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Abstract 25 

Energetic particle injections are commonly observed in Jupiter’s magnetosphere and have 26 
important impacts on the radiation belts. We evaluate the roles of electron injections in the 27 
dynamics of whistler-mode waves and relativistic electrons using Juno measurements and wave-28 
particle interaction modeling. The Juno spacecraft observed injected electron flux bursts at 29 
energies up to 300 keV at M shell ~11 near the magnetic equator during perijove-31. The 30 
electron injections are related to chorus wave bursts at 0.05-0.5 fce frequencies, where fce is the 31 
electron gyrofrequency. The electron pitch angle distributions are anisotropic, peaking near 90° 32 
pitch angle, and the fluxes are high during injections. We calculate the whistler-mode wave 33 
growth rates using the observed electron distributions and linear theory. The frequency spectrum 34 
of the wave growth rate is consistent with that of the observed chorus magnetic intensity, 35 
suggesting that the observed electron injections provide free energy to generate whistler-mode 36 
chorus waves. We further use quasilinear theory to model the impacts of chorus waves on 0.1-10 37 
MeV electrons. Our modeling shows that the chorus waves could cause the pitch angle scattering 38 
loss of electrons at <1 MeV energies and accelerate relativistic electrons at multiple MeV 39 
energies in Jupiter’s outer radiation belt. The electron injections also provide an important seed 40 
population at several hundred keV energies to support the acceleration to higher energies. Our 41 
wave-particle interaction modeling demonstrates the energy flow from the electron injections to 42 
the relativistic electron population through the medium of whistler-mode waves in Jupiter's outer 43 
radiation belt. 44 

1. Introduction 45 

Planetary electron radiation belts are strongly affected by resonant interactions between 46 
electrons and whistler-mode waves (Horne and Thorne, 2003; Horne et al., 2008; Thorne, 1983). 47 
Whistler-mode waves are right-hand polarized electromagnetic emissions at frequencies below 48 
the electron gyrofrequency and are commonly observed in Jupiter's outer radiation belt (Li et al., 49 
2020; Menietti et al., 2012, 2016, 2020). Energetic electrons with sufficient pitch angle 50 
anisotropy generate whistler-mode waves through cyclotron resonance (Gary et al., 2012; Liu et 51 
al., 2011). On the other hand, the whistler-mode waves scatter the energetic electrons into the 52 
loss cone to cause their precipitation into the upper atmosphere (Bhattacharya et al., 1997; Li et 53 
al., 2017, 2021) and accelerate relativistic electrons in the Jupiter’s outer radiation belt (Ma et al., 54 
2020a; Shprits et al., 2012; Woodfield et al., 2013). The wave-particle interaction processes 55 
could be quantified using quasilinear modeling for relatively long periods compared to single 56 
wave-particle interaction timescales (Nénon et al., 2017; Woodfield et al., 2014). 57 

Energetic electron injections provide an important energy source for whistler-mode wave 58 
generation (Li et al., 2009a; Xiao et al., 2003). Electron injections are commonly observed in 59 
Jupiter’s middle magnetosphere and are associated with the auroral structures equatorward of the 60 
main auroral oval (Dumont et al., 2018; Gray et al., 2017; Thorne and Tsurutani, 1979). The 61 
Galileo mission statistics show that injections have a high occurrence rate at M < 12 and occur 62 
across all local times (Mauk et al., 1999, 2002). Following the azimuthal drift motion of particles 63 
after injection, the lower energy electrons could be observed earlier than the higher energy 64 
electrons, thereby demonstrating an energy dispersion signature in spacecraft observations 65 
(Haggerty et al., 2019; Mauk et al., 2002). The pitch angle distribution of injected electrons is 66 
usually pancake-like, which is different from the field-aligned distributions at M shells higher 67 
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than the injection region (Ma et al., 2021a; Tomás et al., 2004). The Earth’s radiation belt 68 
modeling demonstrates that the injections provide both the source electrons for chorus wave 69 
generation and the seed electrons for acceleration (Jaynes et al., 2015), which are important for 70 
the rapid enhancement of relativistic electron fluxes during geomagnetic storms (Ma et al., 2018; 71 
Thorne et al., 2013). Energetic electron injections may play similar roles in Jupiter’s outer 72 
radiation belt (Tao et al., 2011), which will be analyzed in this paper. 73 

The Juno spacecraft (Bolton et al., 2010; Bagenal et al., 2017) has polar orbits around 74 
Jupiter and samples the region near the magnetic equator at M < 15 after the 20th orbit in May 75 
2019. Electron injections were observed at high magnetic latitudes during the early orbits 76 
(Haggerty et al., 2019). Because the local magnetic field is weaker at the equator and the high 77 
pitch angle electrons mirror within a narrow latitude range near the equator, the most efficient 78 
wave generation and wave-particle interaction processes occur at low magnetic latitudes. Juno’s 79 
equatorial measurements of waves and particles are essential for performing a quantitative 80 
modeling during an injection event. 81 

In this paper, we investigate the whistler-mode wave generation, energetic electron 82 
precipitation, and relativistic electron acceleration processes during an electron injection event 83 
observed by Juno near the equator. The Juno observations of whistler-mode waves and electrons, 84 
as well as the wave generation are presented in Section 2. We perform a quasilinear modeling of 85 
wave-particle interaction processes in Section 3. We summarize and discuss our results in 86 
Section 4. 87 

