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Abstract Juno passed by Europa at an altitude of 355 km on 29 September, day 272, 2022. As one of Juno's
in situ science instruments, the Waves instrument obtained observations of plasma waves that are essential
contributors to Europa's interaction with its environment. Juno observed chorus, a band at the upper hybrid
frequency providing the local plasma density, and electrostatic solitary structures in the wake. In addition,
impulses due to micron-sized dust impacts on Juno were recorded with a local maximum very close to Europa.
The peak electron density near Europa was ~330 cm~ while the surrounding magnetospheric density was in
the range of 50~150 cm~3. There was a significant separation between the Europa flyby and Juno's crossing of
Jupiter's magnetic equator, enabling a unique identification of effects associated with the moon as opposed to
magnetospheric phenomena normally occurring at the magnetic equator near 10 Jovian radii.

Plain Language Summary Plasma waves are electromagnetic fields occurring in a plasma due

to motions of the charged particles comprising the plasma. These waves can arise at various locations and at

a range of frequencies depending on many factors, such as the number density of charged particles and the
strength of the magnetic field. Here we discuss plasma waves observed by Juno during its 355-km flyby of
Europa on 29 September 2022. Some waves, called upper hybrid resonance emissions can provide information
on the plasma density. Other waves, called electrostatic solitary waves are indicative of electron beams in the
plasma. And yet other waves, called whistler-mode chorus, are important in the interchange of energy between
electrons and the waves, resulting in the acceleration of the electrons. Each of these types of waves were
observed near Europa by the Juno plasma wave instrument and they are diagnostic of Europa's interaction with
the Jovian magnetosphere. The Waves instrument also detects electrical impulses due to the collision of the
spacecraft with dust grains moving at over 23 km/s that allow a determination of the concentration of dust near
Europa.

1. Introduction

On 29 September, day 272, 2022, Juno passed by Europa at an altitude of 355 km over the leading hemisphere
which is also the downstream hemisphere relative to the co-rotational flow of magnetospheric plasma past the
moon. Europa is the subject of intense interest due to its liquid water ocean (Khurana et al., 1998; Kivelson
et al., 2000) and potential for habitability (Pappalardo et al., 2013). The ocean under Europa's icy crust was
inferred from the Galileo magnetometer observations (Kivelson et al., 1992) that revealed magnetic induction
in an electrically conductive interior (Khurana et al., 1998). Hence, the magnetospheric interaction of this moon
with the Jovian magnetosphere is of importance to how the moon relates to its environment. The observations
of possible plumes (Roth et al., 2014; Sparks et al., 2017) suggests current geologic activity. Jia et al. (2018)
retrospectively examined magnetic field and plasma wave data from the Galileo E12 flyby and used modeling
to make a case that Galileo may have observed a plume in situ. Hence, plasma waves play an important role in
understanding Europa's magnetospheric interaction. This interaction manifests in an auroral spot in Jupiter's
ionosphere (Bonfond et al., 2017; Moirano et al., 2021) as well as a relatively short tail extension in the direction
of corotation. This is evidence of an electromagnetic interaction including an Alfvén wing (Volwerk et al., 2007),
currents, and electron beams connecting Europa to Jupiter.
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Galileo provided the first observations of plasma waves in the vicinity of Europa (Gurnett et al., 1998; Kurth
et al., 2001). These observations provided electron densities in the vicinity of Europa via the frequency of the
upper hybrid band f,, or the ordinary mode cutoff at the electron plasma frequency f,,. Whistler-mode emissions
were reported in the vicinity of Europa as well as broadband electrostatic noise.

This paper provides an overview of Juno plasma wave observations near Europa more than 20 years after Gali-
leo's last flyby of the moon (E26). While not delving into any one aspect of Europa's plasma wave environment
in detail, it provides a bridge to new observations in the next decade by the JUICE (Jupiter Icy Moons Explorer)
and Europa Clipper missions.

2. Observations

The geometry of Juno's flyby of Europa is given in Figure 1 in the so-called EPhiO Europa-centered co-rotational
coordinates in which X is in the direction of co-rotation, Z is parallel to Jupiter's spin axis, and Y completes the
orthogonal system and points in the direction of Jupiter (Joy & Mafi, 2002). The flyby occurred at a Jovicentric
magnetic local time of 18.75 hr and the System III longitude was 136°. From Figure 1 one can see that closest
approach is within the geometric wake and near Europa's equator. Juno is within the geometric wake for approx-
imately 3 min from ~09:34 to 09:37 UT. During the flyby, Juno moves from south to north and toward Jupiter.

