The Generation of Upward-Propagating Whistler Mode
Waves by Electron Beams in the Jovian Polar Regions
S. S. Elliott, D. A. Gurnett, P. H. Yoon, W. S. Kurth, B. H. Mauk, R. W.
Ebert, G. Clark, P. Valek, F. Allegrini, S. J. Bolton, et al.

To cite this version:
S. S. Elliott, D. A. Gurnett, P. H. Yoon, W. S. Kurth, B. H. Mauk, et al.. The Generation of
Upward-Propagating Whistler Mode Waves by Electron Beams in the Jovian Polar Regions. Journal
of Geophysical Research: Space Physics, 2020, 125, �10.1029/2020JA027868�. �insu-03673145�

HAL Id: insu-03673145
https://hal-insu.archives-ouvertes.fr/insu-03673145
Submitted on 23 Jun 2022

HAL is a multi-disciplinary open access
L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépôt et à la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche français ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.
Copyright

10.1029/2020JA027868

The Generation of Upward‐Propagating Whistler Mode
Waves by Electron Beams in the Jovian Polar Regions

Special Section:
Jupiter Midway Through the
Juno Mission

S. S. Elliott1 , D. A. Gurnett1 , P. H. Yoon2,3,4 , W. S. Kurth1 , B. H. Mauk5 ,
R. W. Ebert6 , G. Clark5 , P. Valek6 , F. Allegrini6,7 , S. J. Bolton6 , J. D. Menietti1
P. Louarn8 , and A. H. Sulaiman1

Key Points:
• Upgoing electron beams can
generate upward‐propagating
whistler mode waves over the Jovian
polar cap region
• Numerical simulations show the
electron beams are unstable and
capable of producing the observed
whistler mode waves
• Large growth rates are found for
Landau (n = 0) resonance

1

RESEARCH ARTICLE

Correspondence to:
S. S. Elliott,
sadie-tetrick@uiowa.edu

Citation:
Elliott, S. S., Gurnett, D. A., Yoon, P. H.,
Kurth, W. S., Mauk, B. H., Ebert, R. W.,
et al. (2020). The generation of
upward‐propagating whistler mode
waves by electron beams in the Jovian
polar regions. Journal of Geophysical
Research: Space Physics, 125,
e2020JA027868. https://doi.org/
10.1029/2020JA027868
Received 30 JAN 2020
Accepted 13 APR 2020
Accepted article online 15 MAY 2020

©2020. American Geophysical Union.
All Rights Reserved.

ELLIOTT ET AL.

,

Department of Physics and Astronomy, University of Iowa, Iowa City, IA, USA, 2Institute of Physical Science and
Technology, University of Maryland, College Park, MD, USA, 3School of Space Research, Kyung Hee University, Yongin,
South Korea, 4Korea Astronomy and Space Science Institute, Daejeon, South Korea, 5The Johns Hopkins University
Applied Physics Laboratory, Laurel, MD, USA, 6Southwest Research Institute, San Antonio, TX, USA, 7Department of
Physics and Astronomy, University of Texas at San Antonio, San Antonio, TX, USA, 8Université de Toulouse, IRAP,
CNRS, UPS, Toulouse, France

Abstract Upward‐moving energetic electrons with energies of 1 MeV and above were observed over the
entire Jovian polar region. The electrons were found to be associated with intense broadband whistler mode
waves, similar to terrestrial whistler mode auroral hiss. Upward‐propagating whistler mode hiss at Earth is
known to be generated by upward‐moving, magnetic ﬁeld‐aligned electron beams (from electric
ﬁeld‐aligned potentials), by a beam‐plasma instability at the Landau resonance. Assuming this process at
Jupiter, we present a linear stability analysis, showing the electron distribution functions (based on
inverted‐V observations made by the Juno Jovian Auroral Distributions Experiment, JADE‐E, instrument)
are unstable. The polarization of the modeled waves is consistent with whistler mode hiss (right‐hand
circularly polarized). From the results of the linear stability analysis, we ﬁnd that the calculated growth rates
are sufﬁcient to produce the observed whistler mode waves.

