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Abstract Juno performed close flybys of the innermost Galilean moon, lo, in December 2023 (I57) and
February 2024 (I58). During these flybys, the radio link connecting the Juno spacecraft to Earth observing
stations of NASA's Deep Space Network (DSN) propagated through the Alfvén wing, a magnetospheric feature
in which plasma is produced between Io and Jupiter. The radio link is sensitive to the elevated electron densities
in the Alfvén wing. A direct measurement of the total electron content was made by a linear combination of
Juno's X-band and Ka-band downlink frequencies. Two different approaches were used in inverting the
measurements into electron densities which assume different electron density distributions within the Alfvén
wing. The maximum electron densities estimated in the Alfvén wing were 20,500-27,000 cm™> on 57, in the
northern Alfvén wing, and 15,300-31,000 cm ™ on 158, in the southern Alfvén wing.

Plain Language Summary Juno conducted two close flybys of Io, the innermost Galilean moon of
Jupiter, in December 2023 and February 2024. During these flybys, the Juno spacecraft transmitted radio signals
to NASA's DSN for radio science investigations. The radio signals were occulted by, and thus propagated
through, the Alfvén wing, a magnetospheric feature connecting Io to Jupiter. The frequency of the radio signal
was altered by the large number of electrons in the Alfvén wing. The average electron density within the Alfvén
wing was inferred though this radio occultation data.

1. Introduction

The most powerful planetary magnetosphere surrounds Jupiter, powered by the planet's rapid rotation and the
intense dynamo set up by its internal metallic hydrogen. The planet's immense gravitational pull induces tidal-
sourced geological processes on its moons, shown most dramatically in the intense volcanism of Io, the inner-
most Galilean (major) moon (Kivelson et al., 2000). The release of around a ton per second of sulfur dioxide from
the volcanoes on lo provides readily material for a torus of plasma along the moon's orbit that is transported
outwards to encompass the other Galilean moons (Delamere & Bagenal, 2003). As the moons revolve around
Jupiter, the slippage of field lines past them triggers Alfvén waves that travel along flux tubes, regions of space
parallel to a magnetic field line, that map to the planet. This process sets up Alfvén wings that stretch from the
moon to auroral latitudes on Jupiter, guiding energized particles into the Jovian ionosphere and powering auroral
footprints that map back to the moons (Clarke et al., 2002). This Alfvénic pathway sets up a current system along
the Alfvén wing (Neubauer, 1980) that also transfers momentum from the planet to the torus, accelerating the
plasma from Io's orbital speed to (almost but not quite) magnetic corotation (Delamere et al., 2003).

The Alfvén wing interacts with a complex current system around the moon. Neubauer (1980) derives the expected
potential drop across the moon. The current system of Io consists of a Pedersen current along the moon's equator
and localized Hall currents (Saur, 2004). Saur et al. (2004) calculated the local electric fields around the moon,
finding that the current across the moon is supported by a field across the extended ionosphere, meaning the
Alfvén wing is coupling to a broader space than the voltage across the moon itself. The geometry of Io's iono-
sphere determines the coupling. Hinson et al. (1998) analyzed Galileo occultations to find that the ionosphere of
Io tended to extend several hundred kilometers in altitude with electron density peaks being around 200-300 km
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of altitude on the downstream side of the moon but usually below 100 km on the upstream face, yet in all four
Jovian/stream regimes the electron profiles demonstrated a high level of variability.

The intense plasma environment around Io presents difficulties for direct measurement, with an effective method
of electron measurement being spacecraft occultations. By measuring the induced Doppler shift on radio signals
passing through the moon's ionosphere, a density profile can be constructed, such as the Hinson et al. (1998)
analysis of Galileo occultations by Io. Juno was placed into polar orbit around Jupiter in 2016. Of particular
interest are the two flybys of Io, where Juno's radio link passed through the Alfvén wing, resulting in a Doppler
shift from the wing's electron content. Analysis of these encounters is the objective of this paper.

2. Occultation Experiment of Io's Alfvén Wing

Juno's radio science instrumentation (Asmar et al., 2017) was primarily designed to measure Jupiter's gravity field
using dual-frequency X-band (8.4 GHz) and Ka-band (32 GHz) radio signals, but has since been used to retrieve
the gravity field of the Galilean Satellites (e.g., Gomez-Casajus et al., 2022) and numerous occultation experi-
ments (Buccino et al., 2022; Parisi et al., 2023; Phipps et al., 2018). On 29 December 2023 (I57) and 4 February
2024 (158), the spacecraft performed close encounters of Io at 1,500 km (spacecraft altitude). On the first
encounter, 157, the spacecraft flew in the northern hemisphere of Io and was transmitting dual X-band and Ka-
band radio signals to the 34-m DSS-35 antenna in Canberra, Australia of NASA's Deep Space Network (DSN).
On the second encounter, 158, the spacecraft flew in the southern hemisphere and was transmitting the same
frequencies to the 34-m DSS-55 antenna in Madrid, Spain. Radio Doppler data were collected for several hours
around closest approach for both flybys.