2. Chorus wave generation by electron injections 88 

2.1 Juno observations of whistler-mode waves and electrons 89 

We analyze the Juno measurements of whistler-mode waves and electron fluxes near the 90 
magnetic equator during the perijove-31 (PJ-31) approach on 30 December 2020. The orbital 91 
period was about 53.5 days, and the spacecraft was at the magnetic local time of ~22 h before 92 
travelling to the polar region. The Juno magnetometer (MAG) provides the background magnetic 93 
field measurements in three orthogonal directions (Connerney et al., 2017), and the 1-s resolution 94 
data is used in this study. The Waves instrument provides the wave magnetic field (Bw) power at 95 
50 Hz - 20 kHz frequencies and electric field (Ew) power at 50 Hz - 40 MHz frequencies with a 96 
time resolution of 1 s (Kurth et al., 2017). The ratio Ew/(cBw) is calculated after considering the 97 
electric dipole antenna length, where c is the speed of light. We use Jovian Auroral Distributions 98 
Experiment (JADE) (McComas et al., 2017) measurements to obtain the pitch angle and energy 99 
distributions of electron fluxes from ~50 eV to 30 keV. The electron count rate is converted to 100 
flux by considering the geometric factor in Allegrini et al. (2021). We use Jupiter Energetic 101 
Particle Detector Instrument (JEDI) (Mauk et al., 2017) measurements to obtain the pitch angle 102 
and energy distributions of electron fluxes from 30 keV to 1 MeV. The penetrating electron 103 
fluxes at 100-200 keV energies due to minimum ionizing artifacts are corrected following the 104 
procedure in Mauk et al. (2018). Jupiter’s internal magnetic field model JRM-33 (Connerney et 105 
al., 2022a) and external current sheet model CON-2020 (Connerney et al., 2020) are used to 106 
calculate the M shell, map the measured local magnetic field to the magnetic equator, and obtain 107 
the magnetic field line geometry to be used in the quasilinear analysis. 108 

Figure 1 shows the 6-hour observation of waves and electron fluxes, when Juno was 109 
travelling towards lower M shells passing through the magnetic equator at 9 < M < 11.5 (Figure 110 
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1e). The wave magnetic power spectrogram shows bursty and intense chorus waves at 0.05fce - 111 
fce frequencies occurring during 11:28 - 13:05 UT (Figure 1b). Here fce is the electron 112 
gyrofrequency calculated using the local magnetic field measurement. Electron cyclotron 113 
harmonic waves were observed at frequencies above fce during 12:15 - 14:35 UT with the highest 114 
intensity in the first harmonic band (Figure 1a). During this period, the wave electric power 115 
measurements show an intensification of hiss waves at frequencies below 0.05fce, and the 116 
magnetic power measurements show occasional bursts of hiss waves. After 14:35 UT, Juno 117 
travelled away from the equator, and observed chorus and hiss waves at frequencies above and 118 
below 0.05 fce, respectively. The chorus waves are less intense at M < 9 after 14:35 UT than the 119 
chorus waves observed at M ~ 11 during 11:28 - 12:35 UT. The frequency of major chorus wave 120 
power spectral densities roughly follows the variation of equatorial electron gyrofrequency, 121 
suggesting that the chorus waves are generated near the magnetic equator. The wave properties 122 
are similar to the observations near the equator in the previous studies (Li et al., 2020; Menietti 123 
et al., 2012, 2020, 2021). 124 

The JEDI and JADE measurements show bursts of injected electron fluxes at energies 125 
from 100 eV to 300 keV during 11:00 - 13:20 UT (Figures 1c-d). After 13:20 UT, the electron 126 
fluxes are relatively stable at energies above 30 keV, showing a peak flux at M ~ 8.1 (~15:45 127 
UT). In general, the high fluxes of energetic electrons are observed during the same period when 128 
the chorus waves are observed.  129 

We select the period of 11:59 - 12:34 UT to analyze the relation between chorus wave 130 
bursts and electron injections. This period is chosen because the spacecraft was close to the 131 
magnetic equator, strong intensities of whistler-mode waves were observed at frequencies above 132 
0.05 fce, and both chorus wave bursts and electron injection bursts were observed together. The 133 
35-min observation is presented in Figure 2. 134 

Figure 2a shows wave electric power intensities at 30-50 kHz frequencies which are 135 
identified as upper hybrid emissions, in addition to the electron cyclotron harmonic (ECH) waves 136 
at lower frequencies. We estimated the upper hybrid resonance frequency (white dashed line) 137 
and calculated the total electron density. The average density is ~27.3 cm-3, which is used as the 138 
density at the magnetic equator in the following modeling of wave generation and wave-particle 139 
interactions. 140 

The wave electric power intensity, magnetic power intensity, and the ratio Ew/(cBw) are 141 
presented in Figures 2b-d. The chorus wave bursts are observed with the majority of their power 142 
in the 0.1-0.5fce frequency range, and the low Ew/(cBw) ratio suggests that the waves propagate 143 
close to the magnetic field direction based on cold plasma theory (Stix, 1992). At lower 144 
frequencies, the wave electric power shows an intensification of hiss waves, while the magnetic 145 
power shows several bursts of hiss waves, suggesting that the hiss may have both quasi-parallel 146 
and oblique wave components.  147 

