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Abstract The Juno spacecraft crossed ﬂux tubes connected to the Io footprint tail at low Jovian altitudes
on multiple occasions. The transits covered longitudinal separations of approximately 10° to 120° along
the footprint tail. Juno’s suite of magnetospheric instruments acquired detailed measurements of the Io
footprint tail. Juno observed planetward electron energy ﬂuxes of ~70 mW/m2 near the Io footprint and
~10 mW/m2 farther down the tail, along with correlated, intense electric and magnetic wave signatures,
which also decreased down the tail. All observed electron distributions were broad in energy, suggesting a
dominantly broadband acceleration process, and did not show any broad inverted-V structure that would be
indicative of acceleration by a quasi-static, discrete, parallel potential. Observed waves were primarily
below the proton cyclotron frequency, yet identiﬁcation of a deﬁnitive wave mode is elusive. Beyond 40°
down the footprint tail, Juno observed depleted upward loss cones, suggesting that the broadband
acceleration occurred at distances beyond Juno’s transit distance of 1.3 to 1.7 RJ. For all transits, Juno
observed ﬁne structure on scales of approximately tens of kilometers and conﬁrmed independently with
electron and wave measurements that a bifurcated tail can intermittently exist.
Plain Language Summary The Juno spacecraft crossed regions magnetically connected to auroral
structures associated with Jupiter’s moon Io on multiple occasions. The transits covered longitudinal
separations of approximately 10° to 120° along Io’s auroral tail. Juno’s suite of instruments acquired detailed
measurements of these auroral structures. Juno directly observed the electrons that sustain these auroral
features before they crash into the atmosphere and generate the brilliant aurora. The ﬂux of these electrons
decreased as Juno transited the tail farther from Io’s longitude. While there are two main explanations for Io’s
auroral signatures, the nature of the observed electrons in this work favors one mechanism over the other.
When Juno was far from Io’s longitude, the observations suggest that the spacecraft was below the point at
which the electrons are accelerated into the atmosphere. For all transits, Juno observed ﬁne structure on
scales of approximately tens of kilometers and conﬁrmed that a bifurcated tail can intermittently exist.

1. Introduction
Jupiter’s intense aurora provides a window into the complex magnetosphere-ionosphere coupling that exists
throughout its vast magnetosphere (Bagenal et al., 2014). There are many distinct features in the Jovian aurora (e.g., reviewed by Grodent, 2015), which are typically categorized into the oval-shaped main auroral emission, diffuse emissions equatorward of the main oval, polar emissions, and the Galilean satellite footprint
spots and tails. Of the many Jovian auroral features, Jupiter’s innermost Galilean satellite, Io, generates one
of the most consistent and identiﬁable aurorae, both in the infrared (Connerney et al., 1993; Connerney &
Satoh, 2000) and ultraviolet (Clarke et al., 1996).
©2018. American Geophysical Union.
All Rights Reserved.
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magnetospheric source for these phenomena. Io’s auroral signature has a rich morphology, including (1) the
main Alfvén wing (MAW) spot (Bonfond et al., 2008; Saur et al., 2013) that is directly related to Io’s immediate
interaction with the corotating plasma, (2) a transhemispheric electron beam spot that is suggested to be a
conjugate aurora related to the MAW, (3) a reﬂected Alfvén wing spot from reﬂections within the Io torus, and
(4) the long auroral tail trailing the Io footprint in the ionosphere. Throughout this paper, we use the term Io
footprint tail (IFPT) to describe the auroral tail trailing (downstream of) the MAW, and it is this IFPT that is the
focus of our study.
Since the 1960s Io has been known to trigger bursts of radio emission (Bigg, 1964; Goldreich & Lynden-Bell,
1969; reviewed by Zarka, 1998). The 1979 Voyager 1 ﬂyby of Io showed magnetic and ﬂow perturbations
(Acuna et al., 1981; Belcher et al., 1981) consistent with an Alfvénic disturbance being generated by the corotating plasma moving past the moon (Neubauer, 1980). These Alfvén waves travel to Jupiter along the magnetic ﬁeld, reﬂect off the strong density gradient in the ionosphere, and bounce between hemispheres
(Bagenal, 1983; Gurnett & Goertz, 1981; Jacobsen et al., 2007). Electrons are clearly accelerated in the process
because they bombard the atmosphere and produce hydrogen emissions associated with Io. But the process
whereby the electrons are accelerated remains unclear.
Two distinct mechanisms have been proposed to produce the electrons responsible for the aurora associated
with Io. One mechanism, here referred to as quasi-static, suggests that the MAW spot and the IFPT are sustained by two separate processes, with the MAW spot being generated by the Alfvénic interaction of the
plasma with Io’s atmosphere (e.g., Neubauer, 1998; Saur et al., 2013) and the IFPT being sustained by a
quasi-steady current system set up to transfer angular momentum from Jupiter to the subcorotating Io-genic
plasma downstream from Io (Delamere et al., 2003; Ergun et al., 2009; Hill & Vasyliunas, 2002; Matsuda et al.,
2012; Su et al., 2003). A direct consequence of such a current system would be the existence of large quasistatic parallel potentials, on the order of 1–70 keV (given in the previous references, where more recent
results indicate the lower potential of ~1 keV), which would accelerate electrons into the Jovian ionosphere.
The other explanation, here referred to as purely Alfvénic, is that the various spots and the IFPT are all generated by the same Alfvénic acceleration mechanism, with the tail being sustained by multiple reﬂections of
Alfvén waves between the Io torus and the ionosphere (Bonfond et al., 2009; Bonfond, Saur, et al., 2017;
Crary & Bagenal, 1997; Jacobsen et al., 2007, 2010). These two separate mechanisms should produce identiﬁably distinct signatures in any plasma instrument taking high-latitude measurements at Jupiter. In the quasistatic parallel potential scheme, an electron instrument would be expected to see inverted-V structures and
peaked intensities at the predicted acceleration energies of 1–70 keV. On the other hand, a purely Alfvénic
acceleration process would lead to power law-like electron distributions, with no discernible peak in the
intensity spectra. Additionally, bidirectional electron ﬂuxes are predicted to exist within the Alfvénic acceleration region at high latitudes due to ﬁeld aligned, oscillating electric ﬁelds (Hess et al., 2010; Jones & Su, 2008).
Determining the existence and location of this acceleration region has remained an open issue, as some studies suggest the Alfvénic acceleration occurs primarily inside the Io torus (Crary, 1997; Das & Ip, 1992).
Close to Io, the Galileo spacecraft observed strongly bidirectional ﬁeld-aligned electron beams with power
law electron distributions over plasma (0.2 to 8 keV) and energetic particle (15–150 keV) energy ranges in
the regions over the poles of Io and within the near-Io wake (Frank & Paterson, 1999; Williams et al., 1996;
Williams & Thorne, 2003). It was concluded that the acceleration of these beams occurs at low Jovian altitudes, given the ~6° beam widths, and that the plasma component contained sufﬁcient energy ﬂux to yield
measureable auroral emissions. However, the most reasonable interpretation of these beams, based on analogy with Earth auroral processes, is that Galileo was observing the upward acceleration (with respect to
Jupiter) associated with the downward component of the Io interaction electric circuit (Mauk et al., 2001;
Williams & Thorne, 2003). It was considered unlikely that Galileo was observing the electrons directly causing
the Io-associated auroral emissions. Speciﬁcally, if a quasi-static parallel acceleration were responsible for the
emissions, the evidence for that could only be observed far away from Io itself, near the quasi-static acceleration region should one exist.
In this study, we will use data from four instruments aboard the Juno mission: (1) JADE, the Jovian Auroral
Distributions Experiment (McComas, Alexander, et al., 2017); (2) the Waves instrument (Kurth, Hospodarsky,
et al., 2017); (3) the Magnetometer (Connerney et al., 2017); and (4) UVS, the Ultraviolet Spectrograph
(Gladstone et al., 2017). We note that the JADE instrument is well suited to study the IFPT plasma
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Figure 1. (top) A schematic view of the Io footprint tail from above the north pole and the positions of Juno (circles) during
the footprint tail connected measurements for the northern (red) and southern (blue) passes. (bottom, left) PJ5, (middle)
PJ6, and (right) PJ7 show the Juno trajectory
in theﬃ dipole magnetic frame, with +z aligned with the VIP4 magnetic dipole
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
moment. The trajectory shown is ρVIP4 ¼ x 2 þ y 2 in these coordinates. MAW = main Alfvén wing; PJ = perijove.

