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[1] Jupiter’s radio emissions are dominated in intensity by
decametric radio emissions due to the lo-Jupiter interaction.
A significant part of these emissions consists of short
radio bursts (so-called S-bursts) drifting in time and
frequency. Previous analyses suggest that these emissions
are cyclotron-maser emissions in the flux tube connecting
Io or Io’s wake to Jupiter. We present simulations of these
electrons under the assumption of acceleration by Alfvén
waves in the [o flux tube. Near Jupiter, a loss cone and a ring
distribution appear in the magnetically mirrored electron
population, which can then 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. Additional potential structures are
assumed in the Jovian auroral region. We reconstruct their
impact on the morphology of the emission. They match some
of the time-frequency patterns observed with Jovian S-bursts.
This provides the first evidence of bipolar electrostatic
structures in the Jovian auroral region. Citation: Hess, S.,
F. Mottez, and P. Zarka (2009), Effect of electric potential
structures on Jovian S-burst morphology, Geophys. Res. Lett.,
36, L14101, doi:10.1029/2009GL039084.

1. Introduction

[2] The motion of the satellite o across Jovian magnetic
field lines in the plasma torus surrounding its orbit provides
an important and continuous energy source for electron
acceleration, ultimately generating bright auroral spots at
the Io flux tube (IFT) footprint [Connerney et al., 1993] and
intense decametric radio emissions [Queinnec and Zarka,
1998]. The electric field generated by this motion is thought
to induce electric currents and/or Alfvén waves [Goldreich
and Lynden-Bell, 1969; Neubauer, 1980] which may both
accelerate electrons in the plasma torus and in the Io flux tube
(IFT). Due to the magnetic mirror effect near the Jovian
ionosphere, these electrons acquire an unstable distribution
relative to the Cyclotron-Maser Instability (CMI) [ Wu, 1985].

[3] We assume that the CMI is responsible for the
emissions since it is observed in many auroral contexts, in
particular that of the auroral kilometric radiation. A more
developed discussion is given by Zarka [1998] which jus-
tifies our choice.

[4] Millisecond (or S-) bursts are discrete and intense
emissions occurring near the electron cyclotron frequency
and drifting in the frequency-time plane. Figure 1 (top) shows
a typical dynamic spectrum of these emissions. Their sources
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propagate like electrons in quasi-adiabatic motion moving
along the magnetic field lines away from Jupiter [Ellis, 1965;
Hess et al., 2007a, and references therein]. Burst occurrence
seems often quasi-periodic with a rate of the order of 10 Hz.
The quasi-periodic, discrete nature of the S-bursts, originat-
ing from a continuous excitation, has been investigated by
Hess et al. [2007b]. The authors proposed that Alfvén waves
(AW) could accelerate electrons periodically and thus pro-
duce periodic bursts.

[s] The electron acceleration by Alfvén waves was simu-
lated along the Io Flux Tube (IFT) and the CMI growth rates
deduced from the electron distribution. The time/frequency
evolution of the maximal value of the growth rate matches
well the dynamic spectra recorded from the ground (Figure 1,
bottom). Thus Hess et al. [2007b] concluded that the electron
acceleration by Alfvén waves is the main process generating
the Jovian S-bursts.

[6] This result is only a first order approximation that
does not cover the whole range of the S-burst morphologies
and the large variety of processes which occur in the Jovian
auroral regions.

[7] A classification of the S-burst morphologies has been
performed by Riihimaa [1991], who defined ~20 different
shapes of S-bursts, with only two of them corresponding to
the typical, adiabatic, shape. Most are mainly characterized
by a strong perturbation of the S-burst slope on a narrow
frequency range. Some S-bursts with complex morphology
are shown in Figures 2a, 2b, and 2c. Moreover the S-bursts
are often associated with narrowband emission (so-called
N-bursts) with which they seem to interact [Riihimaa,
1991].

[8] Hess et al. [2007a, 2009], have shown from experi-
mental data the presence of potential jumps of few 100’s eV,
located at altitudes around 0.1 R, which move at the local
sound velocity along the magnetic field lines. These potential
jumps are not the primary source of electron acceleration as
an energy of several keV is needed. But being located below
the AW electron acceleration region (0.9 R, in altitude), they
create a supplementary downward acceleration. We are here
interested in the perturbation of the typical S-burst shape
induced by the presence of additional electric potential
structures in the emission region.

[v] We use a particle test code to compute particles
motion along the IFT (section 2.1). The introduction of
Alfvén waves is discussed in section 2.2 and CMI growth
rate computations in section 2.3. S-burst shapes resulting
from additional introduction of potential structures are
presented in section 3 and discussed in section 4.

