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According to existing theory, electrons are accelerated up to
ultra-relativistic energies1 inside Jupiter’s magnetic field by
betatron and Fermi processes as a result of radial diffusion
towards the planet and conservation of the first two adiabatic
invariants2–4. Recently, it has been shown that gyro-resonant
electron acceleration by whistler-mode waves5,6 is a major, if
not dominant7, process for accelerating electrons inside the
Earth’s outer radiation zone, and has redefined our concept
for producing the Van Allen radiation belts8. Here, we present
a survey of data from the Galileo spacecraft at Jupiter, which
shows that intense whistler-mode waves are observed outside
the orbit of the moon Io and, using Fokker–Planck simulations,
are strong enough to accelerate electrons to relativistic energies
on timescales comparable to that for electron transport. Gyro-
resonant acceleration is most effective between 6 and 12 jovian
radii (Rj) and provides the missing step in the production of
intense synchrotron radiation from Jupiter1,9.

At Jupiter, volcanic activity on the moon Io provides a major
source of gaseous material10 which is ionized by electron impact
and solar radiation and forms a torus-like structure around the
planet near 6Rj. Centrifugal force from Jupiter’s rapid rotation
drives magnetic flux interchange instabilities11,12 whereby outward
transport of cold dense plasma is replaced by inward transport of
low-density higher-energy (∼1–100 keV) plasma. As the plasma is
transported into increasing magnetic-field strength, a temperature
anisotropy develops whereby the temperature perpendicular to the
magnetic field increases faster than that parallel to the field. This
anisotropy can excite very low-frequency whistler-mode chorus
waves which resonate with electrons13–15.

Figure 1 shows data from the Galileo spacecraft where a broad
frequency band of whistler-mode chorus waves can be identified
below the electron gyrofrequency (fce = |e|B/(2πme), where |e| is
the electron charge, me is the electron mass and B is the ambient
magnetic-field strength obtained from the fluxgate magnetometer
onboard the spacecraft). The band rises and falls in frequency
each time the spacecraft crosses the magnetic equator. The waves
were detected between 9 and 12Rj in a region where magnetic
flux interchange takes place. A more general survey of all Galileo
wave data recorded between 27 June 1996 and 5 November 2002
(Fig. 3a) shows that whistler-mode wave intensity (averaged over all
longitudes) peaks in a region between 6 and 10Rj. Thus magnetic
flux interchange beyond the moon Io provides a natural and
plentiful source of energy to drive the waves unstable.

To determine whether the waves detected by Galileo interact
with relativistic electrons, we calculated the electron resonant
energy by solving the cold plasma dispersion relation with the
Doppler-shifted cyclotron resonance condition given by

ω+n|Ωe|/γ− k‖v‖ = 0, (1)

where γ is the relativistic correction factor, n is the harmonic
number (n = 0,±1,±2, . . .), |Ωe| is the cyclotron frequency
(= 2πfce) and k‖ and v‖ are the wavevector and electron velocity
component along the ambient magnetic field B. The cyclotron
(or gyro-) resonant electron energies for the broad band of waves
observed between 13:20 and 13:30 spacecraft event time (SCET)
are shown in Fig. 2 for the dominant cyclotron resonance n = −1
and wave propagation parallel to B. All electrons in the region
between the two black solid curves, which correspond to the upper
and lower frequency band of the waves, are diffused in pitch angle
and energy by the waves. For a weak temperature anisotropy, low-
energy electrons (<300 keV) are diffused along the red diffusion
paths6 into the atmospheric loss cone at small pitch angles giving
rise to wave growth. For a quasi-isotropic distribution at high
energies, diffusion at large pitch angles occurs preferentially in
a direction away from the loss cone and resonant electrons gain
energy. In effect, the waves transfer energy from a large number
of low-energy electrons to accelerate a fraction of the population
to high energies. Acceleration occurs via gyro-resonance where
the wave frequency is Doppler-shifted to the gyrofrequency of the
electrons owing to the relative motion of the waves and particles
along the magnetic field. Although the diffusion in Fig. 2 seems
small, if the waves persist for a long time (∼hours), then the
resulting energy diffusion can be very substantial, as it is for the
Earth’s radiation belts16,17. Thus, as resonance can extend from
energies of∼10 keV up to several megaelectronvolts, gyro-resonant
electron acceleration is possible for plasma conditions at Jupiter.