The Juno Waves instrument is described in Kurth et al. (2017). The instrument provides simultaneous and orthog-
onal detection of one magnetic and one electric component of waves in the range of 50 Hz to 20 kHz. The meas-
ured magnetic component is parallel to Juno's spin axis (z-axis) and the electric antenna measures fields parallel
to the spacecraft y-axis. The spacecraft x-axis is aligned with the solar panel supporting the magnetometer boom.
Hence, the x- and y-axes define the spin plane of Juno. This configuration allows, when there is a sizable compo-
nent of Jupiter's magnetic field parallel to the spacecraft x-axis, the determination of the sign of the Poynting
flux of electromagnetic waves relative to the Jovian field, that is, parallel or anti-parallel (Kolmasova et al., 2018;
Mosier & Gurnett, 1971). Waves also measures the electric field to frequencies as high as 40 MHz.

Figure 2 shows the context of the plasma waves near Europa during the perijove 45 flyby. The plasma wave obser-
vations are from the burst mode in which continuous waveforms are simultaneously collected for ~122 ms from
the search coil magnetometer and electric field antenna from 50 Hz to 20 kHz. These are Fourier transformed on
the ground to produce the frequency-time spectrograms in panels d and c, respectively. A spectrum is computed
every second in this mode. Panel ¢ shows the electric field from 10 to 150 kHz. Panel a gives the electron density
n, based on the frequency of upper hybrid waves in panel ¢ using n, = f7/8980% = ( uzh - ff(,) /8980% where
., 18 the upper hybrid resonance frequency, f,, is the electron cyclotron frequency (281B,| in nT), and f,, is the
electron plasma frequency. All frequencies are in Hz and the electron density is in cm~>. The magnetic field B, is
measured by the Juno magnetometer (Connerney et al., 2017). As a special case of electron cyclotron harmonic
emissions, upper hybrid emissions discontinuously jump between bands, hence the plasma frequency derived
from these emissions is limited in accuracy by order f, . Panel a shows that for the region surrounding Europa, the
electron density is in the range of ~50-150 cm~ but with a significant peak at Europa, discussed below.

The interval shown in Figure 2 is extended earlier in time to include Juno's crossing of the magnetic equa-
tor because that is the location of significant wave activity in the Jovian magnetosphere at this radial distance
whether Europa is nearby or not. Specifically, strong electron cyclotron waves occur between harmonics of f,,
as seen in Figure 2b and whistler-mode chorus is seen above and below f, /2 as evidenced by discrete elements
shown in Figure S1a in Supporting Information S1. Whistler mode emissions can be seen at even lower frequen-
cies in panels ¢ and d. These emissions are distributed around the magnetic equator, which was crossed near
08:58 UT. The Europa flyby on the other hand, is at 09:36:29, occurring at a magnetic latitude of about 5.1°.
Hence, in the following discussion we are confident that the plasma waves near Europa are specific to the
Europa-magnetosphere interaction.

Figure 3 shows an expanded view of plasma waves within about 4 Europa radii (R,) of the moon. The format of
Figure 3 is similar to that in Figure 2 except that we have used a logarithmic frequency axis for the low-frequency
panels (c—e) and added panel e to show the ratio of E/cB (c is the speed of light, B is the wave magnetic field and
E is the wave electric field), a way of distinguishing between electromagnetic and quasi-electrostatic emissions
(cf. Gurnett & Bhattacharjee, 2017). The expanded time scale allows details of the upper hybrid frequency-time
structure, particularly near the peak density ~09:35:30 where these emissions appear to step down in regular
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Figure 1. The geometry of the Juno Europa flyby projected into the Y-X
and Y-Z planes using EPhiO coordinates described in the text. Distances

are in units of Europa radii (R, = 1562.6 km). The red-highlighted segment
represents times when electrostatic solitary waves were detected. The green
segment indicates when chorus was detected. The cyan dot is the time Waves
detected the maximum electron density at ~330 cm™.

frequency increments similar in magnitude to f,,. This is a common feature
of upper hybrid emissions that are organized by harmonics of f,, and
happens when the plasma density, hence f,,, decreases (or increases) with
respect to the cyclotron frequency. In fact, these emissions appear weakly
at even higher frequencies than the 150 kHz filter roll-off of the Waves low
frequency receiver. While not shown in this figure, Figure S2 in Support-
ing Information S1 shows them in detail. The electron densities, shown in
Figure 3a are highest within the geometric wake and actually peak shortly
before closest approach, near the center of the wake. We caution that the £,
emissions appear sporadically throughout the intervals shown in Figures 2
and 3. There are many possible reasons for this including variations in the
local electron distribution and polarization that may render them less visible
depending on the spin phase of the electric antenna. See Text S1 and Figure
S2 in Supporting Information S1.