The energy spectrograms of electron flux and anisotropy at 1-300 keV energies are 148 
shown in Figures 2e-f. The enhancements of electron fluxes indicate electron injections with 149 
lower energy (e.g., 3-30 keV) electrons observed earlier than higher energy (e.g., 100-300 keV) 150 
electrons (Figure 2e). The energy dispersion is determined by the corotational electric field, as 151 
well as magnetic field gradient and curvature drifts (Mauk et al., 1999; Haggerty et al., 2019). 152 
Several chorus wave bursts are related to the injected electron bursts, although they do not 153 
appear simultaneously especially during later times. Using the measured pitch angle () 154 
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distribution of electron fluxes (j) at each energy (E), the electron anisotropy (A) is calculated as 155 
in Chen et al. (1999) 156 

𝐴(𝐸) =
∫ 𝑗(𝛼,𝐸) sin3 𝛼𝑑𝛼
𝜋
0

2∫ 𝑗(𝛼,𝐸) cos2 𝛼 sin𝛼𝑑𝛼
𝜋
0

− 1                                                 (1) 157 

The field-aligned, isotropic, and pancake pitch angle distributions correspond to negative, 0, and 158 
positive values of anisotropy, respectively. Figure 2f shows a transition from negative to positive 159 
anisotropies as energy increases to above 2 keV. The high anisotropy values are mainly observed 160 
at ~3-30 keV energies. Figure 2g shows the pancake pitch angle distributions measured at 10.9 161 
keV energy, which is an example for the distributions with high anisotropy.  162 

We calculate the electron minimum resonance energies for the chorus waves at 0.1fce, 163 
0.2fce, and 0.5fce frequencies shown as the black dashed lines in Figures 2e-f. The calculation 164 
adopts 0 wave normal angle and 0 electron pitch angle, the measured total electron density and 165 
magnetic field, wave dispersion relation from cold plasma theory, and the cyclotron resonance 166 
condition. The energies of high anisotropy match the resonance energies of chorus waves. The 167 
electron anisotropy is higher at the times of injections than the anisotropy of background electron 168 
flux. The analysis of electron anisotropy provides evidence that the high electron fluxes with 169 
anisotropic pitch angle distribution at ~3-30 keV energies may generate the chorus waves at 0.1-170 
0.5fce frequencies. 171 

Figure 2h shows the energy spectrogram of calculated wave growth rate using the 172 
observed electron phase space density distributions. The calculation details are presented in 173 
Section 2.2. The wave growth rates are high (>50 dB/RJ) when the injections provide both high 174 
fluxes and high pitch angle anisotropy; therefore, the simulated waves appear at the same time as 175 
the electron injections at 3-30 keV energies. The frequencies of high wave growth are mainly at 176 
~500 Hz - 2 kHz, roughly consistent with the frequencies of the observed chorus waves. 177 
However, the observed chorus waves present a negative drift of wave frequency in the individual 178 
wave burst within ~2 min timescale (Figure 2c), which is not resolved in the simulated 179 
spectrogram of wave growth rate. The wave growth rate calculation shows overall high growth 180 
rates at high frequencies, obscuring the interpretation of frequency dispersion. It is also possible 181 
that the observed electrons were scattered by chorus waves and their pitch angle distributions 182 
changed from the initial injection that generated the waves. 183 

2.2 Calculation of linear wave growth rates 184 

Whistler-mode wave generation is simulated using the linear theory of wave instability 185 
(Kennel, 1966) and cold plasma dispersion. The local convective growth rate 𝐾𝑖 is calculated as 186 
the integral of electron phase space density gradients under the resonance condition (Chen et al., 187 
2010): 188 

𝐾𝑖 = ∑ ∫ 𝑑𝑣⊥ (𝑊⊥,𝑛
𝜕𝑓

𝜕𝑣⊥
+𝑊∥,𝑛

𝜕𝑓

𝜕𝑣∥
)|
𝑣∥=𝑣∥,𝑟𝑒𝑠

∞

0
+∞
𝑛=−∞                               (2) 189 

where 𝑓 is the phase space density, 𝑛 is the resonance harmonic number, 𝑣⊥ and 𝑣∥ are the 190 
perpendicular and parallel particle velocities respectively, 𝑊⊥,𝑛 and 𝑊∥,𝑛 are the perpendicular 191 
and parallel weighting functions respectively. 𝑣∥ is evaluated as the resonance velocity 𝑣∥,𝑟𝑒𝑠 192 
satisfying the resonance condition: 193 

𝜔 − 𝑘∥𝑣∥,𝑟𝑒𝑠 = −𝑛Ω𝑐𝑒 𝛾⁄                                                           (3) 194 
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where 𝜔 is the whistler-mode wave frequency, Ω𝑐𝑒 (defined as positive here) is the electron 195 
angular gyrofrequency, 𝑘∥ is the parallel wave number, and 𝛾 is the relativistic factor. The 196 
resonant harmonic 𝑛 = −1 provides the dominant contribution for the whistler-mode wave 197 
growth through cyclotron resonance. The analytical expressions of the weighting functions 𝑊⊥,𝑛 198 
and 𝑊∥,𝑛 are provided in Kennel (1966). 199 

As simulation inputs, our wave instability analysis model (Ma et al., 2014a) uses the 200 
satellite measurements of the particle flux distribution as a function of pitch angle and energy, 201 
total electron density, and total magnetic field. The wave growth rates are calculated for different 202 
wave normal angles and different wave frequencies along the satellite trajectory. This model has 203 
been used in our previous studies examining the whistler-mode and Z-mode wave generation 204 
during interchange instabilities at Jupiter (Daly et al., 2023), and magnetosonic wave generation 205 
in the Earth's inner magnetosphere (Ma et al., 2014a,b). 206 