structures as it measures electron ﬂuxes in the range of 0.1–100 keV, which spans the energy range of 1–
70 keV for the predicted parallel potentials. JADE has already enabled investigations of Jupiter’s
magnetosheath and outer magnetosphere during Juno’s approach (Ebert et al., 2017a; Gershman et al.,
2017; McComas, Szalay, et al., 2017), observed a hot ﬂow anomaly upstream of Jupiter (Valek et al., 2017),
and made the ﬁrst close-in polar measurements of low-energy ion and electron populations (Allegrini
et al., 2017; Ebert et al., 2017b; Louarn et al., 2017; Szalay et al., 2017). Here we report on the
measurements taken when JADE observed enhanced electron ﬂuxes connected to the Io tail as well as
measurements from all previously listed Juno instruments. In section 2, we describe relevant details about
the orbit geometry. Section 3 addresses the speciﬁc details of each instrument’s measurements. We
conclude in section 4 with a discussion on the implications of these measurements in the context of our
continually evolving view of Jovian auroral structures.

2. Orbit Geometry
The bottom row in Figure 1 shows the ﬂyby geometry in a frame aligned with the dipole approximation to
Jupiter’s VIP4 magnetic ﬁeld model. The term M shell is used in lieu of L shell to distinguish that we are
not using a dipolar magnetic ﬁeld model to map ﬁeld lines from Jupiter to the magnetosphere; we primarily
use VIP4 (Connerney et al., 1998), a magnetic ﬁeld model constrained by the Io’s ﬂux tube footprint, in this
SZALAY ET AL.
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study for consistency with Juno data comparisons. In these ﬁgures, the gray magnetic ﬁeld lines show the
M shells (VIP4) for the speciﬁc short-duration Io tail events discussed in this work. The Juno orbit is precessing southward, such that its apojove is farther south on each successive orbit. Due to the evolution of
Juno’s trajectory and relative phase of Jupiter’s dipole, Juno typically transits M = 6 RJ ﬂux tubes at closer
planetocentric distances in the north, with correspondingly larger velocities. The top panel of Figure 1
shows a schematic view of the IFPT from above the north pole and the positions of Juno (circles) during
the footprint tail connected measurements for the northern (red) and southern (blue) passes, using VIP4
as well.
Figure 2 shows the radiance observations from UVS in System III coordinates for the northern and southern
hemispheres. The footprint of the Juno trajectory using the VIP4 (Connerney et al., 1998) and VIPAL (Hess
et al., 2011) internal ﬁeld models is shown with the red and green lines, respectively, determined by tracing
magnetic ﬁeld lines to the 1-bar level at Jupiter. Both use an explicit model of the magnetodisk (Connerney
et al., 1981) to approximate the external magnetospheric magnetic ﬁeld. VIPAL employs an additional constraint accounting for Io’s longitudinal position (Hess et al., 2011). We show both VIP4 and VIPAL on the
UVS images in this work as these have been widely used in previous literature (e.g., Vogt et al., 2015).
Yellow lines indicate the direction of the Sun from the beginning to end of the observations and white dots
show hourly tick marks. Gray dashed lines show constant Jovian longitudes and latitudes. The south pole
images are displayed as viewed from above the north pole down through Jupiter. The IFP and IFPT can be
clearly seen in most images, in close proximity to the average Hubble Space Telescope (HST) Io footprint location shown with the dot-dashed white oval (Bonfond, Saur, et al., 2017). These images show how Juno transited the Io tail over a broad range of longitudinal separations with the MAW. The discrepancy between the
predicted MAW at the time of the crossing (red cross) and MAW spot location on the UVS images is due to
the time offset and averaging needed to create a reasonably complete snapshot of the Jovian aurora, particularly since UVS does not observe the MAW when Juno actually transits the Io tail aurora. The measurement
periods are given in the time labels at the top right of image.

