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Abstract

The Juno spacecraft’s polar orbits have enabled direct sampling of Jupiter’s low-altitude auroral field lines. While various

datasets have identified unique features over Jupiter’s main aurora, they are yet to be analyzed altogether to determine how

they can be reconciled and fit into the bigger picture of Jupiter’s auroral generation mechanisms. Jupiter’s main aurora

has been classified into distinct “zones”, based on repeatable signatures found in energetic electron and proton spectra. We

combine fields, particles, and plasma wave datasets to analyze Zone-I and Zone-II, which are suggested to carry the upward and

downward field-aligned currents, respectively. We find Zone-I to have well-defined boundaries across all datasets. H+ and/or

H3+ cyclotron waves are commonly observed in Zone-I in the presence of energetic upward H+ beams and downward energetic

electron beams. Zone-II, on the other hand, does not have a clear poleward boundary with the polar cap, and its signatures

are more sporadic. Large-amplitude solitary waves, which are reminiscent of those ubiquitous in Earth’s downward current

region, are a key feature of Zone-II. Alfvénic fluctuations are most prominent in the diffuse aurora and are repeatedly found to

diminish in Zone-I and Zone-II, likely due to dissipation, at higher altitudes, to energize auroral electrons. Finally, we identify

sharp and well-defined electron density depletions, by up to two orders of magnitude, in Zone-I, and discuss their important

implications for the development of parallel potentials, Alfvénic dissipation, and radio wave generation.
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• We discuss how the various fields, particles, and plasma wave phenomena of Jupiter’s 10 

low-altitude auroral zones are related  11 

• We confirm that Zone-I and Zone-II are Jupiter’s upward and downward field-aligned 12 

current regions 13 

• We identify large-scale electron density depletions over the aurora zones and discuss the 14 

implications for auroral acceleration processes  15 
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Abstract 16 

The Juno spacecraft’s polar orbits have enabled direct sampling of Jupiter’s low-altitude auroral 17 

field lines. While various datasets have identified unique features over Jupiter’s main aurora, they 18 
are yet to be analyzed altogether to determine how they can be reconciled and fit into the bigger 19 
picture of Jupiter’s auroral generation mechanisms. Jupiter’s main aurora has been classified into 20 
distinct “zones”, based on repeatable signatures found in energetic electron and proton spectra. We 21 
combine fields, particles, and plasma wave datasets to analyze Zone-I and Zone-II, which are 22 

suggested to carry the upward and downward field-aligned currents, respectively. We find Zone-I 23 
to have well-defined boundaries across all datasets. H+ and/or H3

+ cyclotron waves are commonly 24 
observed in Zone-I in the presence of energetic upward H+ beams and downward energetic electron 25 
beams. Zone-II, on the other hand, does not have a clear poleward boundary with the polar cap, 26 
and its signatures are more sporadic. Large-amplitude solitary waves, which are reminiscent of 27 

those ubiquitous in Earth’s downward current region, are a key feature of Zone-II. Alfvénic 28 
fluctuations are most prominent in the diffuse aurora and are repeatedly found to diminish in Zone-29 

I and Zone-II, likely due to dissipation, at higher altitudes, to energize auroral electrons. Finally, 30 
we identify sharp and well-defined electron density depletions, by up to two orders of magnitude, 31 

in Zone-I, and discuss their important implications for the development of parallel potentials, 32 
Alfvénic dissipation, and radio wave generation. 33 

 34 
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1. Introduction 46 

The combination of Jupiter’s strong magnetic field, rapid rotation, and internally sourced mass 47 

loading creates a magnetosphere that is fundamentally different from its terrestrial counterpart. 48 
Structurally, the magnetosphere is inflated with the average observed distance of the magnetopause 49 
far greater than the expected distance predicted from the internal dipolar magnetic pressure 50 
standing off the external solar wind dynamic pressure (Joy et al. 2002). Mass loading of iogenic 51 
plasma in the magnetosphere at a widely assumed rate of ~1 ton/s, primarily in the form of S and 52 

O (in various charge states), greatly enhances the internal pressure owing to centrifugal, thermal, 53 
and magnetic stresses, thereby pushing the magnetopause farther out. The action of these forces 54 
confines the heavy plasma into the equatorial region of Jupiter’s magnetosphere as a thin current 55 
sheet, with varying thickness as a function of local time imposed by Jupiter’s rotation (Khurana et 56 
al., 2004; Thomas et al., 2004).  57 

Dynamically, conservation of angular momentum breaks down the corotation of iogenic plasma 58 
as it is transported radially outward. This introduces a significant azimuthal component to Jupiter’s 59 

magnetic field, starting in the middle magnetosphere (≳ 10 RJ; 1 RJ = 71,492 km as Jupiter’s 60 
equatorial radius). This large-scale configuration has been thought to be the framework for 61 
Jupiter’s main auroral oval as a current system imparts the required J × B force to enforce 62 

corotation (Hill, 1979; Cowley & Bunce, 2001; Kivelson & Southwood, 2005). Charge density 63 
continuity is satisfied by field-aligned currents and this is the basis upon which magnetosphere-64 

ionosphere coupling is established. This steady-state picture has been modelled extensively to 65 
explain the observed brightness and location of Jupiter’s main auroral oval (e.g. Nichols and 66 
Cowley, 2004; Ray et al., 2010) by citing a relationship between parallel potentials and field-67 

aligned currents, originally developed for Earth’s aurora (Knight, 1973). A consequence of this is 68 
a mono-energetic or peaked electron distribution as current-carrying electrons unidirectionally 69 

gain energy, qϕ||, proportional to the potential drop. A different approach put forth by Saur et al. 70 
(2002, 2003) emphasizes the importance of prevalent small-scale magnetic perturbations brought 71 

about by radial transport in Jupiter’s magnetosphere. The authors hypothesized that Jupiter’s 72 
magnetosphere-ionosphere coupling is inherently time-dependent and mediated by weak 73 

magnetohydrodynamic turbulence, whereby Alfvén waves nonlinearly interact with one another 74 
as they partially reflect off density gradients. As these fluctuations undergo a turbulent cascade 75 
toward kinetic scales, wave dissipation takes place and stochastically accelerates electrons. The 76 
commonly observed broadband, bidirectional electron distributions in the low altitude regions of 77 

Jupiter’s aurora have brought to the fore the importance of the time-dependent nature of Jupiter’s 78 
magnetosphere (e.g, Mauk et al., 2017a; 2017b; Allegrini et al., 2017; Saur et al., 2018; Lysak et 79 
al., 2021). 80 

Prior to Juno’s arrival, Jupiter’s main aurora was investigated using remote observations and was 81 

found to be more powerful and less variable than Earth’s aurora (e.g. Waite et al., 2001; Gladstone 82 

et al., 2002; Grodent et al., 2015). The principal difference is that Jupiter’s aurora is primarily 83 
driven by the internal dynamics of its magnetosphere, whereas Earth’s is primarily driven by the 84 
external solar wind (Cowley & Bunce, 2001; Hill, 2001). Recent modelling shows that most of the 85 
polar cap region is threaded by magnetic flux that closes within the planet while only a small 86 
crescent-shaped region of flux is ‘open’ to the solar wind (Zhang et al., 2021). This is attributed to 87 
slow reconnection rates at the magnetopause relative to the timescale of planetary rotation, thereby 88 
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limiting the amount of magnetic flux that can be open (McComas and Bagenal, 2007; Delamere 89 
and Bagenal, 2010; Masters, 2017; 2018). 90 

The Juno spacecraft’s low-perijove, polar orbits have enabled in-situ sampling of low-altitude 91 
magnetic field lines threading Jupiter’s polar aurora (e.g., Allegrini et al., 2017; Kurth et al., 2017a; 92 

