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Abstract Juno’s first perijove science observations were carried out on 27 August 2016. The 90°
orbit inclination and 4163 km periapsis altitude provide the first opportunity to explore Jupiter's polar
magnetosphere. A radio and plasma wave instrument on Juno called Waves provided a new view of Jupiter’s
auroral radio emissions from near 10 kHz to ~30 MHz. This frequency range covers the classically named
decametric, hectometric, and broadband kilometric radio emissions, and Juno observations showed much of
this entire spectrum to consist of V-shaped emissions in frequency-time space with intensified vertices
located very close to the electron cyclotron frequency. The proximity of the radio emissions to the cyclotron
frequency along with loss cone features in the energetic electron distribution strongly suggests that Juno
passed very close to, if not through, one or more of the cyclotron maser instability sources thought to be
responsible for Jupiter's auroral radio emissions.

1. Introduction

A primary objective of the Juno mission is the exploration of Jupiter’s polar magnetosphere, and an essential
element of this exploration is the in situ observations of processes associated with the generation of Jupiter’s
complex system of auroras that are the brightest in the solar system [Bagenal et al., 2014]. As an element of
Juno’s “auroral suite” of instruments, the Waves radio and plasma wave instrument is designed to explore
Jupiter’s radio emissions and plasma waves that occur on auroral field lines in order to determine the roles
they may play in the physics of Jupiter’s auroras.

Jupiter was among the first sources observed by radio astronomers [Burke and Franklin, 1955]. Terrestrial
observations provided early estimates of the strength of Jupiter's magnetic field under the assumption that
the emissions were generated near f.. = 28|B|, the local electron cyclotron frequency where frequency is in
hertz and the magnetic field is in nanotesla. It is now known that auroral radio emissions are produced near
f.e by the cyclotron maser instability (CMI) [Wu and Lee, 1979]. The Voyager flybys showed that Jupiter’s radio
spectrum was complex and extended to 10 kHz and below [Scarf et al., 1979; Warwick et al., 1979]. See a
review of Jovian radio emissions by [Zarka, 1998]. Other observations of Jovian radio emissions by space-
borne instrumentation were carried out by Ulysses, Galileo, and Cassini. These observations and an extensive
collection of theoretical work provide the basis for Juno’s exploration.

The Juno Waves instrument consists of an electric dipole antenna with a geometric effective length of 2.4 m parallel
to the spacecraft y axis and perpendicular to Juno's spin axis, and a body-mounted search coil magnetometer whose
sensitive axis is parallel to the spin axis. The Waves instrument collects electric spectra from 50 Hz to 40 MHz and
magnetic spectra from 50Hz to 20kHz on a survey basis. For the measurements provided herein, the cadence
was one spectrum every 2s for frequencies below ~150kHz until shortly after perijove. Subsequently and for
frequencies above 150 kHz, the cadence was one spectrum per second. At preselected times, the Waves instrument
can record, at a low duty cycle, waveforms that allow for higher temporal and spectral resolutions. An onboard
algorithm can be used to select which of these are returned to the ground based on the broadband field strength
computed for frequencies <150 kHz when there is insufficient telemetry to send all of them. For the highest
frequencies, waveforms from an ~1 MHz band tuned to include f. are collected [Kurth et al., 2017].
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Figure 1. Geometry of Juno's first perijove. (a) A cylindrical projection of the flyby geometry using the VIP4 model. The
trajectory is indicated with the black dashed line with 2 h ticks. The red contours are isosurfaces for the R-X cutoff with
the log of the frequency indicated. Example VIP4 field lines with a disk current sheet [Connerney et al., 1981] are shown in
blue. The low-latitude R-X cutoff incorporates a modified plasma sheet density model [Imai et al,, 2017c]. The red dots
indicate times when Juno passed through or close to auroral radio sources. (b) Projection of Juno's trajectory onto the
northern hemisphere using the VIP4 model. The green color indicates times when the Waves instrument was in its survey
mode, the red when burst mode was enabled, and the orange indicates a recorded segment of just the 20 kHz electric
field channel. Note that an onboard algorithm is used to decide which data to retain for return to the ground so that actual
burst coverage is not continuous. The double solid black lines indicate the statistical auroral oval from HST observations.
(c) Same as Figure 1b but for the southern hemisphere as viewed from the north (through the planet).