3. Measurements
In this section, we detail the speciﬁc measurements from each instrument. The JADE instrument provides the
primary plasma measurements relevant to the speciﬁc acceleration mechanism sustaining the IFPT. Waves
observations provide context to the plasma measurements by constraining the wave modes encountered
by the Juno spacecraft. Lastly, UVS provides direct imaging of the auroral structures and provides additional
context for the particles and ﬁeld observations. Table 1, as discussed throughout this section, lists the properties of the Io footprint signatures in the different instruments for northern and southern passes on PJ5, PJ6,
and PJ7, as will be discussed in the following subsections.
3.1. JADE Electron Measurements for 0.1–100 keV
JADE consists of two separate subsystems, JADE-E that measures electrons and JADE-I that measures ions
(McComas, Alexander, et al., 2017). In this study, we focus on the electron measurements. JADE-E consists
of two separate, nearly identical top-hat analyzers capable of detecting incident electrons over the energy
range of 0.1–100 keV. Each sensor has a ﬁeld of view of 120° in azimuth by 2–5.5° in elevation. The two sensors combined have 240° azimuthal coverage. They can also electrostatically deﬂect up to 35° above and
below Juno’s spin plane to track the magnetic ﬁeld direction. JADE-E measures the full (180°) pitch angle
(PA) distribution for one third of the spin (10 s out of 30 s at 2 rpm) and more than two thirds (>120° of
180°) of the PA distribution for the remaining two thirds of the spin.
When Juno is very near to Jupiter, JADE-E is put into its high-rate science mode, with 1-s temporal resolution.
For the perijoves (PJ) discussed in this study, Juno transits ﬂux tubes connected to the Io torus (M shell ≈ 6 RJ)
at 45–55 km/s relative to Jupiter, such that it can resolve structures on the order of 50 km along the Juno velocity vector for each 1-s measurement.
Building upon previous analyses, the JADE data help discriminate between different magnetospheric environments connected along B to the Juno spacecraft (Szalay et al., 2017). While JADE was connected to regions
interior to the Io torus (M shells of ~3–6 RJ), both JADE-E and JADE-I experienced large amounts of penetrating radiation, with no evidence of any discernible plasma structures. Once connected to the Io torus, JADE-I
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Figure 2. Rows correspond to (top) PJ5, (middle) PJ6, and (bottom) PJ7. (left column) See Figure 1 description. (middle and
right columns) Ultraviolet Spectrograph images taken during both perijoves for the northern and southern hemispheres.
The white dot-dashed oval line shows the average Hubble Space Telescope Io footprint (Bonfond, Saur, et al., 2017). Red
crosses show the predicted Io main Alfvén wing spot, and the circles show the Juno’s intersection with the Io footprint tail.
The green and red lines show the Juno orbit mapped to the Jovian surface using VIPAL and VIP4, respectively, with the
white dots shown every UTC hour. Yellow lines show the longitude range of the solar direction during each observation
window. PJ = perijove.

measures magnetospheric H+ and heavy ions. However, these regions (M shells of ~6–8 RJ) lack electrons
within JADE-E’s energy range, presumably due to the Io torus electron temperature: too cold to
appreciably populate ﬁeld lines well above the equator, where Juno transits these M shells. While this does
not preclude the possibility of electron ﬂuxes below the current noise level (in the high penetrating
radiation environment in this region), JADE-E typically observed signiﬁcant electron populations over
100 eV once connected to M > 8 RJ (Allegrini et al., 2017; Szalay et al., 2017).
SZALAY ET AL.
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Table 1
Parameters for the IFPT Flux Tube Crossings During PJ5–PJ7

DOY

PJ5

PJ6

PJ7

2017–086

2017–139

2017–192

Time (UTC)

08:34:36

08:34:42

09:30:51

09:31:02

05:39:28

05:39:41

06:39:54

06:40:03

01:24:39

01:25:00

02:22:27

02:22:54

R

1.198 RJ

1.196 RJ

1.643 RJ

1.648 RJ

1.268 RJ

1.264 RJ

1.647 RJ

1.651 RJ

1.448 RJ

1.440 RJ

1.391 RJ

1.400 RJ

57.69°
51.73°

57.50°
51.52°

57.75°
64.66°

57.95°
64.86°

59.10°
60.24°

58.76°
59.85°

57.95°
63.77°

58.10°
63.93

63.59°
74.93°

63.11°
74.47°

56.32°
48.21°

56.93°
48.87°

θVIP4
θIII
Local time

16:53

16:38

16:42

16:17

16:45

16:05

ΔλIo (VIP4)
ΔθJup (VIP4)

7°
0.17°

8°
0.18°

43°
0.33°

51°
0.15°

118°
0.41°

72°
0.61°

θIo (VIP4)

9.4°

9.0°

9.1°

9.3°

4.5°

7.8°

θIo (CenVIP4)
wJup

6.3°
210 ± 34 km

6.0°
220 ± 20 km

6.1°
390 ± 30 km

6.2°
180 ± 20 km

3.0°
470 ± 23 km

5.2°
720 ± 27 km

wsc

320 ± 54 km

510 ± 46 km

680 ± 52 km

410 ± 46 km

1030 ± 49 km

1350 ± 50 km

6.6 RIo
7.4 G

3.7 RIo
1.7 G

5.4 RIo
4.5 G

3.3 RIo
1.7 G

9.4 RIo
2.2 G

9.0 RIo
2.5 G

ΔM (VIP4)
<|B|>
|δB⊥max|
FE,max

25 nT

6.25 nT
2

72 mW/m

25 nT
2

14 mW/m

6.25 nT
2

7 mW/m

12.5 nT
2

8 mW/m

12.5 nT
2

17 mW/m

2

7 mW/m

Note. Red/blue columns indicate northern/southern hemispheres, respectively. The distance wsc is calculated as vscΔt. Errors are given for ±1 s from the boundaries. DOY = day of year; PJ = perijove; IFPT = Io footprint tail.