Mauk et al., 2017c). Juno’s instruments have made direct measurements of critical observables 93 
connected to the main aurora, namely the characteristics of precipitating electrons (e.g., Allergini 94 
et al., 2020a; Mauk et al., 2020), magnetic field perturbations (Kotsiaros et al., 2019; Gershman et 95 
al., 2019), radio and plasma wave emissions (e.g., Kurth et al., 2017a; 2018; Louarn et al., 2017), 96 
as well as high-resolution ultraviolet (e.g., Bonfond et al., 2017; Gladstone et al., 2017) and 97 

infrared (e.g., Mura et al., 2017) imagery. Altogether, these afford the capability to examine the 98 
seemingly unique macro- and micro-physics sustaining Jupiter’s aurora. 99 

A key finding related to Jupiter’s auroral particles is the often-observed broadband energetic field-100 
aligned electrons with a power law extending into the MeV range and a lack of sharp peak in 101 

energy (Mauk et al., 2017a; 2017b; 2018). These electron beams can have energy fluxes exceeding 102 

3 W/m2 and exhibit bidirectionality that is more often asymmetric, with a systematically preferred 103 
direction depending on latitude (Mauk et al., 2020). This appears to be the dominant precipitating 104 
electron signature associated with the brightest aurora at Jupiter (Allegrini et al., 2020a; Mauk et 105 
al., 2017b) and is in contrast with Earth’s brightest aurora where they have been demonstrated to 106 
be powered by inverted V distributions set up by parallel potentials (Carlson et al., 1998; Ergun et 107 
al., 1998). The more familiar peaked energy distributions in the form of inverted-V electron and 108 

ion distributions have also been observed by Juno, indicating that large-scale parallel electric 109 
potentials also play a role (Clark et al., 2017; 2018). Although these two phenomena are disparate 110 

in nature, they are believed to be closely associated with one another and have both been identified 111 
to operate together in a single auroral zone as defined by Mauk et al. (2020) and summarized 112 

below. 113 

Using the JEDI instrument (described in the next section) with orbits favoring the duskside, Mauk 114 
et al. (2020) classified Jupiter’s main aurora into three distinct zones, two of which will be the 115 
focus of this work. These are Zone-I and Zone-II, comprising regions of the aurora dominated by 116 

persistent and repeatable signatures of field-aligned energetic electrons.  117 

1. Zone-I (ZI): At the intermediate latitudes of the main auroral oval, this is characterized by 118 
more intense electron populations within the downward loss cone than outside, and with 119 
greater downward electron intensities and energy fluxes than upward.  120 

2. Zone-II (ZII): At the higher latitudes, this is characterized by more intense electron 121 
populations within the upward loss cone than outside, and with greater or equal upward 122 

electron intensities and energy fluxes than downward. Here, remarkably, the downward 123 

fluxes are nevertheless still sufficient to cause observable and powerful auroral intensities.  124 

Zone-I and Zone-II have been suggested to be associated with upward and downward electric 125 
currents, respectively, for a single event (Mauk et al., 2020). Equatorward of these zones is the 126 

diffuse aurora (Dif-A), characterized with more intense high-energy electron populations outside 127 
of the loss cone than within, and with greater downward electron intensities and energy fluxes than 128 
upward. 129 
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Poleward of the zones is the polar cap – a vast and dynamic region where persistent highly field-130 
aligned, upgoing energetic electrons have been observed (both inverted-V and broadband 131 

distributions, albeit spatially separated) simultaneously with upgoing broadband emissions 132 
interpreted as the whistler mode (Ebert et al., 2017; Elliott et al., 2018a; 2018b; Mauk et al., 2020; 133 
Paranicas et al., 2018). There has been ongoing research on plasma processes in this region and 134 
this will not be the focus of this study (e.g. Elliott et al., 2020; Shi et al., 2020; Masters et al., 135 
2021). 136 

In this paper, we combine all four instruments (described in the next section) from Juno’s fields 137 
and particles package to reconcile the various repeatable features exhibited by particle spectra, 138 

electric and magnetic field spectra, as well as field-aligned currents across Jupiter’s auroral zones.  139 

2. Instruments and Data Description 140 

We utilize four in-situ instruments onboard Juno with fields- and particles-measuring capabilities. 141 

The Waves instrument measures an electric field component, Ey, using a 4.8 m tip-to-tip electric 142 

dipole antenna that is parallel to the spacecraft y-axis (Kurth et al., 2017). Its containment within 143 
the spin (x-y) plane means two electric field components are effectively measured twice per spin 144 

with a period of 30 seconds. A magnetic search coil measures a magnetic field component, Bz, 145 
using a single sensor mounted along the spacecraft’s spin (z) axis. We utilize Waves data provided 146 
by the Low Frequency Receiver which covers the frequency ranges of 50 Hz – 20 kHz 147 

simultaneously for the E- and B-fields at 50 kilosamples per second. This frequency range is 148 
sufficient to capture plasma waves well below and above and the proton cyclotron frequency, fcH+, 149 

in the near-Jupiter environment, by virtue of the very high magnetic field strength. 150 

This Waves suite provides the capability to distinguish between electrostatic, δE(f) ≫ cδB(f), and 151 

electromagnetic, δE(f) ~ cδB(f), waves below 20 kHz. Furthermore, the Poynting vector direction 152 

at a given frequency, 𝛿�⃗� (𝑓) × 𝛿�⃗� (𝑓)/𝜇0, can be resolved, although incomplete measurement of 153 
all three E- and three B-field components means some assumptions are necessary. We mitigate 154 

this issue by reasonably assuming that the plasma waves are propagating either almost parallel or 155 

anti-parallel to 𝐵0
⃗⃗⃗⃗ . Only one component of the Poynting vector can be resolved, which is along the 156 

spacecraft x-axis and its sign is compared with the sign of the background magnetic field’s x-157 
component, B0x. The sign of the Poynting vector component is determined from the mutual phases 158 

between Ey and Bz, with the mutual phases ϕEy-Bz and coherency, CEy-Bz calculated. In the northern 159 
hemisphere, the combination of ϕEy-Bz ≈ 0° (180°) and a positive B0x indicates upgoing 160 
(downgoing) plasma waves, i.e., away from (toward) Jupiter. The reverse is true when either B0x 161 
is negative or the spacecraft is in the southern hemisphere. This technique has been used at Jupiter 162 
to constrain the directionality of lightning-induced rapid whistlers (Kolmašová et al., 2018), 163 

plasma waves in Jupiter’s aurora (Kurth et al., 2018), as well as Io’s Main Alfvén Wing (Sulaiman 164 
et al., 2020). 165 

The Jupiter Energetic-particle Detector Instrument (JEDI) measures energetic charged particle 166 

distributions. For this study we utilize JEDI’s 50 to 1,000 keV electron- and 50 keV to >2,000 keV 167 
proton-measuring capabilities. The Jovian Auroral Distributions Experiment (JADE) measures 168 
thermal charged particle distributions. We utilize the JADE’s 3 to 30 keV electron (JADE-E) and 169 
0.5 to 46 keV/q ion (JADE-I) sensors for H+. JADE and JEDI complement one another to provide 170 
electron and proton energy and pitch angle spectra over a wide energy range. More details on the 171 
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instruments can be found in Mauk et al. (2017) and McComas et al. (2017), respectively. Science-172 
ready data techniques and challenges are detailed in Mauk et al. (2020) and Allegrini (2020; 2021). 173 

For the purpose of this study, we calculate the energy flux for electrons and H+ (see Mauk et al., 174 
2017; Clark et al., 2018; Allergrini et al., 2020). This is given by 175 