Perhaps the most prominent feature in Figure 3 is the region marked ESW
(electrostatic solitary waves) in panel c, the electric component of waves
below 20 kHz. These are barely detectable in the search coil (panel d) and
show up prominently in panel e with E/cB > 1. The vertical dashed lines in
Figure 3 show times when the strongest bi-directional field-aligned electron
beams are observed by the JADE instrument (McComas et al., 2017) at ener-
gies below ~300 eV (Allegrini et al., 2022). Note that these beams coincide
with the most prominent ESWs, but the ESWs extend throughout the wake
region although some of this low-frequency spectum could include other types
of quasi-electrostatic modes as yet unidentified. Example waveforms showing
evidence of ESW's are given in Figure S3 in Supporting Information S1.

There is a band of chorus beginning just before closest approach and extend-
ing for ~2 min, well beyond the geometric wake. This band exhibits a small
E/cB ratio in panel e, indicative of an electromagnetic emission, as expected
for chorus. There is some weak and relatively narrowband chorus prior to
entering the geometric wake, before about 09:34. After closest approach there
are two components of the chorus observed. Figure S4 in Supporting Infor-
mation S1 shows the chorus observations with an expanded, linear frequency
scale for more clarity. One of the bands has a broad bandwidth and is centered
at lower frequencies, near 3 kHz. The other component is very narrow and
lies just below f, /2. Figure S1b in Supporting Information S1 shows discrete
structures in these emissions, reinforcing the interpretation of chorus. On
close inspection of Figure S4 in Supporting Information S1, this component
appears to switch from bursty and quasi-electrostatic to a more continuous
band with a significantly lower E/cB, suggesting more parallel propagation.
Santolik et al. (2009) showed a similar case of changes in the propagation of
chorus at Earth which they showed was a temporal variation of the regime of
non-linear whistler-mode generation in the source.

An analysis of the relative phase of the electric and magnetic field given
in the Supporting Information S1 (Figures S5 and S6) show that the lower
frequency band is propagating away from Jupiter's equator. Based on the
measured E/cB ratio, this chorus band propagates well inside the whistler

mode resonance cone, most likely close to the Gendrin angle but quasi-parallel propagation cannot be excluded.

In this case the cyclotron resonant energies would be in the 10's of keV for frequencies below 3 kHz, given
n,~ 100 cm~= and f,, = 12 kHz. See Figure S7 in Supporting Information S1.

Based on the phase analysis shown in Figures S5 and S6 in Supporting Information S1, it appears the propaga-

tion of the narrowband component is varying with time, which may be an indication of a relatively local source,

perhaps near Europa. A similar argument has been used with Cluster data (Santolik et al., 2005, 2009, 2010).
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Figure 2. A summary of plasma wave observations near the Europa flyby, but extending earlier in time to include the
crossing of the magnetic equator which is the site of several plasma wave phenomena. This display shows the separation of
the flyby from the magnetic equator crossing, hence, allows for the separation of phenomena related to Europa from normal
magnetospheric phenomena. (a) Electron density from the upper hybrid emissions shown in panel (b). (b) Electric field
spectrogram from 10 to 150 kHz showing upper hybrid emissions from ~50 to above 100 kHz. (c) Electric field spectrogram
from 50 Hz to 20 kHz. (d) Magnetic field spectrogram from 50 Hz to 20 kHz. The solid white line is at the electron cyclotron
frequency. The dashed line denotes f, /2. R, refers to Jovian radii.

One other aspect of signatures observed near Europa are impulses due to the impact of micron-sized dust grains
on the spacecraft in the 50 Hz—20 kHz electric channel. Dust impacts observed by Juno Waves at the ring plane
near perijoves are discussed in Ye et al. (2020). The present paper uses the same detection algorithm based on a
minimum slope threshold in the voltage waveform as used in the ring plane paper. Examples of impact waveforms
are given in Figure S8 in Supporting Information S1. The rate of these impacts is shown in Figure 4a. Little can be
said about the size of the grains from the Waves data, but it is expected that these are of the order of 1 micron in
radius based on the analysis in Ye et al. (2020). These authors found characteristic sizes of grains of 1.4 microns
between the ring system and Jupiter's ionosphere. Because ESW's can sometimes be confused with dust impacts,
we examined each of the potential impacts within about 10 min of closest approach and counted the number
within 30-s bins. Given the duty cycle of waveform captures (122 ms/s) we multiplied the observed rate by the
inverse of this (8.2) to account for this duty cycle. This duty cycle-corrected impact rate is plotted in Figure 4a.
While the number of actual impacts observed is not large, there is a clear peak near Europa. As with the electron
density, this peak occurs a minute or so prior to closest approach.