During PJ1, PJ3, and PJ4, Juno’s footprint on Jupiter was never closer than ~220° longitude to the MAW, and
JADE did not measure signiﬁcant ﬂuxes associated with the various components of Io’s footprint. During PJ5,
PJ6, and PJ7, Juno’s footprint intersected the Io tail ﬂux tubes with predicted Juno-MAW angular separating
from ~10° to 120° (Table 1; ΔλIo calculated using the VIP4 model).
For each of these close approaches (PJ5–PJ7), during the times Juno was expected to be connected to
the most interior regions of the Io torus and veriﬁed by inspection of JADE-I H+ data, JADE measured
large enhancements in both upward and downward electron ﬂuxes. Figure 3 shows these JADE electron
measurements, in differential energy ﬂux (DEF) and PA. Waves measurements are also shown alongside
these electron measurements, as will be discussed in section 3.2. Note that upward/downward refers to
the direction with respect to the planet. Upward ﬂuxes correspond to PAs of 0° in the northern hemisphere and 180° in the southern hemisphere, relative to the magnetic ﬁeld that is directed out of
Jupiter’s north and into the south pole. Each PA bin is 7.5° wide, consistent with the JADE-E individual
anode angular resolution (see Allegrini et al., 2017; McComas, Alexander, et al., 2017, for a more complete
description of the PA determination). The gap in electron azimuthal detection coverage leads to a periodic gap in PA coverage, which is shown as the black portions in the PA spectrograms. Due to Juno typically transiting northern ﬂux tubes at larger speeds than the southern hemisphere, each northern 1-s
measurement corresponds to a greater distance/angular separation, making the spatial resolution lower.
As a consequence, the 33% full PA coverage periods do not always coincide with Juno transiting the tail
ﬂux tubes, particularly in the north. An example of this is shown in Figure 3 (N5, where N5 corresponds to
the top left panel for the northern PJ5 pass). Here while JADE fortuitously maintained complete downward electron PA coverage allowing for continuous downward ﬂux determination, the entirety of the
IFPT event coincided with a period when JADE could not measure the upward electron ﬂuxes.
Comparing across the three perijoves, there is a clear difference between the northern and southern passes.
Namely, each southern pass exhibits a bifurcation in the electron ﬂux signatures, where an appreciable dip
is present during at all PJs. The northern passes do not exhibit this same structure. The difference is most notable in PJ7, but also present in PJ5 and PJ6, particularly once the upward and downward ﬂuxes are separated as
discussed below. Due to the higher transit speeds in the north, the JADE-E PA coverage is coarser; therefore,
the electron measurements do not preclude the possibility for northern bifurcations. However, as discussed
in later in the text, comparisons between the Waves and JADE data suggest that there is stronger evidence
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Figure 3. Jovian Auroral Distributions Experiment differential electron energy ﬂux (DEF), electron pitch angle (PA), and electric and magnetic spectrograms
covering the frequency range of 50 Hz to 20 kHz for the (left column) northern and (right column) southern passes. The rows correspond to PJ5, PJ6, and PJ7.
Text labels at the top right of each panel show Juno’s planetocentric distance and separation from the main Alfvén wing. Markers a and b on each panel denote the
times for spectra shown in Figure 5. PJ = perijove.
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Figure 4. From top to bottom in each of the six panels, electron upward and downward differential energy ﬂuxes, intensities, and downward energy ﬂux as a function of differential M shell from the approximate center of each feature in RIo derived from Jovian Auroral Distributions Experiment-E data. Conﬁguration of the
panels is the same as Figure 3. Green arrows indicate the peaks of the observed bifurcated structures. DEF = differential electron energy ﬂux; PJ = perijove.

for southern bifurcations than northern. Additionally, the observed electron ﬂuxes were highest when near to
the MAW, decreasing as a function of ΔλIo as Juno transited the IFPT ﬂux tubes further down the tail.
Figure 4 shows separate upward and downward differential electron energy ﬂux spectrograms in the
ﬁrst and second panels, determined by averaging the three highest and lowest PA bins
SZALAY ET AL.
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corresponding to 0–22.5° and 157.5–180°. The third row in each panel shows the upward and downward intensities, and the fourth row shows the downward total energy ﬂux. Both the intensities and
downward energy ﬂuxes are calculated summing over the JADE-E instrument range of 0.1–100 keV.
The downward energy ﬂux (FE) is estimated using previously established techniques described in
Mauk et al. (2017) and utilized in Ebert et al. (2017b) to calculate ﬁeld-aligned ﬂuxes in the polar region.
This ﬂux is calculated via FE = π·Σi (DEFi · ΔEi), where π is the area-projection weighted size of the loss
cone above Jupiter’s atmosphere, i is the JADE-E energy step, DEFi is the electron differential energy
ﬂux in units of particles cm2 s1 sr1 keV keV1, and ΔEi is the width of each individual JADE-E energy
passband (or energy bin). These quantities are plotted as a function of VIP4 M shell in units of Io radii,
with the zero location chosen to be the approximate center of each feature, indicated by the Δ distance
on the x axis. Jupiter is to the left in all ﬁgures. Due to the inherent errors in modeling ﬁeld lines to
determine precisely where Juno is magnetically connected to in the magnetosphere, we only show
the relative M shells and do not attempt to align the measurements with an inferred magnetospheric
location of the Io tail.
The duration of each feature is determined visually, chosen when a discernible electron ﬂux is evident in the
time-energy spectrograms. Table 1 gives the geometric information for each Io tail feature, including the start
and stop times, radial distances, VIP4 and System III latitudes, and local time of the Juno spacecraft. The sizes
of these features are calculated in multiple ways corresponding to Jupiter-based, Juno-based, and
magnetospheric-based metrics. Listed in Table 1: ΔθJup and wJup are the latitudinal width in degrees and kilometers, respectively, mapped onto Jupiter using VIP4 magnetic mapping; the two θIo rows list Io’s latitude in
VIP4 dipole magnetic and centrifugal coordinates; wsc is the distance Juno traveled during the feature (vscΔt,
where vsc is the spacecraft speed and Δt is the feature duration); and ΔM is the difference in M shell from
beginning to end of each feature. Error bars for the widths, both mapped to Jupiter (wJup) and local to the
spacecraft (wsc), are calculated as the values within a ±1-s time range (the instrument measurement cadence)
for the listed boundaries.
Due to Juno’s orbital geometry, all Io tail ﬂux tube measurements were made near dusk (Table 1). The PJ5
measurements were taken closest to the actual Io ﬂux tube of the three PJs in this study, with predicted angular separations of 7° (N5) and 8° (S5). During N5, JADE measured the largest Io tail correlated downward
energy ﬂuxes of 72 mW/m2. This measurement was also the nearest to Jupiter of all Io tail observations
(1.20 RJ) and had the largest relative velocity; therefore, the spatial and temporal resolution is lowest for
N5. While JADE was unable to measure any appreciable upward electron ﬂuxes as previously described,
the PA spectrogram in Figure 3-N5 does show an asymmetry between PA near 60° (up) and 120° (down), suggesting that the downward ﬂux may have dominated throughout N5.
In the south, due in part to the higher temporal resolution, the S5 data exhibited more substructure
than N5. Here JADE was able to measure the downward ﬂux for ~50% of the feature and the entirety
of the upward ﬂux. The upward DEF spectrogram and intensity time series (Figure 4-S5) exhibited a
double peak in ﬂux, as highlighted with the green arrows, with the peaks attaining about an order
of magnitude larger upward number ﬂux than their neighboring points. JADE-E was unable to make
measurements of the downward ﬂux through the entirety of the double-peaked structure observed
in the upward ﬂux enhancement period. During the period JADE could measure both upward and
downward ﬂuxes, the downward electron ﬂuxes peaked at exactly the same location and at nearly
the same magnitude as the upward ﬂuxes. The near equivalence of the downward and upward ﬂuxes
during the second upward peak suggests that Juno could be within a broadband acceleration region,
where comparable upward and downward electron ﬂuxes could be expected for such an acceleration
mechanism. The ﬁrst peak in upward ﬂux could be indicative of a downward ﬂux peak; however,
JADE-E was unable to observe this. The Waves measurements, as discussed later, also mimic the bifurcation observed in the upward electron ﬂuxes. While S5 is predicted to be at a nearly identical ΔλIo as
N5, the observed peak downward energy ﬂux is ~5 times less at 14 mW/m2. Io’s position in the torus is
also very similar between the N5 and S5 observations, with centrifugal latitude ~6°. The discrepancy in
the magnitude of observed ﬂux may be due to the difference in observing altitude between N5 and S5,
where the S5 observations are taken ~0.45 RJ higher than N5. Throughout the S5 measurements, there
is evidence for a small upward going loss cone in the range of 7.5° to 22.5°; however, this loss cone is
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Figure 5. Jovian Auroral Distributions Experiment electron differential intensities (cm s sr keV ) for two 1-s measurements per hemisphere per PJ, arranged in the same conﬁguration as Figures 2 and 3. The legends in each subpanel
show the center timestamp for each measurement, the corresponding letter marker on Figures 2 and 3, and indicate if
Jovian Auroral Distributions Experiment was able to observe upward and/or downward going electrons. All downward
electron ﬂuxes exhibit broad, power law-like distributions, and nearly always exceed their corresponding upward ﬂuxes.
PJ = perijove.