𝐸𝑛𝑒𝑟𝑔𝑦 𝐹𝑙𝑢𝑥 =  π∫ 𝐼 · 𝐸 𝑑𝐸
𝐸𝑚𝑎𝑥

𝐸𝑚𝑖𝑛

 (1) 

where I is the particle intensity (cm-2 s-1 sr-1 keV-1), E is the electron energy (keV) and π is the 176 
area-projected-weighted size of the loss cone. The width of the loss cone is estimated as 177 
arcsin(1/R3)1/2, where R is the Jovicentric distance in Jovian radii.  178 

The magnetometer instrument (MAG) measures three components of the magnetic field and is 179 

used to determine the directionality of field-aligned currents inferred from azimuthal deflections 180 
in the magnetic field, δBϕ (Connerney et al., 2017). This is achieved by subtracting the modelled 181 
internal planetary field (Connerney et al., 2018) and slowly varying trends from the measurements, 182 
leaving out the deflections. The very high field strength compared to the average size of the 183 

deflections associated with the auroral currents poses challenges and this technique is thoroughly 184 
discussed by Kotsiaros et al. (2019). Furthermore, measured magnetic field fluctuations can be 185 

transformed into transverse and compressive components to identify the presence of Alfvén waves 186 
(Gershman et al., 2019). In our analysis, M-shells (magnetic shells for non-dipolar magnetic fields 187 
(McIlwain, 1961)) were calculated by field-line tracing using the JRM09 internal field model 188 

(Connerney et al., 2018) with a superimposed external current sheet model (Connerney et al., 189 
1981). 190 

The magnetic field measurements allow JADE and JEDI to order particle counts by pitch angle, 191 

thus allowing for particle directionality to be determined. Furthermore, the magnetic field strength 192 
is used by Waves to calculate the electron and proton cyclotron frequencies, fce and fcH+, and this 193 
allows for the species’ temporal scales to be identified in spectrograms. 194 

This study highlights datasets taken from the early part of Juno’s Prime Mission phase when the 195 

spacecraft’s orbital plane was in the dawn sector (thereby sampling the dusk aurora near perijove). 196 
This is due to the approximate orthogonality between Jupiter’s magnetic field and Juno’s spin 197 
vectors, which optimizes pitch angle coverage. The pitch angle coverage was compromised as 198 
Juno’s orbital plane migrated toward the nightside and will begin to improve as the migration 199 
continues into the dusk sector (and sample the dawn aurora near perijove) in the Extended Mission 200 

phase.  201 

3. Overview of Fields, Particles, and Plasma Waves in Jupiter’s Auroral Zones 202 

We begin by providing an overview of the various fields, particles, and plasma wave phenomena 203 

observed when Juno was magnetically connected to (and equatorward of) Jupiter’s auroral zones. 204 
We analyze four auroral passes which are shown in Figure 1 as ultraviolet (UV) images from the 205 
Ultraviolet Spectrograph instrument (Gladstone et al., 2017) with Juno’s magnetic footprint track 206 
overlaid. Figure 2 shows multi-instrument datasets recorded during Juno’s pass of Jupiter’s 207 
southern aurora after its fourth perijove (PJ4S) corresponding to the aurora shown in Figure 1a. 208 
Figures 2a and 2b are electric and magnetic field frequency-time spectrograms, respectively, with  209 
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Figure 1 – Orthographic projections of UV images of Jupiter’s aurora in false color for each 210 
event presented in Figures 2-5. Overlaid are magnetic footprint tracks of Juno separated by 211 

one minute.   212 

the H+ and H3
+ cyclotron frequency, fcH+ and fcH3+, overlaid. Throughout the time interval, fcH+ and 213 

fcH3+ were well within the frequency range of the Low Frequency Receiver (50-20,000 Hz). Such 214 
strong magnetic fields have not been previously met by spacecraft. Particularly for sampling 215 
auroral field lines, the strength of Jupiter’s magnetic field allows the Waves instrument to detect 216 

plasma waves at frequencies below fcH+ and fcH3+, and thus assess interactions with protons and 217 
heavy ions. Figure 2c is a spectrogram of the transverse (non-compressive) magnetic field power 218 
recorded by the magnetometer between 0.2 and 5 Hz (Gershman et al., 2019). Overlaid is the 219 
perturbation of Jupiter’s azimuthal magnetic field, δBφ, after subtracting the JRM09 internal field 220 
model (Connerney et al., 2018). From Ampère’s law, significant gradients in the δBφ perturbations  221 



Manuscript submitted to JGR: Space Physics 

Page 8 of 33 

 

 222 

Figure 2 – Plasma waves, fields, and charged particles when Juno was magnetically 223 
connected to Jupiter’s southern auroral zone near its 4th perijove (PJ4S). (a-b) Electric and 224 
magnetic field frequency-time spectrogram, respectively, measured by Waves. Overlaid onto 225 
each is the proton cyclotron frequency, fcH+, as white dashed lines. The electron plasma 226 

frequency, fpe, is digitized as the lower frequency cutoff of the Ordinary mode and shown as 227 
a white dotted line. The y-axis on the right converts fpe in Hz to electron number density, ne, 228 

in cm-3. (c) Transverse magnetic field fluctuations measured by MAG. Overlaid is the 229 
perturbation in the azimuthal magnetic field, δBφ, as a white solid line. (d) Electron energy 230 
fluxes measured by JADE (light colors) and JEDI (dark colors) over the energy ranges 3-30 231 
keV and 50-1,000 keV, respectively. Black/gray and red/pink correspond to upward and 232 
downward populations, respectively. (e) Proton energy fluxes measured by JADE (light 233 

colors) and JEDI (dark colors) over the energy ranges 0.5-50 keV and 50-2,600 keV, 234 
respectively. Black/gray and red/pink correspond to upward and downward populations, 235 
respectively.  236 
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are diagnostic of field-aligned currents (e.g., Kotsiaros et al., 2019). Figure 2d is a time series of 237 
the electron energy flux for the lower (3-30 keV) and higher (50-1,000 keV) energy ranges 238 

recorded by JADE and JEDI, respectively. These are specifically for populations within the loss 239 
cone and are differentiated between upward (away from Jupiter) and downward (toward Jupiter). 240 
Similarly, Figure 2e is a time series of the H+ energy flux covering lower (0.5-50 keV) and higher 241 
(50-2,600 keV) energy ranges within the loss cone recorded by JADE and JEDI, respectively. 242 

Describing the data from left to right along Juno’s poleward trajectory, magnetic field lines 243 
threading Jupiter’s diffuse aurora (DifA) were initially sampled, transitioning to Zone-I from 244 
13:38:15, then to Zone-II from 13:39:15 until 13:40:30, after which Juno was in the polar cap. The 245 

plasma wave spectra show significant wave power in both the E- and B-fields beginning as Juno 246 
entered Zone-I. Below fcH3+, intense electromagnetic waves with a dispersive spectral character, 247 
i.e., a frequency dependence with time, extends throughout Zone-I. This is followed by an intense 248 

broadband electromagnetic emission that extends throughout Zone-II. There are jumps in both the 249 
low-frequency electric and magnetic field spectral densities at the boundary between Zone-I and 250 
Zone-II suggesting the mode is not continuous across. There are intermittent bursts of broadband 251 

emissions mostly in Zone-II. Above fcH+ and from equatorward of Zone-I, an electromagnetic 252 
emission is present with a clear lower frequency cutoff that is continuous across and throughout 253 
Zone-I. This lower frequency cutoff decreases non-monotonically until Zone-I and extends well 254 

below fcH+. Of particular interest is the lack of a clear whistler-mode auroral hiss signature which 255 
exhibits a funnel shape above fcH+ and is a key plasma wave feature of planetary auroral regions 256 

