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Abstract

Juno’s arrival at Jupiter in 2016 revealed unprecedented details about Jupiter’s ultraviolet aurorae thanks to its unique suite

of remote sensing and in situ instruments. Here we present results from in situ observations during Juno flybys above specific

bright auroral spots in Jupiter’s polar aurora. We compare data observed by Juno-UVS, JEDI, JADE, Waves, and MAG

instruments when Juno was magnetically connected to bright polar auroral spots during perijove 3 (PJ3), PJ15, and PJ33. The

highly energetic particles observed by JEDI show enhancements dominated by upward electrons, which suggests that the particle

acceleration region takes place below the spacecraft. Moreover, both brightness and upward particle flux were higher for the

northern bright spot in PJ3 compared to the southern spots found in PJ15 and PJ33. In addition, we notice the intensification

of whistler-mode waves at the time of the particle enhancements, suggesting that wave-particle interactions contribute to the

acceleration of particles which cause the UV aurorae. The MAG data reveal magnetic perturbations during the PJ3 spot

detection by Juno, which suggests the presence of significant field-aligned electric currents. While the stable position of the

bright spots in System III suggests that the phenomenon is fixed with respect to the rotation of the planet, the presence of

field-aligned currents leaves open the possibility of an origin rooted much farther in the magnetosphere.
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2Ph.D. program in Physics, Department of Physics and Materials Science, Faculty of Science, Chiang Mai8

University, Chiang Mai, Thailand9
3National Astronomical Research Institute of Thailand (Public Organization), Chiang Mai, Thailand10

4Department of Physics and Materials Science, Faculty of Science, Chiang Mai University, Chiang Mai,11

Thailand12
5Southwest Research Institute, San Antonio, Texas, USA13

6Key Laboratory of Earth and Planetary Physics, Institute of Geology and Geophysics, Chinese Academy14

of Sciences, Beijing, China15
7Laboratory of Optical Astronomy and Solar-Terrestrial Environment, Institute of Space Sciences, School16

of Space Science and Physics, Shandong University, Weihai, Shandong, China17
8Department of Physics and Astronomy, University of Iowa, Iowa City, IA, USA18

9School of Physics and Astronomy, University of Minnesota, Minneapolis, MN, USA19
10The Johns Hopkins University Applied Physics Laboratory, Laurel, MD, USA20

11NASA Goddard Space Flight Center, Greenbelt, MD, USA21
12University of Maryland College Park, College Park, MD, USA22

13Department of Astrophysical Sciences, Princeton University, Princeton, NJ, USA23

Key Points:24

• Jupiter’s auroral bright spot emissions observed by Juno-UVS were simultaneously25

measured with the JADE, JEDI, Waves, and MAG instruments26

• For each event, we observe characteristic changes of particle distributions and wave27

emissions, as well as magnetic field disturbances28

• Whistler waves and electric currents appear to both play a role in the generation29

of bright auroral polar spots30
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Abstract31

Juno’s arrival at Jupiter in 2016 revealed unprecedented details about Jupiter’s ultra-32

violet aurorae thanks to its unique suite of remote sensing and in situ instruments. Here33

we present results from in situ observations during Juno flybys above specific bright au-34

roral spots in Jupiter’s polar aurora. We compare data observed by Juno-UVS, JEDI,35

JADE, Waves, and MAG instruments when Juno was magnetically connected to bright36

polar auroral spots during perijove 3 (PJ3), PJ15, and PJ33. The highly energetic par-37

ticles observed by JEDI show enhancements dominated by upward electrons, which sug-38

gests that the particle acceleration region takes place below the spacecraft. Moreover,39

both brightness and upward particle flux were higher for the northern bright spot in PJ340

compared to the southern spots found in PJ15 and PJ33. In addition, we notice the in-41

tensification of whistler-mode waves at the time of the particle enhancements, suggest-42

ing that wave-particle interactions contribute to the acceleration of particles which cause43

the UV aurorae. The MAG data reveal magnetic perturbations during the PJ3 spot de-44

tection by Juno, which suggests the presence of significant field-aligned electric currents.45

While the stable position of the bright spots in System III suggests that the phenomenon46

is fixed with respect to the rotation of the planet, the presence of field-aligned currents47

leaves open the possibility of an origin rooted much farther in the magnetosphere.48