2. Description of the Simulation Code

[10] The code used in the present study is the same than
that of Hess et al. [2007b]. A more detailed description of
the code can be found in that paper.
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Figure 1. (top) Dynamic spectrum recorded at the Nancay decameter array in April 1995. The drifting structures are

Jovian S-bursts. They show a negative drift rate of about

—20 MHz/s, corresponding to the anti-planetward adiabatic

motion of the emitting electrons. (bottom) Dynamic spectrum of the CMI growth rates for a simulation with an acceleration by
Alfvén wave and without any additional electric potential structures. The dynamic spectrum shows S-bursts with a typical
shape (to compare with Figure 1a). The quasi-periodicity in both plots results from the Alfvén wave period [Hess et al.,
2007b]. The time scale of the two dynamic spectra is different due to the fact that our simulation code is unable to simulate
Alfvén waves with the frequency observed in the S-burst dynamic spectrum. The observed dynamic spectrum is cut at 22 MHz
since there is no observed emission at lower frequency (probably due to visibility effects).

2.1. Particle Motion and Injection

[11] We simulate the motion of electron guiding-centers
in imposed (not self-consistent) electromagnetic and grav-
itational fields. We simulate only the hot component of Io’s
electron population, which thermal velocity is about 200 eV
as measured by the instruments onboard Voyager and
Galileo [Moncuquet et al., 2002]. A constant flux of par-
ticles (~700 at each time step) is injected at the lo bound-
ary. The particles can exit the simulation at both ends of the
grid. Our simulation is made with 6.4 x 107 particles on a
4096 cells grld The length of a grid cell is Ax = 114 km ~
1.16 x 10~* R, therefore, the total length of the system is
L = NAx = 6.5 R, i.e., the length of the magnetic field
lines from Io to Jupiter.

[12] The equation of motion is given by the conservation
of the magnetic moment p and by the gradients of the
electric potential ¢ and the gravitational (and inertial)
potential ¢g.

=2 /B = const.

(1)

dvj

7 v(%¢E+NB+¢G) (2)

The permanent magnetic field is computed using the VIP4
multipolar magnetic model of Jupiter [Connerney et al.,
1998], built from in-situ magnetic field measurements of
Voyager and Pioneer, and from infrared observations of the
position of the IFT footprints on Jupiter. Up to now, this is
the most accurate published model for the computation of the
magnetic field along the IFT. We choose here to simulate the
magnetic field line in the northern hemisphere whose

longitude at equator is 230°. It corresponds to the mid-point
of the range of longitudes active in radio [Carr et al., 1983;
Queinnec and Zarka, 1998].

[13] The gravitational (and inertial) potential ¢ is given
by the Jovian attraction and the centrifugal potential. Io’s
attraction is neglected. We estimate the ambipolar electric
potential ¢ resulting from the gradient of the gravitational
potential ¢g only.

2.2. Alfvén Waves

[14] In ideal MHD, Alfvén waves have a wave length
A > pyand A > A\, where pj is the ion acoustic gyroradius
and ), is the electron skin depth, and they carry only a
perpendicular electric field. Thus they cannot accelerate
electrons. In the case of shorter wavelength, the kinetic
Alfvén wave theory [Lysak and Song, 2003] shows that the
Alfvén waves can carry a parallel electric field.

OE| = wak  N0B ) 3)
where w, is the Alfvén wave frequency. The perpendicular
wavelength )\ is proportional to the flux tube section (i.e.,
to B"?) with a value of ~10 km at the Jovian surface in our
simulation. We introduce near Io’s torus border (1.6 R;
from Io) a planetward Alfvén waves train during 10 seconds
with a frequency of 5 Hz. This frequency is chosen because
our code resolution do not allow to simulate the 15 Hz mean
frequency of the real S-bursts. Such short wavelength, high
frequency, waves are observed near lo (with amplitudes of
~10 nT) and are thought to be due to the filamentation of
long-scale waves in the torus [Chust et al., 2005].

[15] An Alfvén wave amplitude >100 nT appears to be
necessary to generate an electric field strong enough to
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Figure 2. (a, b, and c¢) Dynamic spectra of S-bursts with non typical shapes recorded at UTR-2 Kharkov telescope on
March 14, 2005. (d) Simulated dynamic spectrum of an S-burst emission with a 1 kV potential jump at an altitude corre-
sponding to a gyrofrequency of 20 MHz (g), which reproduces well the observed dynamic spectrum (Figure 2a). (e) Simulated
dynamic spectrum of an S-burst emission with a 1 kV potential enhancement at an altitude corresponding to gyro-
frequencies between 20 and 20.7 MHz (h), it reproduces well the observed dynamic spectrum (Figure 2b). (f) Simulated
dynamic spectrum of an S-burst emission with a 550 V potential drop-off at an altitude corresponding to gyrofrequencies
between 20 and 20.7 MHz (i), which reproduces well the observed dynamic spectrum (Figure 2c). The color scale is the

same as for Figure 1.

accelerate the electrons to an energy of a few keV, but is
larger than what is expected for such short waves. However
the ionospheric feedback coupled to a ionospheric resonance
can amplify waves near 10—20 Hz, allowing such amplitudes
[Su et al., 2006, and references therein].