We can use the relative velocity of Juno with respect to Europa of 23.6 km/s, assuming the dust cloud is gravita-
tionally bound to the moon, and the cross-sectional area of Juno presented to the presumed inflow direction of the
dust relative to the ~60 m? area of the spacecraft (mostly solar arrays) to compute the number density of grains as
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Figure 3. A display similar in format to Figure 2, expanding the time around Europa closest approach and using a
logarithmic frequency axis for the waves below 20 kHz. (e) The ratio of E/cB is included to aid in the identification of
electrostatic emissions with E/cB >> 1 and electromagnetic waves with E/cB closer to 1. The gray bar at the top indicates
the time during which Juno was within the geometric wake of Europa. The vertical dashed lines indicate times when JADE
observed field-aligned electron beams and a dropout of magnetospheric energetic electrons.

a function of radial distance to Europa. The angle between the assumed dust ram direction and the normal to the
spacecraft cross-section (solar panel plane) is 46°, so the effective area is approximately 43 m>. Here, we used the
duty-cycle corrected number of impacts in 200-km altitude bins. The densities are perhaps an order of magnitude
below those provided by Kriiger et al. (2003), which is probably not unreasonable given large uncertainties in
the Juno grain size sensitivity and effective area. We've plotted density versus radial distance in Figure 4b and
superposed a power law curve of the form N = Cr~2> where N is the number density in m~ and r is the radial
distance scaled to a Europan radius using R, = 1562.6 km. We set C to 5e—6 to roughly match the measured
values. This is a simplified form of the dust distribution model of Krivov et al. (2003) using only the assumed
gravitationally bound population with a power law index of —2.5. Beyond 4 or so R, the observed number of
impacts per altitude bin are primarily zero or one. To demonstrate this, Figure 4b shows the density assuming
only one dust impact in each altitude bin, the 1-count level indicated by black dots. When the computed density
is similar to this level, it implies very poor statistics and the densities should be regarded with great caution.
Hence, we do not place much quantitative importance on the model shown in Figure 4b because attempted actual
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Figure 4. (a) The duty cycle-corrected rate of impacts detected within about 10 min of the closest approach to Europa. (b)
The estimated dust density as a function of radial distance to Europa r (R;) in 200-km altitude bins shown in histogram form.
Dots indicate the 1-count level (see text). Superposed on this plot is a representative model, not a fit, of bound dust near
Europa (see text).

fits to the power-law model were unsatisfactory. Nevertheless, it is illustrative to note the variation of impacts as
a function of distance from Europa when the densities are above the 1-count level since the model qualitatively
reflects the computed dust density for bound dust grains.

3. Discussion

The plasma density profile obtained from the upper hybrid frequencies presented here showed that the peak
density seemed to occur prior to closest approach, and more aligned with the center of the geometric wake. This
is consistent with the prediction of models of the flow of magnetospheric plasma past Europa (Dols et al., 2016;
Saur et al., 1998). See also the comprehensive summary of the plasma environments of Io and Europa (Bagenal &
Dols, 2020). The upstream electron densities measured are similar to those measured by Galileo, with the excep-
tion of Galileo's E12 flyby that exhibited extraordinarily high plasma densities (Kurth et al., 2001).

The observations of ESW's in Europa's wake are consistent with those by Galileo (Gurnett et al., 1998; Kurth
et al., 2001). These structures are the result of an electron beam instability as first shown in the context of Earth's
magnetotail (Matsumoto et al., 1994). Allegrini et al. (2020) reported electron beams comprising 0.4-25 keV
electrons on field lines connected to Europa's tail footprint. They argue that the acceleration could be due to
Alfvén acceleration although there is some evidence of electrostatic acceleration in the electron energy spectrum.
Further, Rabia et al. (2023) show that non-monotonic electron distributions are found in footprint tail flux tubes
within ~4° of the footprint, supporting electrostatic acceleration as a source for the electron beams. Gurnett
et al. (2011) reported field-aligned electron beams very near Saturn's moon Enceladus that were the source of
auroral hiss. These authors did not mention electrostatic solitary waves associated with these beams because the
spectrum was dominated by dust impacts from the moon's plumes. However, upon close inspection, some ESW's
can be found near Enceladus as shown in Figure S9 in Supporting Information S1. ESW's then, are an expected
phenomena in an outer planet moon's interaction with the magnetosphere.