1 Introduction49

Jupiter’s ultraviolet (UV) aurorae, the brightest of the solar system, are caused by50

high-energy particles precipitating along magnetic field lines and interacting with the51

neutral particles in Jupiter’s upper atmosphere. The Jovian aurorae are usually divided52

into four components: the main emissions, the equatorward emissions, the polar emis-53

sions, and the satellite footprints. Each component exhibits different behaviors and mor-54

phologies depending on the specific processes from which they originate. In a previous55

work, we studied a feature in the polar aurora which we named a bright auroral spot (Haewsantati56

et al., 2021). This feature appears as a compact shape with a power on the order of ten57

GW. We found that the bright spots usually take the form of a quasi-periodic pulsation58

fixed in System III longitude position during the sequence. The spots are mostly located59

near the edge of the swirl region (Grodent et al., 2003), within the polar emissions. We60

suggested the source possibly corotates with Jupiter according to their fixed positions61

The bright spots are seen at all local times, which is not consistent with the idea of the62

simple Earth-like cusp process (Pallier & Prangé, 2001), which would be always oriented63

toward noon. However, Zhang et al. (2021) point out that the topology of Jupiter’s mag-64

netospheric cusp could be very complex. Therefore, we cannot totally exclude that the65

bright spot could be related to some cusp-like processes taking places in a complex and66

twisted polar magnetosphere.67

The Juno spacecraft carries a comprehensive suite of instruments dedicated to Jupiter’s68

magnetosphere and auroras (Bagenal et al., 2017). Juno moves along a very elliptical69

polar orbit and the close-up sequences, flying over Jupiter’s pole from North to South,70

are typically named after their perijove (PJ) number. The morphology and spectral char-71

acteristics of the UV-aurorae are measured by the Ultraviolet Spectrograph (UVS) (Gladstone72

et al., 2017). UVS usually operates for several hours about each perijove, during which73

Juno is magnetically connected to numerous parts of the Jovian magnetosphere as the74

planet rotates beneath it. The auroras can also be observed remotely in the near-infrared75

by the Jupiter InfraRed Auroral Mapper (JIRAM) (Adriani et al., 2017). Juno in situ76

instruments provide critical insight on the magnetospheric processes leading to the Jo-77

vian aurorae. The plasma and energetic particles populations are measured with two in-78

struments, the Jovian Auroral Distributions Experiment (JADE) (McComas et al., 2017)79

for the low energy particles and the Jupiter Energetic-particle Detector Instrument (JEDI)80

(Mauk, Haggerty, Jaskulek, et al., 2017) for the high energy particles. The character-81
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istics of electro-magnetic waves and magnetic field are observed by the Waves and MAG82

instruments, respectively (Connerney et al., 2017; Kurth et al., 2017).83

A series of multi-instrument studies of auroral processes have been carried out over84

the last few years. Several studies directly compared in situ particle measurements with85

UVS observations, for example, Gérard et al. (2019), Allegrini, Mauk, et al. (2020), Ebert86

et al. (2019), and Szalay et al. (2020). The comparisons have been made between pre-87

cipitating electron flux measured by JEDI and the auroral intensity observed by UVS88

by (Gérard et al., 2019). The results showed that the brightness of the main auroral emis-89

sions agree well with the brightness computed from JEDI electron energy flux. The bright-90

ness inferred from the JEDI measurements is computed using a model-derived rule-of-91

thumb that 1 mW/m2 electron energy flux produces about 10 kilo-Rayleighs (kR) of to-92

tal unabsorbed FUV H2 emission. However, in the polar region, not only the observed93

upward particle energy flux is larger than the downward flux (Mauk, Haggerty, Paran-94

icas, et al., 2017), but also the downward flux is not sufficient to produce the auroral UV95

emissions. Furthermore, the simultaneous observations of electron energy distributions96

from JADE and JEDI and the UV aurorae from UVS in the polar region during PJ5 (Ebert97

et al., 2019) showed that upward electron energy fluxes are greater than downward elec-98

tron fluxes, the former being consistent with the UV emission recorded by UVS. Jupiter’s99

auroras in the polar region have been found by Juno to be much more complex than an-100

ticipated. From plasma measurement by JADE, Szalay et al. (2017) presented five dis-101

tinct regions associated with Jupiter’s polar regions. Subsequently, the polar particle en-102

vironment has been characterized into multiple zones corresponding to the character of103

pitch angle distributions and to the upward vs. downward flux (Mauk et al., 2020; Al-104

legrini, Mauk, et al., 2020). Additionally, JEDI detected intense upward electron beams105

at energies greater than 1 MeV and connected to the swirl region in the polar auroral106

region (Paranicas et al., 2018). Also, electron inverted-V and proton and ions inverted-107

V were found over the polar cap (Mauk, Haggerty, Paranicas, et al., 2017; Clark, Mauk,108

