone, generating antiplanetward
electron beams moving adiabatically. These beams are nearly aligned with the loss cone
border (panel c). From Hess et al. (2007a)

.
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Figure 2: The magnetization parameter ǫ as a function of curvilinear abcissa s along the
Io-Jupiter flux tube and as a function of the corresponding gyrofrequency. Panels (a,b)
were computed as in (Zarka et al., 2001), based on the torus model of Bagenal (1994).
Panels (c,d) were computed using the numerical models of Su et al. (2003). On panels
(a,c), the linear scale of s emphasizes low-frequencies, while it is logarithmic on panels
(b,d), emphasizing high-frequencies. The grey-shaded band represents the range of ǫ for
which CMI is marginally possible and separates regions where CMI works from those
where it is quenched. More details are given in section 4.
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Figure 3: Dispersion relation of the X and Z modes for perpendicular propagation. (A)
For a hot plasma ring and δ > ǫ; (B) for a hot plasma ring and δ < ǫ; (C) for a cold plasma
(δ = 0). Note that δ here stands for the quantity δth in sections 5 and 6 . The right-hand
side axis is the perpendicular wave vector axis. The left-hand side axis is the imaginary
part of the reduced frequency, i.e. the growth rate Γ of the instability. The vertical axis
is the real part of the reduced frequency. A mode is unstable when its real frequency is
comprised between the two limits δ and −δ of the circle. In case (A) both the X and Z
modes are unstable, the X mode being more unstable than the Z mode. In case (B) only
the Z mode is unstable. In case (C), no mode is unstable : a hot plasma component is
required for perpendicular instability. Adapted from Louarn and Le Quéau (1996b).
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Figure 4: Summary of the acceleration regions, and of the wave modes that might be
measured in situ, according to the analysis developed in the present paper. The vertical
axis represents the altitude along the IFT, with the corresponding electron cyclotron
frequency on the right. Above 3.5 RJ , ǫ is large enough for quenching CMI operation. In
the region between 0.5 − 1Rj and 3.5 RJ , ǫ << 1 and Alfvén waves accelerate electrons.
Within acceleration region, the plasma is hot, and the CMI favours perpendicular Z-
mode, and perpendicular and oblique R-X mode waves. Only the oblique R-X waves
can propagate directly outside this region, as well as refracted perpendicular R-X mode
waves, but they are not observed from Earth because the frequency (less than 10 MHz)
is below the Earth ionospheric cutoff. The region below 0.5-1 RJ is below the Alfvén
wave resonator, and generally, there is no acceleration. In that case, the plasma is not
hot enough to permit perpendicular R-X waves amplification, so that only oblique R-X
mode and perpendicular Z-mode are unstable. The R-X oblique mode can propagate
in outer space, and is the cause of the highly structured S-bursts observed from Earth.
Nevertheless, in this range of altitudes, there are also electrostatic acceleration structures
(maybe strong double layers), in the vicinity of which the plasma is hot. From these small
regions, perpendicular R-X mode radiations might be seen from Earth.

28