only depleted by a factor of 2–7 from the downward ﬂux for the periods with full PA coverage,
exhibiting both upward and downward ﬂuxes.
The measurements during PJ6 and PJ7 were all taken at ΔλIo > 40°. Both of these passes exhibited lower total
downward energy ﬂuxes ~10 mW/m2 and showed similar features such as separate double peaks in each of
the southern hemisphere observations, for both upward and downward ﬂuxes when available. While the
northern PJ6 total energy ﬂux exhibits a dip in Figure 3-N6 (between the a and b markers), there is no observable double-peaked structure in the upward and downward ﬂuxes (within 22.5° PA upward/downward) in
Figure 4-N6. Given that JADE-E was unable to fully observe the downward energy ﬂuxes during this pass, it
is possible PJ6 did have a bifurcated electron feature. However, the lack of clear bifurcation in the Waves data
does not suggest a clear bifurcation.
Figure 5 shows speciﬁc differential intensity spectra for two 1-s measurement periods per hemisphere per PJ.
With the exception of S5b (event b during PJ5 in the south), downward ﬂuxes exceeded upward ﬂuxes by 1 to
2 orders of magnitude, when both were available. The alternating pattern seen in energy spectrograms and
spectra (e.g., Figure 5-N5b) is due to electron intensities varying on a faster time scale than the 1-s duty cycle
of the instrument. The energies are scanned in a pyramid-like pattern with even steps measured during the
up-ramp and the odd steps measured during the down-ramp. Thus, there can be as much as 0.5 s between
measurements at adjacent energy steps. This pattern has been observed at multiple locations in the auroral
regions where intensities change over a time scale of less than 1-s (e.g., Allegrini et al., 2017) and indicates
that ﬁne structure exists in the IFPT on spatial scales less than 20 km.
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3.2. Waves Measurements
In addition to the JADE particle instrument, Juno’s Waves instrument provides valuable context by characterizing the wave modes encountered during the IFPT auroral transits. Waves utilizes a single electric dipole
antenna to detect the electric component of waves in the frequency range of 50 Hz to 41 MHz and a single
magnetic search coil to detect the magnetic component of waves in the range of 50 Hz to 20 kHz. The electric
antenna’s sensitive axis is parallel to the spacecraft y axis, while the magnetic search coil’s sensitive axis is parallel to the spin axis (spacecraft z axis). Survey observations typically provide both an electric and a magnetic
spectrum every second in perijove mode, while burst modes can acquire waveforms in various frequency
ranges in selected time intervals. Some burst data are selected based on broadband ﬁeld strength by an
onboard algorithm. Typically, burst data are acquired for the magnetic ﬁeld up to 20 kHz and electric ﬁeld
up to 150 kHz with an additional capability to acquire a 1-MHz band that includes the electron cyclotron frequency. The Waves instrument is further described in Kurth, Hospodarsky, et al. (2017).
The Waves observations for PJ5–PJ7 are shown alongside the JADE-E data in Figure 3. In each panel, frequency is shown on the vertical axis and time on the horizontal axis. The temporal resolution is one spectrum
per second for each panel. For each transit, both an electric and a magnetic spectrogram is provided covering
the frequency range from 50 Hz to 20 kHz. The color bars for the spectrograms are the same for all of the electric and magnetic panels, respectively. The black and white horizontal line in each Waves spectrogram shows
the proton cyclotron frequency. It follows that all of these features are well below the electron cyclotron frequency. Based on indirect evidence, these waves are also below the electron plasma frequency (Kurth, Imai,
et al., 2017; Tetrick et al., 2017). Comparing the JADE electron data to the Waves data, it is evident that there is
enhanced broadband electromagnetic emission at virtually the same times as the enhanced electron ﬂuxes.
The relative intensity of the wave signature shows that temporal variations are highly correlated with the
electron ﬂuxes. Even the double-peaked structure clearly evident in the electron ﬂuxes in the southern hemisphere, particularly during PJ6, is reﬂected in the wave intensities. Similar to the JADE observations, the strongest signature of the Io interaction in the Waves data is found in both hemispheres of PJ5 and the southern
hemisphere of PJ6.
3.3. Magnetometer Measurements
Complementing the Waves measurements, Juno’s magnetometer (Connerney et al., 2017) allows us to constrain the extent of Alfvénic perturbations in the magnetic ﬁeld during these periods. Juno transits the Io M
shells at high latitudes, in the high magnetic ﬁeld environment near the surface, during which time the instrument operates in its upper dynamic ranges. The minimum magnetic perturbation that can be measured is
limited by 16-bit quantization in these ranges (12.5–50 nT in dynamic ranges 4 and 16 G, respectively).
With the analysis tools available at present, only spin-averaged quantities are possible. Table 1 lists the
spin-averaged magnetic ﬁeld magnitude <|B|> and maximum perpendicular perturbation |δB⊥max| from
the magnetometer given the instrument settings for each time. For each of the Io tail events, the magnetometer did not observe any appreciable spin-averaged perpendicular perturbations. Hence, these values
give reasonable upper bounds on the extent of Alfvénic perturbations in these regions.
3.4. UVS Observations of Auroral Emissions
We now turn to the remote observations taken by the UVS instrument, which has observed the IFPT during
Juno’s many ﬂybys (e.g., Bonfond, Gladstone, et al., 2017). While the IFPT aurora (and all aurorae) is typically
displayed using 2-D projections mapped onto the polar region, these are three-dimensional phenomena,
with each aurora having a radial extent. The vertical dimension of the aurora encodes valuable information
about the incident plasma population, as the precipitating populations will preferentially interact with the
Jovian atmosphere at varying altitudes depending on their energy distribution. The vertical proﬁle of the
Io footprint tail had previously been determined from HST images. On images where the tail is seen above
the planetary limb, the brightness peak was found to be 900 km high and the proﬁle could be ﬁtted with
a Chapman proﬁle with a large-scale height of 430 km, indicative of a broad precipitating electron energy
spectrum (Bonfond et al., 2009).
In the UVS data, the IFPT is rarely seen above the limb and its emissions are usually projected on a polar map
for easier visualization of the auroral morphology (e.g., Figure 2). The projection procedure assumes that the
auroral emissions are taking place on a thin ellipsoid shell located at a deﬁned altitude above the 1-bar level
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(typically 400 km in our case), while they actually have some vertical extent
(Figure 6a). Therefore, for auroral features observed from the side, their
brightness will be spread out. Since the Juno orbital plane is approximately
perpendicular to the Io footprint contour, the spread is essentially in the
latitudinal direction. Moreover, if the chosen projection altitude is not
appropriate for the auroral feature under consideration, its apparent location will also change as the observation angle evolves (Figure 6b).