Although a physical occultation of the radio link through the moon's limb did not occur in either flyby, the radio
ray path propagated through the Alfvén wing connecting lo to Jupiter as shown in Figure 1. Distinct signatures in
the residual Doppler were observed on both encounters, suggesting elevated electron densities in these regions not
present elsewhere. Notable characteristics are that spacecraft flew though the Alfvén wing on 157 (in-situ
occultation) and the radio link propagated 1,225 km from the surface of Io at 88°N; whereas on 158 the entire
Alfvén wing was occulted and the radio link propagated closer, only 223 km to the surface of Io at 83°S.

3. Methods

Radio occultation techniques have been used for decades in the planetary science community to perform in-
vestigations of atmospheres, ionospheres, and plasma environments (e.g., Fjeldbo et al., 1965). Unlike a tradi-
tional radio occultation of a planetary atmosphere or ionosphere, in this experiment the radio signal propagates
through the Alfvén wing, an area of elevated electrons relative to the background and the signal is not blocked by
the limb of the planet. The shape of the feature is not spherical or elliptical in nature, so traditional radio
occultation inversion techniques, for example, Withers and Moore (2020), cannot be utilized directly to calculate
electron densities. For this experiment with Juno, we adopt similar methodologies for data processing and dif-
ferential frequencies calculations; but develop novel inversion techniques for the Alfvén wing.

During the Io flybys, both the X-band and Ka-band radio signals were tracked by the DSN. The Open-Loop
Receiver digitally down-converts the radio signal, based on a prediction of the spacecraft's trajectory. The ra-
dio signal is then sampled both in-phase and quadrature at 1 kilosamples per second. A phase-locked loop
(Buccino et al., 2018) is used to extract the frequencies of the radio signals as a function of time. Data are
processed for approximately 10 min prior to the interaction with the Alfvén wing until approximately 10 min
after, in order to provide a baseline for calibration.

A radio propagation model is shown in Equation 1 (Dalba & Withers, 2019), whereby the received frequency fx
differs from the transmitted frequency f; due to the classical Doppler shift (first term), the electron density N,
(second term), and the neutral density n (final term).

_ frd e’ d frx d
Je=tr cdt di+ 8nmyencfy dt Nedl c dt ndl M

where [ is the path length, c is the speed of light, ¢ is time, e is the elementary charge, m, is the electron mass, € is
the permittivity of free space, and « is the refractive volume of neutral gas at a given point.
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View from Earth Northern Alfvén Wing
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Figure 1. Geometry of the Juno I57 and I58 encounter. The top diagram shows the I57 and I58 trajectories as viewed from Earth. The bottom panels show the cross-cut as
viewed from the north pole for I57 and the south pole for I58. The solid black lines show Juno's trajectory, the light gray lines are radio ray paths through the Alfvén
wing, teal lines indicate the times the ray path was affected by the Alfvén wing. In a majority of 157, the occultation begins at the transmit position (Juno's position)
within the northern Alfvén wing at a closest distance of 1,225 km from the surface of Io. On I58, Juno is occulted by the entire southern Alfvén wing, but much closer to

the surface of Io (radio link at 223 km).

The differential frequency technique (also referred to as dual-frequency) takes advantage that the frequency shift
due to charged particles is inversely proportional to the frequency, allowing for a measurement of the electron
content along the radio ray path. By differencing received X-band and Ka-band frequencies, the plasma
contribution can be isolated, as the terms for Doppler shift and neutral density cancel. Equation 2 shows the
calculation of “differential frequency residual” as function of time (Buccino et al., 2022; Phipps et al., 2018):

2 2
e 1 880 d N.di
8m2m,eocfr. x 3360/ | dt

Where the ratio 880/3,360 is the ratio of X-band to Ka-band frequencies. By rearranging the terms, and defining
the Total Electron Content (TEC) as Q = [ N,dl, the TEC is calculated as the integral of the frequency (i.e., the

phase) as shown in Equation 3.
Q= / N,dl =

Af(6) = fr x(1) - ﬁe ka(t) = 2

3360

SﬂzmesOCfT’ X

e*(1 - (880/3360)%) f Af(r) dt

©)
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Horizontal Tubes Ray Tracing - Concentric Cylinders

Figure 2. Diagram of the two inversion methods (left: horizontal tubes model, right: ray tracing using concentric cylinders) adopted to do the inversion to electron
density, using the 157 trajectory as an example.

