
New Plasma Regime in Jupiter’s Auroral Zones

R. L. Lysak ,1,* A. H. Sulaiman ,1 S. S. Elliott ,1 W. S. Kurth,2 and S. J. Bolton3
1School of Physics and Astronomy, University of Minnesota, Minneapolis, Minnesota, USA

2Department of Physics and Astronomy, University of Iowa, Iowa City, Iowa, USA
3Southwest Research Institute, San Antonio, Texas, USA

(Received 14 March 2025; accepted 27 May 2025; published 16 July 2025)

Observations from the Juno satellite have indicated very low electron densities, as low as 10−3 cm−3, at
high-latitudes in Jupiter’s magnetosphere. This region is strongly magnetized, with surface magnetic fields
at the one-bar level up to 20 G, or 2 mT, leading to the unusual situation that the electron plasma frequency
is less than the ion gyrofrequency. In this extremely low-density plasma, the Alfven wave becomes a
plasma oscillation at the electron plasma frequency at shorter perpendicular wavelengths. Analysis of this
mode with a kinetic low-frequency dispersion solver indicates that at large wave number, this mode has the
characteristics of the Langmuir wave. Thus, this mode can be called an Alfvén-Langmuir mode. Below the
plasma frequency, the high-wave number behavior of this mode exhibits a resonance cone, with frequency
determined by the angle of the wave vector with the background magnetic field. These waves can be excited
by the upward electron beams observed by Juno.
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Introduction—Observations of the cutoffs and resonances
of plasmawave modes have proven to be an effective means
of determining the electron density of a plasma [1–8]. Such
wave measurements are often a more reliable measure of the
plasma density than are direct particle measurements, since
particle detectors necessarily have a limited energy range
and count rate and are affected by the spacecraft potential.
Measuring the plasma frequency determines the electron
density without these limitations.
The Juno spacecraft is in a polar orbit around Jupiter

with perijove at 3500 km, or 1.05 RJ (1 RJ ¼ 71 492 km,
the equatorial 1-bar radius of Jupiter). During Juno’s
extended mission, the precession of the orbit has caused
the perijove to move toward the north pole of Jupiter,
leading to multiple passes over the low-altitude Jovian
polar regions. The Waves instrument on Juno [4] measures
electric fields from 50 Hz to 40 MHz and magnetic fields
from 50 Hz to 20 kHz, ranges that encompass many of the
relevant wave cutoffs and resonances. Using these tech-
niques, Sulaiman et al. [6] showed that the densities in the
main Zone I auroral region [9] dropped to values of
10−2 cm−3. These values were shown to be consistent
with measurements from the JADE particle instrument on

Juno [10]. As Juno passes over the pole, the densities can
drop further, reaching values of 10−3 cm−3 [1].
As is well known, the electron plasma frequency can be

estimated by fpe ¼ 9 kHz
ffiffiffi
n

p
, where the density is mea-

sured in electrons=cm3. Thus, at these low densities, the
plasma frequency can be less than 1 kHz. Moreover, the
polar regions at Jupiter contain very large magnetic fields.
At the one-bar level of Jupiter, the magnetic field can reach
a magnitude of 20 G, or 2 mT [11]. As a reference point, the
proton gyrofrequency is about 1.5 kHz B, where B is
measured in Gauss, corresponding to the electron plasma
frequency for a density of 0.03 cm−3. This implies that this
plasma has the unusual property that the electron plasma
frequency is less than the ion cyclotron frequency. As we
will show below, this leads to a new plasma mode that does
not exist in a typical plasma. It should be emphasized that
plasmas in which the electron plasma frequency is less than
the electron cyclotron frequency, often called “underdense”
plasmas [12], are often observed and have been connected
with the source region for auroral kilometric radiation [13].
However, to our knowledge, the regime where the electron
plasma frequency is less than the ion cyclotron frequency
has never been observed or analyzed previously.
Figure 1 shows an example of these waves as measured

by the Juno Waves instrument. The white line in the top
figure gives the proton cyclotron frequency for this event,
which is centered around 9 kHz, corresponding to a
magnetic field of 6 G (600 μT). The black line gives the
upper bound of the wave emissions. The corresponding
plasma density is plotted in the lower panel of the figure,
giving densities in this case between 0.1 and 1 cm−3.
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The purpose of this Letter is to investigate the dispersion
relation of this mode in a strongly magnetized, low-density
plasma. The next section will employ the standard cold
plasma dispersion relation to investigate the properties of
this mode. Then, we will apply a fully kinetic, low-
frequency dispersion relation to consider the properties of
thismode in a finite temperature plasma and its excitation by
electron beams. Finally, we will briefly discuss the possible
reasons for such low densities in this region.
Cold plasma dispersion relation—We can start from the

standard, cold plasma dispersion relation [14]:

det

0
BB@
S−n2k −iD nkn⊥
iD S−n2k−n2⊥ 0

nkn⊥ 0 P−n2⊥

1
CCA¼ 0; ð1Þ

where n ¼ kc=ω, nk ¼ n cos θ ¼ kkc=ω, n⊥ ¼ n sin θ ¼
k⊥c=ω, and the elements of the dielectric tensor are
given by

