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Key Points:

e Whistler-modes, electron cyclotron harmonics, upper hybrid band and radio emissions
are detected in and near Ganymede’s magnetosphere

e Three distinct regions in and near the magnetosphere are observed, wake, nightside, and
dayside

e The dayside ionosphere exhibits higher and more variable electron densities than does the
nightside.
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Abstract

The Juno Waves instrument measured plasma waves associated with Ganymede’s
magnetosphere during its flyby on 7 June, day 158, 2021. Three distinct regions were identified
including a wake, and nightside and dayside regions in the magnetosphere distinguished by their
electron densities and associated variability. The magnetosphere includes electron cyclotron
harmonic emissions including a band at the upper hybrid frequency, as well as whistler-mode
chorus and hiss. These waves likely interact with energetic electrons in Ganymede’s
magnetosphere by pitch angle scattering and/or accelerating the electrons. The wake is
accentuated by low-frequency turbulence and electrostatic solitary waves. Radio emissions
observed before and after the flyby likely have their source in Ganymede’s magnetosphere.

Plain Language Summary

Observations of plasma waves during the Juno flyby of Ganymede on 7 June 2021 provided
evidence of a wake region downstream of the flow of Jupiter’s magnetosphere past the moon as
well as two distinct regions within Ganymede’s magnetosphere. Some narrowband wave
features enabled the determination of the density of electrons in the magnetosphere. Other
intense emissions known as chorus and hiss likely interact with energetic electrons and may be at
least partially responsible for auroras seen on the moon. Radio waves detected near Ganymede
are likely generated in its magnetosphere.

1 Introduction

Just prior to the end of its prime mission, Juno flew by Ganymede (Hansen et al., this issue). The
flyby takes advantage of Juno’s advanced instrument complement to study details of the plasma,
energetic particles and fields involved in this interaction. This paper focuses on plasma waves in
Ganymede’s magnetosphere.

Galileo plasma wave and magnetic field measurements revealed the existence of Ganymede’s
magnetosphere during its first flyby of the moon (Gurnett et al., 1996; Kivelson et al., 1996).
Additional Galileo studies included 6 close flybys. The plasma wave observations showed a
variety of emissions commonly associated with planetary magnetospheres, including whistler-
mode emissions, electron cyclotron harmonics, a band at the upper hybrid frequency, broadband
noise bursts at the magnetopause, and even radio emissions emanating from the moon’s
magnetosphere (Gurnett et al., 1996; Kurth et al., 1997).

The Juno spacecraft executed a close flyby of Ganymede at 16:56 on 7 June, day 158, 2021 with
a closest approach altitude of 1046 km. The trajectory approached Ganymede over its leading
hemisphere or downstream from the moon relative to the co-rotational flow of Jupiter’s
magnetospheric plasma. The trajectory projected into the z-x and y-x planes is shown in Figure
1 using Ganymede-centered co-rotational coordinates (sometimes referred to as Gpnio). The +z
axis is parallel to Jupiter’s rotational axis and the +x axis is parallel to the nominal co-rotational
plasma flow. The +y axis is in the direction of Jupiter. The radius of Ganymede (Rg) is 2631.2
km. The blue, green, and red bars denoted with the numbers 1, 2 and 3 identify regions observed
in Ganymede’s magnetosphere and will be used to organize the discussion of the Waves
observations.
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Figure 1: A summary of the geometry of the Juno flyby in co-rotational coordinates (a) projected
into the z-x plane and (b) projected into the y-x plane. The red ‘whiskers’ indicate the component of
the magnetic field as measured by the Juno Magnetometer in that plane. The colors indicated on the
trajectory are the log of the electron density inferred from f,». The blue, green, and red bars are
regions identified by differing characteristics in the plasma wave spectrum.

The Juno Waves instrument is described by Kurth et al. (2017). For the purposes of this paper
the instrument covers the frequency range of 40 Hz to 40 MHz using a short electric dipole
antenna and from 40 Hz to 20 kHz using a search coil magnetometer. The effective axis of the
electric antenna is in the spacecraft y-direction while the search coil’s sensitive axis is parallel to
the spacecraft z axis (spin axis). The response of the electric antenna is given in Sampl et al.
(2016; 2021). For the observations included in this paper, three receivers were used. The low-
frequency receiver high band (LFRH) is used for the electric component of the highest frequency
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waves (10 to 150 kHz). Two receivers (LFRL and LFRB) covering 40 Hz to 20 kHz are used for
simultaneous electric and magnetic spectral measurements. The LFRH (LFRL/B) receiver
obtains digitized waveforms at 16-b resolution sampled at 375 ksps (50 ksps) consisting of 6144
samples each, once per second. For continuous survey observations, these waveforms are Fourier
transformed onboard with the resulting components combined to yield quasi-logarithmically
spaced spectra with ~18 channels per decade of frequency. The waveforms can also be
downlinked forming a burst mode data product.