Data calibrations are required throughout the analysis. After calculation of the differential frequency residual in
Equation 2 from the timeseries of X-band and Ka-band frequencies, a bias remains in the measurement of
approximately 0.0246 Hz due to the phase wrapping around Juno's antenna caused from the ~2 RPM spin of the
spacecraft (Marini, 1971). The average value of the calculated differential frequency is removed to calibrate for
this effect. After the TEC is calculated in Equation 3, a background trend from the Io Plasma Torus (IPT) is
present, along with the signature from the Alfvén wing. First, a model of the IPT is removed (Yang et al., 2018;
based on a model from Bagenal, 1994). A small residual trend still exists, primarily from additional unmodeled
plasma (e.g., torus, solar plasma, or Earth ionosphere). A second-degree polynomial is fit to the residual TEC,
excluding the portion affected by the Alfvén wing, and subtracted. The final result yields a residual TEC profile
that is near-zero during the baseline (~10 min), so the assumption that all residual TEC is due to the Alfvén wing.

In order to calculate electron densities from the TEC, geometrical assumptions on the electron density structure,
size and orientation of the Alfvén wing must be made. We utilize two approaches as shown in Figure 2. The first is
a “horizontal tubes” structure, which makes minimal assumptions about the internal structure of the Alfvén wing
but only calculates an average density along the line of sight to Earth. The second adapts a traditional ray tracing
radio occultation inversion, collapsing the spherical assumption into cylindrical assumption.

Both methods require defining the cylinder axis. To compute the path length through the Alfvén wing, we assume
the Alfvén wing axis is centered in the North/South direction, then rotate the axis by angle 6y into the plasma co-
rotation direction of 9.2° on I57 and 6° on I58; and angle Oy into Jupiter of 5.8° on I57 and 2.2 deg on I58. Values
were selected based upon models (functions of plasma velocity, local Alfven speed, and magnetic field line
orientation, e.g. Bagenal, 1994). The horizontal tubes method requires defining the cylinder radius, set to a
nominal value of R = IxR;, (1,829 km) + 150 km, to account for the conductive radius of Io. Ray tracing method
does not require defining the radius, instead it assumes concentric cylinders from the center axis.

3.1. Horizontal Tube Method

In the “horizontal tubes” method, each tube element is aligned with the radio ray path direction and contains a
constant electron density from the entry point (note that the spacecraft itself could be the entry point, as was the
case on [57) to the exit point. The integral quantity of electron density from Equation 3 then collapses into
Equation 4, where B is the exit point and A is the entry point:

Q
Ne=——7= 4)
|B -4l
Rays are geometrically traced using the reconstructed spacecraft trajectory and planetary ephemeris (Semenov
et al., 2017) on straight lines to find the entry and exit points, where the ray origin is Juno's position and the ray
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Figure 3. Radio occultation observations of the Alfvén wing radio occultation with Juno. The left side are the results from I57 and the right side are the results from I58.
The vertical lines marked “ingress” and “egress” show the points where the radio signal was affected by the modeled Alfvén wing defined the text; the middle “center”
line marks the time the signal crossed the center of the modeled Alfvén wing axis. The top row (a, b) is the measured differential frequency residual after calibration,
overlaid with a 10-s average. The middle row (c, d) is the Total Electron Content. The bottom row (e, f) is the estimated electron densities using the two methods
(Horizontal Tubes and Cylindrical Ray Tracing). The uncertainties, dominated by the sensitivity to the chosen modeled Alfven wing paramers, are the shaded regions in
panels (e, ). A gap of £500 km around the center of the Alfvén wing exists for the ray tracing method due to geometry restrictions, see text for details. Overlaid is the
measurements of in-situ electron densities from the Juno/Waves instrument collected during I57 (Sulaiman et al., 2024), note no density measurements of the Alfvén
wing were made with Juno/Waves on 158 because the spacecraft flew outside the Alfvén wing during I58.

direction is the direction to Earth. Figure 1 shows where the rays intersect the Alfvén wing, defining the path
length. The calculated path length through the cylinder in both I57 and I58 completely captures the observed
signal from Figures 3c and 3d without excess near the entry/exit points. Finally, the average electron density in
each horizontal tube element is calculated with Equation 4.