(also commonly known as VLF saucers) (e.g., Gurnett et al., 1983). 257 

The magnetic field data shows intense transverse fluctuations, interpreted as low-frequency Alfvén 258 

fluctuations, that extends throughout the region equatorward and stops short of Zone-I. There is 259 
likely some evidence of this fluctuation within Zone-I, albeit to a much lesser extent. However, 260 

this is near the low-frequency noise level and should be interpreted with care. The strongest field-261 
aligned current, manifested as a large gradient in δBφ perturbations in a narrow interval, marks the 262 

entry into Zone-I. Interestingly, this is clearly separated from the transverse fluctuations, which 263 
are largely equatorward of Zone-I. The δBφ gradient is interpreted as an upward field-aligned 264 
current. In Zone-II the gradient reverses, but falls off much more slowly, indicating downward 265 

field-aligned current region that is extended over a larger region and is not as ordered and 266 

continuous as its Zone-I counterpart. 267 

The electron energy flux shows bidirectional populations in both energy ranges equatorward of 268 
Zone-I and asymmetries emerge as Juno enters Zone-I. Just equatorward of the Zone-I boundary, 269 
there is a peak in the lower (3-30 keV) energy electron flux with more downward than upward 270 
fluxes. This is followed by a clear separation between the fluxes in the higher (50-1,000 keV) 271 
energy range in Zone-I with the downward energy fluxes dominating by up to ~100× compared to 272 

the upward energy fluxes. In Zone-II the asymmetry in the higher-energy electrons is clearly 273 
reversed, with greater upward energy fluxes than downward, also by ~100×. 274 

The data for H+ energy fluxes are more limited in cadence compared to the electrons. In the higher 275 
(50-2,600 keV) energy population, there are episodes of bidirectionality, but the clearest feature is 276 
the dominant upward H+ energy fluxes near 13:39 in Zone-I by ~100× compared to the downward 277 

energy fluxes. 278 

 279 
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4. Detailed Analysis and Discussion 280 

Various datasets have identified distinct features observed over Jupiter’s main aurora (e.g., 281 

Gershman et al., 2019; Kotsiaros et al., 2019; Allegrini et al., 2020; Mauk et al., 2020; Szalay et 282 
al., 2017; 2021), however, these are yet to be analyzed altogether, and including a plasma wave 283 
analysis, to determine their association between the different zones and, more importantly, how 284 
they can be reconciled and fit into the bigger picture of Jupiter’s auroral generation mechanisms. 285 

In addition to Figure 2 (PJ4S), we include three more multi-instrument time histories when Juno 286 
was magnetically connected to the auroral zones. These are shown in Figures 3-5 for PJ6S, PJ7N, 287 
PJ9S, respectively. The format is the same as that of PJ4S, noting that PJ7N is a northern pass and 288 
Juno was moving equatorward from left to right. Given the similarities that will be discussed, we 289 
do not go through each figure in detail but will highlight certain unique features where necessary. 290 

We focus our analysis on Zone-I and Zone-II, which are thought to carry the Birkeland currents. 291 

Figure 3 – Same as Figure 2 but for Jupiter’s southern auroral zone near its 6th perijove 292 

(PJ6S) 293 
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 294 

Figure 4 – Same as Figure 2 but for Jupiter’s northern auroral zone near its 7th perijove 295 

(PJ7N) 296 

 297 

 298 

 299 

 300 

 301 

 302 

 303 
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 304 

Figure 5 – Same as Figure 2 but for Jupiter’s southern auroral zone near its 9th perijove 305 

(PJ9S) 306 

4.1 Zone-I 307 

Zone-I occurs at intermediate latitudes just poleward of the diffuse aurora. The exact latitudes 308 

depend on hemisphere and local time. This region is by far the narrowest in latitude among the 309 
auroral zones as shown in Figure 1, but its clearly defined equatorward and poleward boundaries, 310 
as well as the high repeatability among the various datasets, make it the most straightforward to 311 
identify. Mauk et al. (2020) characterized this region with dominant downward energetic electrons 312 

within the loss cone.  313 

Kotsiaros et al. (2019) and Mauk et al. (2020) noted an agreement between the upward field-314 
aligned current and predominantly downward energetic electrons for the PJ6S auroral pass (shown 315 
here in Figure 3), suggesting that Zone-I is associated with upward electric currents. Figures 2-5 316 
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corroborate this correspondence between the 50-1,000 keV downward electrons and the well-317 
structured upward field aligned current from δBφ and confirm that most of the upward current is 318 

indeed carried by downward energetic electrons. It should be highlighted that although upward 319 
currents in Zone-I are well-ordered, the predominantly downward electron acceleration supporting 320 
these currents are via both inverted-V and broadband distributions, often the latter attaining higher 321 
energies (Mauk et al., 2017b). These distributions have been observed serially within the same 322 
Zone-I pass and are occasionally overlaid onto one another (see Figures 8 and 12 in Mauk et al., 323 

(2020)). While the domination of the downward energetic electron is a reliable predictor of Zone-324 
I, there exists large variability in the size of the asymmetry between the downward and upward 325 
energy fluxes among the different events. This can be as large as 100× (e.g., PJ4S) and as relatively 326 
modest as 3-5× (e.g., PJ6S and PJ9S). The size of the asymmetry is likely related to both the nature 327 
of the acceleration region and Juno’s proximity to it.  328 

Kurth et al. (2018) showed for PJ7N that an interval of downward broadband electron distribution 329 

(in what was later identified as Zone-I) is coincident with brief but very intense broadband plasma 330 
waves in both the electric and magnetic spectra (~01:15:51 in Figure 4). It appears that this 331 
correspondence is repeatable across events whenever broadband distributions are present, e.g. 332 
13:39:07 during PJ4S in (Figure 2). There are, however, no plasma wave signatures that uniquely 333 
correspond to downward inverted V electron distributions. Kurth et al. (2018) proposed the 334 
importance of these intense broadband electromagnetic waves in intervals of broadband electron 335 
acceleration and determined the direction of their Poynting vector with respect to the Jovian 336 

magnetic field to show that they were propagating in the same direction as the predominant 337 
downward energetic electrons. These waves were interpreted as being in the whistler mode as the 338 

frequency extends well above fcH+ and assumed to cut off at the electron plasma frequency, fpe, at 339 
~10 kHz (or ne ≈ 1.2 cm-3), which represents the theoretical upper frequency cutoff for whistler-340 
mode waves in the presence of a strong magnetic field. We will show in the next section, however, 341 

that Zone-I is a region where the electron densities are dramatically depleted to as low as <0.01 342 

cm-3, or fpe < 900 Hz. Densities could not be inferred within these brief intervals of broadband 343 
acceleration, therefore the presence of the whistler mode would imply that the densities are 344 
anomalously greater during these intervals. Broadband electromagnetic waves are routinely 345 

observed over Earth’s auroral regions, although typically confined to the downward current 346 
regions (Ergun et al., 1998b) and have also been reported in Jupiter’s polar cap region (Elliot et 347 

al., 2020). We will revisit these features and show their correspondences against energy- and pitch-348 
angle-time spectra when discussing Zone-II as they appear to be much more prevalent there.  349 