Haggerty, et al., 2017; Clark, Mauk, Paranicas, et al., 2017; Mauk, Haggerty, Jaskulek,109

et al., 2017; Mauk et al., 2020). Intense upward whistler-mode waves have been observed110

by Waves above the polar region, which correlate with the detection of energetic elec-111

tron precipitation by JEDI. The up-going electrons following an inverted-V pitch angle112

distribution are suggested to produce the upward whistler-mode waves (Elliott, Gurnett,113

Kurth, Mauk, et al., 2018; Elliott, Gurnett, Kurth, Clark, et al., 2018; Kurth et al., 2018;114

Elliott et al., 2020). Moreover, the interaction between these waves and particles could115

also play a role in the processes related to the auroral emissions.116

We identified three unprecedented events during which Juno flew close to the field117

lines connecting to bright spot emissions. These occurrences took place during PJ3, PJ15,118

and PJ33 and we present here the results from in situ observations of the bright spot emis-119

sions made by UVS, Waves, JEDI, JADE, and MAG instruments. A short summary of120

each instrument is presented in Section 2. The observational results related to each event121

are presented in Section 3 and are discussed in Section 4.122

2 Instruments and Observations123

UVS is a photon-counting imaging ultraviolet spectrograph. The instrument is op-124

erated in the spectral range between 68 and 210 nm which covers the emissions in H2125

Lyman and Werner bands. A flat scan mirror at the entrance of the instrument can look126

at a target within ± 30◦ perpendicular to the spin plane. The “dog bone”-shaped slit127

consists of three contiguous segments with field of views of 0.2◦× 2.5◦, 0.025◦× 2◦, and128

0.2◦× 2.5◦. Each photon, detected during every 30-sec spin of Juno, is attributed an X129

and Y position corresponding to the spectral dimension and spatial dimension, respec-130

tively (Gladstone et al., 2017; Greathouse et al., 2013; Hue et al., 2019). A spectral im-131

age of Jupiter’s UV auroras is constructed based on the orientation of the scan mirror132

and the motion of the UVS field of view across the planet. A polar projection map is133
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created under the assumption that the auroras are emitted at an altitude of 400 km above134

the 1-bar pressure level (Bonfond et al., 2015). Since for each spin, near closest approach135

or perijove, the scan mirror generally points to different locations on Jupiter, a global136

view of the aurora may be reconstructed from several consecutive spins in each closest137

approach or each perijove (PJ). In this work we create a UV brightness map by combin-138

ing spins in which we detected the bright auroral spot with 99 spins prior, which cover139

approximately 50 minutes time range (Bonfond et al., 2021). The brightness of the bright140

auroral spot is determined from the intensity of the last spin, in which the spot bright-141

ens. In our analysis, we convert the photon count rate to brightness in kR which, for the142

total unabsorbed H2 Lyman emissions and Werner bands, may be obtained by multi-143

plying the total counts obtained in the 155-162 nm wavelength range with the conver-144

sion factor of 8.1, based on an H2 synthetic spectrum (Gustin et al., 2013). The bright-145

ness is then multiplied by the surface area and the mean energy of a UV photon to ob-146

tain the power emitted. The analysis method of the bright spot surface area is described147

in the previous study by Haewsantati et al. (2021). Since the brightness is integrated over148

a relatively large auroral region, the uncertainty due to the shot noise for a spot around149

20 GW is of a few percent and can thus be neglected (Gérard et al., 2019). The main150

uncertainty on the auroral brightness determination is due to the in-flight calibration of151

the instrument’s effective area (Hue et al., 2019). The FUV color ratio presented in this152

study is calculated by the ratio between the emission intensities of hydrogen molecule153

at wavelength range unaffected and affected by methane absorption, I (155–162 nm)/I154

(125–130 nm).155

Juno’s Waves instrument measures the electric field spectra from 50 Hz to 41 MHz156

and the magnetic field spectra from 50 Hz to 20 kHz. The instrument consists of a dipole157

electric antenna which is located perpendicular to the spacecraft’s spin axis and x-axis158

and a 15-cm long magnetic search coil sensor whose axis is oriented parallel to the space-159

craft’s spin (z-axis) (Kurth et al., 2017). In this study, we use the Waves data with a sam-160

ple rate of one spectrum per 1s. However, due to the limitations of single-axis measure-161

ment of electric and magnetic field, the wave properties cannot be completely analyzed.162