Figure 6. (a) Schematic of the observing geometry in the plane passing
though Juno and Jupiter’s center and perpendicular to the Io footprint tail.
The thin circle outside Jupiter represents the projection ellipsoid. The
angle α is deduced from the location of Juno and of the selected auroral
feature (i.e., a, b, and γ). (b) Schematic of the geometry used to deduce the
altitude of the brightness peak h from the distance d between the
projections of this peak on the projection ellipsoid.

An example of this projection effect can be seen on Figure 7 where the
middle and right panels show the polar projection at an altitude of
400 km of the Juno-UVS data during one Juno spin from PJ5 on 2017086 around 08:16 and 08:32:19, respectively. For the middle panel, we
combined four consecutive spins in order to increase the signal-to-noise
ratio. This can be done because the relative motion of Juno compared to
the aurora remains limited at that time. The Juno zenith angle as seen from
the IFP tail only varies from 63.6° at 08:15:47 to 62.1° at 08:17:17. The left
panel shows a schematic of the observing geometries from these two
observations. It can clearly be seen that the apparent location of the IFPT
moves poleward, indicating that the emission takes place at a higher altitude than 400 km. The shift h between the actual altitude of the brightness
peak and the projection altitude can be deduced from this apparent and
(mostly) latitudinal shift d between the peaks from two separate times: h ¼

(Figure 6), where δ and ε are the Juno altitude angle at two different times. In our case, a shift of d = 1,341 km corresponds to an altitude of
the brightness peak located 460 ± 80 km above the projection altitude
(400 km). The observed peak altitude is thus ~860 ± 80 km above the 1bar level, which is consistent with previous measurements from HST. Such a high peak altitude implies that
the precipitating electron mean energy is low (a few kiloelectron volts).
d tanδ tanε
tanε tanδ

The color ratio between wavelength ranges absorbed (125–130 nm) and unabsorbed (155–162 nm) by
methane can also be used to retrieve useful information on the depth from which the emission originates.
The higher the energy of electrons is, the deeper they deposit their energy in the atmosphere. The resulting
UV emission is more absorbed by the methane present in the lowest parts of the atmosphere. A comparison

Figure 7. (left panel) Schematic of the observing geometry for the two observations displayed on the middle and right
panels. As Juno approaches the auroral feature, the projection onto a reference ellipsoid located at a lower altitude gets
narrower and moves toward the pole. (middle) The combination of four individual Juno spins during PJ5 at 2017-086 from
08:15:47 to 08:17:17. (right) A single spin acquired at 08:32:19. The projection altitude is 400 km. The Io footprint reference
contour facilitates the visualization of the apparent poleward motion of the Io footprint tail.

SZALAY ET AL.