S¼ 1−X
s

ω2
ps

ω2−Ω2
s
; D¼

X
s

Ωs

ω

ω2
ps

ω2−Ω2
s
;

P¼ 1−
P

sω
2
ps

ω2
¼ 1−ω2

p

ω2
: ð2Þ

Here ω2
ps ¼ nsq2s=ε0ms and Ωs ¼ qsB=ms are the angular

plasma frequency and gyrofrequency, respectively, for
species s, and the sums are over all species in the plasma.
The standard practice is to solve Eq. (1) for n given an angle
θ, which yields a quadratic equation for n2:

An4 − Bn2 þ C ¼ 0: ð3Þ

In this equation, we have

A ¼ Ssin2θ þ Pcos2θ;

B ¼ �
S2 −D2

�
sin2θ þ SP

�
1þ cos2θ

�
;

C ¼ PðS2 −D2Þ: ð4Þ

Figure 2 shows the results of this dispersion relation for the
case when ωpe=Ωi ¼ 0.4, consistent with the observations
in Fig. 1. The curves in this figure show the dispersion
relations for wave vector angles of 10° (solid), 30° (dotted),
60° (dashed), and 80° (dash-dot) with respect to the
background magnetic field. The solid line extending from
zero frequency to the ion cyclotron frequency gives the
standard Alfvén wave, which for parallel propagation has a
phase speed almost equal to the speed of light for these low
densities. At other angles, the Alfvén waves have a phase
velocity equal to cA cos θ, where cA ¼ c=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ μ0ρc2=B2

p
is the Alfvén speed modified by the displacement current.
At larger wave number, the frequency depends only on the
angle of propagation. According to Eqs. (3) and (4), this
frequency is given by A ¼ 0 in the limit that n → ∞. For
these parameters, this frequency is simply ω ¼ ωpe cos θ,
consistent with the results shown in the figure. The
branches of the dispersion relation with a cutoff at the
plasma frequency for k ¼ 0 are O-mode waves that extend
to the ion gyrofrequency, and couple to the free space
electromagnetic mode.
These waves are likely driven by electrons at the Landau

resonancewith vk ¼ ω=kk ¼ c=nk [15]. Therefore, it makes
sense to solve the dispersion relation equation (1) for n⊥ at a
fixed njj. This leads to a quadratic equation (3) for n2⊥ rather
than n2, but with the coefficients given by [16,17].

FIG. 2. Plot of the cold plasma dispersion relation for ωp=Ωi ¼
0.4 at angles of 10° (solid), 30° (dotted), 60° (dashed), and 80°
(dash-dot).

FIG. 1. Top: Amplitude of the electric field fluctuations during
a Juno pass over the Jupiter’s north pole. The white line indicates
the ion cyclotron frequency while the black line gives the electron
plasma frequency. Bottom: the inferred density from the plasma
frequency measurement.
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A¼ S; B¼ S2−D2þSP−n2kðSþPÞ;
C¼P

��
n2k−S

�
2−D2

�
: ð5Þ

Figure 3 shows the dispersion relation in this format
for resonant electron energies of 1 (solid), 10 (dotted),
100 (dashed), and 1000 keV (dot-dash). Note that the higher
frequency branch seen in Fig. 2 is not present in Fig. 3, since
those waves have phase velocities greater than the speed
of light.
As noted above, the frequency at large wave number

becomes a function only of the angle of propagation,
forming a resonance cone. In this case, the direction of
the group velocity and the Poynting vector also become
only a function of the frequency. Figure 4 shows the group
velocity angle as a function of frequency for waves with
the Landau resonances of 1, 10, 100, and 1000 keV, with
the line styles as in Fig. 3. Here the solid curve gives the
resonance cone prediction, which indicates the maximum
angle with respect to the magnetic field for these waves. It
can be seen from this figure that the waves with Landau
resonance at the lower energies match the resonance cone
prediction, while the larger energies have Poynting vectors
more parallel to the background field. This structure leads
to a saucerlike lower cutoff when a spacecraft passes over a
localized source, as can be seen at 11∶46 in Fig. 1. A
satellite passing over the source will first see the higher
frequency waves that propagate at a large angle to the
magnetic field, then the lowest observed wave frequency
will decrease, reaching its lowest point when the satellite is
directly over the source, after which the frequency will
increase again. This feature has often been observed in the
whistler resonance cone at Earth [18–22], where they have
been called VLF saucers; however, this is the first time this
has been reported in this low-frequency mode.