1. Introduction
The Juno spacecraft is equipped with instruments that make observations that enable better understanding
of the wave‐particle interactions that occur at Jupiter. These interactions can provide a mechanism for accelerating charged particles, which can aid in our understanding of the Jovian polar and auroral environment.
Two exciting early discoveries made by Juno were observations of upward‐traveling energetic electrons
(from hundreds of eV to several MeV) and upward‐propagating whistler mode waves, occurring simultaneously over the entire polar cap region (Allegrini et al., 2017; Connerney, Adriani, et al., 2017; Mauk,
Haggerty, Paranicas, Clark, Kollmann, Rymer, Mitchell, et al., 2017; Tetrick et al., 2017). The waves and
electrons were found to be positively correlated (Tetrick et al., 2017), and due to inconsistencies with the ﬁrst
adiabatic invariant motion of the electrons, it was shown that the waves perturb the electron motion and
contribute to pitch angle scattering, indicative of signiﬁcant wave‐particle interactions (Elliott, Gurnett,
Kurth, Clark, et al., 2018). The whistler mode waves are similar to terrestrial auroral hiss, which is a broadband plasma wave that propagates in the whistler mode and is typically found in the high‐latitude auroral
regions of planetary magnetospheres. The emission is known to be produced by electron beams via a
beam‐plasma instability at the Landau resonance velocity, v∥ = ω/k∥ (Gurnett et al., 1986; Maggs, 1976).
For a Landau resonance to occur, the electron beam must move in the same direction as the wave, that is,
upward‐propagating auroral hiss is generated by upward‐traveling electron beams. Due to this condition,
Elliott, Gurnett, Kurth, Mauk, et al. (2018) proposed a mechanism to explain the generation of the
upward‐propagating whistler mode waves and ultimately the acceleration of upward‐traveling electrons
over the Jovian polar cap region. As a ﬁrst step, the authors proposed that downward‐directed parallel electric ﬁelds (i.e., to produce upward‐traveling electron beams), in Jupiter's upper ionosphere, produce intense
upward‐propagating whistler mode waves via the Landau resonance. This theoretical study noted that computer simulations were necessary to show that the growth of these waves can be explained by the observed
electron beams (from inverted‐Vs) and show that the generated whistler mode waves could energize
electrons stochastically.
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In this study, we conduct a linear stability analysis and present computed growth rates using model electron
distribution functions, with input parameters from inverted‐V observations made by the Juno Jovian
Auroral Distributions Experiment (JADE‐E) instrument (Ebert et al., 2017; McComas et al., 2017). We
explore a range of wave normal angles by using the general expression for the linear temporal growth rate
of magnetoionic modes, as derived by Yoon and Ziebell (1995) and Yoon et al. (1996). We present results
of the polarization for the model‐generated waves, which are consistent with whistler mode auroral hiss
(i.e., right‐hand circularly polarized). The large positive growth rates show that the electron beams are
unstable and capable of producing whistler mode waves.