Figure 3 shows the wave growth rate calculation using Juno observations at ~12:00 UT 207 
on 30 December 2020. The electron fluxes measured by JADE and JEDI are averaged over 30 s 208 
after 12:08 UT, and converted into phase space density. The phase space density is plotted in the 209 
polar coordinate of electron energy and pitch angle in Figure 3a. The phase space densities are 210 
higher at ~90 pitch angle than those at ~0 or ~180, suggesting an anisotropic distribution, 211 
which is typically unstable so that it would generate whistler-mode waves. 212 

The wave growth rate is calculated as a function of wave frequency (𝜔 Ω𝑐𝑒⁄ ) and wave 213 
normal angle in Figure 3b. Since there is not a significant degree of asymmetry between the 214 
electron distributions near field-aligned and anti-field-aligned directions, we mirror the electron 215 
phase space densities relative to 90 pitch angle and calculate averages within the pitch angle 216 
ranges of 0-90 and 90-180. The wave growth rate is shown only for the wave normal angles 217 
of 0-30 since there is no positive wave growth for larger wave normal angles. The highest 218 
wave growth rate is found at ~0 wave normal angle due to cyclotron resonance, consistent with 219 
the observational evidence that the Ew/(cBw) ratio is low for chorus (Figure 2d). The calculated 220 
wave growth rate is compared with the observed chorus wave intensity as a function of wave 221 
frequency in Figure 2c. The agreement between the frequency spectra of the simulated wave 222 
growth and the observed wave intensity demonstrates that the observed electron distributions are 223 
unstable in the appropriate spectral range and provide the energy source for the chorus wave 224 
generation. 225 

2.3 Rising-tone structures of chorus waves 226 

 Although the time cadence of the Waves instrument sampling is about 1 s during this 227 
event, rising-tone structures of chorus waves are nevertheless observed in the ~1-min wave 228 
spectrogram in Figure 4. The chorus wave elements show high electric and magnetic power 229 
densities, and Ew/(cBw) < 1 suggesting quasi-parallel wave propagation. The chorus wave 230 
element frequency typically rises from 0.05fce to 0.5fce within a timescale of ~10 s. The chorus 231 
wave element may start in less than 5 s after the prior one, forming clusters of wave elements. 232 
The intensity gaps in the wave spectra found between different elements enable the identification 233 
of individual rising-tone structures. Comparing to the observations in Figure 2c, the collection of 234 
rising-tone wave elements forms the wave burst with an overall negative drifting frequency in 235 
~2-min timescale. 236 
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The rising-tone structures shown in Figure 4 may be different from the typical rising-tone 237 
chorus waves observed in the Earth's radiation belts (Li et al., 2011). The rising-tone chorus 238 
waves in the Earth's radiation belts exhibit a faster frequency sweep rate and a shorter repetition 239 
period (less than 1 s) between different elements (Teng et al., 2017) than those shown in Figure 240 
4. The variations within 1 s timescale cannot be resolved in Figure 4. However, the ~10 s rising-241 
tone structures may imply the possible nonlinear wave-particle interactions in Jupiter's outer 242 
radiation belt, which is beyond the linear wave instability process discussed above.  243 

2.4 Correlation between electron fluxes and ULF waves 244 

 Figure 2 shows electron flux bursts during injections in several minutes timescale. The 245 
observations in the Earth’s outer radiation belt suggest that energetic electron fluxes could be 246 
correlated with ultra low frequency (ULF) waves, further modulating chorus wave generation 247 
and electron precipitation (Li et al., 2023; Rae et al., 2018; Xia et al., 2016; Zhang et al., 2019). 248 
We examine the relationship between magnetic field perturbations and electron fluxes in 249 
Jupiter’s outer radiation belt using the 1-s magnetic field measurements by MAG instrument. 250 

 We subtract the total magnetic fields in 3 components by the smoothed magnetic fields 251 
over 10 min, and transform the magnetic fields into field-aligned coordinates to obtain the 252 
poloidal, toroidal, and compressional components as shown in Figure 5a. During this period, the 253 
local minima of compressional wave magnetic field are correlated with the high electron fluxes 254 
from ~1 keV to ~30 keV energy (Figure 5b), as indicated by the vertical dashed lines in Figure 5. 255 
Figure 5c compares the ~3.28 keV electron fluxes measured by JADE (blue) with the negative 256 
values of compressional wave magnetic field component (black). The high correlation shown in 257 
Figure 5c suggests that the electron fluxes are modulated by the compressional ULF waves. 258 
Similar to the coupling process reported in the Earth's radiation belts (Zhang et al., 2019), the 259 
perturbation in compressional magnetic field may lead to the radial transport of energetic 260 
electrons, since the electron phase space density increases with increasing M shell (Ma et al., 261 
2021a). The modulated electron fluxes during the injection event further generate the chorus 262 
wave bursts on a timescale of a few minutes as shown in Figure 2.  263 