Further properties of the waves are discussed in the
Supplemental Material [23].
Kinetic dispersion relation—Next, we will consider the

kinetic dispersion relation [24,25]. Under the approxima-
tions of for low frequencies,ω < Ωi and short perpendicular
wavelength, k⊥VA=Ωi ¼ k⊥c=ωpi ≫ 1, the fast MHD
mode, denoted by the middle row of the dielectric tensor,
equation (1), has a frequency ω > k⊥VA ≫ Ωi and so it
decouples from the system. Neglecting the middle row and
column, the determinant can be written

n2k ¼ S

�
1 − n2⊥

P

�
: ð6Þ

Here the perpendicular response is mainly due to the ions
and the parallel response to the electrons, so we have

S¼ 1þ c2

V2
A
Gðμi;ω=ΩiÞ; P¼ 1þΓ0ðμeÞ

k2kλ
2
D

�
1þξZðξÞ�;

ð7Þ

where ξ ¼ ω=kkae, μs ¼ k2⊥ρ2s , ae ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Te=me

p
, λD ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ε0Te=ne2
p

, and ρi ¼
ffiffiffiffiffiffiffiffiffiffi
miTi

p
=eB. The factor G is

G ¼ 1 − Γ0ðμiÞ
μi

þ 2Γ1ðμiÞ
μi

ω2=Ω2
i

1 − ω2=Ω2
i
: ð8Þ

ΓnðxÞ ¼ e−xInðxÞ is related to the modified Bessel function
and ZðξÞ is the plasma dispersion function [26]. After some
manipulation, the dispersion relation can be written in the
form

FIG. 3. The dispersion relation plotted for waves with parallel
phase velocity corresponding to electron energies of 1 keV (solid),
10 keV (dotted), 100 keV (dashed), and 1 MeV (dash-dot).

FIG. 4. The angle the Poynting vector makes with the back-
ground magnetic field for resonant energies of 1 (solid), 10
(dotted), 100 (dashed), and 1000 keV(dash-dot), as in Fig. 3. The
heavy solid curve denotes the angle at the resonance cone. For all
energies, the angle is less than the resonance cone angle.
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k2kλ

2
D þ Γ0ðμeÞð1þ ξZðξÞÞ :
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The complex roots of this equation are found usingMuller’s
method ([27], Sec. 9.5) as implemented by the IDL routine
fx_root.
Figure 5 shows the dispersion relation for a single

Maxwellian electron species as a function of the perpen-
dicular and parallel wave numbers for temperatures of
(a) 10 and (b) 1000 eV. The 10 eV case is, as expected,
virtually identical to the cold plasma result, with the wave
frequency staying below the plasma frequency. At this
temperature, the frequency depends only on the angle that
the wave vector makes with the magnetic field, indicating a
resonance cone structure. However, as the electron

temperature increases, the wave frequency increases above
the plasma frequency at large parallel wave numbers, with
the slope of the curves scaling with the electron thermal
speed. This is consistent with the usual behavior of the
Langmuir wave in a plasma, although usually the Langmuir
wave is a narrow band emission at and slight above the
plasma frequency [12]. Thus, in this case, the wave has the
characteristics of an Alfvén wave at small wave numbers
and a Langmuir wave at large wave numbers and so could
be called an Alfvén-Langmuir wave. These dispersion
relations are presented as line plots in the Supplemental
Material [23].
Beam-plasma instability—Juno observes upward going

beams of electrons with energies up to 100 keV [28,29]. As
Fig. 3 shows, such electrons will be in Landau resonance
with the wave modes described here. To investigate the
possibility of wave excitation by such a beam, we have
introduced a beam population into the kinetic dispersion
relation solver described in the previous section. The beam
is modeled by a drifting Maxwellian distribution. Results
are shown in Fig. 6 for an electron beam with a drift energy
of 100 keV in the presence of a background electron
population. The beam density is taken to be 1% of the
background population and the beam and background
temperatures are both 1 keV. As in the previous figures,
the density has been set so that the plasma frequency is 0.4
times the proton cyclotron frequency. These results are
consistent with Fig. 3 showing the maximum growth rate is
at the location of the Landau resonance. In addition, the
maximum growth rate in each case is just below the plasma
frequency, consistent with the observations of Fig. 1.
Discussion—The results presented above indicate the

existence of a new type of plasma wave mode occurring in
the unusual conditions of high magnetic field strength and
low plasma density at high latitudes and low altitudes in
Jupiter’s magnetosphere. The low plasma density is cor-
roborated by the measurements of the O-mode cutoff as well
as direct particlemeasurements [1,7,10]. The results from the

FIG. 5. Kinetic dispersion relation plotted in k space for electron temperatures of (a) 10 and (b) 1000 eV. Contour labels give wave
frequencies normalized to the plasma frequency.