2. Background
Whistler mode auroral hiss was ﬁrst discovered by ground‐based instruments, through the detection of
low‐frequency broadband electromagnetic emissions in association with the aurora (Martin et al., 1960).
Since its discovery, whistler mode hiss has been observed at Earth by various satellites (Gurnett &
O'Brien, 1964; Gurnett, 1966; Laaspere et al., 1971; McEwen & Barrington, 1967), and also at Jupiter
(Farrell et al., 1993; Gurnett et al., 1979; Gurnett et al., 2005; Tetrick et al., 2017) and Saturn (Gurnett
et al., 2009; Kopf et al., 2010; Sulaiman, Kurth, Hospodarsky, Averkamp, Persoon, et al., 2018; Sulaiman,
Kurth, Hospodarsky, Averkamp, Ye, et al., 2018). Whistler mode waves can only propagate below both
the electron cyclotron frequency and the electron plasma frequency, with an upper cutoff at the lower of
the two. A common feature of whistler mode auroral hiss is its characteristic funnel shape, observed on a
frequency‐time spectrogram. The funnel, sometimes called a saucer, arises from wave propagation at wave
normal angles near the resonance cone, which causes the raypath to deviate from the magnetic ﬁeld direction as frequency increases (Gurnett, 1966; James, 1976; Mosier & Gurnett, 1969; Smith, 1969). The radiation
originates from electron beams moving in the same direction as the waves (i.e., Landau resonance).
Maggs (1976) was the ﬁrst to explain the generation of whistler mode auroral hiss by a coherent
beam‐plasma instability at the Landau resonance velocity. Numerous studies, including a statistical study
using data from the Fast Auroral SnapshoT Explorer (FAST) (Pfaff et al., 2001), have shown that the majority
of auroral hiss emissions are generated in the auroral downward current regions by low‐energy upward‐
moving electron beams (inverted‐Vs) accelerated by downward parallel electric ﬁelds (Ergun et al., 2003).
It should be noted that the inverted‐Vs observed by FAST showed that the electrons can be broad in pitch
angle but have peaked energy distributions. In contrast, at Jupiter, the electron angular distributions are
much more ﬁeld aligned. Inverted‐Vs, when viewed on an energy‐time spectrogram, show peak ﬂuxes at
an energy that increases from low energies, reaches a maximum energy, and ﬁnally decreases (Frank &
Ackerson, 1971; Mauk, Haggerty, Paranicas, Clark, Kollmann, Rymer, Bolton, et al., 2017).
The Juno radio and plasma wave (Waves) instrument (Kurth et al., 2017) detected intense
upward‐propagating broadband whistler mode waves over Jupiter's entire polar cap region (see Figure 8
in Elliott, Gurnett, Kurth, Mauk, et al., 2018). These waves demonstrate characteristic funnel shapes and
are analogous to whistler mode auroral hiss. The waves propagate upward (away from the planet) in both
the northern and southern polar regions (analyses from Kolmasova et al., 2018, were used to determine
the direction of wave propagation). Similarly, the JADE‐E sensor (McComas et al., 2017) detected
upward‐traveling electron beams (inverted‐Vs) in the low‐altitude regions of the Jovian polar cap (Ebert
et al., 2017; see Figure 8 in Elliott, Gurnett, Kurth, Mauk, et al., 2018) as well as upward‐traveling electrons
over a broad energy range (Mauk, Haggerty, Paranicas, Clark, Kollmann, Rymer, Mitchell, et al., 2017). We
believe that electron beams (inverted‐Vs) are producing the whistler mode waves via a Landau resonance.
This study does not attempt to conduct a nonlinear analysis due to the lack of detailed observations in the
wave source regions, but rather, we present a linear stability analysis to show that the electron beam distribution is unstable and likely the source of the observed whistler mode waves.

3. Model Electron Distribution
In order to show that the electron beams are unstable, growth rate calculations must be made. These calculations require an input electron distribution model. In the following analysis, it is convenient to work with
the normalized momentum, u = p/mec. The model electron distribution function used is a combination of a
ELLIOTT ET AL.
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Maxwellian background (with density n0) plus a drifting Maxwellian beam (with density ne). Equation 1 provides the exact bi‐Maxwellian that was used:
!
 2
1−δ
u
δ
u2 ð1 − μ2 Þ þ ðuμ−u0 Þ2
f ðu; μÞ¼ 3=2 3 exp − 2 þ 3=2 3 exp −
α0
α1 2
π α0
π α1