3. Electron scattering and acceleration by whistler-mode waves 264 

3.1 Calculation of diffusion coefficients 265 

To analyze the electron scattering and acceleration by the observed whistler-mode waves 266 
during the injection event, we first use the Full Diffusion Code in Jupiter's radiation belts (Ma et 267 
al., 2020a) to calculate the bounce-averaged diffusion coefficients. The Full Diffusion Code 268 
requires the inputs of the frequency spectrum of wave magnetic intensity, total electron density, 269 
total background magnetic field, and wave normal angle distribution. The total electron density 270 
is obtained by identifying the upper hybrid frequency line (Figure 2a) and averaging over the 271 
period 11:59 - 12:34 UT. The latitudinal dependence of electron density is obtained from 272 
Dougherty et al. (2017) which is also used in Ma et al. (2020a), and the density is linearly scaled 273 
to match the observation at the equator (~27.3 cm-3). The ratio between the plasma frequency and 274 
electron gyrofrequency at the equator is about 7.5. 275 

We obtain the chorus wave frequency spectrum (shown as the black line in Figure 6) by 276 
selecting the waves at 0.05-0.5 fce frequencies and averaging the wave power density during 277 
11:59 - 12:34 UT. The wave amplitude is found to be about 18 pT. The chorus waves are mainly 278 
quasi-field-aligned from the observation. The wave normal angle distribution is assumed to be a 279 
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Gaussian function in 𝑋 = tan𝜃, such that the wave magnetic power is proportional to 280 
exp⁡(−((𝑋 − 𝑋𝑚) 𝑋𝑤⁄ )2). We set the central wave normal angle as 𝑋𝑚 = 0, wave normal width 281 
as 𝑋𝑤 = tan10°, lower cutoff as 𝑋𝐿𝐶 = 0, and upper cutoff as 𝑋𝑈𝐶 = tan30°. The latitudinal 282 
range of the wave distribution is assumed to extend from the equator to 50 based on the 283 
previous statistical distribution of whistler-mode waves (Li et al., 2020). Based on our previous 284 
analysis about the latitudinal dependence of diffusion coefficients (Ma et al., 2020a), the chorus 285 
waves at latitudes below 20 play the major roles in multi-MeV electron acceleration and the 286 
precipitation at energies below 1 MeV. 287 

The hiss wave frequency spectrum is obtained by selecting the waves at 50 Hz - 0.05 fce 288 
frequencies. Because the Ew/(cBw) of hiss presents two components with a ratio that is higher 289 
and lower than 1 respectively, we obtain the quasi-parallel hiss and oblique hiss waves by 290 
selecting the wave power densities with Ew/(cBw) < 1 and Ew/(cBw) > 1. The frequency spectra 291 
of the two components are shown as the blue and red lines in Figure 6, and the amplitudes are 292 
9.4 pT and 4.2 pT, respectively. The total amplitude of chorus and hiss waves is similar to the 293 
statistical average amplitude of whistler-mode waves at M ~ 10 (Li et al., 2020). The wave 294 
normal angle and latitudinal distribution of quasi-parallel hiss waves are assumed to be the same 295 
as those of chorus waves. For oblique hiss waves, we assume that 𝑋𝑚 = tan65°, 𝑋𝑤 = tan 65°, 296 
𝑋𝐿𝐶 = tan 50°, and 𝑋𝑈𝐶 = tan80°, and the latitudinal range extends from the equator to 10.  297 

The bounce-averaged pitch angle (〈𝐷𝛼𝛼〉), momentum (〈𝐷𝑝𝑝〉), and mixed pitch angle-298 
momentum (〈𝐷𝛼𝑝〉) diffusion coefficients are presented in Figure 7. Here 𝛼 is the pitch angle at 299 
the magnetic equator and 𝑝 is the electron momentum. Since the energy of calculation is up to 30 300 
MeV, we consider 50 orders of harmonic resonances (−50 ≤ 𝑛 ≤ 50) to include all the possible 301 
scattering interactions. The chorus waves play the dominant role in the electron scattering at 302 
energies below 300 keV. Compared to 〈𝐷𝛼𝛼〉, the momentum diffusion due to chorus becomes 303 
important for energies above ~500 keV. The quasi-parallel hiss waves contriute to the scattering 304 
at energies above 100 keV and the scattering rates become comparable or higher than chorus at 305 
energies above 1 MeV. The electron scattering at >100 keV energies by oblique hiss waves is 306 
slower than quasi-parallel hiss. However, the oblique hiss waves cause more efficient Landau 307 
acceleration of electrons than chorus and quasi-parallel hiss waves, shown as the higher diffusion 308 
coefficients at low energies where 〈𝐷𝛼𝑝〉 < 0.  309 

3.2 Modeling of electron precipitation by whistler-mode waves 310 

We model the electron precipitation using the observed whistler-mode waves and 311 
electron fluxes along the Juno trajectory using the technique described in Ma et al. (2020b, 312 
2021b). After the bounce-averaged pitch angle diffusion coefficients are calculated, the 313 
precipitation ratio, which is the ratio between the average electron flux inside the loss cone and 314 
the flux just outside the loss cone, is calculated as a function of energy by comparing 〈𝐷𝛼𝛼〉 at 315 
the loss cone (〈𝐷𝛼𝛼〉|𝐿𝐶) and the strong diffusion limit. The loss cone pitch angle is about 1 at 316 
the equator. It is assumed that the electron pitch angle distribution reaches a quasi-equilibrium 317 
state between pitch angle scattering from just outside the loss cone and precipitation loss inside 318 
the loss cone. The timescale to reach this quasi-equilibrium state is determined by the shorter 319 
time between the timescale of 〈𝐷𝛼𝛼〉|𝐿𝐶 and the electron bounce period. 320 