To determine whether they are electromagnetic or quasi-electrostatic, the wave mode can163

be identified by the electric to magnetic field ratio (E/cB), where c is the speed of light,164

along with characteristic frequencies of the plasma, such as the electron cyclotron fre-165

quency (Fce) and the electron plasma frequency (Fpe), when detectable. A component166

of the direction of the Poynting flux can be determined by comparing the phase between167

the electric and magnetic signals under certain circumstances (Kolmašová et al., 2018).168

For further analysis, the cyclotron frequencies can be calculated with in situ measure-169

ments from the Magnetic Field Investigation (MAG) instrument (Connerney et al., 2017).170

The JEDI instrument is a particle detector which measures the energy, angular,171

and compositional distributions of electrons (∼ 25 to ∼ 1, 200 keV) and ions (∼ 10 keV172

to >1.5 MeV for protons and ∼ 150 keV to >100 MeV for oxygen and sulfur). The in-173

strument consists of three sensors where two sensors (JEDI-90 and JEDI-270) are mounted174

on the spacecraft deck with the field of view covering ∼ 360◦ along the plane roughly175

perpendicular to the Juno spin axis. JEDI-180 is oriented to cover nearly ∼ 180◦ along176

Juno spin axis. Each sensor is comprised of a collimator, a time-of-flight (TOF) cham-177

ber, and a solid state detector (SSD) energy system (Mauk, Haggerty, Jaskulek, et al.,178

2017). The pitch angles can be calculated using the magnetic vector provided by the mag-179

netometer on board Juno (Connerney et al., 2017). Details for caveats related to JEDI180

data are discussed in the supporting information of Mauk et al. (2018).181

We can observe particles whose energies are lower than JEDI’s energy range by us-182

ing the Jovian Auroral Distribution Experiment or JADE (McComas et al., 2017). The183

instrument consists of two subsystems, JADE-E for electron measurements and JADE-184

I for ion measurements. The JADE-E measures electrons with 0.1-100 keV range. There185

are two identical sensors in use, which each have 120◦ field of view, to instantaneously186
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cover a total of 240◦ field of view in the azimuthal direction (perpendicular to the spin187

axis).188

The Juno magnetometer (MAG) instrument consists of the Fluxgate Magnetome-189

ter (FGM) and Advanced Stellar Compass (ASC) CCD imagers. The three components190

of the magnetic field vectors in the range of ∼1 nT to ∼ 16x105 nT are measured by191

a pair of FGMs, together with the attitude determination system of the ASC. The MAG192

can observe each magnetic field component with a sample rate of 64, 32, or 16 measure-193

ments per second, depending on the distance between Juno and Jupiter. More details194

on the instruments are discussed in Connerney et al. (2017). Here we focus on the 1-s195

resolution magnetic field perturbations in each component during our focus time inter-196

vals. The perturbation is calculated by removing the estimated background field based197

on the Juno Reference Model through perijove 9 (JRM09) (Connerney et al., 2018) and198

the magnetodisc model (Connerney et al., 2020).199

3 Results200

3.1 PJ3 event201

Figure 1 shows 100-spin maps of the UVS brightness and color ratio of the bright202

spot emission found during PJ3 on 11 Dec 2016: the last spin, which contain the bright203

spot, was acquired at 15:38:26 UT. The orange line represents the Juno footprint path204

according to the JRM09 model. It should be noted that there are some uncertainties on205

the mapping. For example, Allegrini, Gladstone, et al. (2020) reported a time delay of206

90 s between the expected crossing time inferred from the UV brightness and JRM09207

on one hand and the peak in the JADE electron flux on the other hand. At this time,208

the bright spot was located at latitude 64.3◦ N and 159.6◦ System III (SIII) longitude,209

with emitted power of ∼ 20 GW. This emission is found to be part of a bright spot emis-210

sion sequence in which two emission peaks were detected before 15:21 UT and after 15:42211

UT (with power 23 and 81 GW, respectively). This temporal sequence is presented in212

Haewsantati et al. (2021). However, there is a data gap, since the UVS scan mirror po-213

sition was pointed at other auroral regions between 15:33 UT and 15:38 UT. Moreover,214

there are no clear bright spot data for approximately 4 mins after 15:38 UT until 15:42215

UT, because of gaps in the UVS data stream and because the bright spot was in the area216

covered by the narrow slit. Even though the emission at 15:38 UT is not the peak emis-217

sion in the sequence, this spot is considered because of the mapped positional proxim-218

ity with Juno’s magnetic footprint path.219

Regarding the Waves observations, an intensification of whistler-mode hiss waves220

was observed from 15:36:30 UT until after 15:40:00 UT, as shown in top panel in Fig-221

ure 2 (a zoom version of the wave plots are available in supporting information Figure222