(1)

with
ne
δ¼ ;
n0

(2)

where μ = u∥/u is the cosine of the pitch angle; ne and n0 are the number densities of the energetic electron beam and total background electrons, respectively; and α0 is the energy of the cold, background electrons. The thermal spread associated with the energetic beaming electrons (electron beam temperature) is
α1, and u0 is the average drift speed of the beam normalized to the speed of light.
To model the electron distribution, input parameters such as the beam‐to‐background density ratio,
electron‐to‐plasma frequency ratio, and the average drift speed are necessary (see Table 1 for a list of the
parameters used in the present analysis). Figure 1 shows upward‐moving electron beam velocity distribution
functions (v⊥ vs. v∥) for two beams observed on 27 March 2017 (Figure 1a) and on 11 July 2017 (Figure 1b).
The beams can be identiﬁed in Figure 1 by their enhancements in the phase space density along the negative
x axis. Both beams are in the antiparallel direction, where the beam energies are calculated to be about 6.7
and 20 keV, respectively. These beam energies were used to calculate the drift velocities for the two beams. It
should be noted that some higher‐energy (30 keV) upward‐moving beams have been observed by JADE
(Ebert et al., 2017) but they are much less intense and are therefore excluded from the current study.
Another important parameter of the electron beam is its number density relative to the background cold
plasma density. The electron beam distributions can be integrated over the range of phase space in which
the beams exist and then compared to the cold plasma background density. Figure 2 shows plots for the
6.7 keV electron beam on 27 March 2017 (left) and the 30 keV electron beam on 11 July 2017 (right).
Figure 2a shows the energy spectra (count and distribution). Figure 2b shows the pitch angle, which is nearly
180° for both beams, meaning the electrons are traveling upward, away from the planet in the southern polar
region. Figure 2c shows the total plasma density (from 0.1 to 100 keV), and Figure 2d shows the electron
beam density integrated from 5 to 20 keV. Over the duration of the inverted‐Vs, the ratios of beam‐to‐
background plasma density range from about 0.1 to 0.4 in both cases, which are very large ratios (strong
beams). However, because JADE only measures electrons down to 100 eV during those times, it does not
account for lower‐energy electrons (colder plasma) in its estimate of the electron density. Thus, we analyzed
the total plasma density computed from electron plasma frequency measurements, made by the Waves
instrument, based on the upper frequency cutoff of the hiss (see Tetrick et al., 2017). Using the total number
densities measured by Waves, the ratios of beam density to cold background, δ, at the times of the selected
beams (see Figure 1), reduce to roughly 0.02 (for 27 March 2017) and 0.04 (for 11 July 2017).
Lastly, the ratio between the electron plasma frequency and electron cyclotron frequency, α, is required. The
electron cyclotron frequency was determined by the Magnetometer instrument (MAG) by utilizing a pair of
triaxial Fluxgate Magnetometers (FGMs) to provide magnetic ﬁeld measurements at rates up to 64 vector
samples/s (Connerney, Benn, et al., 2017). The electron plasma frequency was determined based on the
upper cutoff of the whistler mode waves (see Tetrick et al., 2017). These frequency ratios were calculated
to be roughly 0.1 (for 27 March 2017) and 0.04 (for 11 July 2017) (see Table 1 for a full list of the parameters
used in this study).

4. Growth Rates of the Whistler Mode
The growth rate equation is obtained by analyzing the cold plasma (or magnetoionic) dispersion relation,
which is well known and can be found in many plasma physics textbooks (see Gurnett &
Bhattacharjee, 2017; Melrose, 1986; Stix, 1962). A complete analysis of the cold plasma dispersion relation
and separation of all possible wave modes can be found in Appendix A.
ELLIOTT ET AL.
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Table 1
List of Plasma Parameters Used in This Study
27 March 2017, 10:05:55.837 UT
Electron plasma‐to‐cyclotron frequency ratio
Electron plasma frequency (ωp)
Electron cyclotron frequency (Ω)