The geometry of the perijove 1 trajectory is represented in two ways in Figure 1. First, the trajectory is shown
in cylindrical magnetic coordinates based on the VIP4 dipole magnetic field model [Connerney et al., 1998] in
Figure 1a. The five red dots labeled A-E indicate times when Juno passed through or close to CMI radio
sources as described below. Figures 1b and 1c show the footprint of the Juno trajectory mapped to the planet
by using the VIP4 magnetic field model. The footprint starts in the north and ends in the south when Juno is
about 10 R, from Jupiter. Magnetic local time and lo phase change rapidly or even discontinuously at
perijove. Figure S1 in the supporting information provides more detail on these variations.

2. Observations

Figure 2 shows the Juno Waves observations from 1 kHz to 30 MHz and from 08:00 on 27 August to 06:00 on
28 August, days 240 and 241, respectively, of 2016 (all dates and times herein are UT). The electric field
spectral density is shown as a function of frequency and time using a gray scale. Note that the baseband por-
tion of the High Frequency Receiver covering the frequency range from about 140 kHz to 3 MHz has reduced
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August 27 - 28, Days 240 - 241, 2016 sensitivity and two temperature-

o dependent noise lines that drift through
this band near a few hundred kilohertz
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sions in the hectometric band are visi-
ble. The black line represents the local
f.e based on the measured magnetic
field intensity [Connerney et al., 2017].
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Figulje 2. Frequency-time spe.ctrogre?m showing electric ﬁeld. spectral tures appear to cover the full spectral
density versus frequency and time using the gray scale on the right. The . .

black trace indicates the electron cyclotron frequency. Possible source range of the emissions. These emissions
crossings are indicated by A-E which correspond to the same letters in are not lo-related because lo’s orbit
Figure 1. The bands near 200 kHz, 2 MHz, and 20 MHz are interference. phase with respect to Juno is not in

the range expected for lo-related emis-

sions [see, for example, Carr et al,
1983]. At higher frequencies, the structures appear as vertex-early (like an opening parenthesis) and
vertex-late arcs (like a closing parenthesis), commonly associated with decametric radiation. In the kilometric
range, the bottoms of the V-shaped structures are likely the “bullseye” features observed by Ulysses [Kaiser
and MacDowall, 1998].

We now examine the possibility that Juno passed through or very close to one or more CMI source regions
during its first perijove pass. The times that we have examined are labeled A-E in Figure 2 and correspond
to the red dots similarly labeled in Figure 1. Based on experience at Earth [Roux et al., 1993; Delory et al.,
1998] and Saturn [Lamy et al., 2010; Kurth et al., 2011] as well as our understanding of the cyclotron maser
instability [Treumann, 2006], we can look for a number of things in the observations that would point to a
CMI source. First, a requirement for CMl is that fce > f,e, Where f, is the electron plasma frequency. Waves
has found few spectral features during perijove 1 that provide a direct measure of f,.. However, from near
8:00 to about 12:15 on day 240 Tetrick et al. [2017] have identified whistler mode emissions in the
frequency range below a few tens of kilohertz. Near 12:12 and 13:30 there is evidence of funnel-shaped
auroral hiss extending up to about 20 kHz. And, there are diffuse emissions we interpret as ordinary mode
radio emissions above about 20 kHz near perijove as seen in Figure 2. All of these suggest that fy. is well
below f. in the polar magnetosphere.

Next, the cyclotron maser instability generates emissions at the relativistic f.. or f../y, where y is the Lorentz
factor (1 — v?/c?)~ 12, possibly corrected by a Doppler shift in the case of nonperpendicular propagation. The
relevant speed v, here, is that of the resonant electrons driving the instability. Hence, we look for times where
the radio emissions close to or just below f. as evidence of a source region. In Figure 3 we show an expanded
frequency-time spectrogram for the event labeled B near 12:12 on day 240 with f.. shown as the white trace.
The Waves survey spectral resolution above 3 MHz is about 1 MHz; hence, it is difficult to accurately compare
to f.e. However, between 12:11 and 12:12 the 4-5 MHz channel shows a peak in intensity, while the bulk of
this band is below the cyclotron frequency. Hence, this is a likely candidate for further examination. The radio
emissions continue to be intense until about 12:16, although it is less clear how close their frequency is to fc.
Note that while the burst mode was enabled (see Figure 1b), the onboard algorithm did not select data from
this time.
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Juno Perijove 1
August 27, Day 240, 2016
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Figure 3. (top) Event B: Waves survey spectrogram showing enhanced radio emissions in the 4-5 MHz band. Bottom three
plots: (top) Observations by the JADE electron instrument showing an energy-time spectrogram and two pitch angle
distributions (middle) for ~0.5 to 2 keV electrons and (bottom) for ~2 to 10 keV electrons. For these northern polar
distributions, 0° pitch angles are upgoing electrons and 180° pitch angles are downgoing particles.