3.2. Ray Tracing With Concentric Cylinders

We adapted an existing ray-tracing-based inversion algorithm, used in the past for the analysis of spherical
ionospheres (see Caruso et al., 2023; Parisi et al., 2023), by introducing the assumption of cylindrical distribution
of electrons within the Alfvén wing. In particular, we assumed the wing as composed of a series of concentric
cylindrical layers, and the refractivity N inside each layer is a linear function of the distance from the cylinder
axis.

The electron density is thus retrieved using an iterative procedure, by building the properties of the Alfvén wing
layer by layer. First, assuming that geometric optics holds, each recorded sky frequency is associated with a ray
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path traversing the Alfvén wing. The ray path through the dispersive medium is computed by solving the eikonal
equation. Then, for each ray, we solve for the initial direction and the refractivity gradient inside the deepest shell
to ensure the signal reaches the ground antenna with the recorded sky frequency. Finally, we can calculate the
refractivity N (for electrons, the refractivity is negative) as a function of the distance from the axis by enforcing
condition N = 0 outside the Alfvén wing, where is vacuum. Thus, the electron density is obtained as (Caruso
et al., 2023):

2 2
_87r meeofTN )

N, =
e 62

4. Results

Figures 3a—3d shows the observations of frequency and TEC on each flyby. The times have been translated from
UTC reception time on Earth to UTC at the spacecraft by subtracting the transmit light-time. Even before
inversion into electron densities, the structure of electrons within the Alfvén wing is seen to be complex; with I57
a large initial peak of observed electron content, which tapers off slowly on the outbound side, and 158 having
sharper edges, but more consistent electron content within the wing. The edges of the wing are observed in the
radio link on 157 from 08:35:18 to 08:37:42 UTC (30-Dec-2023) and on I58 from 17:46:32 to 17:48:50 UTC (03-
Feb-2024).

Electron density using the two inversion methods is shown in Figures 3e and 3f. In general, the ray tracing using
concentric cylinders produces a higher estimate of electron density than the horizontal tubes method, which only
calculates an average density along the line of sight, therefore localized electron densities may differ from the
estimated average using that method. A constraint in the ray tracing using concentric cylinders is that the inbound
and outbound portions are calculated separately. There is a strong agreement for 157 in the retrieved electron
density measurements when compared with the in-situ measurements made by the Juno/Waves instrument
(Sulaiman et al., 2024).

The primary noise source in the measurement is thermal noise due to the low integration time (1-s) and finite
signal-to-noise ratio of ~40 dB-Hz in the radio links (O’Dea, 2022). The standard deviation of the differential
frequency residuals is 0.22 mHz. The corresponding integrated error in TEC is approximately 0.14 x 10'® cm™2,
or about 2% of the peak measurements. In the case of the horizontal tubes method, varying the size of the Alfvén
wing radius proportionally changes the electron density results. Varying the geometry (R, O, and 0y) by the small
amounts (~10%) produces changes in the estimated electron density of 3,000-3,500 cm™> in, which dominates
the uncertainty since the thermal noise is smaller. When using ray tracing with the cylindrical model, uncertainties
were quantified through a Monte Carlo analysis of the noise and geometry sensitivity study similar to that of the
horizontal tubes method, resulting in a 3 ¢ uncertainty up to 4,500 cm™. These are adopted as the formal un-
certainties which include both the thermal noise on the measurement and the uncertainty from the geometric
parameters defining the Alfvén wing; and are the shaded regions of Figures 3e and 3f. Ultimately, if different
parameters are chosen, the resulting electron density profiles will also differ in magnitude and location, but the
overall distribution remains relatively consistent. The baseline model described in Section 4 is used in the pre-
sented results in Figures 3e and 3f.

Furthermore, the concentric cylinder results are sensitive due to imperfect knowledge of the cylinder axis po-
sition. A parametric analysis was performed in which an offset was applied to the axis with respect to the Io's
barycenter by retrieving electron densities varying the cylinder axis location up to 20% of Io's radius. The
geometric uncertainty tends to increase near the center of the axis due to using a cylindrical plasma distribution to
describe a geometry that is actually much more complex at the center. When the initial iterations of the inversion
process are performed, electron density is calculated near the point of closest approach, but then it is assumed that
the entire semi-cylinder at that radius has the same density. Therefore, the electron density value obtained in the
closest approach region may be a good representation of the actual local value, but there is a model error in the
region near the plane that divides the inbound and outbound semi-cylinders. When processing the final data points
corresponding to rays passing near the axis, the ray-tracing algorithm compensates for errors in the electron
density values of previous shells over a very small path length of the last shells to get the observed TEC, causing
the solution to diverge. This demonstrates that the cylindrical assumption is not modeling appropriately the
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problem near the axis, and for this reason, we have applied a cutoff to the profiles at about 500 km from the axis
location, where we observe the divergence to begin.