ω

p

=Ω





V
¼u0
Energy of beam and associated average drift speed
c
v

T0
Energy of cold background electrons
¼α0
c
v

Te
Thermal spread associated with the energetic beaming electrons
¼α1
c

11 July 2017, 03:05:37.501 UT

0.04
4
~4.4 * 10 Hz
6
~1.1 * 10 Hz
u0 = 0.162 (6.7 keV beam energy)

0.04
4
~5.1 * 10 Hz
6
~1.4 * 10 Hz
u0 = 0.35(20 keV beam energy)

α0 = 0.0043 (10 eV cold background)

α0 = 0.0043(10 eV cold background)

α1 = 0.1 (5 keV thermal spread)

α1 = 0.1 (5 keV thermal spread)

When computing the linear, temporal growth rate for waves propagating in a collisionless, homogeneous,
magnetized plasma, we utilize the weakly relativistic approximation, meaning that the Lorentz factor, γ¼
1

ð1þp2 =m2 c2 Þ2 , is replaced by 1 except in the resonance condition, where it is replaced by the
delta‐function resonance with γ = 1+p2/2 m2c2. Following the same steps taken by Yoon et al. (1996) and
the general expression for the growth rate and notation in the paper by Yoon and Ziebell (1995), the growth
rate equation for the whistler mode (Landau resonance) is therefore the following:
ω2p π 2 
 1
γ¼
Θ 1 − μ20 ∫μ0 dμ ∑ Qðu± ; μÞ:
ω RO
þ; −

(3)

See Appendix B for a full list of all intermediate variables in Equation 3. The growth rates are calculated
numerically with the technique described in Yoon and Ziebell (1995), which yields a solution to the dispersion relation and computed growth rate values. The numerical growth rate calculation results, using
Equations 3 and 1, with parameters from Table 1, are shown in the
next set of ﬁgures.
Figures 3 and 4 show the computed growth rates for the two beams.
Figure 3 shows the growth rate superposed on the dispersion surface,
and Figure 4 shows the 2‐D plot in k⊥‐k∥ space. It should be noted
that Figures 3 and 4 only include the contributions from n = 0
Landau resonance. The cyclotron resonance contribution to the overall growth rate was found to be negligible (on the order of 10−31; for
the total, including n = 0 and n = 1, plots). The large, positive growth
rates that were computed demonstrate that the electron beams are
unstable and capable of producing waves through a Landau resonance. It should be noted that the dispersion surfaces shown in
Figure 3 are actually made of the whistler mode branch, which
becomes plasma oscillations with ω = ωp for θ → 0. Since this limit
is virtually the same as the Langmuir mode, the beam‐plasma
instability governed by Landau resonance is operative. The cyclotron
resonance for quasi‐parallel propagation will affect the electron
cyclotron mode with frequency ω = Ω, but for the choice of ωp/
Ω = 0.04, the electron cyclotron mode becomes part of the Z mode,
which is stable.

Figure 1. Electron beam velocity distribution plots (v⊥ vs. v∥) for beams
observed on (a) 27 March 2017 and (b) 11 July 2017. The beams are recognized
by the enhancement in the antiparallel direction. The energies of the beams are
1
roughly (a) 6.7 keV and (b) 20 keV, which are determined by E¼ me v2 , with v¼
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2
v2⊥ þ v2∥ and the mass of the electron, me.

ELLIOTT ET AL.

It was theoretically predicted that whistler mode auroral hiss emissions are right‐hand polarized with respect to the local magnetic ﬁeld
(see discussion in Shepherd et al., 1997). Both ground‐ and
space‐based polarization measurements of auroral hiss have supported this theory, showing that the wave rotates in the right‐hand
direction around the magnetic ﬁeld (Benson & Calvert, 1979;
Gurnett et al., 1983; Gurnett & Green, 1978; Harang &

4 of 11

Journal of Geophysical Research: Space Physics

10.1029/2020JA027868

Figure 2. Electron beams on 27 March 2017 (left column) and 11 July 2017 (right column). (a) Energy spectra and (b) pitch angle, with 180° meaning the beam is
traveling upward, away from the planet (black regions indicate pitch angles there were not sampled). (c) Total electron density and (d) density of the electron
beam, integrated from 5 to 20 keV. Note that the total background density used in our calculations was extracted from measurements of the electron plasma
frequency by the Waves instrument.