The modeling of electron precipitation by whistler-mode waves using quasilinear theory 321 
is shown in Figure 8. Figure 8a shows that the chorus wave amplitude reached 20-100 pT, quasi-322 
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field aligned hiss wave amplitude reached ~10-30 pT, and the oblique hiss wave amplitude was 323 
remained at a few pT. Figure 8b shows the 〈𝐷𝛼𝛼〉|𝐿𝐶 due to both chorus and hiss waves. The 324 
electrons at ~1.5 keV - 100 keV energies are subject to the scattering near the loss cone on a 325 
timescale of a few hours, and the scattering rates become higher during wave bursts. The 326 
calculated precipitation ratio (Figure 8c) shows that the loss cone is nearly full (ratio greater than 327 
0.8) at ~1.5-100 keV energies, while the loss cone at >100 keV energy is filled only when the 328 
whistler-mode chorus or hiss waves are strong. We obtain the electron fluxes just outside the loss 329 
cone from JADE and JEDI measurements (Figure 8d), and calculate the energy spectrogram of 330 
precipitating electron fluxes (Figure 8e) using the precipitation ratio. The total precipitating 331 
energy flux (Figure 8f) is calculated through the integral of the precipitating electron fluxes 332 
inside the loss cone (Ma et al., 2020b, 2021b). The total precipitating energy flux is found to be 333 
~60-160 erg/cm2/s during the injection event, which is a factor of ≳5 higher than the total 334 
precipitating energy flux during intense chorus wave events in the Earth’s outer radiation belt 335 
(Ma et al., 2020b). 336 

3.3 Modeling of local relativistic electron acceleration 337 

 The long-term electron phase space density evolution due to whistler-mode waves is 338 
modeled by performing 2D Fokker-Planck simulation at 𝑀 = 11. We numerically solve the 339 
bounce-averaged Fokker-Planck equation (Ma et al., 2020a): 340 
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where 𝑡 is the time, 𝑇(𝛼) is the normalized electron bounce period, and 𝜏 is a quarter of bounce 343 

period inside the loss cone and infinity outside the loss cone. We set 𝜕𝑓
𝜕𝛼

= 0 at 𝛼 = 0° and 344 

𝛼 = 90° as the low and high pitch angle boundary conditions, respectively. The low and high 345 
energy boundary conditions of phase space density are assumed to be constants at 30 keV and 30 346 
MeV, respectively. The initial phase space density distribution is obtained from the 35-min 347 
average of Juno electron flux measurements. Since JEDI provides the electron flux up to 1 MeV 348 
energy, we assume that the electron phase space density decreases as a function of energy as a 349 
power law at energy above 1 MeV, i.e., 𝑓 ∝ 𝐸−𝑎 where 𝑎 is obtained from the phase space 350 
density slope measured at the 700 keV - 1 MeV energy channels of JEDI. The simulation is 351 
performed for a 10-day timescale with a timestep of 1 s. 352 

 Figure 9a shows the simulated electron phase space density evolution due to chorus 353 
waves. The spin-averaged phase space density is plotted as a function of time and electron 354 
energy from 100 keV to 10 MeV. Due to the interaction with chorus waves, the phase space 355 
densities at energies below 1 MeV decrease due to the precipitation to the atmosphere, the 356 
electrons at 1-3 MeV energies are accelerated first and then their fluxes decay, and the electrons 357 
at >3 MeV energies are accelerated and remained at high levels during the 10-day period. The 358 
hiss waves, however, only cause gradual decay of electron fluxes at 100 keV - 1 MeV energies 359 
(Figure 9b). If both chorus and hiss waves are considered (Figure 9c), the electron flux decay at 360 
200 keV - 3 MeV energies is faster than that due to chorus or hiss individually, while the 361 
electrons at >3 MeV energies are still accelerated and remain high over this period.  362 

 The Juno observations suggest that electron injections can provide high electron fluxes at 363 
energies up to 300 keV with anisotropic pitch angle distributions. These electron populations 364 
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may also act as the seed electrons which are accelerated to energies above several MeV, similar 365 
to the roles of electron injections that play in the Earth’s outer radiation belt (Allison et al., 2019). 366 
These seed electrons are not included in the simulations in Figures 9a-c. To demonstrate their 367 
effects on relativistic electron acceleration, we perform a simulation of electron scattering and 368 
acceleration due to chorus and hiss waves using a constant phase space density condition at 300 369 
keV energy (Figure 9d). Compared to the results without seed electrons (Figure 9c), the electrons 370 
at 1-5 MeV energies are first accelerated and their phase space densities are stable afterwards. 371 
The simulation results at >5 MeV energies are similar between Figures 9c and 9d within the 372 
simulation period of 10 days, but their differences may be more significant for longer 373 
simulations (>10 days) due to the gradual development of differences at lower energies (< 5 374 
MeV). 375 

4. Conclusions and Discussions 376 

We analyzed the resonant interaction processes that take place between electrons and 377 
whistler-mode waves during an electron injection event at M ~ 11. Juno observed bursts of 378 
injected electron fluxes and whistler-mode chorus and hiss waves near the magnetic equator. We 379 
calculated the wave growth rates to analyze the whistler-mode wave generation in association 380 
with electron injections, and used quasilinear modeling to quantify the energetic electron 381 
precipitation into Jupiter’s atmosphere and relativistic electron acceleration by these same 382 
whistler-mode waves. 383 

Our study is summarized with three major points for wave generation, electron 384 
precipitation, and relativistic electron acceleration, respectively. 385 