3072

Journal of Geophysical Research: Planets

10.1029/2018JE005752

Figure 8. Polar projections of the (left) brightness and (middle) color ratio maps for Ultraviolet Spectrograph observations carried out between 08:15 and 08:17
during the PJ5 northern pass. These maps are based on the sum of four consecutive Juno spins (see Figure 7, middle panel). While the brightness peak is
located on the Io footprint reference contour, the corresponding color ratio remains small for the Io footprint tail, except for its apparent polarmost edge, which
corresponds to the lower altitudes of the auroral curtain. The right plot shows the mean brightness proﬁles for two wavelength ranges as well as the color ratio on a
scale where the apparent horizontal extent of the emission is converted into altitude. Contrary to the 155- to 162-nm brightness, the 125- to 130-nm brightness
rapidly falls below 300 km due to methane absorption.

between the brightness peak in the unabsorbed range and the color ratio peak shows a clear shift, indicating
that the bottom of the auroral curtain reaches the methane-rich layers while most of the emission lies well
above them (Figure 8). The absorption signatures at the lowest altitudes of the IFPT imply that part of the precipitating electrons have energies on the order of several tens to hundreds of kiloelectron volts (e.g., Gérard
et al., 2014). Overall, the UVS measurements corroborate previous HST measurements, providing conﬁrmation that the IFPT-producing electron distribution is broad in energy.

4. Discussion and Conclusions
One of the most striking features in the Juno IFPT data is the observation of broad, power law-like electron
distributions and lack of evidence for a broad parallel acceleration process driving the Io tail aurora. This
key result favors a more broadband acceleration mechanism, such as Alfvénic acceleration (e.g., Bonfond
et al., 2009; Bonfond, Saur, et al., 2017; Crary & Bagenal, 1997; Jacobsen et al., 2007, 2010), instead of largescale parallel potential structures accelerating electrons near the IFPT. As shown in Figure 5, the downward
electron ﬂuxes have a strong power law-like character and do not exhibit the canonical inverted-V signatures
or peaked potentials in the 1- to 100-keV range. This ﬁnding suggests that the acceleration process driving
the Io footprint tail aurora is characteristically more broadband, possibly driven by an Alfvénic acceleration
process (Bonfond, Saur, et al., 2017). Such processes lead to power law distributions that extend to high (hundreds of kiloelectron volts) energies through turbulent cascading processes (Hess et al., 2010; Saur et al.,
2002). This is similar to the broadband acceleration processes of Jupiter’s main auroral oval (Mauk et al.,
2017; Mauk & Saur, 2007; Saur et al., 2003). By combining measurements of the tail’s vertical proﬁle above
the planetary limb with Monte Carlo simulations of the emission proﬁle, Bonfond et al. (2009) and
Bonfond, Saur, et al. (2017) concluded that the incident electron energy distribution is broad and consistent
with a kappa distribution rather than a narrower Maxwellian distribution. The Juno/UVS measurements discussed in this study further corroborate the previous HST estimates of the vertical extent of the emissions.
In general, these observations seem to ﬁt the recently emerging understanding of Jovian auroral processes,
which have been observed to have occasional parallel potential structures, analogous to Earth’s aurora, yet
are dominated by more broadband acceleration mechanisms (Mauk et al., 2017).
While JADE did not observe a large-scale inverted-V spanning across the entire IFPT, these measurements
cannot directly address whether or not small-scale inverted-V structures exist below the spacecraft
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resolution. With 1-s resolution and Juno traveling approximately 50 km/s during these times, JADE samples
local structures ~50 km local to the spacecraft. At Earth, the FAST spacecraft was able to sample auroral structures ~1 km local to the spacecraft. When transiting regions with large Alfvénic acceleration structures, FAST
observed small-scale, localized parallel electric ﬁelds (Ergun et al., 2005). It is likely that more complex substructure exists below the JADE resolution, possibly analogous to the phenomena observed by FAST at
Earth. While resolving such ﬁne substructure is beyond the nominal measurement capabilities of the Juno
instrument suite, the checkerboard pattern observed in the electron data provides at least indirect evidence
of substructure below 20 km.
The JADE electron observations rule out a large-scale, quasi-static, parallel acceleration process spanning the
cross section of the IFPT. Observations of a power law-like distribution strongly indicate but do not
unambiguously determine if the local acceleration process is Alfvénic. The magnetic ﬁeld measurements
with upper limits of 6–25 nT are preliminarily consistent with values of 10 nT in the model of the main
footprint by Hess et al. (2010). If we assume a decay along the tail with an angular scale length of 12° (e.g.,
Bonfond, Saur, et al., 2017), the model value reduces to ~6 nT at a crossing of the tail 7° downstream of
the main spot.
Additionally, the JADE data can be utilized to infer the location of the acceleration region causing the IFPT
aurora by comparing the measurements taken near the MAW (~10°, N5, and S5) and those taken farther
down tail (40° to 120°, N6-7, and S6-7). As shown in Figure 5-S5b, JADE observed nearly equal upward and
downward electron ﬂuxes during S5, both with strong power law character and approximate differential
intensity slopes of 2.0. This slope is reasonably consistent with the estimates of Bonfond et al. (2009), which
predicted a slope of 2.3 based on the auroral vertical brightness proﬁle. The existence of a strong upward
electron ﬂux and symmetry of the structure and slope with the downward ﬂux suggests that comparable
quantities of electrons are being accelerated both above and below Juno at 1.4 RJ (distance measured from
the center of the planet) via similar mechanisms. This points to a broadband acceleration region that may
extend both above and below 1.4 RJ near the MAW.
For measurements obtained further down tail, JADE consistently measured depleted loss cones of 20–30°
with 10–100 times larger downward electron ﬂuxes than upward and power law-like downward electron distributions. These measurements, made at ΔλIo > 40° down tail, suggest that the majority of the acceleration is
also of broadband origin and has occurred above the Juno spacecraft’s planetocentric radial distance of 1.26–
1.65 RJ. This is consistent with theoretical predictions that the peak in parallel Alfvénic acceleration would
occur at 1.5–1.9 RJ, with a large portion of the acceleration occurring above this distance (Hess et al., 2010;
Jones & Su, 2008).
With respect to the Waves data, we note that given the large background wave spectrum, perhaps due to
whistler mode hiss, it is difﬁcult to clearly identify the speciﬁc wave modes in the Waves data during the
IFPT transits. These measurements are not entirely suitable to fully characterize the wave character given
the observation geometry and current state of analysis tools. Additionally, much of the relevant waves activity may occur at frequencies lower than the Waves instruments limit of 50 Hz. Reconciling these observations
with the particle data will be important to ongoing interpretations of the IFPT.
With respect to the observed energy ﬂuxes, modeling HST emissions have produced a rule-of-thumb guide
that an electron energy ﬂux of 1 mW/m2 injected at the top of Jupiter’s atmosphere should produce an H2 UV
auroral brightness of roughly 10 kR (Grodent et al., 2001; Gustin et al., 2012). For the MAW spot, Bonfond et al.
(2013) measured a maximum brightness in excess of several MR and derived typical incoming electron
energy ﬂuxes between 250 and 2,000 mW/m2. For the IFPT, Bonfond et al. (2009) estimated injected energy
ﬂuxes between 2 and 20 mW/m2. The ﬂuxes measured by JADE of 7 to 72 mW/m2 are therefore in full agreement with the typical UV auroral brightness of the different components of Io’s auroral footprint. Speciﬁcally,
the larger JADE ﬂux value, 72 mW/m2, was obtained when Juno was on ﬁeld lines mapping to a region very
close to, but not directly on the MAW, where the brightness is still high compared to the tail emission.
Turning to the geometry of the IFPT, the JADE and Waves measurements can also be used as an independent
measure of the tail width as a function of longitudinal separation down tail. Mapping the spacecraft location
at the boundaries outlined in Table 1 back to Jupiter, the widths of the electron features measured by JADE-E
can be converted to latitudinal widths. These widths are also consistent with the Waves electric ﬁeld
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perturbation structures. Figure 9 shows these widths as a function of ΔλIo
along with the constant value of 500 km observed by the Jovian Infrared
Auroral Mapper aboard Juno (Mura et al., 2017). The electron and wave
structures Juno transited exhibited a general trend of increasing width
with longitudinal separation, consistent at small ΔλIo with previous HST
measurements of the MAW spot thickness of ~200 km (Bonfond, 2010)
and increasing to ~500–700 km for ΔλIo in the range of 70° to 120°. This
broadening could be caused by multiple reﬂections of the Alfvén waves
with subsequent scattering and drifts of the accelerated electrons. It could
also be a consequence of Alfvénic ﬁlamentation (Chust et al., 2005), which
could serve to disperse the tail features as they evolve down the tail.
Figure 9. Widths of the Jovian Auroral Distributions Experiment features
mapped to Jupiter as a function of tail longitudinal separation for the
northern (red) and southern (blue) passes during PJ5–PJ7. Also shown is the
constant thickness of 500 km observed by Jovian Infrared Auroral Mapper
(Mura et al., 2017) during Juno’s PJ1 pass and the Hubble Space Telescope
observed main Alfvén wing thickness of 200 km (Bonfond, 2010). The size of
each circle corresponds to its error in width. PJ = perijove.