Hauge, 1965). We deﬁne the circular polarization and longitudinal components of the electric ﬁeld in the
same way as Kennel and Wong (1967) (see Appendix C for a complete description of the polarization
coefﬁcients). Because the waves produced by the inverted‐Vs (via the Landau resonance) are expected to
propagate in the whistler mode (similar to auroral hiss), we would expect them to be right‐hand circularly
polarized. Figure 5 shows polarization plots for varying frequency and wave normal angles. The top panel
represents the right‐hand circular polarization with respect to the magnetic ﬁeld direction, where |eR| = 1
indicates right‐hand circularly polarized waves. The bottom panel shows the longitudinal electric ﬁeld
component, where |e∥| = 1 indicates longitudinal waves. Full computation of the polarization coefﬁcients
used to generate Figure 5 can be found in Appendix C. We ﬁnd the whistler mode waves are largely
transverse and right‐hand circularly polarized, as expected for whistler mode auroral hiss. For more
oblique wave propagation, the mode becomes increasingly longitudinal.
Now that we have shown the electron beams are unstable (indicative of high, positive growth rates); it is
important to discuss where the observations and numerical results ﬁt together. Although we have calculated

Figure 3. Color‐coded computed growth rates for beam parameters that describe the observed beam on 27 March 2017 (a) and 11 July 2017 (b). The growth rate
(color) is superposed on the dispersion surface, which depends on frequency and k‐space.

ELLIOTT ET AL.
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Figure 4. Color‐coded computed growth rates for beam parameters that describe the observed beam on 27 March 2017 (a) and 11 July 2017 (b). The growth rate
(color) is plotted as a function of k‐space.

the growth rates for the whistler mode waves, these numbers are overestimates because they do not take into
account nonlinear effects that work to stabilize the distribution function, hence reducing the wave growth
rates. An example of nonlinear structures are solitary waves. Figure 6 shows examples of solitary wave structures observed in the whistler mode waveforms for the 2 days of interest in this study. These solitary wave
structures (called electrostatic solitary waves or ESWs) are commonly observed in Earth's magnetosphere
(e.g., Ergun et al., 1998; Mozer et al., 1997; Temerin et al., 1982). ESWs are known to be the ﬁnal state of
the nonlinear evolution of an electron beam instability (Matsumoto et al., 1994). The observed ESWs could
be acting to stabilize the distribution function and would therefore need to be included in future nonlinear
simulation studies.
The main takeaway from this study is that we obtain signiﬁcantly positive growth rates (i.e., well above the
state of marginal stability), showing that the electron beams are capable of producing the observed whistler
mode waves for even very small background intensities. A similar linear stability analysis was done on whistler mode hiss emissions at Saturn (Kopf et al., 2010). Kopf et al. (2010) studied simultaneously occurring
electron beams and whistler mode hiss and found growth rates far above what was needed to produce the
observed wave intensities. In some cases, their growth rates were large enough to violate the weak
beam approximation.
To provide some logical closure to this study, we have included the observations of the whistler mode waves,
which we conclude to be generated by the observed electron beams. Figure 7 shows frequency‐time spectrograms for the whistler mode waves over the entire polar regions. These waves possess the same

Figure 5. Polarization plots for varying frequency and wave normal angles. Top panel shows the right‐hand circular polarization (where |eR| = 1 indicates
right‐hand circularly polarized waves); bottom panel shows the longitudinal electric ﬁeld component (where |e∥| = 1 indicates longitudinal waves). The
whistler mode waves are largely transverse, right‐hand circularly polarized. Deﬁnitions for the polarization coefﬁcients can be found in Appendix C.