2 Observations

Figure 2 provides an overview of the Waves burst mode observations near Ganymede in context
with electron energy spectra. Panel a shows the energy-time spectrogram for electrons above
about 30 keV (Clark et al., this issue) from the Jovian Energetic Particle Detector (JEDI) (Mauk
et al., 2013). The lower energy electron spectra (<32 keV) (Allegrini et al., this issue) from the
Jovian Auroral Distributions Experiment (JADE) (McComas et al., 2013) are given in panel b.
Panel c is a plot of the electron density determined from the frequency of the upper hybrid
resonance fy; band fu,? = fpe> + foo” seen in the spectrogram from the LFRH band of the Waves
receiver in panel d. Here fy. is the electron plasma frequency which is related to the electron
number density by f,. [Hz] = 8980V, [cm™] and electron cyclotron frequency fi [Hz] ~ 28/B]|
[nT] where |B| is obtained by the Juno Magnetometer (Connerney et al., 2013). Bands at f,;, are
also seen outside of Ganymede’s magnetosphere prior to the flyby (not shown) giving densities
of 5-6 cm™ and after 17:05 near 22 kHz giving an electron density of 6.5 cm™ with densities up
to about 12 cm™ somewhat later. Panels e and f of Figure 2 show frequency-time spectrograms
of the electric and magnetic fields up to 12 kHz, respectively, from the LFRL and LFRB
receivers. Superposed on panels e and fis a white line representing fce.

Panels d-f in Figure 2 show two very different intervals associated with Ganymede. From
~16:43 to 16:50 is Region 1 accentuated by broadband bursty electrostatic emissions.
Examination of the waveforms shows occasional electrostatic solitary waves (ESWs) that are
found with low frequency turbulence observed in this wake region. Some examples of the
waveforms are provided in the Supporting Information (SI) Figure S1. One can tell from the fc.
overlaid on Figure 2e and f that the magnetic field is weak and variable. We identify Region 1 as
a wake whereas the interval from 16:50 to 17:00 is Ganymede’s magnetosphere based on a
change in composition and magnetic field (Allegrini et al., this issue; Romanelli et al., this issue).
The outbound magnetopause crossing, near 17:01 is marked with ESWs. We further subdivide
the magnetosphere into two regions (identified as 2 and 3) below.

Early and late in Figure 2d is a band of radio emissions between about 50 and 60 kHz. Gurnett
et al. (1996) and Kurth et al. (1997) identified similar emissions as originating in Ganymede’s
magnetosphere. There are several lines of evidence that suggest the emissions in Figure 2, also,
are from Ganymede. First, shown in Figure S2 in SI, a long-term display of emissions in the
kilometric wavelength range leading up to the Ganymede flyby shows a number of features that
appear with a period near 10 hours, reflecting Jovian radio emissions beamed as Jupiter rotates
every ~ 9h 55m. The radio emissions near Ganymede do not fit into these periodic patterns.
Second, these emissions seem to be noticeably more intense than the earlier emissions, even
considering a 1/r* intensity relationship as Juno approaches Jupiter. Third, the direction-of-
arrival of these emissions using the rotating dipole technique (Kurth et al., 1975; Imai et al.,
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Figure 2: A summary of electron observations and radio and plasma wave observations from the Juno
Ganymede flyby. (a) Energetic electron energy-time spectrogram from the JEDI instrument. (b)
Plasma electron energy-time spectrogram from the JADE instrument. (c) Electron densities inferred
from the f,» band shown in (d). (d) Electric field spectrogram from 10 to 70 kHz. (e) Electric field
spectrogram from 40 Hz to 12 kHz. (f) Magnetic field spectrogram from 40 Hz to 12 kHz. The white
trace superposed in panels e and f is f..

116  2017) is inconsistent with a source near Jupiter. Finally, the frequency of the emissions is

117  similar to the peak frequency of upper hybrid emissions observed by Juno, allowing for the

118  conversion of electrostatic waves to the ordinary mode radio waves by a mode conversion

119  mechanism (c.f. Oya, 1971; Jones, 1980; Fung & Papadopoulos, 1987) even though Juno did not
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appear to cross the source(s) directly. These characteristics are similar to those noted by Gurnett
et al. (1996) and Kurth et al. (1997).