Based primarily on in situ observations at Earth by Viking and FAST [Delory et al., 1998; Roux et al., 1993], we
require a positive slope in the electron distribution perpendicular to the magnetic field as a source of free
energy to drive the instability. Both a loss cone and a horseshoe-like distribution have been observed in
terrestrial auroral kilometric source regions. In addition, the CMI emissions have been tightly tied to field lines
threading active auroras, that is, with precipitating electrons, and presumably low-altitude acceleration
regions. The Jovian Auroral Distributions Experiment (JADE) instrument [McComas et al., 2013] provides high
temporal resolution pitch angle distributions as shown in Figure 3 that are highly suggestive of such distribu-
tions. Near 12:11:45 the pitch angle distributions shown for 483-10,143 eV electrons show an enhanced loss
cone and downgoing electrons, as one would expect. Note that over the northern hemisphere of Jupiter
electrons with pitch angles near 180° are downgoing. It should be noted that the Jupiter Energetic particle
Detector Instrument (JEDI) [Mauk et al., 2014] also records loss cone distributions at higher energies at this
time [Mauk et al., 2017]. The JADE observations during this event are also discussed by Allegrini et al.
[2017]1, who point out loss cone distributions in the interval from ~12:13 to 12:16.

Figure 4 shows evidence for another possible source, labeled C in Figure 2, now in the southern hemisphere.
For this event Waves captured high-resolution measurements around 5 MHz which are shown in the figure
with f. derived from magnetometer measurements superposed. The periodic nulls in the signal are due
to the Waves antenna rotating at the ~2 rpm spin rate of Juno. The fine spectral structure is reminiscent of
structure in other CMI emissions observed at Earth [Gurnett et al., 1979], Saturn [Kurth et al., 2005], and
Jupiter [Carr and Reyes, 1999; Ryabov et al., 2014]. These observations show that the hectometric emissions
occur just above and even slightly below f. in this time interval, particularly near 13:30:20. The rising tone
features well below f., from 13:28:45 to 13:29:20 and again around 13:30:20 are thought to be artifacts of
the receiver response. Also shown in Figure 4 are JADE ion and electron energy spectra and electron pitch
angle distributions. Here the ion spectrum suggests evidence for ion acceleration, a reasonable expectation
on auroral field lines. The ion energy is as observed in the spacecraft frame since the spacecraft velocity of
~50km/s translates only to order 10eV. In the southern hemisphere, electrons near 0° pitch angle are
precipitating. There is a period of enhanced downward going electrons near 13:29:40; the existence of a loss
cone is unclear although present before and after this time. Louarn et al. [2017] show the electron distribution
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Juno Perijove 1
August 27, Day 240, 2016
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Figure 4. (top) Event C: High-resolution Waves spectrogram with arrows showing times when auroral radio emissions are
very close to fce (white line). Bottom three plots: (top) An ion energy-time spectrogram showing evidence of ion
acceleration to several keV. (middle) An electron energy-time spectrogram showing a power law-like distribution and
(bottom) an electron pitch angle distribution with downgoing beams and loss cones for the upgoing electrons. Here at
southern latitudes 0° pitch angles show downgoing electrons and 180° pitch angles show upgoing electrons.

function for this time and conclude that the loss cone is adequate to drive the CMI over the interval from
about 13:27:40 to 13:29:10 and possibly to 13:29:40. Because of the Doppler shift, they would expect the
emission ~200 kHz above f.. at 13:28:50, similar to that seen early in Figure 4. Evidence for a loss cone
during this time period is also found in the more energetic JEDI electrons.

Both events B and C near 12:12 and 13:30 show spectra extending to and even below f., exhibit intensifica-
tions, and show downward going electron fluxes along with a loss cone for upward going electrons. All of
these are suggestive of a local source for CMI emissions and in line with our expectations based on in situ
observations at Earth.

Figure 2 highlights three other times when we suspect radio source crossings; these are identified as events
A, D, and E. For these events, Juno was more distant from Jupiter; hence, the local f. was lower, and the radio
sources in question are in what is traditionally called the kilometric wavelength range. Event A is a brief epi-
sode of broadband kilometric radiation occurring just above f., between 8:40 and 9:30 on day 240. There are
no Waves burst data for this time period, and the survey data do not clearly show the radio emissions drop-
ping below f... However, near 8:48 JADE observes an increase in flux at 2-4 keV with a suggestion of a down-
going beam of electrons (not shown). There is insufficient evidence to identify this as a source crossing.