S1). This intensification started a few seconds before the enhancement of upward elec-223

trons (second panel). The E/cB ratio analysis (see supporting information, Figure S2)224

shows that the waves are electromagnetic waves, indicated by the common value of elec-225

tromagnetic whistler mode waves E/cB ratio between 1.0 and 2.0. Moreover, the Poynt-226

ing flux analysis shows that, during the intensifications, a component of the Poynting227

flux direction is parallel to the magnetic field direction, implying that the waves prop-228

agate in the upward direction away from Jupiter for the northern hemisphere.229

For JEDI data, we focus on the energy and pitch angle distributions of electrons230

as shown in Figure 2. The electron intensities started to increase at 15:37:47 UT, coin-231

ciding with the enhancement of the electric field spectral density (Figure 2a) until ∼15:42232

UT. The time interval between 15:37 UT to 15:42 UT covers the time when the Juno233

spacecraft magnetic footprint passed closest to the bright spot position. The quantita-234

tive measure can be seen from the energy flux (Figure 2f). It should be noted that the235

magnetic mapping uncertainty prevents us from knowing the exact location of Juno’s236
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Figure 1. Polar projection showing a bright spot emission (red circle) in Jupiter’s polar auro-

ras as observed by UVS (left panel). The time presented here is the time of last spin where the

bright auroral spot is detected. The grid consists of 10◦spaced planetocentric parallels and SIII

meridians. The right panel presents the color ratio, used as a proxy for the depth of the auroral

emission.

footprint relative to the bright spot. However, we believe that Juno flew close enough237

that we can see the connection between the particle flux intensification and the bright238

spot appearance. The particle distributions are dominated by upward electrons through-239

out the interval of interest. During the time that Juno flew close to the bright spot po-240

sition, i.e., at around 15:38 - 15:39 UT, the upward electron flux reached ∼ 900 mW/m2
241

while the energy flux of downward electrons was <70 mW/m2. There are no apprecia-242

ble fluxes of lower energy plasma observed by JADE, where only signatures of penetrat-243

ing radiation are observed. As JEDI is able to measure the high energy charged parti-244

cle environment, we focus on JEDI measurements for the remainder of this study.245

Additionally, we studied the magnetic field perturbation at the time of the bright246

spot detection. The magnetic field perturbation (Figure 3) shows that, for PJ3, there247

was a deflection in all three components at ∼ 15:40 UT. These fluctuations, on the or-248

der of 100 nT, are significant and indicate the presence of strong field aligned currents249

(see Kotsiaros et al. (2019) for other examples).250

3.2 PJ15 event251

For the second identified event, a bright spot was found during PJ15, for the spin252

centered on 02:28:55 UT on 7 Sep 2018. In Figure 4, the bright spot position is 82.4◦ S253

and 58.2◦ SIII with emitted power of ∼ 6 GW, previously presented in Haewsantati et254

al. (2021) and characterized by a high color ratio (around 15), indicating high-energy255

particles precipitating into the atmosphere. The electric field spectral density observed256

by the Waves instrument (Figure 5a) also shows the intensifications of whistler-mode waves257

similar to those observed during PJ3. The E/cB ratio (see supporting information) and258

the Poynting flux analysis imply that the detected waves are electromagnetic and anti-259

parallel to the magnetic field direction, indicating that waves were travelling upward away260

from Jupiter’s southern hemisphere. The waves intensified before 02:28 UT and were damped261
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Figure 2. Observations of electric field spectral density and 5-s bin of electron energy dis-

tributions observed during PJ3: (a) the electric field spectral density observed by the Waves

instrument, (b) total electron energy distributions, (c) pitch angle distributions, (d) energy

distributions for upward electrons (pitch angles 0-30 ◦), (e) energy distributions for downward

electrons (pitch angles 150-180 ◦), and (f) energy fluxes for upward (0-30 deg, blue line) and

downward (150-180 deg, red line) electrons in the 30-1200 keV energy range. The vertical dashed

line indicates the time of the bright spot crossing according to UVS and JRM09.
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Figure 3. Magnetic field perturbation observed by Juno MAG during PJ3 showing the mag-

netic perturbation in each component. The time of bright spot detected by UVS indicated by red

vertical line.