Another important observation in Zone-I is the lack of, or significant reduction in, Alfvénic 350 

fluctuations compared to just equatorward in the diffuse aurora. Alfvén waves are known to 351 
develop parallel electric fields when finite electron mass is considered and their role has therefore 352 
been posited to explain the broadband nature of Jupiter’s auroral electrons (Saur et al., 2018; Lysak 353 

et al., 2021). It is therefore likely that these waves have dissipated at higher Zone-I altitudes, 354 
lending most of their energy to electron acceleration. It is important to note that Jupiter’s low-355 
altitude region is characterized by very strong magnetic fields meaning any Alfvénic fluctuations 356 
present may just be too small to be picked up by the magnetometer. The Poynting flux is estimated 357 

as δB2vA/µ0, where vA is the Alfvén speed which considerably rises in the presence of sharp density 358 
depletions. Therefore, for a given Poynting flux, it follows that δBφ would decrease 359 
correspondingly. 360 
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It is worth emphasizing that the Alfvénic fluctuations are repeatable signatures of the diffuse 361 
aurora, but not Zone-I or Zone-II. The waves are clearly supported over a wide range of M-shells. 362 

Allegrini et al. (2020) presented a survey showing that the lower-energy 3-30 keV electrons 363 
typically peak just equatorward of the main oval (or what is now called Zone-I). It appears from 364 
Figures 2-5 that the poleward edge of the Alfvénic fluctuations is when the 3-30 keV electrons 365 
peak and precedes the higher 50-1,000 keV that power Zone-I. Interestingly, during PJ4S and 366 
PJ7N (Figures 2 and 4) the Alfvénic fluctuations diminish as the 3-30 keV electron energy fluxes 367 

peak at ~13:37:30 and ~1:18:30, respectively, before recovering again. Li et al. (2021) applied a 368 
data-model comparison to show that whistler-mode waves are the driver of Jupiter’s diffuse auroral 369 
precipitation above several keV via pitch-angle scattering, although this mechanism did not 370 
account for the observed precipitation of lower energies (< several keV) and was limited to lower 371 
latitudes (M-shells 8-18). Based on our observed correspondences, we postulate that Alfvén waves 372 

may indeed be responsible for precipitating lower energy electrons in the diffuse aurora at the 373 

higher latitudes. 374 

The most prominent plasma wave signature in Zone-I are intense emissions below fcH+ and fcH3+. 375 
The electric and magnetic field spectral densities are enhanced over a broad range of low 376 
frequencies (few kHz bandwidth) and undergo a distinct drop in intensity at fcH+ and/or at fcH3+. 377 
This is usually an indication of strong damping via cyclotron resonance where the wave energy is 378 
transferred to the corresponding ions. This characteristic is consistent with ion cyclotron waves 379 
and their observation in the presence of upward energetic ions and downward energetic electron 380 

beams draws a strong analogy to both Earth’s and Saturn’s upward current regions where the 381 
correlation has been observed (e.g., Cattell et al., 1988; McFadden et al., 1998; Mitchell et al., 382 

2009; Bader et al., 2020). Ion cyclotron waves in the auroral regions have been observed as both 383 
electrostatic (EIC) and electromagnetic (EMIC) modes. The strong magnetic component here is 384 
evidence that EMIC waves are present, though not necessarily in the absence of EIC, and the 385 

significance is that they carry Poynting fluxes. 386 

Figure 6a-d shows an analysis of the Poynting vector direction for these waves during PJ4S. These 387 

are the emissions present below 1 kHz and the series of peaks and nulls in the electric field 388 
spectrum is due to spin modulations. The electric and magnetic field fluctuations have high 389 

coherency, CEy-Bz ≈ 1, and the combination of a phase φEy-Bz ≈ -180° (or 180°) and a positive Bx/|Bx| 390 
in the southern hemisphere indicates an upward-propagating wave. Figure 6e shows that the power 391 
of these waves primarily resides perpendicular to the magnetic field. Here we compare the spin-392 
modulations in the electric field spectral densities to the angle between the antenna dipole and 393 
background magnetic field and show that spectral densities peak (depress) when the antenna is 394 

perpendicular (parallel) to the magnetic field. At the measured frequency of ¼ fcH+ the ratio of the 395 

components is E⊥/E|| = 200. Despite a strong magnetic component, the E/cB ratio (not shown here) 396 
is greater than one but of order unity. This can occur in the presence of an admixture of EIC and 397 

EMIC waves.  398 

Although we cannot directly verify that they are intrinsically left-hand-polarized, we can indirectly 399 
infer this from the fact that their electric and magnetic fields are highly coherent, fluctuate 400 
perpendicular to the background magnetic field, and do not propagate above fcH+ or fcH3+. 401 
Altogether, these are consistent with resonant absorption of left-hand-polarized ion cyclotron 402 
waves, a well-recognized mechanism for ion heating (e.g. André et al., 1998; Chang et al., 1986; 403 
Lysak, 1986). The observed (mostly) upward-propagation of these waves is somewhat in contrast 404 
to what is typically observed during low-altitude passes of Earth’s aurora, where waves below fcH+ 405 
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are more commonly observed to be downward propagating (Gurnett et al. 1984; Chaston et al., 406 
1998). The difference at Jupiter may be either due to their sources originating at an altitude lower 407 

than Juno, i.e. ⪅1 RJ above the one-bar level, or a different generation mechanism altogether. 408 
Electron drifts as the source of free energy driving ion cyclotron instability have been invoked to 409 
explain their correlation with auroral field-aligned currents (Cattell et al., 1998). Testing whether 410 
this hypothesis holds at Jupiter requires solving dispersion relations with modelled particle 411 
distributions which is beyond the scope of this study. It has been further demonstrated that 412 

broadband EMIC waves can also accelerate cold secondary electrons to form counterstreaming 413 
field-aligned electrons (McFadden et al., 1998). Since bidirectional electrons are a key feature of 414 
Jupiter’s auroral zones, the role of EMIC waves should not be neglected.  415 

 416 

Figure 6 – (left) Poynting vector analysis during PJ4S. (a-b) Electric and magnetic field 417 

frequency time spectrograms, respectively. (c-d) phase difference and coherence between 418 

measured electric and magnetic fields, respectively. (right) Angle between electric field 419 

antenna and background magnetic field correlated against the electric field spectral density 420 

at ¼ fcH+ 421 

The coincident field-aligned H+ fluxes suggest that any perpendicular heating by the ion cyclotron 422 

waves is not sufficient to deviate the pitch angle from the field-aligned direction and generate 423 
conics. The measured electric field spectral density of 10-5 V m-1 Hz-1 near fcH+ (Figure 6e) yields 424 
a maximum cyclotron resonant heating rate of ~500 eV/s (Chang et al., 1986) and is comparable 425 

to that measured in Io’s Main Alfvén Wing where, by contrast, H+ conics were detected (Clark et 426 
al., 2020; Sulaiman et al., 2020). The difference is likely due to the interaction time, proximity to, 427 
nature of the acceleration region or a combination thereof. Szalay et al. (2021) concluded, based 428 
on the presence of H+ inverted-V distributions, that quasi-static parallel potential structures drove 429 
the acceleration of H+ away from Jupiter’s high-latitude ionosphere. This is further supported by 430 
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the disappearance of upward H+ during intervals of broadband acceleration within Zone-I shown 431 
by Mauk et al. (2018). The observation of both downward electron and upward H+ beams at these 432 

altitudes would suggest that Juno was in or close to a unidirectional acceleration region, i.e., an 433 
upward parallel potential. Therefore, it is possible that the perpendicular heating supplied by ion 434 
cyclotron waves are overcome by the action of more powerful parallel potentials that deposit much 435 
larger amounts of energy along the field line. The ion cyclotron waves (shown to be upward 436 
propagating) may have their source in the ionosphere where the density is high and enough ions 437 

exist to significantly dampen the waves. Cold ionospheric ions are bound by Jupiter’s large 438 
gravitational potential (the gravitation binding energy of H+ is ~20 eV and H3