Event D occurs over an interval from about 18:00 to 19:40 on day 240, with a clear intensification centered on
about 19:30. High-resolution data in Figure 5 show the extension of the radio emissions down to within 1 kHz
or so of f.. near 18:37. This spectrogram is also noteworthy as another example of spectral complexity in the
radio emissions. The electron data during this period have not been examined for evidence of a free energy
source for the CMI. Short of this analysis, we again classify this event as a close flyby of a source.
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Juno Waves, Perijove 1
August 27, Day 240, 2016
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Figure 5. Event D. High-resolution Waves observations showing the extension of broadband kilometric radiation to close
to fee and extensive frequency-time structure as is often seen for CMI emissions.

Event E extends from 21:20 to 22:40 on day 240. Here the Waves survey data clearly show the radio emission
approaching f... Near 21:24 and 21:58 f, lies in the middle of Waves survey channels with ~12% Af/f spectral
resolution. The JADE observations show evidence for intense electron acceleration to energies of order
10 keV with an inverted-V signature [P. Louarn, personal communication, 2016]. At ~10 R, from Jupiter, it is
not clear whether JADE would be able to resolve a loss cone feature in the pitch angle distribution. Event
E remains a good candidate for an in situ radio source.

3. Discussion and Summary

The Juno Waves observations from perijove 1 reveal an overall structure for non-lo-related Jovian auroral
radio emissions that consists primarily of V-shaped emissions in frequency-time spectrograms in which the
vertex falls close to the local electron cyclotron frequency where the emissions are generally more intense.
The intensification and the proximity of the emission to f.. provide the suggestion that at these times the
spacecraft is close to a source region. For some of the events, closer inspection shows that the emission is
at or even below f.. and the electron distribution function sometimes shows downgoing beams and upgoing
loss cones. Louarn et al. [2017] show that loss cone distributions observed in the vicinity of Event C are suffi-
cient to drive the cyclotron maser instability. Mauk et al. [2017] report loss cone features in the more energetic
electron observations made by the JEDI instrument at similar times as those of interest, here. Hence, it will be
important to consider the full range of electron distributions before a final assessment of the distribution
responsible for the radio emissions. We note, however, that for the possible sources noted in the present
work, the fact that the radio emissions are not far below f.. suggests that the resonant electrons cannot
be much above the JADE electron energy range.

The V-shaped emissions observed are almost certainly the result of the relative motion of Juno with respect
to CMI sources having thin conical sheet beaming patterns with large opening angles [Kaiser and MacDowall,
1998; Queinnec and Zarka, 1998]. There are V-shaped emissions both near AKR sources at Earth and Saturn,
although these are typically filled as opposed to the narrow features in Figure 2. Louis et al. [2017] shows that
some decametric emissions near Perijove 1 have V-shaped emissions that are well modeled by simulations.
This suggests the V shape may be related to sources that are restricted to one or a small set of field lines.
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Future work will include modeling the frequency-time structure with tools such as those described by Louis
et al. [2017] and Imai et al. [2017a, 2017b].

While there are few specific spectral features that provide accurate plasma frequencies, it appears that fy,c is
of order 20 kHz throughout the Jovian polar region, hence, f.. » f,e for at least events B and C. The situation is
similar to that at Saturn where the density is so low that there is no need for plasma cavities such as that occur
over Earth’s auroral regions to meet the f.. » f, requirement for the cyclotron maser instability.

Hess et al. [2008] examine various mechanisms by which electron acceleration events observed by the Galileo
plasma instrument near lo might generate CMI emissions. Provided the plasma density in the source region is
sufficiently low that Earth-like plasma cavities are not required, they favor an oblique instability driven by
heating which generates emissions with beaming angles that vary along the lo flux tube with smaller angles
at larger magnetic field strengths (lower altitudes, higher frequencies). While the emissions reported herein
are not lo-related, it is likely similar conical beaming occurs.

The first examination of radio emissions from low altitude, high latitude with Juno provided an illuminating
view of V-shaped frequency-time structures with vertices near f.. and sometimes covering virtually the full
spectral range from kilometric to decametric frequencies. Juno came at least close to up to five radio sources
over about 18 h near closest approach. For some of the near-source crossings, electron observations at
energies of a few to tens of keV show loss cone and beam features that are reminiscent of terrestrial auroral
kilometric sources. Louarn et al. [2017] provide evidence that the distribution for Event C is sufficient to drive
the cyclotron maser instability, consistent with the observed emissions. It remains to model the observed
sources, as done by Louis et al. [2017] for lo-related emissions, to show that they can result in the V-shaped
frequency-time structures and to further investigate the energetic electron distributions for their ability to
drive the radio emissions. These observations, however, serve to confirm that the CMI process is a universal
process for the generation of auroral radio emissions.
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