Wave acceleration is more efficient when the phase velocity of
the waves is high, which occurs when the ratio fpe/fce is low18,
typically <4, where fpe is the electron plasma frequency given
by fpe = (nee2/(meεo))

1/2, ne is the electron density and εo is
the permittivity of free space. Using a plasma density model for
Jupiter19, and a dipole magnetic field, fpe/fce is high within the
Io torus (Fig. 3b), but falls to a minimum between 10 and 20Rj

owing to the rapid drop in plasma density. Furthermore, plasma
is confined to a thin disc near the centrifugal equator so that fpe/fce
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Figure 1 Plasma wave emissions detected by the Galileo plasma wave science (PWS) instrument. The power spectral density of the wave magnetic-field component of
electromagnetic waves is shown by the colour bar (in nT2 Hz−1) for SCET, distance from the planet (R j ), System 3 jovian longitude (LonIII), magnetic latitude (MLat) and local
time (LT). The local electron gyrofrequency fce is denoted by the white line. The band of wave power falling in frequency between 17:00 and 20:00 SCET is identified as
whistler-mode chorus waves. The frequency of the chorus band increases every time the satellite crosses the magnetic equator with similar rising and falling frequency
bands on approach and departure. Note that the waves remain strong as the satellite moves to higher latitudes but are either absent or below the lower frequency of the
instrument for latitudes <−9◦ .
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Figure 2 Electron resonant diffusion. Electron resonant energies corresponding to
the band of whistler-mode waves observed between 13:20 and 13:30 SCET (Fig. 1)
near the magnetic equator at 10R j are shown by the solid black lines for a typical
ratio of the electron plasma frequency to gyrofrequency (fpe/ fce = 3.5). Electron
resonant diffusion occurs in the region between the solid black lines. Selected
diffusion paths are shown in red and constant energy surfaces in blue. The dashed
line indicates the atmospheric loss cone.

decreases with increasing magnetic latitude, fpe/fce ∼2.5 at 15◦ (not
shown). Thus the region outside the orbit of Io provides the best
conditions for gyro-resonant wave acceleration and suggests that
there could be an important contribution from waves at higher
latitudes which Galileo did not sample.

To determine whether wave acceleration is effective, we use
quasilinear theory to calculate the rate of electron energy diffusion
caused by the waves. This approach assumes a broad band of waves
with random phase that cause stochastic scattering of the particles.
Particle trapping and nonlinear effects are omitted. We calculated
pitch angle and energy diffusion rates with the PADIE code20, which
assumes that the wave power is gaussian in frequency. In Fig. 1,
chorus tends to be strong (2.5×10−6 nT2 Hz−1) near ∼0.1–0.2fce
(for example, between 13:20 and 13:30 SCET), and so this was used
to define the basic model with fmax =0.15fce at the magnetic equator
and a width of 0.05fce. Although wave power tends to decrease in
frequency with increasing latitude (which may indicate non-field
aligned propagation), and whistler-mode hiss may be present near
a few hundred hertz, fmax is constant in our model. As a result, wave
power may be omitted at lower frequencies so that diffusion rates
>10MeV are probably underestimated.

The direction of wave propagation, or wave normal angle
ψ, cannot be determined by Galileo as it does not measure
all of the wave-field components. However, as whistler-mode
chorus waves tend to propagate along B, we assumed a gaussian
distribution of wave normal angles in X = tanψ, centred about
the direction of B with a width Xw = tan30◦. This is similar
to that used for chorus studies at the Earth16–18. For wave
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Figure 3 Effects of wave-power, plasma-density and magnetic-field variations
on electron energy diffusion. a, Whistler-mode wave intensities measured by
Galileo (averaged over all longitudes) within 10◦ of the magnetic equator. The wave
intensity was obtained by integrating the wave electric-field power spectral density
over the frequency band of chorus waves. b, Ratio fpe/ fce at the magnetic equator.
c, Bounce-averaged energy diffusion coefficients averaged over pitch angles
of 70◦–90◦ .

propagation at an angle to B, electron diffusion by Landau (n = 0
in equation (1)) and higher-order (|n| > 1) cyclotron harmonic
resonances becomes important, although the contribution from
higher harmonics becomes progressively weaker. Therefore, the
n = 0 and n = ±1,±2, . . . ,±5 cyclotron harmonic resonances,
which were found to be sufficient, were included in the calculations.
As electrons outside the loss cone ‘bounce’ between mirror points
at higher magnetic latitudes, resonant interactions were included
(bounce-averaged) for all latitudes within 10◦ of the magnetic
equator corresponding to the region where strong waves were
detected by Galileo. Variations in the plasma density and dipole
magnetic field were included in the bounce-averaging. Finally, the
wave power at 10Rj was scaled according to the average wave
intensity (Fig. 3a) to calculate the diffusion rates at each Rj.

Figure 3c shows the bounce-averaged energy diffusion rates
averaged between pitch angles of 70◦ and 90◦. Electron energy
diffusion is most effective near 10Rj, in the region where fpe/fce falls
to a minimum and wave intensity remains high. Energy diffusion
is most efficient at energies of a few hundred kiloelectronvolts, but
extends up to several megaelectronvolts, and can therefore provide
an effective source of electron acceleration.
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Figure 4 Simulation results. a, Increase in electron flux due to gyro-resonant
acceleration by whistler-mode chorus waves. b, Change in pitch angle distribution at
selected energies. The dotted lines show the initial conditions obtained from the
measured average electron flux.