The other phenomenon in Figure 2d is a set of electron cyclotron harmonic emissions (ECH) in
Ganymede’s magnetosphere rising from about 10 kHz at 16:50 to a peak near 50 kHz at 16:58
and decreasing in frequency until they disappear near 17:00. These are shown in greater detail in
Figure 3. Before 16:52, there are multiple ECH bands extending to the 10™ harmonic or even
higher. Between 16:52 amd 16:57, there are typically only two intense bands. We have
highlighted in blue the upper hybrid resonance band. Kurth et al. (1980) and Kurth (1982)
showed that the ECH band containing f. is typically the most intense. Hence, particularly for
the Juno observations after about 16:52, we can explain the spectrum by the variation of f
between the 4 and 6™ electron cyclotron harmonics. The apparent abrupt changes in density
near 16:53, 16:54, and 16:55 are due to f,» moving from one ECH band to another and are likely
more abrupt than the true change in density. Prior to 16:52, it is difficult to be sure that we have
selected the correct band as that including f,»,. Our method was to select the most intense band
based on earlier work, such as Kurth et al. (2015).
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Figure 3: A detail of the electron cyclotron harmonic emissions from ~10 to 55 kHz. The red traces are
harmonics of f;.. The emission identified as f. is highlighted in blue.

A remarkable feature of the resulting electron density profile in Figure 2c¢ is the dual character of
the curve. In Region 2 the density increases to a local maximum near closest approach quite
smoothly. However, after 16:57 (Region 3), the density jumps by a factor of ~two and exhibits
large fluctuations with time. Clearly, these two different characters are suggesting two
significantly different regions in Ganymede’s magnetosphere. Another remarkable feature of the
density profile (observed most readily in Figure 3 at 16:59:15) is a very sharp, well-defined
spike, peaking at 30 cm™ and having a width of about 8 seconds. At Juno’s Ganymede-relative
speed of 18.5 km/s, the structure has a width of ~150 km.
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146 Turning, now to the lower frequencies, shown in Figure 2(e and f), we discuss primarily whistler
147 mode emissions. Between ~ 16:50 and 17:00 at frequencies below f.. are emissions we

148 recognize as whistler modes since they are below both f.. and f,.. This interval includes Regions
149 2 and 3 and begins as Juno leaves the wake region at the inbound magnetopause crossing and
150  ends near the outbound magnetopause crossing. Figure 4 shows these emissions using a log

151  frequency scale and adds a computation of the electric to magnetic field strength E/cB. Figure 4,
152 panels a and b, show the electric and magnetic spectra up to 20 kHz with f.. superposed by the
153 solid white line and f../2 using the dashed white line. The magnetopause crossing times are from
154  Romanelli et al. (this issue) with the thick arrow at the outbound one indicating the extended

155  magnetopause discussed in that paper. Between 16:50 and 16:52, relatively narrowband and

156  bursty electromagnetic emissions are seen just below f../2.
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157

158  Figure 4: Details of the electric and magnetic spectra observed in Regions 1, 2, and 3 using a logarithmic
159  frequency scale. (a) Electric field spectrogram. (b) Magnetic spectrogram. (c) E/cB vs. frequency and
160  time; values near 1 indicate electromagnetic emissions. Ratios >> 1 indicate electrostatic or quasi-

161  electrostatic emissions.

162  From 16:52 in Region 2 until about 16:57, there are two band-limited whistler-mode emissions
163 centered near 2 kHz and several hundred Hz. Expanded frequency-time spectra are consistent
164  with chorus (Figure S3), although clearly distinct rising or falling tones are difficult to identify
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given the instrument duty cycle. Beginning around 16:57 (Region 3) the emission becomes
broader in frequency, extending down to the 40-Hz lower limit of the Waves instrument and
suggests a hiss-like character. At the same time, the upper chorus band is attenuated above
several hundred Hz. The time of this spectral change coincides approximately with the abrupt
change in the electron density and its transition from relatively smooth to highly variable.

Figure 4c examines the electrostatic vs. electromagnetic character of the waves. An
electromagnetic wave would be expected to have an E/cB ratio of near 1, whereas electrostatic
waves would have large ratios. For example, the low-harmonic ECH waves between 16:50 and
16:51 show a large E/cB ratio as would be expected for these electrostatic emissions that only
appear in panel a. The bursty chorus emissions below f.. between 16:50 and 16:52 have an E/cB
ratio near 1 suggesting electromagnetic waves propagating nearly parallel to B. The two
emission bands after about 16:52 show starkly different ratios of E/cB. The upper band from
16:52 to near 17:00 is quasi-electrostatic, showing a large E/cB whereas the band below about 1
kHz is more clearly electromagnetic. That the lower frequency band appears to have a E/cB
ratio of less than one reflects the fact that the electric antenna rotates and is not always aligned
with the wave electric field, hence, the electric field is underestimated. The quasi-electrostatic
nature of the band above 1 kHz is likely due to whistler mode emissions propagating obliquely
near the resonance cone whereas the lower frequency electromagnetic band likely has a wave-
normal angle nearly parallel to B. The broadband hiss feature appearing near 16:57 and later
(Region 3) is clearly electromagnetic in nature.