ELLIOTT ET AL.
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Figure 6. Juno Waves electric ﬁeld waveforms. The waves show signatures similar to electrostatic solitary waves (ESWs). The irregularity in the electric ﬁeld
suggests nonlinear effects and possible stochastic electron acceleration (see Elliott, Gurnett, Kurth, Mauk, et al., 2018). Please note that the time period for 27
March 2017 waveforms is before the time of the observed electron beam. This is because there are no burst mode measurements during that time period. However,
these ESW‐like structures are commonly observed over the polar regions.

characteristics as those described in Tetrick et al. (2017); Elliott, Gurnett, Kurth, Clark, et al. (2018); and
Elliott, Gurnett, Kurth, Mauk, et al. (2018).

5. Summary and Perspective
In this paper, we have explained the generation of upward‐propagating whistler mode waves, in the Jovian
polar cap region, by upward‐traveling electron beams via Landau resonance. We provided growth rate calculations using model distribution functions based on inverted‐V observations from the Juno JADE instrument. We analyzed the polarization of the generated wave and found that the waves are right‐hand
circularly polarized, as expected for whistler mode auroral hiss. We showed that the growth rates are well
above what is needed to produce the observed whistler mode waves. The derived growth rates are overestimates because our study did not take nonlinear effects into account when calculating the values. We provided evidence of nonlinear effects in the whistler mode waves via solitary structures. Therefore, it is
likely that these effects are stabilizing the distribution function, ultimately affecting the wave growth rate.
Because of this, nonlinear studies would be necessary to fully explain the time evolution of the whistler mode
waves and the wave‐particle interactions occurring. These nonlinear studies would require more detailed
measurements of the wave source region, which are currently unavailable at the time. We leave such analyses for future studies.

Figure 7. Electric ﬁeld whistler mode wave observations taken from the Juno Waves instrument over the Jovian polar regions. The whistler mode waves are
4
4
observed over a broad frequency range, up to the assumed plasma frequency, which is ~4.4 * 10 Hz for 27 March 2017 and ~5.1 * 10 Hz for 11 July 2017.
The wave emissions for 27 March 2017 begin at ~09 : 30 UT and last until ~13 : 00 UT. The wave emissions for 11 July 2017 begin at ~02 : 20 UT and continue
beyond the time period shown, until ~09 : 30 UT.

ELLIOTT ET AL.

7 of 11

Journal of Geophysical Research: Space Physics

10.1029/2020JA027868

Additional data would be beneﬁcial to these future studies. During the present mission, Juno will directly
sample the wave acceleration regions, with a possibility of reaching less than 1.3 RJ Jovicentric distance during an extended mission. In these regions, the probability of observing inverted‐Vs would likely increase,
and we would obtain a better understanding about the plasma environment in the whistler mode wave
source region. This opportunity would also provide us with better estimate for the electron distributions
by analyzing their time evolution.

Appendix A: Cold Plasma Dispersion Relation
The following equations specify the cold plasma dispersion relation:
N 2 ¼1 −

Tω2p

;
ωðTω − ΩcosθÞ

(A1)

where
T¼

ω2p − ω2 h

1 i
s − σ 1þs2 2
ω2p − ω2

(A2)

and
s¼

ωΩsin2 θ
2 ω2 − ω2p cosθ

;

(A3)

where the modes are separated into the extraordinary (X) and ordinary (O) modes, with σ = +1 for the X
mode and σ = − 1 for the O mode. N in Equation 3 is the index of refraction, where N = ck/ω; Ω is the
electron cyclotron frequency, where Ω = eB0/mc, with the charge of the electron, e; mass of the electron,
m; and the speed of light, c. The square of the electron plasma frequency, using n0 as the background
number density of electrons, is also deﬁned as ω2p ¼4πn0 e2 =m. The following is the cold plasma dispersion
relation separated into the X and O modes:
N 2X ¼1 −
N 2O ¼1 −

ω2p
ωðω þ τΩÞ

;