+ is ~60 eV) and in 439 
order to be admitted into the electrostatic potential at higher altitudes, a means of energization is 440 
required to escape the gravitational potential. When ions are heated perpendicular to the magnetic 441 
field in the presence of a diverging magnetic field, they experience a mirror force that transports 442 

them to a region of weaker magnetic field, i.e., higher altitudes, as a parallel velocity component 443 

develops to conserve kinetic energy and the first adiabatic invariant. 444 

In summary, a multi-instrument in-situ analysis shows that the following criteria identify Zone-I 445 
in Jupiter’s low-altitude auroral region: (i) presence of a gradient in the Bφ perturbation that is 446 
indicative of an upward field-aligned current, as measured by MAG; (ii) greater downward 447 
electron energy fluxes than upward, as well as greater than outside the loss cone, accompanied by 448 
inverted-V and/or broadband distributions as measured by JEDI; (iii) the low-frequency portion of 449 
intense, apparently dispersive, coherent, mostly upward-propagating ion (H+ and/or H3

+) cyclotron 450 

waves, as measured by Waves; and (iv) presence of field-aligned upward flowing H+ accompanied 451 
by inverted-V distributions, as measured by JADE and JEDI. These observations are unique to 452 

Zone-I and highly repeatable, such that any one of them is highly predictive of Zone-I. 453 
Furthermore, they exhibit distinct and unambiguous equatorward and poleward edges that are 454 
consistent with the main oval emission shown in Figure 1. The boundary at which Alfvénic 455 

fluctuations significantly decrease reliably marks the entry into Zone-I from the diffuse aurora. 456 

The deficiency in observed Alfvénic fluctuations, however, is not a unique marker of Zone-I as 457 
this is continuous into Zone-II. 458 

4.2 Electron density depletions in Zone-I 459 

Electron density depletions occur within Zone-I, exhibiting large variability and with a sharply 460 
defined equatorward edge. The scatter plot in Figure 7a shows the electron number density 461 
variation with increasing M-shell. This is color-coded in altitude over a range of 0.6 – 1.7 RJ above 462 

the one-bar level. The direction of increasing M-shell translates into Juno sampling the auroral 463 
regions in the poleward sense, beginning with the equatorward edge of the broad diffuse aurora 464 
through to the poleward edge of Zone-I. The M-shells here are likely overestimated since the 465 
auroral regions are believed to be mapped to ~30 RJ in the equatorial plane. The purpose of this 466 

figure is to examine how the electron densities vary on different field lines, including those mapped 467 
to the auroral zones. It should be noted that a different internal and/or current sheet models will 468 
yield different M-shell values. We therefore identify the auroral crossings based on in-situ 469 
observations and not rely on the values provided by M-shell mapping. 470 

We digitize the densities by identifying Ordinary (O) mode waves that are sometimes present 471 
during the auroral passes (see Sulaiman et al. (2021) for the theoretical background as well as early 472 
and more recent implementations of this technique by Gurnett & Shaw (1973) and Elliott et al. 473 
(2021)). The waves are evanescent below fpe and therefore exhibit a low frequency cutoff, as shown 474 
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in the first panels of Figures 2-5. Strictly speaking, this cutoff is an upper limit to the local electron 475 
plasma frequency due to the possibility of a higher-density region existing between the source and 476 

the spacecraft. When this occurs, the measured cutoff corresponds to the maximum density 477 
between the source and the spacecraft; however, the cutoffs observed here are usually well-defined 478 

and continuous which suggest the densities are local. Since fpe ∝ √ne, the total electron number 479 
density is straightforwardly obtained and this is in excellent agreement with the electron partial 480 
density derived by JADE for overlapping intervals (see Figure S1). Despite the limited coverage 481 

in altitude shown here, the expected anti-correlation between density and altitude is present, giving 482 
confidence in our method. We obtain density measurements whenever the O-mode waves are 483 
present and discernible. The circled points highlight measurements taken when Juno was 484 
magnetically connected to Zone-I using all the criteria whenever the O-mode was present during 485 
the first 10 perijoves and only criteria (iii) thereafter, when the pitch angle coverage was 486 

suboptimal. Recall that any one of the criteria alone is a sufficient marker of Zone-I.  487 

 488 

Figure 7 – (a) Electron number density plotted against M-shell and color-coded with Juno’s 489 

altitude above Jupiter’s one-bar level. The circled data points are when Juno was 490 

magnetically connected to Zone-I. (b) fpe/fce plotted against M-shell, same format as (a). The 491 
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M-shell was calculated using the JRM09 internal field model (Connerney et al., 2018) + an 492 

external current sheet model (Connerney et al., 1981). This is likely overestimating the true 493 

M-shell. 494 

Figure 7a exposes a sharply defined boundary between the diffuse aurora and Zone-I. Within Zone-495 
I, the electron densities deplete steeply by up to two orders of magnitude down to below 0.01 cm-496 
3. In Zone-II, the sub-fcH+ band of the O-mode waves become “washed out” in the spectrogram 497 
due to the presence of intense broadband low-frequency electromagnetic emissions, therefore it is 498 
not possible to determine, based on this technique, how far they remain depleted and 499 
whether/where they steeply recover. All Zone-I verified densities are below 0.1 cm-3 with a subset 500 
below 0.01 cm-3. 501 

Density depletions are known to be intimately related to auroral acceleration processes (e.g., 502 

Persoon et al., 1998; Paschmann et al., 2003) and are in fact a prerequisite. Their association is 503 
well supported by theoretical modelling (Block and Fälthammar, 1968; Knight, 1973) and 504 
repeatedly corroborated by experimental evidence (Ergun et al., 2002; Hull et al., 2003) although 505 

much of the focus has been on the development of parallel potentials in the context of inverted V 506 
distributions. The basic principle is that density depletions reduce the number of charge carriers 507 
thereby limiting the ability of plasmas to carry strong field-aligned currents. This “current choke” 508 

results in the development of parallel electric fields as the displacement current term of Ampère’s 509 

law builds up to ensure ∇ × B is balanced (Song and Lysak, 2006; Ray 2009).  510 

Although turbulence-induced broadband processes are typically associated with weaker Alfvénic 511 
aurora at Earth, they are believed to be of at least equal importance in generating Jupiter’s most 512 
intense aurora (Clark et al., 2018; Saur et al., 2018). Parallel electric fields from Alfvén waves 513 

become important when the k⊥
2λe

2 term is large, where λe is the electron inertial length given by 514 

c/2πfpe and k⊥ is the wave vector component perpendicular to the background magnetic field. A 515 

large k⊥ can be satisfied by a converging flux tube as the area is inversely proportional to B. A 516 
low-density region, or greater λe, means Alfvén waves undergoing a turbulent cascade are 517 

dissipated ‘earlier’ in k-space. The measured densities in Zone-I equate to λe as large as 50 km, 518 
larger than 20-30 km modelled by Saur et al. (2018), thereby further lowering the threshold for 519 

Alfvénic dissipation to be achieved in the high-latitude region. Dispersive Alfvén waves have been 520 
observed within deep density cavities over Earth’s auroral oval together with upgoing transversely 521 
heated ionospheric ions and downgoing field-aligned electrons. This has been interpreted as 522 
evidence for a positive feedback mechanism, whereby small-scale Alfvén waves erode the auroral 523 

ionosphere by facilitating ion outflow, which in turn leads to deeper density cavities that maintain 524 
the production of small-scale Alfvén waves via refraction and phase mixing of incoming large-525 
scale Alfvén waves (Rankin et al., 1999; Chaston et al., 2006). More recently, Lysak et al. (2021) 526 
proposed that an ionospheric Alfvénic resonator (IAR) operating at Jupiter can account for the 527 

observed broadband electron distributions. This is a widely accepted model used to explain similar 528 
distributions in the case of Earth, whereby the propagation of Alfvén waves is facilitated by a rapid 529 
decrease in density (Lysak et al., 1991). The corresponding increase in Alfvén speed gives rise to 530 

partial reflection of Alfvén waves which become trapped. At large enough k⊥, the parallel electric 531 
field fluctuating at some resonant frequency can result in electron acceleration over a broad range 532 
of energies.  533 