[16] The wave introduced in our simulations has an
amplitude of ~250 nT which generates bursts thin enough
so we can see clearly the variations of their slopes (probably
an effect of the limited resolution of our code). As our
simulation scheme does not allow for self-consistent elec-
tromagnetic fields, the Alfvén wave propagation along the
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field lines and their associated parallel electric fields
(equation (3)) are computed analytically, taking into account
the density and magnetic field intensity variations.

2.3. Cyclotron-Maser Growth Rate

[17] A complete description of the linear Cyclotron Maser
Instability (CMI) theory is presented by Wu [1985]. CMI
occurs for electrons which fulfill the wave-particle reso-
nance condition:

w=we/T'+ kv (4)

where w is the wave frequency, w,. the electron cyclotron
frequency and I the relativistic Lorentz factor. In the weakly
relativistic approximation the wave-particle resonance con-
dition is represented by a circle in the (v, v, ) plane of center
vo and vector-radius R given by

kb ki
Vg =cCc— [ u ; R= v3—2(i—1), (5)

We

where b and uy are the unit vectors of the magnetic field and
of the parallel velocity. The maser cyclotron growth rate ~y is
obtained by integration over the resonance circle of the
gradient of the particle distribution f{vy, R) relative to the
perpendicular velocity. Positive growth rates require positive
integrated gradients [Wu, 1985]. In our simulation we
compute the growth rates from the particle distributions
along the field line for several resonance circle centers vy and
radii R. Each of them corresponds to an extraordinary mode
(characterized by a frequency w and a parallel wave vector
k), the most amplified mode dominates the instability (in the
linear approximation) and may thus be observed. Therefore
we retain the mode with the largest growth rate. The modes
whose growth rates are computed in our study are those for

which:
V2
; w:wv(wc—z) (6)

where o = arccos(v)/v) is the resonant particle pitch angle.
These modes correspond to those that trigger the S-burst
emission in the simulations of Hess et al. [2007b]. A
discussion of the validity of this choice can be found in that

paper.

Vo We

k=~
=2 cosar

3. Simulations and Results

[18] We start from the simulation of Hess et al. [2007b],
which consists in an acceleration of the electrons by an
Alfvén wave, without adding any electric potential struc-
tures. The result of this simulation is shown in Figure 1
(bottom), where the computed CMI growth rate is plotted
versus frequency and time. The growth rate values are given
above a background value of ~200 Hz which is due to the
permanent loss-cone distribution of the electrons. The
typical shape of the S-bursts, due to the adiabatic motion
of anti-planetward electrons, is well reproduced. The mean
drift rate is ~20 MHz/s, consistent with observations. In our
study we are interested by the perturbation of this typical
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shape induced by the presence of additional electric poten-
tial structures in the emission region. We simulate three
kinds of potential structures: the potential jumps discovered
by Hess et al. [2007a], which are localized (less than few
hundreds of kilometers wide), with an amplitude up to 1.5 kV;
and the bipolar electrostatic structures (with both polariza-
tions), which are commonly observed in the terrestrial auroral
region. The latter two structures are here modeled by two
consecutive potential jumps with opposite polarities. The
simulation results are compared to observations made at
the Kharkov UTR-2 telescope on March 14, 2005, which
are the cleanest observations we have. This day most of the
potential structures were observed near a frequency of
26 MHz. Due to the limited resolution of our code we did
not simulate potential structures at this frequency (too strong
magnetic field gradients), but between 20 and 20.7 MHz
(~0.14-0.15 R, from the Jovian ionosphere). Moreover we
used large potential drop amplitudes (up to 1 kV) to balance
the low resolution and to enhance the effect of such a
potential structure on the S-burst shape. The perturbations
ofthe burst slope due to lower values of the amplitude may be
difficult to detect. However we are here only interested by
reproducing qualitatively the shape variations (mainly breaks
in slope) introduced by potential structures and not by
reproducing exactly a given burst.

3.1. Potential Jumps

[19] We reproduce the simulation of electron acceleration
by Alfvén waves with a supplementary electric potential
jump, with a 1kV amplitude, at an altitude corresponding to
a local electron gyrofrequency (f..) of 20 MHz. The electric
field polarization is set to accelerate the electrons toward
Jupiter, consistently with the observations of electric poten-
tial jumps made by Hess et al. [2007a].