Finally, we turn to the bifurcated tail structure observed in all southern
passes. While the low-energy electron PA coverage is modulated by the
Juno spin phase, a persistent double-peaked structure exists in JADE data
for all southern passes that is not tied to this modulation. These features
are also observed in the electric ﬁeld perturbations measured by the
Waves instrument. While there is no clear bifurcation in the
upward/downward ﬂuxes during the northern PJ6 pass, there is a dip in
the observed electron DEF spectrogram that could potentially suggest a bifurcation in the north for this period.
This feature could be due to a sampling artifact due to the incomplete PA coverage or could suggest a real bifurcation exists. However, the Waves data do not indicate a clear bifurcation for this period. The ﬁne structure
observed primarily in the south may be a direct consequence of the Alfvén wave intensity having a maximum
on both ﬂanks of Io (e.g., Saur et al., 2013; Jacobsen et al., 2007), leading naturally to a double-peaked intensity
proﬁle as Alfvén waves generated from different locations would experience slightly different conditions
throughout the multiple reﬂection geometry. However, this double-peaked feature may also be a direct byproduct of the subcorotational ﬂow downstream of Io (Delamere et al., 2003; Ergun et al., 2009). If sufﬁcient
shears exist between subcorotational ﬂow directly along the Io wake and adjacent radial distances which are
fully corotational, shear-related eddies may form that may be sufﬁciently small in scale to produce large
Alfvénic disturbances. The latitudinal scale of these substructures is on the order of 100 km when mapped to
Jupiter, which is smaller than the point-spread function of the UVS instrument. Resolving such substructure,
therefore, is very challenging with the UV data. The lack of clear bifurcation signatures in the northern hemisphere during PJ5–PJ7 could indicate that this bifurcation manifests transiently or its manifestation is obscured
by the northern magnetic anomaly (Grodent et al., 2008). We note that recent Jovian Infrared Auroral Mapper
observations found evidence of a split tail in the north, yet not in the south (Mura et al., 2018) for a different subset of Juno ﬂybys than studied in this work. Future comparisons between coincident measurements with both
the in situ and remote sensing instruments aboard Juno will be critical to understanding the nature of the tail.
The Juno measurements through the Io tail revealed rich substructure and point to a broadband mechanism
for the electrons producing the Io tail aurora, while additional mysteries still exist on the precise nature of this
acceleration. Our results are summarized in the following key points:
1. The electrons responsible for generating the IFPT aurora have a broad energy distribution, consistent with
a dominantly broadband, possibly Alfvénic, acceleration mechanism;
2. No large-scale, parallel potential structures are observed connected to the IFPT;
3. The electron energy ﬂuxes inferred with JADE measurements are consistent with the observed values
derived from IFPT auroral brightness observations;
4. Near the MAW at ΔλIo ≈ 10°, the acceleration region extends below 1.4 RJ, while farther down the tail at
ΔλIo > 40°, the acceleration region must exist above planetocentric distances of 1.26–1.65 RJ;
5. Fine structure is observed on scales of ~20 km mapped to the 1-bar level in the cross-tail direction;
6. All southern passes observed in this work exhibited a dual-peaked structure in the electron and waves
data, indicating bifurcation of the tail;
7. The northern PJ6 pass exhibits a weak dip in the differential energy ﬂux, potentially indicating a minor
northern bifurcation during this ﬂyby;
8. The IFPT is observed to widen, from ~200 km near the MAW to 500–700 km at ΔλIo > 70°.
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The lack of evidence for a broad-scale parallel acceleration mechanism ﬁts the newly developing view of
Jovian magnetospheric acceleration processes, which in the Juno data so far appear to be dominated by
more broadband acceleration (Mauk et al., 2017). Juno measurements through the IFPT, other foot point tails
such as Europa’s and Ganymede’s, and polar auroral structures will further elucidate the underlying physics in
these complex phenomena.
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