Figure 4. The polar projections with the same coordinates as Figure 1 shows bright spot

emission and the color ratio distribution in Jupiter’s polar auroras as observed by UVS from 100-

spin where the last spin was when the magnetic footprint of Juno was close to the bright spot

during PJ15 on 7 Sep 2018.

in the 02:28 - 02:30 UT range, which corresponds to the bright spot crossing according262

to the JRM09 magnetic field model.263

As far as the pitch angle distribution is concerned, the JEDI energy flux in Fig-264

ure 5 shows the same trend as found in PJ3, in which the upward electrons are domi-265

nating during the time interval of interest. However, the energy distribution shows only266

small fluctuations, with 1) an intensification dominated by upward electrons just before267

02:25 UT, i.e. right before Waves observed its intensification and 2) two intensifications268

near 02:30 UT. The last two panels near 02:30 UT clearly show that the enhancements269

are from upward electrons. Note that the bright spot was observed at ∼ 02:29 UT. The270

upward electrons energy flux of two peaks is 30-40 mW/m2, while the energy flux of down-271

ward electrons is <5 mW/m2. These energy fluxes of 30-40 mW/m2 are lower than dur-272
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ing the PJ3 event, in agreement with the lower emitted power recorded by UVS. A mag-273

netic field deflection associated with that event was recorded in all three components (Fig-274

ure 6), but its amplitude is quite limited (∼20 nT). In summary, the in situ signatures275

of the crossing are less prominent than for the PJ3 case, partly because of the lower emit-276

ted power recorded by UVS, combined with the uncertainty in the magnetic mapping277

which may have caused the crossing to take place farther from the peak.278

3.3 PJ33 event279

The third event is a southern bright spot found during PJ33, as shown in Figure280

7. The bright spot was seen at 01:38:30 UT on 16 Apr 2021 with a power of ∼ 10 GW281

at 83.5◦ S and 59.5◦ SIII. No significant deflection of the magnetic field could be mea-282

sured by the MAG instrument (Figure 9) at the time of the waves intensifications and283

electron enhancements during PJ33. The electric field spectral density plot from Waves284

observations (Figure 8a) shows some intensifications above the proton cyclotron frequency,285

which is the whistler-mode wave, at ∼ 01:33-01:37 UT. However, there are no burst wave-286

forms for the Poynting flux analysis. Therefore, the direction of the Poynting flux can-287

not be determined during this time interval.288

Moreover, the intensity enhancement was found at ∼ 01:33 UT – 01:35 UT, as shown289

in the JEDI plots (Figure 8). The enhancement is clearly seen in the upward polar elec-290

tron beam data whose energy is higher than 500 keV. Upward electrons were previously291

observed over the polar auroral region, though at intensities more modest (Mauk et al.,292

2020). JEDI measured an enhancement in the proton flux at ∼ 01:35 UT. Protons were293

first moving downward and then the low energy protons with perpendicular pitch an-294

gle became more dominant. However, the electron energy flux decreased after 01:35 UT295

and continued to be small during the UVS bright spot detection time (01:38 UT). Then296

two peaks in the particle flux appear around 01:46 UT. It is noteworthy that the time297

of the most intense bright spot emissions does not exactly correspond to the time of the298

most intense upward particle flux. This suggest that Juno did not cross the field line con-299

nected to the bright spot when the UV emitted power is maximum. As shown in Table300

1, the altitude of Juno during PJ33 was even higher than during PJ3 and PJ15. It ap-301

pears that the processes accelerating particle either downward to the aurora or upward302

to the magnetosphere took place below the spacecraft.303

4 Discussions and Conclusions304

We present in situ and UV imaging observations during the time of the brighten-305

ing of bright spot emissions. The summary and comparison of the data from all instru-306

ments are shown in Table 1. The crossing time duration is on the order of 3-4 minutes307

for PJ3 and PJ15 and 12 minutes for PJ33. On the other hand, the brightness variation308

time interval of the emission bright spot, ∼ 5 minutes. (Haewsantati et al., 2021), is com-309

parable to the crossing time. We have to take this timing information into account when310

interpreting the data set. Based on the UVS data, the PJ3 emitted power is 2-3 times311

more energetic than the PJ15 and PJ33 events. No discernable plasma signatures were312

observed below 50 keV in JADE, where only signatures of penetrating radiation were313

observed. Moreover, an enhancement of upward electron flux observed by JEDI are found314

in all three events. In all three cases, the bright spot, which is the signature of an intense315

flux of down-going particles, corresponds to the enhanced electron fluxes in the upward316

direction as well. We note that both the energy flux and the bright spot power for PJ3317

are relatively high compared to the other two cases. The dominance of upward electrons318

combined with intense auroral emissions suggests that most of the electron acceleration319

takes place between the spacecraft and the planet, in both directions along the field lines.320

It is interesting to note that the magnetic perturbations in PJ15 and PJ33 do not321

show strong signatures as found in PJ3. Therefore, the magnetospheric currents might322
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Figure 5. Observations of electric field spectral density and 5-s bin of electron energy distri-

butions observed during PJ15, each panel is the same observation as described in Figure 2. For

southern hemisphere, electrons with pitch angles 150-180 ◦and 0-30 ◦are upward and downward

electrons, respectively. The energy fluxes (f) of upward electrons are presented by red line and

blue line for downward electrons.
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Figure 6. Magnetic field perturbation observed by Juno MAG during PJ15 showing the mag-

netic perturbation in each component. The time of bright spot detected by UVS indicated by red

vertical line.