Figure 7b combines the electron densities with measured magnetic field strengths to express fpe/fce 534 
variations. This ratio is especially important for the generation of radio emissions via the Cyclotron 535 

https://agupubs.onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=F%C3%A4lthammar%2C+C+%5C-G
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Maser Instability (Wu & Lee, 1979). This mechanism requires fpe/fce ≪ 1 in the presence of a 536 
positive gradient in the perpendicular velocity distribution of weakly relativistic electrons. It is 537 

clear that the necessary low fpe/fce is well satisfied, particularly in Zone-I, thus will provide further 538 
constraints on Jupiter’s radio sources (e.g. Imai et al., 2019; Louis et al., 2019).  539 

4.3 Zone-II 540 

Among the three zones, Zone-II occurs at the highest latitudes just poleward of Zone-I. This region 541 
has a clearly defined equatorward boundary, but its poleward boundary with the polar cap is often 542 
ambiguous. Mauk et al. (2020) characterized this region with upward energetic electrons with 543 
energy fluxes greater than or equal to the downward component within the loss cone. Another key 544 

difference is the bidirectional electrons are almost always broadband in energy. On the other hand, 545 
downward H+ inverted-Vs have been observed intermittently and, by contrast to Zone-I’s highly 546 
field-aligned H+ beams, exhibit a nearly isotropic pitch angle distribution with an empty upward 547 

loss cone (Mauk et al., 2020). Whereas Zone-I features are typically (but not always) continuous 548 
within its boundaries, Zone-II features are spatially or temporally sporadic.   549 

Kotsiaros et al. (2019) and Mauk et al. (2020) noted agreements between the downward field-550 
aligned currents and Zone-II during the PJ6S auroral pass (Figure 3), although this is usually 551 
limited to the most intense portion of the energetic particles and not as simple as the ordering for 552 

Zone-I. Again, Figures 2-5 corroborate this correspondence. Observed Alfvénic fluctuations in 553 
Zone-II remain relatively low/absent and comparable to Zone-I. This could also be evidence of 554 

dissipation, especially in a region supported predominantly by broadband, bidirectional energetic 555 
electrons (Saur et al., 2018; Lysak et al., 2021) and in the absence of strong evidence for inverted-556 
Vs and thus local parallel potentials. The plasma wave emissions, on the other hand, are the most 557 

intense of all zones with the largest average amplitudes in both the electric and magnetic fields. 558 
These are present throughout Zone-II and majority of the power is confined to frequencies below 559 

fcH+ (Figures 2-5), and are often accompanied by brief, intense emissions that extend well above 560 
fcH+ that resemble those sometimes observed in Zone-I. The difference is that these brief and 561 

intense emissions occur intermittently in Zone-I whereas they appear to be a key feature of Zone-562 
II and are correlated with the intervals of most intense energetic electrons which are in turn 563 

correlated with downward currents. 564 

The downward current region is fundamentally different from its upward counterpart. The charge 565 

carriers are abundantly sourced from the cold, dense ionosphere as electrons and are accelerated 566 
by many orders of magnitude above their thermal energy. What is peculiar about Jupiter’s Zone-567 
II is that although the downward electron energy fluxes are generally no greater than the upward 568 

energy fluxes, they can be as intense or greater than the downward energy fluxes in Zone-I and 569 
sufficient to produce observable auroras (Mauk et al., 2020; and see Figure 1 here), in contrast to 570 

the “black aurora” at Earth and Saturn that are connected to flux tubes carrying downward currents. 571 
It is clear based on the difference in fields and particles characteristics that the acceleration 572 

mechanism in Zone-II is distinct and more observationally complicated than that supporting Zone-573 
I. While Juno does not carry a DC electric field instrument, the various characteristics highlighted 574 
in the previous section support the sporadic presence (although not exclusively) of parallel 575 
potential structures in Zone-I. Other than the downward H+ inverted Vs that are sometimes 576 
observed in Zone-II and not least that they are quasi-isotropic, the evidence for a stable parallel 577 
potential is inconclusive. The bidirectional electrons might be interpreted as originating from 578 
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potential structures above and below the spacecraft, however, this is not consistent with their 579 
broadband energy. 580 

We emphasized in the previous section that EMIC waves should not be neglected in the context 581 
of electrons since their link has been established (McFadden et al., 1998), whereby cold secondary 582 
electrons are trapped and accelerated to form counterstreaming populations. It is therefore 583 
probably not a coincidence that the most intense waves below fcH+ occur in Zone-II, where 584 

bidirectional electrons are present.  585 

Figure 8 – Plasma waves, fields, and charged particles when Juno was magnetically 586 

connected to Jupiter’s southern auroral zone near its 4th perijove (PJ4S, left) and Jupiter’s 587 

northern auroral zone near its 7th perijove (PJ7N, right). (a/f) Electric and (b/g) magnetic 588 

field frequency-time spectrogram measured by Waves. Overlaid onto each is the proton 589 

cyclotron frequency, fcH+, as white dashed lines. The electron plasma frequency, fpe, is 590 

digitized as the lower frequency cutoff of the Ordinary mode and shown as a white dotted 591 

line. The y-axis on the right converts fpe in Hz to electron number density, ne, in cm-3. (c/h) 592 

Transverse magnetic field fluctuations measured by MAG. Overlaid is the perturbation in 593 

the azimuthal magnetic field, δBφ, as a white solid line. (d/i) 50-1,000 keV electron energy-594 

time and (e/j) pitch-angle-time spectrograms measured by JEDI. The depletion near 90° is 595 

likely due to spacecraft shadowing and therefore not real. (k/l) Electric field waveforms 596 

corresponding to the times indicated by black arrows in stack plots. 597 

An important piece of the puzzle for broadband electrons may be in the contemporaneous 598 
broadband emissions shown in Figure 8. In the frequency domain, large-amplitude solitary 599 
structures (or “spiky” features) in the waveform manifest as broadband noise. Electrostatic solitary 600 
waves (ESWs) have been proposed to play a key role in accelerating electrons by carrying 601 
substantial potentials and are most often observed in Earth’s downward current regions and in the 602 

presence of density depletions (Ergun et al., 1998b; Temerin et al., 1982). The ubiquity of these 603 
broadband emissions in Zone-II might be explained by the highly nonlinear evolution of two-604 

stream electron beam instabilities, set up by bidirectional populations, that give rise to sharp pulses 605 
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in the electric field (Matsumoto et al., 1994), as shown in Figure 8. Field-aligned electrons are then 606 
accelerated to a broad range of energies by the sum of individual micro-potential drops as they 607 

travel through ESWs. Despite their electrostatic nature, it is possible to measure an associated 608 
magnetic component (not shown here) which would result from the Lorentz field of a travelling 609 
charge. 610 

Although the electron densities cannot be inferred within Zone-II, we can say with reasonable 611 

confidence that they remain low. The O-mode emissions above fcH+ appear continuous well into 612 
Zone-II with its low frequency edge in the region below fcH+ that is dominated by intense 613 
electromagnetic turbulence. We therefore set fcH+ to be the approximate upper limit of fpe and 614 
conclude that the electron densities within Zone-II are < 0.1-0.01 cm-3. Therefore, the 615 
correspondingly large electron inertial lengths in Zone-II would similarly lower the threshold for 616 