[20] This potential jump induces a sharp variation of the
electron velocity, which appears on the growth rate dynamic
spectrum as a sharp variation of the S-burst slope. Figure 2d
shows a zoom of the resulting dynamic spectrum, centered
on the potential jump position. The break in the S-burst
slope is visible at f.. = 20 MHz.

[21] Figure 2a shows a typical example of bursts which
exhibit the same shape (break in slope) as those simulated.
A study of the S-burst drift, similar to those performed by
Hess et al. [2007a] was done, which indeed reveals the
presence of a potential jump at f., ~ 26 MHz [Hess et al.,
2009].

3.2. Potential Enhancement

[22] We perform a simulation with two potential jumps of
opposite polarities, one located at an altitude corresponding
to f.. = 20 MHz which accelerates the electron toward
Jupiter and the other at an altitude corresponding to f.. ~
20.7 MHz which accelerates the electrons in the opposite
direction. Both potential jumps have a 1 kV amplitude.

[23] The resulting perturbation of the S-burst shape is
shown on Figure 2e. Inside the potential enhancement the
S-burst drift rate reaches higher value than outside (the
bursts seems nearly vertical). This kind of perturbation is
seen in the observations (Figure 2b), implying that such
bipolar electrostatic structures are present in the Jovian
auroral region.
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Figure 3. (a) Dynamic spectrum showing the interaction
between the S-bursts (oblique) and the N-bursts (horizontal).
(b) Simulated dynamic spectrum with a 800V potential drop-
off (20—20.2 MHz). The bursts present 4 components: 1,
1b low frequency S-bursts, 2 narrow band emission, 3 high
frequency S-bursts. (¢) Electron distribution at an altitude at
which £, = 20.1 MHz. (d) Electron distribution at an altitude
at which f,, = 19.6 MHz. (e) Sketch of the passing and
reflected trajectories of the electrons in the S-bursts emission
region. The color scale is the same as for Figure 1.

3.3. Potential Drop-off

[24] Another simulation is done with two potential jumps,
located at the same altitude as for the potential enhancement,
but with opposite polarities, thus modelizing a potential drop-
off. The electrons are decelerated when approaching the
structure. We set the potential jump to an amplitude of
550 V in order to keep it significantly below the parallel
energy of the emitting electron (~1 keV).

[25] As compared to the previous case, the presence of
the potential drop-off affects the electron velocity (and thus
the S-burst slope) in an opposite way (the slope is lower in
absolute value within the structure). The result of the sim-
ulation is shown in Figure 2f. Figure 2c shows an observed
S-burst dynamic spectrum for which the S-burst shape is
consistent with the presence of a such a potential drop-off.

[26] When the electric potential jumps amplitude
approaches the parallel kinetic energy of the electrons, the
shape of the simulated bursts changes. Figure 3b shows the
result for a potential drop-off located between 20 MHz and
~20.2 MHz whose amplitude is 800 V. The bursts are then
divided into 4 components: two low frequency S-bursts
(1 and 1b), a narrow band part (2) and a high frequency
S-burst (3). It is due to the division of the planetward electron
beam distribution (Figures 3c and 3d) into a part reflected by
the low frequency potential jump (1), a part reflect in the
potential structure by magnetic mirroring (2) and a passing
part, generating a normal S-burst (3 and 1b). A faint second-
ary burst is often seen in the high-frequency range which is
due to secondary reflections. The time-frequency emission
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structure seems comparable to the S- and N-bursts interaction
(Figure 3a).

4. Conclusion

[27] By adding electric potential structures in the emission
region (at an altitude of ~0.15 R;) we are able to reproduce
many of the S-burst shapes described by Riihimaa [1991],
since most of them are parts of the complete S-bursts we
simulate. These shapes present one or two breaks in the S-
bursts slope, which correspond to a modification of the
emitting electron energy induced by the presence of the
potential jumps. However, we are not able to generate
the narrow band (N-bursts) emission associated to S-bursts
with potential jump amplitudes lower than several (4—5) times
the typical thermal energy of the hot electrons (~200 eV).
The N- and S-bursts interaction may thus involve other
process(es), or successive potential jumps.

[28] The present study shows that the existence of non-
typical shapes of the S-bursts is fully consistent with the
standard scenario of S-burst generation: electron beams in
adiabatic motion (outside of localized electric potential
structures) [Ellis, 1965; Hess et al., 2007a] and accelerated
by Alfvén waves [Hess et al., 2007b]. Hess et al. [2007a]
observed that the emission region can host many regions in
which the electron motion is adiabatic separated by potential
jump. Here we also found localized (weak) perturbations of
the emitting electron energy within an adiabatic region.
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