 The electron injections provide high fluxes and high pitch angle anisotropies at >1 keV 386 
energies which act as the free energy source to generate whistler-mode chorus waves that are 387 
then observed by Juno. Local wave generation hypothesis is supported by the observations of 388 
electron injection bursts and chorus wave bursts, the pancake pitch angle distributions of 389 
energetic electrons, and the agreement between resonance energy of chorus and the unstable 390 
electron distributions. The wave generation is demonstrated through our linear wave growth 391 
rate calculation, which shows agreement between the frequency range of large positive wave 392 
growth rates and the observed chorus wave magnetic power density. The chorus wave power 393 
spectrogram shows rising-tone structures, suggesting possible nonlinear processes that take 394 
place in the chorus wave source. 395 

 The whistler-mode waves could cause high precipitating energy flux of electrons from the 396 
equator to Jupiter’s upper atmosphere during electron injections. The modeled total 397 
precipitating energy flux is 60-160 erg/cm2/s, which is more than 5 times higher than that due 398 
to chorus waves during injections in the Earth’s radiation belts (Ma et al., 2020b). The 399 
precipitation at >100 keV energies and the peaks of total precipitating energy flux are caused 400 
by strong chorus or hiss during the wave bursts. Chorus waves play a dominant role in the 401 
scattering loss of 1-100 keV electrons. At energies above 100 keV, hiss waves contribute 402 
comparably to chorus waves to electron scattering.  403 

 The chorus waves are able to accelerate electrons at multiple MeV energies and cause the 404 
decay of lower energy electrons in Jupiter’s outer radiation belt. The loss of <3 MeV 405 
electrons becomes faster when hiss wave scattering is also considered. Electron injections at 406 
energies up to 300 keV provide seed electrons, which could be accelerated to 1-3 MeV 407 
energies in less than 2 days and to 3-10 MeV energies over a longer period. The seed electron 408 
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fluxes are important for supporting a stable radiation belt intensity after the chorus-driven 409 
acceleration. 410 

The roles of energetic electron injections in whistler-mode wave generation, diffuse 411 
auroral precipitation, and relativistic electron acceleration in Jupiter’s outer radiation belt are 412 
qualitatively similar to those at the Earth (Li et al., 2009a; Jaynes et al., 2015; Thorne et al., 413 
2013). However, there are also significant differences as discussed below.  414 

Whistler-mode chorus and hiss waves are observed in the same region in Jupiter’s outer 415 
radiation belt, while the chorus and hiss waves are mainly observed outside and inside the 416 
plasmapause in the Earth’s radiation belts, respectively (Li et al., 2009b, 2015; Ma et al., 2023). 417 
The chorus waves at frequencies above 0.05 equatorial fce may be generated by the unstable 418 
injected electrons and are the major driver for the relativistic electron acceleration process. The 419 
hiss waves at lower frequencies may have mixed sources, such as propagation effects (Wang et 420 
al., 2008), and mainly drive electron flux decay.  421 

The energetic electron precipitation at Jupiter is at least a factor of 5 higher than the 422 
precipitation at the Earth. The key factors leading to the more intense precipitation are the longer 423 
magnetic field line and higher level of trapped electron flux at Jupiter than those at the Earth. 424 
Our modeled precipitating energy flux is in the same order of magnitude as Juno’s direct 425 
observation of the precipitating electrons, when the satellite was near the same M shells at high 426 
latitude close to Jupiter where the loss cone electron flux was resolved (Allegrini et al., 2020; 427 
Clark et al., 2018). The high precipitating energy flux may cause diffuse aurora phenomena in 428 
Jupiter’s atmosphere (Li et al., 2017, 2021).  429 

In our simulation, the timescale of multi-MeV electron acceleration by chorus at Jupiter 430 
is longer than the rapid acceleration of electrons in the Earth’s radiation belts (Ma et al., 2018; 431 
Thorne et al., 2013). The chorus wave amplitude in our simulation is close to the statistical 432 
average, which is lower than the chorus wave amplitude during highly disturbed times in the 433 
Earth’s radiation belts. At Jupiter, if higher amplitude chorus occurs under certain conditions, the 434 
acceleration timescale could be shorter than our simulation results; alternatively, if chorus waves 435 
with moderate amplitudes have a high occurrence rate, the chorus waves may persistently 436 
accelerate the electrons over a long time (Ma et al., 2020a; Woodfield et al., 2013). The frequent 437 
occurrence of electron injections at M < 12 (Mauk et al., 1999, 2002) may support the second 438 
scenario. Future studies are planned to reveal the properties of chorus and hiss waves and the 439 
efficiency of electron acceleration and precipitation on a global scale in the Jupiter’s outer 440 
radiation belt. 441 
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Figures and Captions 701 

 702 

Figure 1. Juno observation of waves and electron fluxes during 11-17 UT on 30 December 2020. 703 
(a) Wave electric power spectrogram from 50 Hz to 100 kHz frequencies measured by the 704 
Waves instrument; (b) Wave magnetic power spectrogram from 50 Hz to 20 kHz; (c) Spin-705 
averaged electron flux at 30 keV - 400 keV energies observed by JEDI; (d) Spin-averaged 706 
electron flux at 0.1 keV - 30 keV energies observed by JADE; (e) ~98 keV electron flux along 707 
Juno’s trajectory in the polar coordinate system of M shell and magnetic latitude. In Panels a-b, 708 
the white solid and dashed lines are local electron gyrofrequency (fce) and 0.05 fce, respectively, 709 
and the black dashed line is 0.05fce,eq (fce,eq representing the equatorial electron gyrofrequency).  710 
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 711 