Near 16:57:30 the obliquely propagating band shows a distinct decrease in amplitude, shortly
after the change in character of the electron density profile. This band recovers in intensity,
somewhat, about a minute later. The decrease in amplitude of the obliquely propagating hiss
accompanies the appearance of the more nearly parallel-propagating hiss.

When there is a substantial component of Jupiter’s magnetic field parallel to the spacecraft x
axis, the phase relation between the electric and magnetic signals from the dipole antenna and
search coil can be used to determine a component of the wave’s Poynting flux, S, either parallel
or anti-parallel to the magnetic field (Mosier & Gurnett, 1969; Kolmasova et al., 2017). In this
case a parallel (anti-parallel) component of S would indicate waves propagating towards (away
from) Ganymede. Later in the interval, the orientation of B is favorable for such determinations.
The whistler mode hiss observed primarily in Region 3 exhibits a component of the Poynting
vector parallel to B, hence, towards Ganymede. This would imply that the electrons generating
these waves are moving away from the moon, assuming first order cyclotron instability. An
example of the phase analysis supporting this result is given in Figure S4 in the supporting
information.

3 Discussion

The plasma wave observations during the Juno flyby on orbit 34 reveal three distinct regions
associated with Ganymede’s magnetosphere. In time order, the first is best described as a wake
region, extending from near 16:43 to the magnetopause at 16:50. The region is characterized by
bursty emissions, mostly electrostatic but with some low-frequency magnetic components seen
most readily in Figure 4b. This turbulence may be the upper extension of Alfvén waves related
to the lower frequency magnetic fluctuations. The magnetic field goes through a minimum in this
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region. There are no features that can be associated with the plasma frequency or upper hybrid
frequency in this region, hence, we have no information on electron density, although the JADE
instrument observes compressed, heated plasma in this region and measures electron/heavy ion
densities of ~3 to ~20 (average ~7) cm™ / ~6 to ~24 (average ~15) cm™ here (Allegrini et al., this
issue). The bursty emissions are reminiscent of broadband electrostatic noise (Gurnett & Frank,
1977) later determined to be electrostatic solitary waves by Matsumoto et al. (1994). As shown
in SI (Figure S1), there is evidence of electrostatic solitary waves, but likely other modes, as
well. Duling et al. (2014) and Jia (2015) suggest Ganymede’s wake may be the site of
reconnection of fields that originally reconnected on the upstream side of the magnetosphere.
Romanelli et al. (this issue) argue that evidence for reconnection on the upstream magnetopause
is observed by Juno and the ESWs observed by Waves (Figure S5) supports this. ESWs are an
end-stage of a non-linear evolution of current instabilities (Matsumoto et al., 1994) and would be
expected in the magnetotail and magnetopause regions as they are current-carrying boundary
layers. Jia suggests this reconnection is intermittent and bursty on the upstream magnetopause
and that the reconnection in the tail serves to return magnetic flux and may drive particle
acceleration. The resulting dynamics may include depressions in the magnetic field as observed
by Juno and heated plasma as reported by the JADE instrument (Allegrini et al., this issue).

The two regions in the magnetosphere are characterized by whistler-mode and ECH emissions.
We distinguished these two regions based on the nature of the observed electron densities
(Figure 2¢). From 16:50 to 16:57 the densities rise to a peak at ~ 15 cm™ at closest approach
with only minor variations. In the second region, the densities peak at a factor of two higher,
near 30 cm™ and with sporadic variations. Why do these two regions have such different
electron density profiles? It seems clear that Juno crossed a boundary near 16:57 between two
very different magnetospheric regions that was apparently not observed by Galileo (c.f. Eviatar
et al., 2001). One possibility is that Juno crossed a region of closed magnetic field lines in
Region 2 meaning both ends of the field are in Ganymede. Region 3, then, would be on open
field lines, with one foot in Ganymede and the other in Jupiter. Romanelli et al. (this issue)
suggest a region of closed field lines extending from about 16:54 to 16:58, but neither of these
boundaries correspond to the time of the change between the two regions of density character.
But, Allegrini et al. (this issue), Clark et al. (this issue) and Duling et al. (this issue) argue no
closed field lines were crossed by Juno.