τω2p

;
ωðτω − Ωcos2 θÞ

(A4)

(A5)

with

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ ω2p − ω2
τ¼ s þ s2 þ cos2 θ
ω2p − ω2

(A6)

ωΩsin2 θ
s¼
;
2 ω2 − ω2p

(A7)

and

which are further separated by frequency ranges into slow and fast modes. The X mode separates into X
(fast X) and Z (slow X) modes, and the O mode separates into O (fast O) and W (slow O) modes, according
to the frequency ranges deﬁned in Yoon and Ziebell (1995). The present study deals with only the whistler
(W) mode.

ELLIOTT ET AL.
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Appendix B: Intermediate Variables Used in Equation 3
The following deﬁnes the function and intermediate variables used in the growth rate equation (Equation 3):
2N O u3±
cosθ
Qðu± ; μÞ¼ 2
τ þ cos2 θju± − N O μcosθj

1


× K O cos2 θþτsinθ μJ 0 ðb± Þ− 1−μ2 2 cosθJ 1 ðb± Þ



∂
∂
f ðu; μÞ;
× μu±
þ 1 − μ2
∂u±
∂μ

(B1)
2

with the following parameters deﬁned as
ω2p
τ Ωsinθ
K O¼ 2
;
ωp − ω2 τω − Ωcos2 θ
RO ¼1 þ



ω2p cot2 θ τ 2 ωp 2 − ω2 cos2 θ τ 2 − cos2 θ

τ 2 þ cos2 θ
ω2 ðτω−Ωcos2 θÞ2
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
u± ¼N O μcosθ ± N 2O μ2 cos2 θ − 2;

(B2)

;

(B3)
(B4)

pﬃﬃﬃ 
1
2
sΩ 2
;
μs ¼
1−
N O cosθ
ω

(B5)


1
ω
b± ¼ N O sinθu± 1−μ2 2 ;
Ω

(B6)

where Js is the Bessel function of the ﬁrst kind, of order s. For a more detailed derivation of the whistler
mode growth rate, see Yoon and Ziebell (1995) and Yoon et al. (1996).

Appendix C: Computation of the Polarization Coefﬁcients
The following provides computation of the polarization coefﬁcients used to generate Figure 5:
The unit electric ﬁeld vector is given by
b þ Tbt þ ib
b
e ðkÞ¼Kk
a
1

ðK2 þT2 þ1Þ2 ;
where
b ðsin θ; 0; cos θÞ
k¼
b
a ¼ð0; 1; 0Þ
bt ¼ðcos θ; 0; −sin θÞ:

(C1)

The following properties are true for the longitudinal and transverse modes:
K¼∞ðlongitudinal modeÞ
K¼0ðtransverse modeÞ
K¼finite and T¼∞ðtransverse modeÞ:

(C2)

For the whistler mode, K and T are given by the following:
ωp
τΩsin θ
τ
:
; T¼−
K¼ 2
cos θ
ωp − ω2 τω − Ωcos2 θ
2

(C3)

Therefore, the two transverse electric ﬁeld components (dimensionless) are given by the following:
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T
1
b
b
e ⊥1 ¼
1 ; e ⊥2 ¼
1:
2
2
2
2
ðK þT þ1Þ
ðK þT2 þ1Þ2

(C4)

The longitudinal electric ﬁeld component is given by the following:
b
e∥¼

K
1

ðK2 þT2 þ1Þ2

:

(C5)

Finally, the right‐ and left‐hand circular polarization can be determined by the following:
b
eR¼

b
b
e ⊥1 þ b
e ⊥1 − b
e
e
pﬃﬃﬃ ⊥2 ; b
pﬃﬃﬃ ⊥2 :
eL ¼
2
2

(C6)

Data Availability Statement
Juno data are regularly made publicly available via the Planetary Data System (PDS) according to the Juno
Project archiving schedule. More recent data that have not yet been released via the PDS may be requested
from the authors.
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