Figure 7. When the spacecraft flew closed to the bright spot position during PJ33 on 16 Apr

2021, the polar projection shows bright spot emission in Jupiter’s polar auroras (left) and color

ratio (right) as observed by UVS combined from 100-spin, with the last spin centered on 01:38:30

UT. The coordinates are same as described in Figure 1.
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Figure 8. Observations of electric field spectral density by Waves and particle distributions

made by JEDI instrument during PJ33. Panel (a) to (f) are similar description as Figure 2 and

particle directions are similar as describe in 5.The proton energy distributions and pitch angle

distributions are shown in panel (g) and (h), respectively.
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Figure 9. Magnetic field perturbation observed by Juno MAG during PJ33 showing the mag-

netic perturbation in each component. The time of bright spot detected by UVS indicated by red

vertical line.

not play a major role on bright spot emission. However, the strong deflection detected323

during PJ3 is most probably a signature of significant field-aligned currents on (or very324

near) the flux tubes crossed by Juno.325

Regarding the wave-particle interactions, the upgoing whistler-mode waves are re-326

lated to the upward energetic electron beams in the Jovian polar cap (Elliott et al., 2020).327

Moreover, the upgoing electrons were suggested to be stochastically accelerated by the328

broadband whistler mode waves (Elliott, Gurnett, Kurth, Mauk, et al., 2018; Elliott et329

al., 2020). The concurrent intensification of JEDI and Waves data in PJ3, PJ15, and PJ33330

strongly support these arguments. We notice that whistler-mode waves occurred a few331

seconds before the detection of an upward electron enhancement during PJ3. This en-332

hancement started when Juno flew close to the bright spot position. In addition, the in-333

tensification of whistler-mode waves happened nearly at the same time with electron en-334

hancement in PJ33 event. For PJ15, we also found that, where the altitude increases with335

time, the whistler-mode waves were first enhanced and then damped for ∼ 2 minutes dur-336

ing the bright spot crossing but just before the electron enhancement. This behavior sug-337

gests that energy transfer between waves and particles is taking place, as discussed in338

Elliott, Gurnett, Kurth, Mauk, et al. (2018). According to this theory, waves are gen-339

erated close to the planet (i.e. at smaller radial distances) and then propagate along the340

magnetic field lines toward higher altitudes to become damped, transferring their energy341

to the electrons, which can then be accelerated. Since the bright spots were detected dur-342

ing the same time of the wave damping and following by electron enhancements, we sug-343

gest that these waves contribute to the acceleration of particles that cause the UV emis-344

sions.345

Figure 10 shows the Juno-UVS measurement of noise count rates during the Juno346

bright spot flyby. The noise count rates here are due to >7 MeV electrons penetrating347

the instrument’s shielding (Zhu et al., 2021). The blue vertical lines in the plots repre-348

sent the times when UVS’s line of sight is aligned with the magnetic field (points away349

from Jupiter for PJ3 and toward Jupiter for PJ15 and PJ33). The red line presents the350

Juno altitude during the polar crossing. For PJ15 and PJ33, the count rates reach a peak351

value when UVS points toward Jupiter as shown by the bar code patterns (Bonfond et352

al., 2018). For PJ3, the count rate peaks are in between the blue lines, the data gaps do353

not allow for a clear identification of the orientation of the penetrating electrons. On the354

other hand, on PJ15, the count rate is very low suggesting there were only typical back-355

–14–
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Figure 10. Penetrating particle count rate measured by Juno-UVS during (top) PJ3, (middle)

PJ15, and (bottom) PJ33. The zero count rate refers the data gap. The times when Juno-UVS

aligned with minimum angle to the magnetic field lines are shown by vertical blue lines. The

evolution of Juno altitude is represented by the red line.

ground noise signals. Overall, the counts rates peak at the same time as the wave-particle356

enhancements for all three events. These contemporary results agree with the fact that357

we have a relative increase in flux of upgoing particles seen in both UVS and JEDI. One358

hypothesis is that we see the high energy tail of the particles related to the upward elec-359

tron and upgoing whistler mode waves interaction as described by Elliott, Gurnett, Kurth,360