Figure 2. Detailed observation during 11:59 - 12:34 UT on 30 December 2020 and the linear 712 
wave growth rate calculation. (a) Wave electric power spectrogram at 20 kHz - 100 kHz 713 
frequencies, where the white dashed line is the identified upper hybrid resonance frequency 714 
(fUH); (b) Wave electric power spectrogram at 50 Hz - 20 kHz frequencies, where the white solid 715 
line is fce; (c) Wave magnetic power spectrogram at 50 Hz - 20 kHz frequencies, where the 716 
white-black dashed lines are 0.1 fce, 0.2 fce, and 0.5 fce, respectively; (d) The ratio of wave electric 717 
to magnetic field (𝐸𝑤/(𝑐𝐵𝑤)); (e) Spin-averaged electron flux at 1 – 300 keV energies, where 718 
the black dashed lines are the minimum electron resonance energies (E01, E02, and E05) for 719 
parallel-propagating whistler-mode waves at 0.1 fce, 0.2 fce, and 0.5 fce frequencies, respectively; 720 
(f) Electron anisotropy calculated from the observed pitch angle distributions; (g) Electron pitch 721 
angle distribution at 10.9 keV energy; (h) Frequency spectrogram of wave growth rates 722 
calculated using the observed electron distributions.  723 
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 724 

Figure 3. Wave growth rate calculation using the measurements averaged during 12:00 - 12:01 725 
UT. (a) Electron phase space density in the polar coordinate of electron energy and pitch angle; 726 
(b) Linear growth rates (𝛾𝑖 Ω𝑐𝑒⁄ ) of whistler-mode waves calculated as a function of wave 727 
frequency (𝜔 Ω𝑐𝑒⁄ ) and wave normal angle; (c) Comparison between the wave growth rates for 728 
0 wave normal angle (blue) and the measured wave magnetic intensity (black).  729 
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 730 

Figure 4. Rising-tone chorus waves observed by the Waves instrument. (a) Wave electric power 731 
spectrogram; (b) Wave magnetic power spectrogram; (c) 𝐸𝑤/(𝑐𝐵𝑤) ratio. The white solid line is 732 
fce, and the white-black dashed line is 0.05fce frequency.  733 
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 734 

Figure 5. Correlation between ULF waves and electron fluxes observed by Juno. (a) Poloidal 735 
(blue), toroidal (red), and compressional (black) components of magnetic field perturbations, 736 
obtained after subtracting the total magnetic fields by the smoothed magnetic fields over 10 min 737 
in field-aligned coordinates; (b) Spin-averaged electron fluxes measured by JADE and JEDI; (c) 738 
Electron flux at 3.28 keV energy averaged in every 10-s time window of JADE measurements 739 
(blue), and negative values of the compressional magnetic field perturbations (black). The 740 
vertical dashed lines mark the minima of compressional magnetic field perturbations which are 741 
correlated with electron fluxes.  742 
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 743 

 744 

Figure 6. Wave magnetic power spectrum averaged during 11:59 - 12:34 UT. The black, blue, 745 
and red lines are the frequency spectra of chorus, quasi-parallel propagating hiss, and oblique 746 
propagating hiss waves, respectively. The wave power spectrum and the average parameters as 747 
shown are inputs used to calculate the electron diffusion coefficients due to the whistler-mode 748 
waves.  749 
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 750 

Figure 7. Bounce-averaged pitch angle (〈𝐷𝛼𝛼〉), momentum (〈𝐷𝑝𝑝〉), absolute value of mixed 751 
pitch angle-momentum (|〈𝐷𝛼𝑝〉|) diffusion coefficients, and the sign of 〈𝐷𝛼𝑝〉, due to chorus (a-752 
d), quasi-parallel hiss (e-h), and oblique hiss waves (i-l). The diffusion coefficients are plotted as 753 
a function of electron pitch angle at the equator and electron energy. In Panels d, h and l, the red, 754 
blue, and white colors indicate positive, negative, and 0 values, respectively.  755 
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 756 

Figure 8. Analysis of electron precipitation due to whistler-mode waves along Juno’s trajectory 757 
during 11:59 - 12:34 UT on 30 December 2020. (a) Wave magnetic amplitudes of chorus 758 
(black), quasi-parallel hiss (blue), and oblique hiss (red) waves; (b) Bounce-averaged pitch angle 759 
diffusion coefficients due to the observed whistler-mode waves at the pitch angle of loss cone as 760 
a function of electron energy; (c) Electron precipitation ratio, defined as the ratio between 761 
average electron flux inside the loss cone and the electron flux just outside the loss cone, 762 
calculated using quasilinear theory; (d) The electron flux just outside the loss cone measured by 763 
Juno; (e) The modeled precipitating electron flux, which is the average flux inside the loss cone; 764 
(f) Total energy flux of precipitating electrons.   765 
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 766 

Figure 9. 2D Fokker-Planck simulation of electron phase space density evolution for 10 days at 767 
𝑀 = 11. Spin-averaged phase space density as a function of energy and time due to (a) chorus, 768 
(b) quasi-parallel and oblique hiss, (c) both chorus and hiss, and (d) both chorus and hiss but 769 
with a constant low energy boundary condition at 300 keV energy. 770 
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