FIG. 6. Growth rate for a 100 keV electron beam passing
through a 1 keV temperature plasma as a function of k⊥ and ω.
Contours give the growth rate normalized to the plasma fre-
quency.

PHYSICAL REVIEW LETTERS 135, 035201 (2025)

035201-4



dispersion relationship confirm the existence of the waves at
frequencies below the plasma frequency. In a warm plasma,
the kinetic dispersion relation indicates that thewaves can act
like the Langmuir wave and propagate just above the plasma
frequency, although thosewaves are damped. In the presence
of a beam, the results indicate that the largest growth rates
occur just below the electron plasma frequency.
The observation of such low plasma density raises the

question of why the density in this region is so low. Global
MHD simulations [30] as well as the precipitation of
energetic heavy ions from the plasma sheet [9,31,32]
suggest that most of the high-latitude magnetosphere is
on closed field lines. These field lines map to distances
greater than 50 RJ, indicating that the ions must overcome a
large magnetic field gradient that reflects them before
reaching the lower altitude parts of the field line. A model
of the Jovian plasma sheet based on data from the Galileo
satellite [33] indicates that the plasma sheet density at
50 RJ is about 0.03 cm−3, consistent with observations
from Juno [34]. The presence of such ions at low altitude
suggests that they are pitch-angle scattered into the loss
cone by electromagnetic ion cyclotron waves [35].
Another source of plasma on polar field lines could be

Jupiter’s ionosphere. However, the gravitational pull of
Jupiter may limit the expansion of Jupiter’s ionosphere to
high altitudes. Since the gravitational scale height of the
electrons is much less than the scale height of the ions, an
ambipolar field should be set up. This potential is given by
the gravitational potential on the average mass of the
plasma, which is roughly half the proton mass, since
Jupiter’s ionosphere is largely protons and the electrons
have negligible mass. Thus the potential difference between
the surface of Jupiter and a radial distance r is

U ¼ GMJmp

2RJ

�
1 − RJ

r

�
¼ 9.25 eV

�
1 − RJ

r

�
: ð10Þ

In equilibrium, the density will be given by
n ¼ n0 expð−U=TÞ. Since the ionospheric temperature is
about 1000 K, or roughly 0.1 eV (e.g., [36]), the density
will be 0.02 cm−3 at 1.2 RJ,. assuming an ionospheric
density of 105 cm−3. Note one distinction between the
polar regions of Earth and Jupiter: at Earth, Oxygen ions
dominate up to about 1000 km, and the ambipolar potential
is largely set by maintaining the charge balance between the
oxygen ions and the electrons. In this case, the lighter
protons feel a net upward force, forming the polar wind
that populates the polar cap [37]. However, at Jupiter, the
protons are the major ion and so the polar cap density
remains low.
In spite of the ambipolar potential retarding the motion

of the electrons, energetic electron beams, still escape the
ionosphere. This could be due to the development of a
parallel electric field at very low altitudes. There could be a
type of feedback in this region where the initial low density

of ionospheric electrons supports the development of
parallel electric fields, which in turn accelerate electrons
up the field line, further decreasing their density. Another
possibility is that the impact of the heavy ions on the
ionosphere will lead to the production of secondary
electrons, a process that occurs at Earth due to energetic
electron precipitation [38,39]. Observations from the Juno
extended mission should clarify these issues.
Conclusions—The conditions in Jupiter’s polar mag-

netosphere of high magnetic field and low plasma density
give rise to a situation unique among plasma environments
visited to date by spacecraft where the electron plasma
frequency is less than the ion cyclotron frequency. This
gives rise to a new type of wave mode that begins at small
wave number as an Alfvén wave and transitions at large
wave number to a Langmuir wave. This wave exhibits
resonance cone behavior at large wave number with the
frequency being only a function of angle, ω ¼ ωp cos θ.
The results presented here show that this wave branch can

be excited at the Landau resonance by electron beams with
energies in the 1 keV–1MeV range. Because of the resonance
cone structure, these waves can also exhibit a saucerlike
feature when a spacecraft passes over a localized source,
which has often been seen in thewhistlermode but is reported
here for the first time in the Alfvén-Langmuir mode.
Therefore, the low-density, high magnetic field condi-

tions in Jupiter’s polar regions support a new plasma mode,
the Alfvén-Langmuir wave. While such conditions do not
occur at Earth, it is possible that they apply in polar regions
of the other giant planets and potentially in strongly
magnetized exoplanets or stars.
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