To calculate the increase in electron flux and the timescale for
electron acceleration, we solved a two-dimensional Fokker–Planck
equation (given by equation (2) of ref. 17) at 10Rj where
acceleration should be most effective. For simplicity, the mixed
pitch angle–energy diffusion terms were omitted and so our
results should underestimate energy diffusion at large pitch
angles21. To avoid using data from 10Rj as an initial condition,
which may contain contributions from wave acceleration, the
average electron flux from Pioneer and Voyager data at 15.75Rj

(refs 22,23) was taken as the initial value and mapped to 10Rj

assuming a dipole magnetic field and loss-free inward radial
diffusion. The flux was interpolated onto a high-resolution grid,
and converted into phase-space density. Bounce-averaged pitch
angle and energy diffusion rates from PADIE were used with
a pitch angle resolution better than 1◦. The average measured
electron flux was used as a fixed lower boundary at 300 keV
where energy diffusion should exceed losses to the atmosphere.
The flux was set to zero at 100MeV, zero inside the loss
cone and a flat gradient at 90◦. Electrons scattered into the
loss cone were assumed to be lost within a quarter of the
bounce time.
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Figure 5 Production of synchrotron radiation from Jupiter. (1) Volcanic gases
from Io are ionized and form a cold dense plasma torus around Jupiter. (2) Jupiter’s
rapid rotation drives magnetic flux interchange and excites whistler-mode waves.
(3) Gyro-resonant wave–particle interactions accelerate electrons to relativistic
(megaelectronvolt) energies. (4) Radial diffusion transports electrons towards the
planet and accelerates them to even higher energies via betatron and Fermi
processes. (5) Intense synchrotron radiation is emitted from ultra-relativistic
electrons close to the planet (1.4R j ).

In the absence of radial transport, the electron flux between
1 and 6MeV increases by more than an order of magnitude after
a period of 30 days (Fig. 4a), which is comparable to the timescale
for transport (20–50 days) near the Io torus for thermal plasma24.
The timescale and energy range suggest that gyro-resonant wave
acceleration is important outside the orbit of Io. In reality, the peak
flux would be reduced by radial diffusion until quasi-equilibrium
is obtained.

The model also predicts that the pitch angle distribution
between 6 and 15Rj should become peaked near 90◦ with a ‘flat
top’ (Fig. 4b), and that the width of the ‘flat top’ becomes narrower
with increasing energy. Electron distributions peaked near 90◦ have
been reported25 near 9Rj for E> 0.55MeV, but have been ascribed
to inward radial diffusion. Here, we show they are a signature of
wave acceleration.

As electrons are accelerated by gyro-resonant interactions,
radial diffusion will transport them inwards towards the planet.
As a result, the electron distribution should become even more
anisotropic in the region of intense synchrotron radiation (∼1.4Rj)
owing to the radial diffusion process itself, and local losses,
particularly the sweeping effect of the jovian moons3. Furthermore,
whereas most theories suggest that inward radial transport is
important in the middle magnetosphere (10–50Rj), if gyro-
resonant wave acceleration between 6 and 15Rj is sufficiently strong
to create a peak in electron phase-space density (proportional to
measured flux divided by the square of the electron momentum),
then radial diffusion will transport the higher-energy electrons
outwards as well as inwards to remove the gradient.

The model is sensitive to a number of factors. If the wave
spectrum were centred at a lower frequency, it would increase
energy diffusion at higher energies and reduce it at lower energies.
In addition, wave power at higher latitudes, which has been
omitted, may contribute significantly to acceleration because fpe/fce
drops rapidly. Thus, wave acceleration could be effective at higher
energies. Conversely, if the wave normal angles are larger than
∼50◦, then the diffusion rates may be much smaller. However,

large wave normal angles are unlikely close to the magnetic equator
where wave growth is strongest for field-aligned propagation.

We suggest that gyro-resonant electron acceleration is an
important part of a multi-step process to produce Jupiter’s
synchrotron radiation, as presented in Fig. 5. (1) Volcanic eruptions
on the moon Io provide a source of particles which are
ionized and form a torus around Jupiter. (2) Jupiter’s rapid
rotation creates magnetic flux interchange instabilities resulting in
outward transport of cold dense plasma and inward transport of
∼1–100 keV plasma which develops a temperature anisotropy and
excites whistler-mode chorus waves. (3) Gyro-resonant electron
acceleration accelerates electrons up to several megaelectronvolts
outside the orbit of Io. (4) Radial diffusion transports electrons
towards the planet3,4 and accelerates them up to ultra-relativistic
(∼50MeV) energies via betatron and Fermi processes. (5) Only
electrons transported close to the planet emit intense synchrotron
radiation because the wave power scales at B2W 2, where W is the
electron energy.
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