5. Discussion

The Juno occultation measurements presented show peak electron densities of 20,500-27,000 cm™> on 157, and
15,300-31,000 cm™ on I58. Previous measurements of electron density in the Alfvén wing were made by Galileo
Plasma Wave Spectrometer (PLS) and Plasma Wave (PWS) instruments at altitudes of 184-897 km. The mea-
surements by PLS (1,000-20,000 cm™) were consistently lower than those measured by PWS (20,000—
60,000 cm™) (Dols et al., 2012). During the Juno 157 flyby, the spacecraft flew through the Alfvén wing, and the
Juno Waves instrument (Kurth et al., 2017) made measurements of local electron densities of 16,000—
28,000 cm™ at the spacecraft's location (Sulaiman et al., 2024). The radio occultation measurements provide a
completely independent approach to estimating electron density within the Alfvén wing and are consistent with
those measured by previous investigations, though occultation measurements are average densities within the
assumed geometric structure (horizontal tubes and concentric cylinders). It is certainly possible, and probable,
that localized electron densities within the Alfvén wing may differ from the density estimates made with radio
occultations.

Not only are differences in electron density between each Juno flyby observed, but measurement of TEC itself
also shows variability within the Alfvén wing; these variations are therefore independent of the density inversion
technique used. I57 is characterized by a sharp increase on the anti-Jovan side, peaking twice before slowly
decreasing on the Jovian side. I58 displays sharp rises on both the Jovian and anti-Jovian sides of the Alfvén wing.
This difference may be explained by the distance from Io: 157 was 1,225 km from Io's surface, whereas 158 was
only 223 km. Previous occultation measurements of Io by Pioneer 10 and Galileo measured an ionosphere up to
altitudes of 200—400 km (Hinson et al., 1998), but the latitude range was restricted between 37°S and 50°N. One
occultation measured elevated electron densities >1,400 km on the downstream side, but was in the equatorial
region (1°N). Juno's occultations occur at polar latitudes (I57 at 88°N, I58 at 83°S). Although we cannot rule out a
coupling to a spherical ionosphere with occultation data alone on 158, it appears unlikely since the polar SO,
atmosphere is tenuous and the plasma density increases within the Alfvén wing at these locations (Dols
et al., 2012).

Within the wing itself on any individual flyby, there are also variations. Although both models agree within their
uncertainties in a majority of the case, some regions do not. If the same geometric parameters are used between the
two inversion models, the discrepancies still exist. The largest discrepancy is ~40% on I58 just after entering the
Alfven wing, where the concentric cylinder ray tracing produces a higher electron density than the horizontal
tubes. It is believed this is attributed to the radius assumption: since the horizontal tubes method must define the
radius of the wing but the concentric cylinders ray tracing does not, the most probable explanation is that the
radius of the Alfvén wing may be different than the assumed value on I58 ingress. The concentric cylinders ray
tracing would capture this difference, therefore, the more probable electron density profile on 158 ingress is that of
concentric cylinders. Another possible explanation is that one or both methods may not be capturing the structure
of the wing with sufficient precision. The Alfvén wing is expected to be highly variable, and the estimates with
concentric cylinder ray tracing show more variability than the horizontal tubes method. This is likely due to the
structure assumption of concentric cylinders. The plasma density within the torus gives a high plasma f} regime,
meaning the primary wave form is the kinetic Alfvén wave (Lysak & Lotko, 1996), with the governing length
scale being the ion acoustic gyroradius, p,, itself given by p, = ¢,/€2; where c, is the ion acoustic speed and £2; is
the ion gyrofrequency. Using a dipolar approximation for the background magnetic field and a 2 to 1 ratio of
oxygen to sulfur ions in the torus with a net ionization of 1.33 and temperature of 5 eV, the ion gyrofrequency at lo
is 2.9 Hz and the ion acoustic speed is 6.2 km/s for the bulk plasma, giving an ion acoustic gyroradius of 2.1 km on
average for the sulfur and oxygen ions. Thus, perturbations in the plasma that give rise to specific Alfvénic
wavefronts would be expected to have a minimum scaling size of the ion acoustic gyroradius, on the order of
2 km. With Juno's fast flyby velocity of ~30 km/s and data sampling of 1-s integrations, the resolution in the
occultation data is approximately 30 km, much larger than the gyroradius. Thus, the variability observed by radio
occultation (Figure 3) are likely real variations within the Alfvén wing.
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