Alfvénic dissipation, which remains the leading mechanism to account for the observed electron 617 

spectra (Saur et al., 2018; Lysak et al., 2021). Whether the densities are comparable to Zone-I, of 618 

similar variability and/or spatial scales are important questions that are beyond the reach of our 619 
current digitization methods.  620 

Perhaps the most recognizable and commonly observed plasma wave feature above auroral regions 621 
is the whistler-mode auroral hiss. In a frequency-time spectrogram, they are easily identified by 622 
their characteristic funnel or V-shape (Gurnett, 1966; James 1976) which arises when the wave 623 

normal angle approaches the whistler-mode resonance cone (Santolík and Gurnett, 2002). The 624 
favored generation mechanism is a coherent beam-plasma instability at the Landau velocity 625 

(Maggs, 1976; Farrell et al., 1989), i.e., ω/k|| ≈ v||. Since the auroral regions, including satellite 626 
auroral flux tubes, are a site for electron beams, whistler-mode auroral hiss are often observed and 627 
are often a reliable diagnostic for field-aligned currents (Gurnett et al. 1983; 2009; Sulaiman et al., 628 

2018; 2020). That said, these plasma wave features are not as clearly identifiable in Jupiter’s low-629 

altitude auroral zones, contrary to expectation.  630 

Figure 9 shows a rare example when this was observed in the southern auroral zone during PJ12S. 631 

Although it appears like there are two similar emissions above and below fcH+, they are 632 
fundamentally different and not connected since, above fcH+, the timescales fall below the ion 633 
gyroperiod and the ions are effectively unmagnetized. Typically, whistler-mode auroral hiss is not 634 

seen to propagate down to as low as fcH+. Along the resonance cone, the lower hybrid frequency, 635 

fLH, represents a lower limit through which they cannot propagate but instead reflect. In this highly 636 

magnetized regime, i.e., fce ≫ fpe, we find fLH ≃ fcH+ (Sulaiman et al., 2021) and therefore conclude 637 

the waves are reflecting at the fcH+ boundary. While the whistler mode is typically observed as 638 

electromagnetic, its propagation along the resonance cone is quasi-electrostatic and this is 639 
supported by the relatively weaker magnetic component and an E/cB ratio of ~10. This mode is 640 
characterized by an index of refraction that is much greater than unity, i.e., a phase velocity that is 641 

low. Therefore, the Landau resonance condition requires low-energy electrons for the beam-642 

plasma instability. Higher-energy electrons that interact with higher phase velocities can generate 643 
electromagnetic waves that cease to exhibit the characteristic funnel-shape. And even higher 644 
energies that exceed the maximum phase speed allowed by the dispersion relation will result in no 645 
Landau resonance altogether. This likely explains why quasi-electrostatic auroral hiss is not as 646 
common a feature at Jupiter’s low-altitude region as at Earth or Saturn owing to the much higher 647 

electron energies at play. 648 

 649 
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 650 

Figure 9 – (a) Electric and (b) magnetic field frequency-time spectrograms when Juno was 651 

magnetically connected to Jupiter’s southern auroral zone near its 12th perijove (PJ12S) 652 

showing the characteristic funnel-shaped whistler-mode auroral hiss above fcH+. 653 

Finally, what has not been covered in this study are the properties of heavy ions. The clear cutoff 654 
of plasma waves in Zone-I at fcH3+ is indicative of H3

+ cyclotron waves and is strong (indirect) 655 

evidence for presence of upward H3
+. However, H3

+ ions in the auroral zones have not been 656 
reported by the particle instruments at the time of writing. The presence of multiple heavy ions 657 
would have a significant impact since each additional ion introduces five characteristic 658 
frequencies: the standard cyclotron and plasma frequencies plus the more complex ion hybrid, 659 

multi-ion cutoff, and crossover frequencies, which require numerical solving. The latter three are 660 
highly sensitive to the fractional abundance of ions, let alone any individual density. This also 661 
means that composition can be constrained by modelling and correctly diagnosing wave modes 662 

and their characteristic frequencies. The significance of an ion hybrid frequency in a 663 
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multicomponent plasma is that it modifies the wave mode’s dispersion relation and therefore how 664 
it propagates through the medium. For example, a resonance cone can develop above each hybrid 665 

frequency (Santolík et al., 2016). The crossover frequency is that which the waves reverse their 666 
intrinsic polarization (left to right or vice versa) and can therefore affect the nature of wave-particle 667 
interactions. 668 

5. Summary and Conclusions 669 

We have provided a multi-instrument analysis on Jupiter’s low-altitude Zone-I and Zone-II. Figure 670 
10 is a graphical listing of the various observables identified in Zone-I and Zone-II, with the caveat 671 
that these structures are likely more complex and may exhibit considerable spatial and/or temporal 672 
variability, for example during transient episodes like dawn storms (Bonfond et al., 2021; Ebert et 673 
al., 2021). As the spacecraft migrates to afford coverage of the low-altitude dawn aurora, spatial 674 

variability of the fields, particles, and plasma wave features will likely arise. 675 

Figure 10 – Graphic illustrating the average picture of the fields, particles, and plasma waves 676 

in Jupiter’s low-altitude diffuse aurora, Zone-I, and Zone-II.  677 

Our main conclusions are: 678 

• Zone-I and Zone-II are corroborated to be associated with the upward and downward 679 
current regions, respectively. 680 

• Alfvénic fluctuations are most profoundly observed in the diffuse aurora and not in Zone-681 
I and Zone-II. In the diffuse aurora, they intermittently diminish where 3-30 keV electron 682 
energy fluxes peak and are mostly absent in the Zone-I and Zone-II, where 50-1,000 keV 683 
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electron energy fluxes dominate. We suggest that this pattern is consistent with Alfvénic 684 
dissipation at higher altitudes. 685 

• The features of Zone-I are typically coherent across all fields, particles, and plasma wave 686 
observations. The equatorward and poleward boundaries are well defined. 687 

• The features of Zone-II are typically episodic across all observables. The equatorward edge 688 
(with Zone-I) is well defined but the poleward edge with the polar cap can often be 689 
ambiguous. 690 

• The most prominent plasma wave modes are below the H+ and H3
+ cyclotron frequencies, 691 

fcH+ and fcH3+. Electromagnetic ion cyclotron waves, and possibly including electrostatic 692 

waves, are commonly observed in Zone-I and in the presence of H+ beams. They are 693 
typically upward propagating and fluctuate perpendicular to the magnetic field. We 694 
interpret them as the means by which gravitationally bound H+ and H3

+ can be energized 695 
and admitted into a parallel potential at higher altitudes. 696 

• Low-frequency plasma waves in Zone-II are the most intense. Electromagnetic emissions 697 

are also prevalent in Zone-II where broadband energetic electrons peak, which is in turn 698 
correlate with deflections in δBφ. These are prevalent in Earth’s downward current regions. 699 
We demonstrate that they are a result of large-amplitude solitary waves. These have 700 

previously been shown to be the stable end-result of a two-stream instability and are 701 
capable of supporting parallel potentials (Matsumoto et al., 1994). We therefore suggest 702 

this likely explains their presence in a zone dominated by bidirectional populations. 703 

• Using plasma wave spectra, large-scale electron density depletions are identified over the 704 
auroral zones with a sharp boundary between the diffuse aurora and Zone-I. These 705 

depletions are critical for the development of high-latitude parallel potentials, Alfvénic 706 
dissipation, and radio wave generation. 707 
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