The asymmetric occurrence of whistler-mode chorus on the Jupiter-facing side of Europa is curious. We exam-
ined the JADE (McComas et al., 2017) electron distribution function for <30 keV electrons during this time
period. There appeared to be no clear feature that might be expected to be unstable to chorus. We note that Kurth
et al. (2001) showed whistler mode emissions on the sub-Jovian side of Europa during Galileo's E4 flyby that
had a geometry similar to Juno's in that it passed through Europa's wake. However, other Galileo flybys showed
whistler-mode emissions distributed more symmetrically around Europa (see Figure 14 of Kurth et al. (2001)).
These waves can be linked to absorption of cyclotron resonant electrons by Europa, thus creating a temperature
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anisotropy, which, in turn, would be unstable for whistler mode waves in Jupiter's equatorial region. These newly
generated waves would propagate approximately along the magnetic field lines back to Europa. As the linear
dimension of Europa is only about 2% of its distance above the magnetic equator during the Juno flyby, the waves
would likely pass through a region around the moon, consistent with these new measurements and also with
previous Galileo observations. In our case, Juno is not magnetically connected to Europa, so the above described
deformation of the electron distribution function is not directly observed, but an absorption of electrons was docu-
mented at Rhea (Santolik et al., 2011) using Cassini measurements, which also showed newly generated whistler
mode waves below one-half f, . Intense whistler mode waves are known to both accelerate and pitch-angle scatter
energetic electrons, hence, are important in the dynamics of Europa's interaction with Jupiter's magnetic field.

Dust observations by the Galileo Cosmic Dust Analyzer showed a relative peak in the existence of grains near
Europa (Kriiger et al., 2003). These authors suggest the source of dust near Europa is due to ejecta from microme-
teoroid impacts on the moon. The Juno instrument likely has less sensitivity to sub-micron grains than the Galileo
dust detector system, explaining the lower densities in the observations presented here. Further, Juno does not
have the ability to discern the velocities or masses of the detected grains. However, the relative concentration of
dust near Europa is consistent with the Galileo observations.

4. Conclusions

Juno passed Europa at an altitude of 355 km on 29 September 2022. As one of Juno's in situ science instruments,
the Waves instrument obtained electric and magnetic plasma wave observations at frequencies up to 20 kHz and
continuing to 150 kHz and above using only its electric antenna. The plasma waves are essential contributors
to Europa's interaction with its environment. There was a significant separation between the Europa flyby and
Juno's crossing of Jupiter's magnetic equator, enabling a unique identification of effects associated with the
moon as opposed to magnetospheric phenomena normally occurring at the magnetic equator near 10 R,. Juno
observed two bands of chorus exhibiting different propagation characteristics. Given the separation of this flyby
from the magnetic equator crossing, it is more clear these waves are associated with Europa than was possible
to discern with Galileo. Further, we suggest these emissions are due to the asymmetric absorption of electrons
by Europa, generating the emissions near Jupiter's magnetic equator below the moon. As with Galileo, a band at
the upper hybrid frequency was observed providing the local plasma density. This showed a peak in the wake,
not dissimilar to that observed by Galileo on its E4 flyby (Gurnett et al., 1998; Kurth et al., 2001). The plasma
density measurements are essential in modeling any magnetosphere-Europa interaction observed by Juno. As
was the case during Galileo wake crossings, electrostatic solitary waves were observed by Juno. These ESWs
are associated with electron beams and could be related to currents connecting Europa with Jupiter's ionosphere.
Juno observed impulses due to micron-sized impacts with a local maximum very close to Europa. The Galileo
wave observations, in conjunction with magnetic field observations and modeling were used by Jia et al. (2018)
to suggest a plume at Europa during the G12 flyby. There was no evidence of a plume in the Juno Waves obser-
vations at Europa and the upstream electron densities observed by Juno are on the low side of those observed by
Galileo (Kurth et al., 2001).

Data Availability Statement

The Juno Waves data used in this paper are available from the PDS at (Kurth & Piker, 2022a, 2022b). The electron
densities in Figures 2 and 3 are at Kurth et al. (2023).
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