Mauk, et al. (2018).361

It must be noted that there are the possible time delays between UVS observation362

and waves and particles observation, which could be the explanation for the time dif-363

ferences between wave and particle enhancements and bright spot detection. Several sce-364

narios are proposed, as follows. Firstly, if we consider that Juno was crossing magnetic365

field lines mapped to the emission spot, the observation times of the waves and parti-366

cles should be prior to the bright spot emission time, since waves and particles should367

take some time to travel from the spacecraft to the bright spot position beneath the space-368
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craft. To estimate how long the particles would take for travelling, the travel times of369

100 keV electron and 100 keV proton for a distance ∼ 1.5 RJ from the spacecraft to the370

bright spot position are 0.6 s and 25 s, respectively, while the wave traveling time is even371

shorter. As a result, the travel times of waves and particles should not be the cause of372

the time differences between UVS spots and wave-particle enhancement detections. As373

a comparison, the spin period of the spacecraft is 30 secs, which is longer than the travel374

time of even the protons. Secondly, the bright spot is evolving with time and the UVS375

image might capture it with a different brightness or with a different extent, in compar-376

ison to the time of field line crossing. This source of uncertainty would explain the mis-377

match in intensity rather than a time difference. Finally, the mapping from the JRM09378

magnetic field model is not perfectly accurate and errors could translate into a time de-379

lay (i.e., Allegrini, Gladstone, et al. (2020)).380

Overall, for the processes related to the bright spot emissions, intense field-aligned381

currents do not seem to be a necessary condition for bright spot emissions, as none were382

detected for PJ15 or PJ33. On the other hand, the fact that the bright spots are almost383

fixed in System III indicates that the processes giving rise to them are anchored to the384

planet. With supporting information from Waves (presence of whistler mode waves) and385

JEDI (up-ward electron beam), wave-particle interactions associated with whistler mode386

waves (Elliott, Gurnett, Kurth, Mauk, et al., 2018) appears as the most plausible pro-387

cess causing the particle acceleration leading to the auroral bright spot emission. How-388

ever, two recent alternative scenarios should also be taken into consideration: 1) mag-389

netic reconnection at Jupiter’s near-planet polar magnetosphere, which could generate390

high-energy electron beams (Masters et al., 2021), and 2) the broadband acceleration due391

to the presence of an ionospheric Alfvén resonator or IAR (Lysak et al., 2021). In or-392

der to better identify the root cause for these intriguing bright spot emissions, further393

information could possibly be found by looking deeper into the high-resolution magne-394

tohydrodynamic simulations of the Jovian magnetosphere and the tangling of the mag-395

netic flux tubes above the poles (see, for example, Zhang et al. (2021)). Other promis-396

ing investigations would result from the future flybys over the bright spot through or be-397

low the particle acceleration region, sampling the downgoing particles and providing a398

direct link between the particle’s behaviors and the emissions.399
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1. Figures S1 to S6

Introduction

The additional information provided here are the electric field spectral density in de-

tails. We also over-plotted the electron and proton cyclotron frequencies to focus on the

intensifications between these two characteristic frequencies. The E/cB ratio plots are

provided to categorize the wave types.
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Figure S1. Electric field spectral density from whistler mode wave observations taken by Juno

Waves instrument over the Jovian polar regions during PJ3. The black line indicates the range

of electron cyclotron frequency and the white line indicates the range of the proton cyclotron

frequency.
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Figure S2. (Top) Electric field spectral density from whistler mode wave observations taken

by Juno Waves instrument over the Jovian polar regions during PJ3. (Bottom) Frequency-time

spectrogram of the E/cB ratio.
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Figure S3. Electric field spectral density from whistler mode wave observations taken by Juno

Waves instrument over the Jovian polar regions during PJ3. The black line indicates the range

of electron cyclotron frequency and the white line indicates the range of the proton cyclotron

frequency.
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Figure S4. (Top) Electric field spectral density from whistler mode wave observations taken

by Juno Waves instrument over the Jovian polar regions during PJ15. (Bottom) Frequency-time

spectrogram of the E/cB ratio.
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Figure S5. Electric field spectral density from whistler mode wave observations taken by Juno

Waves instrument over the Jovian polar regions during PJ33. The black line indicates the range

of electron cyclotron frequency and the white line indicates the range of the proton cyclotron

frequency.
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Figure S6. Frequency-time spectrogram of the E/cB ratio during PJ33. The white line

indicates the range of the proton cyclotron frequency.
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