Another possible explanation of the different nature of regions 2 and 3 lies in the fact that Juno
crossed from the nightside to the dayside at about this same time. Juno’s local time with respect
to Ganymede crossed 6 hours at about 16:56:40. Further, modeling by Duling et al. (this issue)
indicates Juno crossed from magnetic field lines with one foot on Ganymede’s nightside to
having that foot on the dayside at about the same time. While a higher ionospheric density on
the dayside is to be expected, one might question whether the change could be this abrupt. But,
since a day on Ganymede is about 7 Earth days, the rotation is not rapid and even near the dawn
terminator the dayside ionosphere has had the advantage of solar illumination and
photoionization for a comparatively long time. The solar heating may also lead to larger electron
temperatures and, therefore, large and maybe irregular transport along field lines, leading to the
variable density, but we admit that we have not developed a theory for this.

Buried within the dayside region is a singular spike with a density of 30 cm™ isolated within an
8-second interval. We’ve found no complementary observations from either the magnetometer
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or particle instruments that coincide with this feature. The simplest explanation is that this is a
duct. We have also considered that this might be a plume, but so far from the moon, it seems
unrealistic to see a plume confined to just ~ 150 km. Also, there is apparently no magnetic field
fluctuation one might expect with a plume.

The whistler-mode emissions seen throughout the magnetosphere, are of course, a common
feature of planetary magnetospheres (c.f. Kurth & Gurnett, 1991). They can be important both
for the acceleration of electrons (Thorne et al., 2013) and for pitch-angle scattering (Li et al.,
2021a). The upper band which appears in Figure 4 as being quasi-electrostatic is propagating
obliquely with a wave-normal angle near the resonance cone. Li et al. (2016) show that at Earth
a simple temperature anisotropy is insufficient to generate obliquely propagating chorus, but that
the emission can be caused by a low-energy beam-like distribution. But, Santolik et al. (2010)
show that highly anisoptropic injected electrons can generate oblique, upper-band chorus. These
oblique waves may result in filling the downward (toward Ganymede) loss cone. The obliquely
propagating chorus may play a major role in precipitating electrons below a few hundred eV (Li
et al., this issue), contributing to Ganymede’s aurora (Allegrini et al., this issue; Saur et al., this
issue). The lower band is electromagnetic in nature, hence, is propagating quasi-parallel to the
magnetic field. This band can be driven by a temperature anisotropy in the electron distribution.
The hiss extending to lower frequencies would imply interactions with higher energy electrons
(Lietal., 2021b).

The plasma and radio waves observed near Ganymede by Juno are reminiscent of those observed
by Galileo (Gurnett et al., 1996). One major difference is the extended wake region traversed by
Juno that Galileo did not cross. The Juno observations are also supported by particle
measurements with good pitch angle coverage and composition measurements. The Juno wave
measurements, with simultaneously recorded electric and magnetic waveforms allow, in some
cases, the determination of the sign of a component of the Poynting flux, i.e. parallel or anti-
parallel to Ganymede’s magnetic field.

4 Conclusions

Juno executed a flyby (1046 km) of Ganymede before its 34™ perijove. The Juno Waves
instrument measured plasma waves associated with Ganymede’s magnetosphere, including
whistler-mode chorus and hiss, ECH bands including a band at f.s, and ESWs associated with
Ganymede’s magnetopause and wake. The f., provides a measure of #n., revealing two distinct
regions in the magnetosphere: one with smoothly increasing density to a peak near 15 cm™ and
a more disturbed region with peak densities near 30 cm™ during the outbound passage. The
boundary between these two regions occurs as Juno moves from the nightside to dayside
ionosphere, perhaps providing the additional electron density and even turbulence observed. The
Juno trajectory approached Ganymede on its corotational wake hemisphere (orbital leading
hemisphere). Here, Waves found broadband bursts of plasma waves including ESWs
demarcating entry into an extended wake with continuing bursty emissions up to the
magnetopause. Multiple ECH emissions are observed just inside the magnetopause evolving
into just one or two bands near f,». These bands were observed to just beyond a local peak in the
density at closest approach before a much more disordered set of emissions at the f.,. Below fc.
whistler-mode emissions are observed. These include both quasi-parallel and obliquely
propagating chorus as well as quasi-parallel hiss. ESWs were also observed at the outbound
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magnetopause crossing. A narrowband radio emission observed near 50 kHz, before and after the
flyby, is likely generated in Ganymede’s magnetosphere via mode conversion from electrostatic
waves at frequencies related to fye.
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